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Abstract 
Global factors such as population growth, increasing food demand, limited land resources and 

environmental concerns have intensified the need for sustainable and efficient fertilizer management in 

agriculture. Conventional uniform fertilizer application often results in nutrient imbalances, reduced yields, 

soil degradation and environmental pollution, highlighting the necessity for advanced site-specific 

practices. Variable Rate Technologies (VRT) has recently gained attention due to their potential to 

optimize fertilizer use efficiency, enhance crop productivity and reduce ecological risks. To address 

existing gaps related to adoption challenges, high initial investment, technological adaptability, and policy 

support, a systematic review of VRT systems including map-based, sensor-based, UAV-assisted and 

automated applicators was performed. The reviewed studies indicated that VRT can increase nutrient use 

efficiency by 20-40%, reduce nitrogen losses significantly, and improve soil health, while also offering 

economic benefits through fertilizer savings of up to 40%. Despite these advantages, constraints such as 

high costs, lack of awareness among farmers, and unsuitability of imported technologies for smallholder 

conditions limit wider adoption, particularly in developing countries. Future prospects lie in integrating 

low-cost sensors, machine learning decision tools, IoT-based monitoring and government-backed 

initiatives to make VRT accessible and scalable. With proper adaptation to local conditions, VRT has the 

potential to transform fertilizer application into a more precise, sustainable and economically viable 

practice, thereby ensuring food security and environmental sustainability for the future. 

 

Keywords: Fertilizer application, nutrient use efficiency, variable rate technology, site-specific 

management, precision agriculture 

 

1. Introduction  

Feeding the world’s rapidly growing population presents a significant challenge. As more people 

are born and global demand for higher-quality food increases, the need for efficient agricultural 

production has become critical. However, the amount of arable land available per person is 

decreasing, while climate change exacerbates difficulties in farming. This situation creates a 

fundamental challenge: producing more food using less land and water resources, without 

further harming the environment. Traditional fertilizer management practices have proved 

inadequate in addressing this challenge. Uniform application of fertilizers across fields, based on 

the assumption that all areas require the same nutrients, leads to substantial inefficiencies. Some 

zones receive excessive fertilizer that cannot be utilized by crops, while others suffer nutrient 

deficiencies. For example, agronomic research estimates that less than 50% of nitrogen 

fertilizers are absorbed by crops, with the remainder lost to volatilization or runoff, causing 

environmental pollution. 

Variable Rate Technology (VRT) offers an innovative solution by incorporating real-time data, 

GPS, and soil sensing to apply fertilizers precisely where needed. It optimizes nutrient 

distribution, increasing efficiency by enriching nutrient-poor zones and reducing application in 

nutrient-rich areas. This targeted nutrient management not only minimizes waste but also 

enables farmers to achieve higher crop yields on the same land area. Instead of the inefficiency 

akin to "watering a garden with a fire hose," VRT employs a highly controlled, site-specific 

fertilization method.

https://www.agronomyjournals.com/
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As the global population and demand for food escalate, VRT 

represents a vital advancement in precision agriculture. Research 

consistently shows that farms employing VRT reduce fertilizer 

use by 20 to 40 percent without sacrificing yield. This approach 

promotes sustainable farming by improving nutrient use 

efficiency, reducing environmental impact, and enhancing soil 

health. Nevertheless, widespread adoption of VRT faces 

obstacles including high costs of technology and inadequate 

training resources. Additionally, smallholder farms in 

developing regions often find the technology unsuitable due to 

scale and lack of institutional support. 

Therefore, this paper aims to critically examine the current 

status of VRT systems, exploring both map-based and sensor-

based technologies. It evaluates the benefits, challenges, and 

economic feasibility of VRT adoption across diverse agricultural 

settings. Furthermore, it discusses future prospects driven by 

integration with artificial intelligence and improved 

connectivity, highlighting the role of innovation and policy 

support in advancing sustainable fertilizer management 

worldwide. 

