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Mediterranean forests emit biogenic volatile organic compounds (BVOCs) that significantly influence
atmospheric chemistry and ecosystem functioning. Due to high solar radiation and the important
anthropogenic emission of atmospheric pollutants in the Western Mediterranean Basin, photochemical
activity is enhanced, favouring the formation of ozone and secondary organic aerosols. We measured
ambient mixing ratios of volatile organic compounds (VOCs) using Proton Transfer Reaction Mass
Spectrometry (PTR-MS) at Montseny Natural Park, a Mediterranean forest 60 km from Barcelona, during
summers 2021-2023. Surprisingly, during heat wave conditions, a toluene early morning peak of 0.23
(interquartile range 0.18) ppbv was observed. These early morning peaks were associated with prolonged high
temperatures (approximately 5 °C higher as compared to non-peak days) and persistently higher vapour
pressure deficit (approximately 877 Pa higher as compared to non-peak days), suggesting a potential link to
vegetation drought stress. Cross-validation of measurements with Gas Chromatography-Mass Spectrometry
(GC-MS) enhanced data reliability. Analysis of the meteorology and the variability of other atmospheric
pollutants at the site, allowed to attribute these peaks to a local biogenic origin. These findings suggest that
early morning toluene peaks could serve as an indicator of Mediterranean forest vulnerability to climate-
induced stressors, with potentially more frequent and intense peaks occurring in the future.

In this work, we present high-resolution measurements of volatile organic compounds (VOCs) conducted at the Montseny Natural Park, a Mediterranean forest
near Barcelona, during the summers of 2021-2023. Using Proton Transfer Reaction Mass Spectrometry (PTR-MS) and Gas Chromatography-Mass Spectrometry
(GC-MS), we detected unexpected early-morning toluene peaks occurring exclusively during heatwave conditions. These peaks coincide with elevated
temperatures and high vapour pressure deficits. Toluene, commonly thought to be an anthropogenically emitted volatile organic compounds, has a high
potential towards tropospheric ozone formation and secondary organic aerosol formation. Therefore, we were very interested to figure out the origin of such
morning peaks. We ruled out the possibility of being originated elsewhere and brought to the site due to meteorology, we also ruled out the possibility of being
mainly of anthropogenic origin, which lead to the possibility that such peak is biogenic, suggesting a connection to vegetation drought stress—potentially linked
to Quercus ilex emissions. Our findings provide evidence for a previously unrecognized biogenic source of toluene, with implications for atmospheric chemistry,
ozone formation, and forest ecosystem resilience. We propose that early-morning toluene peaks could serve as indicators of Mediterranean forest vulnerability

to climate-induced stressors.
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1. Introduction

Globally, biogenic sources emit greater quantities of volatile
organic compounds (VOCs) than anthropogenic sources.'
However, both types of emissions are critical for understanding
regional atmospheric chemistry. Biogenic volatile organic
compounds (BVOCs), released by plants, serve diverse func-
tions, ranging from cellular protection and defense” to chemical
signaling at regional scales.> Both BVOCs and anthropogenic
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VOCs (AVOCs) play a critical role in shaping interactions
between the biosphere and atmosphere. These highly reactive

Environ. Sci.. Atmos.


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ea00168d&domain=pdf&date_stamp=2026-05-07
http://orcid.org/0000-0001-6408-5961
http://orcid.org/0000-0001-6262-5733
http://orcid.org/0000-0003-0164-2737
http://orcid.org/0000-0002-2078-9956
http://orcid.org/0000-0002-5661-3610
http://orcid.org/0000-0002-0348-7446
http://orcid.org/0000-0002-1282-0896
http://orcid.org/0000-0003-0099-2014
http://orcid.org/0000-0003-2420-6727
http://orcid.org/0000-0002-3707-2601
http://orcid.org/0000-0002-7493-7213
http://orcid.org/0000-0002-7215-0150
http://orcid.org/0000-0002-6549-9899
http://orcid.org/0000-0002-5453-5495
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ea00168d
https://pubs.rsc.org/en/journals/journal/EA

Open Access Article. Published on 29 apirilak 2026. Downloaded on 2026/05/08 23:31:43.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Atmospheres

compounds significantly influence atmospheric chemistry by
serving as precursors to secondary organic aerosols (SOAs) and
tropospheric ozone (O3).

VOCs react readily with atmospheric oxidants, hydroxyl radi-
cals (*OH) during the day, ozone throughout the day and night,
and nitrate radicals (*NOj3) at night.* A major consequence of
these reactions is the formation of organic radicals (*RO, *RO,)
that are able to oxidise nitrogen oxide (NO) to nitrogen dioxide
(NO,). The subsequent photochemical dissociation of NO, yields
to the formation of activated oxygen (O*), and this to the
formation of tropospheric O; by interacting with molecular
oxygen (O,).>” Exposure to high ground-level O; concentrations
has been associated with an increase in respiratory morbidity
and respiratory and cardiovascular premature mortality in
humans,® and with phytotoxic effects.” Furthermore, O; plays
a significant role as a contributor to global warming.'® According
to the World Health Organization (WHO), both long-term expo-
sure to O; levels above 60 pg m™> (daily maximum 8 hours
moving averages during peak 6 months period), and short-term
exposure to O; levels above 100 pg m™* (daily maximum 8
hours moving average) increase the risk of asthma attacks and
hospital admissions.”* Additionally, through gas-phase oxida-
tion, VOCs can induce new particle formation via nucleation'
and contribute to increase SOAs. In addition, VOC's oxidized
products may condense onto existing particles, participate in
heterogeneous reactions, be processed within clouds, or undergo
further atmospheric transformation and deposition.” These
processes contribute to aerosol growth and cloud formation, thus
affecting the Earth's radiative balance'" directly by scattering
and absorbing sunlight,'*® and indirectly, by modifying cloud
formation and precipitation dynamics."” They can also enhance
primary productivity in some forest ecosystems by up to 25%
through diffuse radiative fertilization."®

Among VOC's, toluene (C¢HsCHj3) is a widely studied
aromatic hydrocarbon with a high Oj; (ref. 19) and SOA forming
potential under high NO, conditions.?® Toluene is traditionally
considered of anthropogenic origin, with major emissions from
vehicular traffic, production and use of solvents and paints, and
from gasoline.”® Additionally, biomass burning serves as
a source of toluene, particularly in the Southern Hemisphere.**
However, research suggests that toluene can also be emitted by
vegetation, particularly under environmental stress conditions
such as elevated temperatures and drought.”*** This could be
particularly relevant for Mediterranean regions, where vegeta-
tion is increasingly exposed to extreme heat and water scarcity
due to climate change.

