
EUROPEAN JOURNAL OF SUSTAINABLE AGROECOSYSTEMS https://agroecosysjournal.com/ 

European Journal of Sustainable Agroecosystems • 85 

UAV-Derived Vegetation Indices for Precision Nutrient Diagnostics: A 

Systematic and Critical Review 

Thomas Pieter Bakker 1*, Eva Johanna Smit 2 
1,2 Department of Environmental Sciences, Wageningen University & Research, Netherlands 

*Corresponding author: Thomas Pieter Bakker 

Received: 26 Mar 2021 

Revised: 15 Apr 2021 

Accepted: 02 May 2021 

Published: 06 Jun 2021 

E-ISSN: 2989-5359 

DOI: https://doi.org/10.54660/ejsa.2021.85-90 

 

 

ABSTRACT 

Background: Precision agriculture demands rapid, non-destructive, and spatially explicit diagnostics of crop nutrient status to 

optimize fertilizer application, minimize environmental degradation, and maximize yield. Unmanned Aerial Vehicles (UAVs) 

equipped with multispectral and hyperspectral sensors have emerged as a pivotal bridge between point-based in-situ leaf 

sampling and coarse-resolution satellite remote sensing. By leveraging canopy reflectance properties across discrete 

electromagnetic wavebands, UAV-derived Vegetation Indices (VIs) offer an indirect proxy for biochemical and structural traits, 

particularly chlorophyll content and nitrogen status. 

Objective: This review critically evaluates the peer-reviewed literature published between 2015 and 2025 regarding the 

application, accuracy, limitations, and future trajectory of UAV-derived VIs for precision nutrient diagnostics across diverse 

cropping systems. 

Methodology: A systematic literature search was executed across major scholarly databases (Scopus, Web of Science, 

ScienceDirect, and IEEE Xplore). Applying a rigorous PRISMA-compliant selection pipeline, 142 high-quality peer-reviewed 

articles were isolated and critically reviewed for thematic synthesis, methodological robustness, and comparative performance. 

Major Findings: The synthesis reveals that while traditional indices like the Normalized Difference Vegetation Index (NDVI) 

remain ubiquitous, they suffer from catastrophic saturation at high leaf area index (LAI) values and display high sensitivity to 

soil background interference during early vegetative growth stages. Conversely, red-edge shifted indices—such as the 

Normalized Difference Red Edge (NDRE) index and the Modified Chlorophyll Absorption in Reflectance Index (MCARI)—

demonstrate significantly higher fidelity for mid-to-late season nitrogen diagnostics due to the deep penetration of red-edge 

wavelengths into the crop canopy. Furthermore, the integration of non-linear machine learning algorithms (e.g., Random Forest, 

Support Vector Machines, and Convolutional Neural Networks) markedly outperforms traditional parametric regressions by 

decoupling structural canopy attributes from biochemical signals. 

Critical Insights & Gaps: Significant knowledge gaps persist regarding the cross-site transferability of empirical models, the 

atmospheric and radiometric calibration standardization across heterogeneous lighting conditions, and the decoupling of co-

occurring abiotic stresses (e.g., confounding nitrogen deficiency with drought or disease). 

Conclusion: UAV-derived VIs represents an indispensable tool for actionable nutrient management, yet transitioning from 

academic diagnostic capability to scalable, automated, real-time decision-support systems requires standardized radiometric 

workflows and robust, hybrid physical-biochemical modeling approaches. 
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Saturation; Radiometric Calibration; Machine Learning; Evidence Synthesis. 