 

2. Importance of variable rate technologies for fertilizer 

application in agriculture 
Modern agriculture faces the twin challenge of feeding a 

growing population while protecting the environment. Variable 

rate fertilizer technologies can help reconcile these goals by 

optimizing nutrient distribution for both productivity and 

sustainability. The key benefits of VRT in fertilizer application 

include:  

 Higher nutrient use efficiency: VRT tailors fertilizer to 

plant needs, so crops take up a much larger fraction of 

applied nutrients. Field trials often report 20-40% 

improvements in efficiency, meaning significant fertilizer 

savings. By avoiding over-application in fertile areas and 

compensating under-fertilized zones, VRT ensures nutrients 

do not go to waste [1]. 

 Increased crop productivity: By boosting fertility in low-

nutrient patches and balancing growth across the field, 

yields tend to rise. Often the weakest zones of a field reach 

closer to their full potential, improving overall output. In 

practical terms, VRT raises the “floor” of productivity, 

leading to more uniform and abundant harvests [13]. 

 Reduced environmental pollution: With less excess 

fertilizer applied, there is much lower risk of nutrients 

leaching into groundwater or running off into streams. This 

helps protect water quality and cuts emissions of nitrous 

oxide, a potent greenhouse gas. Studies have shown that 

site-specific fertilization can cut nitrogen runoff by large 

fractions compared to uniform methods [30].  

 Lower input costs: Applying only the required amount of 

fertilizer directly cuts spending. Farmers frequently report 

that the savings on fertilizer alone can cover a large portion 

of the cost of adopting VRT equipment. This makes VRT 

economically attractive over time, especially when fertilizer 

prices are high [44]. 

 Planning and record-keeping: VRT systems generate 

detailed data (soil maps, prescription layers, yield records) 

that become a valuable database for farmers. Analyzing this 

information year after year allows continual refinement of 

nutrient plans. Better records mean farmers learn from one 

season to the next, improving management decisions [18]. 

 Soil health improvement: By avoiding blanket over-

application, VRT prevents soil acidification and nutrient 

imbalances. It maintains a healthier ecosystem of soil 

organisms. Healthier soil, with balanced nutrients, supports 

stronger plant growth over the long term [2]. 

 

Farmers and researchers around the world have documented 

these benefits. For example, in Midwestern cornfields, farmers 

using VRT have reduced nitrogen rates by roughly 20-30% 

without sacrificing yield. Similar successes have been seen in 

soybean and cotton, where site-specific nitrogen management 

has delivered comparable cost savings. In high-value or organic 

crops, the input savings can be even greater: efficiency gains 

often translate into a rapid payback on the investment in 

technology [60]. For society, this means more stable harvests and 

less pollution effectively producing more food per unit of 

fertilizer and reducing the burden on natural ecosystems [3]. In 

sum, VRT is crucial because it helps agriculture do more with 

less. By combining higher yields with lower inputs, precision 

fertilization supports the global need for sustainable 

intensification. It directly addresses the gap between food 

production goals and resource constraints. When broadly 

implemented, variable rate fertilization can play a major role in 

producing more food on the existing land base while minimizing 

environmental harm [45]. 

 

2.1 Methods of applications 

Variable rate fertilizer application can be implemented in several 

ways. Both approaches rely on GPS-based guidance to vary the 

rate of fertilizer across a field, but they differ in when and how 

the application rates are determined. 

 

Map-based 

 Map-based VRT relies on data collected before the actual 

application. Common data sources include soil test results, 

dense grid or zone sampling, historical yield maps from 

previous seasons and remote sensing imagery (from 

satellites or UAVs). Analysts use these data to delineate the 

field into management zones with different fertility levels 
[19]. A digital prescription map is then created, specifying 

the optimal fertilizer rate for each zone based on agronomic 

rules or models. For example, a map might instruct that 

Zone A (with low organic matter) receive 100 kg/ha of 

nitrogen, while Zone B (high fertility) gets 60 kg/ha [31]. 