The Western Mediterranean Basin is prone to elevated O;
episodes due to low summer rainfall, intense solar radiation,
high NO, pollution, increased BVOCs emissions, vertical recir-
culation of air masses driven by the region's complex orography
and specific summer meteorological dynamics.>**° In fact,
North-eastern Spain suffers from frequent Oz extreme episodes
exceeding the EU hourly threshold of 180 pg m~>.>° Montseny
Natural Park (60 km northeast of Barcelona) has been shown to
have an O; production that increases with elevation.**** This O;
has already caused documented plant damage®*-**** and
frequently exceeds standard regulatory thresholds.*
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While prior studies®*** have documented toluene emissions
by vegetation, long-term observational studies are lacking. This
work aims to elucidate the factors controlling toluene emissions
from vegetation as stress indicators in the Mediterranean forest
of the Montseny Natural Park during heatwave conditions of the
summers, from 2021 to 2023. Especially during 2023, these
ecosystems experienced a severe drought, the most intense in
the last 14 years,*® potentially exacerbating stress. We hypoth-
esize that early morning increases in the toluene-to-benzene
ratio during heatwaves serve as a more robust indicator of
vegetation stress than toluene mixing ratios alone.

2. Methodology

2.1 Sampling location

The Montseny Natural Park, situated approximately 40 kilo-
metres from the Mediterranean coast and about 60 kilometres
northeast of the city of Barcelona (Catalonia, Spain), stands out
for its diverse flora and fauna and varied topography, making it
an ideal site for investigating the ecological impacts of climate
variability on Mediterranean forest ecosystems. The area is
characterized by a holm oak (Quercus ilex) forest, representative
of Mediterranean montane ecosystems,®” and is a characteristic
Mediterranean rural site with a typical Mediterranean climate,
including warm and dry summers, typically wet springs and
autumns, mild winters, and highly irregular annual precipita-
tion across years.*® The park's ecological diversity and exposure
to both local biogenic and regional anthropogenic emissions*>*°
make it well-suited for atmospheric chemistry studies exam-
ining VOC sources and transformations. The chosen sampling
station (El Vilar de la Castanya, 41°46'45.63" N, 02°21'28.92" E,
720 m a.s.l.), referred to as MSY, lies at an elevation of 720 m
above sea level (Fig. 1) and serves as a rural background
monitoring site, providing valuable insights into regional
background levels of atmospheric VOCs and other atmospheric
pollutants.*>** A satellite view containing major cities and
highways can be found in Fig. S.1. This site is included in the
European Aerosols, Clouds, and Trace Gases Research Infra-
structure Network (ACTRIS), the Global Atmosphere Watch
(GAW) network of the World Meteorological Organization
(WMO) and the Air Quality Monitoring Network (AQMN) of the
Catalan Government.

The MSY site has been demonstrated to be representative of
the regional background and is sufficiently elevated and distant
from specific urban anthropogenic emission sources to be
directly affected by them.*~** However, the site can occasionally
be affected by pollution transported from urban and industrial
areas under specific meteorological conditions such as anticy-
clonic patterns and regional recirculation events.?*?%>*46:4%5¢ I
addition, infrequent emissions from nearby vehicles may
occasionally influence local measurements.

2.2 PTR-MS sampling

In this study, we conducted continuous, real-time monitoring of
VOC mixing ratios at MSY using a Proton Transfer Reaction
quadrupole mass spectrometer (PTR-MS, Ionicon PTR-MS

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Wind direction
during the day

Fig.1 Map location and topographic profiles of Barcelona (BCN; urban
sites. Images credits: ©Google Earth Pro.

Quad, Ionicon Analytik, Innsbruck, Austria), during the
summer period (June to August) of 2021-2023. This technique is
based on the protonation of VOC molecules by hydronium ions
(H;0"), which are generated in a hollow cathode ion source at
high density. The VOCs in an air sample are then protonated in
reactions with the hydronium ions in a drift tube (600 V, 60 °C)
under the influence of an electric field (E/N = 120 Td),
producing protonated VOCs and water clusters as by-products.*™
The instrument was housed in a former farmhouse within
Montseny Natural Park. Ambient air was drawn through
a heated (40 °C) and insulated inlet tube (1/4” inch OD) made of
PFA (perfluoroalkoxy) positioned outside a window, approxi-
mately 3 meters above ground level, to ensure a representative
sampling of the surrounding forest atmosphere. Blank
measurements were conducted every 3 hours by passing inlet
air through heated platinum pellets to correct background
signals. A cylinder containing a mixture of volatile organic
compounds (VOCs) was used for calibration. This custom-made
standard from Apel-Riemer Environmental Inc. (Miami, USA)
included formaldehyde, methanol, acetonitrile, acetaldehyde,
acetone, dimethyl sulfide, isoprene, methyl vinyl ketone, methyl
ethyl ketone, methyl acetate, benzene, toluene, xylenes, chlo-
robenzene, 3-octen-ol, p-cymene, monoterpenes and sesquiter-
penes (500 ppbv). A second standard from Restek Corporation
(Bellefonte, PA, USA) contained benzene, toluene, styrene,
xylenes, chlorobenzene, trimethylbenzene, dichlorobenzene
and trichlorobenzene (1 ppmv). These standards, included all
VOCs analyzed in this study and were calibrated. The monitored
compounds included methanol (m/z 33), acetonitrile (m/z 42),
acetaldehyde (m/z 45), acetone (m/z 59), isoprene (m/z 69),
methyl vinyl ketone and methacrolein (m/z 71), methyl ethyl
ketone (m/z 73), benzene (m/z 79), toluene (m/z 93), styrene (m/z
105), xylenes (m/z 107), and monoterpenes (m/z 137).

2.3 GC-MS measurements and analysis

In addition to continuous monitoring using PTR-MS, sporadic
air samples were collected and analyzed to complement and
validate the real-time measurements. These samples were ob-
tained using an automatic cartridge sampler (Sypac, France)
equipped with stainless steel sorbent cartridges. Each cartridge
contained 115 mg of Tenax® TA and 230 mg of SulfiCarb®,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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separated and secured by retaining springs and sealed with
airtight caps (Markes International Inc., USA). Ambient air was
pumped at a controlled flow rate of 200 mL min~* for 45
minutes. The hydrophobic nature of the adsorbents minimized
water interference, ensuring sample integrity. Before sampling,
the cartridges were pre-conditioned at 350 °C for 30 minutes
using purified helium (100 mL min~'). Blank samples were
prepared by placing cartridges in the sampler without activating
the pump, and toluene levels in these blanks were subtracted
from the ambient air measurements. The cartridges were
analyzed using an automatic thermal desorption system (TD
Auto Sampler, Series 2 Ultra, Markes International Inc., Wil-
mington, USA) coupled with a cryotrap injector (Unity Series 2,
Markes International Inc., Wilmington, USA) and a gas
chromatograph-mass spectrometer (GC-MS; 7890A GC and
5975C MSD with Triple-Axis Detector, Agilent Technologies,
USA).

