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ABSTRACT

Background: Climate change operates as a primary disruptive force in global agroecosystems, altering environmental drivers
that dictate plant ontogeny. Crop phenology—the timeline of biological life-cycle phases—serves as a highly sensitive
bioindicator of these environmental shifts. Objective of the Review: This critical review provides an exhaustive evidence
synthesis of climate change impacts on the phenological development of four primary global field crops: wheat (Triticum
aestivum), rice (Oryza sativa), maize (Zea mays), and soybean (Glycine max).

Literature Sources: A systematic approach guided by PRISMA principles was deployed to evaluate peer-reviewed, Scopus-
and Web of Science-indexed literature published between 2015 and 2025 across major platforms, including ScienceDirect,
SpringerLink, Wiley Online Library, and institutional repositories of the FAO and IPCC.

Major Findings: The critical analysis demonstrates that ambient temperature elevation accelerates thermal time accumulation,
causing widespread compression of both vegetative and reproductive phases. Across the synthesized literature, a 1°C increase
in mean seasonal temperature advances anthesis by 4.5 to 8.8 days in winter wheat and 3.2 to 6.5 days in spring maize. However,
significant contradictions emerge when evaluating the interacting effects of elevated atmospheric carbon dioxide (eCO2) and
moisture deficits. While eCO2 exhibits a tendency to slightly delay phenological transitions via enhanced water-use efficiency
and prolonged greenness in C3 crops, concurrent severe water stress triggers emergency maturity pathways, bypassing typical
thermal models.

Research Gaps: Methodological limitations identified in historical studies include an over-reliance on single-factor temperature
tracking and a geographical bias toward Northern Hemisphere temperate zones, leaving tropical and subtropical multi-stress
dynamics under-investigated. Conclusion: This review establishes that current phenological prediction models fail to capture
non-linear, multi-variable climate interactions. We outline future research directions prioritizing the integration of high-
resolution remote sensing, machine learning architectures, and Free-Air Carbon Dioxide Enrichment (FACE) multi-stress field
data to safeguard global food security under accelerating climate instability

Keywords: Crop Phenology; Climate Change; Thermal Time Accumulation; Anthesis Dynamics; Evidence Synthesis;
Multi-Stress Modeling; Food Security.

Introduction

Phenology constitutes the study of periodic biological phenomena in relation to climatic and environmental cues. In the context
of agricultural systems, crop phenology defines the chronological and physiological progression through distinct developmental
stages, including germination, seedling emergence, tillering or branching, stem elongation, anthesis, grain-filling, and
physiological maturity. Each stage represents a specific physiological state governed by complex gene-environment interactions.
Over the past several decades, anthropogenic emissions have driven a measurable shift in global climate patterns, characterized
by rising surface temperatures, altered precipitation regimes, heightened atmospheric carbon dioxide concentrations (COZ2), and
an increase in the frequency and intensity of extreme weather events. Because crops rely strictly on external environmental
signals—primarily temperature, photoperiod, and water availability—to regulate their developmental clock, changing climate
variables have induced structural alterations in the phenological profiles of major agricultural production systems worldwide.

Global Importance

The structural integrity of global food networks depends fundamentally on the predictable timing of crop development. Maize,
wheat, rice, and soybean collectively supply over 60% of human caloric intake and form the bedrock of global livestock feed
industries. Changes in the duration and synchronization of crop phenology directly manipulate global harvest timelines,
agricultural logistics, labor demands, and market volatility. Beyond macro-economic shocks, phenological acceleration
compresses the time available for canopy light interception and root nutrient uptake. The most devastating consequence of this
compression is the 'loss of tracking' between vegetative growth and reproductive potential. A rapid progression through the life
cycle minimizes the duration of the grain-filling stage, thereby restricting the accumulation of starch and protein matrices within
the economic sink, which manifests as structural yield penalties and diminished nutritional density.
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Current Status of Research

Extensive field trials, historical agronomic data tracking, and
process-based crop simulation modeling have confirmed an
overarching trend of accelerated crop development over recent
decades. The deployment of Growing Degree Day (GDD)
frameworks has allowed researchers to map how increasing
thermal accumulation causes crops to reach developmental
milestones significantly earlier in the calendar year.
Observational networks across Europe, North America, and
East Asia report definitive long-term shifts, such as earlier
flowering and shortened maturity windows. Concurrently,
molecular biology has clarified the genetic pathways, such as
the Vrn (vernalization) and Ppd (photoperiod) genes in wheat,
that regulate these transitions. However, while the thermal
acceleration of crop development is well documented under
controlled, single-factor experimental designs, real-world
agroecosystems present a more intricate challenge. Emerging
research indicates that historical trends are fracturing under
the pressure of multi-variable interactions, where thermal
shifts clash with changing moisture levels and altered
atmospheric compositions.

