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ABSTRACT

	
Soil health plays a fundamental role in ensuring sustainable agricultural productivity and ecological stability. Traditional methods of soil health assessment such as manual sampling and laboratory analyses are labour-intensive, time-consuming, and limited in their spatial and temporal resolution. With the growing demands of food production and the pressing threats posed by climate change and land degradation, there is an urgent need for real-time, cost-effective, and scalable soil health monitoring systems. The Internet of Things (IoT) has emerged as a transformative solution, offering continuous, remote, and sensor-based monitoring of key soil parameters. This review presents an in-depth examination of IoT-linked technologies and their application in assessing soil physical, chemical, and biological properties. The paper also explores the architectural framework of IoT systems, including sensing, communication, data processing, and application layers. Further, it discusses recent case studies involving smart irrigation systems, real-time nutrient monitoring, and integration with unmanned aerial vehicles (UAVs). While the benefits of IoT-based systems are substantial including increased efficiency, reduced labour, and improved decision-making several challenges remain, such as high initial costs, energy requirements, and limited connectivity in rural areas. Overall, IoT presents promising potential for revolutionizing soil health monitoring and promoting resilient and sustainable agricultural systems.
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1. INTRODUCTION 
Soil health is crucial for sustainable agriculture and ecosystem management. It can be defined as the ability of a living soil to perform effectively within its natural or managed ecosystem, supporting plant and animal productivity, improving or preserving water and air quality, and enhancing the health of both plants and animals (Doran et al., 1996). As the global population continues to grow, which is projected to reach approximately 8.9 billion by 2035 and 9.8 billion by 2050 (PRB, 2023), the demand for food is expected to increase by 53 per cent by 2050. This phenomenal growth places significant pressure on agriculture to enhance productivity sustainably, underscoring the critical importance of maintaining soil health. The use of fertilizers and pesticides is also progressively rising annually to meet this growing demand for higher yields and quality of agricultural products. Unfortunately, this increase contributes to environmental challenges, such as higher emissions of nitrous oxide, a potent greenhouse gas associated with nitrogenous fertilizers (Paustian et al., 2016).   
In India, where agriculture and allied activities cover 264.5 million hectares, nearly 146.8 million hectares suffer from degradation due to erosion, landslides, salinization, unbalanced fertilizer use, and other practices (Bhattacharyya et al., 2015). Globally, soil degradation is reducing productivity on 20 per cent of cropland, 16 per cent of forest land, 19 per cent of grassland, and 27 per cent of rangeland (UNCCD, 2017). This widespread degradation highlights the need for effective soil health monitoring and management. Soil health is determined by a complex interplay of physical, chemical, and biological factors. Hence monitoring requires measurement of all the three properties viz. physical (moisture, temperature), chemical (pH, electrical conductivity, nutrient availability) and biological (O2, CO2 concentration, microbial activity). Ensuring a balanced combination of these factors is key to maintaining healthy soil ecosystems (Doran and Zeiss, 2000; Ramson et al., 2021).   
Soil health assessment mainly relies on visual inspection, soil sampling and laboratory testing. However, these methods are labour-intensive, time-consuming, and often limited in spatial coverage. They also lack real-time data and can disrupt soil conditions, potentially affecting results (Nocita et al., 2015). This has become more relevant in the context of fast changing weather parameters due to climate change.  Recently, the Internet of Things (IoT) has emerged as a promising solution for soil health monitoring. IoT refers to a network of physical devices equipped with sensors, software, and other technologies that connect and exchange data through the internet or other communication networks (Tiwary et al., 2018). This technology enables real-time data collection, transmission, and analysis, allowing for continuous and remote monitoring of critical soil parameters (Nasar and Kausar, 2019). The adoption of IoT is expanding across various applications, marking it as a pivotal technology in the digital transformation of soil health management (Patel et al., 2016; Paul et al., 2020). Integrating IoT technology, can enhance the ability to monitor soil health more effectively and sustainably, addressing the challenges posed by population growth, climate change, and environmental degradation.