 During fertilization, the machine’s GPS system determines 

which zone the equipment is in and automatically adjusts 

the output to the rate on the map. In this way, the pre-

planned prescription is executed precisely in the field. The 

main advantage of this approach is that it allows careful 

planning: experts can incorporate years of soil and yield 

data to optimize the map. It is also relatively simple during 

operation, since the applicator just follows a fixed plan. On 

the other hand, map-based VRT is static: once the season is 

underway, it cannot adapt to unexpected events (like mid-

season pests or weather changes) that affect nutrient needs. 

It also requires effort and expertise up front to collect data 

and create accurate maps [46]. 

 Despite those drawbacks, map-based VRT is widely used. 

Farmers commonly generate prescription maps from 

previous year’s yield data or satellite imagery of crop 

vigour. Soil electrical conductivity surveys are another tool 

for mapping hidden variability. With these inputs, the map-

based system ensures that more fertilizer goes where it is 

needed most and less where it is not. Advances in GIS 

software and satellite mapping have made it easier for 

farmers to integrate multiple data layers into their 

prescriptions [4]. 

https://www.agronomyjournals.com/
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Sensor-based 

Sensor-based VRT (or “on-the-go” VRT) takes a reactive 

approach. Here, sensors mounted on the fertilizer applicator 

measure field conditions in real time during application. For 

example, optical sensors (such as the GreenSeeker or 

GreenSeeker-like devices) may emit light at specific 

wavelengths (red and near-infrared) and measure the reflected 

signals from the crop canopy [61]. These readings can indicate 

plant greenness or biomass. Soil sensors can directly measure 

parameters like moisture or nutrient levels as the equipment 

moves. These sensor measurements are fed instantly into a 

control unit. The control system uses the live data to adjust the 

fertilizer rate on the fly [47]. For instance, if a canopy sensor 

detects that the plants ahead are very green and dense, the 

system might infer that those plants already have high nitrogen, 

so it will reduce the fertilization rate. Conversely, in areas where 

the plants look pale or sparse, the machine will apply more 

fertilizer [32]. This real-time adjustment means sensor-based VRT 

can respond immediately to spatial variability and transient 

conditions, without needing a pre-made map. Sensor-based 

systems offer high responsiveness, but they are technically more 

complex. Accurate calibration is required to translate raw sensor 

signals into precise fertilizer rates. External factors, like dust on 

sensors or changing light conditions, can introduce noise [20]. As 

a result, sensor-based applicators often include smoothing 

algorithms or manual overrides. Nevertheless, many commercial 

units exist for row crops. For example, during the season, some 

high-tech planters adjust seeding and fertilizer based on soil 

electrical readings in real time [5]. 

Innovations in sensor VRT have extended to specialty crops as 

well. In orchards and vineyards, sprayers equipped with cameras 

or LIDAR can detect individual tree or vine canopies and apply 

fertilizer or pesticide only to the canopy rather than the ground. 

By targeting only the plant foliage, these systems have been 

shown to reduce chemical use by a significant fraction (often 20-

40%) while maintaining yield [62, 70]. Both map-based and 

sensor-based approaches can be used with either solid fertilizer 

spreaders or liquid injectors. There are even hybrid methods: 

some farmers generate a base prescription map and then allow 

an on-the-go sensor to adjust it slightly during application [48]. 

Many modern VRT systems are integrated with digital platforms 

or decision-support tools. For example, a cloud-based system 

might combine satellite data, weather forecasts and sensor inputs 

to automatically update fertilizer prescriptions during the 

growing season. As artificial intelligence and machine learning 

advance, future VRT applicators may become increasingly 

autonomous and self-optimizing [6]. 

 
Table 1: Comparison of map-based and sensor-based variable rate technologies for fertilizer application [9,45,25,63]. 