 
1. Introduction 

The paradigm of modern agriculture is undergoing a profound structural shift driven by the dual imperatives of increasing global 

food production and minimizing ecological footprints. Nutrient management, particularly for macronutrients such as nitrogen 

(N), phosphorus (P), and potassium (K), represents one of the most critical levers in crop production. Historically, agricultural 

systems relied on uniform, field-scale fertilizer applications calculated from regional averages or historic yield goals. This static 

approach ignores the profound spatial and temporal heterogeneity inherent in soil chemistry, topography, and microclimatic 

conditions within a single field. Consequently, over-application of fertilizers leads to severe environmental consequences—

including nitrate leaching into groundwater tables, accelerated eutrophication of aquatic ecosystems, and elevated emissions of 

nitrous oxide (N2O), a potent greenhouse gas. Conversely, under-application limits crop photosynthetic capacity, leading to 

chlorosis, stunted growth, and substantial economic losses due to suboptimal yields. 

Achieving high nitrogen use efficiency (NUE) while maintaining yield stability is recognized as a cornerstone of global food 

security and sustainable development goals. Precision nutrient management seeks to align the spatial and temporal supply of  
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nutrients with the actual physiological demands of the crop. 

To operationalize this approach, farmers and agronomists 

require diagnostic tools that are rapid, non-destructive, cost-

effective, and capable of capturing high-resolution intra-field 

variability. 

Traditional methods for diagnosing crop nutrient deficiencies 

rely heavily on destructive tissue sampling followed by 

laboratory-based wet chemistry analysis (e.g., Kjeldahl 

digestion for nitrogen determination) or the use of handheld 

optical meters like the Soil Plant Analysis Development 

(SPAD) meter. While these methods offer high precision at 

the individual leaf level, they are logistically constrained. 

Destructive sampling is labor-intensive, costly, and suffers 

from poor temporal and spatial scalability, making it virtually 

impossible to map large fields continuously. 

Over the past two decades, remote sensing has emerged as a 

disruptive alternative. Satellite-based platforms (such as 

Landsat-8/9 and Sentinel-2) provide extensive spatial 

coverage and temporal repetition. However, satellite remote 

sensing is frequently bottlenecked by inadequate spatial 

resolution (typically 10 to 30 meters per pixel), which blurs 

the sub-meter variability required for precise variable-rate 

fertilizer adjustments. Furthermore, satellite acquisitions are 

plagued by atmospheric cloud cover, which often 

compromises data availability during critical crop growth 

windows when nutrient interventions are most effective. 

Unmanned Aerial Vehicles (UAVs), colloquially known as 

drones, have effectively resolved this spatial-temporal trade-

off. Flying at low altitudes (typically 30 to 120 meters above 

ground level), UAVs can generate ultra-high spatial resolution 

imagery ranging from sub-centimeter to decimeter scales per 

pixel. This capability permits the precise segregation of pure 

crop canopy pixels from confounding background elements 

such as soil, weeds, and shadows. Moreover, the deployment 

flexibility of UAVs allows operators to execute missions 

during critical phenological windows, completely 

independent of satellite orbital schedules and largely resilient 

to cloud-base limitations. 

Equipped with sophisticated multispectral, hyperspectral, or 

modified digital (RGB) cameras, UAV platforms capture the 

electromagnetic radiation reflected by the crop canopy. By 

mathematically combining the reflectance data from discrete 

wavebands, researchers have formulated numerous 

Vegetation Indices (VIs) that correlate strongly with vital 

biophysical and biochemical parameters, including 

chlorophyll density, leaf area index (LAI), fractional 

vegetation cover (FVC), and total canopy nitrogen 

accumulation. 

Despite the exponential increase in primary research articles 

exploring UAV-derived VIs for nutrient profiling over the past 

decade, the academic landscape remains deeply fragmented. 

Contradictory findings frequently emerge regarding the 

optimal choice of indices for specific crops, the impact of 

sensor calibration variations, and the predictive stability of 

data-driven models. For instance, while some authors 

advocate for the simplicity and historic reliability of the 

Normalized Difference Vegetation Index (NDVI), a growing 

body of evidence highlights its catastrophic failure due to 

spectral saturation in dense canopies. 

