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ABSTRACT

Background: Drought stress represents one of the most critical threats to global cereal production and food security under
climate change. While genomic selection and molecular breeding have advanced exponentially, the ability to accurately, non-
destructively, and dynamically characterize target crop phenotypes under field conditions remains the primary limiting factor—
the '‘phenotypic bottleneck.' High-throughput phenotyping (HTP) has emerged as a disruptive technological paradigm to alleviate
this constraint.

Objective: This critical review provides a comprehensive literature synthesis evaluating remote and proximal sensing
technologies, deployment platforms, and computer vision pipelines engineered to decode drought-adaptive traits in major cereal
crops (Triticum aestivum, Oryza sativa, Zea mays, Sorghum bicolor, and Hordeum vulgare).

Methodology: A systematic literature search was executed using Scopus, Web of Science, PubMed, ScienceDirect, and Google
Scholar for studies published between 2016 and 2025. Following a rigorous PRISMA framework, inclusion criteria isolated
peer-reviewed journal articles optimizing multi-sensor approaches, field/greenhouse robotics, and machine learning methods
targeting morphological, physiological, and architectural adaptations to water deficits.

Major Findings: Evidence synthesis indicates that while multi-spectral and thermal sensors successfully capture canopy
temperature depression and water index dynamics as proxies for stomatal conductance, they are prone to significant confounding
effects caused by microclimate variations and soil background interference. High-resolution LiDAR and three-dimensional (3D)
point-cloud voxelization offer unparalleled structural precision for detecting rolling leaves, canopy height reductions, and
tillering dynamics, yet they suffer from processing bottlenecks and high computational costs. Furthermore, non-destructive root
phenotyping via X-ray Computed Tomography (CT) and mini-rhizotrons reveals profound architectural plasticities, but
translating these controlled-environment discoveries into open-field performance metrics remains highly problematic due to soil
heterogeneity.

Conclusion: Critical analysis highlights three main knowledge gaps: (1) a distinct lack of standardized, cross-species phenotypic
ontologies, (2) the 'black box' nature of deep learning pipelines that lack biological interpretability, and (3) limited multi-
environment validation of digital traits across variable environmental conditions. Bridging these gaps requires a paradigm shift
toward physics-informed machine learning and edge-computing sensor networks to accelerate the selection of climate-resilient
ideotypes.

Keywords: Drought tolerance; High-throughput phenotyping; Cereals; Remote sensing; Deep learning; Root system
architecture; Image processing

1. Introduction

Drought stress is arguably the most severe environmental constraint threatening global agriculture, causing catastrophic yield
stability losses in primary cereal crops such as wheat (Triticum aestivum), rice (Oryza sativa), maize (Zea mays), sorghum
(Sorghum bicolor), and barley (Hordeum vulgare). As climate change accelerates weather instability, the frequency, duration,
and intensity of severe drought episodes are projected to increase exponentially by 2050. Cereals provide over 50% of human
caloric intake worldwide, making the development of drought-resilient crop varieties an urgent absolute priority for global food
security.

Over the past two decades, high-throughput genomic sequencing, marker-assisted selection, and genomic prediction models have
radically transformed plant breeding, driving down the cost of genotypic characterization. However, translating genomic
potential into field-level yield stability under water-limiting conditions has stalled. This stagnation is due to the phenotypic
bottleneck: the inability to measure complex, dynamic, and spatially heterogeneous crop responses to environmental stresses
with a throughput and accuracy that matches modern genomic data collection.
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Table 1: Literature Search Strategy

Metric / Criteria

Specification and Parameters

Search Period

January 1, 2016 — December 31, 2025

Primary Databases

Scopus, Web of Science, PubMed, ScienceDirect, SpringerLink, Google Scholar

Keywords Used

High-throughput phenotyping, HTP, Drought stress, Water deficit, Cereals, UAV, LiDAR, Deep learning

Boolean Logic Structurel(HTP OR "remote sensing™) AND ("drought" OR "water deficit") AND ("cereal” OR "wheat" OR "maize")

Initial Hits Retrieved

1,428 records across all search channels

Refinement Filters

Restricted to English language, peer-reviewed documents, and experimental/methodological focus

Traditional phenotyping methods rely on destructive, manual,
and discrete measurements. For instance, assessing stomatal
conductance with a porometer, measuring leaf water potential
with a pressure chamber, or evaluating root architecture via
manual core excavation (‘shovelomics') are labor-intensive,

time-consuming, and error-prone processes. Because these
techniques destroy the plant sample or capture only a single
static timepoint, they fail to track the transient, temporal
variations in drought adaptation that occur across different
growth stages.

