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Societal Impact Statement

The effect of air pollution on plants is still underexplored, especially belowground. We

used a field facility that released diesel exhaust and ozone at concentrations equiva-

lent to those near a busy road in Reading, UK, to measure belowground gas exchange

of Scots pine together with feeding by large pine weevils, a major pest of conifers. We

found that blends and concentrations of belowground volatile organic compounds

(VOCs) change significantly upon exposure to air pollution and aboveground insect

herbivory. This impact of the rhizosphere in systemic plant-stress responses is impor-

tant, considering that VOCs can affect local pollution levels, weather and climate.

Summary

• One of the major challenges regarding air pollution is that we do not have a clear

understanding how it affects the functioning of natural systems, including the

mechanisms underpinning inter- and intraspecific ecological interactions. Expand-

ing our knowledge of these interactions in this area can serve as a basis upon

which future nature protection policies could be built. Volatile organic compounds

(VOCs) are synthesised by plants and have roles in inter- and intraspecific interac-

tions and in protection against herbivores. They also have important roles in

biosphere–atmosphere interactions. Rhizosphere VOCs play key roles in plant

defence and soil ecology but are poorly understood due to difficulties in measure-

ment. This study examined how aboveground herbivory by the large pine weevil

(Hylobius abietis) influences belowground VOC concentrations in Scots pine (Pinus

sylvestris) under ambient and polluted conditions.

• Experiments were conducted within a Free-Air Diesel and Ozone Enrichment

(FADOE) platform, using two field-based VOC collection methods (a noninvasive

soil collar and a VOC-mole™ inserted into the soil).
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• Herbivory significantly increased total belowground VOC concentrations after

38 h (by 165%), indicating a systemic plant response. In rings receiving the com-

bined air pollution treatment, concentrations of benzenoid VOCs and oxygenated

monoterpenes were also elevated (by 136% and 217%, respectively) relative to

rings with ambient air.

• Both sampling methods produced comparable VOC profiles, supporting their

interchangeable use according to experimental needs. These results suggest a role

for rhizosphere VOCs in plant defence and provide robust field methods for study-

ing plant-stress interactions.

K E YWORD S

diesel, free-air diesel and ozone enrichment, Hylobius abietis, nitrogen oxides, ozone, Pinus
sylvestris, rhizosphere, volatile organic compounds

1 | INTRODUCTION

Covering one third of the world's forested area (Brandt et al., 2013)

boreal forests provide important ecosystem services for people,

including timber production, regulation of water, soil and air quality,

recreation and availability of nonwood forest products, such as mush-

rooms and berries accessible through broad everyman's rights

(Gauthier et al., 2015; Pohjanmies et al., 2017). Moreover, dominated

by coniferous tree species such as Scots pine (P. sylvestris; Gauthier

et al., 2015), boreal forests emit volatile organic compounds (VOCs)

that influence atmospheric chemistry and biosphere–atmosphere

feedbacks (Satake et al., 2024). While aboveground VOC emissions

from foliage are well documented (Laothawornkitkul et al., 2009; Liu

et al., 2023; Rieksta et al., 2023; Satake et al., 2024; Seco et al., 2022;

Simin et al., 2021, 2022), belowground concentrations in the rhizo-

sphere, comprising roots, fungi, microorganisms and soil, remain

understudied due to practical measurement challenges. The rhizo-

sphere is a dynamic zone where VOCs play roles in plant defence and

interactions with soil microbes and herbivores, yet their response to

stressors such as herbivory and air pollution remains poorly under-

stood (Lin et al., 2007; Rasheed et al., 2017, 2021).

The large pine weevil (Hylobius abietis) is a major pest in conifer-

ous forests and creates particular issues with clear cutting of forested

areas. This is because after the trees are cut, the stumps are targets

for Hylemya abietis oviposition and can hence lead to pest outbreaks

in new plantations. The large pine weevils can girdle and kill young

seedlings (Véle, 2022). Adults consume bark, with one weevil capable

of consuming 75 mm2 of bark per day, potentially killing dozens of

seedlings over its 4-year lifespan (Lalík et al., 2021). Its widespread

distribution, from southern Spain to northern Finland, underscores its

importance as a pest, with traditional chemical controls being increas-

ingly restricted (López-Villamor et al., 2019). Herbivory by the large

pine weevil is known to increase aboveground VOC emissions (Heijari

et al., 2011; Simin et al., 2026; Yu et al., 2022), serving as a defence

mechanism and communication signal (Simin et al., 2026; Yu

et al., 2022, 2024), but whether this response extends belowground is

unclear. Due to complexities involved with sampling and analysis

methods of soil VOCs, we are only beginning to understand below-

ground plant–plant interactions (Ali et al., 2026; Peñuelas et al., 2014).

Furthermore, Kristensen et al. (2020) in their meta-analysis found that

herbivory reduces belowground carbon allocation by plants and

increases atmospheric losses of elements. They have also recom-

mended closing the knowledge gaps from boreal forests on the effects

of aboveground insect herbivory on belowground processes.

Even though it is often far from centres of human activity, boreal

forest health will be increasingly affected by air pollution, including

tropospheric ozone (O3) and nitrogen oxides (NOx). This is because

pollutants can be carried across vast distances from their origin and

can affect remote pristine environments, even crossing large bodies of

water like the Pacific Ocean (Han et al., 2019; Nguyen et al., 2022).

While the impact of air pollution on emission of aboveground VOCs is

established (Farré-Armengol et al., 2016; Grulke & Heath, 2020;

Nguyen et al., 2022; Pinto et al., 2010), its effect on rhizosphere con-

centrations represents a knowledge gap.

The soil can be a significant source of VOCs and NOX and is

therefore important for formation and removal of tropospheric O3

(Hui et al., 2023; Peñuelas et al., 2014; Yang et al., 2024), but studies

on the effect of air pollution on belowground VOC concentrations are

scarce. A study from southern Spain found that when VOCs and semi-

volatile compounds are emitted from industrial sources and urban

traffic exhaust, they deposit into the soil and are subsequently

released back into the atmosphere (Domínguez-Morueco et al., 2018).

Yu and Blande (2021) showed that O3 exposure increased the loss of

carbon resources through belowground VOC emission by 794% (com-

pared to control) in summer, indicating a significant shift in carbon

allocation patterns.

Belowground Scots pine VOC collection has previously been per-

formed in laboratory-based studies, by enclosing the rhizosphere in a

polyethylene terephthalate (PET) bag after careful removal from the

soil (Lin et al., 2007; Yu & Blande, 2021). However, this method is not

a viable option if seedlings are not to be harvested. Installing a plastic

collar by the seedlings for the purpose of collecting rhizosphere VOCs
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via an attached PET bag has been performed on rhizospheres of silver

birch (Maja et al., 2014) and Scots pine (Tiiva, Julkunen-Tiitto,

et al., 2018). Soil collars have also been used to study the flux of

belowground VOCs in boreal forests (Mäki et al., 2019). Therefore,

this represents a more established option for sampling underground

VOCs in the field. Other methods of VOC collection include burying

adsorbent cartridges in the soil, similar to the work of Lin et al. (2007),

but the technique could be improved by using specialised steel probes

with a series of holes through which soil gases can pass, thus facilitat-

ing the sampling of belowground VOCs. However, these probes have

not been used before in field-based rhizosphere ecological studies

coupled to air pollution.

Plant–plant interactions mediated by VOCs are an important com-

ponent of ecological communication. Aboveground herbivore-induced

VOCs can prime neighbouring plants for enhanced defence, influence

resource allocation and affect community-level processes (Ninkovic

et al., 2019). Far less is known about whether such signals also operate

belowground, or whether belowground VOC concentrations them-

selves respond to damage on neighbouring individuals (Ali et al., 2026;

Peñuelas et al., 2014). Field-based experiments that simultaneously

examine above- and belowground VOC responses, especially under

realistic air-pollution conditions, remain scarce (Ali et al., 2026;

Peñuelas et al., 2014; Rasheed et al., 2023) Addressing this gap is par-

ticularly relevant in boreal forests, where damage from the large pine

weevil is common and atmospheric pollution is increasing.