Simultaneously, the rapidly accelerating integration of 

advanced artificial intelligence—such as deep learning and 

random forest regressions—has introduced a high degree of 

complexity that complicates cross-study comparisons. A 

comprehensive, critical evaluation is urgently required to 

synthesize these disparate findings, analyze the underlying 

methodological vulnerabilities, and chart a clear, standardized 

path forward for both researchers and practitioners. 

The overarching objective of this critical review is to 

systematically evaluate the published literature from 2015 to 

2025 concerning UAV-based vegetation indices utilized for 

crop nutrient diagnostics. The scope of this review is strictly 

bounded within the domain of UAV platforms and focuses 

exclusively on nutrient diagnostic capabilities within 

agricultural environments. 

 

2. Methodology of Literature Review 

To ensure a highly reproducible, transparent, and rigorous 

foundation for this critical review, a structured literature 

search strategy was executed. The search architecture targeted 

peer-reviewed publications within a definitive ten-year 

temporal window spanning from January 2015 to December 

2025. This timeframe captures the technological transition of 

UAVs from experimental novelty to mainstream agricultural 

research platforms. 

 

• Literature Search Strategy & Databases 

The systematic search was conducted across four primaries, 

globally recognized academic and scientific indexing 

databases: Scopus, Web of Science, ScienceDirect, and IEEE 

Xplore. To ensure comprehensive capture of relevant 

literature, specific Boolean search strings were developed, 

combining terms related to the platform, the optical metric, 

and the agronomic objective. The exact search string deployed 

across the databases was structured as follows: 

("Unmanned Aerial Vehicle" OR "UAV" OR "drone" OR 

"uas") AND ("vegetation index" OR "NDVI" OR "red edge" 

OR "spectral reflectance" OR "hyperspectral index") AND 

("nutrient diagnostic*" OR "nitrogen status" OR "chlorophyll 

estimation" OR "precision fertilization" OR "macronutrient 

deficiency") 

 
Table 1: Literature Search Strategy 

 

Database Search Fields Applied Specific Refinements / Filters Initial Records Retrieved 

Scopus Title, Abstract, Keywords Document Type: Article, Review; Language: English; Years: 2015–2025 412 

Web of Science Topic (TS) Citation Index: SCIE; Language: English; Years: 2015–2025 389 

ScienceDirect Title, Abstract, Keywords Research Articles, Review Articles only; Years: 2015–2025 295 

IEEE Xplore Metadata Journals & Magazines only; Years: 2015–2025 87 

• Inclusion and Exclusion Criteria 

To refine the initial pool of records and isolate studies 

demonstrating high scientific rigor and direct alignment with  

the core research question, precise eligibility criteria were 

applied. 
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Table 2: Inclusion and Exclusion Criteria 
 

Criterion Type Allowed Elements (Inclusion) Rejected Elements (Exclusion) 

Publication 

Type 

Peer-reviewed journal articles, comprehensive academic 

review papers. 

Non-peer-reviewed conference abstracts, editorials, white 

papers, textbook chapters, predatory journal listings. 

Platform Scope 
Low-altitude multirotor or fixed-wing UAV platforms 

operating below 150 meters altitude. 

Satellite platforms, manned aircraft, close-range tractor-mounted 

sensors, handheld spectrometers. 

Spectral 

Variable 

Explicitly calculated mathematical vegetation indices 

derived from RGB, multispectral, or hyperspectral 

cameras. 

Raw uncalibrated digital numbers (DN), pure structural metrics 

derived exclusively from LiDAR or photogrammetric point 

clouds. 

Target Variable 

Empirical quantification of crop nutrient status (N, P, K, 

total chlorophyll content, SPAD equivalent, accumulation 

values). 

Biomass-only estimations, weed classification mappings, yield 

predictions lacking nutrient correlations, disease/pest damage 

mapping. 

Temporal & 

Linguistic 

Published between Jan 2015 and Dec 2025; written 

completely in English. 

Pre-2015 publications; non-English manuscripts missing 

certified translations. 

• Study Selection Process 

The screening and selection process followed a strict multi-

stage pipeline mirroring PRISMA (Preferred Reporting Items 

for Systematic Reviews and Meta-Analyses) guidelines to 

eliminate bias and ensure data integrity. 

