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Abstract

Tree stems have been identified as sources of volatile organic compounds (VOCs)
that play important roles in tree defence and atmospheric chemistry. Yet, we lack
understanding on the magnitude and environmental drivers of stem VOC emissions
in various forest ecosystems. Due to the increasing importance of extreme drought,
we studied drought effects on the VOC emissions from mature Scots pine (Pinus
sylvestris L.) stems. We measured monoterpenes, acetone, acetaldehyde and me-
thanol emissions with custom-made stem chambers, online PTR-MS and adsorbent
sampling in a drought-prone forest over the hot-dry summer of 2018 and compared
the emission rates and dynamics between trees in naturally dry conditions and under
long-term irrigation (drought release). The pine stems were significant monoterpene
sources. The stem monoterpene emissions potentially originated from resin, based
on their similar monoterpene spectra. The emission dynamics of all VOCs followed
temperature at a daily scale, but monoterpene and acetaldehyde emission rates
decreased nonlinearly with drought over the summer. Despite the dry conditions,
large peaks of monoterpene, acetaldehyde and acetone emissions occurred in late
summer potentially due to abiotic or biotic stressors. Our results highlight the po-
tential importance of stem emissions in the ecosystem VOC budget, encouraging

further studies in diverse environments.
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(Phillips & Croteau, 1999; Reid et al., 2017; Seybold et al., 2006;

Smith, 1965). In addition, many VOCs are used as cues in commu-

Plants produce and emit diverse volatile organic compounds (VOCs)
that play central roles both in plant defence against stressors and in
atmospheric chemistry (Niinemets & Monson, 2013). VOCs are pro-
ducts of fundamental plant processes, such as photosynthesis and
growth, and they are also synthesized to protect plants against biotic
and abiotic stressors. For example, isoprene helps leaves mitigate
heat stress (Velikova et al., 2012), and monoterpenes, such as limo-

nene, A3-carene and a- and B-pinene, are harmful to herbivores

nication within the plant, among plants, and between plants and in-
sects (for a review, see Bouwmeester et al., 2019).

Once emitted to ambient air, VOCs play important roles in at-
mospheric chemistry. They contribute to the growth of secondary
organic aerosols (Ziemann & Atkinson, 2012) that can serve as seeds
for cloud formation, leading to a cooling net effect on the climate
(Kulmala et al., 2013, 2014; Paasonen et al., 2013). By reacting with
OH, that is the most important oxidant of methane, VOCs may
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increase methane lifetime in the atmosphere (Kaplan et al., 2006),
and by reacting with nitrogen oxides, VOCs produce tropospheric
ozone and affect local air quality (Atkinson, 2000). To understand the
effects of VOCs in the current and changing climate, VOC emission
patterns need to be quantified and modelled accurately. This re-
quires, among others, an improved mechanistic understanding re-
garding the behaviour of the diverse VOC sources in various
ecosystems.

The availability of water and incidence of drought are important
factors shaping VOC emission patterns both temporally and spatially
within and between ecosystems. In forest ecosystems, soil water
availability has been found to affect VOC emissions from the canopy:
a mild drought can either reduce or trigger emissions of isoprene and
monoterpenes, or have no effect (Blanch et al, 2007; Ormefo
et al.,, 2007), but a long-lasting or severe drought usually reduces
their emissions (Bertin & Staudt, 1996; Llusia & Pefiuelas, 1998;
Lipke et al., 2016, 2017; Ormeiio et al., 2007; Staudt et al., 2002).
The increasing emissions have been explained, for example, by de-
creasing transpiration that leads to warmer leaf temperatures and
higher vapour pressures of the VOCs, increasing their release (Wu
et al, 2015) and potentially by reduced substomatal CO, con-
centrations that may enhance isoprenoid synthesis (Staudt
et al., 2008). Moderate drought may also increase carbon allocation
to VOC production due to limitations in growth and other carbon
sinks (Herms & Mattson, 1992; Lerdau et al., 1994: Llusia & Pefuelas,
1998). A decrease in VOC emissions during a long-term or severe
drought has been associated with restrained photosynthesis and a
reduced supply of energy and carbon to VOC production (Bertin &
Staudt, 1996; Staudt et al., 2002). Other drought-related effects that
have been suggested to be responsible for decreased VOC emissions
are reduced permeability of the leaf cuticula (Bertin & Staudt, 1996;
Llusia & Pefuelas, 1998; D. T. Tingey et al.,, 1991) or the reduced
effect of xylem water potentials on VOC storage structures, for ex-
ample resin ducts (LUpke et al., 2017). In addition, tree water status
may regulate the emissions of short-chained oxygenated VOCs
(OVOCs), such as methanol, acetone and acetaldehyde, because they
are water-soluble and their emissions thus respond to stomatal
conductance and transpiration rates (Bourtsoukidis et al., 2014;
Niinemets et al., 2004; Rissanen et al., 2018).

In comparison to the canopy, tree stems are less intensively in-
vestigated but a known source of VOC emissions (Amin
et al,, 2012, 2013; Gara et al., 1993; Ghimire et al., 2016; Heijari
et al.,, 2011; Kovalchuk et al.,, 2015; Lusebrink et al., 2013, 2016;
Rhoades, 1990; Rissanen et al., 2016; Staudt et al., 2019; Vanhatalo
et al., 2015, 2020). Particularly, the responses of stem VOC emissions
to drought and variations in soil water availability remain poorly
understood. Thus far, most stem VOC studies have concentrated on
trees with adequate water availability (Heijari et al., 2011; Kovalchuk
et al., 2015; Rissanen et al., 2016, 2020; Vanhatalo et al.,
2015, 2020), or the effects of water availability have not been in-
cluded in analyses (Amin et al., 2012, 2013; Gara et al., 1993; Ghimire
et al, 2016; Rhoades, 1990). However, Lusebrink et al. (2013) re-
ported increased monoterpene emissions from the stems of

lodgepole x jack pine hybrid seedlings in a dry treatment compared
with the control. Water deficiency had no effect on the total
monoterpene emissions from stems of mature lodgepole (Pinus con-
torta Douglas ex Loudon) or jack pines (Pinus banksiana Lamb.) in a
Canadian boreal forest (Lusebrink et al., 2016). In contrast, Staudt
et al. (2019) found that high pinene emissions from mature maritime
pine (Pinus pinaster Aiton) stems coincided with rainy days in south-
west France. Rissanen et al. (2020) found positive correlations be-
tween soil water potential (SWP) and monoterpene and acetaldehyde
emission potentials from mature Scots pine (Pinus sylvestris L.) stems
in a humid boreal forest. Droughts can also affect VOC emissions
indirectly by weakening the tree against secondary stressors, such as
insect pests, and these stressors may strongly alter both the quantity
and composition of VOC emissions from tree stems (Amin
et al., 2012, 2013; Gara et al., 1993; Ghimire et al., 2016; Lusebrink
et al., 2013) and from the whole ecosystem (Berg et al., 2013).

