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Plant volatile organic compounds (VOCs) represent one of the most dynamic and
integrative biochemical signaling systems linking molecular plant stress responses
to ecosystem-level processes. This review provides an integrative cross-scale
framework for understanding the biochemical pathways, regulatory networks,
ecological functions, and technological applications of stress-induced volatile
emissions. At the molecular and cellular levels, VOC emissions are regulated
through complex enzymatic and hormonal pathways involving jasmonates,
salicylates, ethylene, and abscisic acid, enabling plants to respond rapidly to
abiotic and biotic stressors such as drought, herbivory, temperature extremes,
salinity, and atmospheric pollution. These volatile signals extend beyond individ-
ual plants, functioning as mediators of plant—plant communication, plant—mi-
crobe interactions, and multi-trophic ecological networks that shape community
dynamics and ecosystem resilience. Recent technological advancements, includ-
ing mass spectrometry platforms, remote sensing systems, biosensors, and
artificial intelligence—driven analytical frameworks, have transformed the ability
to detect, interpret, and predict stress-induced VOC emissions in real time.
Integrating these technologies with multi-omics datasets and digital twin mod-
eling enables the development of predictive monitoring systems capable of
scaling plant stress detection from agricultural fields to regional ecosystems.
Despite these advances, significant challenges remain, including variability in
emission profiles across species and environments, atmospheric transformation
of volatile signals, methodological inconsistencies, and limitations in large-scale
monitoring infrastructure. Future research should focus on establishing global
networks for monitoring plant volatiles, standardized measurement protocols,
and integrated biosensing infrastructures that can link plant stress signals to
Earth-system observations. Decoding plant volatile stress signaling across scales
offers a transformative pathway to advance climate-resilient agriculture, biodiversity
conservation, and predictive environmental intelligence systems that support adap-
tive ecosystem management in an era of accelerating environmental change.
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1 Introduction

As global climates become increasingly erratic, understanding
plant responses to environmental stressors has become critically
important for predicting ecosystem stability, agricultural produc-
tivity, and climate resilience (Ogwu, 2019; Ogwu, 2025; Ogwu and
Izah, 2026). Stressors such as drought, herbivory, temperature
extremes, nutrient limitations, and pollution trigger complex phys-
iological and biochemical responses in plants. Many of these
responses are rapidly communicated through the release of volatile
organic compounds (VOCs), which function as highly dynamic
chemical signals within and beyond plant tissues (Midzi et al., 2022;
Pinto et al,, 2010). These compounds function not only as internal
metabolic regulators that influence plant defense and stress phys-
iology, but also as external chemical cues that mediate interactions
among plants, insects, microbes, and surrounding ecological com-
munities (Kang et al., 2025). Consequently, real-time biosensing of
VOC emissions offers a powerful, emerging approach for early
detection of stress responses, enabling more adaptive, responsive
management strategies in agriculture, forestry, and ecosystem
monitoring systems (Luo et al., 2025).

The scientific understanding of plant VOCs has evolved substan-
tially over the past decades. Initially regarded as passive metabolic by-
products or secondary consequences of cellular processes, VOCs are
now recognized as integral components of highly coordinated sig-
naling networks that operate across multiple biological scales. Early
experimental research demonstrated that mechanical damage and
herbivore attack trigger highly specific and regulated VOC emission
profiles that function directly in plant defense and communication
(Werner et al., 2024). Compounds such as methyl jasmonate, for
instance, play instrumental roles in activating defense signaling
pathways and mediating interactions between plants and herbivores.
Through such mechanisms, VOCs contribute to the formation of
chemical communication networks that extend ecological interac-
tions well beyond individual plants and immediate damage sites
(Labanska et al., 2022; Stoy et al., 2021).

Numerous studies demonstrate that plants exposed to VOCs
emitted by stressed neighbors can alter their own metabolic
activities, thereby priming defensive pathways and enhancing
preparedness for anticipated stress conditions (De Cesare et al.,
2025; Hu et al., 2009). Such inter-plant signaling processes extend
the influence of VOCs from individual physiological responses to
community-level coordination, suggesting that volatile emissions
may function as distributed information systems within plant
communities. In this sense, VOCs can serve as integrative indicators
of plant community resilience and overall ecosystem health
(Escobar-Bravo et al., 2024). Concurrently, advances in sensing
technologies capable of detecting plant volatile emissions in situ
have created new opportunities for continuous, non-invasive mon-
itoring of plant health and environmental disturbances, signifi-
cantly improving ecological forecasting, early warning systems, and
adaptive ecosystem management (Frost et al., 2008).

This review is structured around the question of how plant VOCs
can be understood as cross-scale stress indicators that connect
intracellular stress responses with ecological communication,
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atmospheric filtering, and predictive monitoring systems.
Conceptualizing plant VOCs as cross-scale indicators necessitates
an integrative perspective that bridges molecular biology, plant
physiology, ecological interactions, and ecosystem-level processes.
VOC signals generated at the cellular and leaf levels can propagate
outward, influencing neighboring plants, herbivore populations,
natural enemies, and microbial communities, thereby shaping trophic
dynamics and feedback processes across ecological networks (Frost
et al,, 2007). The ecological consequences of volatile emissions are
therefore inherently context-dependent, varying according to species
composition, environmental conditions, atmospheric chemistry, and
the structural complexity of surrounding biological communities
(Ederli et al, 2021; Penaflor et al., 2011; Rasmann and Turlings,
2007). Understanding these multilayered and scale-bridging interac-
tions is essential for translating plant volatile signaling from descrip-
tive ecological phenomena into practical tools for environmental
monitoring, risk assessment, and ecosystem management. Several
recent reviews have examined plant VOC biosynthesis, inter-plant
communication, or analytical and ecological dimensions of volatile
signaling in relatively focused ways rather than within a single
integrative framework (Ninkovic et al., 2020; Wang and Erb, 2022).
In contrast, the present review synthesizes these strands within a
unified cross-scale framework that conceptualizes plant VOCs as
volatile stressometers linking molecular regulation, ecological com-
munication, atmospheric transformation, and predictive monitoring
technologies. In doing so, the review aims to show readers not only
what plant VOCs do, but how their interpretation across scales can
improve understanding of plant stress biology and support emerging
applications in environmental monitoring and climate-resil-
ient management.

This review examines current advances in plant VOC stress
signaling across biological and ecological scales, emphasizing their
role as volatile stressometers that translate physiological distur-
bances into measurable biochemical and ecological signals. Drawing
on insights from molecular regulation, plant physiological pro-
cesses, sensing technologies, ecological interactions, and emerging
analytical frameworks, we demonstrate how stress-induced VOC
emissions encode information about stress type, intensity, and
temporal dynamics, enabling interpretation as dynamic indicators
of plant health and environmental change. A unified cross-scale
framework is developed in this review, connecting intracellular
metabolic responses with community-level signaling and ecosys-
tem-scale feedback processes through the integration of biochem-
ical, ecological, technological, and applied perspectives. In this
context, plant VOCs are not only products of stress responses but
also functional mediators of plant-environment communication
that influence neighboring organisms and broader ecological net-
works. Furthermore, their integration with emerging sensing plat-
forms and analytical tools highlights their growing potential for
precision agriculture, ecosystem monitoring, and predictive envi-
ronmental management. In doing so, this review positions plant
VOCs as central components of adaptive responses in changing
ecosystems and as critical nodes linking molecular processes to
landscape-scale resilience (Farag et al., 2013; Soriano and
McCormick, 2020; Escobar-Bravo et al., 2024).
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2 Biochemical and molecular
foundations of plant volatile stress
responses

Plant VOCs function as volatile stressometers at the biochem-
ical level, where stress-responsive metabolic pathways generate
distinct emission signatures that encode information on the type,
intensity, and temporal dynamics of environmental perturbations.

2.1 Major classes of plant volatile organic
compounds

The major biochemical classes of plant VOCs differ in their
biosynthetic origins, ecological functions, and stress-response sig-
naling capacities. Table 1 summarizes the dominant compound
classes, their associated biosynthetic pathways, and the primary
ecological roles linked to plant volatile stress signaling. Plant VOCs
encompass a chemically diverse range of compounds that are
central to defense regulation and ecological communication. The
primary classes include terpenoids, green leaf volatiles (GLVs),
benzenoids, and sulfur-containing compounds, each contributing
diftferently to stress perception and signaling dynamics.

Terpenoids represent the largest class of plant secondary
metabolites and are characterized by remarkable structural diver-
sity. They serve multiple ecological functions, including defense
against herbivores, attraction of pollinators, and contribution to
plant aromatic profiles (Engelberth, 2020; Kazimirova et al., 2021).
In stress contexts, terpenoids may function as both direct defensive
agents and indirect signaling molecules that recruit natural enemies
of herbivores, thereby extending their influence beyond the emitting
plant. GLVs are primarily emitted following leaf wounding or
herbivory and consist largely of short-chain aldehydes, alcohols,
and esters such as 1-hexanal (Engelberth, 2020; Shiojiri et al., 2006).
These compounds are among the most rapidly produced stress
volatiles and function as early-warning signals that inform neigh-
boring plants of impending threats. Various studies have demon-
strated that GLV emissions act not only as direct deterrents to
herbivores but also as prime defense responses in nearby plants,
thereby strengthening collective resistance within plant communi-
ties (Kutty and Mishra, 2023; Das et al., 2025). Benzenoids, derived
from the shikimic acid pathway, are particularly notable for their
roles in floral scent production and pollinator interactions.

10.3389/fpls.2026.1815183

However, they also participate in defense-related signaling pro-
cesses under stress conditions (Mostafa et al., 2022a). Their aro-
matic properties and metabolic regulation enable them to operate at
the interface between ecological attraction and stress-responsive
communication. Sulfur-containing compounds, including those
derived from glucosinolate metabolism, represent another impor-
tant class of plant VOCs involved in stress modulation (Ngumbi
et al,, 2022; Tanaka et al, 2021). These compounds can deter
herbivores while also participating in signaling cascades associated
with cellular responses to both biotic and abiotic stressors (Ngumbi
et al,, 2022). Their production often reflects tightly regulated
metabolic shifts triggered by environmental perturbations.

