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Abstract.

Forest ecosystems are increasingly stressed through heatwaves, drought periods, and other factors such as ozone pollution or

insect ifestations These stressors have a profound impact on the emissions of biogenic volatile organic compounds (BVOC)
from trees, which in turn influence aerosol formation and atmospheric oxidation cycles and thus feedback on the atmospheric
cleansing capacity and clireachange itself. While previous studies have investigated the impacts of specific stressors on
BVOC emissionsanalyses of combinestresseffects are rare, even though the stressors seldomly occur in isofetien.

study investigates the impact of heat anghttime ozone stressoth individually and in combination, on BVOC emissions

from two ecologically significant temperate tree species: European besgins(sylvatica 1) and English oakQ@uercus robur

L.). In a climatecontrolled chamber, both tree species were subjected to heat stress (38 + 3.3°C) and ozorEStpedy,(
separately and in combination. BVOC emissiemesrates were measured using proton transfer reaction-tifriéight mass
spectrometry, and the results were compared acrossrpess, heat, ozone, and combinedozane conditions.

Heat stress elicitethe strongest emission increases of isoprene, monoteigehegreen leaf volatiles in both species, while
ozone suppressed the emissions of most BVOCs. Combined stress lechtiditive responses differefiom those irsingle

stress scenario8oth machine learning and positive matrix factorization analyses were performed to identify key VOC
fingerprint markers that may be applied to identify stiggsacted emissions from field data, and both methods showed good
agreementThe OH eactivity of the emissions, which serves as a measure for their atmospheric chemistry and ozone formation
impacts, was consistently highest under heat stress for both species. How@wvéme ozone stress led to reduced OH
reactivity of emissiongby 10-18%).
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Our results underscore that the study of realistic combinations of stressors is crucial to understand futlemBSiOE and
indicate that BVOC emissions could alter atmospheric chemistry and feedback with air quality and climate as heatwaves and

pollutantinduced stress become more frequent due to climate change.

1. Introduction

The interaction between the atmosphere and forest ecosystems is crucial to undessitaisdan essential part of global
biogeochemical and water cyclésvariety of atmospheric factors, including drought and increasing temperatures, can affect
the integrity of the biosphere and its biodiverggcl et al., 2017However, the biosphere also has the capacity to influence
the atmospher@Arneth et al., 2010py emitting various biogenic volatile organic compounds (BVOCs) from plants or soil
(Pugliese et al., 2023[very year, the terrestrial biosphere releases around 1000 Tg of BVOCs into the atm@péretteer

et al., 1993; Sindelarova et al., 2014ncompassing oved;00a.700 identified organic compound§<nudsen and
Gershenzon, 200&fAuelas—and-Llusia,—200with diverse chemical propertiemd atmospheric lifetime8VOCs, being

highly reactive rapidly react with oxidant gases upon emissions, with lifetimes rangingsfeeemdsninutes(e.g., isoprene)

to several days (e.g., methandihe primary mechanisms of BVOC reactions involve the oxidation by hydroxyl radicals (OH)
and ozone (@) (FinlaysonPitts and Pitts, 19%alm-et-al,—2018 These processes have substantial implications for the
formation of tropospheric ozone and secondary organic aerosols, subsequently influencing air quality, cloud formation and

contributing to climate dynami¢®alm et al., 2018; Vella et al., 2023)

Over the past century, the global average temperature has risen by (IPBCTG 2023) With the recent intensification of
global climate change, there has been a noticeable increase in the frequency and intensity of heatwaves (Wedtwide

al., 2024; Perkingirkpatrick and Lewis, 202Bscheischler-et-al—20p0This trend is particularly pronounced in Europe
(Rousi et al.,2022PCEC,-202%chuldt et al., 2090Also, projections indicate that by 2100, the global temperature may further
increase by 26 °C(Daussy and Staudt, 202@nd this warming will increase drought rigkook et al., 2018/PCC 2021).

Consequently, this phenomenon not only directly impacts plant primary productivity but also has cascading effects on

biogeochemical cycling processes within terrestrial ecosystems. As tempéRatyret al., 2024and soil water content are

key drivers of plant metabolism, this anticipated climate change scenario is expected to heighten stress level@@mglants

et al., 2019Schuldt et al., 2090leading to substantial changes in BV®&esemissionsHowever, the overall direction of

that change is to date uncertainmplicatingBVOC predictionsunder future climatéSzopa et al., 2021)one of the reasons

for this uncertainty being the impact of climateluced (combined) stressors

Tropospheridds concentrations are rising globally (050% yearly). Climate change is also expected further to exacerbate
groundlevel Oz at local and regional scales, increasing the frequency of high pollution days. Regions like Europe are likely to
experience more elevat€ events(Royal Society, 2008)As ahighly phytotoxic gas, @significantly affects plant growth

and development, with acute exposure causing necrotic damage and chlorophyll loss i(Kaawesky et al., 2007)To

complicate matterghe interaction betweens@xposure and trees is recipro@@holetti, 2009)trees are affected bysOand
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influence Q levels in the air. Forest vegetation interacts complexly in regulating local tropospheric ozone concentrations, as
trees can both scavenge and contributeastfo@nation. The net effect depends on factors such as tree species, physiological
status, environmental conditions, and air chemi@tyimaenpéaa et al., 2013; Pinto et al., 2010)

Plantreleased BVOCs, significantly influenced by external fac{bitzky et al., 2019Darbah et al., 20)Qare essential for

intra- and interspecific communicatighleil and Karban, 2010ylefense mechanisms against herbivores and path(idieke

and Baldwin, 201Q)and other biotic and abiotic interactioiraham et al., 2024¢u et al., 2022Fitzky et al., 2019Jud et

al., 2016. These compounds primarily stem from metabolic processes from the leaf mesophyll tissues (e.g., mevalonate
(MVA), methylerythritol phosphate (MEP), Lipoxygenase (LOX) or Shikimate pathway). More specifically, MEP and MVA
are responsible for isoprenoid prection (Bergman et al., 2024)ncluding monoterpenes (MTs) and diterpensbijch
contribute to thermal tolerancehereas the LOX pathway is integral to green leaf volatiles production in response to
mechanical damage or herbivqigutty and Mishra, 2023)While basic patterns of BVOC emissions in response to light and
temperature are reasonably well understood and parametéBretither et al., 2012 large uncertainty around BVOC
emissions is caused by the impact of stress. When plants undergo stress induced by factors such as drought, heat, herbivory,
or elevated ozone levels, they can undergo fundamental changes in the composition and quérgity eofissions
(Holopainen et al., 201&arbah et al., 20)0This introduces a notable challenge in accurately predicting BVOC emissions
under varying stress conditians

Under nonstressed conditions €., constitutive emissions), plants typically invest a low amount of carbon, approximately 1

2% of assimilated carbo(Fineschi et al., 2013)in BVOC emissions. However, during stress, emissions can increase
significantly, sometimes exceeding the use of 10¥hefssimilated carbo(Niinemets et al., 2010 he-response of plants

to heat stress depends on the intensity of the tempef&usnther et al., 1993Qs a defensive mechanisplants increase

isoprenoid production and it has been proposed thé&in thermotolerance can be enhanbgdorotecting photosynthetic

apparatuglLi and Sharkey, 2018harkey, 2005). However, this mechanism remains debated: Harvey et al.(2015) showed that

physiological concentrations of isoprene are likely too low to directly stabilize thylakoid membsénile more recent work

Zuo et al. (2025) suggests that isoprenoids may instead contribute to thermotolerance through signaling pattiways (Ca

mediated) that regulate stregsponsive proteins, maintain photosynthetic efficiency, and induce heat shock responses.

005)Also, heat stress can
inducecausevery high emissions agoprene and monoterpenes by enhanced biosynthesis or increased vapor pressure of
stored compound¢§Werner et al., 2020}hat the temperatusieased models for constitutive emissions cannot explain
(Nagalingam et al., 2023jligh temperatures reduced the de novo emissions of certain BVOCs, particularly in conifers, where
thermal stress amplifies the release of monoterpenes stored in resin ducts and induces the production of green leaf volatiles
(Kleist et al., 2012b) Numeous studiegBourtsoukidis et al., 2012; Fitzky et al., 2023; Geraielinski et al., 2018;
Kivimaenpaa et al., 2013, 2016; Kleist et al., 2012b; Pikkarainen et al.; R022ive et al., 201)7have emphasized that

BVOC emission rates are specigsecific and depend on external meteorological factors (such as soil moisture, temperature,

and CO, concentrations). For example, higher sesquiterpene emissions were observed in Scots pine dustreshieat
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(Kiviméenpéaé et al., 2016)vhereas lower sesquiterpene and monoterpene emissions were found for European beech under
heat stres¢Kleist et al., 2012b)From the drought and heatwaves experiments of Aleppo Biremi et al. (2021showed

that most BVOC emissions exponentially increased duringisteheat wave. However, the emissions of monoterpenes and
methyl salicylate showed reduced temperature sensitivity osettend heatwave.