 

Feature Map-Based VRT Sensor-Based VRT 

Data Source 
Uses pre-collected maps (soil tests, yield history, 

satellite/UAV imagery) 

Uses on-the-go sensors on the equipment (optical, near-infrared, 

soil probes, canopy cameras) 

Timing 
Prescription created before the season; static plan during 

application 
Data measured and rates adjusted in real time during application 

Spatial Resolution 
Divides field into zones (typically meter- to decameter-

scale) 
Very high resolution (fine zones, even plant-to-plant scale possible) 

Control Mechanism 
GPS-guided sprayer or spreader consults the prescription 

map when entering each zone 

On-board controller reads sensor signals continuously and sets 

output rate on the fly 

Equipment Required 
GPS unit, data logger, compatible VRT-capable spreader 

or sprayer 

Real-time sensors (NDVI, biomass, moisture, etc.) and a responsive 

rate controller on the applicator 

Adaptability Static to unforeseen changes after map creation 
Highly adaptive; responds immediately to current conditions and 

anomalies 

Example Inputs 
Soil nutrient maps, historical yields, topography or 

conductivity maps 

Active canopy reflectance sensors, chlorophyll meters, moisture 

probes, LIDAR 

Calibration Effort Lower (load map and calibrate once) 
Requires calibration of sensor-to-fertilizer relationships; sensors 

need regular maintenance 

Typical Use Cases 
Large fields with known spatial patterns (e.g. crop field 

grid surveys) 

Fields where conditions change in-season or with complex micro-

variability (e.g. precision orchards) 

Cost Considerations 
Upfront data collection costs (lab tests, surveys); 

moderate new hardware cost 

Higher hardware cost (sensors, controllers); but can reduce the need 

for detailed pre-mapping 

Data Analysis 
Heavy pre-processing (GIS, interpolation, expert input to 

create map) 

On-the-fly processing; may use simple decision rules or more 

complex algorithms 

Operator Skill Needs understanding of mapping and zone analysis 
Needs training on sensors and real-time controls; more technical 

know-how required 

Suitability for Small 

Farms 

Can be used, especially with service providers; less extra 

equipment needed in field 

Often cost-prohibitive for very small plots; more common on 

medium-large farms or research projects 

Benefits Emphasized 
Robust planning, uses extensive field data; consistent 

strategy 

Real-time adaptability; finely tuned response; useful for 

unpredictable conditions 

Limitations 
Static prescription may become outdated if field changes 

(weather, pests); data-intensive 

Sensor errors (dust, rain) can mislead; requires steady speed; often 

needs stable environmental calibration 

 

3. Challenges of precision agriculture in fertilizer application 

While the benefits of precision fertilization are well 

documented, several challenges have limited widespread 

adoption of VRT systems, particularly in general and small-scale 

farming contexts. Key challenges include: 

 High equipment cost: The variable-rate machinery, sensors 

and software can be expensive. Specialized VRT-capable 

tractors, spreaders and controllers often require large 

investments. Many farmers, especially in developing 

countries or on small farms, find the upfront cost difficult to 

justify without clear subsidies or shared-use schemes [21]. 

 Technical complexity: VRT systems are more complicated 

to operate than traditional equipment. Farmers and operators 

need training to calibrate sensors, load prescription maps 

and interpret system feedback. Misuse or miscalibration can 

negate the benefits. In many rural areas, technical support 

https://www.agronomyjournals.com/
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and training for these advanced tools are still scarce [49]. 

 Data management hurdles: Map-based VRT relies on 

collecting and processing large spatial datasets (satellite 

imagery, soil samples, yield monitors, etc.). Managing this 

data requires specialized software and expertise. Ensuring 

that different farm hardware and data platforms 

communicate seamlessly can be difficult [33]. Data 

ownership and privacy concerns also arise when external 

service providers handle field data [7]. 