2.2 Biosynthetic pathways and metabolic
regulation

The biosynthesis of VOCs involves complex pathways regulated
by multiple enzymes, signaling networks, and metabolic controls.
Although the principal biochemical routes underlying plant VOC
biosynthesis—including the lipoxygenase (LOX), methylerythritol
phosphate (MEP), mevalonate, and shikimate pathways—are
broadly conserved across many plant taxa, the resulting volatile
phenotypes are far from uniform. The composition, abundance,
inducibility, and ecological deployment of emitted VOC blends vary
substantially among species, lineages, tissues, developmental stages,
and environmental contexts, reflecting differences in gene regula-
tion, metabolic flux, stress sensitivity, and ecological function
(Laothawornkitkul et al., 2009; Dudareva et al., 2013; Picazo-
Aragones et al., 2020). Thus, conservation at the level of core
biosynthetic architecture does not imply uniformity in volatile
output, because downstream regulation and pathway crosstalk
generate highly variable emission profiles across taxa. For instance,
the lipoxygenase (LOX) pathway is paramount in the production of
green leaf volatiles (GLVs), where the enzyme catalyzes the oxida-
tion of polyunsaturated fatty acids, generating C6 aldehydes and
alcohols (Vincenti et al., 2019; Hashem et al., 2022). Specifically, the
action of lipoxygenases is followed by hydroperoxide lyases (HPLs),
which cleave hydroperoxide fatty acids into volatile intermediates
(Kazimirova et al., 2021; Qian et al,, 2016). In parallel, terpenoid
biosynthesis is supported by the plastidial MEP pathway and the
cytosolic mevalonate pathway, which are themselves interconnected
through metabolic crosstalk and contribute to the diversity of

TABLE 1 Major classes of plant volatile organic compounds and their functional roles.

Major biosynthetic
pathway

Representative

VOC class
compounds

Typical stress
triggers

Primary ecological functions

I s t >
Terpenoids MEP/Mevalonate pathways SOprene, monoterpenes

sesquiterpenes

Herbivore deterrence, predator attraction, Heat, herbivory,

atmospheric interactions drought

Green Leaf Volatiles

LOX-HPL pathway Hexanal, hexenal, hexenol

(GLVs)

Benzenoids/ L Methyl salicylate,
Shikimate path

Phenylpropanoids tmate pathway benzaldehyde

Rapid wound signaling, plant-plant Mechanical damage,

communication herbivory

Pollinator attraction, defense signaling Pathogen infection

Sulfur-containing

VOCs Glucosinolate metabolism

Dimethyl sulfide

Herbivore deterrence, oxidative signaling Biotic stress

VOC(s), Volatile Organic Compound(s); MEP, Methylerythritol Phosphate pathway; MVA, Mevalonic Acid pathway; LOX, Lipoxygenase; HPL, Hydroperoxide Lyase; LOX-HPL,
Lipoxygenase-Hydroperoxide Lyase pathway; GLVs, Green Leaf Volatiles; DMS, Dimethyl Sulfide; MeSA, Methyl Salicylate.
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isoprene, monoterpene, and sesquiterpene emissions (Dudareva
et al., 2013; Picazo-Aragones et al., 2020). Benzenoid and
phenylpropanoid volatiles are primarily derived from the shikimate
pathway and its downstream branches, further adding to the
complexity and specificity of plant volatile blends
(Laothawornkitkul et al., 2009; Picazo-Aragonés et al., 2020).

Recent advancements in bioengineering have allowed for the
optimization of these enzymes to enhance GLV production for
applications in food flavoring and agriculture (Vincenti et al., 2019;
Gigot et al., 2012). At the same time, the regulation of these
biosynthetic genes is intricate and highly context-dependent,
often mediated by environmental signals, developmental cues,
and stress-responsive hormonal pathways, leading to substantial
variations in VOC emission profiles under different stress condi-
tions (Picazo-Aragones et al., 2020; Kanjana et al., 2026;
Laothawornkitkul et al., 2009). This regulatory plasticity is central
to the role of VOCs as stress-responsive outputs, because it enables
plants to generate volatile blends that are not only chemically
diverse but also ecologically tuned to specific biotic and abi-
otic challenges.

2.3 Stress-responsive transcriptional and
signaling networks

Upon encountering stress, plants activate complex transcrip-
tional networks that orchestrate the biosynthesis of VOCs. The
signaling molecule jasmonate plays a central role in this process,
and studies indicate that the interaction between jasmonate signal-
ing and other hormones (e.g., salicylic acid) is crucial for regulating
the defensive response (Ngumbi et al, 2022; Qi et al, 2011).
Hormonal shifts triggered by stress can alter the expression of

10.3389/fpls.2026.1815183

LOX and HPL genes, highlighting a multifaceted regulatory mech-
anism (Maynard et al,, 2021; Hu et al., 2023). The integration of
signals from biotic stressors (e.g., herbivores) and abiotic factors
(e.g., drought) can potentiate the transcriptional activation of
defense-related genes, modulating not just VOC emissions, but
also broader metabolic pathways (Tong et al., 2012; Gorman et al.,
2021). Understanding these networks is vital for developing strat-
egies to enhance crop resilience against pests and diseases (Shiojiri
et al.,, 2006; Hamid et al., 2023).

2.4 Hormonal regulation: JAs, salicylates,
ethylene, and ABA pathways

Hormonal regulation within plants significantly influences
VOC production. Jasmonic acid and its methyl ester are key
hormones in the defense response, prompting the biosynthesis of
terpenoid and benzenoid compounds (Wang et al., 2020; Qian et al.,
2016). Ethylene is also implicated in promoting the emission of
stress-induced VOCs, particularly during plant reproductive stages
(Mostafa et al., 2022b). The interplay between these hormonal
pathways creates a dynamic stress response, allowing plants to
optimize energy use toward defensive strategies while balancing
growth (Qi et al,, 2011; Das et al., 2025). Additionally, abscisic acid
(ABA), primarily known for its role in drought response, has been
shown to participate in VOC signaling pathways, where it can either
promote or inhibit volatile emissions depending on the context
(Palai et al., 2023; Gorman et al., 2021).

Major plant stress-responsive metabolic pathways responsible
for the biosynthesis of VOCs include the lipoxygenase (LOX)
pathway, which produces green leaf volatiles (GLVs). In contrast,
the plastidial methylerythritol phosphate (MEP) pathway and the

Stress Signaling Phytohormones
Regulate and Activate VOC Biosynthetic Pathways

JA SA ABA
Jasmonic Acid Salicylic Acid Abscisic Acid

FIGURE 1

metabolic flow.

' 1 ]
] . ]
i ' I
ox ( GREEN LEAF VOLATILES
L
LOX PATHWAY Fatty Acids »  Hydrop > GLV:
Lipoxygenase (6Lvs)
\& /)
PO | (i 2\
EP (Plasti
MEP / MVA PATHWAYS Primary —_—— IPP/DMAPP —————pp H_> N7 TERPENOID
- Erecdrsors / MVA (Cytosol) 4 Terpene " EHOIDS
\ Synthases ,‘ \ 4
— (
SHIKIMATE PATHWAY e PAL 5 Phenylalani | BENZENOIDS /
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Biochemical pathways of stress-induced volatile organic compound production in plants. JA, Jasmonic Acid; SA, Salicylic Acid; ET, Ethylene; ABA,
Abscisic Acid; LOX, Lipoxygenase; MEP, Methylerythritol Phosphate pathway (plastidial); MVA, Mevalonate pathway (cytosolic); PAL, Phenylalanine
Ammonia-Lyase; GLVs, Green Leaf Volatiles; Dashed arrows — Hormonal regulation (activation/modulation); Solid arrows — Biosynthetic pathway/
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cytosolic mevalonate pathway generate terpenoid VOCs (Figure 1).
The shikimate pathway leads to benzenoid and phenylpropanoid
compounds, and glucosinolate metabolism produces sulfur-con-
taining volatiles. Stress signaling phytohormones—including
jasmonic acid (JA), salicylic acid (SA), ethylene (ET), and abscisic
acid (ABA)—regulate the activation and intensity of these path-
ways, coordinating plant defensive and adaptive responses to biotic
and abiotic stress conditions.

2.5 Genetic variability and species-specific
volatile signatures

The variability in VOC profiles across different plant species can
be substantial and is often determined by genetic factors. Studies
have shown that different genetic backgrounds influence the ex-
pression of the LOX-HPL pathway, leading to distinct volatile
signatures associated with specific stressors (Engelberth, 2020;
Qian et al., 2016). For example, different grape varieties exhibit
divergent patterns of GLV emission, which can influence both
flavor profiles and plant interactions with herbivores and pollina-
tors (Engelberth, 2020; Hamid et al., 2023). Furthermore, genetic
studies using transgenic approaches have demonstrated that ma-
nipulating the expression of key biosynthetic genes can enhance
VOC production, thereby increasing resistance to herbivores and
pathogens (Fits and Memelink, 2000; Qi et al., 2024). This genetic
variability opens avenues for breeding programs to enhance stress
resilience by selecting for specific volatile profiles (Tian et al., 2018;
Picazo-Aragones et al,, 2020; Kanjana et al., 2026).

3 Abiotic stress drivers of volatile
emissions

Abiotic stressors drive plant VOC emissions, positioning them
as volatile stressometers of environmental perturbation. Distinct
stress conditions, such as heat, drought, salinity, nutrient limitation,
and atmospheric pollution, generate characteristic emission profiles
that encode the intensity, duration, and combinatorial nature of
physiological stress responses.