Under Q stress, plants reduce @Dflux into their tissue by regulating stomatal closure, mediated by calcium ions and hormonal
signals(Guo et al., 2024)As Oz induces the formation of reactive oxygen species (ROS), plants use enzymatic defenses (e.g.,
catalase, superoxide dismutase) to detoxify and mitigate lipid peroxidation in cell men{Bemgst al., 2021 Also, it can

activate the involved antioxidant enzymes gene expression (e.g., glutathicmesf8rase, lascorbate peroxidaséBaier et

al., 2005)resulting in induced and modulated emission of BVOC. Studying Norway spfivieaenpaa et al. (2013pund

thata moderate temperature increase (~1 AC above ambient)
and sesquiterpenes, but this effect was partially suppressed by elevated ozone levels (~1.5x. &faviate) @
concentration (80 ppb) sigigantly increased the BVO@nainly isoprenegmission rate of Chinese red pixai et al., 2012)
Moreover, Peron et al. (2021found that isoprene emissions decreased while monoterpene and sesquiterpene emissions
increased under combined drought and ozone stress in Oak. But under drought stress (@)itatakp et al. (2023)
identified slightly elevated monoterpene asdprene emissions frobreechandoak

-Multiple abiotic and biotic stressors can interact in additive, antagonistic, or synergistic ways, modifying plant pbgkiologi

processes and BVOC composition beyond skstilessor expectations. For instance, Lantz et al. (2019) have shown that the

combined effects of elevated temperature and CO on isoprene

temperature exerts a dominant influence on emission rat

the triosephosphate limitation. Likewise, exposure to multiple air pollutants or concurrent @bidtio t i ¢ st r esses

herbivory) can trigger complex, ndimear responses that may enhance defensive signaling, alter stomatal conductance, and

consequently mdify volatile uptake and emission dynamics (Papazian and Blande, 2020; Yu et al., 2022).

_The overall impact of streseduced changes in BVOC emissiasigl remains elusive, specifically undenultiple stressors
(Yang et al., 2025)as the effect of blending two stressors, like heats#100; + elevated C®@is not weltunderstood
(Holopainen et al., 2018pand responses may vary between speeigsve discusseti/hen-multiple-stresses-are-induced at

he-same-time-theireffe on-plantem on n-be additive b eor-one-of them-may-have-a-dominant impact.

Therefore theOur study specifically aimed (1) to investigate BVOC emisslar-patterns from both tree species under heat

or ozone and combined stréespeated-exposureim)controlled environmental conditions, (2) to identify specific stress marker
BVOCs for beech and oak for the identification of stiesticed BVOGemissiors in future field measurements, (3) to estimate
the potentiahtmospheriémpact of changing emission patterns in terms of OH reactivity as an indicator for ozone formation

potential. We applied stressors sequentially on the same individuals to simulate realistic environmental stress

storylines.
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2. Materials and methods
2.1 Experimental setup
2.1.1 Plant chamber and stress treatment

The experiment was carried out HLUS (Plant Chamber Unit for Simulation) which can be couplethédnterlaced

atmosphere simulation chamber SAPHIR (Simulation of Atmospheric PHotochemistry In a large Reaction Chashber)
PLUS (Plant- Chamber-Unit-for- Simulatioa)) the Forschungszentrum Jilich, Germany, during the summer, 12024yver,
{This studyenly-analyzetbcuses on direct plant emissimeasurements obtainedectly-from the PLUS chambdFig. 1a)

Emissions were introduced to SAPHIR for ixidation experiments that will be subject of a future afdlgsRLUS plant

container is a custoibuild, gastight, temperatureand lightcontrolled container that can house to six treetype plants.

Inside the chambea recangularaluminumframe supports a 9.32° Teflon film enclosurecontainingthe upper portions of

potted trees. This enclosure separates the soil from the stems and the leaves of the trees. PLUS operates in a dynamic flow
through mode using a turbulent airflow of 10@in of synthetic air that passes through the Teflon enclosmsuring
homogeneous, steadyate conditions inside the chamber. Important environmental factors within the PLUS clartibers
temperature, photosynthetically active radiation (ranging from 0 to 800 umai‘rat a distance of one meter), and soil
moisture were contrded (Hohaus et al., 2016After installationof the experimental saplings, the PLUS [6efenclosure

was kept at a slight overpressure of approximately 35 Pa to prevent any trace gases from diffusing intostine. &fitdo

synthetic air was mixed with 400 ppm €@ maintain levels necessary for plant photosynthesis. More details about the

functional and structural description can be founHahaus et al(2016)
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Figure 1. Overview of experimental design and stress timeline for beech and oak. (a) Schematic illustration of the experimental

setup, data processing and analysis pipeline, (b, c) time series of ozone concentration (blue) and temperature (red) duriegpess

and stress phases for beech (b) and oak (c). The experiment is divided into four consecutive phasessPter e s s, O stress, Heat stress,

and O +Heat stress, indicated by vertical dashed lines. White and grey background
respectively. Shaded regions around lines represent the standard deviation from the mean ozone concentration and temperature.

Experiments were conducted withe two majorbroadleafforest tree species in GermarQuercus robuiL. (English oak)
andFagus sylvaticd.. (European beech). Before the experiment, 24 saplings of ~1.seight of beech (12 individuals)

and oaks (12 individuals) were selected under conditions ensuring they were-diseasesfree, had straight stems, and
were overall healthy. The plants were kept in a greenhouse undeambint light conditions with photosynthetically active
radiation. During th8 period, they were watered regularly. To quantify the total leaf area of each plant, all leaves were
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photographed against solid blue backgrounds at known distances and scales right before installing them in the plant chamber.
Four images were taken from different angles for each individual to reduce bias. Then we processed these images using the
ImageJ sfiware according t&chneider et al. (2012o extract the leaf area, and estimated total leaf area using the geometric
means.

The stress treatments were applied sequentially on the same set of individuals to simulate realistic environmental scenarios

(_fist or. VHisiexperimeéntal approach was designed to reflect natural conditions, where trees in the same landscape may

experience heatwaves and ozone pollution either simultaneously, sequentially, or in varying order.

ertain areas
the

he-daytime

The first experiment was conducted with beech trees from April 3, 2024, to April 23, 2024 (Fig. 1b). Six trees were selected
from the 12 available and placed into the plant chamber. Stems were sealed with Teflon foil to isolate the canopy from the
soil. Ore beech branch had to be cut for the tree to fit into the chamber, potentially impacting emissions in the first days of the
experiment. The first 24 hours after setting up the experiment were considered the plant adaptive period, and data from this
period were excluded from the analysis. Oak experiments were conducted in a similar fashion from April 24, 2024, to May
13, 2024, sing the six healthiest individuals (Fig. 1c).

Following the prestress period, ozonezone + heatnd solely heat stresgere periodically inducedn the beech treeBor

heat stress experimentgmperaturevas gradually increased (Fig.1ls) and ozone wagexcept for two days for the oak
experiment, Fig. 1cappliedduring the night cycleThe reason for this approach was twofold: On the one hEttlis

approach avoided reactions of emitted terpenoids with ozone during the day, when emissions are highest, which would interfere
with quantifyingprimary BVOC emissions because it would produce oxygenated VOC proBactater analysis of BVOC
emissions we excludedatafrom nightsand from the two days where ozone was appliedvoid ozone impactsn the

observed VOCsIn addition, this allowed us to study the understudied phenomenon of nighttime ozone exposure of trees.

Previous studiese(g.An et al., 2024; He et al., 2022; Musselman and Minnick, 2000), have reported that certain areas can

experience relatively high ozone concentrations at night, while plants can be more susceptible to ozone stress at night than

during the daytime because yheave lower defenses at night (Musselman and Minnick, 2000).

The ozone concentration in both experimeatgyed from 0 to 120 ppBuring nighttimeozone stress and ozone + heat stress,
ozone concentrations wed@+ 21.5 ppb and 8.1 +19.6 ppb, respectivel\Soil moisture was maintained at-B80% (relative
sensor readingsyith air temperatures ranging from 20 to 44°C. When no heat stress was applied temperature was
25.9°C (+0.6°C). During heat stress and combined stress, it was 38°€&8d 38.1 + 0.4°C, respectivelyhe applied heat

stress was selected to simulate ecologically realistic and physiologically stressful conditions comparable to recent Central

European heatwave events, where canopy temperatures frequently excé@d@%Schuldt et al., 2020}.ight conditions
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remained constant during the day (UTC (coordinated universal time)iB3000), with lights turned off at night (UTC 6:00
16:00). At theend of theexperiments (afteozone + heat stresghe plants had wilted.

2.1.2 VOC emissionmeasurements: PTRToF-MS

Air was sampled from thEAPHIRPL US chamber through a thermally insulated and heated 1/ 40606
of ~3Imin’t. Reattime BVOC signals were measured using a proton transfer reactioofifiight mass spectrometer (Vocus
PTRToFMS, Krechmer et al. (2018)with a Esecond time resolution. The PTRFMS was operated with a drift tube
temperature of 100 °C, a drift voltage of 600 V, and a drift pressure of 2.5 mbar in proton transfer ioniz@ipm@tle.

Mass resolution of the instrument was around 8000.

A gas standard mixture containing 19 compounds mids@sranging from 33 amu (atomic mass unit) to 671 amu (Table S1

in supporting informatio)y that was calibrated against a gravimetrically prepared, certified standard, was used for regular
calibrations. PTRTo~MS data was processed using Tofware. A mass list was prepared with 500 compounds for both
experiments from a masgs-charge ratio (m/z) range of 18 amu to 450 amu (details in supplementary data, sheet
Al dent iZerpairmeasyrements were conducted hourly and used for background subtraction.

Sensitivities for compounds not included in the gas standard were estimated using a theoretical calibration method according
to Cappellin et al. (2012)This involved fitting asigmoidalfunction, which reflects the expected transmission characteristics

of aVocusPTR-ToF-MS after dead time correctioto the reactiomatenormalized sensitivities of VOCs that were calibrated
usingthegas standard and are known to not fragment or cl@¥esen et al., 2023; Pfannerstill et al., 20EB)issionfluxes

rateswere calculated from such derived concentrations using the chamber flow rate and the (Eaftbeeeer et al., 2021)

To ensure quality and reliabilityitx-emissionsdata were filtered using a systematic sigioahoise ratio (SNR) approach.

