



Advancing Horticulture Through IoT and Sensor Technologies: Trends, Challenges and Future Directions
Abstract
Smart horticulture involves integrating the Internet of Things (IoT) and sensor-based technologies to change modern agricultural practices. These technologies facilitate crop monitoring, optimize resource usage, and increase productivity by making real-time data collection and automation possible. These IoT-based systems use WSN, cloud computing, and artificial intelligence (AI) for the precision application of horticulture, mitigating climate variability, pest infestation, and water scarcity issues. This review explores the key applications of diverse applications of IoT in horticulture, including soil moisture sensing for efficient irrigation management, automated irrigation systems to reduce water wastage, greenhouse monitoring to regulate temperature and humidity, and smart pest control mechanisms that employ AI-driven analytics for early detection and mitigation. Additionally, IoT facilitates real-time tracking of crop growth, nutrient levels, and environmental conditions, allowing farmers to adopt data-driven strategies for higher yields and reduced environmental impact. The paper highlights the benefits, challenges, and future prospects of IoT-driven horticulture for sustainable and efficient crop production.
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1. Introduction 
Horticulture is such an integral part of agriculture that has taken up a very important role in maintaining global food safety and security, boosting economies and ensuring environmentally friendly means of sustainability (Khan et al., 2020). Unfortunately, the traditional horticulture operations are continuously faced by unpredictable climatic patterns, inefficient use of resources, labor scarcity, and increasing cost of production (Dixon et al., 2014). There is, however, a solution through smart horticulture, driven by Internet of Things and sensor-based technology. These technologies enable live monitoring, timely and accurate decisions, and automatization of managing horticulture systems (Singh et al., 2025). 
Horticulture is an important agriculture sector that contributes significantly to food security, economic development, and environmental sustainability (Jaenicke, and Virchow 2016). It includes fruit, vegetable, floriculture, and medicinal herb crops. According to experts, these crops contribute a lot to human nutrition and well-being (Block et al., 2011). Modern horticulture also faces some challenges such as climate change, depletion of natural resources, labor shortages, and need for enhancing productivity without increasing environmental impact (Wainwright et al., 2014).
To combat the perils, smart gardening has come into use as a high-tech method to improve garden operations through greater efficiency, sustainability, and precision in horticultural activities (Reddy et al., 2022). By integrating automation, artificial intelligence (AI), the Internet of Things (IoT), and other cutting-edge advancements, smart gardening boosts plant growth, saves resources, and decreases labor exploitation (Thilakarathne et al., 2025). These technologies are making traditional horticultural ways more resilient to external pressures while ensuring higher yields and superior-quality produce (Ahmed et al., 2024).
The integration of technology-driven solutions is redefining horticulture by increasing efficiency, sustainability, and productivity. Steadily rising demand for food and ornamental plants worldwide will mandate the incorporation of smart gardening techniques into an efficient, resource-friendly, and climate-hardy horticultural system (Altieri et al., 2008). On both commercial farms and home gardens, automation, data-driven decision-making, and innovative methods of cultivation make it possible to increase productivity, improve quality, and reduce environmental impact (Singh et al., 2025). Thus, smart horticulture-iot-enabled equipment, cloud computing, and AI can help better the yield by making the appropriate resource usage even in the tough conditions of competition that are a global challenge in the future (Vimal, 2023).
[image: Smart Garden]
Figure 1: Image of smart horticulture
(Source, https://www.hackster.io/smart-boys/smart-garden-2dd7b0)