Our study addresses these issues by testing (i) whether above-

ground herbivory by the large pine weevil increases belowground

VOC concentrations in Scots pine; (ii) whether exposure to damaged

neighbouring (emitter) plants affects belowground VOC

concentrations in receiver plants; and (iii) whether air pollution alters

the concentration of VOCs and CO2 in the soil. We also compared

two field-based VOC collection methods (a noninvasive soil collar and

a sub-surface VOC-mole™) to assess their efficacy, interchangeability

and sensitivity to air pollution.

2 | MATERIALS AND METHODS

2.1 | Experimental site and setup

The study was conducted at the University of Reading Free-Air Diesel

and Ozone Enrichment (FADOE) facility in Sonning, UK

(51�28054.100N 0�53043.400W; Figure 1a). The facility, covering an area

of 13,124 m2, includes a central control unit and 12 rings (8 m diame-

ter) that deliver four treatments: elevated ozone (O3), elevated NOx

(diesel exhaust), combined O3 and diesel exhaust and ambient air con-

trol. This means that each air pollution treatment was represented by

three separate rings (n = 3). The air is pumped to each ring using

regenerative blowers (R4110-2, Gast, Benton Harbor, MI, USA); the

ozone treatment is provided by three ozone generators (CD2000P,

ClearWater Tech, San Luis Obispo, CA, USA); and the diesel treatment

is provided by a diesel generator (SSDK12W Kubota 12.6 kVA, SGS

Engineering Ltd, UK). Each ring is surrounded by pipes that deliver the

air, controlled by a system of relays. For a detailed description of

the FADOE facility, refer to Mofikoya et al. (2024).

Each ring contained four 155-L containers (53 cm in height, 67 cm

in diameter; Nuova Pasquini & Bini, Altopascio, Italy) in which 2-year-

old Scots pine seedlings from the Meggernie provenance in Scotland

(56�35025.800N 4�18014.400W; grown from seed by and purchased from

Alba Trees Ltd, Gladsmuir, UK) were planted in a total of 48 containers

across 12 rings (Figure 1b). The soil mixture in the containers consisted

of two parts coarse sand and one part natural ericaceous soil with a

low pH (4.5–5.5; Premium Topsoil Supplies, Broadbridge Heath, UK).

Four seedlings were planted in each container on 4 May 2023, one in

the centre and three around the edges, approximately 120� apart

(Figure 1c). The central seedling served as the emitter, while one of

the three surrounding receiver trees had a small plastic collar (length:

4.5 cm, diameter: 10 cm; OsmaDrain, Wavin, Doncaster, UK) inserted

2 cm into the soil next to it to standardise the measurements of soil

respiration and soil VOC concentrations. The average distance

between emitter and receiver seedlings was 26.7 cm.

The trees were watered as needed to maintain soil moisture

between 10% and 17%. After potting, the trees were left to acclimate

and develop new growth for 26 days. Measurements were conducted

in sets of four rings at a time: The first set was measured from 18 June

to 21 June 2023 and the second from 28 June to 1 July 2023. Due to

time and resource constraints, four rings were omitted; we therefore

sampled eight containers per air pollution treatment (n = 8).

The herbivory treatment for the H1 (interactions) experiment

involved placing three adults of the large pine weevil, Hylobius abietis,

onto the bark of selected trees and enclosing the insects and the bark

in a white mesh bag (Eurokangas, Orimattila, Finland). The weevils

were starved for 24 h before placement. They were collected from

tree trunks in Scotland the previous year, kept in captivity at low tem-

perature (16�C at night and 9�C during the day) and fed pine and

spruce branches regularly. Exposure to damaged emitters involved

placing the weevils onto the emitter tree, present in the middle of

each container, for 5 days (weevils were omitted from undamaged

control emitters) and then measuring the receiver trees' responses.

Herbivory involved placing the weevils onto the receiver trees for

38 h and measuring bark damage, in addition to repeating the mea-

surements from the first phase. There were two containers with her-

bivory treatment on emitter plants and with control emitters in each

ring, so in total, we had four replicates for each air pollution and inter-

actions treatment (n = 4).

For more information on the experimental setup and the effects

of interactions on aboveground VOC emissions, please see Simin et al.

(2026).

2.2 | Soil respiration measurements

Soil (rhizosphere) respiration was measured using an EGM-4 Environ-

mental Gas Monitor for CO2 (PP Systems, Amesbury, MA, USA)

equipped with an SRC-1 soil respiration chamber and soil temperature

probe. The soil respiration chamber was positioned on the plastic soil
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collars next to the receiver tree. A circular piece of polyethylene foam

was placed between the chamber edge and the collar to prevent out-

side air seeping in. The volume of the air within the chamber and soil

collar was set to 1800 mL. A linear fit was chosen to obtain the final

CO2 efflux values by the instrument. For ambient and O3 + D rings,

n = 6 and for O and D rings n = 4.

2.3 | Soil collar VOC collection and analysis

For the soil collar VOC measurements, a PET bag (25 � 38 cm;

Cooke & Miller, Gem Imports Ltd, Hoyland, UK) was secured around

the soil collar and a temperature logger (Thermochron, OnSolution

Pty Ltd, Castle Hill, Australia) was inserted (Figure 1d). The air was

pulled out of the bag through the adsorbent cartridge (200 mg Tenax

TA, Markes International Ltd, Llantrisant, UK) at the rate of 200 mL/

min for 30 min without flushing the bag beforehand. After sampling,

the cartridges were sealed and stored at 5�C until analysis. A new PET

bag was used for each measurement. Six in situ blanks were per-

formed during the interactions experiment on a soil collar inserted

into a container without Scots pine seedlings (placed in one of the

ambient air rings) to account for VOCs derived from the soil mixture

itself, sampling materials and the analysis instrument (Figure S1). VOC

concentrations in the blanks were subtracted from the soil collar sam-

ples temporally, meaning that a blank was collected for a group of

sample measurements and was used for subtraction from the samples

F IGURE 1 Experimental setup and two volatile organic compound (VOC) collection methods. (a) Free Air Diesel and Ozone Enrichment
(FADOE) research facility in Sonning, UK, 51.48, �0.89; 95 m.a.s.l. (b) Positioning of containers inside each FADOE ring: Weevils were placed on
emitter seedlings in two out of four containers in each ring, while the other two were used as control. (c) Scots pine layout inside each FADOE
ring: An emitter seedling was planted in the middle of a container and a receiver seedling along with a soil collar next to it were positioned at the
edge of the container. (d) VOC collection from the soil collar: A polyethylene bag was placed around the collar, and the VOC were collected on
adsorbent cartridges—This method was used during the interactions experiment because of its nondestructive nature. (e) VOC collection using
the VOC-mole™: It was inserted into the middle of the soil collar and VOCs were collected on the cartridge positioned inside—This method was
used following the experiment because it disturbs the rhizosphere of the Scots pine. Map lines delineate study areas and do not necessarily
depict accepted national boundaries. Photo credits: (a) University of Reading; (d), (e)—Tihomir Simin.

4 SIMIN ET AL.

 25722611, 0, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1002/ppp3.70281 by U

K
 C

entre For E
cology &

 H
ydrology, W

iley O
nline L

ibrary on [12/10/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



of those days. A new blank was used to subtract the VOC concentra-

tions from samples on following dates: 13 June—20 June, 21 June,

22–23 June, 28 June, 29 June and 30 June—1 July 2023. Soil collar

measurements were nondestructive and taken once during the

between-plant interactions experiment (analysed on the GC–MS

instrument in Kuopio, Finland) and another time following the

experiment, on 3 July 2023 to complement and compare with the

VOC-mole™ measurements (analysed on the Gas Chromatography

Time-Of-Flight Mass Spectrometry (GCxGC-TOF-MS) instrument in

Reading, England).

