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Abstract 
Precision agriculture has emerged as a transformative paradigm in modern farming, driven by the 

integration of Geographic Information Systems (GIS), remote sensing, and data analytics. This review 

paper critically examines the role of GIS in optimising soil management and enhancing the accuracy of 

crop yield predictions. We analyse how spatial data infrastructures enable the transition from uniform field 

management to site-specific interventions, thereby improving resource efficiency and sustainability. The 

discussion encompasses the application of geostatistics to map soil nutrient variability, the deployment of 

Variable Rate Technology (VRT) for precise input application, and the use of multi-temporal satellite 

imagery to monitor crop phenology. Furthermore, we evaluate integrating machine learning algorithms 

with geospatial datasets to refine yield forecasting models. Special emphasis is placed on the Indian 

agricultural context, highlighting how GIS interventions address challenges related to small landholdings 

and climatic variability. The review concludes that while technical and economic barriers persist, the 

convergence of GIS with emerging technologies such as the Internet of Things (IoT) and Unmanned Aerial 

Vehicles (UAVs) offers a robust pathway toward global food security and climate-resilient agriculture. 
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1. Introduction  

The global agricultural sector faces the dual challenge of maximising production to feed a 

growing population while minimising environmental degradation. Traditional farming methods, 

which often treat large fields as homogeneous units, result in the inefficient allocation of 

resources such as water, fertilisers, and pesticides. Precision Agriculture (PA) represents a 

paradigm shift away from this uniform approach, advocating for management practices that 

account for inter-field and intra-field variability [1, 2]. At the heart of this transformation lies the 

Geographic Information System (GIS), a technology that captures, stores, analyses, and displays 

spatially referenced data. GIS serves as the digital backbone of precision agriculture, enabling 

farmers and agronomists to visualise complex relationships between soil types, topography, 

weather patterns, and crop performance [2, 3].  

The evolution of GIS in agriculture has moved beyond simple mapping to become a 

sophisticated decision support system. Early applications focused primarily on digitising field 

boundaries and basic land-use planning [3, 4]. However, contemporary GIS frameworks integrate 

real-time data from Global Positioning Systems (GPS), satellite imagery, and on-ground sensors 

to facilitate dynamic decision-making [4, 5]. This integration allows for the creation of multi-

layered spatial databases that inform every stage of the crop cycle, from pre-sowing soil analysis 

to post-harvest yield assessment [5, 6]. The ability to overlay diverse datasets—such as soil 

nutrient status, moisture levels, and pest infestation rates—empowers stakeholders to implement 

site-specific management strategies that enhance productivity and sustainability [3, 6]. 

 

2. Geospatial Frameworks for Soil Management 

Soil is the fundamental asset of agricultural production, yet its physical and chemical properties 

exhibit significant spatial variability [6, 7]. GIS facilitates detailed characterisation of this 

variability through geostatistical techniques such as kriging and inverse distance weighting,
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which interpolate soil sample data to create continuous surface 

maps [7, 8]. These digital soil maps provide critical insights into 

the spatial distribution of macronutrients (nitrogen, phosphorus, 

potassium) and micronutrients, as well as pH levels and organic 

matter content. By visualising these parameters, farmers can 

identify nutrient-deficient zones and areas with optimal fertility, 

enabling the formulation of precise nutrient management plans 
[8, 9]. 

One of the most practical applications of GIS in soil 

management is Variable Rate Technology (VRT). VRT systems 

use prescription maps generated in a GIS environment to 

automatically adjust input application rates as farm machinery 

moves across the field [9, 10]. For instance, a tractor equipped 

with a GPS receiver and a VRT controller can apply higher 

fertiliser doses in nutrient-poor areas while reducing application 

in nutrient-rich areas [10, 11]. This targeted approach not only 

maximises crop response but also minimises nutrient runoff, 

thereby reducing the risk of eutrophication in nearby water 

bodies [11, 12]. Research indicates that GIS-guided VRT can lead 

to substantial cost savings on fertilisers and significantly lower 

the environmental footprint of intensive agriculture [12, 13]. 