 Limited awareness and adoption: Many farmers continue 

to use traditional practices simply because they are unaware 

of VRT or sceptical of its benefits. Adoption studies often 

find that VRT is taken up mostly by larger, younger or more 

tech-savvy farmers. Without effective extension programs 

or demonstration projects, the technology remains 

underused in some regions [12]. 

 Scale and field-size limitations: VRT is most cost-

effective on large, contiguous fields. Smallholders with 

fragmented or very small plots face practical issues: it may 

take longer to drive fields row by row and the cost per 

hectare for the technology is higher. Many small farms also 

grow multiple crops or intercropping systems, which 

complicates the development of a single prescription [63]. 

 Imported technology mismatch: Commercial VRT 

systems are often designed for large mechanized farms in 

developed countries. When these tools are imported into 

developing regions, they may not align with local crops, 

terrains or practices. For example, a VRT planter calibrated 

for 60-inch corn rows in the USA might not work well for 

20-inch millet rows in Africa. Without adaptation, such 

tools can be ineffective or inefficient in new environments 
[64]. 

 Economic risk and ROI uncertainty: The return on 

investment for VRT depends on factors like fertilizer prices, 

yield responses and scale. In years when fertilizer is cheap, 

the savings may be smaller. Uncertainty about how quickly 

VRT will pay off (especially on small farms) can make 

farmers hesitant. Risk-averse growers may choose to stick 

with conventional methods unless they see clear profit [22]. 

 Infrastructure gaps: Modern VRT often depends on

technologies like real-time GPS (RTK), stable internet 

connections for data transfer and reliable electricity. In 

many rural areas, these infrastructure elements are limited. 

Poor connectivity can hamper the ability to download maps, 

receive updates or use cloud-based analysis tools [34]. 

 Maintenance and calibration: Sensors and variable-rate 

machinery require regular maintenance. Keeping GPS units 

calibrated, cleaning optical sensors and servicing variable 

nozzles adds labour and cost. If equipment breaks down or 

drifts out of calibration, VRT accuracy suffers, which can 

undermine farmer trust [50]. 

 Environmental unpredictability: VRT presumes a certain 

level of stability, but weather or pest events can disrupt 

nutrient dynamics. For example, heavy rains or floods can 

wash nutrients in ways that were not predicted by pre-

season maps. Similarly, sensor readings can be skewed by 

transient conditions (wet leaves, dust, shadows). These 

factors mean that VRT recommendations sometimes have to 

be adjusted mid-season, complicating management [35]. 

 Policy and support: In some countries, there is little 

government incentive to adopt precision nutrient 

management. Without policies or subsidies that reward 

efficient fertilizer use (for example, fertilizer tax incentives 

or payments for reduced emissions), farmers may not feel 

motivated to invest in VRT. Conversely, strict fertilizer 

regulations without providing alternatives could discourage 

experimentation with new methods [11, 69]. 

  

Overcoming these barriers will require coordinated action. 

Manufacturers and service providers should continue to simplify 

interfaces, reduce costs and offer rental or service models so 

farmers can try VRT with lower risk. Agricultural advisors and 

training programs must show farmers the practical benefits in 

their own fields. Governments can help by linking subsidies or 

credits to efficient fertilizer use and by supporting research and 

extension of low-cost VRT solutions. If such efforts succeed, 

more farmers worldwide can move from uniform fertilization to 

smarter, site-specific fertilization that saves money and protects 

the environment. 

 
Table 2: Key challenges limiting the adoption of precision fertilizer application technologies [12, 45, 56, 38] 

 

Challenge Description / Impact 

High initial cost 
Specialized machinery, controllers and sensors require large investments up front; small and medium farms often cannot 

afford VRT equipment without subsidies or shared resources. 