As droughts are predicted to become more frequent and in-
tense, affecting forests especially in already dry regions (Jia
et al., 2019), understanding the effects of soil water availability on
the whole ecosystem VOC emissions—including tree stems—is
increasingly important. We studied VOC emission dynamics from
the stems of six mature Scots pine trees in a naturally drought-
prone forest, where a long-term irrigation experiment enabled the
comparison of different levels of soil water availability and po-
tential effects of long-term acclimation to drought and to drought
release. The objectives of the study were to describe Scots pine
stems as potential VOC sources and to explore the following
questions: (1) How do temporal variations in SWP and tempera-
ture affect monoterpene, methanol, acetaldehyde and acetone
emissions from the stem? (2) Do these effects, or the level or
composition of VOC emissions differ between drought-exposed
and drought-released (i.e., long-term irrigated) trees that are ac-

climated to differing conditions?

2 | METHODS
21 | Site

Measurements were conducted over the dry and hot summer of
2018 at the long-term experimental irrigation site in the naturally
drought prone Pfynwald forest, which is part of the Swiss Long-
term Forest Ecosystem Research Program LWF (www.lwf.ch).
Pfynwald (46°18'N, 7°36'E, at elevation 615 m a.s.l.), is located on
an alluvial fan and debris cone on a sandy soil in an interalpine valley
in Canton Valais, Switzerland. The forest is dominated by approxi-
mately 100- to 120-year-old naturally regenerated Scots pines
reaching a dominant height of approximately 12m (Schaub
et al., 2016). The undergrowth is composed of sessile and pubescent
oak (Quercus petraea (Matt.) Liebl. and Q. pubescens Willd.), downy
birch (Betula pubescens Ehrh.) and whitebeam (Sorbus aria (L.)
Crantz). The approximate stand density is 730 trees per ha
(Dobbertin et al., 2010), and no logging has taken place at or near
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the experimental site. The annual precipitation is approximately
600 mm and annual mean temperature 10.1°C. The precipitation is
generally distributed evenly through the year, with approximately
350 mm of precipitation over the growing season (April-October).
In 2018, the precipitation over April-October was approximately
258 mm (Federal Office of Meteorology and Climatology Me-
teoSwiss). The monthly mean temperature ranges from 20.1°C
(July) to -0.1°C (January) at the nearby long-term weather station
(Sion, 20km from the experimental site, MeteoSwiss, period
1981-2010). In 2018, the July mean temperature was 23.3°C
(Federal Office of Meteorology and Climatology MeteoSwiss). The
soil is a shallow Pararendzina (Brunner et al., 2009).

Four plots of 1000 m? in the forest have been irrigated with
sprinklers during night-time with additional 600 mm of water over
the growing season (April-October) since 2003, and four similar plots
serve as dry control plots. For details about the experimental set-up,
see Dobbertin et al. (2010) and Bose et al. (2021, in press). The
irrigation effects on the soil nutrient status have been minor (Herzog
et al., 2014). The measurements of this study were performed on two
adjacent plots: one irrigated and one control plot, after 15 con-

secutive summers with irrigation.

TABLE 1

B9-wiLey—2

2.2 | PTR-MS stem emission measurements
We measured stem VOC emissions from three dry control trees and
three irrigated trees on two adjacent plots over June, July and August
(‘measurement period’ from hereon). Tree diameters at breast height
were from 20 to 31cm (Table 1). We measured the stem VOC
emissions with chambers consisting of six to eight supporting alu-
minium brackets and fluorinated ethylene propylene (FEP) foil that
were adjusted around the stem (Figure S1). Elastic cable ties secured
the foil around the stem above and below the supporting frames. To
ensure proper chamber fit, we gently smoothed the outer bark under
the elastic cable ties, taking care not to wound the inner bark. The
chambers were at a height of approximately 4 m, and their inner
volume varied from 0.9—1.3 L. Two of the aluminium frames on the
opposite sides of the stems had inlet and outlet connectors for
tubing, along with opening and closing caps and small fans that
helped to flush the chamber with ambient air between measurements
and to circulate air through the chamber during the measurement.
Figure S2 in Supporting Information illustrates the measurement
set-up. When the chamber was in measurement mode, the caps

closed and incoming ambient air was drawn through a 10-L buffer

Diameter at breast height (DBH), crown transparency (CT) and mean stem emission rates of monoterpenes, methanol,

acetaldehyde and acetone from online (PTR-MS) measurements, and monoterpenes and sesquiterpenes from adsorbent tube samplings
(GC-MS) in June and August (stem emissions from sampling normalized to 24°C to correspond to the shoot measurement temperature)

Irrigated Dry control
Tree 1 Tree 2 Tree 3 Mean Tree 4 Tree 5 Tree 6 Mean
Tree metrics
DBH (cm) 23 26 24 31 28 20
CT (%) 25 20 25 70 35 40
VOC emissions
Stem online PTR-QMS
(ngm2s7Y)
Monoterpenes 28.4 (44.0) 147.2(203.8) 29.4(51.5) 58.4(121.0) 2057 (296.9) 6.1(8.98) 181.5(310.1) 149.3 (272.3)
Methanol 15.8 (9.68) 16.7 (8.65) 8.8 (516) 14.3(9.1) 18.9 (12.6) 19.6 (9.25) 13.2 (8.76) 17.8 (11.3)
Acetone 1.25 (1.33) 2.14 (0.97) 0.98 (0.59) 1.42 (1.18) 1.38 (0.95) 0.48 (0.23) 3.65 (2.94) 1.66 (1.92)
Acetaldehyde 1.12 (0.87) 1.16 (0.74) 0.52 (0.31) 0.98 (0.78) 1.05 (0.84) 0.88 (0.61) 0.85 (0.55) 0.96 (0.73)
Stem sampling GC-MS
(ngm™2s7Y
Monoterpenes
June 313 759 777 616 (214) 2 22 2.269 906 (1.247)
August 5.6 7.5 0.38 4.50 (3.0) 692 0.54 143 279 (298)
Sesquiterpenes
June 0.43 0.81 0.60 0.61 (0.15) 0.013 0.011 0.99 0.339 (0.462)
August 0.006 0.052 0.000 0.019 (0.023) 0.22 0 0.14 0.123 (0.093)

Note: Measured from mature Scots pine (Pinus sylvestris) on irrigated and dry control plots in Pfynwald, Switzerland over June, July and August in 2018.