Beyond nutrient management, GIS is instrumental in soil 

conservation efforts. Digital Elevation Models (DEMs) derived 

from satellite data or drone surveys enable precise analysis of 

terrain attributes, such as slope and aspect [13, 14]. These 

topographic layers are essential for modelling soil erosion 

potential and identifying areas susceptible to waterlogging. By 

integrating topographic data with soil erodibility indices, land 

managers can design effective conservation structures, such as 

contour bunds and terraces, to mitigate soil loss [14, 15]. In regions 

prone to degradation, GIS-based monitoring tracks changes in 

soil health over time, facilitating timely interventions to restore 

productivity [15, 16]. 

 
Table 1: GIS-Driven Soil Management Interventions 

 

Intervention 

Domain 
GIS Tool / Technique Input Data Required Agricultural Benefit 

Nutrient 

Management 
Kriging / Interpolation 

Soil sampling points (N, P, K, 

pH) 

Creation of Variable Rate Technology (VRT) prescription maps to 

optimise fertiliser use [16, 17]. 

Erosion Control 
Digital Elevation Models 

(DEM) 

Topography, Slope, Rainfall 

data 

Identification of high-risk erosion zones for constructing contour 

bunds or terraces [17, 18]. 

Moisture 

Conservation 
Soil Moisture Mapping 

Interpolated sensor data; 

Thermal imagery 

Precision irrigation scheduling to prevent waterlogging and reduce 

water wastage [18, 19]. 

Salinity 

Management 
Spectral Mapping 

Electrical Conductivity (EC) 

surveys 

Delineation of saline patches for gypsum application or specific crop 

selection [19, 20]. 

 

3. Predictive Modelling for Crop Yield 

Predicting crop yield before harvest is crucial to ensuring food 

security, optimising logistics, and stabilising market prices. GIS 

advances enable predictive modelling by synthesising data from 

multiple sources, primarily remote sensing platforms [20, 21]. 

Satellite imagery provides temporal data on crop phenology, 

which is analysed using Vegetation Indices (VIs), such as the 

Normalised Difference Vegetation Index (NDVI) and the 

Enhanced Vegetation Index (EVI). These indices correlate 

strongly with biomass accumulation and plant vigour [21, 22]. GIS 

environments enable these raster datasets to be aggregated and 

analysed alongside historical yield records to identify trends and 

anomalies [22, 23]. 

The integration of Machine Learning (ML) algorithms with GIS 

has further refined yield forecasting capabilities [24, 25]. 

Traditional regression models often fail to capture the complex, 

non-linear interactions between crop growth and environmental 

factors. In contrast, ML algorithms such as Random Forest and 

Support Vector Machines can process vast multidimensional 

datasets—including soil properties, weather variables, and 

satellite spectral data—to generate highly accurate yield 

predictions [26, 27]. For example, studies integrating the maximum 

EVI during the growing season with ML regression models have 

demonstrated high predictive accuracy for wheat and rice yields, 

enabling forecasts weeks before harvest [28, 29]. 

Synthetic Aperture Radar (SAR) technology has addressed a 

significant limitation of optical remote sensing: cloud cover. In 

monsoon-dependent agricultural regions, optical satellites often 

fail to acquire clear images during critical growth stages [30, 31]. 

SAR sensors, which can penetrate cloud cover, provide reliable 

data on crop structure and growth. When assimilated into crop 

simulation models within a GIS framework, SAR data 

significantly reduces uncertainties in yield estimation [32, 33]. This 

capability is particularly vital for crops like rice, which are 

grown in areas where flooding and cloud cover are common 

during the growing season. 