Technological Elements of Smart Horticulture 
Internet of Things (IoT)
IoT-based devices, including soil moisture sensors, weather stations, and smart irrigation controllers, allow for real-time data on soil conditions, temperature, humidity, and other environmental factors (García et al., 2020). Such data allows farmers and gardeners to adjust the irrigation schedule, optimize nutrient application, and create ideal growing conditions (Lin, 2024). As a result, wastage of resources is minimized, and plant health is significantly improved.
The incorporation of new technologies in agriculture, including remote sensing, IoT, AI, and automation, is transforming the practice of farming (Fuentes-Peñailillo et al., 2024). These technologies not only enhance efficiency and sustainability but also play a role in enhancing food security and environmental protection (Pandey et al., 2023). Through the use of smart farming practices, farmers can maximize the use of resources, increase productivity, and create a sustainable future for agriculture.
Automated Irrigation Systems
Modern precision irrigation techniques, which include drip and sprinkler systems, are now fitted with AI-driven sensors and automated controllers (Aarif et al., 2025). Such a system ensures plants receive just what they need, just when they need it, minimizes water wastage, prevents overwatering, and thus decreases drought stress (Alharbi et al., 2024).
Artificial Intelligence (AI) and Machine Learning (ML)
AI-powered analytics process historical and real-time data to predict plant diseases, pest infestations, and crop yields (Titirmare et al., 2024). AI-driven management tools facilitate early detection of potential threats, allowing for proactive interventions that reduce crop losses and enhance productivity (Pandey, and Mishra, 2024). Machine learning algorithms further optimize planting schedules and resource allocation by analyzing past performance and environmental conditions (Morariu et al., 2020).
Artificial Intelligence (AI) in Smart Horticulture 
AI is also essential in augmenting IoT by examining huge amounts of data and delivering actionable insights and predictive analysis. Machine Learning (ML) algorithms sift through data collected to make predictions regarding weather patterns, infestations by pests, and disease outbreaks, allowing farmers to take up-to-date preventive action. AI-based drones and remote sensing systems track crop health and farm conditions and identify problems like nutrient deficiencies, pest infestation, and disease outbreaks early on (Prasad et al., 2024).
Also, AI helps with precision farming by suggesting the best planting times, irrigation, and fertilization strategies through data-driven insights. AI and IoT integration in floriculture increases resource use efficiency, crop yield, and reduces environmental footprint (Kumar et al., 2020).
This synergy of technology equips farmers with real-time data and predictive analysis, enabling informed decision-making. The integration of these technologies is critical to tackling major agricultural issues such as climate change, population, and food security (Saeed El Etaiby, Y. (2023). With the integration of interconnected devices and sensors for data collection and analysis, smart farming provides a more sustainable and productive future for open-field and controlled-environment horticulture (Singh et al., 2025).
GPS technology accurately captures geographical coordinates, such as latitude, longitude, and altitude. Satellites send signals that allow GPS receivers to calculate real-time positions and monitor movement on a continuous basis (Kumar et al., 2021). Accurate location information enables farmers to identify specific field characteristics, such as pest infestations, soil conditions, weed distribution, and other possible challenges. With the identification of exact field locations, farmers can strategically deploy vital inputs such as seeds, fertilizers, herbicides, pesticides, and water, maximizing resource use (Dhanaraju, et al., 2022).
Remote sensing data plays an important role in differentiating amongst various crops, detecting pests and weeds, monitoring soil and plant stress, as well as detection of droughts (Adhikary et al., 2022). Several sensor-based methods ranging from photoelectric, electromagnetic to conductivity and ultrasonic methods are used to quantify soil texture, nutrient content, vegetation, moisture, vapor, air quality, and temperature (Padhiary, M., & Kumar, R. (2025).
A number of environmental conditions, including soil moisture, nutrient content, light intensity, humidity, rain, and leaf color, affect plant health. Smart sensor systems regulate and maintain ideal temperature and light intensity and save water and energy using micro-irrigation. Sensors measure changes in environmental factors and send real-time information to a microcontroller, which in turn initiates corrective measures to bring conditions back to optimal levels (García-Orellana et al., 2019).
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Fig 2: Late bling of potato detection using AI
Late blight of potato can be detected by image based diagnostic tools using AI
The most popular sensing technologies for use in agriculture are temperature, humidity, monitoring of soil patterns, airflow, location tracking, CO₂ content, pressure, light, and moisture sensors. The major properties of these sensors—like dependability, mobility, toughness, memory size, coverage, and computational performance—are very suitable for agricultural purposes.
Contemporary wireless sensors are vitally important to obtain real-time information on plant conditions and environment. These point sensors can integrate smoothly with future-oriented agricultural technology and equipment for boosting precision cultivation techniques (Balamurugan et al., 2016). Various sensor types and their operating modalities along with their applications have been elaborated in detail through Table 1.
Drones and Remote Sensing
Aerial crop monitoring with the use of multispectral and thermal imaging cameras equipped on drones is very effective for the early detection of nutrient deficiency signs, diseases, and pests (Barbedo 2019). Precise application of pesticides can be possible using remote sensing technologies while using minimum chemical levels with adequate control over pests and diseases (Abd El-Ghany et al., 2020).
Vertical Farming and Hydroponics
Hydroponics, aeroponics, and aquaponics are modern soilless cultivation techniques (Kumar et al., 2023). The benefits of such cultivation include optimization of space usage, lesser use of water, and crop production throughout the year in controlled environments (Benke, and Tomkins, 2017). The absence of soil-borne diseases and increased efficiency of nutrient delivery ensure healthy growth of plants and better sustainability (Stirling et al., 2016).
Rooftop Gardening
Urbanization has reduced arable land and, therefore, rooftop vegetable farming has become the sustainable way forward for city folks (Mougeot, 2006). This is a means to ensure fresh, chemical-free products while utilizing all unused urban space. It contributes to food security, enhances environmental sustainability, decreases the urban heat island effect, improves air quality, and enhances aesthetic value for buildings (Irfeey et al., 2023).
Smart Greenhouses
Modern greenhouses introduce automation in climate control. This means they maintain temperature, humidity, CO₂ levels, and lighting conditions in the most effective way to optimize plant growth (Bersani et al., 2022). IoT sensors and artificial intelligence algorithms made it possible to dynamically adjust environmental parameters for reduced energy costs as well as good yields (Rayhana et al., 2020).
Precision Agriculture
Precision agriculture is a novel approach to farming that utilizes modern technology and data analytics to increase crop yields (Karunathilake et al., 2023 and Padhiary et al., 2024). It aims at applying the appropriate amount of inputs (water, fertilizers, pesticides) at the right time and place for maximum yield without waste and less environmental impact(Mózner et al., 2012) .
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(Source, Dhanaraju et al., 2022)
Advancements in Smart Farming Technologies 
1. Remote Sensing & GIS