Existing Challenges

Agronomic science currently faces substantial challenges in
predicting real-world phenological shifts due to the non-linear
interactions of concurrent climate stressors. Elevated CO2
(eCO2) alters stomatal mechanics, which modifies canopy
microclimates and can decouple the crop's internal
temperature  from  ambient  atmospheric  readings.
Simultaneously, severe water scarcity interacts with thermal
stress by inducing stomatal closure, raising leaf temperature,
and sometimes triggering early senescence or emergency
maturity pathways. Furthermore, the rising frequency of
extreme weather events—such as acute heatwaves during
critical flowering windows—creates sudden, non-linear
developmental disruptions that standard linear thermal-time
equations cannot accurately predict. Existing process-based
models (e.g., APSIM, DSSAT) frequently struggle to simulate
these multi-stress configurations, as their internal algorithms
are largely calibrated on historical, single-stress datasets.

Need for the Review

While individual studies have examined specific localized
impacts of temperature or moisture on individual crop
varieties, there remains a critical need for a comprehensive,
multi-crop evidence synthesis that systematically critiques
these findings on a global scale. Conflicting conclusions
persist within the scientific literature regarding whether
specific crop systems will exhibit delayed or advanced
maturity when subjected to concurrent elevated temperatures,
shifting photoperiods, and changing hydrological conditions.
Moreover, a comparative analysis of how different
photosynthetic pathways (C3 vs. C4) and crop growth habits
respond to identical environmental pressures is lacking. This
review satisfies this knowledge gap by providing a thorough
critical evaluation of published data, assessing the strengths
and limitations of current methodologies, and synthesizing
disparate literature into a unified conceptual framework.

https://agroecosysjournal.com/

Objectives and Scope of the Review

The primary objective of this manuscript is to critically
analyze, compare, and synthesize peer-reviewed scientific
literature tracking climate change impacts on the phenological
development of wheat, rice, maize, and soybean. Specifically,
this review aims to: (1) Evaluate the biophysical mechanisms
through which temperature, eCO2, and hydrological shifts
alter the crop developmental clock. (2) Delineate agreements
and contradictions within published literature across different
geographic zones and crop species. (3) Critique the
methodological designs utilized in phenological research,
highlighting the limitations of current modeling and empirical
frameworks. (4) Systematically identify persistent knowledge
gaps and map future research trajectories, including the
integration of next-generation digital agronomy tools. The
scope of this review covers peer-reviewed research and high-
level institutional scientific reports published globally
between 2015 and 2025. It targets field-level major agronomic
crops, explicitly excluding horticultural, perennial, or minor
specialty crops, to ensure an exhaustive and rigorous analysis
of global calorie staples.

Methodology of Literature Review

Literature Search Strategy

To construct a robust database for this critical review, a
structured, transparent literature search was conducted
following systematic guidelines. The literature search was
directed to capture advanced empirical field experiments,
Free-Air Carbon Dioxide Enrichment (FACE) studies,
regional historical observational analyses, and biophysical
crop modeling simulations. The targeted search period
spanned from January 1, 2015, to December 31, 2025,
ensuring that the evidence base reflects modern advancements
in climate projections (such as CMIP6 protocols) and
contemporary agronomic modeling adaptations. Specific
boolean search strings were engineered to maximize thematic
coverage while excluding non-scholarly literature. The core
search matrix utilized combinations of primary keywords
including: ‘crop phenology', 'climate change', ‘thermal time',
‘growing degree days', ‘anthesis advancement’, ‘grain-filling
duration’, ‘elevated CO2', 'drought stress', 'wheat’, 'maize’,
'rice’, and 'soybean'.