 
Table 2: Evolution of Crop Yield Prediction Models within GIS 

 

Modeling 

Approach 
Methodology Data Integration Strengths Limitations 

Statistical / 

Empirical 
Linear Regression 

Historical yield + Single 

vegetation index (e.g., NDVI) 
[34, 35]. 

Simple to implement; Low 

computational cost. 

Low accuracy in complex environments; 

Assumes linear relationships. 

Crop Simulation 

(Process-Based) 

Physiological Models 

(e.g., DSSAT) 

Soil, Weather, Genetic 

coefficients, Management data. 

Mechanistic understanding of 

crop growth: Robust. 

Requires extensive, hard-to-obtain input 

parameters; Complex calibration. 

Machine 

Learning (ML) 

Random Forest, SVM, 

Neural Networks 

Multi-source (Satellite spectra + 

Soil + Weather + Management). 

Handles non-linear data; High 

accuracy; Pattern recognition. 

"Black box" nature (complex to interpret); 

Requires vast training datasets. 

 

4. Technological Synergies 

The efficacy of GIS in precision agriculture is amplified by its 

convergence with complementary technologies [36, 37]. Uncrewed 

Aerial Vehicles (UAVs), or drones, have revolutionised data 

acquisition by providing high-resolution, low-altitude imagery 

that bridges the gap between satellite data and ground 

observations. Drones equipped with multispectral and thermal 

cameras can detect water stress and nutrient deficiencies at the 

https://www.agronomyjournals.com/


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

~ 445 ~ 

individual plant level [37, 38]. This hyper-local data is ingested 

into GIS platforms to generate ultra-high-resolution prescription 

maps for spot spraying or irrigation, representing a leap in 

precision over satellite-based approaches. 

The Internet of Things (IoT) further enhances the temporal 

resolution of agricultural GIS. Networks of wireless soil 

moisture sensors and weather stations transmit real-time data to 

central GIS repositories [39, 40]. This continuous stream of 

information allows for dynamic irrigation scheduling and 

immediate pest alerts. For instance, a rise in humidity and 

temperature detected by IoT sensors can trigger a GIS-based risk 

model for fungal diseases, prompting preventative fungicide 

application only in vulnerable sectors of the field. This synergy 

between real-time sensing and spatial analysis transforms farms 

into responsive, data-driven ecosystems [41, 42]. 

 
Table 3: Comparative Analysis of Remote Sensing Platforms for GIS Integration 

 

Platform Spatial Resolution Temporal Resolution Key Advantages Primary GIS Application 

Satellite (Optical) 
Low to Medium (10 m 

- 30 m) 
Medium (5 - 16 days) 

Ample area coverage; Historical 

data availability. 

Regional yield forecasting; Phenology 

monitoring (NDVI). 

Satellite 

(SAR/Radar) 
Medium (10 m - 20 m) Medium (6 - 12 days) 

All-weather capability; Cloud 

penetration. 

Monitoring in monsoon seasons; Crop 

structure analysis. 

UAV / Drone Ultra-High (cm level) On-Demand (High) 
Flexibility; Component-level detail; 

Cloud-free. 

Weed detection; Nitrogen stress mapping; 

Spot spraying. 

IoT / Ground 

Sensors 
Point Data (Pinpoint) Real-Time (Continuous) 

Continuous monitoring; High 

environmental accuracy. 

Soil moisture dynamics; Micro-climate 

validation. 

 