Adsorbent cartridges were transported to Kuopio, Finland, and

analysed using gas chromatography–mass spectrometry (GC-2010

Plus + GCMS-QP2020; Shimadzu Corporation, Kyoto, Japan) after

thermal desorption (TD-30R; Shimadzu corporation, Kyoto, Japan).

The carrier gas was helium. Cartridge desorption was performed for

10 min at a temperature 300�C and flowrate of 50 mL/min, following

a pre-purge for 1 min at 20 mL/min. The joint, valve and transfer lines

were kept at 250�C. The VOCs from the cartridges were desorbed

onto the cold trap kept at a temperature of �20�C, which were then

further desorbed into the GC column at 300�C for 1 min using the

splitless injection mode. The temperature in the GC oven was kept at

40�C for 1 min, rising to 125�C by 5�C min�1, and then to 260�C

at 10�C min�1. A ZB-5MSplus capillary column made of diphenylsilox-

ane and dimethylsiloxane (60.0 m length, 0.25 mm diameter, 0.25-μm

film thickness; Phenomenex Inc., Torrance, USA) was used for com-

pound separation. The pressure was kept at 191.5 kPa, total flow was

2.9 mL/min, column flow was 1.88 mL/min, linear velocity

was 35 cm s�1,and purge flow was kept at 1 mL/min. Separated com-

pounds were then ionised by the MS ion source kept at 200�C, while

the interface temperature was 280�C and detected on the quadruple

at the threshold of 50 kV. To prevent detector overload with metha-

nol and other low-mass compounds, solvent cutoff time was set to

3.4 min, so chromatograms started at this time and continued until

35 min, which was the total programme time for GC–MS analysis of

our soil collar VOC samples.

Chromatograms were analysed using PARADISe

(Quintanilla-Casas et al., 2023; v.6.0.0.18; https://ucphchemometrics.

com/paradise/). The identification of VOCs was based on 34 authentic

internal standards Table S1 and NIST 20 library mass spectra (National

Institute of Standards and Technology, Gaithersburg, MD, USA) for

compounds without standards. Compounds for which the NIST

20 Match Factor was <800 were identified to the level of a broad com-

pound group. Sample concentrations were quantified proportionally

based on the internal standards. The VOCs were classified into non-

oxygenated monoterpenes (MTs), oxygenated monoterpenes (oMTs),

sesquiterpenes (SQTs), green leaf volatiles (GLVs), benzenoids (BZs)

and other non-isoprenoids (ONIs). Compounds for which no standard

was available were quantified using the most appropriate standard,

based on compound structure and mass, as in Simin et al. (2022).

VOC concentrations in blanks temporally corresponding most

closely with the samples were subtracted from the Scots pine VOC

sample concentrations, and high-concentration compounds in blanks

were considered as measurement system contaminants and omitted.

2.4 | VOC-mole™ VOC collection and analysis

On 3 July 2023, a VOC-mole™ (Markes International Ltd, Llantrisant,

UK) was inserted into the centre of the soil collar to collect sub-

surface VOCs (Figure 1e). An adsorbent-filled cartridge (200 mg Tenax

TA, Markes International Ltd, Llantrisant, UK) was attached and the

collection time was set to 30 minutes at an outflow rate of 200 mL/

min. The VOC-mole™ is a destructive method for VOC collection, so

measurements were conducted following the interactions experiment.

Analysis of VOC compounds was conducted using two-

dimensional GCxGC-TOF-MS. The system is composed of an auto-

mated extraction and enrichment unit (Centri; Markes International

Ltd., Bridgend, UK), coupled to an 8890 GC system (Agilent, Stock-

port, UK) with INSIGHT-Flow modulator (SepSolve Analytical Ltd.,

Peterborough, UK), a Flame Ionisation Detector (FID; Agilent), and

BenchTOF2 mass spectrometer (SepSolve Analytical Ltd.). Sample

separation was achieved using a WAX-HT 20 m � 18 mm

ID �0.18-μm film (polyethylene glycol; MEGA S.r.l., Legnano, Italy) as

the primary column phase, and a BPX50 2.5 m � 0.25 mm

ID � 0.1-μm film (50% phenyl polysilphenylene-siloxane; Trajan Sci-

entific & Medical, Ringwood, VI, Australia) as the secondary column

phase. Helium was used as the carrier gas.

Adsorbent cartridges containing the VOC samples extracted using

the VOC-mole™ were placed in the Centri loading racks for analysis.

Cartridges were dry purged using nitrogen gas for 5 min with trap in-

line at a flowrate of 50 mL/min to remove water. Cartridges were des-

orbed for 3 min at 260�C. VOC compounds from the cartridges were

transferred to the focussing trap (Material Emissions, U-T12ME-2S;

Markes International Ltd.) with trap and split flows set to 50 mL/min

and a trap temperature of 20�C. Following probe desorption, the trap

was purged for 5 min at 50 mL/min with nitrogen gas. The trap was

then desorbed and fired by heating to 280�C (100�C/sec) for 5 min. A

5:1 split was applied with a split flow of 5 mL/min. The transfer line

flow path was heated at 180�C, and sample was injected into the GC

system.

GC runtime was 74 min with an initial 45�C temperature hold for

2 min. An oven temperature ramp programme was set to 3.5�C min�1

to 280�C with a final 5-min hold. The inlet was set to splitless mode

and maintained at 250�C. Total flow was 6.5 mL/min at 29 psi with a

septum purge flow of 3 mL/min. The GC column flows and parame-

ters were as follows: Column 1 (primary)—0.5 mL/min (constant flow;

29 psi), Column 2 (secondary)—20 mL/min (constant flow; 21.4 psi),

Column 3 (bleed line to controller)—6.1 mL/min (constant flow;

16.6 psi), Column 4 (bleed line to atmosphere)—0.5 mL/min (constant

flow; 1.5 psi), Column 5 (transfer line to TOF)—4 mL/min

(constant flow; 7.6 psi) and Column 6 (transfer line to FID)—

46.8 mL/min (constant pressure; 7.6 psi). The INSIGHT-Flow modula-

tor was balanced for a flush time of 125 ms and a modulation period

of 3 s. The FID was heated to 300�C and supplied with 35 mL/min of

hydrogen with a make-up flow of nitrogen (up to 47 mL/min) and an

airflow of 300 mL/min.

TOF acquisition was conducted with a filament voltage of 1.8 V,

transfer line temperature of 250�C and an ion source temperature of

SIMIN ET AL. 5
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250�C. Ionisation voltage was �70 eV, and scan range was set from

40 to 450 m/z (data rate acquisition speed 50 Hz). Data were col-

lected as High Definition (HD) spectra from the MS channel, as well

as a parallel FID signal. Spectra were corrected for temperature and

used CO2 as a lock mass.

Prior to experimental sequences, the TOF was checked for

air/water counts (<150,000), and an instrument tune was performed

using an internal tuning mix. A C7-C30 alkane (Merck-Sigma, Gilling-

ham, UK) was loaded onto a conditioned cartridge (1 μL; 1:20 dilution

in hexane) run under identical conditions with the exception that a fila-

ment delay (1 V) was applied for 240 s to prevent detector overloading

by hexane. A blank trap fire was initiated before sample introduction

to ensure the focussing trap was free of any contamination.