Mean values, standard deviation in parentheses.

Abbreviations: GC-MS, measured with gas chromatograph-mass spectrometer; PTR-QMS, measured with proton transfer reaction-mass spectrometer;

VOC, volatile organic compound.
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cylinder from top of a scaffold tower, 1.5 m above the canopy, using a
laboratory pump (Model N816.3KT.45.18, KNF Neuberger GmbH).
The pump had polytetrafluoroethylene-coated (PTFE) diaphragms
and perfluoroelastomer (FFPM) valves and sealings to avoid any ef-
fect on VOC concentrations. The incoming airflow was approximately
1.5Lmin"? and a part of the flow dispatched as overflow before
entering the chamber. Sample air was drawn from the chamber to the

“1. We con-

analyser with a flow rate of approximately 1L min
tinuously recorded the temperature within the chamber using T-type
thermocouples installed preferentially in shade and on the northside
of the stem, and sample airflow using a flow metre (PFMV530-1,
SMC). PTFE tubes (inner diameter 4 mm, approximately 25 m long)
led the sample air into a proton transfer reaction quadrupole mass
spectrometer (PTR-QMS, IONICON). A cable heater warmed the
tubes to approximately 1°C above the ambient temperature to re-
duce the risk of water condensation. The inlet flow to the PTR-QMS
was 0.115Lmin™%, and the rest of the sample airflow was released
outside as overflow. We set the PTR-QMS to measure methanol
(m/z 33), acetaldehyde (m/z 45), acetone (m/z 59) and monoterpenes
(m/z 137), along with the primary ion signal and control signals
(m/z 21, 18, 25, 30, 31, 32 and 37). Reaction chamber pressure
stayed at 2.19—2.21 mbar and E/N at approximately 135 Td, except
for a few instrument malfunctions that were removed from the final
data. We performed calibration with a standard gas containing known
concentrations of the measured compounds every four weeks, fol-
lowing the protocol in Taipale et al. (2008).

Four out of the six chambers were simultaneously lined up in the
measurement rotation as follows: (1) we measured one tree on the
irrigated plot (Tree 1) and one tree on the control plot (Tree 4)
throughout the measurement period from June to August; (2) we
measured two trees on the irrigated plot (Trees 2 and 3) and two
trees on the control plot (Trees 5 and 6) in 2-week intervals so that
we measured Trees 2 and 5 for 2 weeks first and then switched to
Trees 3 and 6, and so forward (Figure 1a-h). During the measurement
rotation, one chamber closed for measurement for 7 min, after which
we measured the ambient air for 20 min before the measurements
began in the next chamber. Thus, each of the four chambers was
closed and measured 13 times per day. The long ambient air mea-
surement after each chamber measurement and the constant flushing
of the chambers allowed a thorough clean-up of the chambers, tubing
and PTR-QMS even when the sample air VOC concentrations were
very high.

We calculated the VOC concentrations in the sample air from the
PTR-QMS counts per second according to the protocol in Taipale
et al. (2008). Then, we calculated the stem VOC emission rates per

surface area of stem covered by the chamber (Equation 1).

E-= F(CchamberA_ Cambient) ’ (1)

where E is VOC emissions rate (ng M 25™2), Cchamber IS cONcentration

in chamber air (hgm™3) as the mean of the last 40s (equals 10

measurement points) of the chamber closure, that is, during the

steady state. Campient IS the concentration in ambient air (ng m™3) used
as replacement air, interpolated from the ambient air measurements
before the chamber closure and before the following chamber clo-
sure to temporally correspond to the last 40 s of the chamber closure.
F is the sample airflow (m®s™) and A the surface area of the stem
covered by the chamber (m?).

Emission rate calculation is sensitive to unstable concentrations,
especially concentrations measured from ambient air before and after
closure. To ensure that only the most reliable emission rate record-
ings were used in data analysis, we filtered the emission rates based
on the difference of ambient measurements before and after cham-
ber closure (ambient air representativeness), the variance in the
ambient air concentration before chamber closure (ambient air sta-
bility) and the variation in sample air concentration during the steady
state (sample air stability). We also removed any data points with
below-zero emission rate, because most of the below zero values
occurred when ambient concentrations were abnormally high
(Figure S3). The filtering procedure and the limits per each compound
are detailed in Supporting Information: Data Filtering. This filtering
removed approximately 8%—11% of the data. In late June, exposed
resin on the bark surface inside the chamber of Tree 6 (control)
caused large monoterpene emissions that saturated the PTR-QMS
detector. Thus, we detached this chamber from the measurement
cycle for 2 days. As a precaution for potential lingering monoterpene
accumulation in the chamber or tube walls, we did not use the
monoterpene emissions data from this chamber until the next 2-week
period. The detector saturation affected emission measurements of
other compounds and chambers, too, and these effects were re-
moved by the above-mentioned filtering procedures.

We also removed from methanol, acetaldehyde and acetone data
any points when relative humidity (RH) was above 75%. High hu-
midity in the measurement chamber may lead to water condensation
on the surfaces, and these water films adsorb and rerelease water-
soluble compounds, potentially causing an error in the emission
measurements (Altimir et al., 2006). These points represented ap-
proximately 40% of the methanol, acetone and acetaldehyde data,

and were more representative of night-time than of daytime.

2.3 | Monoterpene and sesquiterpene sampling
from stem and shoots

To assess the monoterpene composition of the stem emissions, we
took additional adsorbent tube samples (Tenax TA and Carbopack B)
from all six stem chambers during the beginning (2-3 June) and the
end (27-28 August) of the PTR-QMS measurements. Because this
method allowed for sesquiterpene sampling, we also analysed them.
Before sampling, we flushed the stem chambers for 10 min with
ambient air at a flow rate of 0.9-1.1 L min™%. We next maintained the
inflow and sampled incoming ambient air and outgoing sample air
with the absorbent tubes at a flow rate of 0.04-0.05Lmin"? for
40 min. During the flushing and sampling, we continued to record the
chamber temperature with the T-type thermocouples.
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To estimate the monoterpene and sesquiterpene emission
composition in the canopy, we cut one shoot from the sun-exposed
mid-canopy of each measurement tree after the stem chamber
sampling. To reduce the stress effect caused by wounding on the
measured emissions and to measure the shoots under standard
conditions, we followed Back et al. (2012) and enclosed the cut
shoots in plastic bags and stored them in complete darkness at 8°C
until the next day. Before monoterpene and sesquiterpene sampling,
we let the shoot acclimate to light and to room temperature (24°C)
for 30 min, and then carefully placed it into a FEP bag with inlet and
outlet tubes. The cut surface of the shoot twig was left outside the
bag to exclude emissions coming directly from the exposed resin. We
flushed the bag with a 0.07-0.12 L min"? flow rate of ambient air for
15 min to ensure the steady state. Then, we sampled both incoming
ambient air and outgoing sample air using the absorbent tubes (Tenax
TA and Carbopack B) with a flow rate of 0.04-0.05Lmin™! for
30 min. The temperature and light conditions remained constant in
the room during the sampling.