Remote sensing and Geographic Information Systems (GIS) employ high-end technologies like drones and satellites to take high-resolution images of farms (Abdullahi et al., 2015). The images assist in tracking soil conditions, crop health, pest outbreaks, and nutrient deficiencies by studying spectral data, vegetation indices, and topographical differences (Omia et al., 2023). The combination of machine learning and artificial intelligence improves this data interpretation and offers farmers prescriptive insights into precision farming. The technologies can detect diseases in advance, allow real-time yields, and learn to adapt nutrients, making farm practices more efficient and sustainable (Kowalska and Ashraf 2023).
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Figure 3: Remote sensing 
Key Technologies
Drones: With multispectral and hyperspectral cameras, drones offer real-time imagery to diagnose plant health, identify stress, and maximize the allocation of resources (Neupane, and Baysal-Gurel, 2021). They are capable of taking high-definition images across multiple wavelengths, making it possible to identify early disease indications, deficiencies in nutrients, and water stress (Hoque et al., 2025). Moreover, drones mounted with AI-based analytics can analyze data in real-time, providing farmers with quick decision-making capabilities (Rao et al., 2021). Autonomous drones also improve efficiency by scanning vast farming grounds within a short duration without much human involvement (Mishra, and Mishra, 2024). 
Satellites: Satellite-wide imaging aids precision agriculture by providing data on soil moisture content, vegetation, and climate fluctuations (Suzer et al., 2024). The images aid in monitoring crop development stages, determining drought levels, and detecting outbreaks of pests or diseases (Mahlein et al., 2016). With the advancement in AI and remote sensing technologies, satellite imagery is now analyzed more effectively, and real-time updates and predictive models aid farmers in making decisions based on data to ensure better yield and sustainability.
GIS Mapping: Geospatial analysis supports soil classification, land suitability evaluation, and precision nutrient management (AbdelRahman et al., 2022). With the incorporation of remote sensing information, GIS facilitates the development of comprehensive soil maps, terrain condition evaluation, and crop performance evaluation (de Paul Obade et al., 2013). Such information helps farmers make decisions on optimal land use, irrigation scheduling, and sustainable agriculture. Sophisticated GIS methods also support monitoring soil erosion, yield potential prediction, and effective natural resource management (Kingra et al., 2016).
Benefits
Smart farming uses real-time field information and precision technology to optimize water, fertilizer, and pesticide use (Mohamed et al., 2021). This means that waste is reduced, costs are minimized, and farm profitability is increased while soil health and sustainability are assured (Verhulst et al., 2010). They used on-time interventions based on remote sensing information result in higher productivity due to the identification of nutrient shortages, prevention of pest infestations, and the optimization of irrigation schedules. The technologies allow farmers to apply targeted treatments, leading to healthier crops and greater yields with the preservation of soil fertility and sustainability (Kumar, et al., 2022). Minimizes wastage of resources through optimization of input use, reducing carbon footprints, and encouraging environmentally friendly farming methods. It increases soil health, saves water, and reduces environmental effects through precision agriculture and sustainable resource management (Bhatia et al., 2023).
2. Variable Rate Technology (VRT)
Variable Rate Technology (VRT) allows automated equipment to deliver inputs like fertilizers, seeds, and pesticides at different rates depending on real-time soil and crop health analysis (Saleem et al., 2023). With the help of sophisticated sensors, GPS mapping, and AI-based data analytics, VRT provides accurate application, minimizing wastage of inputs and maximizing yield potential. This technology not only increases farm productivity but also promotes sustainable agriculture by reducing environmental footprint (He, 2023).
Types of VRT
Map-Based VRT: Employs pre-collected field data such as soil type, crop condition, and past yield trends to create prescription maps that direct accurate input application. The maps assist in maximizing the application of fertilizers, seeds, and pesticides by determining field variability, allocating resources efficiently, and enhancing overall farm productivity (Getahun et al.,2024).
Sensor-Based VRT: Sophisticated real-time sensors built into agricultural equipment continuously observe soil conditions, moisture content, and crop health indicators. Sensors evaluate changes in the field and make dynamic changes to rates of fertilizers, pesticides, and irrigation, delivering exact application (Paul et al., 2022). This reduces wastage of resources, improves nutrient use efficiency, and maximizes yield potential by targeting plant requirements at a micro-level (Weekley et al., 2012).
Advantages
Increases effectiveness by applying fertilizers, pesticides, and other inputs accurately through real-time data on soil and crops (Raza et al., 2023). Targeted application ensures minimal wastage, reduced expenditures, and optimized sustainable farming methods. They Customized input application, facilitated by precision technology, provides optimal nutrient distribution, minimizes resource wastage, and ensures even growth of the crop (Sharma, 2023). With data-driven knowledge, farmers are able to increase growth rates, enhance stress tolerance for the environment, and obtain more yields at better quality (Khan et al., 2018). Its Minimizes the risk of nutrient leaching, soil erosion, and water body contamination by providing accurate application of fertilizers and pesticides (Rashmi et al., 2020). Encourages soil conservation and improves ecosystem balance through sustainable farming practices.
3. IoT & Data Analytics
The Internet of Things (IoT) and data analytics use networked sensors to monitor in real time environmental and crop conditions (Elijah et al., 2018). Through collecting and analyzing enormous amounts of information on soil moisture, temperature, humidity, and nutrient content, these technologies provide accurate decision-making (Zhang et al., 2017). This leads to optimized farm management, efficient use of resources, and higher productivity with decreased environmental footprint.
Technologies Used
IoT Sensors: Continuously monitor and measure key environmental factors such as temperature, soil moisture, humidity, and nutrient levels. These sensors provide real-time data that help farmers make informed decisions about irrigation, fertilization, and overall crop management, ensuring optimal growing conditions and resource efficiency (Adinarayana et al., 2024).
Big Data Analytics: Employs sophisticated algorithms to analyze large volumes of agricultural data, deriving relevant patterns and insights to enable wise decision-making (Tantalaki, et al., 2019). Big Data Analytics strengthens yield prediction, optimizes resource allocation, and enhances disease and pest control using predictive analytics (Singh et al., 2025).
Cloud Computing: Offers scalable storage and computing muscle to handle extensive farm data. Supports remote work, real-time collaboration, and predictive analytics to enable better decisions. Farmers have the option of using cloud platforms to bring in data from IoT devices, satellite imagery, and AI models with ease, such that smooth management of the farms and productivity take place (Dhanaraju et al., 2022).
Real-Time Monitoring: Farmers are given real-time feedback on crop health, soil moisture levels, temperature fluctuations, and possible disease outbreaks. Real-time information allows for timely interventions to be made, ensuring better yield, minimizing resource wastage, and maximizing farm management efficiency (Getahun et al., 2024).
Informed Decision-Making: Data-driven insights with advanced analysis allow farmers to maximize farm operations by forecasting yield patterns, detecting possible risks, and undertaking accurate resource allocation mechanisms (Titirmare et al., 2024). This ensures greater efficiency, lower costs, and increased overall productivity.
Predictive Abilities: AI algorithms scan past and current data to forecast likely threats, including pest attacks, disease epidemics, and climatic risks. These algorithms propose timely interventions, enabling farmers to take preventive actions to protect crops and maximize yields (Kowalska and Ashraf, 2023).