For each compound, the SNR was calculated as the ratio of its me#isurechissiondo its corresponding LOD value at

each time pointCompoundswere selectedvhose SNR was greater than or equal to 3 for at least 30% of the time series.
Compounds that did not meet both the SNR threshold and the minimum temporal coverage requirement were excluded from
further analysis. Applying the SNR threshold, 80 and 82 VOC species for beech andeoalszlectedrespectively. The
uncertainties in both the theoretical and-g&dard calibrations were assessed based on average estimates. For the theoretical
calibration, the uncertainty was estimas®1.3%, while the gastandard calibration uncertainty, consisting of the calibration
standard unceatnty and the mass flow controller uncertainty, was estimat&@%t

Exact masss and attributedchemical formulasare reported Attribution of compound names to chemical formulas was
performed to the best of our knowledge, however, identification is tenta¢iwause the PTR method cannot distinguish

isomers and isubjectto fragmentation

2.1.3 Terpenoid composition: GCMS

The PTRToFMS method (Seatn 2.1.9 identifies exact masses of compounds which can be attributed to a chemical formula
but cannot separate isomers. Structural identification of mamd sesquiterpenes was performed by sampling onto stainless
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steeltubes(Markes International Limited, England) packed with Tenax TA (porous organic polymer) and Carbograph 1TD
(graphitized carbon black) sorbents.
Sorbent tube sampling was performed with a modified M2Sutosampler (Markes International Limited, England), which
230 was directly connected to the PLUS via a PFA line. The autosampler consists of a siéeelessnifold block, timer, mass
flow controller, vacuum pump (Laboport N86 KT.18, KNF, France), and a copper ozone scrubber treated with potassium
iodide. Sorbent tubes were fitted with diffusion locking caps (Markes International Limited) to prevent contamiRiation.
rates during sample collection varied from 50 to 300 mtrdire to technical constraints of the autosampler, with 3a@iml
1 occurring during the oak experiment's {steess and ozone exposure phases. However, this variation is not likely to affect
235 the resultsAfter sampling, sorbent tubes were sealed with brass storage caps and stored at 4° C until analysis.
Analysis of the sorbent tubes was performed wittAgilent gas chromatograph coupled with a mass spectrometer (7890A
GCd 5975C inert MSD, Santa Clara, USAorbenttubesver e t her mal ly desor be-gr, Makes2 50 AC for 10 min (TD1O0O
International, Llantrisant, UK) and cryofocused at 10°C, before being transferred to tiMSEystem through a capillary
column at 160°C. AnHB MS capi | | ary c ol unem, Agierd Teohndlogids, SantanDiaral USA).was3
240 used to separate the VOCs with a carrier gaf | o w o f' *oftheli@m. Thle ovemi program used an initial temperature of
40AC for 3 min, béhmrelodm@pi mqddtagak®O0Cn 2@A6 mi i nal hold of 8 min to give &
tot al runtime of 47 min. The ion source and qua-hjeaignol e temperatures were held
column blanks and empty stainlesteel cartridges (containing no sorbent matesiaye run periodically alongside the
samples to provide an indication of background contamination arising from the analytical system (e.g., siloxanes, phthalates)
245 Travel blanks (nopenedpre-cleaned sorbent cartridges that travelled to and from the field site alongside the sample tubes)
were also analysed
Chromatograms from the GRS laboratory analysis were processed using the PARADISe V.6.1 softairganillaCasas
et al., 2023)Compounds were identified based on pure standards and tentative identification based on matitieddl #ith
2023 Mass Spectral Library (National Institute of Standards and Technology, Gaithersburg, MD, USA). Compounds with a
250 match factor above 800 and probability above 30 were accepted, as well as compounds with 3 hits of the same structural
formula. Incompatible compounds were manually assessed and identified by structural formula or probable matches.
Concentrations were quantified using the external standards. In the cases of unavailable standards, the closest structurally

related standardoenpounds were use@.ontaminant compounds that are known to arise from plasticsbtbgalates) from

storage or transport or from column degradation (siloxanesje excluded from the dataset

255 Identification of moneand sesquiterpenes fraBC-MS datawasused to calculate Okéaction rates for the average isomeric
composition for each experiment phaseeSesstressspecific OH reaction rate coefficierdse available in supplementary

data.Only daytime emission data were used to account for both de novo andrsitesd BVOC emissions.



2.2Integrated analytical approach

BVOC emissions in response to stress are not static; they change over time as the stress persists or alleviates. Also, plants
260 might start emitting a particular compound as a response to an initial stress signal, and the concentration might increase,
decrease, or change composition, with many different compounds being emitted simultaneously as the stress continues. Given
this complexity, classical statistical methods are limited unless the undedjétignship between variablesusderstood or
predefined. In contrastidvanced algorithms (e.g, machine learning, positive matrix factorization) exceicovering
complex, nonlinear patterns without requiring explicit assumptions about variable interattierefore, machine learning
265 (ML) and positive matrix factorization (PMF) were used to comprehensively analyze BVOC stress fingerprints (Fig. 1a).
A supervised ML model classified four treatment categopesstresspighttime ozone stressheat stress, and ozone + heat
stress, basednc onsecuti ve emi ssion pr of i imakéng proEess andidestify the iportanth e model 6s deci si on
features, SHapley Additive exPlanations (SHAP) wesed SHAP analysis enabled features or @Y compouneevel
interpretability by indicating whether high or low emissions of individual VOCs contributed to specific stress classfication
270 thereby providing both directionality and diagnostic specificity.
In parallel, PMF, an unsupervised source apportionment method, extracted latent emission profiles and their temporal
dynamics. PMF resolved the VOC emissions intevarying compound groups (factors) corresponding to physiological
responses (e.g., earlydtestress, oxidative damage, late heat stress, BMF.and ML offer complementary perspectives:
PMF elucidates temporal emission patterns, whereas ML identifies the most informative features for distinguishing stress
275 types.The comparison between resuftom ML and PMRhusallows for higher certainty in fingerprint identification than

one single method would provide.

2.2.1Machine learning model: Random Forest

Time-resolved VOC measurements from beech and oak experiments under four stress conditions were used to train a machine
learning model for classifying stress conditions (Figltigontains 20minute resolutiomaytimeVOC data over the 2 months
|280 (Figs. Ssa and S6a in the supporting informatigreontainingthe flux-emission ratef each VOC stress label, antime. A
structured preprocessing pipeline was applied to ensure the integrity of the input data and enhance model peFiosthance
| the dataset was checked for invatiéasuremenis VOC flux-emissiorfeatures; no missing, null, or zero values were found.
Then variancebased filtering was applied to remove quemnstant features to reduce redundancy and exclude non
informative VOCs Subsequently, correlation was checked between the features (by Pearson correlation)d

285 multicollinearity. Features showing absolute correlation coefficients greater than 90% were flagged and reviewed individually.

ionships

emdmedafgagment or water cluster

ionswereremoved For instance, i soprene (C H ) correlated with an r|] of 0.93 with C

ion rather than a distinct compourBiibsequentliyAalogarithmic transformation was applied to reduce skewness, scale down

10
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normalize feature scales and stable model optimization, thiedogformed data were standardized.

The dataset was split chronologically into training and test subsets for model tnasimigga stratified temporal splitting
approach (FigSscandSéc ) . Wi t hin each stress class, 70 % of the ear|
to the test set. This approach ensured temporal separation between training and tesaiser@isanced representation of

all classesKigs. S5b and $b). An alternative configuration was used as a sensitivity cleekhich an equal number of

samples were randomly selected from each day and assigned to the training and test sets. No substantial differences in model
performance were observed between the two approaches.

A random forest (RF) model was used to classify sulessto its robustness, interpretability, and ability to handle structured

data. The implementation followed the sciléarn python frameworkPedregosa et al., 2018)r machine learning. A
hyperparameter optimization step was performed using grid search to tune the number of trees, maximum tree depth, minimum
number of samples per split, and minimum number of samples peTkeabptimization was carried out usingdd cross

validation with the weighted F1 score as the evaluation meétadel performance was recorded across all parameter
combinations, and the one with thighnest validation score was selected for the final model fitting.

Robustness of the model was evaluated through apamametric bootstrapping procedure ove®0D iterations.Test
predictions were resampled with replacement to recalculate accuracy and weighted F1 scores in thiKpmekdensity

estimation was then applied to evaluate uncertainty and performance variability. For predictive uncertainty, Shannon entropy
was calculated from the class probability outputs of the random forest for each test observation. Sampldewéhtiogy

values corresponded greater uncertainty in the predicted class. The distribution of entropy values was analyzed across
prediction accuracy (correct vs. incorrect) and further assessed within each stress cAlsgotisne series analyses were
conducted to illustrate temporal dynamics in prediction confidence.