Records identified through database searching (n=1650)
lllustrative databases:
Web of Science (550? Scopus (500), PubMed (350),

Additional records identified through other sources (n=65)
lllustrative sources
Reference lists (40), Clta(tu;n searching (20),

Google Scholar (250$ Experts (5
Total records (n=1715) L'
¥
I Records after duplicates removed (n=1320) |
Records excluded (n=980)
Records]g;rgened # Reasons: Not drought (400), Not
(n= ) phenotyping (300), Not primary research

(150), Wrong technology (130)

Full-text artlcles(assessed for eligibility # FuII-text' articles excluded (n=1 8.5)
n=3

Reasons: No data (75), Wrong metrics (55),

Incomplete methodology (35),

Studies included(in qug{itative synthesis

Duplicate study (20)

Full-text articles assessed for eligibility
(n=340)

Studies included in qualitative synthesis
(n=155)

[ incLusion | euiGBILITY | SCREENING ] [ 1:IDENTIFICATION |

Studies included in quantitative synthesis
(meta-analysis) (n=120)

Fig 1: Placeholder — Prisma Flow Diagram of The Article Selection Process

To resolve these limitations, high-throughput phenotyping
(HTP) integrates advanced sensor technologies, automated
robotic deployment platforms, and computer vision pipelines.
These integrated setups allow for the non-destructive, multi-
temporal, and multi-spatial characterization of structural,
functional, and physiological traits across thousands of
breeding lines.

While several narrative reviews have summarized general
advancements in plant phenotyping, a critical evaluation
addressing the technical contradictions, sensor limitations,
and data analytics bottlenecks specific to cereal drought

adaptations are lacking. Prior literature frequently displays an
over-optimistic bias toward high-tech imaging platforms,
glossing over the operational failures that occur during multi-
environment field trials. Confounding ambient conditions—
such as wind-induced canopy motion, soil background
reflectance, variable cloud cover, and row spacing
anomalies—frequently degrade data quality, leading to poor
reproducibility. Furthermore, the rapid evolution of machine
learning and deep learning algorithms has created a significant
gap between engineering-focused computer vision metrics
and actionable, biology-driven crop breeding decisions.
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Fig 2: Placeholder — Publication Trend by Year (2016-2025) Across Selected Databases]
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Methodology of Literature Review

Literature Search Strategy

A systematic literature search was executed to identify,
aggregate, and critically evaluate high-impact studies focusing
on high-throughput phenotyping of drought-adaptive traits in
major cereal crops. The search protocol was strictly framed
within the ten-year period from January 2016 to December

https://agroecosysjournal.com/

2025, ensuring inclusion of the most recent technological
iterations in sensor hardware, robotic integration, and machine
learning architectures. A structured search matrix was
designed using precise Boolean operators to link target crops,
high-throughput phenotyping modalities, and drought stress
parameters.

Table 2: Inclusion and Exclusion Criteria

Criterion Type Inclusion Parameters

Exclusion Parameters

Sorghum bicolor, Hordeum vulgare.

Document Peer-reviewed original research, critical review papers, [Non-peer-reviewed preprints, short abstracts, patent filings, trade
Type high-impact conference proceedings. magazine articles, book reviews.
Language English language exclusively. All non-English language pL:(le))I([[zatlons without translated full
Target Crop Major cereals: Triticum aestivum, Oryza sativa, Zea mays,| Dicotyledonous crops, legumes, horticultural species, forest

trees, model organisms like Arabidopsis thaliana.

Phenotyping

Digital, non-destructive, sensor-driven high-throughput

Exclusively manual, destructive, low-throughput agronomic

Focus methodology. measurements (e.g., manual bag harvesting).
Stress Explicit water deficit, osmotic stress, drought, or managed | Exclusively biotic stress, salinity, heavy metal toxicity, nutrient
Paradigm evapotranspiration regimes. deficiencies without water interaction.
Databases Analytics), PubMed / MEDLINE (National Center for

The comprehensive search string was systematically applied
to the following highly indexed academic and scientific
databases: Scopus (Elsevier), Web of Science (Clarivate

Biotechnology Information), ScienceDirect (Elsevier),
SpringerLink (Springer Nature), Wiley Online Library, and
Google Scholar.
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Fig 3: Placeholder — Conceptual Framework: Multi-Scale Sensor Integration for Drought Phenotyping

Inclusion and Exclusion Criteria

To maintain the scholarly rigor required for an international
peer-reviewed publication, strict filtering parameters were
established prior to title and abstract screening. Studies were
required to present novel sensor integrations, clear analytical
validation, or deep learning innovations explicitly applied to
cereal water-stress dynamics.

Study Selection Process

The selection process followed a structured PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) workflow. Initial automated database queries
yielded raw records, which were first screened for duplicates.
Two independent reviewers then evaluated the titles and
abstracts against the pre-defined inclusion and exclusion
criteria. Articles passing the abstract screen underwent full-
text assessment. The final dataset captures the core technical

milestones, contradictions, and empirical breakthroughs
within the cereal phenotyping landscape over the past decade.