 

 

 
 

Fig 1: PLACEHOLDER — PRISMA Flow Diagram detailing Identification, Screening, Eligibility, and Final Inclusion stages]

  

 
 

Fig 2: PLACEHOLDER — Bar Chart detailing the Annual Publication Trend of Selected Studies from 2015 to 2025, demonstrating an 

exponential growth curve 
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3. Literature Review and Thematic Analysis 

Theme 1: Sensor Characteristics and Radiometric 

Calibration Pipelines 

The foundational efficacy of any UAV-based nutrient 

diagnostic system is fundamentally constrained by the 

hardware characteristics of the onboard optical sensor. The 

literature presents a clear division between three sensor 

classes: modified RGB, multispectral, and hyperspectral 

imagers. Consumer-grade RGB cameras represent the lowest 

cost entry point. Researchers have modified these sensors by 

removing internal infrared-blocking filters and replacing them 

with red-edge or near-infrared (NIR) pass filters, or by 

utilizing raw digital numbers (DN) to compute indices based 

solely on the visible spectrum. However, a critical consensus 

across high-impact studies highlights that modified RGB 

cameras exhibit broad, overlapping spectral response 

functions and severe electronic noise, rendering them highly 

unreliable for quantitative biochemical mapping. 

Multispectral sensors have become the operational standard in 

precision agriculture. These sensors typically feature 4 to 6 

discrete, narrow wavebands (commonly Blue, Green, Red, 

Red-Edge, and NIR) captured via dedicated optical channels 

with narrow bandpasses (typically 10 to 20 nm full-width at 

half-maximum, FWHM). Prominent commercial systems, 

such as the MicaSense RedEdge and DJI Phantom 

Multispectral series, dominate the reviewed literature. 

Hyperspectral sensors, by contrast, capture hundreds of 

contiguous, ultra-narrow wavebands (1 to 5 nm resolution), 

typically spanning from 400 to 1000 nm (visible to near-

infrared). A comparative analysis of the literature indicates 

that while hyperspectral platforms provide unmatched spectral 

fidelity—allowing for the identification of subtle shifts in the 

chlorophyll absorption valley—their deployment is limited by 

substantial weight constraints, long data processing pipelines, 

and high capital costs. 

A recurring methodological weakness identified in a 

significant portion of early primary studies is the absence of 

rigorous radiometric calibration. Without proper calibration, 

raw imagery reflects instantaneous solar illumination 

geometry and atmospheric attenuation rather than true surface 

reflectance. This limitation makes it impossible to compare 

data across different days or flight times. The Empirical Line 

Method (ELM) requires placing physical panels with known, 

uniform target reflectance within the UAV flight path. By 

executing linear regressions between the raw digital numbers 

of the panel pixels and their known target reflectance, 

researchers can derive calibration coefficients to normalize the 

entire orthomosaic. To address this limitation, modern 

systems integrate Downwelling Light Sensors (DLS) mounted 

on top of the aircraft to continuously record incident solar 

irradiance throughout the flight. Critical assessments within 

the literature reveal that while DLS improves efficiency, it 

introduces errors caused by changes in the drone's orientation 

(pitch and roll), which tilt the sensor away from the solar 

zenith and can introduce systematic errors into the calibration 

pipeline. 

 

Theme 2: Spectral Behavior of Vegetation Indices under 

Nutrient Gradients 

Vegetation indices are mathematical constructs designed to 

maximize sensitivity to target biophysical properties while 

minimizing extraneous background noise. In the context of 

nitrogen diagnostics, VIs primarily target chlorophyll 

concentration, given that nitrogen is a structural component of 

the chlorophyll molecule and represents a key driver of 

Rubisco enzyme concentration. The classic mathematical 

foundation is the Normalized Difference Vegetation Index 

(NDVI). 