3.1 Heat and temperature extremes

Heat stress and temperature extremes significantly impact
volatile emissions from plants, influencing their physiological and
biochemical processes. As temperatures exceed optimal levels,
plants experience elevated metabolic rates, leading to increased
synthesis of VOCs that are essential for signaling stress responses
and attracting beneficial organisms. Munné-Bosch et al. (2004)
noted that high-temperature exposure compromised the antioxi-
dant protective mechanisms in plants such as Holm Oak, ultimately
affecting their growth and reproductive success under drought
conditions. Moreover, Khalid et al. (2025) discussed how extremes
can disrupt not only growth but also critical developmental pro-
cesses, such as flower and fruit formation, thereby negatively
influencing overall yield.
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3.2 Drought and water stress

Drought is a principal abiotic stress affecting crop performance
worldwide, resulting in substantial yield losses. As stressed plants
activate various phytohormone-mediated signaling pathways, they
also enhance the biosynthesis of secondary metabolites and volatile
compounds that help defend against oxidative damage (Vwioko
et al,, 2018; Ogwu, 2025). Jogawat et al. (2021) provided insights
into the systemic activations within the plant that facilitate drought
tolerance, linking the production of stress-related VOCs with intra-
plant communication and resilience. The interplay of stress signal-
ing cascades also integrates responses to stomatal closure, a key
mechanism for conserving water during periods of low moisture
(Xu et al., 2024).

3.3 Salinity stress

Salinity poses a significant challenge to plant growth, especially
in arid regions where soil salinization commonly occurs due to poor
irrigation practices. Chaudhry et al. (2022) indicated that salt stress
disrupts ionic balance and osmotic potential in plants, initiating
adaptive responses that include the release of stress-related volatiles.
These VOCs play a dual role, modulating plant-plant interactions
under stress conditions and signaling to neighboring plants.
Additionally, the production of compatible solutes, such as proline,
which accumulates under salinity stress, has been closely associated
with enhanced plant resilience (Rani and Tokas, 2020).
Furthermore, arbuscular mycorrhizal fungi can ameliorate the
negative impacts of salinity through enhanced nutrient uptake,
which correlates with improved emission profiles of beneficial
volatiles (Wahab et al., 2023; Aggarwal et al., 2012).

3.4 Nutrient limitation and soil degradation

The health of soil directly influences plant growth and stress-
related emissions. Varallyay emphasizes how nutrient deficiencies
and soil degradation processes can lead to poor plant health,
consequently impairing their ability to respond to abiotic stress
(Varallyay, 2002). Nutrient availability affects plant metabolic
pathways, which, in turn, determine the levels of stress-signaling-
associated VOCs emitted. Hu et al. (2010) reviewed the interplay
among multifunctional genes involved in stress resistance, noting
that nutrient uptake and effective signaling are critical for plant
response robustness. The effects of these deficiencies are com-
pounded in degraded soils, leading to diminished plant resilience
and reduced volatile production.

3.5 Atmospheric pollution and oxidative
stress

Atmospheric pollutants exacerbate stress responses and affect
the VOC emission profiles of plants. Munne-Bosch et al. (2004)
linked air impurities to oxidative stress and alterations in
phytohormonal dynamics, which impact photosynthesis and met-
abolic efficiency. Knieper et al. (2023) indicated that reactive oxygen

frontiersin.org


https://doi.org/10.3389/fpls.2026.1815183
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Ogwu et al.

species (ROS) act as key signaling molecules under stress condi-
tions, promoting the production of defensive compounds while also
necessitating precise regulatory mechanisms to prevent cellular
damage. The VOCs emitted in response to oxidative stress can
also serve as signals to attract natural enemies of herbivores or as
markers to initiate defense pathways in neighboring plants.

3.6 Combined and cascading stress effects

The simultaneous impacts of multiple abiotic stressors often
lead to cascading effects that complicate plant responses. Drought,
salinity, and temperature extremes frequently co-occur, creating a
complex environment that strains plant adaptive capacity. Localized
studies, such as those by Tamang and Fukao, demonstrate that
plants exhibit integrated responses to multiple stresses, which
include heightened VOC emissions that serve as indicators of
physiological status and stress levels (Tamang and Fukao, 2015).
Moreover, the phenomenon of cross-tolerance, in which prior
exposure to one form of stress enhances resistance to others,
underscores the importance of understanding these interconnected
stress responses, as emphasized by Cortleven et al. (2019) in the
context of phytohormones such as cytokinins.

4 Biotic stress and ecological defense
signaling

At the ecological scale, plant VOCs function as volatile
stressometers, propagating stress information across organisms
and mediating interactions among neighboring plants, herbivores,
and microbial communities through context-dependent signal-
ing networks.

4.1 Herbivore-induced plant volatiles

Herbivore-induced plant volatiles (HIPVs) are a critical com-
ponent of plant defense strategies, serving both to deter herbivores
and to recruit natural enemies. When attacked by herbivores, plants
emit specific VOCs that can serve as signals to other plants and
organisms in the ecosystem. These HIPVs can vary significantly in
composition depending on the type of herbivore and the extent of
damage (Kumar et al., 2017; Zheng et al, 2025). For instance,
studies have shown that plants such as Arabidopsis thaliana exhibit
distinct volatile profiles when infested by different herbivores,
thereby facilitating the attraction of specific predators and parasit-
oids (Kumar et al,, 2017; Stirling et al., 2024). Additionally, the
timing and quantity of HIPV emissions can be fine-tuned based on
immediate pest presence, showcasing an adaptive signaling mech-
anism (Kutty and Mishra, 2023).

4.2 Pathogen-induced volatile signaling
Pathogen attacks also trigger robust volatile signaling in

plants, activating metabolic pathways that enhance systemic
defenses. The compounds released during pathogen infection
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not only help ward off pathogens but also induce defensive
responses in neighboring plants (Howard et al, 2021). This
phenomenon implicates VOCs as integral players in plant-to-
plant communication, where signals can modulate the neighbor-
ing plant’s biochemical makeup in preparation for potential
infections. The complexity of these interactions suggests an
evolutionary advantage, as plants exhibiting heightened defensive
states can better withstand subsequent attacks (Howard et al,
2021; Raza et al., 2021). For example, certain pathogens provoke a
rapid release of volatile compounds such as green leaf volatiles,
which can enhance the defensive capabilities of nearby plant
communities through a cascading network of chemical commu-
nication (Kutty and Mishra, 2023).

4.3 Plant—microbe signaling interactions

The interactions between plants and their associated microbial
communities in the rhizosphere represent another intricate layer of
ecological communication. Microbial volatile organic compounds
(mVOCs), meaning low-molecular-weight volatile compounds re-
leased by bacteria and fungi, can significantly influence plant health
and growth by modifying plant metabolic pathways and promoting
nutrient uptake. mVOCs are secreted by beneficial microbes and can
significantly influence plant health and growth by modulating plant
metabolic pathways and promoting nutrient uptake (Raza et al., 2021).
Research indicates that mVOCs play dual roles: they mediate allelo-
pathic interactions between plants and suppress pathogenic responses,
while also enhancing plant growth-promoting activities (Vasseur-
Coronado et al,, 2021; Jain et al, 2024). Microbial species such as
Bacillus tend to release specific mVOC:s that can directly promote plant
growth, indicating that the rhizosphere is a dynamic arena for volatile-
mediated interactions influencing plant resilience and overall ecosys-
tem health (Jain et al., 2024). For example, bacterial mVOCs such as
2,3-butanediol and acetoin produced by Bacillus species have been
shown to stimulate plant growth and induce systemic resistance.
Similarly, fungal volatiles such as 6-pentyl-o-pyrone emitted by
Trichoderma spp. can enhance root development and activate defense
responses. Other compounds, including dimethyl disulfide (DMDS)
and indole, contribute to nutrient mobilization, pathogen suppression,
and signaling processes that regulate plant-microbe and plant-
plant interactions.

4.4 Multi-trophic ecological
communication networks

The ecological networks established through volatile communica-
tion extend beyond direct plant-microbe interactions to encompass
broader multi-trophic levels involving herbivores and their natural
enemies. For instance, the reception of HIPVs can trigger responses in
predators, creating a triadic ecological relationship that enhances
plants’ defenses against herbivores while facilitating predator attraction
(Kumar et al.,, 2017; Sharifi and Ryu, 2020). Such networks illustrate
how a breakdown at one point—whether due to an abiotic stressor or a
novel pest invasion—can disrupt the entire ecological balance and affect
plant productivity, underscoring the need for integrated pest
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management strategies that account for these complex interactions
(Sharifi and Ryu, 2020; Stirling et al., 2024).

Figure 2 illustrates a conceptual multi-trophic ecological com-
munication system mediated by plant VOCs. Stress-induced VOC
emissions from plants influence neighboring plants, herbivores,
predators, and parasitoids, as well as soil and phyllosphere micro-
bial communities, creating interconnected signaling pathways
across trophic levels. Bidirectional feedback loops indicate how
these interacting organisms can both respond to and modify plant
volatile emissions, thereby shaping plant defense strategies, trophic
interactions, and ecosystem stability. Figure 2 highlights the com-
plexity of VOC-mediated ecological signaling as a dynamic, feed-
back-regulated communication network spanning plant, insect, and
microbial communities.

4.5 Mechanisms of volatile perception in
receiving organisms

A central mechanistic question in volatile stress biology is how
emitted compounds are perceived by receiving organisms and trans-
lated into downstream physiological or behavioral responses. In
neighboring plants, volatile perception is increasingly understood as
a multi-step process involving uptake, signal conversion, and integra-
tion into canonical defense and stress-response networks. Volatile entry
may occur through stomata, cuticular surfaces, or diffusion across
cellular interfaces, after which compounds or their derivatives can alter
membrane properties, cellular redox status, or intracellular signaling
states (Wang and Erb, 2022; Aguirre et al., 2023). Emerging evidence
further suggests that volatile exposure can activate early signaling
events such as calcium influx, reactive oxygen species accumulation,
and mitogen-activated protein kinase cascades, which subsequently
intersect with jasmonic acid, salicylic acid, ethylene, and abscisic acid
pathways to regulate defense priming and stress acclimation (Wang
and Erb, 2022). For green leaf volatiles and other herbivore-induced

10.3389/fpls.2026.1815183

cues, these responses are often associated with priming rather than
immediate full defense activation, allowing receiver plants to mount
faster or stronger responses upon subsequent challenge. At the same
time, dedicated high-affinity receptors for many plant VOCs remain
incompletely resolved, indicating that volatile perception in plants may
rely on a combination of physicochemical uptake, transport processes,
metabolic conversion, and signal integration rather than a single
universal receptor system (Wang and Erb, 2022).