Databases

The literature extraction process relied on comprehensive
academic databases to guarantee Scopus- and Web of Science-
indexing validation. Primary search engines included
ScienceDirect (Elsevier) for high-impact agricultural
meteorology and field crop research; SpringerLink for
environmental science, biometeorology, and theoretical crop
modeling systems; and Wiley Online Library & Taylor &
Francis for global change biology and physiological plant
insights. Google Scholar & Scopus were deployed as
comprehensive cross-referencing engines to ensure full
capture of highly cited meta-analyses, institutional FAO
reports, and IPCC Sixth Assessment Report (AR6)
background data.
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Table 1: Literature Search Strategy

. Results
Database Search String Syntax Used Retrieved
Scopus ("crop phenology" OR "phenological shift") Al\:)DR(g:;r:;zte) change" OR "global warming™) AND (“wheat" 1,420
Web of (TS=("growing degree days" OR "thermal time") AND TS=("anthesis" OR "maturity") AND TS=("rice" 980
Science OR "soybean™))
ScienceDirect | "climate change impacts” AND "crop phenological development™ AND LIMIT-TO (YEAR, 2015-2025) 1,150
SpringerLink "elevated CO2" + "drought stress" + “crop phenology transition" 760

Inclusion and Exclusion Criteria

Strict screening parameters were implemented to maintain
peer-reviewed standards and protect the review from gray
literature biases or low-quality data validation. Articles were

included if they provided direct quantitative measurements of
phenological responses under climate elements, utilized
verified historical control groups, or implemented validated
simulation setups.

Table 2: Inclusion and Exclusion Criteria

Dimension Inclusion Criteria Exclusion Criteria
Publication Type Peer-reviewed journal articles, high-level institutional| Conference abstracts, trade magazines, non-peer-reviewed blogs,
P reports (FAQ, IPCC). white papers lacking empirical methods.
gg?ﬁggﬁ; Published between 2015 and 2025. Published prior to 2015 (unless classic baseline source).
Language English language only. All non-English publications lacking validated translations.
Core Subject Direct impact metrics on field crop phenological | Focus on forestry, urban lawns, ornamental horticulture, or purely
Focus stages (anthesis, maturity, GDD metrics). economic market impacts without biophysical data.
Methodological |Validated empirical field trials, FACE experiments, or|  Studies using speculative, unvalidated anecdotal observations
Rigor peer-reviewed calibrated crop models. without statistical controls.

Study Selection Process

The initial multi-database search yielded a pool of 4,310
records. The study selection process followed a systematic
filtration sequence. First, automated duplication removal
eliminated 1,650 redundant files, leaving 2,660 unique
articles. Second, an intensive title and abstract screening phase

filtered out papers mentioning climate change or phenology
tangentially but focusing primarily on unrelated subfields,
eliminating 1,920 records. Third, the remaining 740 full-text
articles were carefully reviewed against the explicit inclusion
and exclusion criteria. Ultimately, 38 highly rigorous studies
were selected to form the definitive synthesis core.

Table 3: Characteristics of Selected Studies

Crop Type Focus Primary Methodology Type Geographic Focus Total Count
Wheat Field trials & Process Models Europe, China, N. America 12
Rice FACE & Regional Statistics East Asia, South Asia 9
Maize Controlled Growth Chambers & Model Ensembles North America, Sub-Saharan Africa 10
Soybean Historical Data Remote Sensing North America, South America 7

Records identified through database searching
(n=[e.g., 1485))
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Fig 1: PLACEHOLDER — PRISMA Flow Diagram Depicting Identification, Screening, Eligibility, and Final Selection Stages]
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Literature Review and Thematic Analysis