We stored the adsorbent tubes at 8°C and analysed them within
2 weeks using a TD-GC-MS: thermal desorption unit (PerkinElmer,
TurboMatrix 650) that led the sample to a gas chromatograph (Per-
kinElmer, Clarus 600) connected with a quadrupole mass spectro-
meter (PerkinElmer, Clarus 600T). The sample analysis and
calculation procedures followed Aaltonen et al. (2011) and Miki et al.
(2017). We calculated the emission rates from the measured con-
centrations with Equation (1), scaling the stem measurements to the
stem area covered by the chamber and the shoot measurements to
the needle dry weight of the measured shoot. Thus, we assumed that
the shoot emissions were only or mainly produced by the needles,

although the woody part of the shoot may also affect the emissions.

2.4 | Resin sampling and analysis

To gain a tentative understanding of the potential sources of stem
monoterpene and sesquiterpene emissions, we wanted to compare
the monoterpene and sesquiterpene emission composition to the
resin composition in the stem of the six measurement trees. We took
resin samples from the stems of the six measurement trees at breast
height on 3-4 June and 22-23 August. To collect the stem resin
samples, we punched a 6-mm hole onto the surface of the xylem and
waited for a few drops of resin to appear. Then, we scooped these
drops of approximately 3-5 mg into a 10-ml glass vial with a spatula.
To compare with the shoot emissions, we also collected resin samples

from the woody twigs of the shoots used for the adsorbent tube

sampling of the emissions (2-3 June and 27-28 August). The drops of
resin that appeared after cutting the shoot we scooped into a 10-ml
glass vial. In both cases, we closed the glass vial and stored it under
cool and dark conditions (8°C) immediately after each sample col-
lection. At the end of the sample collection day, we moved the vials
to approximately -5°C until analysis.

We analysed the spectra of most abundant monoterpenes and
sesquiterpenes in the resin by taking absorbent tube (Tenax TA and
Carbopack B) samples from the vial headspace. We choose to use the
headspace measurements rather than analysing the resin dissolved in
a solvent, because we wanted to mimic the conditions in which the
monoterpenes and sesquiterpenes would evaporate from the stem
resin and contribute to the stem VOC emissions. In this scenario, the
relative contribution of each compound is determined not only by
their abundance in the resin, but also by their volatility. We first
heated the glass vial in a water bath at approximately 40°C for 10 min
to enhance the release of volatile compounds. We next pushed two
injection needles through the septum of the vial cap. We let purified
air (generated with HPZA 3500 220, Parker Balston) into the vial
headspace through one needle and drew the sample air out through
the other needle, maintaining a flow of 0.25-0.91 L min"? through
the vial headspace. Before sampling, we flushed the vial headspace
for 2min. Then, we sampled both incoming and outgoing air into
absorbent tubes for another 2 min. The sampling flow rate through
each adsorbent tube was 0.04-0.05Lmin"%. The absorbent tubes
stayed in 4°C before the analysis in TD-GC-MS, which was con-
ducted as described above (see Section 2.3; Aaltonen et al., 2011;
Miki et al., 2017). We calculated the vial headspace concentrations
as the difference between incoming and outgoing sample air. Be-
cause measuring headspace concentrations did not allow us to
quantify the precise monoterpene or sesquiterpene concentrations in

resin, we only used their relative abundances in the comparisons.

2.5 | Auxiliary measurements

We used auxiliary measurements of SWP to study the drought ef-
fects on VOC stem emission rates and ambient air RH to analyse the
potential effects of dry air. RH was measured continuously over the
dry control plot canopy (Sensirion, Stifa, Switzerland) and SWP was
measured continuously at two locations and two soil depths on each
plot (10 and 80 cm, MPS-2, Decagon Devices). We used the SWP
data closest to the sample trees on each plot. The distance from the
SWP measurement location to the measured trees was approxi-
mately 13 m on the dry control plot and 8 m on the irrigated plot.

FIGURE 1 Volatile organic compound emission rates from Scots pine (Pinus sylvestris) tree stems over June, July and August 2018. Emissions
rates of monoterpenes (a, b), methanol (c, d), acetone (e, f) and acetaldehyde (g, h) and chamber air temperatures (Tc) (i, j) on irrigated (blue-green
shades, Trees 1-3) and dry control plots (grey-yellow shades, Trees 4-6). The coloured lines represent the trend over time with a gam fit (k = 6),
the dashed black line in (i) and (j) represent the ambient air temperature measured at the top of forest canopy. Soil water potentials (SWP) at
depths of 10 cm (grey) and 80 cm (black) (k, |) in Pfynwald, Switzerland. The arrows at the bottom indicate times of adsorbent tube sampling

[Color figure can be viewed at wileyonlinelibrary.com]
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In a parallel study, we also measured resin pressure dynamics on
the dry control and irrigated plots, including the trees equipped with
the stem chambers (Rissanen et al., 2021). The aim of the parallel
study was to understand how drought affects carbon allocation to
resin defences at short and long timescales, but we were able to use a
part of the resin pressure dynamics data to explain the trends in stem
monoterpene emission rates. In addition to the resin pressure mea-
surements, we monitored mid-day water potential in twigs of five
trees both on dry and on irrigated plot (twig water potential, TWP)
two times per week using pressure chambers (Rissanen et al., 2021).
Here, we used the mean mid-day value over the five trees per plot to
compare with the daily mean stem VOC emissions.

To explain tree-to-tree variation in VOC emission rates and
emission spectra, we used crown transparency as an indicator of tree
vitality and the state of crown defoliation. Crown transparency is
regularly estimated in Pfynwald by trained observers as part of the
Long-term Forest Ecosystem Research Programme (LWF) and fol-
lowing the guidelines of ICP Forests. The protocol is described by
Dobbertin et al. (2004) and can be downloaded at http://icp-forests.
net/page/icp-forests-manual (see Part IV Visual assessment of crown

condition and damaging agents).