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Figure 4: An Internet-of-Things-based network for smart farming.
4. Automated Irrigation Systems
Automated irrigation systems combine IoT sensors, AI algorithms, and smart controllers to accurately control water distribution according to real-time soil moisture, weather predictions, and crop needs. Such sophisticated systems ensure that crops receive their ideal amount of water without overuse, saving water resources, and increasing overall farm sustainability (Ghareeb et al., 2023).
Drip Irrigation with AI Sensors: Employs AI-based sensors to track soil water content in real-time, facilitating accurate water delivery directly to the roots (Seyedzadeh et al., 2020). This process reduces evaporation and runoff significantly while maximizing water usage, resulting in better crop watering and sustainability.
Smart Sprinkler Systems: Leverages AI-powered controllers and IoT sensors to automatically modify irrigation schedules in real-time based on soil moisture levels, weather conditions, and crop water needs. The systems maximize water efficiency, avoid over-irrigation, and promote better overall crop health (Meyer et al., 2015).
AI-Based Irrigation Scheduling: Employs sophisticated machine learning algorithms to examine past climate data, current soil moisture content, and crop growth trends, allowing accurate water requirement forecasting. This technology maximizes irrigation scheduling, minimizes water loss, and improves overall crop yields by providing plants with the appropriate amount of water at the appropriate time (Sinwar et al., 2020).
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Figure 5:  Image of Automated Irrigation Systems
Benefits
Applies accurate irrigation methods to reduce water loss, maximize moisture retention, and avoid overwatering. Such practices improve soil quality, enhance water-use efficiency, and promote sustainable agriculture. Provides plants with the best possible hydration by constantly monitoring soil moisture and adjusting irrigation schedules in response (Obaideen, et al., 2022). This practice avoids water stress, encourages healthier root growth, and enhances overall plant resistance to disease and environmental changes. Automates irrigation processes using AI-driven controllers and IoT sensors, significantly reducing the need for manual labor. This automation allows for precise water distribution, minimizes human error, and enhances operational efficiency, enabling farmers to focus on other critical aspects of farm management (Gamal et al., 2023).
5. Greenhouse Monitoring & Automation
Smart greenhouses use IoT, AI, and sophisticated climate control systems to constantly monitor and adjust environmental conditions like temperature, humidity, light, and CO₂ levels. All these technologies cooperate to provide maximum plant growth with consistent high-quality output, less resource usage, and minimized manual effort (Evans et al., 2008).
Technologies Utilized in Smart Greenhouses
IoT Sensors: Ongoing monitoring of temperature, humidity, CO₂, and light levels with real-time transmission of data, allowing accurate environmental control for maximum plant growth and resource savings (Sehrawat, et al., 2019).
Automated Climate Control: Dynamically adjusts ventilation, heating, cooling, and irrigation using real-time sensor information, optimizing environmental conditions for plant growth with minimal energy usage and resource waste (Zhang et al., 2022).
AI-Powered Predictive Analytics: Employs sophisticated machine learning algorithms to process historical and real-time data, forecasting plant health problems, optimizing resource utilization, and anticipating corrective actions to improve crop productivity and sustainability (Kowalska, and Ashraf, 2023).
Advantages
Enables continuous cultivation by sustaining ideal growing conditions within controlled environments, reducing the effect of seasonal and climatic fluctuations on crop yield and quality. Improves economic viability by minimizing energy use, maximizing input utilization, and decreasing operation expenses through automated real-time adjustments. This results in considerable cost savings while keeping optimal growing conditions intact. Advanced AI-driven monitoring and predictive analytics enable early detection of plant health issues, facilitating proactive interventions. This not only improves overall yield quality but also minimizes crop losses, reduces dependency on chemical treatments, and enhances long-term sustainability in farming operations.
6. Wireless Sensor Networks (WSNs) in Agriculture
Wireless Sensor Networks (WSNs) are a network of interconnected intelligent sensors strategically deployed within agricultural fields, greenhouses, or storehouses (Ayaz et al., 2019). These sensors continuously monitor real-time data concerning environmental and soil factors and send this information to a central system for decision and analysis. The use of WSNs in agriculture greatly enhances farm management by allowing timely interventions and the optimal utilization of resources (Mowla et al., 2023).
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Figure 6: Different temperature sensor 
Soil Moisture Sensors: They record the volumetric water content in the soil to provide accurate irrigation scheduling based on real-time conditions. They assist in avoiding overwatering, which results in root diseases, and underwatering, which may result in plant stress. Optimizing water consumption, they promote better crop development, increased yield, and effective water conservation methods (Yu et al., 2021).
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Figure 7: soil moisture light and pH sensor 
Weather Sensors: Monitoring vital climatic parameters like temperature, humidity, wind speed, precipitation, atmospheric pressure, and solar radiation in real time. They supply valuable data that supports forecasting weather trends, allowing farmers to implement effective preventive measures in a timely manner against unfavourable conditions such as frost, drought, storms, and heat stress. Moreover, they assist in optimizing irrigation planning, pest and disease control, and general farm planning through providing information regarding microclimatic differences (Chu et al., 2017).
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Figure 8: Weather sensors used in Smart horticulture 
Nutrient Sensors: Ongoing monitoring of the nutrient content of the soil, measuring levels of key elements like nitrogen (N), phosphorus (P), and potassium (K), as well as micronutrients such as zinc, iron, and magnesium. They give accurate information on soil fertility, allowing specific fertilizer application that avoids deficiencies or toxicities. Through optimal fertilization, they maximize crop production, lower input costs, and reduce environmental damages due to excess nutrient runoff (Miyamoto et al., 2013).
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Figure 9:  Nutrient sensor 
Light Sensors: Ongoing measurement of sunlight intensity and duration, optimizing photosynthesis, plant growth, and greenhouse operations. They aid in automated shading and lighting systems, providing crops with sufficient light exposure, which is essential for flowering and fruiting processes. They also aid in energy efficiency in controlled environments by regulating artificial lighting according to natural sunlight availability (Conrad et al., 2014).
pH Sensors: Monitor soil and water pH levels continuously to maintain the proper chemical composition for optimal plant growth. pH sensors assist in soil amendment use by directing the use of lime, sulfur, or other corrective materials to ensure optimal pH levels for various crops. Having the right pH maintains the availability of nutrients, avoids toxicity, and promotes healthy plant growth, resulting in healthier yields and soil preservation (Wencel et al., 2014).
Gas Sensors: Ongoing monitoring and measurement of levels of key gases like carbon dioxide (CO2), ammonia (NH3), methane (CH4), and oxygen (O2), which are crucial for plant growth, soil health, and environmental sustainability. These sensors assist in identifying imbalances that can influence photosynthesis, respiration, and microbial processes in the soil. They also facilitate measuring greenhouse gas emissions, which further helps in sustainable agriculture practices and regulatory compliance by reducing the environmental footprint of agricultural activities (Love et al., 2021).
Table 1: Different smart agriculture sensor  