TOF data were analysed using ChromSpace (v.2.1.7.; SepSolve

Analytical Ltd.). Files were batch processed using a Dynamic Back-

ground Correction (DBC) algorithm to remove baseline signal noise

from chromatograms (peak width setting was set to 0.2 s (Wesoly

et al., 2024). Integration was performed using a tile sum method,

where two-dimensional chromatograms were divided into overlapping

‘tiles’ used for downstream chemometrics (Eggermont et al., 2023).

Tile window widths were set to 12 s (1tR) and 0.75 s (2tR) with a 25%

overlap.

Chemometrics of the integrated tile sum data were analysed

using ChromCompare+ (CC+; v.2.1.7., SepSolve Analytical Ltd.). Raw

ion data were processed and filtered to identify ions explaining the

largest amount of discrimination (Spadafora et al., 2023) between

sampling methods (VOC-mole™ vs. soil collar) and experimental treat-

ments (control/ambient, diesel, ozone and diesel + ozone). Ion fea-

tures were initially filtered using a minimum intensity cut-off of 2500

counts. The remaining ion features were normalised using Probabilis-

tic Quotient Normalization (PQN) based on the mean ion abundance

across all samples (Gorrochategui et al., 2016).

The normalised data were then filtered using the feature discov-

ery algorithm for the top 20 discriminating ions between extraction

methods and experimental treatments. These features' retention

times (1tR and 2tR) were then cross-referenced with DBC chromato-

grams in ChromSpace to identify the associated chromatogram peaks.

Compounds were tentatively identified using the NIST 23 library

(National Institute of Standards and Technology, Gaithersburg, MD,

USA). A match factor and reverse match factor of 800 was used as a

threshold for tentative identification, and the m/z of the ions identi-

fied by CC+ were required to be present in both the observed mass

spectra and the library mass spectra for a reliable association to be

determined. CC+ was then used to generate visualisations for princi-

pal component analysis, volcano plots and box-plots (with 95% confi-

dence intervals).

2.5 | Statistical analysis

Linear mixed models (LMMs) were used to analyse all receiver-

tree-response data using IBM SPSS Statistics software (v.29.0.2.0

[20]; The International Business Machines Corporation, Armonk, NY,

USA). We performed LMMs on total VOCs, individual VOC groups,

soil respiration rate and bark herbivory as response variables and pol-

lution treatment (ambient, ozone, diesel and diesel + ozone), exposure

to emitter plants (damaged or control) and direct herbivory (before

and after herbivory on receiver trees) as fixed factors. Random factors

included the pot number nested within the FADOE ring number and

seasonality (18 June–21 June; 28 June–1 July). The significance of

main effects and their interactions was assessed at various levels:

p < 0.001 (***), p < 0.01 (**), p < 0.05 (*) and p < 0.1 (†). Data were

log-transformed (log [x + 1]) if the assumption of normality of resid-

uals was violated.

We ran the machine learning algorithm Random Forests (RF) to

assess how pollution treatment, emitter exposure and direct herbivory

altered the relative contributions of individual VOCs to the total

belowground VOC concentration profile (hereafter called ‘VOC

blend’) and to identify compounds important for the blend differences

(Biau & Scornet, 2016; Breiman, 2001). We used the ‘randomForest’
function from the randomForest package in R statistical framework—

version 2024.12.0 (RStudio Team, PBC, Boston, MA, USA). RF shows

if samples fall into distinct clusters and how clusters are related to a

certain treatment.

We ran separate supervised RF with herbivory (H vs. Control [C];

n = 36), emitter exposure (damaged vs. undamaged; n = 37) and pol-

lution treatment after herbivory (ambient vs. ozone (n = 8), diesel

(n = 8) or diesel + ozone (n = 6)) as the response variable and individ-

ual VOC concentrations as the predictor variables. 100,000 bootstrap

samples (Ntree) with 10 variables (VOCs; mtry) randomly selected at

each node. For optimal results, it is usually recommended to set the

mtry value equal to the square root of the number of variables

(n = 95; Biau & Scornet, 2016). RF is randomly filtering a subset of

samples and variables and returns an out-of-bag (OOB) error rate and

a confusion matrix for each classification and selection method. There

is no need for a separate test set for unbiased results or for cross-

validation of results because RF leaves out variables at each tree

(Biau & Scornet, 2016). Importance of each VOC for the classification,

expressed as the mean decrease in accuracy (MDA) was also obtained

using the ‘cmdscale’ function in the randomForest R package. Specific

VOCs with high importance in separating the VOC blends have higher

MDA values. We also tested all compounds used in RF utilising the

paired t-test (for comparing Herbivory and Control) and Dunnett's test

(for comparing ozone, diesel and diesel + ozone pollution treatments

to ambient) using dplyr and multcomp packages in R.

3 | RESULTS

3.1 | Interactions experiment—Effect of herbivore
feeding and air pollution on belowground gases

Air pollutants alone exhibited only a marginal effect on soil CO2 emis-

sion (F3,58 = 2.21, p = 0.096, LMM), but the interaction between pol-

lution and herbivory was significant (F3,58 = 10.12, p < 0.001, LMM),

as we observed a 27% increase in soil respiration between plants in
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ambient rings before herbivory and plants in rings with combined

ozone and diesel exhaust (O3 + D) after herbivory (Figure S2).

We identified 95 individual VOCs in the Scot's pine belowground

VOC blend with an average74% being ONIs, 17% monoterpenes

(MT), 4% benzenoids (BZ) and 3.5% GLV, with a trace amount of oxy-

genated MTs (oMT) and sesquiterpenes (SQT; Table S2).

Direct herbivory increased the total VOC concentrations by

165%, as well as the concentrations of MTs by 246% and ONIs

by 188% (F1,45 = 18.70, pTOTAL < 0.001, F1,45 = 26.06 pMT < 0.001,

and F1,45 = 7.97 pONI = 0.007, respectively, LMM; Figure 2). The

effect of air pollution alone affected the concentrations of BZs

(p = 0.001, F = 8.32, LMM; 136% increase in O3 + D rings, compared

to ambient rings), oMTs (p < 0.001, F = 6.55, LMM; 217% increase in

O3 + D rings, compared to ambient rings) and the ONIs (F3,45 = 4.85,

p = 0.005, LMM). The combined effect of herbivory and pollution was

significant for most VOC groups, except for BZs and GLVs

(F3,45 = 5.29, pTOTAL = 0.003; F3,45 = 5.29, pMT = 0.015;

F3,42 = 3.89, poMT < 0.001; F3,41 = 12.17 pSQT < 0.001; F3,45 = 6.20,

pONI = 0.033, LMM). Exposure to damaged emitters did not have a

significant effect on belowground VOC concentrations.

Supervised RF revealed a clear separation of belowground VOC

blends between the two herbivory treatments (Figure 3a) and the pol-

lution treatments following herbivory (Figure 3b), but no clear separa-

tion of blends of plants exposed to damaged versus control emitters

(Figure S3). Compounds with the highest MDA separating the VOC

blends before and after herbivory mostly belonged to the MT group:

α-pinene (334% increase after herbivory; t-473,-35 = �2.38, p = 0.025,

t-test), terpinolene (286% increase; t-35,-8 = �3.18, p = 0.004, t-test),

α-phellandrene (287% increase; t-19,-5 = �3.41, p = 0.002, t-test),

3-carene (320% increase; t-392,-71 = �2.97, p = 0.006, t-test) and

β-pinene (501% increase; t-84,2 = �1.95, p = 0.062, t-test), with some

significant oxygenated VOCs, such as geranyl acetone (ONI; 2738%

increase, t-270,-78 = �3.74, p < 0.001, t-test) and 2-octyldecanol (ONI;

707% increase, t-100,-16 = �2.91, p < 0.001, t-test; Figure 3c).