2.6 | Data analysis

Firstly, to understand how much the emission rates of each com-
pound from each tree could be explained by chamber air temperature
(Tc), we analysed the bivariate relations between the VOC emissions
and Tc. We calculated these regressions using exponential fit, be-
cause the VOC volatility is exponentially related to air temperature
(e.g., Guenther et al., 1993). Then, we also tested a linear fit because
methanol, acetone and acetaldehyde emissions may also be related to
transpiration rate and thus VPD (Bourtsoukidis et al., 2014;
Niinemets et al., 2004; Rissanen et al., 2018), potentially changing the
shape of the temperature relation. To generalize these regressions
over the treatment (irrigated or dry control), we calculated the same
regressions using mixed-effect models (‘lme’ function of R package
nime v3.1-149, Pinheiro et al., 2021) with the tree number as a
random effect.

Secondly, to distinguish potential treatment effects from the
tree-to-tree variation in the emission rates of monoterpenes, me-
thanol, acetaldehyde and acetone, and to study the effects of Tc, RH,
SWP and the phase of the growing season (month) on the VOC
emission rates, we used generalized additive models (GAM). We
conducted these analyses using the ‘bam’ function in the R package
mgcv (version 1.8-31, Wood, 2017), separately for each compound.
The treatment as factor, interaction between treatment and month,
Tc and RH, and their interactions with treatment were the effects in
the parametric part of the model. To allow for different temperature
sensitivities between trees and months, we also added a three-way
interaction between the tree, month and Tc. Because of nonlinearity
in the relation between SWP and VOC emission rates that we ob-

served in the preliminary data exploration, we added a smooth term
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with k=15 to the effect of SWP and allowed the smoother to be
different between the two treatments. We tested the effect of SWP
both at a depth of 10 and 80 cm and chose to use 80 cm because it
provided better fit and smaller AIC (Akaike Information Criterion) in
the models. To account for the repeated measurements on one tree,
we added the individual tree as a random effect by giving the tree
number a random smoother.

To acquire a normal distribution of the GAM residuals, we had to
transform the VOC emission data before modelling. We tested both
log and square-root transformations separately for each compound
and evaluated the residual normality visually by QQ plots and plotting
residuals against fitted values. Finally, we added autocorrelation
terms due to residual autocorrelation in the models; 0.82, 0.66, 0.50
and 0.43 in the monoterpene, methanol, acetaldehyde and acetone
models, respectively. To do this, we used function ‘start_value_rho’ of
itsadug R-package, with lag = 2 (van Rij et al., 2020). With this form of
the models, we tested the importance of each model effect with
ANOVA (Wald test) and removed the least significant effects (p >.05)
from the final models.

Thirdly, we tested the relations between mid-day TWP (as a
mean over the five trees measured per plot) and daily daytime
(11—14 h) mean emission rate of each compound. We could not add
TWP in the GAM models due to the small frequency of the TWP
measurements. To test the relation, we used linear mixed-effect
models (Ime’ function of R package nlme v3.1-149, Pinheiro
et al.,, 2021) with the tree number as random effect, and treatment
and interaction between the TWP and treatment as explanatory
variables. We also tested the relations between 3-day means of resin
pressure after a pressure transducer installation measured in a par-
allel study (Rissanen et al., 2021) and mean stem monoterpene
emission rates over the corresponding 3 days to find out if increases

in resin pressure corresponded with elevated emission rates.

3 | RESULTS

The stems of both, the irrigated and dry control Scots pines emitted
monoterpenes and smaller amounts of methanol, acetaldehyde and
acetone (Table 1). a-pinene and B-pinene were the main mono-
terpenes emitted from all tree stems, accompanied by smaller
amounts of limonene, myrcene, camphene, A3-carene, p-cymene and
terpinolene. The mean monoterpene emission rates per tree varied
largely, from 6 to 214 ngm™2s™! (Figure 1a,b, Table 1). The tree-to-
tree variations in methanol, acetone and acetaldehyde emission rates
were smaller (Figure 1c-h, Table 1). In the adsorbent tube samples,
we also detected sesquiterpenes (Table 1), mainly longicyclene,

a-gurjenene, B-farnesene and B-caryophyllene.

3.1 | VOC emission dynamics

The diurnal patterns of the emission rates of all compounds followed
Tc and ambient air temperatures, with highest emissions at 16:00 to
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18:00 CET and the lowest emissions at dawn (Figure 2). The timing of
peak emissions differed between trees, but we did not observe
consistent differences in the diurnal emission rate patterns between
irrigated and dry control trees (Figure 2a-h).

Because of this diurnal pattern, the emission rates of all com-
pounds were positively related to Tc (Table 2, Figure 3). For
monoterpene emissions, the temperature relation was better cap-
tured by exponential fit, whereas for methanol a linear fit was more
representative (Table 2). For acetone and acetaldehyde, the fit
varied between trees, but the exponential fit seemed to represent
the relation slightly better over all trees (Table 2). However, a large
part of the temporal variation in the emission rates over the mea-
surement period was not explained by Tc, particularly regarding the
monoterpene emission rates (Table 2, Figure 3a,b). At a shorter
timescale of 12-15 days, the temperature relations were stronger
(see Table S2 for examples).

Monoterpene emission rates from the irrigated trees decreased
with decreasing SWP in June and continued to decrease towards
the end of August (Figure 1a). In June and July, dry control Trees 5
and 6 followed a similar pattern, but Tree 4 deviated from the
pattern with increasing emissions in June (Figure 1b). Contrary to
the irrigated trees, the control trees showed large monoterpene
emission peaks in August (Figure 1b). The largest monoterpene
emission peak, from Tree 4 in early August, corresponded to a
precipitation event that was the first major one in approximately
2 months (Figure 4, see also Figure S5). Emission rates of other
compounds also momentarily increased during the precipitation, but
the peaks did not surpass the range of normal daily variation (not
shown), and we did not observe any notable increase in ambient
monoterpene concentrations following the rain event (Figure S5).
The other monoterpene emission peaks were not clearly connected
to such exceptional weather events.

The temporal variation in methanol, acetone and acetaldehyde
emission rates was less pronounced than in monoterpene emission
rates over the course of the measurement period (Figure 1c-h). Their
emission rates over the whole measurement period were also better
explained by Tc (Table 2, Figure 3). In contrast to monoterpene
emissions, methanol and acetone emission rates did not appear to be
affected by decreasing SWP in June (Figure 1c-f). Both the irrigated
and dry control trees seemed to have two periods of increased me-
thanol emissions rates (Figure 1c,d): in early July and early August,
potentially corresponding to the phases of rapid radial stem growth
(Zweifel et al., 2020), root growth (livonen et al., 2001) and to the
warm daytime temperatures in early August (Figure 1ij). Acet-
aldehyde emissions resembled the monoterpene emissions: emission
rates in both the dry control and irrigated trees decreased slightly
from June to July, seemingly following the course of reduced SWP
(Figure 1g,h). We also detected emission peaks of acetone (Tree 6,
Figure 1f) and acetaldehyde (Tree 4, Figure 1h) on the dry control
plot in late August, slightly after the largest monoterpene peaks
(Figure 1b).