Thermal desorption was performed in a two-stage process
using a TD-Unity system (Markes International Inc.). In the first
stage, VOCs were desorbed from the sample tubes at 320 °C for
30 minutes, with a flow path temperature of 200 °C, a carrier gas
flow of 50 mL min~", and a split flow of 2 mL min™". Prior to
desorption, the tubes underwent a pre-purge, followed by dry
purging for 2 min to eliminate moisture. The minimum carrier
pressure was maintained at 0.5 kPa, and the standby split was
set at 25 mL min~". In the second stage, analytes were focused
on a cryogenic trap, which was pre-purged for 2 min, cooled to
—25 °C, and then rapidly heated at 40 °C s~ to 320 °C, where it
was held for 7 min with a split flow of 5 mL min ™. The desorbed
compounds were then transferred to the GC column (HP 5MS,
30m x 0.25 pm x 0.25 mm, Agilent Technologies) via a transfer
line heated to 250 °C.

The GC column temperature program began with an initial
hold at 35 °C for 3 minutes, followed by a ramp of 15 °C min™"
to 150 °C, 50 °C min~* to 250 °C (5 minutes hold), and 30 ©
C min~" to 280 °C (5 minutes hold). The helium carrier gas flow
rate was maintained at 1 mL min ™, with a total run time of 30
minutes.

GC-MS chromatograms were analyzed using relevant data-
bases and quantified by comparing to the same gas standard as
used for the PTR-MS analysis (Apel-Riemer Environmental,
Inc.).

Environ. Sci.. Atmos.
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2.4 Meteorological parameters and ancillary pollutants

Meteorological variables were recorded using a DAVIS Vantage
Pro2 (Davis Instruments Corp., Hayward, California, USA)
automatic weather station installed at the MSY sampling site.
The weather station provided measurements of air temperature
(°C), relative humidity (%), wind speed (m s~ '), wind direction
(°), solar radiation (W m~?), UV index (unitless) and atmo-
spheric pressure (bar), with a time resolution of 5 minutes.
Ozone (O;) was measured using a 48 UV analyzer MCV (Monitor
for Chemical Vapors, Barcelona, Spain), which employs ultra-
violet (UV) photometry to detect O; based on its absorption at
254 nm. Carbon monoxide (CO) concentrations were measured
with a model 300EU UV photometric analyzer (Teledyne API,
San Diego, CA, USA), which employs gas filter correlation
infrared absorption to detect CO with high sensitivity and
precision. Nitrogen oxides (NO and NO,, jointly known as NO,)
were measured using a Thermo Scientific 42i-TL chem-
iluminescence analyzer, designed for trace-level detection.

In addition, equivalent black carbon (eBC) mass concentra-
tions were monitored using the AE33 dual-spot aethalometer
(Magee Scientific, Berkeley, CA, USA), which determines the
attenuation of light through aerosol-loaded filter tape and
provides particle light absorption coefficients at seven different
wavelengths (370, 470, 520, 590, 660, 880, and 950 nm).>* In this
study, all eBC observations were performed with the AE33 at its
original 1 minute time resolution, ensuring high temporal
accuracy and minimal measurement bias.

Barcelona's urban emissions can significantly influence air
quality in Montseny, especially under certain meteorological
conditions such as sea and mountain breeze circulation. These
air masses can transport pollutants, including VOCs and other
urban-derived compounds, from the city to the forested area.
For this reason, in our study we focus on the boundary layer
height (BLH) over Barcelona rather than Montseny. The Barce-
lona city BLH was obtained from the Copernicus Climate
Change Service, Climate Data Store.>® The specific coordinates
used were: 41°23'-41°24'-N, 2°06'-2°07'-E.

2.5 Random Forest analysis

The Random Forest model was employed to investigate the
relationships between environmental variables and toluene
mixing ratios measured at the Montseny station. In this anal-
ysis, the dependent variable was the toluene mixing ratios,
while the independent variables included meteorological
factors such as temperature, relative humidity, vapor pressure
deficit, wind speed, and solar radiation. One of the key variables
incorporated in the Random Forest model is the Temperature—
Humidity Index (THI, dimensionless index), which integrates
the combined effects of air temperature (7, measured in degrees
Celsius, °C) and relative humidity (RH, expressed as
a percentage, %) to provide a more realistic measure of envi-
ronmental stress.> The THI is calculated as follows:

THI = 0.8 x temp + RH X (temp — 14.4) + 46.4
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To explore the relationship between predictor variables and
the toluene mixing ratios we applied a Random Forest (RF)
classification approach using the Random Forest package in
R.> Prior to model development, the dataset was randomly
divided into training (80%) and testing (20%) subsets using the
caret package,*® with stratification to preserve the distribution
of the response variable across subsets. A fixed random seed
was set to ensure reproducibility. Although Random Forest
models do not rely on assumptions such as linearity or normally
distributed residuals, model performance was evaluated on the
independent test subset obtained from the 80-20% split.

The RF model was configured to construct 500 decision trees
(n.tree = 500). The number of variables randomly sampled at
each split (mtry) was set to the square root of the total number
of predictor variables, following Random Forest function
defaults. The model was run on the training set and evaluated
on the testing set using appropriate performance metrics (e.g.,
accuracy, RMSE, R?), depending on the task.>

To assess the contribution of each variable to the model's
performance, we computed two measures of variable impor-
tance, (i) the permutation importance (mean decrease in accu-
racy), obtained by randomly permuting the values of a given
predictor across observations and measuring the reduction in
out-of-bag prediction accuracy, and (ii) the impurity-based
importance (mean decrease in Gini), calculated as the total
decrease in node impurity (Gini index) attributed to splits on
that predictor, averaged across all trees in the forest. Permuta-
tion importance was computed using the default implementa-
tion in the randomForest package (type = 1), which permutes
each variable across cases while keeping other predictors fixed.
Model performance was evaluated using an 80-20% train-test
split with stratification (see above), and by inspecting residuals
and variable importance plots to verify the model's predictive
reliability.

2.6 Statistical analysis

The Mann-Whitney U test, a non-parametric test for indepen-
dent samples, was employed to assess differences in VOC diel
median mixing ratios and other meteorological parameters and
ancillary pollutants between days exhibiting early morning
peaks and days without early morning peaks. This analysis was
performed using the R software following the function Wil-
cox.test. Significant differences were determined using
a threshold of p < 0.01.