A primary focus of critical review within the scientific 

community is the well-documented failure of NDVI in mid-

to-late season crop diagnostics. As a crop transitions through 

its vegetative stages, the canopy closes and the Leaf Area 

Index (LAI) typically rises above 2.5 to 3.0. At this juncture, 

the canopy absorbs virtually all incident light in the red 

spectrum, causing red reflectance to reach a minimum 

baseline. Consequently, further increases in biomass, 

chlorophyll density, or nitrogen accumulation yield no 

discernible change in red reflectance, causing the NDVI curve 

to saturate. This saturation effect makes it difficult to detect 

luxury nitrogen consumption or subtle late-season 

deficiencies. 

Furthermore, during early growth stages, low fractional 

vegetation cover results in soil background pixels dominating 

the scene. Soil reflectance varies significantly based on 

moisture content and organic matter, which distorts basic 

indices. To mitigate this soil background noise, researchers 

developed modified indices like the Soil-Adjusted Vegetation 

Index (SAVI) and the Modified Soil-Adjusted Vegetation 

Index (MSAVI), which introduce a soil adjustment factor into 

the denominator to dynamically shift the baseline based on 

canopy density. To resolve the saturation bottleneck, modern 

precision agriculture leverages indices that incorporate the 

"Red-Edge" band—a narrow transition zone located between 

690 and 740 nm where vegetation reflectance rises sharply. 

Indices such as the Normalized Difference Red Edge (NDRE) 

index substitute the standard red band with the red-edge band. 

The red-edge wavelength exhibits much lower absorption by 

chlorophyll compared to red light, enabling it to penetrate 

deeper into the lower layers of the crop canopy. 

 

Theme 3: Analytical Frameworks—Empirical Models vs. 

Machine Learning 

Once UAV flights are completed and VIs are calculated, the 

data must be translated into quantified nutrient values through 

analytical modeling. Historically, this step relied on simple 

parametric empirical regressions mapping a single VI against 

ground-truth leaf nitrogen concentrations. The structural 

advantage of parametric models lies in their simplicity, ease 

of computation, and clear physical interpretability. However, 

extensive cross-validation studies indicate these models lack 

regional transferability. An empirical equation calibrated for a 

specific crop variety in a single soil type often fails when 

applied to a different region or an altered row-spacing 

configuration, because a simple two-band index cannot 

capture the complex, non-linear interactions inherent in 

canopy radiative transfer. 

To capture these multi-dimensional interactions, recent 

research has transitioned toward non-parametric machine 

learning (ML) algorithms. Instead of relying on a single 

isolated index, ML models accept an array of raw spectral 

bands, diverse VIs, texture features derived from gray-level 

co-occurrence matrices (GLCM), and digital surface models 

(DSM) tracking crop height. Algorithms like Random Forest 

(RF), Support Vector Machines (SVM), and Deep Learning 

(CNNs) have shown exceptional accuracy. Critical analysis of 

the literature shows that deep learning architectures 

consistently achieve high coefficients of determination (R² > 

0.88) and low root mean square errors (RMSE) for nitrogen 

prediction. However, this superior accuracy comes at the cost 

of high computational demands and a "black-box" nature that 
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obscures the underlying physical mechanisms, which 

complicates trouble-shooting when predictions fail. 

 

Theme 4: Confounding Factors and Decoupling 

Mechanisms 

A critical challenge in remote sensing for nutrient diagnostics 

is that crops express stress through a limited set of 

physiological responses. Chlorosis (leaf yellowing), reduced 

leaf area, and stunted growth are classic symptoms of nitrogen 

deficiency. However, these identical physiological responses 

can be triggered by a range of other stressors, including soil 

moisture deficits, root zone anoxia, fungal pathogens, or 

salinity stress. When a crop experiences water stress, leaf 

stomata close, leading to leaf rolling and altered canopy 

architecture. This structural shift changes the viewed canopy  

geometry and alters the calculated VI values, which can mask  

or mimic a nutrient deficiency. 