The second RF analysis revealed that VOC blends from the ozone

treatment were similar to the one from ambient rings and showed that

the diesel exhaust addition was what made the clear difference

between the blends, while the VOC blend of plants from O3 + D rings

were positioned between the O3 and D blends (Figure 3b). Overall,

the compounds with the highest MDA in the second RF were related

F IGURE 2 Individual and combined effects of in situ air pollution (ozone, O3 and diesel exhaust, D) exposure on the belowground volatile
organic compound (VOC) concentration of Scots pine exposed to damaged and control emitters. Damaged emitters were exposed to herbivory by
2 large pine weevils for 5 days, while control emitters were left undamaged. Filled bars represent herbivory phase of receiver seedlings
(unfilled = Phase 1 (pre-herbivory), filled = Phase 2 (post-herbivory). BZ, benzenoids; GLV, green-leaf volatiles; MT, non-oxygenated
monoterpenes; oMT, oxygenated monoterpenes; ONI, other non-isoprenoids; SQT, sesquiterpenes. n = 4. Error bars show standard error of the
mean of total VOC emissions.
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to GLVs, such as cis-3-hexenyl isovalerate (193-fold higher in D than

ambient; t26 = 3.56, p = 0.003, Dunnett's test), cis-3-hexenyl tiglate

(sixfold higher in D than ambient; t26 = 6.92, p < 0.001, Dunnett's

test) and BZs, such as benzene, 1-ethyl-3-methyl- (also known as

m-ethyltoluene, which was not recorded in the ambient rings, but pre-

sent in D rings, 25 ng m�2 h�1 on average [Table S2]; t26 = 4.81,

F IGURE 3 Supervised random forests (RF) analysis of belowground volatile organic compound (VOC) blends. Multidimensional scaling plots
for RF on the belowground VOC blends before (C) and after damage by herbivores (H) are shown across all air pollution treatments (a), and
separately between the pollution treatments after herbivory (b). The out-of-bag (OOB) classification error is in the bottom right corner. A RF
confusion matrix is presented in the table within each plot. The confusion matrix shows the number of correctly and incorrectly assigned
branches and the corresponding class error. VOCs with the highest mean decrease accuracy (MDA) from supervised random forests (RF) analysis
of belowground VOC blends before and after herbivory across all of the air pollution treatments (c) and separately between the pollution
treatments after herbivory (d).
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p < 0.001, Dunnett's test) or ONIs, such as nonanoic acid (threefold

higher in D than Ambient, t26 = 2.52, p = 0.047, Dunnett's test;

Figure 3d).

3.2 | Comparison of two VOC collection methods

GCxGC-TOF-MS VOC chromatograms of VOC-mole™ samples are

presented in Figure S4 and the ones taken from the soil collar are pre-

sented in Figure S5. These samples have been taken once following

the interactions experiment and therefore do not reflect the treat-

ments of direct herbivory or exposure to the damaged emitters. Due

to the lack of full experimental replication, formal statistical compari-

son between the two sampling methods was not possible. However,

both methods extracted similar compound profiles and the principal

component analysis of the top discriminating ions still clearly sepa-

rated the pollution treatments. Moreover, there was a log-fold higher

abundance of compound peaks in samples collected using the VOC-

mole™. This also included the extraction and retention of background

analytes found within samples, irrespective of their experimental pol-

lution treatment (Figures S4 and S5). Compounds such as various

aldehydes (octanal, nonanal and decanal) and a ketone (1-octen-

3-one) were tentatively identified using the NIST 23 spectral library.

Ion abundances associated with these compounds were higher in

VOC-mole™ extracts, and this was traced to background environmen-

tal effects, as most of the compounds were also found in the blank

samples taken with each method (Figure S6 and Figure S7). Con-

versely, a high abundance of ions associated with carbon tetrachloride

was found in soil collar extracts (Figure S6). This was likely the result

of VOCs emitted from the plastic soil collar itself.

Ion data for each sample were processed and filtered for the top

20 discriminating ions between pollution treatments. Each replicate

(one from VOC-mole™ sampling and one from soil collar sampling

methods) clustered and separated clearly for these discriminating ions

(Figure 4), despite differences observed in their respective Total Ion

Chromatogram (TIC) intensities (Figure S8). This indicates that each

respective sampling method is still able to extract these distinguishing

ions in sufficient abundance. PC1 accounted for 58.5% of the vari-

ance, and PC2 explained 23.3% of the variance. The O3 treatment

showed 20 discriminating ions, separating to the left of the plot and

away from the other treatments in the PCA. The combined O3 + D

treatment was most similar in the VOC blend to the control, rather

than either of the single pollutant treatments.

Of the 20 discriminating ions identified, nine could be reliably

associated with chromatogram peaks. Of these nine compounds,

seven were tentatively identified, and two were designated as

‘unknown’. Discriminating ion abundances associated with these

peaks and compounds are presented in Figure S8 with their corre-

sponding mass spectra in comparison to the top library match. Sam-

ples from rings with ambient air had a higher abundance of p-cymene

and terpinolene ions, as well as an unknown compound (ion m/z 132).

In the diesel exhaust addition rings (D) showed low abundance of the

discriminating ions with the exception of β-pinene, where a greater

amount was observed compared to the other treatments and the

ambient air. In the O3 rings, higher ion abundances were associated

with an unknown compound (m/z 54), norbornane 2,2-dimethyl-

5-methylene, γ-terpinene and styrene. Lower abundance of ions asso-

ciated with p-cymene was also observed for this treatment. In the

samples from O3 + D rings, we did not find any significant differences

amongst the identified discriminating ions.

F IGURE 4 Principal component analysis (PCA) of top 20 discriminating ions between plant soil volumes under four treatment conditions:
control (ambient atmosphere; green), diesel exhaust addition (red), ozone addition (blue) and combined diesel + ozone addition (pink). Each of the
two samples per treatment represent one VOC-mole™ sample and one collar sample.
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4 | DISCUSSION

4.1 | Effect of aboveground herbivory

In the first part of our study, we demonstrated that aboveground

feeding by the large pine weevil substantially increased belowground

VOC concentration in Scots pine. The increase was significant for

total VOC concentration and individual VOC groups.

This finding is in contrast to the field-based work of Rasheed

et al. who found no significant effect of aboveground pine weevil her-

bivory on pine rhizosphere VOC emission (Rasheed et al., 2017,

2021). This difference could be due to the use of different methods to

collect the VOCs. While Rasheed et al. collected VOCs by removing

the seedling from the pot, gently removing the soil and enclosing the

whole rhizosphere in a PET bag, we placed the bags around the plastic

soil collar previously installed next to the seedlings in the field, a

method previously used by (Maja et al., 2014) to collect rhizosphere

(belowground) VOCs of birch trees, which is inherently less invasive

than removing the seedlings from the soil.

It is well known that aboveground VOC emission increases after

herbivory as a result of mechanical damage (Laothawornkitkul

et al., 2009; Ninkovic et al., 2019). Indeed, herbivory has been shown

to significantly increase the aboveground VOC emissions in field experi-

ments on tundra plants (Li, Holst, et al., 2019; Rieksta et al., 2020,

2021), boreal evergreen trees (Ghimire et al., 2016; Heijari et al., 2011;

Kivimäenpää et al., 2016) and others and play important roles in

biosphere–atmosphere interactions (Holopainen & Blande, 2013).

Higher shoot VOC emission was consistently reported for Scots pine

after feeding by the large pine weevil (Heijari et al., 2011; Simin

et al., 2026; Tiiva, Häikiö, and Kasurinen, 2018; Yu et al., 2022, 2024).

In addition to the bark, the large pine weevil readily feeds on roots of

pine seedlings (Yu et al., 2024), and the results of our study suggest that

changes in concentration of VOCs extend to the rhizosphere, as part of

the systemic approach for protection against herbivory.