3. Results

3.1 Validation of toluene measurements

One of the limitations of the PTR-MS technology is that it is
mass-selective rather than compound-selective, and thus other
compounds (such as fragments or isomers) may contribute to
the monitored signal. The m/z 93 signal, typically assigned to
protonated toluene, however other compounds and clusters can
also be found at this m/z, such as propionic acid water cluster,
chloroacetone, 1,2,3-propanetriol, or an ethanol cluster. More
importantly m/z 93 can also receive minor contributions from

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ea00168d

Open Access Article. Published on 29 apirilak 2026. Downloaded on 2026/05/08 23:31:43.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Environmental Science: Atmospheres
# Observations
— QDR fit T
06— |- 1-1 line
.-'/
_ /__.f-f .
: ya— :
z
g 0.4 —
w
=
& T
o |
(k] ]
= 1
(k]
= 0.2+ | +
(=] 1
|_
0.0 — ’

| I
0.2

I |
04 0.6

Toluene GC-MS (ppbv)

Fig. 2 Relationship between PTR-MS and GC-MS. Points represent individual measurements; horizontal and vertical error bars indicate the
uncertainty in of the GC-MS data (30%) and the standard deviation of PTR-MS 45 min averages (coinciding with the same 45 minutes period of
the cartridge sampling), respectively. The solid red line shows the orthogonal distance regression (ODR) fit accounting for uncertainties in both
variables and the black dashed line represents the 1: 1 line. ODR results in a slope of 1.17 + 0.21 and an intercept of —0.009 + 0.037, with a chi-

squared value of 0.86.

the fragmentation of monoterpenes (e.g., a-pinene, 3-carene) at
a typical rate of 1-2% of the monoterpene signal (Misztal et al.,
2012; Ambrose et al., 2010). This same issue can be found for p-
cymene, fenchone and thujone,”* which fragmentation
importance for all these has been reported for holm oaks.**
However, no explicit correction for monoterpene fragmentation
was applied to the m/z 93 signal in our study. This decision is
supported by parallel GC-MS validation (Fig. 2), where occa-
sional offline GC-MS measurements were conducted at the
same location and inlet as the PTR-MS system, and which
independently quantified toluene and confirmed its dominance
at m/z 93, demonstrating that monoterpene contributions were
negligible under the conditions observed. The 1:1 plot of the
toluene concentrations obtained using both techniques is
depicted in Fig. 2. An orthogonal distance regression including
uncertainties in both variables was performed to quantify the
relationship between the PTR-MS toluene results and the GC-
MS toluene results. The fit yielded a slope of 1.17 £ 0.21 and
an intercept of —0.009 + 0.037, indicating that the intercept is
statistically indistinguishable from zero. This suggests that the
two variables follow an approximately proportional relation-
ship. The reduced chi-squared value (~0.86) indicates that the
model adequately describes the data within the assumed
measurement uncertainties. Overall, the results support

© 2026 The Author(s). Published by the Royal Society of Chemistry

a strong linear correlation between the two analytical tech-
niques. Furthermore, some GC-MS sampling coincided with
early morning toluene peak days. In general, Fig. 3 shows that
the time series of toluene mixing ratios measured by PTR-MS
and GC-MS were generally in agreement, including the times
when the early morning toluene peak was present, validating
the PTR-MS measurements. These results indicate that at least
for the dates for which GC-MS measurements are available, the
reported mixing ratios for m/z 93 measured at MSY correspond
to toluene.

3.2 Toluene diel variability: evidence for an early morning
peak

The diel cycle of toluene mixing ratios (Fig. 3) was calculated
from the whole time series for the monitored period (from June
1st to August 31st, 2021-2023) (Fig. S.2.1 and S.2.2). During the
276 days observation period, 52 days had instrument malfunc-
tions. Of the remaining days, 152 showed no toluene peak,
while 72 days displayed an early morning toluene peak. Ten of
these 72 peak days occurred in back-to-back periods. Further-
more, 143 days were classified as heat wave days (average daily
temperature > 22 °C for >3 consecutive days), with 57 of these
also exhibiting an early morning toluene peak (SI Fig. S.2.2).
Toluene mixing ratios start to increase early in the morning,
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from approximately 07:00 local time (LT), with a slight peak
during early morning and reaching their maximum between
12:00 and 15:00 LT. Afterwards, mixing ratios remain relatively
stable for a few hours before showing a transient increase at
20:30 LT to rapidly decline after sunset, around 21:30 LT.

The red lines represent the 25th, 50th (median), and 75th
percentiles of the hourly toluene mixing ratios. Blue triangles
correspond to the average mixing ratios for each hour. A
detailed inspection of the dataset revealed that some days pre-
sented very strong early morning peaks of toluene mixing ratios
(from 7:00 to 9:00 LT).

Environ. Sci.. Atmos.

3.3 Separation of peak days from non-peak days

A detailed inspection of the dataset revealed that some days
presented very strong early morning peaks of toluene mixing
ratios (from 7:00 to 9:00 LT). Examples of this early morning
peak are shown in Fig. S.3.1 and S.3.2. Peak days were identified
based on the visual presence of a distinct early morning toluene
peak, characterized by a rapid increase in concentration
occurring consistently before the onset of the sea breeze (typi-
cally around 09:00 LT). This approach, rather than a fixed
numerical threshold, was chosen due to the inherent variability
in peak magnitude influenced by other atmospheric factors.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Box plot showing the diel variation of toluene (m/z 93) mixing
ratios (ppbv) in local time, measured by PTR-MS, during the period
from June 1st to August 31st, 2021-2023. Triangles represent the
mean, the dots represent the medians, the box the interquartile range
and the error bars are the 75 and 25 percentile.

The observed early morning peaks were consistently orders of
magnitude above the instrument's minimum detection limits
and clearly discernible from instrumental noise, ensuring the
robustness of the peak vs. non-peak classification. Limit of
detection for all the VOCs are shown in Table S.1.

To better represent the typical diurnal variation and reduce
the influence of extreme values, we report the median mixing
ratio for each time interval. Peak and non-peak diel compari-
sons were generated for all available VOCs, trace gases, aerosol
parameters, and meteorological variables to allow a systematic
multi-species comparison (see SI Section 4). This approach was
intended to assess whether the early-morning toluene peaks
coincide with co-varying chemical or meteorological processes
that could provide insight into their origin, rather than to
characterize the full diurnal cycles of individual species. These
comparisons are depicted in Fig. 4 and 5, with full boxplots
provided in SI Fig. S.4.1 and S.4.2. Toluene shows a distinct
early morning peak around 07:00-09:00 LT, with a maximum at
08:30 LT on peak days (Fig. 5a). The mixing ratios during early
morning peak days are statistically higher (p < 0.01), with
a median value of 0.23 ppbv and interquartile range (IQR) of
0.18 ppbv, compared to 0.08 (IQR 0.07) ppbv on non-peak days.
A second peak is found between 13:00 and 14:00 LT with
a median value of 0.26 (IQR 0.17) ppbv for peak days, compared
to 0.17 (IQR 0.04) ppbv on non-peak days. A third peak, with
a maximum around 20:30 LT on non-peak days, reaches
a median of 0.16 (IQR 0.13) ppbv, while on peak days the
median value is slightly higher at 0.21 (IQR 0.20) ppbv.

Fig. 5b presents the diurnal cycle of monoterpenes, revealing
a distinct early morning peak on peak days between 07:30 and
10:00 LT, closely resembling the pattern observed for toluene.
This peak reaches a maximum around 08:30-09:00 LT, with
median values of 0.96 (IQR 1.18) ppbv, compared to a signifi-
cantly lower median of 0.22 (IQR 0.23) ppbv on non-peak days (p
< 0.001). The early morning toluene peaks often mirrored the
diurnal pattern of monoterpenes. However, it is important to
note that early morning monoterpene peaks were frequently
observed even on days without an early morning toluene peak.
This further supports that the PTR-MS m/z 93 signal, while

© 2026 The Author(s). Published by the Royal Society of Chemistry
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potentially having a minor monoterpene contribution, is
predominantly driven by toluene and not significantly
compromised by monoterpene interference.