In insects, volatile perception is more clearly characterized and
depends on specialized olfactory systems located primarily in antennal
sensilla. Plant volatiles enter through pores in the sensillar cuticle and
are transported through receptor lymph by odorant-binding proteins
and chemosensory proteins to olfactory receptor neurons, where
ligand-selective odorant receptors and co-receptors convert chemical
signals into neural activity that drives host recognition, oviposition
decisions, avoidance behavior, and attraction to herbivore-induced
plant cues (Qi et al, 2024; Zhang et al., 2023). These mechanisms
are especially important in herbivores, parasitoids, and predators that
exploit plant-emitted volatiles to locate hosts, prey, or suitable feeding
and reproductive environments.

Volatile perception in microbial systems remains less well resolved.
However, current evidence indicates that microbial volatile compounds
can alter membrane properties, redox balance, transcriptional regula-
tion, and hormone-associated signaling in plants, while also reshaping
microbial behavior in the rhizosphere (Sharifi and Ryu, 2018). Such
responses can influence microbial growth, motility, antagonistic activ-
ity, colonization, and biofilm formation, thereby extending the signif-
icance of volatile signaling beyond plant-plant communication to
broader plant-microbe interaction networks. This unresolved but
rapidly developing area remains important because the utility of
VOC:s as stress indicators depends not only on what plants emit but
also on how reliably these signals are taken up, decoded, and translated
into biological responses by neighboring plants and associ-
ated organisms.
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Conceptual multi-trophic ecological communication network mediated by plant volatile organic compounds.
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4.6 Evolutionary ecology of volatile-
mediated defense

The evolutionary implications of volatile-mediated communi-
cation suggest a continuous co-evolutionary dynamic between
plants and their microbial associates. Plants have been shown to
adapt their volatile emissions in response to varying environmental
conditions and biotic pressures, leading to the development of
specialized microbial communities in the rhizosphere that enhance
their ability to cope with stressors (Sarsaiya et al., 2025). These
interactions highlight the delicate balance between fitness costs and
benefits among plant and microbial partners, in which plants may
evolve to emit distinct volatile profiles that favor beneficial microbes
while deterring pathogens (Klein et al., 2022). Understanding these
aligned evolutionary pathways can provide key insights into opti-
mizing sustainable agricultural practices and managing crop health
(Sarsaiya et al., 2025; Bohm et al., 2017).

10.3389/fpls.2026.1815183

Plants experience a wide range of abiotic and biotic stressors,
including heat stress, drought, herbivory, pathogen attack, and environ-
mental pollution, which activate complex physiological and biochemical
response pathways. A key outcome of these responses is the emission of
VOCs, which function as integrative signals linking stress perception to
ecological and atmospheric processes. Figure 3 provides an overview of
this broader ecological logic by showing how multiple abiotic and biotic
stressors converge on VOC emission pathways, positioning plant
volatiles as integrative stress signals that connect physiological stress
perception with ecological interactions and biosphere-atmosphere feed-
backs. These converging stress inputs shape volatile outputs that
influence plant defense against herbivores and pathogens, intra- and
inter-plant communication, and atmospheric processes relevant to air
quality and climate interactions. In this sense, VOC emissions function
not merely as by-products of stress, but as central mediators through
which plants translate environmental disturbance into ecologically and
atmospherically consequential information streams.
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Plant VOC emission patterns are shaped by interacting abiotic
and biotic stressors that activate distinct metabolic pathways and
signaling networks. Table 2 summarizes key stress drivers and their
associated volatile signaling responses.

5 Integration across biological scales:
from cells to ecosystems

The integration of plant volatile stress signals across multiple
biological scales is essential for understanding how plants respond
to environmental changes and communicate within and between
species at the cellular, whole-plant, community, landscape, and
ecosystem levels. Plant volatile stress signals operate across nested
biological and ecological scales, linking intracellular processes to
ecosystem-level feedbacks. Table 3 summarizes the multi-scale
structure of volatile signaling systems.

Plant VOCs should be viewed as one major component of plant
stress integration rather than the sole signaling mechanism linking
molecular responses to ecological and ecosystem outcomes. Alongside
VOCs, plants rely on additional signaling modalities, including mobile
non-volatile metabolites, electrical signals, hydraulic signals, and sys-
temic hormonal transport, all of which contribute to stress perception,
signal amplification, and long-distance coordination. Mechanistic evi-
dence for VOC function is strongest at the molecular, cellular, and
organismal levels, where biosynthesis, emission, uptake, perception, and
downstream signaling have been increasingly resolved (Wang and Erb,
2022). By contrast, scaling these processes to landscape- and ecosystem-
level dynamics currently depends on hierarchical ecological interpreta-
tion, atmospheric transport and degradation processes, and coupled
biophysical models rather than a single universally validated mechanis-
tic framework (Holopainen and Blande, 2013; Blande et al., 2014).

5.1 Cellular-level metabolic signaling
integration

At the cellular level, plants have evolved complex biochemical
pathways to respond to abiotic and biotic stresses. The perception of
stress signals triggers defense mechanisms that operate primarily in
the apoplast, the space outside plant cells, accumulating molecules
such as ascorbate and secondary metabolites before the cellular
processes are significantly affected (Du et al., 2024). The synthesis of

TABLE 2 Abiotic and biotic drivers of stress-induced VOC emissions.

10.3389/fpls.2026.1815183

various secondary metabolites not only serves defensive roles but
also contributes to a metabolic network that can adapt to environ-
mental stresses (Midzi et al., 2022; Isah, 2019). Recent investigations
underscore how metabolites function as signaling molecules, inte-
grating metabolic responses at the cellular level with environmental
stimuli while minimizing metabolic costs (Du et al., 2024).
Moreover, VOCs act as critical signals that mediate intra- and
intercellular communication, preparing neighboring cells for potential
stressors even before they arise. This phenomenon exemplifies antic-
ipatory responses in plants, highlighting the predictive power of plant
signaling mechanisms (Midzi et al., 2022; Ninkovic et al., 2020). The
diverse profiles of VOCs emitted under stress conditions thus reflect
complex regulatory networks within plant cells, showcasing the intri-
cate relationships between ecological context and physiological status.

5.2 Whole-plant physiological responses

At the whole-plant level, physiological responses to stress
involve alterations in growth and metabolic pathways. The adaptive
strategies employed by plants under drought or salinity conditions
can lead to significant shifts in volatile emissions, affecting not only
plant health but also community dynamics (Midgley, 2017; Midzi
et al., 2022). The adjustment of these emissions can prime other
plants, mitigating shared risks (Midzi et al., 2022; Ninkovic et al.,
2020). For instance, some plants are capable of “eavesdropping” on
stress-induced signals from neighboring plants, allowing them to
preemptively activate their defense mechanisms without direct
exposure to the stressor (Midzi et al., 2022; Ninkovic et al., 2020).

Recent studies also examine the roles of essential nutrients like
potassium, which influences various physiological processes linked
to stress responses (Sardans and Pefiuelas, 2021). Drought stress has
been shown to trigger specific pathways that upregulate the expres-
sion of genes involved in stress tolerance, leading to enhanced
production of osmoprotectants and antioxidants, which help main-
tain cellular integrity (Mathivanan, 2021; Aslam et al., 2022). These
physiological adaptations at the whole-plant level are crucial for
optimizing plant fitness in increasingly variable environments.

5.3 Community-level signaling and plant—
plant communication

At the community level, plant interactions facilitated by VOCs
are critical for maintaining ecological balance. These volatiles serve

Stress Specific Primary physiological Typical VOC . .
P y phy 9 yp Ecological function
category stressor response response
L Membrane destabilization and ROS X L Thermal protection and atmospheric
Abiotic Heat stress K Increased isoprene emissions
production feedback
Abiotic Drought Stomatal closure and ABA activation Terpenoid and GLV shifts Stress priming and plant communication
Abiotic Salinity Tonic imbalance Stres%-related secondary Defense signaling
volatiles
L . o HIPVs (terpenoids and X
Biotic Herbivory Jasmonate activation Predator recruitment
GLVs)
Biotic Pathogens SA signaling Benzenoid compounds Induced systemic resistance

ROS, Reactive Oxygen Species; ABA, Abscisic Acid; GLVs, Green Leaf Volatiles; HIPVs, Herbivore-Induced Plant Volatiles; SA, Salicylic Acid.
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TABLE 3 Cross-scale integration of plant volatile signaling.
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as “signals” that communicate stress conditions to neighboring
plants, influencing their physiological states and enhancing com-
munity resilience. For instance, research illustrates how some
species can emit protective volatiles in response to herbivore
damage, effectively warning neighboring plants of potential threats
(Ninkovic et al., 2020; Cofer et al., 2018). The networking of volatile
signals in plant communities demonstrates the ecological specificity
and context-dependent nature of plant interactions. Environmental
factors, including pollution and varying climates, can alter these
signaling pathways, thereby altering community dynamics (Blande
et al.,, 2014). Additionally, plants may develop varying degrees of
tolerance depending on their neighboring flora and the prevalence
of beneficial microorganisms in their rhizospheres (Chieb and
Gachomo, 2023; Portal-Gonzalez et al., 2025). This mutualistic
relationship underscores the need to examine plant interactions
holistically, considering both above- and below-ground dynamics.