Literature Review and Thematic Analysis

Theme 1: Above-Ground Shoots and Canopies

Thermal infrared (TIR) imaging operating on the fundamental
physical principle of Planck's Law captures long-wave
radiation emitted by the crop canopy. In the context of drought
stress, the physiological response of cereals to restricted soil
water availability is rapid stomatal closure. This reduces
transpirational cooling, elevating the canopy temperature
relative to the ambient air temperature. A comparative
evaluation of literature shows that the Crop Water Stress Index
(CWSI) and Canopy Temperature Depression (CTD) serve as
highly sensitive indicators.

However, critical synthesis reveals a major methodological
vulnerability: TIR sensors capture only the surface 'skin’
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temperature of the canopy. The calculated index value is easily
confounded by microclimatic variations, such as transient
wind gusts that alter boundary layer resistance, fluctuating
solar irradiance, and background soil thermal radiation.
Advanced image segmentation methods—such as deep
learning-based semantic  segmentation (e.g., U-Net
architectures)—are essential to isolate green canopy tissue
from the background soil.

Theme 2: Below-Ground Root Architecture

Because roots are hidden within the soil matrix, phenotyping
below-ground root system architecture (RSA) presents a
major technological challenge. Drought-adaptive root
adaptations—such as deep rooting angles, enhanced lateral
root branching, and higher root-to-shoot biomass allocation
ratios—are critical for accessing deep water reserves during
prolonged dry periods.

In controlled greenhouse environments, non-destructive root
imaging has advanced through automated rhizotrons and high-
resolution tomographic systems like X-ray Computed
Tomography (CT) and Magnetic Resonance Imaging (MRI).
However, a critical review of these systems reveals a major
disconnect from realistic agricultural conditions. These
advanced systems generally require artificial, highly
homogeneous soil mixes or loose sandy substrates. Real field
soils contain structural features that make automated image
segmentation extremely difficult.

Theme 3: Phenotyping Platforms and Scaling

To capture realistic agronomic performance, phenotyping
systems must be deployed directly into open-field
environments. Field deployment platforms are divided into
two primary categories: Unmanned Aerial Vehicles (UAVS,
or drones) and Unmanned Ground Vehicles (UGVs, or field
rovers).

UAV platforms offer unparalleled spatial throughput. A single
flight can collect high-resolution multi-spectral, thermal, and
photogrammetric data across multi-hectare breeding trials in
less than an hour. However, UAVs are limited by strict
payload weight capacities and weather dependencies.
Unmanned Ground Vehicles (UGVs) and high-clearance
motorized gantry systems trade speed for high spatial
resolution, allowing for sub-millimeter pixel resolutions but at
the cost of lower operational throughput.

Theme 4: Data Analytics Pipelines and Machine Learning
Transforming large volumes of raw digital imagery into
reliable traits requires robust computational data analytics
pipelines. The adoption of deep learning architectures,
particularly Convolutional Neural Networks (CNNs) and
Vision Transformers (ViTs), has resolved many segmentation
issues seen in classical computer vision. CNN architectures
use hierarchical convolutional layers to automatically learn
complex features directly from training datasets. However,
deep learning models present significant analytical risks like
overfitting and the 'black box' problem, where deep neural
networks  function via millions of uninterpretable
mathematical weight parameters.

Comparative Analysis of Previous Studies

Narrative Comparative Analysis

A comparative analysis of the literature reveals clear common
ground regarding the physiological response of cereals to
water deficit stress. Across wheat, maize, and sorghum trials,
studies consistently show that canopy temperature metrics

https://agroecosysjournal.com/

(CWSI and CTD) serve as reliable indicators of stomatal
regulation. However, major contradictions emerge when
comparing the stability of these traits across different
experimental environments. Greenhouse-based studies report
high correlation coefficients (R2 > 0.85) between digital image
parameters and actual plant relative water content, whereas
open-field aerial trials show significantly lower and more
variable correlations (R? = 0.42-0.68) due to ambient
environmental noise.

Discussion

Synthesizing findings across scales and sensor modalities
reveals that drought adaptation in cereals is an integrated
response, requiring coordinated changes in canopy
temperature, structural architecture, and below-ground root
development. The evidence indicates that no single sensor
modality or platform is sufficient on its own to characterize
drought tolerance comprehensively. Academic researchers
must move toward multi-modal data pipelines and physics-
informed machine learning architectures. Commercial plant
breeders can integrate digital trait data directly into genomic
selection models to accelerate genetic gain, while field
agronomists can utilize these tools to map spatial water
deficits and optimize precision irrigation strategies.
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