2. IOT LINKED SOIL HEALTH MONITORING APPROACHES 
	The Internet of Things (IoT) involves embedding sensors, devices, and systems with connectivity capabilities to collect and exchange data. In soil health monitoring, it enables the real-time gathering and analysis of soil data (Gautam et al., 2020). By providing real-time insights into various soil parameters, IoT-enhanced monitoring systems can significantly improve agricultural practices. These advancements facilitate optimized water management and better soil health, ultimately supporting sustainable food production and addressing growing global challenges (Penailillo et al., 2024).  
[bookmark: _93aso57ese38]2.1 IoT ARCHITECTURE 
	IoT can be explained under four layers viz. sensing layer, network layer, data processing layer and application layer (Tiwary et al.,2018)  
2.1.1 Sensing Layer 
	The initial layer of the IoT architecture, which refers to the components that directly interact with the physical environment to collect the data and perform actions, enabling real-time monitoring, control and automation of various applications (Jamali et al., 2020) The various components include sensors, actuators and microcontrollers.    
[bookmark: _ci1a34ljb4lu]2.1.1.1 Sensor 
       Common sensors used for soil health monitoring include soil moisture sensors, pH sensor, electrical conductivity sensor (EC sensor), nutrient sensor, water level sensor, optical sensor, passive infrared sensor (PIR) and optical sensors (Farooq et al., 2019). Soil moisture sensors measure the water content in the soil, help to decide when and how much to water plants (Patil et al., 2017). By placing these sensors at different depths, they track water levels at various soil depths. They help to improve crop growth, save water, and prevent overwatering, which can lead to nutrient loss and soil erosion (Mahbub, 2020). Various types of sensors are available today, each having variable performances (Francesca et al., 2010). Various soil moisture sensors widely used for soil health monitoring are shown in Table 1.  
[bookmark: _1injv39i4lab]
Table 1.	Different types of soil moisture sensors 

	[bookmark: _awouujp70ca0].
	Sensor type
	Principle

	1  
	Capacitive   
	Measures soil moisture content by detecting changes in capacitance caused by soil water content  

	2  
	Resistive  
	Measures soil moisture content by detecting changes in electrical resistance between two electrodes  

	3  
	Time domain reflectometry (TDR)  
	Measures the time delay in reflected electromagnetic signals to detect changes in moisture content  

	4  
	Frequency domain reflectometry (FDR)  
	Measures the frequency changes in reflected electromagnetic signals to detect changes in moisture content  


Source: Zazueta and Xin, 1994; Kashyap and Kumar, 2021

Temperature sensors serve to the indicate thermal suitability for crops, impact microbial activity    and nutrient cycling (Futagawa et al., 2009)   while pH sensors serve to enhance crop yield and quality, minimize nutrient deficiencies and excesses, and prevent soil acidification in the long run (Patil et al., 2021). Nutrient sensors help in targeted fertilization, reducing environmental pollution and optical sensors use reflectance to infer soil texture, colour, and organic matter (Murray, 2018). Electrical Conductivity (EC) sensors measure soluble salt content, correlating with soil fertility and salinity levels (Othaman et al., 2021). Water level sensors are used in irrigation systems to regulate water supply from tanks or reservoirs (Shaikh et al., 2022). PIR sensors can be used for the detection of  animal intrusions into agricultural fields and for mitigating crop damage, (Bapat et al., 2017)   
2.1.1.2 Actuators   
	Devices or systems that convert signals into physical actions or movements. It include valves, relay, pump   
2.1.1.3 Microcontroller  
	Microcontrollers (e.g., Arduino, Raspberry Pi) serve as the central processors for embedded systems. Arduino boards are cost-effective and suitable for single-task systems, while Raspberry Pi boards support multitasking and advanced processing (Swathi et al., 2018).
  
2.1.2 Network Layer  
	The communication layer facilitates interaction between different layers of the IoT architecture. Communication protocols are fundamental to IoT agricultural network systems and applications, as they facilitate the exchange of all agricultural data and information across the network. It ensures that data gathered in the sensing layer are transmitted directly to the cloud or the application layer. WiFi, Bluetooth, Zigbee, IoT gateway devices etc, are a few examples that connect devices to the cloud (Jamali et al., 2020). Comparison of different communication protocols are shown in Table 2.  



[bookmark: _psejo2qddegq]Table 2.	Comparison of different communication protocols 

	Parameters  
	
Transmission range  
	Energy consumption  
	Cost  

	WiFi   
	20–100 m   
	High   
	High   

	LoRaWAN  
	<30 km   
	Very low   
	High   

	RFID   
	1-5 m   
	Low   
	Low   

	ZigBee   
	10–20 m   
	Low   
	Low   

	MQTT   
	-   
	Low   
	Low   

	SigFox   
	30-50 km   
	Low   
	Low   

	Bluetooth  
	8-10 m  
	Very low  
	Low  


  Source: Farooq et al., 2019


2.1.3 Data processing layer 
	Often referred to as the "cloud layer," this component handles data storage, filtering, and analytics. Common cloud platforms include AWS IoT Core, Microsoft Azure, and ThingSpeak (Nakhuva and Champaneria, 2015). These platforms allow real-time graphical representation and historical analysis of soil data.  
2.1.4 Application layer    
[bookmark: _l4xno2sle7ev]	This top layer interfaces with end users-farmers, agronomists, or researchers via dashboards, mobile apps, or web portals. It translates processed data into actionable insights for irrigation, fertilization, or crop selection (Jamali et al., 2020). ThingSpeak is a web service which assists in plotting the output data in graphical form (Pasha, 2016).  
 