The GAM models revealed no clear differences in the emission

rates of monoterpenes, methanol, acetone and acetaldehyde

between the two treatments over the measurement period, sug-
gesting that the differences in SWP may have explained any
treatment-level differences (Table 3, see also Figure 5). Yet, the
treatment x month interaction in all the models indicated that for all
compounds, the emission dynamics over the measurement period
were different between the dry control and irrigated trees, and that a
part of the temporal variation was not explained by the SWP or the
other model effects (Table 3).

Similarly to the bivariate relations (Table 2), the models showed
positive effects of Tc on the emission rates of all the compounds
(Tables 3 and S3-Sé). In the monoterpene model, Tc effect differed
between the treatments (Table 3). The coefficient of Tc—relatable to
the B-parameter of the Guenther temperature model (Guenther
et al.,, 1993) but at a monthly timescale—was on average larger in the
irrigated trees than in the dry control trees (0.11 and 0.08, respec-
tively) (Table S3). In all the models, the Tc effect also varied between
trees and within each tree between the months, indicated by the
Tc x tree x month interaction (Table 3). Among the irrigated trees, Tc
tended to have smaller effect on emission rates of all compounds in
July than in June, but the effect was larger again in August
(Tables S3-S6). In the methanol model, the tendency was similar
among the dry control trees (Table S4). The RH effect was positive in
all the models (Tables 3 and S3-S6é). In the methanol and acet-
aldehyde models, this effect was larger in the dry control trees than
in the irrigated trees (Tables 3, S4 and Sé). In the other models, there
was no clear interaction between RH and treatment (Table 3).

The models also revealed nonlinear effects of SWP on the emis-
sion rates of all the compounds, and these effects differed between
the irrigated and dry control trees (Table 3, Figure 5). The smoothed
fits of SWP for emissions from the irrigated trees showed a common
tipping point approximately between -800 and -900 kPa for all the
compounds (Figure 5, blue-green shades). When SWP decreased fur-
ther, the VOC emissions of irrigated trees dropped (Figure 5, blue-
green shades). For emissions from the dry control trees, monoterpene,
acetaldehyde and acetone models showed similar tipping points, but
the points occurred at even lower SWPs and at different points for the
different compounds; at around -1400 kPa in the monoterpene model
(Figure 5a, yellow-grey shades), at around -1100 and -1500 kPa in the
acetone model (Figure 5c, yellow-grey) and at around -1000 and
-1300kPa in the acetaldehyde model (Figure 5d, yellow-grey). Inter-
estingly, methanol emission rates from the dry control trees seemed to
increase when the SWP dropped below -1500 kPa (Figure 5b, yellow
grey). We note that the smoothed trends in the high and low extremes
of SWP of each treatment derive from smaller number of data points
and should thus be interpreted with caution.

Overall, the models captured well the variation in emission rates of
monoterpenes, with explained deviance of 87% (Table 3). The acetone
and acetaldehyde models explained 84% and 76% of the deviances
(Table 3). The methanol emission rates were less well described, with
an explained deviance of 62% (Table 3). The residuals of the methanol,
acetone and acetaldehyde models did not show strong patterns, but
the monoterpene model residuals of the dry control trees reflected the

unexplained late summer emission peaks (Figure S6).



39-WILEY

Plant, Cell &
Environment

DROUGHT EFFECTS ON VOC EMISSIONS

(b)

June

(@)

800

o o o o
o o o

© < [aV)
souadiajouoy

(d)

e
o
SN—"
=) o o o 0 o
< Al ..nM ..OI N~ 0
|oueyls|N 2u0ladyY

ATm S u Bu) suoissiwe DOA

(¢))

apAyspieleoy

o
«
w
-~
o
-
o)
>
©
o ©
“—
(]
S
=}
o
I
o
«
7o)
-~
o
-
1o)
o

(See caption on next page)

FIGURE 2



RISSANEN ET AL.

© | wiLey-)

TABLE 2 R?for exponential and linear regressions between stem VOC emission rates and chamber air temperature (Tc), both separately for
each tree and combined for the treatment using linear mixed-effect models (Ime)
Irrigated Dry control
Tree 1 Tree 2 Tree 3 Tree 4 Tree 5 Tree 6
n=673-745 n=372-396 n=309-370 All trees (Ime) n=740-767 n=350-372 n=281-327 All trees (Ime)
Monoterpenes
Exp 0.13 0.01 0.07 0.04 (0.07 [0.006]) 0.08 0.18 0.20 0.03 (0.07 [0.006])
Linear 0.04 (0.00) 0.05 0.00 (1.65 [0.56]) 0.03 0.10 0.05 0.02 (7.4 [1.20])
Methanol
Exp 0.30 0.41 0.19 0.23 (0.08 [0.003]) 0.41 0.44 0.14 0.29 (0.07 [0.003])
Linear 0.36 0.50 0.27 0.29 (1.03 [0.04]) 0.50 0.62 0.26 0.43 (1.29 [0.04])
Acetone
Exp 0.44 0.56 0.54 0.32 (0.09 [0.002]) 0.62 0.35 0.37 0.14 (0.07 [0.002])
Linear 0.21 0.68 0.51 0.24 (0.12 [0.005]) 0.55 0.37 0.28 0.11 (0.13 [0.006])
Acetaldehyde
Exp 0.23 0.23 0.34 0.20 (0.09 [0.004]) 0.44 0.38 0.55 0.44 (0.09 [0.002])
Linear 0.18 0.18 0.38 0.14 (0.06 [0.003]) 0.38 0.33 0.63 0.39 (0.08 [0.003])

Note: The temperature-sensitivity (for exponential fit B, for linear fit the slope) is given in parentheses for the treatment-level relations with their standard
errors in brackets. For all effects p <.05, n is the number of observations per tree that varies among the compounds.

Abbreviation: VOC, volatile organic compound.

When comparing mean mid-day TWP with daily mean VOC emis-
sions, we observed a potential positive relation between TWP and
acetaldehyde emissions both among the dry control and the irrigated
trees (Table S7 and Figure S7). The other compounds did not show
important relations with the TWP (Table S7 and Figure S7). Among
irrigated trees and the dry control Tree 5, high resin pressures tended to
correspond to higher stem monoterpene emission rates (Figure S8), but
these relations were generally not significant and could not explain the

high emission peaks from dry control trees in August.