As the second most-emitted VOC group, MTs played an impor-

tant part of the total belowground VOC profile in our study, which

is not surprising considering that MTs are the main VOC group emit-

ted from the aboveground part of the plants (Simin et al., 2026; Yu

et al., 2022, 2024; Yu & Blande, 2021). Notably, the belowground

(rhizosphere) VOC profile of Scots pine is dominated by MTs in stud-

ies where authors removed the whole root system of the seedlings,

enclosed it and left the VOCs to accumulate before collection

(Rasheed et al., 2017, 2021; Yu & Blande, 2021). Therefore, it is pos-

sible that the pine roots are the main contributors to MTs in the

belowground VOC profile in our study, an idea generally supported

by the work of Lin et al. (2007) on the Mediterranean stone pine

and Scots pine and the work of Mäki et al. (2019) who concluded

that belowground VOCs from Scots pine forest floor (rich in MTs

and SQTs) collected using a soil collar method similar to ours were

likely derived from roots. Previous studies have shown that above-

ground herbivory by large pine weevils increases the relative propor-

tions of thicker roots in the Scots pine root system (Rasheed

et al., 2017; Tiiva, Julkunen-Tiitto, et al., 2018). Indeed, following

herbivory, we have observed a 246% increase in total MT concentra-

tions and a shift in the VOC blend towards higher concentrations of

MTs, such as α-pinene, terpinolene, α-phellandrene, 3-carene and

β-myrcene, seen in our RF analysis (Figure 3c), which suggests rapid

root growth in response to herbivory and implies a shift of carbon

resources to belowground VOC concentrations sustained at least

36 h after herbivory (Jiao et al., 2023; Yang et al., 2024).

Conversely, MTs serve as an important carbon source for soil

microorganisms, such as Pseudomonas or Rhodococcus bacteria, which

can mineralise almost all isoprenoids synthesised belowground

(Marmulla & Harder, 2014). Pseudomonas are common endobacteria

of ectomycorrhizal root tips in Scots pine (Izumi et al., 2006). This bac-

terial consumption in the soil, along with physical and chemical abiotic

properties of the soil may explain why we observed much lower pro-

portion of isoprenoids (17% MTs, 2.5% oMTs and SQTs) compared to

non-isoprenoid compounds (4% BZs, 3.5% GLVs and 74% ONIs) in

the total VOC blend in our interactions experiment.

Tiiva, Häikiö, and Kasurinen (2018) also show that short-term her-

bivory increases mycorrhizal root colonization rates of Scots pine

seedlings, a result generally supported by a review paper on the topic

(Barto & Rillig, 2010). Fungal VOCs are composed mostly of carbonyl

compounds and open-chain hydrocarbons (Guo et al., 2021), which fit

our ONI group and indicate that at least some of the increase we

observed could be attributed to fungal VOCs. For example, we have

detected 2-ethylhexanol in our VOC blend, a compound released by

Tomentellopsis zygodesmoides mycorrhizal fungus of Scots pine that

improves plant defense and growth (Guo et al., 2021). Moreover, ger-

anyl acetone, an ONI, had one of the highest MDA scores in our RF

analysis (Figure 3c), meaning that, following herbivory, the total VOC

blend contained more of this fungal compound, which was found to

have anti-attractant properties for Ips typographus (Kännaste

et al., 2026), the European spruce bark beetle, another herbivore of

Scots pine, so it could have a similar effect on the large pine beetle.

VOCs from mycorrhizal fungi can promote plant development, protec-

tion and tolerance to biotic and abiotic stress and promote the benefi-

cial soil microbiome (Miñambres et al., 2026).

It is also important to consider that the VOCs we detected might

have come from the soil itself, as a result of physicochemical pro-

cesses and heterogeneous oxidation of the organic substrate (Li,

Cheng, et al., 2019).

Finally, belowground VOC profiles of plants are often different

from aboveground ones (Peñuelas et al., 2014). In the present experi-

ment, we did not detect a significant effect of exposure to damaged

emitters on belowground VOC concentrations. This may reflect the

greater complexity of the soil environment, where physical sorption,

chemical oxidation and microbial consumption can rapidly modify or

attenuate VOCs, thereby reducing the detectability of potential

plant–plant signals. Targeted laboratory studies examining root

growth, mycorrhizal colonisation and microbial community composi-

tion would be valuable for revealing any subtler belowground effects

of neighbouring plant damage.
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4.2 | VOC collection methodology

The first study to investigate collecting rhizosphere VOCs from pine

was published by Lin et al. (2007), which compared active methods of

collection (by removal of seedlings from the soil and putting the rhizo-

sphere in the PET bag) to passive ones (where an adsorption cartridge

was buried soil wrapped in a cotton bag at differing distances from

the tree). Our study used different methods and the comparison of

the soil collar and VOC-mole™ methods revealed both to be effective

for collecting belowground VOCs, with comparable profiles.

According to our observations, there may be some trade-offs

between using the two VOC extraction methods. The VOC-mole™

offers the ability to extract compounds in greater abundance, as VOCs

are more concentrated below the soil surface (compared to the air).

This is beneficial for collecting greater amounts of low abundance

compounds, but it also captures low abundance background environ-

mental compounds, rather than just plant-derived metabolites. This

may be useful in itself to develop environmental profiles, but it could

confound interpretations between experimental locations if there is a

large degree of variability between sampling sites. Awareness of such

compounds will allow them to be characterised and omitted from

interpretations so that they will not be confused with effects gener-

ated by the experimental treatments.

The soil-collar approach is by comparison nondestructive (in that

there is no chance of root tissues being damaged in the process), but

it does not achieve as high yields of VOCs compared to the VOC-

mole™. It may also be prone to sampling contamination, as evidenced

by the presence of significantly higher amounts of carbon tetrachlo-

ride, for example; but these can be omitted from data and interpreta-

tions if identified by collecting appropriate blanks and control

samples.

The analysis of discriminatory ions between the sampling

methods shows that each was capable of extracting the related com-

pounds and provided a means of separating the experimental treat-

ments using chemometrics. The choice of sampling method may

therefore be based more on practical considerations, such as availabil-

ity of resources, soil type, plant species and plant size. Researchers

should select the method based on experimental needs, with the soil

collar preferred for nondestructive and low-disturbance sampling in

shallow soils and the VOC-mole™ for deeper, precise collections.

4.3 | The effect of air pollution on belowground
VOC concentrations

We have taken blank samples from a container without Scots pine

seedlings that was placed in one of the ambient air (control) rings and,

therefore, pollutants originating from diesel exhaust (D) and/or ozone

(O3) addition that deposited from the air were considered in all below-

ground VOC profiles. Chromatograms from soil collar VOC blanks and

from belowground Scots pine VOCs in different pollution rings

(Figure S1) show that the ion count (and the VOC concentration on

which it was calculated) was higher in our samples compared to the

blanks and higher in D and D + O3 rings compared to ambient air and

O3 rings (Figure 2, Figure S1). During our experiment, air NOX concen-

trations in all FADOE rings (and especially in D rings) exceeded the

measurements from the centre of the town of Reading in England,

while only in O3 and O3 + D rings did the O3 exceed the local concen-

trations (Mofikoya et al., 2024; Simin et al., 2026). Oxidation of soil by

O3 addition has been shown to be an effective way to reduce VOC

concentrations in soils contaminated with Benzene, Toluene, Ethyl-

benzene and Xylene (BTEX; Jousse et al., 2017). Therefore, it is possi-

ble that these processes affected our Scots pine belowground VOC

concentrations.

We have observed clear effects of air pollution on BZ and oMT

concentrations and an interaction between herbivory and pollution

for most groups. The effect of air pollution on monoterpene synthesis

in pines is known, and it has been shown that these compounds

become elevated in response to different treatments. It has likewise

been observed that there are inverse correlations between some

monoterpene and aromatic compounds (Bakó et al., 2024). As

highlighted in a recent review (Kopaczyk et al., 2020), the reasons

why some monoterpenes become elevated in response to certain

types of pollution and not others are not well understood and that

pollution may form a distinct monoterpene ‘fingerprint’ in affected

trees.