Benzene (Fig. 5¢) showed elevated mixing ratios on toluene
peak days, with mixing ratios gradually increasing in the
morning (07:00-10:30 LT) and reaching a maximum between
14:00-14:30 LT. On peak days, the median mixing ratio of
benzene was 0.05 (IQR 0.04) ppbv, while on non-peak days it was
slightly lower at 0.05 (IQR 0.03) ppbv (p < 0.01).

Methanol (Fig. 5d) exhibits a pronounced diurnal pattern.
During the night and early morning hours (00:00-07:00 LT),
mixing ratios remain low, particularly on non-peak days. From
07:00 LT onward, methanol levels begin to rise, with a distinct
morning peak occurring between 08:30 and 09:00 LT. During
this interval, peak days display significantly higher mixing
ratios of 3.99 (IQR 3.42) ppbv compared to non-peak days of
methanol 3.19 (IQR 1.92) ppbv (p < 0.001). Methanol levels
continue to increase after the morning hours, reaching
a broader midday maximum around 13:30 LT.

Acetonitrile (Fig. 5e) shows a clear diurnal variation, with
mixing ratios beginning to rise after 06:00 LT on peak days. A
morning peak occurs between 06:30 and 10:30 LT, reaching its
maximum around 08:00 LT. During this period, peak days
exhibit significantly higher mixing ratios of acetonitrile, 0.14
(IQR 0.05) ppbv, compared to non-peak days, 0.12 (IQR 0.04)
ppbv (p < 0.001), suggesting the presence of episodic sources
such as biomass burning events, or other irregular activities
that can temporarily elevate background levels of acetonitrile. A
broader secondary maximum is also observed around midday at
13:00 LT. Notably, a detailed inspection (Fig. S.4.1k and 1) shows
that the observed mean in acetonitrile morning acetonitrile
peaks were predominantly driven by two specific episodes, one
in 2021 and another in 2022, suggesting that biomass burning
or anthropogenic events may have contributed disproportion-
ately to the average peak-day signal.

Acetaldehyde (Fig. 5f) and acetone (Fig. 5g) follow similar
diel profiles, with early morning increases, midday peaks
(around 13:30 LT for both compounds), and afternoon declines.
Acetone reaches its maximum peak at 13:30 LT, with values of
5.5 (IQR 3.56) ppbv on peak days and 4.22 (IQR 3.58) ppbv on
non-peak days (p < 0.01). Acetaldehyde also reaches its peak
around the same time, with values of 2.21 (IQR 0.65) ppbv on
peak days, higher compared to 1.71 (IQR 0.90) ppbv on non-
peak days (p < 0.001).

Isoprene (Fig. 5h) shows a distinct morning increase on both
peak and non-peak days, starting around 07:30 LT and
continuing until 10:00 LT, with a maximum observed between
13:00-13:30 LT. The median mixing ratio on peak days is 0.61
(IQR 0.60) ppbv, while on non-peak days it is significantly lower
at 0.37 (IQR 0.29) ppbv (p < 0.01).

Methacrolein and methyl vinyl ketone (MACR + MVK, Fig. 5i)
and Methyl Ethyl Ketone (MEK, Fig. 5j) exhibit similar morning
increases and peaks during midday. MACR + MVK reaches its
maximum peak at 13:00 LT, with a median value of 0.82 (IQR
0.96) ppbv on peak days, higher compared to 0.50 (IQR 0.39)
ppbv on non-peak days (p < 0.001). MEK presents an early
increase between 07:30 and 11:30 LT, followed by a broader
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Fig.5 Median diel variation of all monitored VOCs for the days that we observe an early morning toluene peak (blue) and the days when we don't
observe the early morning peak in toluene (black). Units are in ppbv. (a) Toluene, (b) monoterpenes, (c) benzene, (d) methanol, (e) acetonitrile, (f)
acetaldehyde, (g) acetone, (h) isoprene, (i) MACR + MVK and (j) MEK. Shaded areas represent the 75th and 25th percentile. Solid black line

represents the LOD for each compound.
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Fig.6 Median diel variation of (a) air temperature (in °C), VPD in Pa (b), wind speed in m s (c), wind directionin ° (d), NO in ug m~ (e), NO, in pug
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at Montseny during days with (blue) and without toluene morning peaks (black) (note that BLH is from Barcelona city). Shaded areas represent the
75th and 25th percentile. Note that for wind direction only averages and standard deviation is expressed.
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midday maximum, peaking at 14:30 LT. On peak days, median
values reach 0.65 (IQR 0.05) ppbv, higher compared to 0.47 (IQR
0.35) ppbv on non-peak days (p < 0.01).

3.4 Comparison of meteorological conditions and ancillary
pollutants on days with and without morning toluene peaks

The diurnal variation of temperature (Fig. 6a), vapor pressure
deficit (VPD) (Fig. 6b), wind speed (Fig. 6c), wind direction
(Fig. 6d), NO (Fig. 6e), NO, (Fig. 6f), NO, (Fig. 6g), black carbon
(eBC) (Fig. 6h), CO (Fig. 6i), ozone (Fig. 6j), radiation (Fig. 6k) and
BLH (Fig. 61) during days with and without early morning toluene
peaks are depicted in Fig. 6. The temperature box plots showed
a typical diurnal cycle, with values gradually increasing after
sunrise, peaking in the early afternoon (13:30 LT), and decreasing
during the evening and night. On peak days, the temperature
appeared higher (30 IQR 5.18 °C, at 13:30 LT) than on non-peak
days (25 IQR 5.11 °C, at 13:30 LT) (Fig. 6a) (p < 0.001). The atmo-
spheric vapor pressure deficit (VPD), calculated from the combi-
nation of relative humidity and temperature, followed a similar
diurnal pattern, with values rising throughout the morning and
reaching their peak in the afternoon before gradually declining.
The peak-day VPD was generally higher compared to non-peak
days (p < 0.001), especially between midday and the late after-
noon maximum (peak days 2526 (IQR 1533) Pa for peak days and
1649 (IQR 974) Pa for non-peak days) (Fig. 6b). The wind direction
plots indicated relatively stable north conditions during the night
and early morning. The differences shown for the peak days are
simply due to a change from north to north-northeast. Then for
both peak and non-peak conditions wind direction come from
south-southwest while sea and mountain breezes are developed.
Also, there was a noticeable shift in wind speed after 09:00, with
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peak and non-peak days exhibiting similar trends, although
slightly higher wind speeds could be found on peak days around
14:00-15:00 LT (p < 0.01). During the night and early morning
hours (00:00-06:00 LT), BC concentrations remained relatively
stable around 0.3-0.4 pg m ™. After 06:00 LT, a gradual increase
was observed reaching a maximum around 13:00 LT, followed by
a decline towards the evening. BC mean levels appeared slightly
higher on peak days with 0.57 (IQR 0.31) ug m > compared to the
0.45 (IQR 0.25) pg m* for non-peak days (Fig. 6h) (p < 0.01).
The ozone diel cycle showed lower concentrations during the
night and early morning, followed by a steady increase
throughout the day, reaching peak levels at around 15:00 LT.
The concentrations were higher for peak days, 112.5 (IQR 32.4)
pg m~3, than for non-peak days, 109.9 (IQR 34.6) ug m > (Fig. 6j)
(p < 0.01). In order to assess the ozone exposure diel variations
of 8 h moving averages of O; for peak and non-peak days are
depicted in Fig. S.6. The maximum 8 h moving averages (MDAS)
are higher on peak days (Fig. S.6). NO, NO, and NO, concen-
trations were higher during the evening hours, particularly
between 12:00-18:00 and 18:00-23:00. On non-peak days, NO,
showed slightly elevated concentrations 3.91 (IQR 3.16) ug m—*
compared to peak days (Fig. 6g) 3.18 (IQR 2.90) ug m > (p <
0.01), particularly during the late afternoon and evening hours.
Similarly, NO, concentrations were slightly higher during the
same period on non-peak days 3 (IQR 2.17) ug m >, compared to
the peak days (2.93 (IQR 2.09) pug m ™) (Fig. 6f) (no statistically
significant difference). No apparent difference for NO was
found between peak and non-peak day (Fig. 6€) (no statistically
significant difference). During days with a morning toluene
peak, solar radiation values (Fig. 6k) are generally higher
throughout the day compared to days without a morning peak.
The difference is most pronounced during midday (12:00-15:00