5.4 Landscape-scale volatile fluxes

At the landscape scale, VOC fluxes significantly impact regional
ecosystems and atmospheric processes. Studies suggest that as
climate conditions, such as temperature and humidity, change,
they can alter the rates of VOC emissions, thereby affecting air
quality and cloud chemistry (Wang et al., 2018; Prugh et al., 2018).
For example, elevated temperatures can increase isoprene emis-
sions, which are important for cloud formation and have implica-
tions for local climate regulation (Durand et al., 2025; Bacheva et al.,
2025). Furthermore, models indicate that these landscape-level
interactions involve not only the direct physiological responses of
plants but also feedback loops that include community composition
and ecosystem productivity (Shugart et al., 2020; Midzi et al., 2022).
Notably, certain plant species may respond differently to temper-
ature changes, revealing the complexity of species interactions at the
landscape level and their implications for biodiversity conservation
and ecosystem management (Prugh et al, 2018; Bacheva et al,
2025). Although VOC flux measurements are increasingly incor-
porated into atmospheric and Earth-system models, direct empir-
ical datasets linking plant VOC fluxes to ecosystem resilience,
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productivity, or other integrated ecological performance metrics
remain comparatively limited. At present, the strongest large-scale
linkages are to atmospheric chemistry, aerosol formation, and
climate feedback processes rather than to fully resolved ecosystem
function indicators such as resilience or productivity
(Laothawornkitkul et al., 2009).

5.5 Ecosystem feedbacks and climate
interactions

At the ecosystem level, the feedback mechanisms resulting from
plant volatile emissions play a crucial role in shaping ecological
outcomes under climate change. As plants emit VOCs, these
compounds can influence not only local microclimates but also
larger-scale climatic processes, such as atmospheric chemistry and
aerosol formation, which, in turn, affect plant performance and
community structure (Wang et al., 2018; Prugh et al,, 2018).
Moreover, interactions between abiotic stresses like drought and
heat and their combined effects on volatile emissions highlight the
interconnectedness of climate events and plant responses (Cofer
et al., 2018; Papazian et al,, 2016). Understanding how these
multiple stressors interact to influence plant communities and
their resilience is crucial for predicting future ecosystem dynamics
and for implementing conservation strategies to bolster ecosystem
health and sustainability in the face of climate change (Mathivanan,
2021; Portal-Gonzalez et al., 2025). Enhanced knowledge in these
areas is essential for developing resilient agricultural practices and
promoting biodiversity conservation in changing environmen-
tal contexts.

Rather than operating as isolated biochemical outputs, these
volatile signals connect intracellular metabolic regulation with
broader ecological and atmospheric dynamics, illustrating how
stress information is generated, transmitted, and amplified across
biological scales (Figure 4). Beginning at the cellular and tissue
levels, stress-induced biochemical processes drive VOC synthesis
and release, which subsequently propagate through whole-plant
physiological responses, plant-plant and plant-insect communica-
tion at the community level, landscape-scale atmospheric disper-
sion, and broader climate feedback interactions. It highlights how
localized biochemical signaling mechanisms scale upward to influ-
ence ecosystem interactions and atmospheric processes, establish-
ing plant volatile signaling as a critical cross-scale communication
system linking cellular stress responses to global ecological and
climate dynamics.

6 Technologies for detecting and
quantifying plant volatile stress signals

The study of plant VOCs, particularly under stress conditions,
has gained substantial attention due to their critical role in plant
communication, pest deterrence, and responses to environmental
changes. Technologies available for detecting and quantifying these
signals may be subdivided into approaches ranging from laboratory
platforms to advanced field-deployable technologies. Advances in
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Cross-scale architecture of plant VOCs as volatile stressometers,
illustrating how stress-induced biochemical and physiological
responses are translated across biological and ecological scales—
from cellular signaling and whole-plant responses to community
communication, atmospheric transport, and ecosystem-level
feedbacks.

sensing and analytical technologies enable plant VOCs to be
captured and decoded as quantifiable volatile stressometers, trans-
forming transient emission signals into high-resolution data
streams for real-time assessment of plant stress and environmental
conditions.

6.1 Laboratory analytical platforms

Laboratory analytical platforms play a pivotal role in the
identification and quantification of plant VOCs. Among the most
prevalent techniques are Gas Chromatography-Mass Spectrometry
(GC-MS), Proton Transfer Reaction Mass Spectrometry (PTR-MS),
and Selected Ion Flow Tube Mass Spectrometry (SIFT-MS).

1. Gas Chromatography-Mass Spectrometry (GC-MS) is re-
garded as one of the most reliable and established methods
for analyzing complex mixtures of VOCs. It enables detailed
chemical profiling, making it especially valuable for meta-
bolic studies and stress response analyses (Cuaran and Leon,
2021; Pham and Beauchamp, 2022). GC-MS enables effec-
tive separation and quantification of volatile compounds
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derived from plant tissues, thereby contributing significantly
to genetic and biochemical research (Frolova, 2025).

2. Proton Transfer Reaction Mass Spectrometry (PTR-MS)
offers several advantages over traditional methods, including
the ability to perform real-time analysis of VOCs with
minimal sample preparation. This technique is particularly
beneficial for studying dynamic changes in VOC emissions
from plants under stress conditions, as it provides rapid
feedback necessary for ecological monitoring (Davison et al.,
2008; Lehnert et al., 2019).

3. Selected Ion Flow Tube Mass Spectrometry (SIFT-MS) is
gaining traction for its capacity to analyze gases directly and
instantaneously, without the need for extensive prior prepara-
tion. This gainful characteristic enables researchers to monitor
VOC fluxes in real time, which is inherently advantageous for
studying plant responses to stresses such as drought or
pathogen invasion (Lin et al.,, 2021; Danner et al., 2012).

6.2 Field-deployable proximal sensing
technologies

Field-deployable proximal sensing technologies include porta-
ble devices that facilitate immediate measurement of plant VOCs
under natural conditions. These technologies are essential for real-
time monitoring in various agricultural contexts.

» Portable Gas Analyzers equipped with miniaturized GC-MS
or MS systems enable on-site VOC measurements, provid-
ing actionable data for farmers and researchers (Rane et al.,
2024). Integrating these technologies with cloud computing
capabilities allows for data sharing and immediate decision-
making (Rayes et al., 2015).

* Spectroscopy-Based Sensors work through techniques such
as near-infrared (NIR) or other spectroscopic measurements
to assess plant health and VOC emissions in situ, offering
complementary data on physiological stress responses
(Rayes et al., 2015).

6.3 Drone- and satellite-based
atmospheric sensing approaches

The advent of UAVs and satellite technologies for atmospheric
monitoring represents a paradigm shift in ecology and agriculture,
enabling comprehensive ecosystem assessments at both macro and
micro scales.

« Drones equipped with high-resolution sensors can capture
fine-scale measurements of plant emissions. According to several
studies, UAVs have proven effective for mapping and quantifying
VOC emissions over large areas, thus providing vital data for
ecological modeling and agricultural management (Merlaud et al.,
2017; Ponce-Campos et al., 2023). Satellite-based sensing ap-
proaches enhance the ability to monitor plant health by allowing
for extensive spatial coverage. Here, satellite data can be combined
with drone imagery to yield an integrated understanding of plant
stress dynamics across diverse landscapes (Gadhwal and Sharda,
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2023). This synergy enhances the precision of monitoring systems,
thus improving agricultural practices and ecosystem management.

Despite their value for broad-scale monitoring, most remote-
sensing platforms do not measure plant VOCs directly, but instead
infer stress states through correlated physiological or spectral proxies
such as canopy temperature, reflectance indices, fluorescence, or
structural change. This introduces several uncertainties because such
signals are not uniquely attributable to VOC emissions and may also
reflect water status, nutrient limitation, disease severity, canopy archi-
tecture, mixed-species composition, or background atmospheric con-
ditions. In addition, scale mismatch between leaf-level VOC emission
processes and canopy- or landscape-level remote observations compli-
cates interpretation, especially where signals are spatially heterogeneous
or temporally transient. Remote sensing is therefore best viewed at
present as an indirect and complementary approach for identifying
candidate stress patterns, rather than as a fully resolved method for
VOC detection without concurrent validation against direct chemical
measurements (Oerke, 2020; Zhang et al., 2025).

6.4 Biosensors and wearable plant-
monitoring systems

Biosensors and wearable technologies have emerged as novel
approaches to monitor plant health through VOC detection.

*  Wearable Sensors equipped with biosensitive materials can
continuously monitor physiological indicators and VOC
emissions, enabling real-time evaluation of plant health
(Hasan et al., 2019). These devices differ from traditional
methods by providing growers with immediate, direct feed-
back, thereby fostering better management practices in
horticulture (Barrile et al., 2022).

* Colorimetric Sensors developed for specific VOCs can signal
changes in plant health due to stress, allowing for non-
invasive monitoring techniques that could reduce waste and
labor in agricultural settings (Hossain et al., 2024).

6.5 Advances in continuous real-time
monitoring systems

Recent developments in continuous monitoring systems incor-
porate advanced data analysis techniques, enabling automated
evaluation of plant health through VOC emissions.

10.3389/fpls.2026.1815183

 Integration of remote sensing technologies along with data
analytics has enabled a more nuanced understanding of plant
health. The application of machine learning algorithms, paired
with real-time data from instruments such as GC-MS and PTR-
MS, enables predictive analytics of plant responses to stressors
(Perez et al.,, 2015; Rane et al., 2024).

* Eddy covariance methods equipped with PTR-MS facilitate
the measurement of VOC fluxes over broader ecological
systems, enhancing the understanding of ecological dynam-
ics and biogenic emissions on a larger scale (Acton
et al., 2016).

Technological advancements now enable the detection of VOC
emissions across laboratory, field, and atmospheric scales. Table 4
summarizes major sensing platforms and their operational scales.
The use of both laboratory-based and field-deployable technologies
for monitoring plant volatile organic compounds is crucial for
agricultural sustainability, plant physiology research, and ecosystem
monitoring. Through a combination of traditional mass spectrom-
etry and modern remote sensing techniques, researchers are now
better equipped to understand the intricate relationships between
plant responses to environmental stresses and the VOCs they emit.