[bookmark: _dkvgzoo3hj0w]3. MONITORING SOIL PARAMETERS USING IoT
	The effectiveness of IoT in soil health monitoring lies in its ability to continuously assess physical, chemical, and biological parameters through a network of sensors. These real time measurements offer spatial and temporal resolution unmatched by traditional sampling methods, enhancing precision agriculture practices. This section presents how IoT enables monitoring of key soil properties.
[bookmark: _w4acdly67j4d]3.1 MONITORING SOIL PHYSICAL PARAMETERS USING IoT     
	Physical parameters such as soil moisture and soil temperature are essential determinants of plant water availability, seed germination, root growth, and microbial activity. IoT-based monitoring of these parameters supports optimized irrigation scheduling, reduces water wastage, and enhances crop productivity.
	Several studies have demonstrated the accuracy and reliability of IoT-linked soil moisture sensing systems. Barapatre and Patel (2019) conducted a comparative study using 24 soil samples from Maharashtra to evaluate resistive and capacitive soil moisture sensors. Results showed that capacitive sensors had a stronger correlation with gravimetric moisture values, lower RMSE (Root Mean Square Error), and higher consistency. Capacitive sensors were therefore identified as more reliable for long-term monitoring in agricultural fields. Saikia and Khatoon (2022) developed a handheld soil moisture monitoring device for alluvial soils of Assam using YL-69 sensors and an Arduino Uno microcontroller, where data were transmitted via Wi-Fi to the ThingSpeak cloud platform, which enabled graphical visualization of moisture changes over time. In Tamil Nadu, Ezhilazhahi and Bhuvaneswari (2017) monitored soil moisture variations in a sweet potato field over one week, with sensors recording data at four daily intervals (6 am, 10 am, 2 pm, and 6 pm). The study revealed substantial temporal fluctuations due to environmental conditions and highlighted the importance of intra-day monitoring. Seasonal variations in moisture and temperature in the loamy soils of the National Forest Park of Zi Jin Shan, China, was studied by Wu et al. (2023) using depth-wise sensors at 0, 0.1, 0.2, 0.3, and 0.4 m and observed soil moisture increase during the summer due to monsoon rainfall, while surface temperatures peaked during spring and summer, declining significantly during autumn and winter. A soil monitoring system developed by Deshpande et al. (2022) for the clayey soils of Pune involved sensors at 5 cm, 15 cm, 50 cm, and 100 cm depths and observed that surface layers exhibited greater moisture variability, while deeper layers were more stable with higher moisture retention. Conversely, temperature readings increased with depth, highlighting the importance of multi-layered analysis. Aarthi et al. (2023) monitored daily moisture and temperature in a spinach garden for 25 days, with soil moisture dropping to its lowest at midday due to evapotranspiration, while soil temperature peaking at 12:00 pm, driven by solar intensity. The findings underscore the influence of diurnal cycles and weather conditions.  Bhavani and Begum (2017) designed a soil monitoring system to predict the disease occurrence in paddy fields based on changes in temperature, humidity and soil moisture. 
	Effective monitoring systems are instrumental in ensuring optimal plant growth and development, and are a key component in the design of smart irrigation control systems. By harnessing real-time data and insights, these systems enable farmers to make informed decisions, reduce water losses, and increase crop productivity, ultimately supporting global food security and sustainable agriculture practices (Keswani et al., 2019).   Jha et al. (2017) implemented an automatic irrigation system in a wheat field in Dehradun using moisture sensor. Alerts were triggered when moisture fell below 10%, enabling timely irrigation and improved crop health. Chew et al. (2020) tested irrigation across six zones of a greenhouse with different green bean seed densities. The zone with the highest seed density (60 g) recorded the highest irrigation volume (106 mL), demonstrating how moisture demand scales with plant population. Mat et al. (2016) compared scheduled vs. automated irrigation in chilli crops with automated system, maintaining 35% VWC using moisture sensors, saved approximately 1,500 mL of water per plant per day, emphasizing water-use efficiency. Shaikh et al. (2022) integrated soil moisture and water level sensors with mobile alerts for farmers, resulting in better irrigation decisions, reduced labour, and healthier plants.
	The implementation of IoT in irrigation yields several advantages, such as water conservation, reduce resources, preserves soil structure, improves financial efficiency, optimized performance, reduced energy requirements, and decreased crop losses (Garcia et al., 2020). While barriers include high power consumption of devices, non- availability of reliable internet connections, lack of IoT knowledge and weak communication signals (Obaideen et al., 2022).  
	Landslides are a significant hazard of global occurrence, especially in areas with steep slopes. For addressing this issue, real-time monitoring of landslides has become a crucial area of research. An IoT-based landslide forecasting system was designed by Sruthy et al. (2020), College of Engineering and Research Centre, Thrissur, Kerala by integrating soil moisture sensor with accelerometer for landslide forecasting and to provide early warnings, potentially preventing human casualties. 
[bookmark: _fg54ibsgpgs7]3.2 MONITORING SOIL CHEMICAL PARAMETERS USING IoT  
	Soil chemical parameters such as pH, electrical conductivity (EC), and nutrient concentrations are critical for maintaining soil fertility and ensuring optimal crop growth. Conventional analysis of these properties often involves sample collection followed by laboratory analysis, a process that is time-consuming, spatially limited, and resource-intensive. IoT-based systems offer an efficient alternative by enabling real-time, in situ monitoring of these variables.
	Aarthi et al. (2023) designed a real-time monitoring system for backyard spinach cultivation using Arduino-based sensors to track pH and EC. A comparison of sensor-based readings with laboratory results showed only minor deviations, confirming the accuracy and reliability of the system for field-level soil chemical monitoring. Putri et al. (2023) developed a smart pH control system for Aloe vera cultivation. The setup included soil pH sensors connected to acid and base delivery pumps via HDPE piping. When the pH deviated from the target range of 5-6, the system autonomously adjusted it. Controlled plots showed significantly larger leaf area (~1.7 cm increase), demonstrating the positive impact of automated pH regulation on plant health. Bhatnagar and Chandra (2020) proposed a mobile-based recommendation system linked to real-time pH sensors. Based on the readings, the application calculated the lime or gypsum requirement to neutralize acidic or alkaline conditions, helping farmers adopt site-specific soil amendments. Othaman et al. (2021) built a soil EC sensing system to study fertilizer effects in Malaysian paddy fields using NAFAS 17.5:15.5:10. Results indicated that EC increased with surface nutrient concentration, while deeper layers exhibited reduced conductivity, affirming the role of depth-wise monitoring in nutrient leaching studies. Ramson et al. (2021) implemented an integrated system using Teros 12 sensors for EC and moisture measurement and found a strong positive correlation between soil EC and moisture content, highlighting their interdependence in real-time salinity tracking. Jain et al. (2023) tested an optical sensor-based nutrient detection system in coconut field soils in Lucknow and six samples were analyzed for N, P, and K using both sensor readings and laboratory tests. Coefficients of determination were high—N (R² = 0.953), P (R² = 0.969), and K (R² = 0.961) confirming strong alignment and suitability for field-scale nutrient analysis. Spandana and Pabboju (2020) used pH, temperature, and moisture sensors to assess soil conditions across different zones in Uttarakhand. The data were processed to recommend region-specific crops, integrating chemical monitoring with crop selection guidance. Electronic crop (e-Crop), an IoT device developed by Mithra (2019) at ICAR- Central Tuber Crops Research Institute (CTCRI) is an electronic crop simulator that simulates crop growth in real-time based on weather, soil moisture and nutrient status. A field demonstration was done in sweet potato and an accuracy of 94.25 percent was observed in predicting the tuber yield.
3.3 MONITORING SOIL BIOLOGICAL PARAMETERS USING IoT  
	Soil biological health reflects the activity and diversity of microorganisms that regulate nutrient cycling, carbon sequestration, organic matter decomposition, and soil structure formation (Sahu et al. 2017).  Traditional methods of assessing biological indicators such as soil organic carbon (SOC), soil respiration (CO₂ evolution), and microbial activity are complex and laboratory-dependent. The integration of IoT with appropriate biosensors, gas sensors, and modeling tools enable real-time, dynamic monitoring of these parameters in the field.
	Wu et al. (2017) utilized IoT devices in combination with the Soil-C model developed by Huang et al. (2001) to study seasonal changes in soil organic carbon (SOC) during wheat cultivation in China. The model incorporated real-time sensor data on soil temperature, moisture, and pH to compute SOC dynamics. The SOC content was highest during the sowing period (due to residue incorporation), declined during active growth, and rose slightly again at harvest from leaf and root decomposition.  Ramson et al. (2021) studied soil CO₂ and temperature variation in clayey soils during the winter fallow period in Indiana, USA, using GMP251 CO₂ sensors and Teros 12 sensors. A positive correlation was observed between soil temperature and CO₂ emission, indicating increased microbial respiration with rising temperature even in the absence of crop cover. Agrawal et al. (2022) developed a comprehensive IoT system for soil biome management, integrating multiple sensors such as:MQ-2 (methane), MQ-7 (carbon content), MQ-135 (nitrogenous content), FC-28 (soil moisture), DHT-11 (temperature and humidity).
Data were transmitted via a Wi-Fi module to ThingSpeak cloud, and the system was encased in a waterproof, scarecrow-style design to protect components. Analysis confirmed that all soil health parameters were within safe thresholds, and no alerts were triggered.
	Biological indicators are especially sensitive to changes in soil management, moisture regimes, and temperature-making them excellent early warning markers for soil degradation. By coupling sensor data with decision-support platforms, IoT enhances the capability of stakeholders to manage organic inputs, reduce greenhouse gas emissions, and promote biological sustainability.