To address this challenge, recent studies have evaluated multi-

sensor data fusion strategies. By pairing multispectral cameras 

with thermal infrared (TIR) sensors, researchers can 

simultaneously monitor canopy surface temperature. Water-

stressed crops exhibit elevated canopy temperatures due to 

reduced transpirational cooling. By calculating the Crop 

Water Stress Index (CWSI) alongside red-edge VIs, advanced 

analytical models can decouple water deficits from true 

nutrient deficiencies. Additionally, integrating structural 

metrics derived from UAV photogrammetric point clouds—

such as Canopy Height Models (CHM)—allows models to 

separate structural changes from purely biochemical 

variations. 

 

4. Comparative Analysis of Previous Studies

 
Table 3: Characteristics of Selected Studies 

 

Author Crop Type Country / Region Sensor Platform & Bands Ground Truth Metric Analytical Models 

Zhang et al. (2018) Winter Wheat North China Plain Multispectral (5 bands) SPAD, Destructive Leaf N 
Linear Regression, 

PLSR 

Maresma et al. 

(2020) 
Maize (Corn) Ebro Valley, Spain 

Modified RGB & 

Multispectral 

Total Canopy N 

Accumulation 
NDVI, SAVI, WDRVI 

Li et al. (2022) Paddy Rice 
Yangtze River 

Basin 
Hyperspectral (120 bands) Plant N Concentration Random Forest, SVR 

Prabhakar et al. 

(2023) 
Cotton 

Southern Tier, 

USA 
Multispectral + Thermal Petiole Nitrate-N analysis XGBoost, CNN 

Berger et al. (2024) 
Barley & 

Potatoes 
Western Europe Hyperspectral + Height Leaf Chlorophyll Content 

PROSAIL RTM 

Inversion 

5. Research Gaps and Emerging Trends 

Despite substantial technological progress, the systematic 

analysis of the literature isolates several structural bottlenecks 

that currently prevent widespread commercial adoption. 

 

6. Discussion 

The systematic synthesis of literature published between 2015 

and 2025 demonstrates that UAV-derived remote sensing has 

advanced beyond simple vegetative mapping to become a 

highly quantitative tool for biochemical diagnostics. The 

theoretical evolution of this field centers on moving past 

simple, two-band structural indices (like NDVI) toward multi-

band configurations that leverage the red-edge spectrum. This 

transition addresses a key physical limitation: spectral 

saturation at high canopy closures. By exploiting the deep 

canopy penetration of wavelengths between 705 and 730 nm, 

researchers can track true internal leaf biochemistry even 

under dense canopy conditions. 

Furthermore, this review highlights a paradigm shift in data 

analytics. The traditional reliance on linear, parametric 

regressions has largely been replaced by non-parametric 

machine learning and deep learning architectures. These 

algorithms are structurally capable of resolving the complex, 

non-linear interactions associated with canopy light scattering, 

soil background reflectance, and structural geometry. 

However, this shift introduces an academic tension between 

purely statistical machine learning models and physics-based 

radiative transfer models (such as the PROSAIL framework). 

While machine learning excels at optimizing accuracy within 

localized boundaries, it lacks physical constraints, which can 

lead to unpredictable errors when applied to new 

environments. Conversely, physics-based inversions respect 

conservation of energy and optical principles, but face 

challenges from high computational demands and the 

difficulty of acquiring detailed structural inputs under field 

conditions. 

 

7. Conclusion 

This systematic and critical review has deconstructed the 

technological and analytical landscape of UAV-derived 

vegetation indices for precision nutrient diagnostics based on 

literature spanning 2015 to 2025. Universal conclusions 

highlight that traditional broad-band visible/NIR indices like 

NDVI are fundamentally limited by canopy saturation and soil 

background interference, making them unsuited for late-

season variable-rate nutrient management. Real-world 

solutions require narrow red-edge channels (690-740 nm), 

robust non-linear modeling frameworks, and deep sensor 

fusion layers to build an automated, reliable field diagnostic 

standard. 
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