7 Data integration, artificial
intelligence, and predictive
environmental monitoring

In the context of agriculture and ecosystem management, integrat-
ing data, artificial intelligence (AI), and machine learning (ML)
technologies offers unprecedented potential to enhance our under-
standing of plant responses to stress. There are multifaceted approaches
that may be employed to integrate these technologies for predictive
environmental monitoring, focusing on the recognition of VOC
patterns, multi-omics for stress detection, digital twins of physiological
systems, decision-support systems, and scaling predictive stress detec-
tion from agricultural fields to larger ecosystems.

7.1 Machine learning approaches for VOC
pattern recognition

Machine learning methodologies have emerged as a significant
asset in recognizing, analyzing, and predicting plant VOC emissions

TABLE 4 Technologies for detection and monitoring of plant volatile stress signals.

Technology
category

Key instruments

Measurement
scale

Strengths Limitations

Laboratory analytical systems GC-MS, PTR-MS, and SIFT-MS

Molecular/tissue level

High accuracy, and compound

Limited fiel licabili
\dentification imited field applicability

Proximal sensing systems Portable gas analyzers

Field/crop level

Real-time monitoring Calibration variability

X UAV-mounted sensors and
Remote sensing platforms .
satellites level

Biosensors/wearable plant Colorimetric sensors and

SENsors nanosensors

Landscape/ecosystem

Individual plant level

o Signal resolution
Large-scale monitoring challenges

. L Limited compound
Continuous monitoring ficit
specificity
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in response to various stressors. Algorithms such as deep learning
models are increasingly used to identify plant stress patterns from
VOC and remote-sensing datasets, including convolutional neural
networks (CNNs), which automatically learn hierarchical spatial
features from high-dimensional inputs such as hyperspectral imag-
ery, thermal images, and sensor arrays, and recurrent neural
networks (RNNs), which capture temporal dependencies in sequen-
tial data and are therefore especially useful for tracking dynamic
changes in plant stress signals over time (Jiang and Li, 2020;
Kattenborn et al., 2021). CNNs and RNNs excel in processing
complex datasets generated from environmental monitoring and
remote sensing, enabling the identification of stress patterns that
may not be readily observable with traditional methods (Buchha,
2025; Alphonse et al.,, 2025; Sayginer, 2025). The application of
these technologies is exemplified by studies in which machine
learning algorithms achieved remarkable accuracy in classifying
plant health based on VOC emissions (Kayusi et al., 2025; Bianchi
and Putro, 2024). As data continues to flood in from connected
sensors and IoT devices, ML algorithms can uncover hidden
patterns, providing timely alerts on plant stress and facilitating
proactive management strategies.

7.2 Multi-omics integration for stress
detection

Multi-omics approaches integrate data from genomics, trans-
criptomics, proteomics, and metabolomics to provide a holistic
understanding of plant stress responses. By combining these diverse
datasets, researchers can identify critical biomarkers that correlate
with VOC emissions during stress events. This integrated approach
enables more efficient detection and monitoring of stress condi-
tions, thereby enhancing our predictive capabilities for plant health
(Tripathi et al,, 2025; VidhyaJanani et al., 2025). Machine learning
plays a crucial role in this integration, as it helps to process and
analyze the vast amounts of data generated by omics technologies
(Reddy et al., 2024). In particular, neural networks are used to
correlate various biological interactions and metabolomic changes
with specific VOCs emitted by plants, leading to comprehensive
stress-detection models. Predictive analytics derived from multi-
omics data can inform decision-making in agricultural practices
(Farooq and Manocha, 2023).

Current computational frameworks for integrating VOC data with
multi-omics and Al typically combine multivariate statistics, supervised
machine learning, pathway-based integration, and network-oriented
systems biology approaches rather than relying on a single standard-
ized pipeline. Commonly used methods include PCA, PLS-DA,
correlation- and association-based integration, random forests, support
vector machines, and deep-learning architectures such as CNNs and
RNNs for high-dimensional pattern recognition, while pathway data-
bases and network visualizations help link VOC features with
transcriptomic, proteomic, and metabolomic responses (Jamil et al,,
2020; Eicher et al, 2020). Emerging sensor-fusion and digital-twin
approaches further extend these frameworks by integrating VOC
measurements with physiological, environmental, and imaging data
streams. However, their broader application remains limited by several
challenges, including heterogeneity in data structure across instruments
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and omics layers, dimensionality imbalance, missing metadata, variable
preprocessing pipelines, and limited model interpretability. These
issues make it difficult to distinguish biologically meaningful signals
from statistical associations and to transfer trained models reliably
across species, stress contexts, and environments (Jamil et al., 2020;
Pinu et al., 2019; Eicher et al., 2020).

7.3 Digital twins of plant physiological
systems

Digital twins, which involve creating virtual representations of
physical systems, have been increasingly applied to plant physio-
logical systems to improve stress management strategies. These
models integrate real-time data from environmental sensors, satel-
lite imagery, and plant health diagnostics to simulate how plants
respond to different stressors (Alavi and King, 2020; Semeraro et al.,
2024; Kayusi et al,, 2025). The predictive models achieved through
these systems enable the identification of critical thresholds at
which plants begin to exhibit stress behaviors, thus informing
intervention strategies to mitigate stress impacts (Saygner, 2025).
Furthermore, integrating digital twins with advanced machine
learning methods enables personalizing agricultural practices
based on predictions derived from large datasets, optimizing
resource use while reducing waste (Buchha, 2025; Rane et al., 2024).

7.4 Real-time decision-support systems for
agriculture and conservation

Implementing real-time decision-support systems (DSS) repre-
sents a forward-thinking approach to managing agricultural land-
scapes and conserving natural ecosystems. These systems synthesize
data from various sources, including remote sensing and IoT sensors,
to derive actionable insights that inform farmers and conservationists
about the current health of crops and surrounding environments
(Alam et al, 2024; Rana and Bhambri, 2024). Al-driven models
enhance the capabilities of decision-support systems by providing
predictive analytics that identify potential risks and opportunities in
agricultural landscapes by analyzing VOC patterns, environmental
conditions, and other ecological variables. Machine learning models
can accurately forecast pest outbreaks and stress events, enabling
proactive management to increase productivity and sustainability in
farming practices (Sayginer, 2025; Szramowiat-Sala, 2023).

7.5 Scaling predictive stress detection from
fields to ecosystems

Scaling predictive stress detection translates insights from
individual crops into broader ecosystems. This requires an under-
standing of how stress signals and agricultural practices affect not
only the target plants but also the surrounding biodiversity and
ecosystem functionality (Bianchi and Putro, 2024; Ojadi et al,
2023). The integration of machine learning with geospatial analysis
enhances the ability to monitor and predict ecological changes at
multiple scales (Sayginer, 2025; Reddy et al., 2024).

AI methodologies can analyze landscape-level data to reveal
interactions among agricultural practices, pest species, and plant
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health, supporting conservation goals amid intensive agriculture
(Kazanskiy et al., 2025). Employing deep learning and machine
learning in this context can empower stakeholders to make in-
formed decisions that impact both crop yield and ecosystem health.
The combination of machine learning, multi-omics approaches,
and digital innovation offers promising pathways to tackle the
challenges posed by modern agriculture and climate change, en-
suring sustainable practices that benefit both food production and
biodiversity conservation.

8 Applications of plant volatile stress
signals for climate resilience and
ecosystem management

The utilization of plant VOCs has numerous implications
across various fields such as agriculture, ecosystem management,
and climate resilience. In applied agricultural and environmental
systems, plant VOCs serve as operational volatile stressometers,
providing actionable early-warning signals that support precision
stress detection, adaptive crop management, and resilience-based
ecosystem decision-making. Recent advances in understanding the
signaling pathways underlying these compounds have enabled the
development of innovative applications to detect stress responses in
plants, optimize agricultural practices, and monitor ecosys-
tem health.

8.1 Early-warning systems for crop stress
detection

Early-warning systems that use VOC emissions can provide
timely alerts on physiological stress in crops. Such systems are
underpinned by studies demonstrating that different stressors, such
as herbivory and environmental stress, activate distinct VOC
profiles in plants, which can be monitored using gas chromatogra-
phy-mass spectrometry (Mostafa et al., 2022a; Midzi et al., 2022).
For example, it has been shown that specific VOCs, such as green
leaf volatiles, are released following tissue damage and can serve as
indicators of plant health (Fernandez-Espinosa et al., 2022; Mostafa
et al, 2022b). The implementation of sensors based on metal-
organic frameworks has been proposed for the real-time detection
of these compounds, enhancing early warning capabilities in
agricultural settings (Jaishi et al., 2024).

A notable advancement in this area is the development of
integrated sensing systems that can correlate environmental and
plant physiological data to predict stress outcomes. For instance,
frameworks like the KAI2-mediated signaling pathways highlight
the complex interactions between plant emissions and stress re-
sponses, further opening avenues for smart agriculture (Stirling
etal,, 2024). Integrating these technologies in crop management can
lead to increased yields, reduced loss, and ultimately greater food
security. Figure 5 is a conceptual framework illustrating the circular
feedback system through which stress-induced VOC emissions
function as early-warning signals in ecosystems. Environmental
or biotic stress triggers VOC release, which is detected through
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monitoring technologies and analytical platforms to enable predic-
tive assessment of ecosystem risk. These predictions guide targeted
management interventions aimed at reducing stress intensity and
restoring system stability. Continuous post-intervention monitor-
ing updates detection and prediction systems, creating an adaptive
management loop that enhances resilience, improves decision-
making, and supports proactive ecosystem management.

8.2 Precision agriculture and adaptive
irrigation systems

Precision agriculture leverages IoT technology to enhance
irrigation strategies tailored to crop demands (Jusman et al,
2024). The use of VOCs, particularly those associated with water
stress, can improve the adaptability of irrigation systems, ensuring
that plants receive optimal water supply under varying climatic
conditions. For example, studies have indicated that understanding
the volatile profiles emitted in response to drought stress can inform
irrigation practices, allowing for more efficient water use (Tiwari
et al., 2017).