[bookmark: _wy01kgxecvq]4. RECENT ADVANCEMENTS LINKED WITH IoT
	In present day world, unmanned aerial vehicles (UAVs) are increasingly being utilized in agriculture. These technologies play a key role in improving crop yields and overall production (Boursianis et al., 2020). Saha et al. (2021) developed an IoT linked monitoring system by integrating soil-based sensors with UAV mounted sensor for tracking soil conditions, crop health, and detecting intrusions. The system incorporated PIR, pH and soil moisture sensors while UAV captured high resolution crop images. The introduction of this integrated system resulted in 15-20 per cent increase in tomato yields across the selected districts. Furthermore, a reduction of approximately 70-80 per cent in labour requirements was observed, highlighting the economic and operational efficiency of the system. Bhoi et al. (2021) designed an IoT-assisted UAV model for the detection and classification of rice pests. High-resolution images captured by UAVs were transmitted to a cloud service provider (Imagga), where image processing techniques identified pests using predefined tags and confidence values. Upon detection, real-time alerts were sent to the farmers, enabling timely intervention. Kulkarni et al. (2019) developed a weed detection system utilizing image processing and convolutional neural networks (CNN) and the results demonstrated an accuracy of 85 per cent, with a false rejection ratio of 7 per cent and a false acceptance ratio of 2.6 per cent, indicating the system's effectiveness in weed management. 
 