Technical complexity 
Operating and calibrating VRT systems demands advanced skills and training; farmers and operators may need education 

to use the technology effectively 

Data management hurdles 
Handling large spatial datasets (soil maps, yield history, satellite images) requires software expertise; data compatibility 

and storage can be problematic 

Limited awareness & 

training 

Many farmers are not yet aware of VRT benefits or know how to use it; lack of extension services and training programs 

slows adoption 

Small-scale farm 

suitability 

VRT is often less cost-effective on very small or highly fragmented plots; the economics favor larger fields unless 

communities cooperate 

Imported technology 

mismatch 

Commercial VRT tools may be designed for different climates, soils or cropping systems; without local adaptation, 

foreign equipment may perform poorly 

Uncertain ROI and risk 
Benefits depend on variable factors; unclear payback period can deter investment, especially if fertilizer prices fall or 

yields do not increase as expected 

Infrastructure gaps 
Reliable internet, power and high-accuracy GPS (RTK) may be lacking in rural areas, hindering precise guidance and 

remote monitoring 

Maintenance demands 
Sensors and GPS units require regular maintenance and calibration; extra upkeep can be a burden if support services are 

scarce 

Behavioral and cultural 

factors 

Farmers accustomed to traditional methods may be slow to change; trust builds slowly until VRT systems demonstrate 

value over multiple seasons 

Policy and support 
Insufficient government incentives for efficient fertilizer use means there is less external motivation; unclear or absent 

regulations/incentives can limit adoption 
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Environmental 

unpredictability 

Sudden weather events (storms, droughts) can invalidate planned prescriptions; in-season sensor readings can be 

distorted by dust, rain or varying light 

Mixed/intercropping 

systems 

In fields with multiple crops or intercropping, a single prescription map may not suit all plants; variable rate application 

is more complex in such diverse stands 

Limited after-sales service 
In many regions, repair and maintenance services for high-tech equipment are not readily available, leading to downtime 

and reduced confidence in the technology 

High learning curve 
Maximizing VRT benefits requires understanding agronomy, data analysis and machinery; without user-friendly tools, 

farmers may underutilize the technology 

 

4. Future trends in precision agriculture for fertilizer 

application and utilization of Artificial Intelligence 

Precision fertilizer application is evolving rapidly, driven by 

new technologies and changing agricultural needs. In the near 

future, several developments are likely to extend and 

democratize VRT: 

 Artificial Intelligence and machine learning: AI systems 

will increasingly interpret complex farm data to generate 

fertilizer recommendations. For example, machine learning 

models can analyze soil, weather and crop data to predict 

nutrient needs more precisely than simple rules [23]. AI can 

also calibrate sensors automatically, filter out noise and 

even control drones or robots to apply fertilizer where 

needed. As farmers collect more data over time, AI tools 

will refine prescriptions continuously, reducing the need for 

manual tuning [52]. 

 Advances in sensor technology: Sensors are becoming 

cheaper and more capable. New multispectral and 

hyperspectral sensors can detect nutrient deficiencies or 

stress in crops at high resolution. Soil sensors that measure 

nitrate, moisture or pH in real time are becoming small and 

affordable. These innovations mean even small farmers 

could deploy on-farm probes or mobile phones to gather 

precision data for VRT. For instance, handheld near-

infrared (NIR) sensors now exist that instantly estimate soil 

organic matter or nitrogen levels in the field [36]. 

 UAVs and drone applications: Unmanned aerial vehicles 

(drones) are playing an increasing role. Drones can quickly 

capture high-resolution images of crop health (using 

thermal, multispectral or LIDAR cameras) that feed into 

prescription maps. Companies are also experimenting with 

drones that not only map fields but also spray fertilizers or 

foliar nutrients at variable rates. In the future, fleets of 

drones might routinely scout fields and autonomously target 

fertilizer where needed, especially in areas inaccessible to 

heavy machinery [53]. 