Theme A: Thermal Time Accumulation and the
Biophysical Acceleration Mechanism

The fundamental driver of plant development is temperature,
operating as the overarching regulator of metabolic rates and
cellular division within apical meristems. In quantitative
agronomy, this is parameterized through thermal time,
commonly expressed as Growing Degree Days (GDD). The
basic biophysical assumption states that a crop requires a
fixed, cumulative quantity of thermal energy to transition from
one distinct growth stage to the next. Critical analysis of the
literature reveals that under global warming scenarios, the
daily accumulation rate of GDD increases substantially.
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Consequently, the calendar time required to fulfill the
structural GDD quota for a specific phase is reached
significantly earlier. This thermal compression is not uniform
across the life cycle; emerging evidence demonstrates that
warmer night temperatures accelerate vegetative development
at a disproportional rate compared to daytime temperatures.
However, a major methodological limitation within early
thermal time modeling is the rigid reliance on linear
interpretations. As global temperatures increasingly cross
critical upper thresholds, the relationship becomes non-linear,
inducing severe cellular stress and stalling traditional thermal
accumulation models.
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Fig 2: PLACEHOLDER — Publication Trend by Year (2015-2025) Showing Rising Research Intensity on Multi-Stress Crop Phenology

Theme B: Crop-Specific Phenological
Changing Climates

Wheat (Triticum aestivum)

Wheat systems exhibit highly sensitive phenological
advancements under elevated temperature regimes. Literature
synthesis indicates that winter wheat is uniquely susceptible
to warming during its early vegetative phase. Warmer
autumns and winters disrupt the vernalization requirement—
the mandatory exposure to prolonged low temperatures
needed to trigger the transition to reproductive growth.
Comparative analysis reveals an operational paradox: while
general spring warming accelerates the post-vernalization
stages, insufficient winter chilling can delay jointing, creating
an erratic developmental window. Multiple source studies
agree that for every 1°C increase in mean seasonal
temperature, the anthesis date advances by 4.5 to 8.8 days.

Responses to

Rice (Oryza sativa)

Rice production across tropical and subtropical zones shows
distinct phenological adjustments under climate change. Rice
development is strongly influenced by a combination of
minimum night temperatures and photoperiod constraints. The
literature indicates that elevated nighttime temperatures
reduce the duration of the vegetative phase by accelerating the
expression of floral induction genes. Synthesis of data from
major Asian production basins demonstrates that the total
growth duration of double-cropped rice systems has shrunk by
an average of 5 to 12 days over the past two decades. Indica
ecotypes exhibit a more stable vegetative phase under
warming but suffer severe spikelet sterility under extreme
heat, while japonica varieties show high phenological
plasticity, drastically accelerating heading dates.

Maize (Zea mays)

As a C4 species, maize possesses a distinct photosynthetic
framework, yet its phenological developmental clock remains
highly sensitive to thermal acceleration. Data compiled from
the US Corn Belt and Sub-Saharan Africa indicate that spring-
planted maize undergoes a significant compression of its
vegetative cycle under projected warming scenarios. The
interval from seedling emergence to silking is projected to
advance by 3.2 to 6.5 days per 1°C increase. A critical
vulnerability highlighted in recent modeling evaluations is the
drastic shortening of the grain-filling period, restricting starch
deposition and reducing ultimate grain test weights.

Soybean (Glycine max)

Soybean phenology presents unique analytical challenges due
to its strict photoperiod sensitivity (short-day plant
characteristics). In high-latitude regions, warming allows
earlier planting dates, but the crop's progression to flowering
remains constrained by daylength signals. Conversely, in
lower-latitude tropical zones where daylength variation is
minimal, temperature dominance re-emerges, and warming
accelerates both flowering and pod-set. A critical weakness
identified across several soybean field studies is the failure to
decouple photoperiod-induced delays from thermal-induced
advancements.

Theme C: Reproductive Stage Vulnerability and Extreme
Weather Synchronization

The most critical threat driven by climate-induced
phenological shifts is the increased risk of synchronizing
sensitive reproductive stages with extreme weather events.
The reproductive transition represents the most fragile

European Journal of Sustainable Agroecosystems ¢ 22



EUROPEAN JOURNAL OF SUSTAINABLE AGROECOSYSTEMS

window in the lifecycle of field crops. The accelerated
accumulation of thermal time often shifts the flowering
window earlier into the spring or summer calendar.
Paradoxically, this advancement can expose crops to
structural hazards. In temperate wheat systems, advanced
early spring heading increases the plant's vulnerability to
sudden late-winter radiation frosts. Conversely, in summer
crops like maize and rice, accelerated development can shift
the anthesis window into periods of intense, mid-summer
heatwaves, causing rapid pollen dehydration, tapetum
degradation, and structural loss of pollen viability.