	Type of Sensor
	Utility
	Working Procedure
	References

	Acoustic-based sensors
	Detection and monitoring of pest population; harvesting of fruits.
	Measures alterations in noise level in agricultural fields.
	(N, Srivastava et al., 2013)

	Electromagnetic sensors
	Record electromagnetic responses; measure residual nitrate level and organic matter concentrations in soil; real-time measurement of transpiration rate.
	Employ electrical circuits that record conduction or accumulation of electrical impulses in soil.
	(Yunus et al., 2010, and Millan-Almaraz et al., 2013)

	Light Detection and Ranging (LIDAR)
	Agricultural land-based utilities such as 3D modeling, soil erosion monitoring, agricultural land mapping, and soil type detection.
	LIDAR sends light wave pulses to the target object. After colliding with the target, light waves return to the sensor. The time taken to return is assessed.
	(Schuster et al., 2017)

	Optical sensors
	Sense soil parameters like soil texture, mineral content, clay content, moisture, and soil color. Fluorescence-mediated optical sensors detect fruit maturation. Integral optical sensors combined with microwave scattering monitor orchard canopies.
	Changes in light reflectance are assessed.
	(Millan-Almaraz et al., 2013, Murray et al., 2018 and Molina et al., 2011)

	Mechanical sensors
	Measure soil mechanical resistance and soil particle compactness.
	Sensors measure the force assessed by load cells or strain gauges.
	(Hemmat et al., 2013)

	Mass flow sensors
	Assess yield production by measuring grain flow through a combined harvester.
	Sensors record the mass flow of grains through various modules, including moisture content sensing sensors, data storage, and internal systems.
	(Hemmat et al., 2013)

	FPGA (Field Programmable Gate Array) based sensors
	Measure moisture content, humidity, transpiration rate, and irrigation needs of plants.
	Employ digital circuits surrounding silicon-based chips and logic blocks.
	(Weiss, & Biber, 2011, Montagnoli et al., 2015)

	Electrochemical sensors
	Help measure nutrient status and pH of the soil.
	Individual sensors record electrochemical gradients in agricultural soil.
	(Yew et al., 2014, Cocovi-Solberg et al., 2014)

	Eddy covariance-based sensors
	Record changes in levels of various gases, including greenhouse gases like CO2, methane, and water vapor in agricultural lands.
	Measures continuously over large agricultural areas.
	(Kumar et al., 2017)

	Airflow sensors
	Assess soil-air content, permeability, and moisture content in mobile or static conditions.
	It senses various soil properties using unique identifying characteristics.
	(García-Ramos et al., 2012

	Ultrasonic ranging sensors
	Help in pest detection, crop canopy monitoring, and weed recognition.
	Employ ultrasonic sensors that send and receive ultrasonic pulses to detect object proximity.
	(Dvorak et al., 2016)

	Flexible and wearable sensors
	Help sense shape, size, and growth of different plant parts.
	Sensors made of stretchable materials enable mounting on plant parts.
	(Dong et al., 2023, Tang et al., 2017)

	Battery-free and self-powered sensors
	Help sense environmental factors such as temperature and humidity; monitor food product quality.
	Sensors are powered by solar cells and do not rely on batteries.
	(La Rosa et al., 2022, Alippi et al., 2012)


(Source, Rajak et al., 2023)

Table 2: Agricultural sensors: Sensor application, type of data collecting and description.
	Sensor Name
	Sensor Application
	Type of Data Collected and Description

	Soil NPK Sensor
	Fertilizer Administration
	Determines the concentration of potassium, phosphorus, and nitrogen in the soil to aid in fertilization. Using soil NPK sensors to track changes in soil nutrient levels over time, growers may adjust fertilizer application rates and timing. The application of soil NPK sensors can reduce fertilizer waste, enhance crop productivity and quality, and prevent nutrient runoff into nearby rivers.
	(Ahmad et al., 2022)

	Soil Moisture Sensor
	Irrigation Monitoring Systems, Forecasting, and Harvesting
	Measures the amount of water in the soil to determine when and how much to irrigate. These sensors may be positioned at various soil depths to monitor water availability at varying depths. Soil moisture sensors can aid in crop growth optimization, water conservation, and avoiding overwatering, which can result in nutrient loss and soil erosion.
	(Mahbub, 2020, Pramanik et al., 2022)

	Nitrate Sensor
	Fertilizer Administration, Crop Disease Detection
	Determines the nitrate content of the soil to aid in fertilizer application. Growers may alter fertilizer application rates and timing by using nitrate sensors to monitor changes in soil nitrogen levels over time. In addition to improving crop output and quality, nitrate sensors can assist in minimizing nitrogen runoff into surrounding waterways and decrease fertilizer waste.
	(Sun et al., 2020, Patil et al., 2021)