To determine feature importance and interpretlLundbeegandodel 6 s
Lee, 2017was used with the TreeExplainer methhisis a gameheory based approach that attributes the output prediction

of a model to its input features, providing an interpretable solution of feature importance that is both local (accstrésgy to

type) and global (in overall model for all stress conditioB$JAP \alueswere calculated for all samples in the test set and

then combined to create clagsecific feature importance rankings. The top 15 VOC features with the highest mean absolute
SHAP values were identified for each stress condifR@irwise comparisons were performed to evaluate feature redundancy

and specificity across classes, and the overlaps and unique features were examined. Finally, potenéktsttesgemical

fingerprintswere identified afteuasingthe SHAP values and their influence on the predictions for that specific stress.
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2.2.2Positive matrix factorization

To crossinvestigatethe random forest outcomese performed PMF analysis on VOC species measured by the-Pd¢us
To~MS. The PMF model was used to identify the VOC time series into factor profiles, factor time series, and residuals,
thereby isolating characteristic strestated emission patterriBhe PMF model has been widely applied to identify different
325 sources and chemical processes of VOCs measured byTBF-RIS across anthropogenic to biogenic emissi@tgattu et
al., 2024; Gkatzelis et al., 2021; Song et al., 20PA$ analysis was conducted separatelyjoé@ch anaak using the Multi
linear Engine (ME2) and implemented via the Source Finder (SoFi) package (version 8.6.4.4) wiBrrdgemftware (version
9.05).The bilinear PMFmodel resolved the sample matrix into two +meyative matrices: factor profiles (F) representing
characteristic mass spectra and factor contributions (G) representing the temporal evolution of each profile, withted associa
330 residual natrix (E).
The cleaned dataset was used as the data matrix, and error matrices were créaied By o f the measured concentration,
combined with twice the standard deviation observed during periods when the signal remaine8efatgeselecting the
final factor solution, we went through multiple checks:ocheckedvh et her t he factordés time series appeared random or
a clear pattern, inspectedthayx i s t o deter mi ne i f t h eoisk and theckd@osrelatianafthe i but i on was smal | or
335 f act o rséries withmameompounds. We also checked the explained variation to identify which compounds were most
strongly linked to each factor. Finally, we looked at the time series of those compounds to assess whether they appeared
random or noisy.
Results fromPMF (top 15 compounds) and Mtased SHAP (top 15 compounds) analyses were integrated as cross
investigation for comprehensive fingerprint identificatidiaken together, the integration of PMF and SHAP results extends
340 the understanding of VOC emission tracers under strebsemin section 3.6.

3. Results and discussion
3.1 Species and stress matter: Beech vs Oak behave differently beyond additive reaction to combined stressors

Isoprene (6Hs*, m/z 69.069) emissions were influenced by various stress conditions, with the highest emissions observed
under heat stress for both species (B&). Under prestress (acclimation) conditions, the emission rate for beech was 0.003

345 (+0.0006, standard deviation) nmof?s, i.e. close to zero, as expectdrl et al., 2009; Moukhtar et al., 2008)nder heat
stress, beech switched from a low/rieaprene emitter to an isoprene emitter, rising to 0.22 (x0.08) nmsi‘r(Fig. 3a).
This could be a strategy to increase thermotoleréBbarkey et al., 2001as beeches are more sensitive to heat stress than
oaks (Raftoyannis and Radoglou, 2002)zeneNighttime ozonestress, on the other hand, led to a reduction in isoprene
emissions in beech, consistent wibng et al. (2019Wwho reported an 8% decrease in isopréneemissionainder elevated

350 ozone levelsnder combined stress, isoprene emissions increased moderately (to 0.01-hsiplfon beech, while oaks
showed significantly lower emissions under this condition. Despite the reduction caused by heat and ozone stress, oaks still
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emitted more isoprene than beeches overall @dig). Under combined stress, isoprene decreased significamtlyh maybe
compensatory respons&his trend is also observed in Arctic regiofiginnan et al., 2020and temperate fores{¥an
Meeningen et al., 2016, 201 7hat compensatory isoprene respois@&ot-merely-a-byproduct-of temperaturedowtd be
part of a broader stresggnaling and recovery systgdud et al., 2015More recent evidengsuggests its role extends beyond

physical membrane stabilization, involving phosphorylatieediated signaling and regulation of chloroplast movement and

stressresponsive proteins (Weraduwage et al., 2023).

The terpenoid emissions varied substantially depending on the stress, and species. SM&damRot distinguish between

different mone and sesquiterpene isomers, we here discuss the sum eftli @ompounds as monoterpenes (MTs) and the

sum of GsH»4 compounds as sesquiterpenes (SQTs), while changes in composition of MT and SQT emissions are discussed

bel ow. Monoterpene emissions in beech i ng@3. Beecheaquitepéanet anti ally wunder O +heat
emi ssions decreased across al/l stress conditions (Z84% under heat), because
stress through cutting a branch. Therefore, this result cannot be generalized. Hawergreraturelependent increase is

expected, as shown and parameterized for beecMduykhtar et al. (2005)Monoterpene emissions from oak were

substantially increased by hetiess (88%) and slightly reduced hihttimeozone (24%) and combined stress (17Pi)to

et al. (2010warned that emissions could be underestimated due to the rapid reactions between ozone and MTs, which may

mask the true extent of chemical defenses. This issue was alleviated here by applying ozone stress exclusively during plants'

nighttime, flushing outesidual ozone in the morning, and reporting the daytime emissions that followed the nighttime stress.

Oaksd SQTs emissions substantially increased (0.022 nmol, 430% compared to
combined stress inhibited SQT emissions by ~50% compared-&irpes conditions in both species. While oxidative stress

can sometimes induce SQT emissions, some st(d@and Faiola, 2023have reported a decrease in emissions with ozone

exposure. For protection against ozone stress, not the amount but the ozone reactivity of the emissions is decisive (Section

3.3). It is important to note that stress response is usuallimear and depeds on factors such as dose levels. A stodya

Central European spruce for¢Bourtsoukidis et al., 201Zpund that temperature is a key driver of sesquiterpene emissions

in moderaely polluted environments, but when ozone levels surpass a critical threshold, emissions are more closely linked to

ozone concentratiorSgu . issi i i y i issions from (a)

he average

indicated by § = increase

+ heat) conditions. Boxe:
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Green leaf volatiles (GLVs) were substantially increased by heat stress and less by combined stress in both species, while
nighttimeozone stress barely affected the green leaf volatiles. This aligns with previous studies, which have demonstrated that
GLVs are rapidly emitted in response to increased metabolic activity under high tempdfatieest al., 2018; Jardine et

al., 2015; Rieksta et al., 2023)

Table 1 Percentage change in emissiofiuxes-rates of volatile organic compounds under four biosynthetic pathways, MEP
(Methylerythritol Phosphate), LOX (Lipoxygenase), SKP (Shikimate), and MVA (Mevalonate) in beech and oak for three stress
conditions. Arrows (z /¢ ) indicate increases or decreases in emission relative to the fmteess baseline (set at 0%). Superscript [hat formatiert:  Schriftfarbe: Hellblau ]
letters (ai d) denote statistically significant differences within each row, with different letters indicating significant variation amog
stress evets (p < 0.05).

Beech Oak
Pre Ozone Combined Heat Stress | PreStress| Ozone Heat Stress | Combined
Stress | Stress Stress Stress Stress

15



415

420

425

430

435

440

MEP | 0%?2 Z 55% Z 601%° Z 4049%¢ 0%2 s 28%° g 18%° ¢ 97%° [hat formatiert: ~ Schriftfarbe: Hellblau
LOX | 0%?2 & 37%32 2 1565%" Z 25437%° | 0%? c 3%2 Z 4839%P Z 2639%° [hat formatiert: ~ Schriftfarbe: Hellblau
SKP | 0%*? Z 1%* Z 30%° Z 812%° 0%* T 36%"° Z 373%° Z 254%° [hat formatiert: ~ Schriftfarbe: Hellblau
MVA | 0%° c 78%"° Z 104%° £ 4171%° 0%* c 57%"° 2 98%° Z 73%°¢ [hat formatiert:  Schriftfarbe: Hellblau
\‘ ( hat formatiert: _ Schriftfarbe: Hellbl,

at tormatiert: chrirttarbe: Hellblau
Compounds tentatively identified from PTRFMS measurements were assigned to pathways based on their knowr{ hat formatiert:  Schriftfarbe: Hellblau
biosynthetic origins or related to pathways adapted fritmky et al. (2023)Table1,S2). These were used to estimate shifts [hat formatiert: ~ Schriftfarbe: Hellblau
in major plant biosynthetic pathways (LOX, MEP, MVA, and SKP) under different stress conditiensingle and combined [hal formatiert:  Schriftfarbe: Hellblau
stress treatments showed the fundamental differences in how each specids eddatie stress. During heat and combined [ha‘ formatiert: _Schriftfarbe: Hellblau
stress, compounds related to MEP and SKP path({fyzky et al., 2023)were increased, e.g., isoprene, monoterpenes, [hat formatiert: _Schriftfarbe: Hellblau
) [hat formatiert: ~ Schriftfarbe: Hellblau

benzaldehyde (f£1;0", m/z 107.05) and phenethyl acetateftG:0,*, m/z 165.091) (Table2l). Based on these observations, - -

; . . . hat formatiert: ~ Schriftfarbe: Hellblau
beech activated the plastidcalized metabolic pathways, particularly the MEP and SKP pathways, under both heat an[ hat formatierz _ Schriftfarbe: Hellblau
combined ozondeat stress (Table 1). Stress induced high isoprene and monoterpene emissici#m)feigder heat and [hat formatiert:  Schriftfarbe: Hellblau
combine stress, possibly by increased enzyme synthesis or accumulation of dimethylallyl diphosphate and geranyl diphos;{ hat formatiert: ~ Schriftfarbe: Hellblau
(Nogués et al., 2006)ndiceing a chloroplastentric metabolic shifting to an active investment in photoprote¢Refiuelas [hat formatiert:  Schriftfarbe: Hellblau

O U U U

and MunnéBosch, 2005)redox homeostasitoreto et al., 2004)and antioxidant defeng8ingsaas, 2000Notably, while
beech also showed sulistial increases in emissions from cytosolic pathways (MVA and LOX), including acetaldehyde
(C:Hs0*, m/z 45.03), hexanal ¢81:30%, m/z 101.09), €H1:0* (hexenal, m/z 99.08), hexanol fragmentHiG*, m/z 85.10))

these appeared to be part of a broader, integrated metabolic adjustment, coordinated with plastidial pathways (MEP and SKP),

following a diel cycle (Fig. 32a,c) contributing a balanced physiological response rather than a primary damage response.
Oak showed a different physiological strategy. Sesquiterpenes, hexenyl acgtat®©{Cm/z 143.10), acetaldehyde, hexanal

and other compounds (Tab¥) related to LOX and MVA pathways increased significantly during heat stress and under
combined stress (except SQTSs). The overall LOX and MVA pathway shift during those stressors is significat).(Thide

points to a more cytosohnd membraneentric defense mechanism (LOX, MVA) by a dominant activation of the LOX
pathway particularly under heat andmbined stress. Sesquiterpenes are the primary products of Whiéh significantly
increased by heat (Fig3b) andareassociated with membrane lipid peroxidatidpez et al., 2011and rapid oxidative
signaling(Basile et al., 2025)