[ I [
| == Peak

==== o Peak

Toluene-to-Benzene ratio

0l | | |
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Fig. 7 Median diel variation of the toluene-to-benzene (T/B) ratio during peak (blue) and non-peak (black) days.
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Fig. 8 Variable importance in Random Forest model: %IncMSE (in salmon) and IncNodePurity (in blue). Summer dataset, the model explains

81.9% of the variance of toluene peaks.

LT), radiation reaches approximately 900-950 W m™ > on peak
days, while on non-peak days it remains lower, around 800-
850 W m~>. This pattern suggests that higher incoming solar
radiation in the morning may contribute to enhanced photo-
chemical activity or increased plant emissions, potentially
triggering the observed toluene morning peaks, nevertheless
this difference in the medians is not statistically significant.

The BLH in Barcelona appeared not to have a statistically
significant difference in the overall diurnal evolution of BLH
between days with a morning toluene peak and days without it
(Fig. 61). In both cases, BLH started low during the night, began to
rise around 06:00, reached a maximum during midday, between
12:00 and 15:00 and it gradually decreased toward the evening.
The median height for days where the toluene early morning peak
was present was 661 m whereas the days with no toluene early
morning peak the BLH was 633 m (p > 0.005). In any case, at 8:30
LT on peak days, the BLH from Barcelona seemed lower (343 m)
than the MSY station elevation (720 m a.s.l.).

The toluene to benzene ratio (T/B) was calculated (Fig. 7).
During peak days, a pronounced increase in the T/B ratio was
observed in the early morning hours (7:00-10:00 LT), with
median values reaching up to 6.5. After this morning's
enhancement, the T/B ratio gradually returns to values similar
to those of non-peak days. On non-peak days, the T/B ratio
remained relatively constant between 3.3 and 4.

3.5 Drivers of morning toluene peaks, results from Random
Forest

The Temperature-Humidity Index (THI) and the variables of
cumulative temperature and relative humidity sums

© 2026 The Author(s). Published by the Royal Society of Chemistry

(temp_sum_6h, RH_sum_62h, temp_sum_48h) were identified
as the most influential predictors, showing the highest values
for both %IncMSE and IncNodePurity (Fig. 8). According to the
variable importance analysis from the Random Forest model.
This indicates that the plant response integrates thermal and
drought stress over time rather than reacting only to instanta-
neous conditions. This pattern supports the idea that the
magnitude of the toluene peak is related to the duration and
persistence of the preceding heatwave.

While environmental stressors like ozone exposure are
known to influence biogenic emissions, incorporating metrics
such as previous-day peak O; or MDA8 O; into our hourly
Random Forest model presented methodological challenges.
Directly integrating daily aggregated O; data into an hourly
model would have introduced a mismatch in temporal resolu-
tion and potential temporal leakage. While future work could
explore lagged O; effects with a re-architected modeling
framework, it was deemed outside the scope of the current
hourly prediction model. The insights from same-day MDAS O,
(SI Fig. S.6) primarily served as descriptive context rather than
a direct predictor in our RF analysis.

4. Discussion

Toluene is a widely studied aromatic hydrocarbon, traditionally
regarded as an anthropogenic compound, with its atmospheric
presence largely attributed to human activities. Consequently,
toluene is often used as an indicator of anthropogenic influence
and industrial activity, providing valuable insight into air
quality. While these human-related emissions are well docu-
mented, increasing evidence supports the existence of biogenic
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toluene emissions.”*** Indeed, toluene emissions have already
been reported for several plant species, including Helianthus
annuus (sunflower),?® Quercus ilex (holm oak),** Halimium hal-
imifolium (spotted yellow sun rose),** Thymus vulgaris (thyme),*
Triticum aestivum L. (common wheat),** and toluene increases
have been observed during summer months in rural ecosystems
partly attributed to increased biogenic emissions.®® Therefore,
the possibility of a biogenic origin of the toluene peaks observed
during early mornings on the days of heat waves is plausible. It
is important to note, however, that the measurements in this
study represent atmospheric mixing ratios, which are influ-
enced not only by emission of VOCs (both anthropogenic and
biogenic) and deposition, but also by atmospheric mixing and
chemical transformations driven by meteorological conditions
and oxidant levels are certainly affecting the observed
dynamics.*®

4.1 Local vs. regional origin of toluene peaks

Air circulation at MSY is strongly influenced by the valley's
topography. During active mountain and sea breeze hours
(starting at approximately 9:00 LT), VOCs, aerosols and trace
gases are mainly transported from the urban and industrial
areas of Barcelona.*®*** This is evident in the diel cycles of
toluene, BC, NO,, NO, CO, and O;—compounds typically asso-
ciated with pollution—as well as observable in other anthro-
pogenic VOCs such as benzene, acetonitrile, acetaldehyde,
acetone, MVK + MACR, MEK, styrene and xylenes. On peak days,
temperature, VPD, and wind speed were higher than on non-
peaks days, reflecting heatwave conditions. Higher tempera-
tures enhance convection, leading to stronger winds and
boundary layer mixing.