	Soil pH Sensor
	Fertilizer Administration, Crop Disease Detection
	Determines the soil’s pH level, which can aid in enhancing plant nutrient absorption. Growers may modify soil amendments and fertilizer application rates by using soil pH sensors to monitor variations in soil acidity over time. The use of soil pH sensors can improve crop production and quality, reduce nutrient deficits and toxicities, and stop soil acidification over time.
	(Patil et al., 2021)

	Electrical Conductivity Sensor
	Fertilizer Administration, Quality Monitoring
	Determines the electrical conductivity of water or soil, which may be used to check salt and nutrient levels. Adjusting irrigation procedures and preventing salt accumulation in soils may both be accomplished with electrical conductivity sensors.
	(Yue et al., 2020)

	CO2 Sensor
	Quality Monitoring, Processing Monitoring, Climate Conditions Monitoring
	Measures the quantity of carbon dioxide in the air, which may be used to keep track of plant development and respiration. Growing conditions may be improved by adjusting ventilation and lighting systems, which can be done with the use of CO2 sensors, which track changes in CO2 levels over time. By adjusting ventilation and illumination as necessary, CO2 sensors can assist in minimizing CO2 buildup, which can result in decreased plant growth and productivity. They can also aid in lowering energy use.
	(Mahbub et al.,2021)

	Temperature and Humidity Sensor
	Irrigation Monitoring Systems, Quality Monitoring, Processing Monitoring, Forecasting and Harvesting, Climate Conditions Monitoring
	Monitors environmental conditions by taking air temperature and humidity measurements. Extreme temperature ranges, high humidity levels, and other environmental variables that may affect plant growth and development may all be found with these sensors. Sensors for temperature and humidity can be placed in a variety of locations, such as outside weather stations or within greenhouses. These sensors can aid in improving growth conditions, guarding against pests and disease, and lowering energy expenditures.
	(Mahbub et al.,2021)

	Light Sensor
	Quality Monitoring, Climate Conditions Monitoring
	Measures the amount of light that plants receive, which can aid in maximizing growth and output. These sensors can measure the amount of light in different parts of a greenhouse or field and may be used to modify lighting or shade arrangements to improve growing conditions. By decreasing illumination or shading as necessary, light sensors may assist producers in producing high-quality crops with optimal yield and quality while also reducing energy use.
	(Al-Tarawneh et al., 2022)

	Weather Station
	Logistics Monitoring, Forecasting, and Harvesting
	Gathers information on wind direction and speed, rainfall, barometric pressure, and other weather-related data that may be used by farmers to make choices about planting, harvesting, and other agricultural tasks. With the use of these sensors, producers can foresee weather-related hazards and improve crop management techniques by tracking weather trends over time. Weather stations can be set up on a farm or in a particular area and used to track regional weather patterns and microclimates.
	(Ioannou et al., 2021)

	Water Level Sensor
	Irrigation Monitoring Systems, Logistics Monitoring
	Determines the level of water in a tank, pond, or other body of water. These sensors are frequently employed in agriculture to monitor water levels in irrigation systems and other bodies of water.
	(Mahbub, M. 2020).

	Livestock Sensor
	Logistics Monitoring
	Observes the health and conduct of cattle, which can aid in disease prevention and maximize output. Animal activity, body temperature, and eating habits may all be monitored with livestock sensors. These sensors can aid in improving feeding and breeding procedures, reducing animal stress, and promoting animal welfare.
	(Mishra, & Sharma, 2023).

	Plant Disease Sensor
	Crop Disease Detection
	Analyzes plant tissue or soil samples to detect plant diseases. These sensors can be used to monitor disease in crops and assist producers in taking steps to stop its spread or potential harm.
	(Patle et al.,2022)

	Smoke Sensor
	Fire Detection
	Calculates the number of smoke particles present in the air at any given time, which may signal the existence of a fire. The sensor alerts the smart agricultural system when smoke particles are found so that it may take the necessary precautions to stop the fire from spreading.
	(Rehman et al., 2021, Morchid et al., 2022)

	Flame Sensor
	Fire Detection
	Uses infrared light emission to locate fires. The sensor can recognize the infrared radiation that a flame releases when it is present. The sensor alerts the smart agricultural system when a flame is found so that it may take the necessary steps to stop the fire from spreading.
	(Rehman et al., 2021, Morchid et al., 2022)

	Flexible Sensor
	Yield Monitoring
	A flexible, wearable sensor designed specifically to track the quality of plants, fruits, and food. Real-time data collection is made possible by its soft and versatile shape, making it easy to install on the surface of various food items and plants without causing any damage.
	(Huang et al., 2023)