The VOC response toighttime ozone alone was relatively low compared to heat or combined stress in both dietyes,

due to limited stomatal uptake during nighttime exposure, resulting in a weaker trigger of VOC biosynthesis (Table 1), unless

combined with additional stressdise-g, heat).Several studies have shown that plants can recover from ozone stress within

24i 72 hours, depending on the species (Kanagendran et al., 2018; Velikova et al. \WAti@5)his recovery potential may

have moderated the observed ozone response, it also provided an opportunity torsapelogically realistic post

exposure dynamicsNevertheless Tihe inelusion-efexposure tmocturnal ozone reflects ecologically relevant conditions, as

recent studies have reported frequent nocturnal ozone events, where 0zone concentrations remain elevated or even increase at
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night due to residual layer mixing and limited nighttime deposition (Musselman & Minnick, 2000; An et al,, eXi&bjally

in_ mountainous areas such as most of Germarstformlthough stomatal conductance is generally lower at night, it is not

negligible, and nocturnal ozone flux into leaves can still occur, potentially leading to oxidative stress when plant defense

capacity is reduce(Musselman & Minnick, 2000)t has been reported thaeés in regions with highzonelevels can have

stomata open at nighCaird et al., 200#4eserand-Havranek—1998latyssek-etal—1995
Peron et al.(2021pbserved iroak that the combination of ozone with drought altered VOC emission profiles and led to

opposing feedback compared to ozone alone. While eirmheeed oxidative stress can stimulate VOC emissions, the
magnitude and composition of these emissions are highly dependent on factors such as plant species, developmental stage,
stress severity and ginonmental conditiongPinto et al., 2010; Renaut et al., 2008)nphasizing the complexity of plant
responses to ozone. Mechanisticatigone exposure leads to intracellURgactive Oxygen SpecieRQS accumulation and

the activation of stress signadj compounds (e.g. jasmonic aci@angasjarvi et al., 2005)-urthermore, chronic ozone
exposure leads to downregulation of photosynthetic enzymes such as RUBs@0x et al., 2001 )suppression of carbon
fixation, and activation of offset metabolic pathways including phosphoenol pyruvate carbd@dasber et al., 200@)nd

the pentose phosphate pathw@®jzengremel et al., 2008Yhis metabolic shifting may further constrain VOC production
under ozone.

We-acknowledge-thalmplementing stress sequentially on the same individeplesents-a-nemaditionalapproackandmay
havecarryrover or @l i nger i nqg(éitekdeisterat2018a) ahd reprasemts as such a sedlistienaris that

a tree may experience in an ecosystdowever this nontraditional approach makes the resolt®ach stress scenario linked

to the previous sequenead thus not generalizable on their oWenetheless;Recent studies showed that repeated or

seqguential stress exposure can induce a form of physiological stress memory, wherein plants retain molecular or metabolic

imprints that influence subsequent responses @Eet@no and Munnr&osch, 2016; Liu et al.,022). Such memory arises

through transient chromatin modifications, persistent activation of defefeted genes, and metabolic reprogramming that

can enhance or attenuate volatile production up@xpesure (Ding et al., 2012; Xin and Browse, 2000). For instance, Blande

et al.(2014) highlighted that prior oxidative or thermal stress may reallocate carbon and energy resources, altering precursor

availability for VOC synthesis, leading to reduced emissions under prolonged exposure but more rapid or efficient activation

during mid re-exposure.

e Ol'de[ Formatiert: ~ Standard
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a nindscéd dielt r e[hat formatiert:  Uberschrift 2 Zchn

emission dynamics [hat formatiert: ~ Schriftart: Nicht Fett

Under prestress conditions, terpenoid emissions, specifically monoterpenes (MTs) and sesquiterpenesol®@es)the

expected diel cycle, with emissions peaking during the light period and falling at night (Fig.3), consistent with their stron

dependence on lighthis pattern aligns with established findings that emission rates are modulated by environmenkes variab

17



such as temperature and ligi@uentheret al., 1995. However, exposure to abiotic stressors, particularly heat and the

480 combination of 0zone and heat, results in the loss of their distinct diel behavior. \Mih¢@/z 137.13) emissions lose their

clear diel behavior under severe heat stress, and so do SEHb4(@/z 205.19) emissions from oaks, but not from beeches.

Green leaf volatile (GLV) (€H100, m/z 99.08) emissions also showed a diel pattern, but emissions increased after nightfall

under prestress anahighttime ozone stress, and are continuously elevated under heat and combindue& stress. This

nighttime GLV emission is in line with other studiésr instanceBrilli et al. (2011)showed that both poplar and oak showed

485 noticeable bists of GLV emissions following transitions from light to dark, even without stress or wouAdiegutherg/e

attributed these transient increases to physiological changes in membrane stability and pH associated with darkening.
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Figure 3. Diel variation in isoprene, monoterpene (MTs), sesquiterpene (SQTs), and green leaf volatile (GLVs) emissions from beech
(a,c.e.q) and oak (b.d.f,h) under four conditions:pres t r e s s | o stress., h e a taxisstherumsisaded eegicth O + heat. On the x
490 (16:006: 00 UTC) corresponds to the plantsdé daytime (lightston), while the grey shaded reg
off). Data points are diel averages and shaded areas around them represent the standard deviat®wersion of this figure that is
normalized to the maximum diel emission is presented in the Supplement (Fidgi)S

Heweverdespite oak being an isoprene emitter and beech-#spprene emitter, both species showed similar responses (in—[ Formatiert: Vom nachsten Absatz trennen ]

patternor diel variation to heat and ozone stress, although with different magnitudes (Fig.3). In oak, heat was applied after
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495 ozone, while in beech, heat followed the combined stress, yet the mainrsthgssd emission patterns were consistent across
species.

3.3Stress reshapes potential atmospheric impacts of BVOC emissions

BVOC emission composition from beech and oaks varied between the stress events (Fig. 4), and so does the reactivity of the
sum of the 80 observed BVOC species with hydroxyl radicals (Fig.T®tal molar BVOC emissions decreased under O

500 stress in both species compared to-giress, were highest under heat stress, and went back to a similar rangsteesgre
under combined ©+ heat stresgFig. 5a)

Emitted OH reactivity was calculated following
0Y BQr 2O (eq. 1),

where OHR is the emitted OH reactivity in 182, kowvoc is the reaction rate constant of a VOC with the OH radicaldin m
505 moleculed s?, and koc is theflux-emission ratef the VOC in molecules? s*.

Emitted OH reactivity followed the same pattasisummed VOC emissiofisig. 5), with the highest emitted OH reactivity
under heat stress for both species. Summed calculated OH reactivity was higher in oak than beech emissisrtsgher to
BVOC emissions, especially of highly reactive isoprene.

(a) Beech - Pre-stress (b) Beech - Heat stress (c) Beech - O3 stress (d) Beech - O3+Heat stress
o — Others (5%)
Isoprene (3%) Carbonyl (48%)

Others (5%)
R —
Others (3%) — ,——Monoterpenes — Mono(erpenes (10%)
Carbonyl (12%) ~ (6%) _— Isoprene (3%)
Acid (16%,
Alcohol,
Acid (3%) — Acohol (37%)
65%)
?|B°2°°2()JI 5% Carbonyl
Alcohol (22%)

]

@ carbonyl / Carbonyl (43%)

W Acid Alcohol (28%)

[ Isoprene

[ Monoterpenes  (€) Oak - Pre-stress (f) Oak - Heat stress (g) Oak - O3 stress (h) Oak - O3+Heat stress

[ Others Isoprene (71%) —— Others (4%) — Others (3%)
Mzs%)j

o Carbonyl (20%)

Others (2%) -,

Acid (4%) - Acid (4%) -

Alcohol (7%) —

0 J 9
Alcohol (13%) Alcofol (21%)—" Carbonyl (9%) ——/

Carbonyl (11%) Carbonyl (16%)

Acid
(47%)
¥ Alcohol (28%)

|510 Figure 4. Composition (mole-based) of volatile organic compound classes emitted by @& beech and (en) oak under different
environmental stress conditions.

Heat stress and combined O +heat stress in beech samduced emi ssions with a mor e
pre-stress stress. Thamission profile was dominated by alcohols and carbonyls, which together accounted for over 70% of
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the total emissionand monoterpenes (10%)ole-based) Among the alcohols, methanol (@B, m/z 33.03), and ethanol
515 (CqH-O*, m/z 47.05) were the primary contributors, while acetaldehyde, and butattall ethylketone MEK, CsHO*, m/z
73.06) were the main carbonyldonoterpenes (10%) increased substantially under combined stress in beech. Oak emissions
were consistently dominated by isoprene-pre r e s s (7 1 %) , as wel |l as under O (77 %), while contributi
carbonyls and acids increased substantiallylenhéat and combined stress. In oak, acetil{G,*, m/z 61.02) and propanoic
acids (GH-O2*, m/z 75.04) were the main contributor species of the acid fraction. Carbonyl and alcohol composition similar
520 to that of beech. Batspecies diversified their emitted BVOC mixture under heat and combined stress comparatréspre

conditions.