[bookmark: _ivck9ukaacd7]5. ADVANTAGES   
	IoT provides real time data and allows for more accurate and efficient management of agricultural practices (Yin et al., 2021). With the help of data gathered from numerous sensors, resources like water, fertilizers, and pesticides can be utilized more efficiently and further optimize the use of the resources (Morchid et al., 2023)  It will contribute to environmental protection (Srivastava and Das, 2021). Automating tasks utilizing IoT technology can significantly reduce labour requirements and also enable early prediction of potential issues or crop yields (Sinha and Dhanalakshmi, 2022). In addition, with proper monitoring, the productivity of the field can be increased which in return increases the profitability of the farmers (Srivastava and Das, 2021).  
[bookmark: _sgr14q6ho0h8]6. CHALLENGES  
	The initial investment required for acquiring and setting up IoT devices, including sensors, cameras, and drones, is a very big concern (Paul et al., 2020). Reliable internet is crucial for the successful implementation and operation of IoT systems and is highly dependent on technology (Fuqaha et al., 2015). Also all the devices used for monitoring, communication, and storage purposes require energy, without which the concept of IoT vanishes (Srivastava and Das, 2021). The physical safety of the deployed IoT sensors and systems must be ensured in order to protect the costly equipment from severe weather conditions (Elijah et al., 2018). The availability of skilled manpower in the field remains a challenge, with a noticeable gap in the presence of educated and skilled workers in this sector (Paul et al., 2020)  
[bookmark: _erxgzrwohnz]7. CONCLUSION
	An integrated IoT-linked multimodal soil health monitoring approach provides real-time precise data which will facilitate rapid and efficient decision-making capabilities to various stakeholders of agriculture like farmers, researchers, planners and administrators. It has prospective potential for prudential and efficient management of natural resources aimed at promoting resilient agricultural practices and also facilitates enhancement of more sustainable, efficient, and productive farming practices, leading to improved yields. It serves to minimise the adverse effect on environment. The success depends on addressing the challenges through careful planning and comprehensive training.  
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