3.2 | Monoterpene and sesquiterpene spectra in
the emissions and resin of the stem and shoots

Comparing the resin samples and the adsorbent tube samples of
monoterpene and sesquiterpene emissions revealed certain potential
differences between stems and shoots. In stems of our six study trees,
the terpene spectrum in resin and emissions was dominated by
a-pinene and B-pinene, with very small contributions of other com-
pounds and relatively little variation between the trees or treatments

(Figure 6a,c). Stem resin samples and stem emissions showed similar

monoterpene and sesquiterpene spectrums and corresponding tree-to-
tree variation among the most abundant compounds, hinting that the
monoterpene and sesquiterpene emissions from the stem may originate
mainly from resin (Figure 6a,c, see also Figure S9).

In comparison to stems, shoots of our six study trees had larger
shares of myrcene, camphene and limonene, both in their emissions and
in their resin (Figure 6b,d). In the shoots, the terpene spectrum of resin
and emissions also diverged more from each other and varied more
between the trees and treatments with, for example, a relatively larger
presence of myrcene and limonene in the dry control tree samples
(Figures 6b,d and S10). No consistent differences in the terpene spectra
were evident between June and August sampling (Figure 6).

4 | DISCUSSION

We found that in a naturally dry environment, Scots pine stems were
considerable monoterpene sources. They also emitted methanol, acet-
one and acetaldehyde. The stem emission rates of these compounds
followed temperature at a daily scale, corresponding to earlier findings
(Rissanen et al., 2016; Staudt et al., 2019; Vanhatalo et al., 2020). Over

FIGURE 2 Average daily dynamics of (a, b) monoterpene, (c, d) methanol, (e, f) acetone and (g, h) acetaldehyde stem emission rates of three
irrigated (blue-green shades, Trees 1-3) and three dry control (grey-yellow shades, Trees 4-6) Scots pine (Pinus sylvestris) trees in Pfynwald,
Switzerland with (i, j) the daily dynamics of the air temperature in the respective stem chambers over June (a, ¢, e and g) and August (b, d, f and h)
2018. In (i) and (j), the dashed black line represents ambient air temperature measured at the top of canopy. The y-axis is scaled for visibility,
omitting the largest emission peaks, but all available data per month and chamber is included for plotting the mean hourly emission rate
(Nchamber x month = 72—236). The shaded areas represent the 95% confidence interval [Color figure can be viewed at wileyonlinelibrary.com]
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y-axis [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4

Increase in monoterpene emissions (orange dots) from a mature Scots pine (Pinus sylvestris) stem (Tree 4) on the dry control plot

during rainy days (precipitation events marked with grey vertical lines) in August 2018. Rain did not instantly affect air temperature in the
chamber (Tc, black dots and line) or soil water potential at 80 cm (SWP, light grey line) [Color figure can be viewed at wileyonlinelibrary.com]

Methanol, Acetone,
Monoterpenes, Dev. expl. Dev. expl.
Dev. expl. 87%, 62%, 84%,
Model variables n=2906 n=1868 n=1838
Treatment (0.591) (0.742) (0.461)
Tc (°C) <0.001 <0.001 <0.001
RH (%) 0.002 (0.513) <0.001
Month x treatment <0.001 <0.001 <0.001
Tc x treatment 0.005 (0.706) (0.780)
RH x treatment (0.603) <0.001 (0.379)
Tc x tree x month <0.001 <0.001 <0.001
s(tree, as random effect) <0.001 <0.001 <0.001
s(SWP x treatment)
Ctrl <0.001 <0.001 <0.001
Irr <0.001 <0.001 <0.001

TABLE 3 ANOVA Wald test p-values
of the model effects, interactions, and

Acetaldehyde, . A "

Dev. expl. 76% smoothers in a generalized additive model

n=1886 (GAM) explaining log-transformed
monoterpene and acetaldehyde, and

(0.124) square-root transformed methanol and

<0.001 acetone emissions from mature Scots pine
stems in the drought-prone Pfynwald

<0.001
forest

<0.001

(0.343)

0.002

<0.001

<0.001

<0.001

<0.001

Note: The values in parentheses indicate effects or interaction that were removed from the final model
due to low significance. See the effect sizes of the final model parameters in Tables S2-S5. Dev. Expl.:
deviance explained by the model, Month: June, July or August, n: number of observations used in

model, RH: ambient relative humidity, s: smoother term for nonlinear relations, Tc: air temperature in

the chamber, Treatment: irrigation (Irr) or control (Ctrl).

the measurement period from June to August, emission rates generally
decreased with decreasing SWP with the exception of late-summer
emission peaks of dry control trees. On the contrary, methanol emission
rates were not strongly affected by the dry conditions. There were no
distinct differences between the emission rates from the dry control and
the irrigated tree stems when the effect of the differing SWPs on the

emission rates was taken into account.

41 | Scots pine stem as a VOC source

The monoterpene emission rates from stems, dominated by a- and
B-pinene emissions, ranged from 0.5 to 59 ngm™2s™ ! in the tree with
the lowest emissions and from 6.2 to 2900 ngm™2 5™t in the tree with

the highest emissions, when the chamber air temperatures ranged
between 10 and 42°C. In comparison, a- and 3-pinene emission rates
ranged between -2 and 99 ngm™2 s™! from maritime pine stems in
France, in a temperature range of 15 to 34°C (Staudt et al., 2019). In
moist and cool boreal conditions, the summertime monoterpene
emission rates of the lower stem were generally smaller, 0—25ngm™ s7*
(Vanhatalo et al., 2020).

The high monoterpene stem emission rates suggest that the
contribution of the stem emissions to the tree- or ecosystem-scale
emissions may be more important in the drought-prone Pfynwald
forest than previously estimated in other forests. For example, in a
boreal Scots pine forest the estimated contribution of the stems to
total ecosystem monoterpene emissions was estimated to be ap-
proximately 2% (Vanhatalo et al., 2020), but the maximum stem
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FIGURE 5 Generalized linear model smoothers for nonlinear
relation between soil water potential (SWP) and log or square-root
transformed (a) monoterpene, (b) methanol, (c) acetone and (d)
acetaldehyde emissions from mature Scots pine (Pinus sylvestris)
stems on irrigated (blue-green shades, Trees 1-3) and dry control
plot (yellow-grey shades, Trees 4-6) in Pfynwald, Switzerland in
June 2018. The shaded area represents standard error with 95%
confidence interval. The smoothed trends in the high and low
extremes of SWP derive from smaller number of data points and
should thus be interpreted with caution [Color figure can be
viewed at wileyonlinelibrary.com]
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emissions measured under these conditions were 2-100 times
smaller than in Pfynwald. Thus, our results highlight that the stems
should be considered as potentially important monoterpene sources,
particularly under extremely dry conditions. To avoid under-
estimations and biases in ecosystem-scale emission estimation, it
would be important to further explore the monoterpene emission
patterns in various forest ecosystems and environmental conditions.