OH reactivity was much higher under heat stress rather than combined ozone and heat stress in both species with different
magnitudes. Isoprene dominated OH reactivity emitted from oaks undstress and ©stress but not heat and combined
stressln beech, heat stress led to OH reactivity dominated by carbonyls (~25%, mainly acetaldehyde), acids (~27%, primarily
525 acetic acid), and alcohols (~20%, mostly methanol), with isoprene (~12%). When ozone was added on top of heat as a co
stressor, the profile was altered, carbonyls increased to ~30% (now including more acetone), alcohols remained stable (~20%),
and with more monoterpenes (~20%) contributions. However, oak showed a different pattern: under heat stress, OH reactivity
was drven mainly by isoprene (~56%) and acids (~23%, acetic acid). With combined additive-(@ztpstress, there was
a shift towards the acid group ~66% and carbonyls to ~14% (notably hexenal and acetaldehyde), while isoprene dropped to
530 just ~4%.

In beech, MTs contributed only 1.7% to emitted OH reactivity under heat stress but ~21% under combinbdaizstness.
Oak maintained a minimal MT®H reactivity contribution (~1%) under both heat and combined stress. Monoterpene
composition influencedhe monoterpene impacts on OH reactivity (F8p). For example, under heat stress, the MT
composition in oak emissions changed from the highest contributor Beiimgene (cyclic) towards a higher contribution of

535 more highly reactive citral (acyclic). In beech, sabinene dominated the monoterpene emissions and reactivity during all parts
of the experiment, except during heat stress, when the monoterpene composition diversified and emissions of other highly
reactive monoterpenes like phellandrene, citral and limonene increase®3fidhe shift towards more acyclic terpenes
under stress is in line with other stud{€aham et al., 2024; Khalaj et al., 2021)

(0] stress substantially reduced total BVOC e mbtessiewwls,s in both beech (~700%) an
540 resulting in a corresponding drop in total OH reactivity by ~200% in beech and ~7% in oak (Fig.5). Interestingly, in beech,

O -stress phase OH reactivity became dominated by terpenoids (MTs, SQTSs), ~25% of total reactivity, compared to just ~10%

during the prestress phase. Oak maintained a consistently isoprene dominated OH reactivity profile (~90%) in both stress

phases. Physo |l ogi cal | vy, O alters stomat al regulations and oxidative damage to | eaf

BVOC biosynthesis and de novo emissions. These emission discrepancies between the species under the same stress also carry

545 the specieslependenstressaction messagewhile beech appears to shift toward a plasgdtric investment in diverse
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terpenoid defenses, oak maintains a sustained isoprene
highest fraction of caryophyllene (Fi§4), which is among the most reactive sesquiterpenes towards ozone, which could be a

potential strategy for protection against oxidative stress.

Although our experiments showed speesegcific differences in OH reactivity of BVOC emissions under different stress
conditions, one consistent pattern appeared: heat stress consistently elevated atmospheric OH reactivity. This potentially
reduces the availability of atmospheric oxidants for other trace gases and can slow down the breakdown of key pollutants (e.g
methane, CO). During heatwaves, elevated VOC emissions combined with high OH reactivity can significantly contribute to
the formation of tropospheric ozone (depending onyNOncentration) and secondary organic aerosols. This effect will be
more pronounced in urban and saman areas, where biogenic and anthropogenic emissions interact, especially under
intense sunlight.

(a) (b) (c) (d)
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Figure 5 Total volatile organic compound emissions under different stress conditions and their corresponding calculated OH
reactivity contributions for (a,b) beech and (c,d) oak .

Comparing with field studie€hurkina et al. (201&howed that biogenic VOCs contributed ~60% to ozone formation during

the 2006 Berlin heatwave. Additionallghu et al. (2024showed that the combination of terpenoids and NOx accounted for
more than 55% of the maximum dailyh®ur average ozone formation in Los Angeles. Air quality simulations over Paris
during JunéeJuly 2022 reported urban tree emissions increased secondary organic matter by an average of 5% (up to 14%
during heatwaves) andzone concentrations by 1% on average (up to 2.4% during heatwaves), with localized increases
(Maison et al., 20240ak andbeechare common tree species found in central and northern European urban antareri
areaqJandl et al., 20250ur observabns, showing that OH reactivityf emissionsinder heat stress conditions increases by
~97% (beech) or ~58% (0ak), support the expectation that ozone pollution in urban areas may increase with more frequent
heat waves.
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In the real world, especially in an urban atmosphere, several stressors occur at the same tingdisoubsion of additive
stress is important. Based on our experiment, beech trees increase their OH redativigsiondy ~60% under combined

ozone and heat stress, whereas oaks reduce it by ~54%. In the context of European cities and forests, this becomes especially

important. Central and Western Europe, including countries like Gerrhadgrge areas dominated by European beech (e.g.,
in Germany 14.8%), which may lead to increased atmospbridation potential Naturally, with species heterogeneity in

forests, compensatory effects are possible: one species may increase while another decreases OH reactivity, and OH reactivity

may be not change substantially overalicritical concern is the physiological consequences of prolonged additive stress, as
evidenced by or experiment, where all plants wilted and died by the end of the combined stress period. Beyond atmospheric

consequences, additive stress poses a potential threat to tree vitality and forest ecosystem resilience.

3.4 Random forest model

3.4.1 Consistency and uncertainties

The classification matrix for all classes from the trained random forest model for beech and oak shows precision dnd recall o

0.95 to 1.0 (Fig. 6ab). It compares predicted versus actual stress categories, where the diagonal elements represent correct

predictions (true positives) and affagonal elements indicate misclassificatioRsecision reflects how many samples

predicted for a class were correct, recall measures how many true samples of that class were correctly identified; and the F

score combines both into a balanced accuracy medSwora.the matrix, its clear that the model can effectively discriminate

between the differersitresstresses

-Model evaluation was not restricted to standard classification metrics but was extended to expasstfieation's
consistency, reliability, and uncertainhannon Entropy (uncertainty in predictiomds used to quantify the classification

confidence (Fig. 6d d). Entropy values close to 0 indicate that the model made confident predictions (i.e., one class strongly

dominated the probability distribution), whereas higher entropy values reflect greater uncertainty betweenMuasses.

sampleshowedow entropy values, indicating that the classifier was highly confident across most conlditisrs-edictions

have-lew-entropy-for-most-samples,-anél smaller number of predictions have moderate to high entropy (but less than the
threshold).

il

To further assess the relationship between uncertainty and misclassification, entropy distributions were compared between

correctly and incorrectly classified samples (Figs.fedncorrect predictions were generally associated wittnparatively

high entropy confirming that the entropy well captured classification uncertainty rather than random variability. Also, no

random entropy spikes were observed

ne-entropy-valuesmndomly-spikedieross-all-conditiondn addition the timeseries entropfsee Figs. 5d) and $(d)) showed
that most classifications were made with high certainty (entropy < 0.6), though slight increases occurred under @@mbined

+ heatstress, potentially reflecting overlapping BVQfatternsand the model's sensitivity to complex stresignals
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600 Performance stability was also checked across clalseesstrapped distributions of classification scores with low variance
(Figs. S5(e-f), S6(e-f)) indicate the model'sonsistency These evaluatianconfirmedthat trained models are useful

classifyingstress types.
The UpSet plots (Figs. 68) show the dominant BVOC fingerprintSHAP-derived compounds)that contributed most

strongly toclassifyingeach stress type and shared or overlapping compounds between stresses. For example, certain VOC
605 f eatures appeared across both O and combined O + heat stress, suggesting cc

[hat formatiert:  Englisch (Vereinigtes Konigreich) ]

defense mechanisips.
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Figure 6. Performance metrics, uncertainty, and misclassification analysis of the Random Forest model for stress classification in
(left) beech and (right) oak. (&b) Precision, recall, and Fiscore for each stress class based on the test 8&tmbers in parentheses
indicate the number of test samples per class.i(@) Distribution of Shannon entropy values of predicted class probabilities across
all test samples. (&f) Entropy distributions of correctly and incorrectly classified samples. (gh) Plots showing intersections of
SHAP-identified top 15 stress markers among the four stress classes. Bars represent the number of ions unique to or shared between

classes. Insets indicate total counts.
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3.4.2 SHAP resolved stress fingerprints

SHAP values from Random Forest models (FAgisandA2 in the Appendix Awere used to identify strespecific compound
fingerprints for bothbeech andak, as well as interspecific differences associated with stress condBeeshprimarily

depended on a limited number of compounds under each stress scenario (Figy 7a). he O stress condition, markers such

propanol, mg€&.0¢, Omet ha nm/z 33.03Cithon® (GsH2:0", m/z 193.1% , and tolual dehyde
121.0§ were mosprominent typically contributing withpositive SHAP values when suppressadiow emissiorfiux-rate

(Figs. 7a and Al)These patterns point toward ozenduced suppression of certain biosynthetic pathways (details section

3.2). Under heat stress, the makiminantcont ri butors i ncl udemnm/z 898§ methyhbnglny |l s ( C
ketone(MVK, GH-O*,m/z71.05§ , phenet hyl @k ¥5.0 iseprefetbenzdil fragDentstG*, m/z 79.05,

possibly from shikimate pathway products), hexaf@H130*,m/z 101.09)and c u me n o | m/z 187.081 The® H

increased emissions significantly shifted predictions towards the heat stress class. These BVOCs reflect thermal degradation
and markers offieat stresdnterestig | y , under +icenartb i snterde Os , m,anizd 374 3 were strengly ( C H
activated(Fig.3a)and have high positive SHAP valu@sgs. 7 and Ald)forming a unique and dominant fingerprint for beech

under O +heat stress.