The dynamics of the planetary boundary layer, which varies
in height throughout the day, play a crucial role in the dilution
and accumulation of emitted compounds.®”*® During night and
early morning, a shallow boundary layer can trap emissions
near the surface,” resulting in higher mixing ratios that later
decrease as the boundary layer grows. During this study, anal-
ysis of the BLH over Barcelona urban area revealed that, at the
time of the early morning toluene peaks, the BLH was below the
altitude of MSY. This, together the sea breeze, which typically
initiates around 09:00 LT, plays a critical role in pollutant
dispersion and vertical mixing at the site,” indicates that
polluted air masses from Barcelona were likely trapped below
and not transported upward to MSY. Thus, the observed early
morning toluene peaks are most likely of local origin.

Further evidence comes from the toluene-to-benzene (T/B)
ratio, a common indicator of air-mass photochemical age.
Benzene, being relatively stable, has a longer atmospheric life-
time than toluene, which reacts more rapidly with hydroxyl
radicals.*”® Freshly emitted air masses exhibit high T/B ratios,
whereas aged air shows lower ratios due to toluene oxidation.”™

Previous studies reported a T/B ratio of 3.58 at MSY,*
consistent with our observed range (3.3-4). However, during
early morning peaks, the ratio increased to a median of 6.52,
suggesting either local toluene emissions or temporarily
reduced OH concentrations that slow toluene oxidation.
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4.2 Impact of atmospheric chemistry in toluene dynamics

In addition to the early morning peak, two other toluene peaks
were observed in the diel cycle: one around midday, associated
with transport of polluted air from Barcelona, and another
around 20:00-21:00 LT, visible also in monoterpenes, benzene,
isoprene, methanol, and MVK + MACR. This late-evening peak
coincided with increases in NO, NO,, and consequently NO,.

Two processes may explain this pattern:* a reduction in
photooxidation as sunlight declines, and> a reduction in
atmospheric dilution due to the evening decrease in BLH.
However, this peak was not observed for acetonitrile, MEK, or
acetone, suggesting that reduced dilution alone does not fully
explain it.

Since OH is mainly produced by ozone and water photolysis
under light, lower evening radiation reduces OH and O; avail-
ability, thereby slowing VOC oxidation. This can lead to
temporary accumulation of reactive VOCs such as toluene,
monoterpenes, isoprene, and MVK + MACR. The higher T/B
ratio observed in the late evening further supports a reduction
in OH concentrations. Additionally, it is important to under-
stand the non-linear photochemical behaviour of toluene,
where under low NO,, toluene oxidation by OH scavenging is
further reduced by compounds such as isoprene.”

The early morning peak, in contrast, likely reflects a combi-
nation of reduced photochemistry and strong local emissions.
Both toluene and monoterpenes showed synchronized early
morning peaks, which rapidly declined once photochemical
activity increased. Afterwards the transport of polluted air
masses by sea and mountain breeze adds to the mixing ratios of
the not so reactive monoterpenes and toluene, together with
a possible continued local emission during the day. Although
monoterpenes are highly reactive with ozone, toluene's lower
ozone reactivity” explains why its decline was less pronounced
during photochemically active hours. Additionally, night-time
values remain low, flat, and show no systematic accumula-
tion, even during shallow nocturnal boundary-layer conditions.
This lack of nocturnal build-up is an indication that emissions
are minimal at night and that the observed peaks are not caused
by storage and nocturnal accumulation. Instead, the sharp early
morning increases suggest the involvement of emission
processes that are active during daylight hours, likely linked to
light, temperature, and physiological responses of the
vegetation.

4.3 Anthropogenic vs. biogenic origin of toluene peaks

Having established a local origin, we examined whether the
early morning toluene peaks were anthropogenic or biogenic.
Some anthropogenic tracers—such as acetonitrile, benzene,
and BC—also showed early morning increases for their averages
only on certain days, (see Fig. S.5) on the 26th July 2021 and the
18th July 2022 (for BC only on 18th July 2022 given the lack of
data for 2021), thus driving the averages higher. This suggests
that episodic events like biomass burning or localized anthro-
pogenic activities may have temporarily elevated background
levels of these compounds on those specific days. Since this
effect was only seen during two days, the rest of the days with

© 2026 The Author(s). Published by the Royal Society of Chemistry
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toluene early morning peak seemed to not be related to pollu-
tion events.

Conversely, similar early morning peaks were observed in
monoterpenes, known biogenic compounds previously re-
ported to be emitted by holm oaks in MSY.?*3%4%617¢ Although
possible mass spectral interference between monoterpenes and
toluene at m/z 93(ref. 57, 58 and 61) was considered, GC-MS
measurements confirmed comparable magnitudes in both
techniques, minimizing this concern.

These peaks were most pronounced during heatwaves, when
plants experience thermal and water stress that enhance VOC
emissions. Interestingly, monoterpene peaks appeared at the
onset of heatwaves, whereas toluene peaks emerged only after
several days of sustained stress. Their timing coincided with
sunrise, when photosynthesis and VOC biosynthesis begin.
Methanol, another biogenic VOC linked to leaf development
and cell wall expansion,”~”” also exhibited early morning peaks,
reinforcing the interpretation of a biogenic origin for toluene
emissions.

Additionally, aromatic compounds emitted by plants are
generally known to be synthesized within the shikimate
pathway.” However, the divergence of toluene dynamics from
other aromatic compounds suggests the shikimate pathway is
unlikely the pathway for toluene biosynthesis.>* Instead,
evidence suggests that toluene is likely linked to photosynthetic
activity and can be produced from de novo biosynthesis and
emission is not mainly driven by storage pool release.****%* It
has been hypothesized and further supported that toluene is
emitted in the MEP pathway, similar to monoterpenes, given
the high correlation found among these two VOC types in plant
laboratory experiments.”***%* Thus, the similarity between
monoterpenes and toluene could be derived from the fact that
they are biosynthesized in the same pathway.

4.4 Possible mechanisms for the occurrence of biogenic
toluene emissions at the Montseny Natural Park

Given the possible biogenic origin of the toluene early morning
peaks, we investigated why this peak was only apparent during
ongoing heat waves. Higher temperatures not only enhance
biogenic emissions due to faster metabolic activity due to
increased temperature, but also it can exert plant stress, which
results in higher VOC emission as plants use VOCs to alleviate
biotic and abiotic stress.? Furthermore, higher temperature can
also accelerate photooxidation processes, leading to faster
chemical transformation of VOCs and its degradation products
in the atmosphere.” Furthermore, the MDAS values are higher
during peak days (where plants are exposed to higher ozone
levels), thereby possibly inflicting an additional phytotoxic
stress. Several studies suggest that toluene vegetation emissions
are particularly enhanced under high-temperature conditions,
supporting the hypothesis of toluene as a stress-induced
compound.”***** Toluene emissions have been observed to
increase under stress conditions in sunflowers and pines (Pinus
spp.),?* as well as in Populus balsamifera in response to heat
stress and to combined spider mite and subsequent heat
stress.”® Heiden et al.,* 1999 proposed the existence of internal
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toluene storage pools within plants, specifically identified
sunflower (Helianthus annuus) and Scots pine (Pinus sylvestris)
as examples. Therefore, it is possible that the early morning
toluene peaks originate from both these storage pools and de
novo biosynthesis. Aromatic VOCs can also originate from soil
and litter microbial activity, and several studies have shown that
microbes are capable of producing toluene and related
compounds under certain environmental -conditions.*>*
Therefore, a microbial contribution at our site cannot be fully
excluded. However, the night-time concentrations of toluene
remained consistently low, with no evidence of nocturnal
accumulation despite shallow boundary layer conditions (see
Section 3.2). This behaviour contrasts sharply with the distinct,
light- and temperature-driven early morning peaks. While
microbial activity may contribute to the background aromatic
levels, the observed diel pattern strongly suggests that microbial
emissions are unlikely to be the dominant driver of the early
morning toluene peaks.