(Source, Morchid et al., 2024)
Advantages of WSNs in Agriculture
Continuously monitors field conditions, providing immediate updates on parameters like soil moisture, temperature, humidity, and nutrient levels. Real-time data enables farmers to make effective decisions, apply instant corrective measures, and optimize resource use, improving the general crop health and yield efficiency (Jawad et al., 2021). Applies sophisticated data analytics and sensor-driven technologies to maximize the use of water, fertilizers, and pesticides. Precision agriculture delivers inputs exactly where and when they are required, reducing waste, improving crop yields, saving natural resources, and lessening environmental effects (Banđur et al., 2019). Precision agriculture also assists in site-specific crop management, balancing nutrient delivery and efficient pest management while reducing costs of operations. Lowers substantially the need for labor field inspections and interventions through automation of data collection and decision-making activities (Saleh et al., 2020). This translates to lower labor costs, increased operational efficiency, and improved productivity. Moreover, it maximizes resource allocation, reduces wastage, and overall farm profitability through automation of mundane agricultural chores. Regularly check environmental and soil conditions to identify possible problems like drought stress, nutrient shortages, pest outbreaks, or disease infestations before they get out of control. Through real-time notifications, the systems allow farmers to intervene early, preventing losses in crops and enhancing the general resilience of farms (Chen et al., 2011). Early action increases productivity, avoids losses, and leads to sustainable agriculture. Applies innovative agricultural technologies and best management practices to maximize the utilization of natural resources, reduce environmental degradation, and increase long-term productivity. With the integration of precision agriculture, effective irrigation systems, and environmentally friendly pest management practices, sustainable farming increases biodiversity, lowers carbon footprints, and provides food security while sustaining soil health and water conservation (Varghese et al., 2015).
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(Source, Meshram et al., 2024) 
Figure 10: Wireless Transmission for smart horticulture 
AI Applications in precision Agriculture
Integration of cutting-edge technologies like Wireless Sensor Networks (WSNs) and Artificial Intelligence (AI) is revolutionizing agriculture today through making it efficient, resource-sensitive, and sustainable (Linaza et al., 2021). These technologies play a central role in counteracting challenges including climate change, loss of natural resources, and food security. WSNs and AI create an avenue for precision farming, enhanced productivity, and climate resilience through real-time monitoring, forecasting, and automating processes (Sharma et al., 2020). With advancements in technology, these tools will become increasingly instrumental in defining the future of sustainable agriculture globally (Kirchmann, and Thorvaldsson, 2000).
Sophisticated machine learning algorithms analyze plant images to detect diseases, pest infestations, and nutrient deficiencies in their early stages. These systems provide farmers with suggested treatments, minimizing crop loss (Sudhakar. AI algorithms process historical and real-time data, such as weather conditions, soil health, and crop status, to predict yields with high accuracy. This helps in better planning, storage, and supply chain management. Artificial intelligence-powered robots and drones automate tasks like seeding, weeding, pesticide spraying, and harvesting. These autonomous systems enhance precision, reduce dependency on human labor, and optimize agricultural operations. AI integrates with IoT-based irrigation systems to monitor soil moisture levels and climatic conditions, ensuring efficient water distribution while preventing wastage. Additionally, AI streamlines logistics by predicting demand and optimizing the transportation and storage of perishable produce, reducing post-harvest losses. AI-driven wearable sensors track animal health, feeding patterns, and movement, enabling early disease detection and improved livestock management. AI-based vision systems also assist in sorting harvested produce based on quality parameters such as size, color, and texture, ensuring that only high-quality products reach the market.
Advantages of Smart Horticulture 
This is the future of horticulture with smart gardening because of its numerous benefits, which increase productivity levels, enhance water productivity, reduce labor requirements, and make environmental sustainability more effective. It gives a pragmatic solution to meeting the growing demands in the global market for food, ornamental plants, and medicinal herbs while minimizing ecological impact. As these technologies become more accessible and affordable, smart gardening will play a pivotal role in building a sustainable and resilient agricultural system (Zhang et al., 2023).
IoT and Sensor-Based Technologies in Horticulture: IoT in Horticulture: Horticulture is referred to as the interconnection of physical devices, sensors, and data analytics platforms for optimizing agricultural operations (Meshram et al., 2024). The technologies enable precision agriculture by offering real-time insights into various environmental and crop parameters. IoT enables automation, reduces human error, and enhances decision-making, which improves productivity and sustainability (Javaid et al., 2022). Major components of IoT in horticulture:
Wireless Sensor Networks (WSN): Sensors track key environmental parameters, among them soil moisture, temperature, humidity, and light intensity, whose immediate signals are used to monitor the real-time nature of precision irrigation and fertilization as well as climate control (Nayyar, and  Singh, 2015). This network of distributed sensor nodes is wirelessly connected; that automatically makes the decision for adaptive responses to altering field conditions. Cloud computing with artificial intelligence combined with WSN offers enhanced data analysis and predictive capabilities toward making horticulture management efficient and sustainable (Yick et al., 2008).
It aims to optimize irrigation schedules using real-time data from soil moisture sensors, weather forecasts, and crop water requirements. Thus, it helps ensure controlled over-irrigation and under-irrigation, saving these precious water resources (Rathinam et al., 2019). Advanced systems of automated irrigation use AI and machine learning algorithms to analyze historical data and predict optimal watering times, ensuring efficient use of water and improved crop health. Additionally, mobile applications provide farmers with the ability to monitor and manage irrigation operations remotely, which leads to the saving of labor costs and an increase in general productivity (Jawad et al., 2017).
Green House Management: IoT-enabled platforms manage vital environmental parameters such as temperature, humidity, levels of CO2, and light intensity to provide optimal conditions for crop growth (Thilakarathne et al., 2023). Wireless sensor networks and cloud-based data analytics are used in these systems to continuously monitor greenhouse parameters and adjust the climate conditions in real time. Automated ventilation, heating, and irrigation mechanisms respond dynamically to environmental fluctuations, ensuring consistent plant health and growth. AI-driven predictive models further enhance efficiency by analyzing historical data to optimize climate control strategies, reduce energy consumption, and maximize yield potential (Srinivasan, et al., 2024).
Pest and Disease Detection: Advanced image recognition technologies, combined with IoT-enabled sensor-based pest monitoring systems, enable early identification of pests and plant diseases (Sharma, and  Shivandu, 2024). Such systems make use of high-resolution cameras, multispectral imaging, and AI-driven algorithms for crop health analysis and symptom detection at the initial stages of infestation or infection (Kumar et al., 2024). The systems can issue real-time alerts and implement automatic interventions such as targeted pesticide application or biological control methods, which improves the efficiency of disease management with reduced chemical overuse. Data sharing on cloud-based platforms allows farmers to monitor pest patterns and develop proactive crop protection strategies (Kiobia et al., 2023).