Similar tobeech, undenighttime ozone stress, oak showed sev&8%OCs such as propanol, acetaldehyde, sesquiterpenes

and pyruvic acid were identified with high SHAP values, despite their low absolute intensities irstessed samples. The

classifier assigned strong predictive importance to their reduced preses@eing lower emissions (Table S4) of these

features wer@nformative for ozongelated stress discrimination. Suow-emission driverfeature patterns highlight that the

model 6s decision was not dr iredecngspegificed leavtait leas edni rsisn @ nez due
heat stress fingerprints were primarily shapeélbyatedyruvic acid (GHsOs", m/z 89.03, formic acid (CHO.*, m/z 47.0),
tolualdehydeisopreneand pheno{CsH-O*, m/z 95.05missiongFig. 7b) T h e c o -hieat siress cor@ition showed

a compound profile largely driven by markers shared with the individual stress states, but with amplified effect sizes.
Particularly sesquiterpenedV K , phenet hyl ,alk&6a58% benzdiddGragmehts, f@®mic acidndionone

were dominant BVOC fingerpriat

&slimited number of B\OC
(201 25% of the total emission signalfFig—6gh) were unique to individual stress conditions among the toB\16C
featurestress fingerprint compoundis both speciesSeveral BVOCs consistently appeared as markers for specific stress

types, independent of species, while others showed sgseetic stress. These overlapping BVOC fingerprintsgmatures

imply that certain VOCs may reflect core metabolic responses to abiotic stress, regardless e$ppeifiephysiology.
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Figure 7 SHAP-based (SHapley Additive exPlanations) feature importance of volatile organic compounds (VOCs) for classifying
stress conditions in beech (a) and oak (b). Afr.o refers to fragments. Bar pl ots sho

fingerprint under h e(adhtinse! (rbe)s,s a nld Qe+itmatmineeds r@s)s.
3.5 Positive matrix factorization

3.5.1 PMF factor interpretation

PMF was used to apportidhe stress profile and identified a-$actor solution for both beech (Fig. 8) and oak (Fig. 9). Details
about thePMF analysis and the rationale for selecting the six factors are provided in section 2.2.2 and Appendix B.
InBeechfFfactor-l i s charact-ertieses as baheelliPne factoro because it shows consistent and
throughout the period (Fig. 8). Additionally, it has weak correlations between the top contributing VOCs and with the factor

time series, and thexplained variance for these compounds was minimal. This reflects the background emissions under
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unstressed conditions. Factor 2 i s tfesemiesthninctease (aftera-388C) heat responseo factor due

655 beginning toward the end of the O +heat phase and eontinuing into the heat st
sharp increase in chamber temperature, indicating that this factor likely captures delayed thermal stress responsiss. Factor 3
identified as the fAplant decayo factor, as it becgsomes prominent after the str.e¢
peak independent of immediate heat or ozone exposure. This temporal dissociation implies involvement in cell lysig, consisten
with the observation that all plants haidtedby t he end of the experiment. F&octor 4 is considered the fcc

660 as it shows a distinct peak c eheatexpabure The tine seties shtmes arppidystressd of si mul t aneous O
synchronous response. Factor 5 is designated the mgevere heat stresso factor,
the highest temperature phase of the experiment (42 AC), without overlap from
fgdy heat stresso factor, whanthh ea mmaa rnr oOvetrh etaet mppoeraskl awidn dda vé pe aarylsi earn ear |l i er res
to rising temperatures (~B88 AC) before full stress onset.

665 | n Oak, Factor 1 -sitsr eisdse notri fbiaesde laisn et hfeaciitPorred0 due to its moderate contribution a

the prestress and early ozone exposure, without showingsabgtantiasharp peak (Fig.9). Its VOC composition is broad

but with low correlation (withoutonsideringisoprene, oak generally emits isoprene) and explained variance for most top

compounds, likelyrepreserihg constitutive emissions and ambidavel biological activity. Factor 2 is associated with the

AfO3+heat stress, o0 peaking sharply during the overta@appong ozone and heat phase.
670 asitindica es a del ayed increase after the peak heat stress events have abated. Fac

dominates during the standalone heat phase and peaks just after the onset of heat stress. Factors 5 and 6 are described as th

fisevere heat stress, o0 showing the maximum contribution during the peak heat s
consisently decline.
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Figure 8. Positive Matrix Factorization (PMF) analysis of VOCemissionprofiles from beech under different environmental stress
conditions. (a) Time series of aix-factor PMF solution. Colored vertical dashed lines indicate the starting of different stress phases.
(b) Corresponding mass spectra (m/z proflles) of each factor and their relat|ve S|gnal contnbutlons m/z 1@80 are scaled by a
factor of 5. 3 % v whig

3.5.2 PMF-resolved stressvVOCs profiles for stress fingerprints

The early heat stress factfor beech(Fig.10a8) w a s

117.09), ME K, and monoterpene

characterized by

fragments (

h e x
C H

enal , isoprene,

., miz 81.07).

stress and late heat response factors. Additionally, the severe heat stress factor uniquely showed contributions from MVK,

benzenoid fragments,

and

C H O

( C H OHrelated fiattars. Thése findings maki ng

are consistet with studies showing th&&mporaryheat stress triggers the biosynthesis of GLVs (e.g, hexenal) and isoprene,

which serve as rapid markers of membrane perturbation and ROS signaling within leaf(Bssuesal., 2023; Kleist et al.,

2012a; Turan edl., 2019) Particularly, isoprene is wetlocumented to increase cell membrane stability during thermal stress

and is frequently emitted by deciduous trees under elevated tempe(B@amest al., 2023; Iwasa et al., 2024} heat stress

persists, the VOC emissidar late heat stress remains similar but becomes more complex with contributions1¥Km
85.06). MVK emissi
2022)representing the

benzenoid fragments,

and

C H O

activation of distinct sessrelated metabolic shifts over time.

TheOs + heat stress factor showéeg.10a) a

di

st

nct

vocC

(C H OH ,

(Cappellin et al., 2019rnd benzenoid compounds accumulate during acute heat ex(ilosweeal.,

response

m/ z

and

was strongly

m/z 137) with additional supporting signals frononoterpene fragmentacetone CsH-O*, m/z 59.04) Methyl salicylate

(C H O , and propetd®IFHAH), m/z 77.05) Elevated rnonoterpene emissions are generally attributed to

temperaturénduced responses in plants and have even been described as a ‘thermometer (fgpthines'et al., 2017)

Furthermore, monoterpenes serve as antioxidants, helping to mitigaté\existeess caused by both elevated temperatures

and ozone by quenching ROS and contributing to etmissance against double abiotic stresses. On the other hand, acetone

emissions have been associated with cellular decay and-omhreed damage, as described in several st¢Degson et al.,

2008; Loubet et al., 2022; Wu et al., 2019)

The plant decay factor was temporally shifted toward the end of the experiment, particularly after the peak of €ymbined

heat stress. The chemical profile was not distinct from the other factors, with typical stress marker compounds, e.g.,

acetaldehyde, ethanol, acetone, hexanal, benzoid fragments, and isblorst. these low m/z compounds, notably ethanol

acetone, and acetaldehyde, aregpbyducts of altered respiratory activity and fermentative metabolism under high temperature

as discussed before, may be due tolysik.
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Figure 9. Positive Matrix Factorization (PMF) analysis of VOC profiles inoak under different environmental stress conditions. (a)
Time series of asix-factor PMF solution. Colored vertical dashed lines indicate the starting of different stress phases. (b)

In oak(Fig.10k9), initial heat stress was characterized by disfingerprintsof isoprene, propanoic acid, MEK, pyruvic acid
(C H O , m/z 87), and cyclopentadiene. Interestingly, a similar VOC signatur
720 and this recurrence suggests that bothdimationandintensityof thermal expose led to repeated cycles of oxidative
metabolism and membrane adjustmé&iévated soprends a hallmark VOC in oaks and responds shafpable S4)o rapid
temperature increases as thermoprotecthinet al., 2010)Also, the cepresence opyruvic acid, MEK, and propanoic
acidcould be due to activated glycolytic and pyruvate turnover pathways to supply energy for thermal r¢kitiestoeand
Schnitzler, 201Q)in contrast, severe heat stress induced a distinct chemical signature dominated by sesquiterpenes, benzenoid
725 fragments, hexanaknd ethyl butanoate. These compounds are often linked to more advanced or prolonged heat stress
responses as discussed earlier in beech, potentially involving membrane degradation and lipid oxidation.
The factor associated with the combir@g+ heat stress showe#ig.10b)uniqgue dominance afcetoneacetic acidMVK,
MEK, butene and ethanolAcetone has been associated with cellular decay and ozone damage in multiplé Bawdses et
al., 2008; Loubet et al., 2022; Wu et al., 2019tably, the ceemission of MVK and MEK supports the mechanistic model
730 by Cappellin et al. (2019which showed that MEK could be produced biogenically from MVK within plant tissues via-stress
induced pathways decoupled from isoprene biosynthBséspresence of MVK and MEK in high abundance (Table S4) under
combinedOs + heatstress, but not necessarily under isolated ozone orpeeimtds emphasizes that this transformation
pathway is particularly prominent when plants simultaneously encounter intensified ozone and heat stress.