The Random Forest model in this study explained 81.9% of
the variance of toluene, indicating a strong predictive capacity
for identifying the key drivers during the summer periods.
Among the most influential predictors we found THI and the
variables of cumulative temperature and relative humidity sums
(temp_sum_6h, RH_sum_62h, temp_sum_48h). These vari-
ables are associated with prolonged heat stress and plant water
availability,” reinforcing the hypothesis that biogenic toluene
emissions increase under heat wave stress conditions. Cumu-
lative temperature metrics likely capture extended heat expo-
sure that can stimulate plant metabolic responses, including
enhanced VOC release.®” Similarly, sustained low relative
humidity levels reflect increased evaporative demand, affecting
plant transpiration and stomatal conductance, both of which
regulate VOC emissions. However, it is important to underline
that this mechanism does not apply uniformly across all VOCs.
Radiation also plays a dual role by driving both photosynthesis
and photochemical activity, potentially influencing both the
production and degradation of toluene in the atmosphere.
Although wind-related variables such as wind speed and
direction were ranked lower, they still contribute to the
dispersion and transport of VOCs. Overall, the Random Forest
model proved to be an effective approach for non-linear rela-
tionships among environmental stressors and toluene vari-
ability, further supporting the hypothesis that forests emit
toluene when stressed from high temperatures and drought.

4.5 Limitations

This study aims to elucidate the occurrence of toluene early
morning peaks by first allocating a local origin, then attributing
a potential biogenic source and hypothesizing a possible
mechanism for such emission regarding plant thermal and
water stress. Nevertheless, it is essential to understand this
study monitors only ambient mixing ratios. This means that
even if evidence points out to the potential biogenic toluene
emission by the Montseny natural park, anthropogenic contri-
butions cannot be excluded together with the decreased effect
of dilution and reduced photochemistry regarding OH and
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ozone oxidation. In fact, most likely the biogenic toluene
emissions do not only happen during the early morning but
rather along the day, and are combined with the transported
toluene from elsewhere, as well as with potential anthropogenic
local sources, all subjected to OH oxidation and the dilution
effect during the day. In addition, while various other benze-
noid compounds are known to be biogenically emitted by
vegetation, our PTR-MS measurements focused on a specific set
of m/z ratios, including benzene (m/z 79), C9 aromatics (m/z
107), and styrene (m/z 105), in addition to toluene (m/z 93).
Unfortunately, the mixing ratios of C9 aromatics and styrene
were consistently below their respective detection limits (SI
Table S.1), precluding any analysis of their diurnal patterns. For
benzene, while the mean diurnal cycle in certain datasets
showed minor early morning increases, these were not consis-
tently reflected in the median diurnal cycles, and were
frequently correlated with other anthropogenic tracers like
acetonitrile and black carbon (SI Fig. S.4.1 and S.4.2), indicating
likely anthropogenic origins rather than a distinct biogenic
pattern akin to toluene. Thus, for further studies, measuring
a higher suit of aromatics compounds may help towards the
understanding of plant benzenoid emissions. Furthermore,
more analysis is needed to corroborate further the toluene
measurements with GC-MS to totally exclude any monoterpene
interference as only sporadic GC-MS sampling was available for
this study. Additionally branch and leave level emission
measurements are need to understand how other biogenic
sources such as soil or microbes could be contributing to the
signal as well as to set up experiments with control, heat,
drought and heat and drought treatments to test our finding.
Specially, because the Random Forest model identifies impor-
tant predictors but does not establish causality, therefore
potential confounding factors might influence the relationship
between environmental variables and toluene emissions.
Within this context, if we can further prove the hypothesis
stated here, of the identified role of toluene as a stress indicator,
it could not only underline the ecological health of Mediterra-
nean forests, but also highlight its potential implications for air
quality regulation during increasingly frequent heat events.

5. Conclusions

This study investigates the occurrence of early-morning toluene
peaks observed in the Montseny Mediterranean forest during
the summer months (June, July, and August) from 2021 to 2023.
The onset of morning sunlight activates plant physiological
processes, leading to a sharp increase of toluene mixing ratios.
This phenomenon, only visible during ongoing heatwaves,
occurs when high ambient temperatures and low relative
humidity intensify plant stress responses. In the Montseny
region, the dominant vegetation is Quercus ilex (holm oak),
a species well-adapted to the Mediterranean climatic environ-
ment. In this study, we point to the possibility that such early
morning toluene mixing ratios peaks may be derived from
Quercus ilex emissions under drought stress, given the local and
biogenic origin of such peak. Our results also reveal that early-
morning peaks in toluene are closely tied to high temperatures
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and low humidity, which could indicate a biogenic response
due to plant stress. Later in the day, the toluene mixing ratios
are mostly dominated by anthropogenic emissions being
transported to the site.

The complex biochemistry and atmospheric chemistry
underlying toluene dynamics highlight the need for further
investigation to fully understand its sources and trans-
formations. Understanding the exact pathways and conditions
leading to toluene biogenic production will provide deeper
insights into its ecological and atmospheric role, especially in
Mediterranean environments like Montseny Natural Park,
where vegetation stress is an increasing concern during the
summer season, and such conditions are expected to increase
in the near future. Further research on biogenic volatile organic
compounds (BVOCs) could enhance our understanding of
ecosystem dynamics and their responses to environmental
conditions. This study opens new questions: could early-
morning toluene emission peaks in Mediterranean forests be
an indicator of forest drought stress? And, under increasing
heatwaves and drought, could these peaks be silent contribu-
tors to atmospheric reactivity, giving the high SOA and ozone
formation potential of toluene?*® Given its dual anthropogenic
and biogenic sources, understanding toluene's atmospheric
behaviour is essential for assessing its role in air pollution,
regional climate effects, and potential feedback mechanisms
between vegetation and atmospheric chemistry. In any case,
management practices should incorporate monitoring toluene
levels in response to climate change, aiding in the development
of conservation strategies for vulnerable Mediterranean
ecosystems. Such efforts could inform policy-making and offer
a meaningful indicator of forest health in the face of increasing
climatic stress.
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