 Internet of Things (IoT) and connectivity: The farm of 

the future will feature a network of connected devices. Soil 

probes, weather stations, machinery and satellites will share 

data in real time via cloud platforms. Farmers will be able to 

access decision support apps on their smartphones, which 

aggregate data streams and recommend precise fertilizer 

rates. Remote monitoring will allow agronomists to advise 

on the fly. This connectivity will especially benefit regions 

where local expertise is limited, as data can be analyzed off-

site by experts anywhere in the world [9]. 

 Autonomous machinery and robotics: Driverless tractors 

and robotic applicators are on the horizon. Self-navigating 

fertilizer spreaders and sprayers can operate continuously 

with centimetre-level accuracy. These machines can be 

programmed to carry out complex VRT plans without 

human operators, further reducing labour needs. For 

example, a GPS-guided drone sprayer could fly a repeated 

route over a field night and day, adjusting spray output 

according to sensor input. Such automation will make 

precision practices accessible to farms of all sizes [24]. 

 Enhanced positioning systems: New GPS and GNSS 

technologies (such as RTK and multi-constellation 

receivers) are giving sub-inch accuracy. This precision 

allows fertilizer to be placed exactly in narrow bands (for 

example, banding N fertilizer close to seeds) and avoids 

overlap or gaps. As cost of these high-precision systems 

falls, even small tractors and drones will be able to follow 

variable-rate instructions with extreme accuracy [54]. 

 Big data analytics and forecasting: Farmers will 

increasingly use long-term data analytics to plan fertilizer 

strategy. Big datasets combining decades of yield maps, soil 

surveys and climate records can reveal trends and forecast 

risks (for example, predicting when a field is likely to suffer 

nutrient depletion). Precision tools will incorporate weather 

and crop growth models to suggest the best timing and 

placement of fertilizers throughout the season [37]. 

 Mobile decision support apps: Smartphone and tablet apps 

will become central to precision fertilization. Farmers can 

use touch-screen apps to draw field zones, modify 

prescriptions or log soil tests. These user-friendly interfaces 

lower the barrier to entry. Mobile alerts could warn of out-

of-range application or suggest corrective action if sensor 

readings seem off. 

 Cooperative and service-based models: To address cost 

barriers, more cooperative models may emerge. Groups of 

farmers or custom applicators will pool resources to operate 

shared VRT machinery. Precision agriculture service 

providers (leasing equipment and expertise) will expand, so 

individual farmers don’t have to own all the technology. 

This “tool library” approach can help smallholders access 

VRT [25]. 

 Policy and market incentives: Governments and food 

buyers are beginning to reward efficiency. For example, 

carbon credit systems or sustainability certifications may 

give premiums to crops grown with minimal nitrogen loss. 

Such incentives will encourage VRT adoption. Meanwhile, 

new regulations on nutrient runoff could push farmers to 

adopt precision methods to comply with environmental 

standards [65]. 

 Integration with other precision practices: Fertilizer VRT 

will merge with other precision practices like variable-rate 

irrigation (VRI) and variable seeding. Smart farming 

platforms will coordinate all inputs water, seed and fertilizer 

together. For instance, an IoT system might use soil 

moisture forecasts to adjust not only irrigation but also the 

timing of fertilizer to match water availability [38]. 

 Focus on sustainability and food security: With growing 

concern over climate change and resource depletion, 

precision fertilization will be seen as a key tool for 

sustainable intensification. In future supply chains, products 

grown with precision methods might be labelled or 

traceable (for example, “precision-farmed wheat”). The idea 

is that consumers could value crops produced with lower 

emissions [26]. 

https://www.agronomyjournals.com/


International Journal of Research in Agronomy  https://www.agronomyjournals.com  

~ 207 ~ 

 Educational technology and training: Finally, virtual 

reality and augmented reality tools are emerging to train 

farmers in precision techniques. Virtual farm simulations 

will allow agronomists and students to plan and test VRT 

strategies without risk. As these training aids become 

widespread, the knowledge barrier to adoption will shrink 
[10]. 

 
Table 3: Emerging technologies and trends in precision fertilizer application [48.11.64]. 