33



Correlation
0.6 0.8

[ Formatiert: ~ Nicht vom néchsten Absatz trennen

0.4 1.0
(b) Oak
(a) Beech
1 1.0 1 1.0
Pretress| Pretregs 8
0.01 N 05 0011 ® 058
° e . g
0.0001 % 100 0.0001 700
FEE LS L
&8 W & O ® &2 g
R CARO A &
& & oK & b\b & A
¥ P &%‘ T Q@Q
1 1.0 1 c 1.0
Late heat response O3+h£at* 3
0.01 % 05 001 0583
. B
0.0001 . o700 0000181 - e 00
@ & R
& T & A F S S
F @ L N F S FE 5
> ¥ 3 S & e P I P ORI,
& @ N &F ¥ & ARG
1 1.0 < 1.0
_ emi ssi o Late hea s@ r
[) (] c
= 05 0.01{ % 058
3]
> 0.0 0.0001—* 0.0 =
8 . g @o"' @ @Q{. < $0 & & X
.E \90Q TS
E & &
2 1.0 1 1.0
- at ost
5 2
8 05 001 058
° @
- >
g 0.0 0.0001 0.0
w &
\%é2
1.0 1.0
t str el, 58
05 001 058
o
>
0.0 0.0001 0.0
<&
<
1, ¥ < N 1.0 1 1.0
%* eEarly heatVstre r-e%s
=
0.01 05  0.01 058
(]
>
0.0001 0.0 0.0001 0.0

»

RCMNC N & & & K@éQ 5
& & S RN v
¥ P @ F S Y

O € Compound name

735 Figure 10 Top 8 stressBVOC markers for each factor for (a) Beech and (b) OakBar plots show the relative contribution of specifie [ Formatiert:  Beschriftung

compounds, whilegreen dotsrepresent the correlation coefficient with the respective factor time serie€olor shading indicates their
correlation with the corresponding factor timeseries, and asterisks (*) denote compounds that were also identified as fingans

by the machine learning.
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3.6 Do ML and PMF tell the same story oktressspecific fingerprints?

Both PMF and ML approaches identified overlapping VOC fingerprints for specific stressors, along with-speciies
differences in these fingerprints (Table 2). For examgl®atedsoprene appeared as a heat stress marker across both species,
signifying itcould be a potential univerdagat stresmarker Converselyelevatedsesquiterpenes were fouasl markers only

for severe heat stress foak,which may be related to the ngeneralizable sesquiterpene emissions we induced in the beech
experiment by having to cut one branctrieSsBVOCslike acetone, MVK, MEK, and benzenoid fragments, althoughled

in both sgcies, varied in intensity and timinghowingpossible differences in oxidative stress responses or cell membrane
degradation(Figs—8-and-Big.10). Collectively, PMFE-and ML offer complementary perspectivelslFelucidate

emporal

Table 2 Stressspecific volatile organic compound fingerprints in Beech and Oak under heat, ozone, and combined ozone + heat
stress. Superscript—y-—d éhot e identification by Machine Learning (y) or

Compound Stress fingerprint

Heat Ozone Ozone + heat
IsoprengCsHs) Beech¥ * fOakY * ¢
Monoterpen&CioHie) Beech¥ * @
SesquiterpeneisHzq) OakyY *
MEK (C4HgO) OakY * iBeech * ¢ OakY * ¢
MVK (C4HeO) Beechy * ¢ Oaky *
lonone(C13H200) Beech¥
C5 carbonylgCsH100) Beechv * ¢
Benzoid fragmentéCeHe) Beecht * @
Acetone(C3HsO) Beech¥ * 10aky * ¢ Beecht * @
Hexenal(CsH100) Beechv * 0
AcetaldehydgC2H40) Oaky *1
Propanoic acidCsHsOy) Oaky * 4
Ethanol(C2HsO) Oaky * 4
Methanol(CH4O) Beech¥
Propano(CsHgO) BeechY

Positive

Matri x

Factoriza

PMEF, beingan unsupervised approach, identifies hidden factors based on variance structures within the data, vvhereas[ hat formatiert:  Schriftart: 10 Pt.

classification is a supervised method guided by predefined stress labels. Consequently, while both approaches converged

the same dominant fingerints, the ML model identified several additional ozapecific markers that PMF did not resqlve

on

potentially because of their small magnitfu@onversely, PMF successfully differentiated contextual emid$tan 8-9)

[hat formatiert: ~ Schriftart: 10 Pt.

patterns (e.q., early, late heat stress). The additional rationale for using these fundamentally different approaches was

evaluate how consistently they capture stressted features and how effectively they can distinguish overlapping stress

events.As shown in Table 2, a substantial proportion of the identified fingerprints were consistent between both methods.
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Collectively, PMF and ML offer complementary perspectives: PMF elucidates temporal emission patterns, whereas ML

760 identifies the most informative features for distinguishing stress types.

3.7 Consequences of a shift to stregelated biogenic VOC emission patterns in a warming climate

Projected climate change trends indicate an increase in the frequency of hot days and heatwaves, leading to compound heat
ozone wavegHertig et al., 2020; Yang et al., 2022he relative contributions of various BVOC classes emitted by beech and

765 oak trees are expected to shift significantly due to heat stres§Fidhus, urban areas containing such trees may experience
a notable alteration in the composition of emitted BVOCs, with biogenic sources becoming increasingly influential on urban
air quality. For instance, elevated isoprene and monoterpene emissions during heat stress can enhance ozone formation
potential, ashtese compounds readily react with atmospheric oxidants, thereby raising ozone levels in urban environments
where high levels of nitrogen oxides from combustion are present, particularly on hot sumn{&fataysrstill et al., 2024)

770 Moreover, O dlefingc BUOCs likedsaprenesandaerpertes to produce additional OH radi@aGarlo et al.,
2004) creating a positive feedback | oop that can amplify BVOC
BVOC reactions can furth@xtendtropospheric ozone and secondary organic aerosol formation, compounding the effects of
heatwaves on urban pollution leveMso, the rising prevalence of BVOCs under warmer conditions raises concerns regarding
their interactions with anthropogenic emissidnsareas with both high nitrogen oxide levels and high BVOC emissions from

775 vegetation, this loop couldide periodic spikes in ozone and fine particulate matter, contributing to regional pollution events.

4 Conclusion

This study provides an investigation of how biogenic volatile organic compounds (BVOCs) are modulated in response to heat
andnighttime ozone stress, by two dominaeciduousEuropean forest tree species, beech and oak, and to our knowledge,
for the first time, in response to the combination of both stressors. Our findings highlight distinct-specifis patterns in

780 the emissions of key BVOCs like isoprene, monoterpensguierpenes, and green leaf volatiles, which vary considerably
depending on the type of stress encountered. Combined ¢Zwwstress elicited emission responses that were distinct from
both singular stress applications, highlighting the complexity ofweald stress scenarios where multiple stressors likely
happen in combination. In order to facilitate stress identificatiditure field measurements, we identified stregscific
fingerprint BVOC markers for each stress usingchine learning (Random Foreat)d crosssalidation by Positive matrix

785 factorization (PMF).
Beech switched from a low/neinoprene emitter to an isoprene emitter under heat stress. While oxidativé-sti28ppb
Os) suppressed the isoprene emissions by 16%, the addition of heat still led to a considerable increase, though less than heat
alone.Though Oak is a high isoprene emitter, its isoprene emissions were reduced under stress. Underazombindueat
stress, they decreased significan@een leaf volatiles were substantially increased by heat stress and less by combined stress
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in both species, while ozone stress barely affected the green leaf voBe#es. activated plastidcalized pathways under

heat and combined ozonéeat stress, whereas oak relied on cytosolic and membsaoeiated defenses. Total molar BVOC
emissions decreased undeysiress in both species compared togiress, were highest under heat stress, and went back to

a similar range as pigtress under combined ® heat stress. Emitted OH reactivity followed the same pattern, with the highest
emitted OH reactivity under heat stress for both spedstinct VOC fingerprints were associated with specific stress types

in eachspecies. For example, in beech, combined stress was uniquely marked by increased monoterpenes emission. In oak, it
was characterized Blevatednethylvinyl-ketoneand ethanol.

As a caveat, the experiment involved branch cutfiogfit one beech plant into the plant chambevhich may not fully

replicate the acclimation phase of this species properly. The induction of sesquiterpenes through cutting in beech limits the

generalizability of some pathway resulisiditionally, since stress treatments were applied sequentially and in different orders

for the two species, sequensgecific effects cannot be separated from overall stress responses. The outcomes thus represent

speciesspecific responses under the applied sequences rather than generalizable effects of sti&sxenther duration and

intensity of stressyfluencednfluencehow much it changes plant emissions, our results may not be generalizable for all ozone,
heat, and @+ heat situationdruture research could validater findings through integrative approachescluding factorial
or randomized stress sequenc¢es) the one hand going into biomolecular directions for a better understanding of the plant

reactions and on the other hand photochemical oxidation of the plant emissions to investigate their impact on atmospheric
chemistry The stresspecificBVOC markers identified in this study proposed an auspicious pathgditstress detection in

Beech and Oak, yet their broader applicability across species (in landscape level) or even within different genotypes of the
same species remains an open question.

Our findings demonstrate that tree species under combined abiotic stress can either amplify or reduce their contribution to
atmospheric reactivity, depending on speaipscific physiology and stress magnitude. This has direct consequences for
tropospheric ozone formation, secondary organic aerosol formation, and urban air quality, especially during heat waves. As
heatwaves and pollutant stress events become more frequent due to climate change, shifts in VOC emissions and potential
dieback in sesitive species likebeechcould significantly alter atmospheric chemistry, ecosystem function, and carbon
budgets. As knowledge on the interactions between ssintissed trees and the atmosphere grows, thesemics musbe
incorporated into regionaliohate models and policy planning for urban greening and forest management
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Appendix A: SHapley Additive exPlanations: Random Forest
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Figure Al. SHAP summary plots based on the trained Beech Random Forest model the top 15 important BVOC features for
classifying each stress condition. (@) Pret r ess, (b) heat stress, (c) O stress, and
value for aspecific compound in an individual sample, with colors indicating feature value. Positive SHAP values indicate a stronger
association with the predicted stress class.

(d) O + heat stress. Ea
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Figure A3A2. SHAP summary plots based on the trained Oak Random Forest model the top 15 important BVOC features for

825 classifying each stress condition. (@) Pret r ess, (b) heat stress, (c) O stress, and (d) O + heat
value for a specific compound in an individual sample, with colors indicating feature value. Positive SHAP values indicatst@nger

association with the predicted stress class

stress. Ea
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