The effects of air pollution on VOC blends presented in this study

differed between the different parts of this work. While VOCs for the

interactions experiment were collected before and immediately fol-

lowing herbivory, the collection for the method comparison occurred

after the experiment and when the effect of herbivory had stabilised.

It has been previously suggested that O3 pollution mimics the effect

of herbivores, such as aphids, on plant VOC blends (Vuorinen

et al., 2004), which could be the reason why O3 was the most impor-

tant pollution factor in the methods comparison section using PCA.

Furthermore, in the interactions experiment using RF we first see the

separation of VOC blends before and after herbivory and when look-

ing at the blends of VOCs following herbivory, diesel exhaust

becomes the dominant factor that influenced the VOC emissions. This

might have been the case for compounds with high MDA in our RF,

such as m-ethyltoluene. However, the substantial increase in the

emission of GLV-related VOCs, such as cis-3-hexenyl isovalerate and

cis-3-hexenyl tiglate in diesel exhaust enrichment rings was likely due

to damage to pine seedlings (Ameye et al., 2018) by reactive products

of diesel fuel combustion, for example, nitrogen oxides (NOX).

β-Pinene is a MT found ubiquitously in pine tree species. Such

compounds are typically produced by plants as a defence mechanism

against herbivory or infections (bacteria and fungi) but are also pro-

duced in response to abiotic stress (Escobar-Bravo et al., 2023). We

observed that diesel pollution elicited a significant increase in m/z

93 ions associated with β-pinene, suggesting that this triggers an abi-

otic response in the plant. It is interesting to note that this effect was

not observed in the combined diesel + ozone pollution treatment

(Figure S8); however, another monoterpene, sabinene (m/z 81), was

elevated in this treatment. The O3 treatment alone elicited a signifi-

cant increase in ions associated with γ-terpinene (m/z 80), which
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indicates there is a sophisticated and modulated defense response

according to the type and combination of pollutants that trees are

exposed to.

5 | CONCLUSIONS

Herbivory by the large pine weevil on Scots pine increased below-

ground VOC concentrations, revealing a systemic defence mechanism

in the plant. This response has broader implications for carbon balance

and atmospheric chemistry. Both soil collar and VOC-mole™ methods

proved effective, providing practical tools for field-based studies.

Moreover, diesel exhaust and ozone exposure elicited distinct

changes in VOC concentrations, reflecting stressor-specific monoter-

pene responses. These findings emphasise the urgent need for

broader rhizosphere research to understand forest responses to envi-

ronmental stressors. Our study provides two practical methods for

this purpose.
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Vakula, J., Gubka, A., & Leontovyč, R. (2021). Ecology, management

and damage by the large pine weevil (Hylobius abietis) (Coleoptera:

Curculionidae) in coniferous forests within Europe. Central European

Forestry Journal, 67(2), 91–107. https://doi.org/10.2478/forj-2021-

0005

Laothawornkitkul, J., Taylor, J. E., Paul, N. D., & Hewitt, C. N. (2009). Bio-

genic volatile organic compounds in the Earth system. New Phytologist,

183(1), 27–51. https://doi.org/10.1111/j.1469-8137.2009.02859.x
Li, G., Cheng, Y., Kuhn, U., Xu, R., Yang, Y., Meusel, H., Wang, Z., Ma, N.,

Wu, Y., & Li, M. (2019). Physicochemical uptake and release of volatile

organic compounds by soil in coated-wall flow tube experiments with

ambient air. Atmospheric Chemistry and Physics, 19(4), 2209–2232.
https://doi.org/10.5194/acp-19-2209-2019

Li, T., Holst, T., Michelsen, A., & Rinnan, R. (2019). Amplification of plant

volatile defence against insect herbivory in a warming Arctic tundra.

Nature Plants, 5(6), 568–574. https://doi.org/10.1038/s41477-019-

0439-3

Lin, C., Owen, S. M., & Peñuelas, J. (2007). Volatile organic compounds in

the roots and rhizosphere of Pinus spp. Soil Biology & Biochemistry,

39(4), 951–960. https://doi.org/10.1016/j.soilbio.2006.11.007
Liu, Z., Wang, M., Wu, M., Li, X., Liu, H., Niu, N., Li, S., & Chen, L. (2023).

Volatile organic compounds (VOCs) from plants: From release to

detection. TrAC Trends in Analytical Chemistry, 158, 116872. https://

doi.org/10.1016/j.trac.2022.116872

López-Villamor, A., Carreño, S., López-Goldar, X., Suárez-Vidal, E.,

Sampedro, L., Nordlander, G., Björklund, N., & Zas, R. (2019). Risk of

damage by the pine weevil Hylobius abietis in southern Europe: Effects

of silvicultural and landscape factors. Forest Ecology and Management,

444, 290–298. https://doi.org/10.1016/j.foreco.2019.04.027
Maja, M. M., Kasurinen, A., Yli-Pirilä, P., Joutsensaari, J., Klemola, T.,

Holopainen, T., & Holopainen, J. K. (2014). Contrasting responses of

silver birch VOC emissions to short- and long-term herbivory. Tree

Physiology, 34(3), 241–252. https://doi.org/10.1093/treephys/tpt127
Mäki, M., Krasnov, D., Hellén, H., Noe, S. M., & Bäck, J. (2019). Stand type

affects fluxes of volatile organic compounds from the forest floor in

hemiboreal and boreal climates. Plant and Soil, 441(1), 363–381.
https://doi.org/10.1007/s11104-019-04129-3

Marmulla, R., & Harder, J. (2014). Microbial monoterpene

transformations—A review. Frontiers in Microbiology, 5, 346. https://

doi.org/10.3389/fmicb.2014.00346

Miñambres, E., Chaparro-Arias, M., Señorans, J., Valera-León, S., Soria-

Solabarrieta, A., & Calvo-Polanco, M. (2026). Mycorrhizal fungi vola-

tiles: Determining the fate of plants against stress? Frontiers in Plant

Science, 17, 1756587. https://doi.org/10.3389/fpls.2026.1756587

Mofikoya, A. O., James, L., Mullinger, N. J., Ryalls, J. M. W., & Girling, R. D.

(2024). A novel free-air diesel and ozone enrichment (FADOE)

research platform. MethodsX, 12, 102635. https://doi.org/10.1016/j.

mex.2024.102635

Nguyen, D.-H., Lin, C., Vu, C.-T., Cheruiyot, N. K., Nguyen, M. K., Le, T. H.,

Lukkhasorn, W., Vo, T.-D.-H., & Bui, X.-T. (2022). Tropospheric ozone

and NOx: A review of worldwide variation and meteorological influ-

ences. Environmental Technology & Innovation, 28, 102809. https://doi.

org/10.1016/j.eti.2022.102809

Ninkovic, V., Rensing, M., Dahlin, I., & Markovic, D. (2019). Who is my

neighbor? Volatile cues in plant interactions. Plant Signaling & Behavior,

14(9), 1634993. https://doi.org/10.1080/15592324.2019.1634993

Peñuelas, J., Asensio, D., Tholl, D., Wenke, K., Rosenkranz, M.,

Piechulla, B., & Schnitzler, J. (2014). Biogenic volatile emissions from

the soil. Plant, Cell & Environment, 37(8), 1866–1891. https://doi.org/
10.1111/pce.12340

Pinto, D. M., Blande, J. D., Souza, S. R., Nerg, A.-M., & Holopainen, J. K.