5. Regional Implementation and Case Studies: The Indian 

Context 
India presents a unique context for the application of GIS in 
agriculture, characterised by diverse agro-climatic zones and a 
predominance of smallholder farmers. Both government 
initiatives and private sector innovation have catalysed the 
adoption of geospatial technologies in India. For instance, the 
use of GIS in the Pradhan Mantri Fasal Bima Yojana (PMFBY), 
India's flagship crop insurance scheme, has streamlined yield 
estimation and claims settlement [43, 44]. By utilising satellite-
derived indices and Crop Cutting Experiments (CCEs) 
coordinated via mobile GIS applications, the government has 
improved transparency and the speed of insurance payouts. 
Specific regional studies highlight the versatility of GIS in 
Indian agriculture. In the Bhandara district of Maharashtra, GIS-
supported initiatives under the state’ s organic farming mission 
have helped identify clusters suitable for natural farming [45, 46]. 
By mapping soil organic carbon and land use patterns, 
authorities could target training and resource distribution to 
farmers most likely to succeed in transitioning away from 
chemical inputs. Similarly, in Bangalore Urban District, NDVI 
mapping has been employed to monitor crop health and 
urbanisation pressures, providing policymakers with data to 
protect prime agricultural land from encroachment [46, 47]. 
Furthermore, research in the Nimar region of central India has 
utilised GIS to assess the adoption of organic conservation 
agriculture. The spatial analysis revealed that adoption rates 
were heavily influenced by proximity to markets and water 
sources, which were visualised and analysed using geospatial 
tools [47, 48]. In paddy cultivation, studies have shown that GIS-
based site-specific nutrient management (SSNM) significantly 
increases nitrogen use efficiency compared to blanket fertiliser 
recommendations typically followed by Indian farmers [48,49]. 
These examples underscore that while landholding sizes in India 
are small, the aggregation of small plots into GIS-managed 
clusters or cooperative frameworks allows for the practical 
application of precision agriculture technologies [50, 51]. 

 

6. Challenges and Future Trajectories 
Despite the evident benefits, the widespread adoption of GIS in 
precision agriculture faces substantial hurdles. A primary 
challenge is data quality and interoperability. Agricultural data is 
often siloed in proprietary formats, making it challenging to 
integrate data from different machinery manufacturers and 
software providers [52, 53]. This fragmentation hampers the 

creation of unified farm management systems. Additionally, the 
technical complexity of GIS software necessitates a skilled 
workforce [54,55]. In many developing regions, the lack of trained 
personnel capable of interpreting spatial data remains a 
bottleneck, limiting GIS applications to research institutions 
rather than bringing them to the farm level [55, 56]. 
Data privacy and ownership also emerge as critical concerns. As 
farms become increasingly digitised, vast amounts of sensitive 
data regarding yield, soil health, and financial inputs are 
generated [57, 58]. Farmers are often wary of sharing this data with 
agribusiness corporations or technology providers, fearing 
market manipulation or a loss of autonomy. Establishing robust 
data governance frameworks that prioritise farmer rights is 
essential for building trust and ensuring the ethical scaling of 
digital agriculture [54, 56]. 
Looking forward, the future of GIS in agriculture lies in 
automation and artificial intelligence. We are moving toward 
autonomous farming systems where GIS data directly drives 
robotic machinery for planting, weeding, and harvesting without 
human intervention. The integration of edge computing will 
enable data processing directly on sensors or drones, reducing 
latency and enabling instant decision-making in areas with poor 
internet connectivity. Moreover, the democratisation of GIS 
through user-friendly mobile applications will likely accelerate 
adoption among smallholder farmers, allowing them to access 
satellite insights via smartphones [55, 59]. 

 

7. Conclusion 
The integration of Geographic Information Systems into 
precision agriculture represents a pivotal advancement in the 
quest for sustainable food systems. By providing the tools to 
measure, map, and manage spatial variability, GIS enables a 
transition from resource-intensive conventional farming to 
knowledge-intensive precision management. The capabilities of 
GIS in detailed soil property mapping, erosion control, and high-
accuracy crop yield prediction have been validated across 
diverse agricultural landscapes, from the mechanised farms of 
the West to the smallholder plots of India. While challenges 
regarding data interoperability, cost, and technical capacity 
persist, the continued convergence of GIS with AI, IoT, and 
remote sensing promises to lower these barriers. Ultimately, the 
successful deployment of geospatial technologies will not only 
enhance farm profitability but also ensure the environmental 
resilience required to sustain global agricultural production in a 
changing climate. 
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