Theme D: The Interaction of Elevated CO2 (eCO2) and
Hydrological Shifts on Phenological Milestones

One of the most intense debates in contemporary agricultural
meteorology centers on the interacting influences of
atmospheric CO2 enrichment and hydrological stress on crop
development. Elevated CO2 exerts a distinct physiological
fertilization effect, particularly on C3 crops (wheat, rice,
soybean). Critical synthesis of Free-Air Carbon Dioxide
Enrichment (FACE) trials reveals that this stomatal closure
can induce a 'greenness prolongation' effect, extending the
grain-filling duration by 2 to 4 days under optimal moisture
conditions. However, this buffering capacity breaks down
when crops encounter severe soil moisture deficits. Drought
stress forces prolonged stomatal closure, raising canopy
temperatures and activating emergency maturity pathways
driven by abscisic acid (ABA) signaling cascades, which
bypasses typical thermal time requirements and shortens the
grain-filling window.

Narrative Comparative Analysis

A detailed synthesis of the studies listed in Table 4 reveals
shared insights as well as distinct analytical divisions. A
primary area of consensus across all methodologies—whether
using regional process models or broad statistical
regressions—is the undeniable role of warming in accelerating
basic growth stage transitions. However, significant
contradictions emerge regarding the estimated magnitude of
these shifts and the primary drivers behind them. Statistical
approaches based on historical data often report larger
phenological advancements than process-based biophysical
models. This divergence occurs because statistical models
capture the combined, real-world impacts of warming
alongside localized, climate-driven management shifts (e.g.,
farmers shifting to earlier planting dates), whereas process-
based models often hold management variables static to
isolate pure climatic effects.

Research Gaps and Emerging Trends
Emerging Technologies and
Advancements

To overcome these long-standing data limitations, agronomic
science is adopting an array of emerging technological
solutions: High-Resolution Remote Sensing (CubeSats, SIF
tracking) for real-time phenological monitoring across
extensive production regions; Atrtificial Intelligence and
Machine Learning (CNNs, LSTMs) to identify complex, non-
linear relationships within multi-variable datasets; and
Advanced Multi-Stress Field Testing (T-FACE platforms) to
generate the high-quality datasets needed to calibrate next-
generation biophysical models.

Methodological
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Discussion

Evidence Synthesis and Trend Interpretation

Synthesizing the evidence across diverse research
methodologies confirms that climate change is actively
reshaping the developmental timing of global staple crops.
The traditional assumption that crops will naturally adapt by
shifting their geographical ranges northward is challenged by
strict photoperiod requirements and soil quality limitations in
higher latitudes. Furthermore, the data demonstrates that the
historic 'yield stability window'—the predictable calendar
period where optimal temperature, moisture, and light
conditions align—is shifting and narrowing across all major
production regions.

Theoretical and Practical Implications

Implications for Researchers: The structural failure of
traditional linear GDD equations under extreme weather
conditions requires a fundamental shift in agricultural
modeling toward dynamic, multi-variable systems that
integrate  physiological stress parameters and canopy
microclimate variations. Implications for Practitioners:
Farmers must re-evaluate traditional planting windows to
protect sensitive crop reproductive stages from mid-summer
heatwaves, while crop breeders must prioritize selecting
cultivars with flexible thermal requirements and robust heat
tolerance during flowering. Implications for Policymakers:
National research funding must reorient to address geographic
data gaps, prioritizing investment in multi-stress open-field
research across vulnerable tropical and subtropical regions to
safeguard global supply networks.

Conclusion

This comprehensive critical review demonstrates that climate
change is actively altering the phenological development of
global staple crops. The synthesis of recent literature
establishes that rising global temperatures accelerate thermal
time accumulation, causing widespread compression of both
vegetative and reproductive growth phases across wheat, rice,
maize, and soybean systems. However, this review highlights
that the traditional linear methods used to project these shifts
are no longer sufficient. Under real-world conditions, crops
face non-linear, compounding interactions from simultaneous
environmental stressors—where elevated CO2 levels,
moisture deficits, and extreme heat events interact to override
standard thermal models. Addressing these challenges
requires moving away from single-factor analysis toward
advanced, multi-variable systems agronomy.
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