Applications of IoT in Smart Horticulture: IoT-driven horticulture has revolutionized agricultural practices by enabling data-driven decision-making, automation, and enhanced resource management (Postolache et al., 2023). Several applications demonstrate its effectiveness in optimizing production and sustainability, improving farm operations, and ensuring better quality produce. These applications include:
Soil Moisture and Nutrient Sensing: Real-time monitoring through IoT-enabled sensors provides accurate data on soil moisture levels and nutrient content, facilitating precision fertilization and water management (Kashyap, and  Kumar, 2021). These sensors have prevented overfertilization and underirrigation, maximizing soil health with optimal plant growth. Advanced algorithms in machine learning analyze the gathered data to determine nutrient deficiencies for targeted interventions while enhancing crop production with reduced impacts on the environment. Remote monitoring capabilities also assist farmers in viewing soil conditions by mobile applications (Zhang et al., 2017).
Automated Climate Control in Greenhouses: AI will optimize climate conditions that support plant growth through dynamically adjusted temperature, humidity, levels of CO2, and light intensity (Shamshiri et al., 2013). These systems utilize IoT sensor devices' real-time information for automated heating, cooling, shading, and ventilation for the microclimate adaptation of different crop types. Machine learning algorithms analyze historical climate data, making predictions on environmental conditions that are used to make predictive adjustments both for improvement in energy efficiency and crop productivity. This makes way for mobile app-based remote monitoring and control options, reducing man-days required on site and slashing operational costs considerably (Weldeslasie et al., 2021).
Smart Pest Control: By integrating AI-traps with an IoT-based real-time monitoring and image recognition device, pests may be identified with early detection while collecting data online. It helps in high-definition camera surveillance for pest identification coupled with machine-learning-based algorithms about the prediction trends of pest invasion (Vijayalakshmi et al., 2019). These include precise-targeted pesticide application and biological control methods that reduce chemical application and environmental exposures. Further, using cloud-based analytics tools, farmers can monitor pest developments, receive real-time alerts, and take appropriate preventive measures to protect crops (Wu et al., 2022).
Supply Chain Management: Blockchain and IoT technologies critically perform tracking and post-harvest produce management that ensures quality, traceability, and transparency throughout the agricultural value chain (Bhagat, and Dhar, 2011). The sensors are IoT-enabled, monitoring storage conditions such as temperature and humidity to prevent spoilage and maintain food safety standards. Blockchain technology records immutable data on harvesting, transportation, and distribution, which reduces fraud and improves consumer trust. Real-time tracking of shipments also enhances the efficiency of logistics, minimizes post-harvest losses, and optimizes market access for farmers (Mwewa et al., 2025).
Challenges and Limitations
Despite the tremendous potential, IoT-based horticulture has various challenges that could hinder its spread and impact. These are mainly technological, financial, infrastructural, and regulatory barriers. Such barriers should be addressed for easy implementation and sustainability in the long run.
High Initial Costs: The adoption of IoT-based horticulture requires substantial investment in advanced sensors, automated systems, cloud-based analytics platforms, and network infrastructure. Small and medium-sized farmers may find these initial expenses prohibitive, limiting their ability to integrate smart horticulture solutions. Additionally, the cost of maintenance, software updates, and energy consumption further adds to the financial burden, necessitating government subsidies and financial assistance programs to promote wider adoption.
Connectivity: Many areas of farms and farmlands are very remote and far from the core of the nation. The Internet and network stability cannot be expected there. For smooth operation, real-time data transmission, and remote monitoring in precision horticulture, challenges lie in low broadband coverage, expensive satellite internet solutions, and non-uniform cellular networks. Improving these connectivity gaps needs investments in digital infrastructure in the rural areas, the deployment of LPWANs, and satellite-based communication technologies to guarantee the reliability of connectivity for precision horticulture.
Data Security and Privacy: As IoT-based horticultural systems are dependent on cloud storage and real-time data exchange, data security and privacy remain a huge concern. Risks of unauthorized access, hacking, and data breaches are also there for the sensitive agricultural information, including crop patterns, soil health data, and farm operations. Strong cybersecurity measures such as end-to-end encryption, multi-factor authentication, and blockchain technology can enhance data security. Another is ensuring compliance with data protection regulations and educating farmers on best cybersecurity practices to protect digital agricultural ecosystems.
Technical Expertise: Extensive training is a must for the farmers in efficiently using IoT-based tools since this technology includes heavy hardware, sophisticated software, and data interpretation, which require some technical knowledge for maximum benefit reaping from smart horticulture. Moreover, training programs, digital literacy plans, and information gap-bridging measures have to be enforced to allow them to confidently apply IoT solutions without any difficulty and inefficiency.
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Figure 11: Different challenges in Smart horticulture and Iot based
Future Opportunities
The future of smart horticulture lies in the smooth integration of advanced AI algorithms, machine learning, and blockchain technology into decision-making, automation, and transparency. Nanotechnology-based sensors, edge computing, and 5G connectivity will also really improve the accuracy of real-time data processing and precision horticulture applications. The agricultural robots that are designed to be self-learning along with predictive analytics derived from AI will further enhance the managerial optimization of farms to provide higher productivity at minimal resource usage. The implementation of IoT on a large scale will be driven by government policies, research collaborations, and private sector investments. Sustainability-oriented innovation, for example, solar power for IoT devices and biodegradable sensors, will help harvest greener agriculture practices, and make smart horticulture more resilient and efficient and more accessible worldwide.
Conclusion
IoT and sensor-based technologies offer potential to revolutionize horticulture by increasing productivity, optimizing resource utilization, and minimizing environmental impact. These innovations would allow real-time data-driven decision-making, precision farming, and automation leading to a healthy crop with higher efficiency. Many such challenges of high cost in the initial installation, connectivity issues, as well as data security remain. However, advancements in AI, ML, and cloud computing are already continuing to influence the widespread take-up of these technologies. More initiatives will come from the government and private sector, including investments and research collaborations. All these would integrate IoT further into horticulture, bringing smart horticultural practices forward as part of an evolutionary, more resilient, sustainable, and technologically advanced agricultural ecosystem.
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