(2010). Plant volatile organic compounds (VOCs) in ozone (O3) pol-

luted atmospheres: The ecological effects. Journal of Chemical Ecology,

36(1), 22–34. https://doi.org/10.1007/s10886-009-9732-3
Pohjanmies, T., Triviño, M., Le Tortorec, E., Mazziotta, A., Snäll, T., &

Mönkkönen, M. (2017). Impacts of forestry on boreal forests: An eco-

system services perspective. Ambio, 46(7), 743–755. https://doi.org/
10.1007/s13280-017-0919-5

Quintanilla-Casas B., Bro R., Hinrich J. L., & Davie-Martin C. L. (2023).

Tutorial on PARADISe: PARAFAC2-based deconvolution and

SIMIN ET AL. 13

 25722611, 0, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1002/ppp3.70281 by U

K
 C

entre For E
cology &

 H
ydrology, W

iley O
nline L

ibrary on [12/10/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.trac.2016.07.004
https://doi.org/10.1111/plb.12971
https://doi.org/10.1111/plb.12971
https://doi.org/10.1038/s42003-021-02198-8
https://doi.org/10.1038/s42003-021-02198-8
https://doi.org/10.5194/acp-19-12495-2019
https://doi.org/10.1016/j.envexpbot.2011.02.008.
https://doi.org/10.1016/j.envexpbot.2011.02.008.
https://doi.org/10.3389/fpls.2013.00185
https://doi.org/10.3389/fpls.2013.00185
https://doi.org/10.1016/j.envint.2023.107799
https://doi.org/10.1016/j.envint.2023.107799
https://doi.org/10.1111/j.1574-6941.2005.00048.x
https://doi.org/10.1111/j.1574-6941.2005.00048.x
https://doi.org/10.1016/j.soilbio.2023.109153
https://doi.org/10.1016/j.soilbio.2023.109153
https://doi.org/10.1016/j.chemosphere.2017.08.163
https://doi.org/10.1016/j.chemosphere.2017.08.163
https://doi.org/10.1080/02827581.2025.2592637
https://doi.org/10.1080/02827581.2025.2592637
https://doi.org/10.1007/s10342-016-0939-x
https://doi.org/10.1007/s10342-016-0939-x
https://doi.org/10.1016/j.envexpbot.2020.104197
https://doi.org/10.1016/j.envexpbot.2020.104197
https://doi.org/10.1111/1365-2745.13319
https://doi.org/10.1111/1365-2745.13319
https://doi.org/10.2478/forj-2021-0005
https://doi.org/10.2478/forj-2021-0005
https://doi.org/10.1111/j.1469-8137.2009.02859.x
https://doi.org/10.5194/acp-19-2209-2019
https://doi.org/10.1038/s41477-019-0439-3
https://doi.org/10.1038/s41477-019-0439-3
https://doi.org/10.1016/j.soilbio.2006.11.007
https://doi.org/10.1016/j.trac.2022.116872
https://doi.org/10.1016/j.trac.2022.116872
https://doi.org/10.1016/j.foreco.2019.04.027
https://doi.org/10.1093/treephys/tpt127
https://doi.org/10.1007/s11104-019-04129-3
https://doi.org/10.3389/fmicb.2014.00346
https://doi.org/10.3389/fmicb.2014.00346
https://doi.org/10.3389/fpls.2026.1756587
https://doi.org/10.1016/j.mex.2024.102635
https://doi.org/10.1016/j.mex.2024.102635
https://doi.org/10.1016/j.eti.2022.102809
https://doi.org/10.1016/j.eti.2022.102809
https://doi.org/10.1080/15592324.2019.1634993
https://doi.org/10.1111/pce.12340
https://doi.org/10.1111/pce.12340
https://doi.org/10.1007/s10886-009-9732-3
https://doi.org/10.1007/s13280-017-0919-5
https://doi.org/10.1007/s13280-017-0919-5


identification system for processing GC–MS data. PROTOCOL

(Version 1), Protocol Exchange.

Rasheed, M. U., Brosset, A., & Blande, J. D. (2023). Tree communication:

The effects of “wired” and “wireless” channels on interactions with

herbivores. Current Forestry Reports, 9(1), 33–47. https://doi.org/10.
1007/s40725-022-00177-8

Rasheed, M. U., Kasurinen, A., Kivimäenpää, M., Ghimire, R., Häikiö, E.,

Mpamah, P., Holopainen, J. K., & Holopainen, T. (2017). The responses

of shoot-root-rhizosphere continuum to simultaneous fertilizer addi-

tion, warming, ozone and herbivory in young Scots pine seedlings in a

high latitude field experiment. Soil Biology and Biochemistry, 114, 279–
294. https://doi.org/10.1016/j.soilbio.2017.07.024

Rasheed, M. U., Kivimäenpää, M., & Kasurinen, A. (2021). Emissions of bio-

genic volatile organic compounds (BVOCs) from the rhizosphere of

Scots pine (Pinus sylvestris) seedlings exposed to warming, moderate N

addition and bark herbivory by large pine weevil (Hylobius abietis).

Plant and Soil, 463, 379–394. https://doi.org/10.1007/s11104-021-
04888-y

Rieksta, J., Li, T., Davie-Martin, C. L., Simin, T., Brogaard Aeppli, L. C.,

Høye, T. T., Rasmussen, M. A., & Rinnan, R. (2023). Seasonal and ele-

vational variability in dwarf birch VOC emissions in Greenlandic tun-

dra. Journal of Geophysical Research: Biogeosciences, 128(11),

e2023JG007475. https://doi.org/10.1029/2023JG007475

Rieksta, J., Li, T., Junker, R. R., Jepsen, J. U., Ryde, I., & Rinnan, R. (2020).

Insect herbivory strongly modifies mountain birch volatile emissions.

Frontiers in Plant Science, 11, 558979. https://doi.org/10.3389/fpls.

2020.558979

Rieksta, J., Li, T., Michelsen, A., & Rinnan, R. (2021). Synergistic effects of

insect herbivory and changing climate on plant volatile emissions in

the subarctic tundra. Global Change Biology, 27(20), 5030–5042.
https://doi.org/10.1111/gcb.15773

Satake, A., Hagiwara, T., Nagano, A. J., Yamaguchi, N., Sekimoto, K.,

Shiojiri, K., & Sudo, K. (2024). Plant molecular phenology and climate

feedbacks mediated by BVOCs. Annual Review of Plant Biology, 75,

605–627. https://doi.org/10.1146/annurev-arplant-060223-032108
Seco, R., Holst, T., Davie-Martin, C. L., Simin, T., Guenther, A., Pirk, N.,

Rinne, J., & Rinnan, R. (2022). Strong isoprene emission response to

temperature in tundra vegetation. Proceedings of the National Academy

of Sciences, 119(38), e2118014119. https://doi.org/10.1073/pnas.

2118014119

Simin, T., Davie-Martin, C. L., Petersen, J., Høye, T. T., & Rinnan, R. (2022).

Impacts of elevation on plant traits and volatile organic compound

emissions in deciduous tundra shrubs. Science of the Total Environment,

837, 155783. https://doi.org/10.1016/j.scitotenv.2022.155783

Simin, T., Ryalls, J. M. W., Welling, O. E. I., Girling, R. D., Mullinger, N. J., &

Blande, J. D. (2026). Between-plant interactions in Scots pine are not

impaired by air pollutants. Communications Earth & Environment, 7,

152. https://doi.org/10.1038/s43247-025-03175-3

Simin, T., Tang, J., Holst, T., & Rinnan, R. (2021). Volatile organic com-

pound emission in tundra shrubs—Dependence on species characteris-

tics and the near-surface environment. Environmental and Experimental

Botany, 184, 104387. https://doi.org/10.1016/j.envexpbot.2021.

104387

Spadafora, N. D., Eggermont, D., Křešťáková, V., Chenet, T., Van
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