Adaptive irrigation practices can substantially lower the risk of
over- or under-watering crops, thereby optimizing nitrogen and
other nutrient inputs while minimizing environmental impacts
(Song et al., 2021). Research into the interaction between VOCs
and phytohormones, such as abscisic acid (ABA), is crucial, as it
aids in integrating physiological responses into adaptive irrigation
strategies (Koramutla et al., 2021). Ongoing research is enhancing
the sophistication of these systems to not only consider plant health
but also regional climatic variations.

8.3 Forest health monitoring and wildfire
risk detection

Monitoring forest health through VOC emissions provides
critical insights into the ecological changes driving increased
wildfire risk. Remote sensing technologies, which can detect
changes in VOC profiles from trees, can serve as advanced tools
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FIGURE 5
VOC-based early-warning and adaptive ecosystem management loop.
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for assessing forest health (Dudareva et al, 2013; Fernandez-
Espinosa et al., 2022). The emission of specific terpenes has been
linked to stress responses in trees, signaling the potential onset of
disease or pest invasions that could degrade forest integrity (Midzi
et al,, 2022). In this context, forest management practices could be
refined by integrating VOC detection systems with predictive
modeling techniques. By enabling real-time monitoring of forest
conditions, these systems can help implement fire prevention
measures and ecological rehabilitation practices, driven by data-
driven decision-making (Dudareva et al., 2013; Fernandez-Espinosa
et al., 2022; Mostafa et al., 2022). The deployment of such technol-
ogies is integral to enhancing the resilience of forest ecosystems
against climate change impacts.

To strengthen applied relevance, it is useful to highlight that
VOC-based monitoring is already moving beyond conceptual
promise into pilot and proof-of-concept implementation contexts.
For example, green leaf volatile detection platforms and portable
sensing systems have been explored for early crop stress identifica-
tion, enabling detection of plant physiological disturbance before
visible symptoms fully develop. Field-deployable monitoring ap-
proaches that combine VOC sensing with environmental or spectral
data are also being tested as part of adaptive decision-support
systems for crop management and ecosystem surveillance. In
forestry and landscape contexts, VOC-informed stress assessment
is increasingly discussed alongside remote sensing and predictive
analytics as a complementary tool for detecting canopy stress,
disturbance, and potential wildfire-linked deterioration. Although
many of these efforts remain at the pilot or pre-operational stage,
they illustrate the growing feasibility of translating VOC-based
stress signaling into real-world monitoring and manage-
ment workflows.

8.4 Biodiversity conservation and
ecosystem disturbance tracking

VOCs play a pivotal role in plant-plant communication and can
inform conservation efforts by indicating changes in resource
availability that impact biodiversity (Midzi et al., 2022; Mostafa
et al., 2022). By monitoring stress-induced volatile emissions,
researchers can track shifts in plant community health and com-
position, thereby guiding restoration efforts and ecological inter-
ventions (Corrochano et al., 2016; Midzi et al., 2022). The
application of molecular techniques to analyze the response of
different species to VOC cues can reveal insights into their ecolog-
ical relationships and functional roles within an ecosystem (Midzi
et al,, 2022). Future directions in this research area could include
establishing comprehensive monitoring networks that integrate
VOC measurements with biodiversity indices. By correlating
changes in VOC profiles to shifts in species interactions and
ecosystem services, these networks could promote proactive con-
servation strategies adaptable to ongoing environmental changes
(Midzi et al., 2022; Delory et al., 2016).
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8.5 Environmental compliance and
pollution monitoring

The coupling of VOC monitoring with environmental compli-
ance is an emerging application that assesses air and soil quality in
agricultural and non-agricultural contexts. The emission of VOCs
can indicate the presence of pollutants, especially heavy metals and
pesticides, providing critical information for environmental man-
agement (Kosoe and Ogwu, 2025; Afzal et al., 2024). The detection
of specific VOC profiles associated with contaminated soils helps
determine compliance with environmental regulations on soil
health and pollutant levels (Fernandez-Espinosa et al., 2022;
Shukla et al., 2017).

Technological advances in VOC detection technology, includ-
ing portable sensors, are providing opportunities for field-based
monitoring of both agricultural productivity and environmental
health (Jaishi et al., 2024; Ogwu and Izah, 2024). Ongoing research
into integrating these technologies with analytical models to predict
pollutant impacts will further enhance environmental compliance
across sectors, including agriculture, forestry, and urban environ-
ments (Afzal et al., 2024; Mostafa et al., 2022). The applications of
plant volatile stress signals represent a rapidly evolving field with
substantial implications for agricultural resilience, ecosystem man-
agement, and environmental monitoring. As technological ad-
vancements enhance our capacity to measure and interpret these
emissions, stakeholders across sectors can develop more integrated,
data-driven approaches to address the challenges posed by climate
change and ecological disruption. The integration of VOC detection
systems into environmental monitoring frameworks provides new
tools for climate-resilient agriculture, ecosystem management, and
environmental governance. Table 5 summarizes major applica-
tion domains.

9 Limitations, knowledge gaps, and
standardization challenges in
decoding plant volatile stress signals

The investigation of plant VOCs is pivotal for our understand-
ing of plant responses to various environmental stressors. However,
several limitations and challenges hinder progress in this area,
particularly concerning knowledge gaps and standardization
issues. There is an overlapping need for improved methodologies
and standardized practices to enhance research outcomes in
the field.

9.1 Variability in volatile emissions across
species and environments

The study of VOC emissions reveals significant variability not
only among species but also within individual species under
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TABLE 5 Applications of VOC-based monitoring for climate-resilient
management.

VOC-based
function

Application

Management

area benefits

Early crop stress Yield stability and reduced

Precision agriculture
losses

detection

Tree stress and pest

Forest monitoring detecti
etection

Wildfire risk management

Biodiversity Ecosystem disturbance . .

. . Restoration planning
conservation detection
Environmental Pollution monitoring Regulatory decision
compliance indicators support

Improved ecosystem

Climate modeling VOC flux incorporation

forecasting

different environmental conditions. For example, research indicates
that stress-induced emissions can vary considerably based on
genetic makeup, geographical location, and environmental context
(Midzi et al., 2022; Toome et al., 2010). Midzi et al. (2022);
emphasize that species such as willow exhibit differing VOC
patterns when subjected to biotic stress, demonstrating diminished
emissions under specific infections compared to healthy counter-
parts. This illustrates that emissions are not universally applicable
across species, which complicates efforts to draw broad conclusions
from individual studies. Moreover, Toome et al. (2010) examined
the impact of pathogen infection on willow and found that certain
volatiles were suppressed, challenging the general assumption that
VOC emissions are uniformly activated in response to stress. The
intricacies of these interactions necessitate a more nuanced under-
standing of how environmental factors such as light, temperature,
and humidity can modulate VOC emissions, further complicating
comparisons across studies (Midzi et al., 2022; Toome et al., 2010).

9.2 Signal interference and atmospheric
transformation processes

Once released into the atmosphere, plant VOCs do not remain
chemically static; they are rapidly shaped by atmospheric oxidation
processes that can alter both their persistence and biological
significance. Many VOCs react with major atmospheric oxidants,
including ozone (O3), hydroxyl radicals (OH), and nitrate radicals
(NO;), which shorten signal lifetime, modify blend composition,
and generate secondary oxidation products with distinct ecological
and chemical properties (Holopainen and Blande, 2013; Blande
et al,, 2014; Fuentes et al., 2013; Ogwu et al., 2024). These reactions
are especially important for highly reactive compounds such as
monoterpenes, sesquiterpenes, and green leaf volatiles, whose
atmospheric residence times may decline sharply under polluted
or high-oxidant conditions, thereby reducing the distance over
which biologically meaningful signals can be transmitted
(Laothawornkitkul et al., 2009; Blande et al., 2014). Consistent
with this, field studies often report effective volatile-mediated
signaling over relatively short distances, commonly on the order
of tens of centimeters to about one meter, while oxidant levels near
80 ppb ozone have been shown in some systems to disrupt
biologically meaningful signal discrimination (Heil, 2014; Fuentes
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et al,, 2013; Li et al., 2016). In addition to signal loss, atmospheric
transformation can change the relative ratios of compounds within
a volatile blend, potentially disrupting host location, neighbor
perception, and higher trophic interactions by decoupling emitted
signals from those ultimately perceived by receiving organisms (Li
et al., 2016; Conchou et al,, 2019). Oxidative processing may also
produce secondary compounds and aerosols that introduce new
ecological effects, further complicating the interpretation of VOC
emissions outside controlled environments (Loreto et al., 2014;
Blande et al., 2014). Atmospheric chemistry should therefore be
treated as a central filtering process that mediates the performance
of plant VOCs as volatile stressometers, particularly when extrap-
olating from laboratory studies to agricultural fields, forest cano-
pies, and heterogeneous landscapes where oxidant loads,
turbulence, and background chemical mixtures vary substantially.

9.3 Scaling challenges in ecosystem-level
interpretation

While detailed studies on individual plants yield valuable
insights into VOC emissions, scaling these findings to the ecosystem
level poses substantial challenges (Teshome et al., 2020). Trees and
other long-lived species experience a range of stresses over their life
cycles, often in combination, and the cumulative effects on VOC
emissions may not align with predictions from single-stress tests.
Teshome et al. (2020) emphasize the need for integrative ap-
proaches that account for interactions among multiple stressors,
as the impacts of climate change increasingly lead to concurrent
stresses that traditional studies fail to capture. This scaling dilemma
points to gaps in understanding how plant stress responses con-
tribute to broader ecological dynamics, including changes in com-
munity structure and nutrient cycling, thereby necessitating the
development of scalable models that incorporate multi-stressor
approaches (Teshome et al., 2020).