 

Trend/Technology Potential Impact / Description 

AI and Machine Learning Automates analysis of field data and controls, enabling dynamic fertilizer recommendations and sensor calibration. 

Low-Cost, Multi-spectral 

Sensors 
Affordable new sensors (optical, NIR, soil probes) allow more farms to monitor nutrient status in real time. 

UAVs and Drone 

Applications 
Frequent aerial monitoring and potentially direct variable-rate spraying; enables quick updates to nutrient maps. 

IoT Connectivity 
Connected sensors and equipment stream data to cloud platforms, allowing remote monitoring and automated data 

analysis. 

Autonomous Machinery 
Self-driving tractors and robotic sprayers will apply fertilizer with minimal human input, increasing precision and 

reducing labour. 

Enhanced GPS/GNSS Sub-inch positioning accuracy enables precise banding and spot application of nutrients, eliminating overlap or misses. 

Big Data Analytics 
Integration of historical and real-time data for predictive modelling of nutrient needs; scenario analysis for long-term 

planning. 

Frequent Satellite Imagery More and better imagery means up-to-date crop health maps; prescription rates can be updated within the season. 

Mobile Decision Apps 
Farm management apps provide farmers with easy access to prescription maps, soil tests and adjustment of rates in the 

field via smartphone. 

Cooperative and Service 

Models 
Shared equipment and data services (e.g. machinery rings or precision ag cooperatives) lower barriers for smallholders. 

Government Incentives Policy programs and subsidies that reward efficient nutrient use and fund technology adoption drive wider VRT uptake. 

Sustainability Certification 
Labels or market premiums for produce grown with minimal fertilizer waste encourage farmers to adopt VRT as part of 

an eco-friendly brand. 

 

5. Conclusion 

Variable rate technology for fertilizer application represents an 

important advance in modern farming. By matching nutrient 

inputs to the actual needs of each crop zone, VRT can achieve 

higher yields and lower inputs simultaneously. This means that 

farmers can often get the same or better harvests while using 

significantly less fertilizer. The outcome is that production can 

increase and costs can fall, all while reducing pollution of soil 

and water. In practice, precision fertilization has been shown to 

improve yield stability and profitability on many farms, 

especially those with highly variable fields. For these reasons, 

VRT holds great promise for making agriculture more 

productive and sustainable. However, realizing the full promise 

of VRT requires overcoming key challenges. High equipment 

costs, technical complexity and the need for better infrastructure 

and training are non-trivial barriers. Smallholder farmers in 

developing regions may struggle to access or afford the needed 

technology. Addressing these issues will take coordinated effort: 

simpler, lower-cost devices are needed, along with financial 

models (leasing, cooperatives) that reduce risk. Extension 

programs and government policies can accelerate adoption by 

demonstrating benefits and providing incentives. In the end, 

widespread success of VRT will depend not only on better 

machines, but on educating and supporting farmers to use them. 

Looking ahead, the future of precision fertilization appears 

bright. Advances in sensors, robotics and artificial intelligence 

will make VRT systems smarter, easier to use and more cost-

effective. Drones and autonomous tractors may soon monitor 

fields continuously and adjust nutrient applications in real time. 

Mobile and cloud-based platforms will give even remote farmers 

access to powerful analysis tools. As these technologies mature 

and scale up, variable rate fertilization is likely to spread beyond 

early-adopter farms into general use. Ultimately, variable rate 

fertilizer application can play a major role in sustainable 

intensification of agriculture. By producing more with less and 

reducing environmental impact, VRT directly contributes to 

global food security and environmental goals. It exemplifies 

how data and automation can transform farming from a 

guesswork process into a precise, adaptive system. With 

continued research, collaboration and support, VRT could 

become a standard practice that helps ensure agriculture remains 

productive and resilient for generations to come. The potential 

rewards abundant harvests, cost savings and cleaner ecosystems 

make this a key technology of the future. 
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