9.4 Data comparability and methodological
standardization

A considerable barrier within the field of VOC research is the lack
of methodological consistency, which limits data comparability and
synthesis across studies. Variations in experimental setups, the types of
controlled variables, and the techniques used for VOC collection and
analysis significantly influence outcomes (Midzi et al., 2023).
Standardization in the sampling and analytical methods is paramount
to ensure reliable data. For instance, Tholl et al. (2021) underline the
importance of adopting consistent sampling techniques combined with
gas chromatography-mass spectrometry for VOC analysis, which
facilitates more rigorous comparisons between studies. As VOCs play
critical roles in communication among plants and in interactions with
herbivores, establishing standardized protocols will enhance the accu-
racy of method comparisons and enable shared findings across
different ecological and agricultural studies, ultimately contributing to
a more coherent understanding of plant stress responses (Copolovici
et al.,, 2014; Tholl et al., 2021).

A major source of inconsistency in plant VOC studies arises from
variation in sampling protocols, including enclosure design, headspace
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residence time, adsorption materials, humidity control, and the timing
of sample collection relative to stress onset. Additional variability is
introduced by differences in calibration standards, instrument sensi-
tivity, background subtraction, peak deconvolution, compound anno-
tation, and downstream data-processing pipelines. Interoperability
across major detection platforms also remains limited. GC-MS offers
strong compound separation and identification but is less suited for
continuous real-time monitoring, whereas PTR-MS provides high
temporal resolution for on-line measurements but often relies on
compound libraries and calibration assumptions rather than chromat-
ographic separation. Biosensor-based systems offer portability and
continuous in situ deployment but currently have more limited
compound specificity and are more susceptible to cross-sensitivity
and calibration drift. These differences complicate direct comparisons
across studies and underscore the need for standardized protocols,
harmonized reporting practices, and cross-platform validation frame-
works (Lehnert et al., 2019).

9.5 Ethical, technological, and
infrastructure barriers

The complex ethical landscape surrounding biobanking and the
use of biological samples adds another dimension to the challenges
faced in VOC research. Ethical considerations are paramount,
especially in low- and middle-income countries (LMICs), where
the scientific infrastructure may not be as robust as in high-income
nations (Chatfield et al., 2020; Zawati et al., 2014). Regulatory
frameworks differ across jurisdictions, complicating international
collaborations and data sharing, which are essential for large-scale
research efforts (Zawati et al., 2014; Chatfield et al., 2020).
Technological advancements also remain a critical barrier. While
existing equipment for VOC analysis is effective, access to cutting-
edge technologies can be limited in many LMICs, further widening
the gap in research capabilities and outcomes (Vodosin et al., 2021;
Chatfield et al., 2020). Developing more accessible, cost-effective
technologies for VOC detection will enhance research prospects in
these regions, ultimately leading to more inclusive studies of plant
responses to environmental stressors (Jamalzadegan et al., 2025).

10 Future directions: toward global
plant volatile monitoring networks

The excavation of VOCs provides critical insights into plant
responses to stressors ranging from climate change impacts to
insect infestations. Transitioning from isolated studies to a com-
prehensive understanding of these emissions across ecological
scales is essential for robust environmental monitoring and man-
agement. The future of plant volatile monitoring networks hinges
on several key areas outlined below.

10.1 Integrated biosensing infrastructures

The establishment of an integrated biosensing infrastructure
will significantly enhance our capacity to acquire real-time data on
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VOC emissions across diverse ecosystems. Recent advancements in
gas-chromatographic ion mobility spectrometry have enabled
heightened sensitivity and rapid assessment of VOCs emitted
from plants under both controlled and natural conditions (Vautz
et al,, 2018; Tani and Mochizuki, 2021). Current methodologies
often fall short in capturing the nuanced patterns of emissions in
the field due to logistical constraints. Utilizing wireless sensor
networks (WSNs) can facilitate continuous monitoring and en-
hance our understanding of large-scale ecological interactions by
closely analyzing VOCs released in response to environmental
changes (Manes et al., 2012). Research indicates that VOC analysis
not only enhances monitoring capabilities but also contributes to
our understanding of ecosystem dynamics. For instance, studies on
plant emissions under varying stress conditions, including environ-
mental and biotic stresses, showcase the diverse profiles of emitted
compounds (Dewhirst et al., 2020; Muraoka et al., 2019). These
developments underline the necessity for integrating diverse sens-
ing technologies that may include both empirical data and remote
sensing capabilities to provide a more comprehensive view of
atmospheric and terrestrial interactions.

10.2 Climate-linked volatile emission
modeling

Improved models that couple climate variables with VOC
emissions form a critical foundation for predicting how ecosystems
respond to climate-related changes. Current research highlights the
direct relationship between temperature and VOC emissions, no-
tably how alterations in climate parameters can lead to increased
emissions from flora (Rinnan et al., 2020; 2024). Enhanced models
must incorporate factors such as soil moisture and vegetation
composition to provide a multifaceted understanding of emissions
scenarios under climate stress (Muraoka et al., 2019; Maki, 2019;
Rinnan, 2024). For instance, applying biogeochemical models that
simulate soil-plant-atmosphere interactions can enhance predic-
tions of the role of VOC emissions in broader climate dynamics. By
refining parameters to include the specific VOC profiles of various
plant species and their responses to abiotic stressors, improved flux
models can significantly impact climate change research (Jardine
et al., 2010; Tani and Mochizuki, 2021; Rinnan, 2024). This
approach can help scientists anticipate shifts in atmospheric chem-
istry and their effects on climate.

10.3 Coupling plant stress signals with
earth-system monitoring

Integrating plant stress signals into Earth-system monitoring
presents a novel pathway to better understand connectivity across
biogeochemical cycles. Given that VOCs are biogenic markers of stress
that can indicate ecosystem health, combining these emissions data
with existing Earth observation systems represents a significant ad-
vancement in environmental monitoring (Ghirardo et al., 2020; Méki,
2019). Vital interactions can be examined closely, fostering a more in-
depth understanding of plant-environment dynamics and their asso-
ciated feedback mechanisms. Research demonstrates that VOCs can
serve as indicators of ecosystem changes, reflecting shifts in vegetative
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health and stress levels (Dewhirst et al., 2020; Rinnan, 2024). By pairing
this data with satellite-based surveillance and terrestrial measurements,
comprehensive monitoring frameworks can be designed that better
predict how terrestrial configurations influence atmospheric composi-
tions, carbon cycles, and overall ecosystem resilience (Shugart
et al,, 2020).

10.4 Policy relevance and environmental
governance implications

The ramifications of enhanced understanding and monitoring of
plant VOC emissions extend into policy and environmental gover-
nance. Knowledge gained from these initiatives could directly inform
regulations governing air quality and biodiversity conservation. Policies
aimed at mitigating the adverse effects of climate-driven emissions
would benefit from robust, data-backed frameworks that effectively
assess the ecological impacts of plant stress signals (Dewhirst et al.,
2020; Zamora et al., 2017; Franklin et al., 2016). Indeed, the establish-
ment of monitoring networks informs various stakeholders about
effective policies for land management, conservation, and emissions
reduction. As the scientific community links VOC emissions to climate
stressors, actionable insights can guide environmental policy and
support sustainable practices in agriculture and ecosystem manage-
ment (Paudel et al., 2021; Sharaf et al., 2023; Franklin et al., 2016).

10.5 Vision for next-generation
environmental intelligence systems

The future prospects of environmental intelligence systems
hinge upon leveraging advances in technology and data analytics.
Artificial intelligence and machine learning could optimize the
interpretation of complex, vast datasets acquired from biosensing
infrastructures (Sharaf et al., 2023; Ma et al., 2022). This techno-
logical convergence enables more refined assessments of plant
responses to climate change, with predictive capabilities that antic-
ipate ecological shifts. Future systems require the integration of
both ground-level measurements and remote sensing technologies
to monitor spatial and temporal variations in VOCs across diverse
ecosystems (Bringel and Couee, 2015; Zhang et al., 2025). Such
integrated systems would not only strengthen our scientific under-
standing but would also facilitate proactive measures in environ-
mental monitoring, ensuring that data-driven insights effectively
operate within environmental governance frameworks (Maki, 2019;
Crombie et al., 2015; Francis et al., 2024). Plant volatile organic
compounds are a cornerstone for understanding ecological re-
sponses to climate change and environmental stress. Advancing
integrated monitoring networks, enhancing climate-linked model-
ing frameworks, and leveraging cutting-edge technology can have a
profound impact on our understanding and management of eco-
systems. Such comprehensive approaches will not only further
ecological research but will also play a vital role in shaping policies
aimed at environmental sustainability and resilience.
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11 Conclusion

Plant volatile stress signals represent a unifying biochemical
interface connecting molecular plant physiology, ecological com-
munication networks, and atmospheric processes. Evidence across
disciplines demonstrates that volatile emissions function not merely
as metabolic by-products but as highly structured information
systems that regulate plant defense, coordinate community-level
responses, and influence ecosystem-atmosphere feedbacks. From
intracellular transcriptional regulation to landscape-scale volatile
fluxes, these chemical signals provide early indicators of environ-
mental disturbance and adaptive plant responses, positioning VOCs
as critical biomarkers of ecosystem health (Midzi et al., 2023).

Technological progress in analytical chemistry, biosensing,
remote sensing, and artificial intelligence has significantly enhanced
the capacity to detect and interpret volatile emissions, enabling real-
time monitoring of plant stress and the development of predictive
decision-support systems for agriculture, forestry, and environmen-
tal governance (Ederli et al., 2021). However, realizing the full
potential of VOC-based monitoring requires overcoming key lim-
itations related to methodological standardization, cross-species
variability, atmospheric transformation processes, and the integra-
tion of multi-scale datasets. Coordinated global monitoring initia-
tives, interoperable sensor infrastructures, and climate-linked
emission modeling frameworks will be essential for translating
plant volatile signals into operational environmental intelligence
systems. The integration of plant volatile monitoring with Earth-
system observation platforms offers a powerful opportunity to
advance climate resilience strategies, early-warning agricultural
systems, and biodiversity conservation programs. By bridging
molecular plant biology, ecological modeling, and environmental
data science, next-generation research on plant volatile stress
signaling can provide the scientific foundation for adaptive ecosys-
tem management capable of responding proactively to accelerating
environmental change.
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