In addition to the monoterpene emission rates, the methanol
emission rates measured in our study, ranging from O to 80 ngm™2s™!
were larger and more varied than methanol emission rates measured
from boreal Scots pine: 0-20ng m~2s! (Rissanen et al, 2020;
Vanhatalo et al., 2020). The acetaldehyde emission rates, ranging
from O to 7.4 ng m 2571, were of the same magnitude as measured in

boreal Scots pine: 0-12 ngm 25~ (Rissanen et al., 2020).

4.2 | What may cause the large stem monoterpene
emissions?

One reason for the unexpectedly large stem monoterpene emission
rates may be the heatwaves that occurred in large parts of Europe in
the summer of 2018, also in Switzerland (OFEV, 2019). The vapour
pressures and thus the emission rates of VOCs increase with tem-
perature (e.g., M. D. T. Tingey, 1980). However, as the monoterpene
emission trends over the measurement period were not clearly
connected to temperature trends, a direct temperature effect cannot
be used as the only explanation.

Because monoterpenes are a part of the conifer defence system,
biotic and abiotic stressors are important causes for their large
emission rates (Amin et al., 2012, 2013; Gara et al., 1993; Ghimire
et al., 2016; Lusebrink et al., 2013). Stress-related emissions could
be one reason for the elevated emission rates we observed, too. On
one hand, we observed a tendency of two of the dry control trees to
maintain higher monoterpene emission rates than irrigated trees if
they were compared under equally dry conditions (see Figure 5, SWP
approximately -1000 kPa), which may be related to the higher level
of stress (either abiotic or biotic) or to long-term drought acclimation.
On the other hand, at the late phase of a prolonged drought when the
dry control trees were probably most vulnerable to pest insects and
pathogens (Rissanen et al., 2021), the high levels of monoterpene
emissions were partly constituted by the large emission peaks. These
peaks resembled emissions from exposed resin, and although we
could pinpoint exposed resin as a cause of the emission peak only at
one instance, smaller resin leaks within the bark remain possible. In
addition, a part of the large tree-to-tree variation in emission rates
and composition may be related to the varying levels of stress pre-
viously observed at the site (Schonbeck et al., 2020, 2021). For ex-
ample, the tree that averaged the largest monoterpene emission rates
was also the most defoliated (i.e., highest crown transparency)

(Table 1, see Tree 4). An effect of biotic stressors is also suggested by
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FIGURE 6 Relative abundances of monoterpenes and sesquiterpenes detected from (a) stem emissions, (b) shoot emissions, (c) stem resin
and (d) shoot resin of six mature Scots pines (Pinus sylvestris) on irrigated and dry control plot in Pfynwald, June and August 2018. For clarity,
only the 10 most abundant compounds are included in the figure [Color figure can be viewed at wileyonlinelibrary.com]

the large shares of limonene and myrcene—monoterpenes that are
related to abiotic or biotic stresses (Smith, 1965; Sturgeon, 1979;
Thoss & Byers, 2006)—in the shoot resin and shoot emissions of the
dry control trees.

Finally, it is possible that the wood and resin duct anatomy of
pines in dry conditions favours the emissions of monoterpenes from
storages. For example, Rigling et al. (2003) showed that resin duct
production was strong in dry conditions and decreased with irrigation
in Scots pine in the Valais. Overall, further studies on the mechanisms
of monoterpene stem emissions in the contexts of drought and biotic
stresses seem necessary and while difficult to predict and model, the
peak emissions can be an important part of the ecosystem VOC
fluxes in high-stress environment and should not be lightly discarded

as noise.

43 |
spectra

Tree-to-tree variation in terpene emission

Despite the large tree-to-tree variation in the total monoterpene
emission rates from the stem, the tree-to-tree and temporal variation
in the terpene spectra of stem emissions and resin were small in our
sample of six trees. Furthermore, the terpene spectra of stem emis-
sions and resin corresponded within one tree, suggesting that the
monoterpenes stored in resin could be a major source for stem
monoterpene emissions. The effects of other sources (e.g., bacteria
or lichen on the bark) would thus be minor. In the shoots, the tree-to-
tree variation, and the differences in the terpene spectra between

emissions and resin were larger. Qualitative differences between
shoot resin and emissions are expected because of the emissions of
de novo synthesized monoterpenes that are independent from the
2010; Lipke et al, 2017;

Vanhatalo et al., 2018). In addition, shoot emissions were measured

stored compounds (Ghirardo et al.,

from the whole shoot, including the needles and the woody twig, but
resin samples were collected from the woody twig without a direct
contribution of the needle resin. The larger tree-to-tree variation in
resin composition and monoterpene emissions among shoots than
among stems can be related to the small size of the resin pool within
needles, which allows for faster changes in the observed mono-
terpene composition in case of stress or another effect that alters the
monoterpene production patterns. The slightly diverging terpene
spectra between the stems and shoots correspond to the results of
Staudt et al. (2019), who found diverging molecular structures of
pinenes between stem and shoot emissions and suggested that their
sources may differ. However, we note that as our results base on only
two measurement points on six trees, dedicated studies on the origin
of stem monoterpene emissions and terpene profiles in the tree parts

(stem vs. shoots) would be required to explore these relations further.

4.4 | Effects of temporal variation in soil humidity
on VOC emission rates

Over the measurement period, decreasing SWP reduced the emission
rates of monoterpene, acetone and acetaldehyde in a nonlinear way.
Moreover, the different SWPs between the irrigated and dry control
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treatments seemed to explain any differences in the emission rates
between the treatment according to the GAMs. An effect of soil
water content on Scots pine stem monoterpene emission rates has
also been reported in humid boreal conditions (Rissanen et al., 2020).
Drought has been hypothesized to reduce monoterpene and isoprene
emission rates from shoots by decreasing photosynthesis and by
reducing substrate and energy availability for VOC production (Bertin
& Staudt, 1996; Staudt et al., 2002). The same effect, intensified by
decreasing phloem sap flow and slow substrate supply (Salmon
et al,, 2019; Sevanto, 2018), may affect VOC emission rates from
the stem.

Monoterpene release from the storages have been suggested to
relate to the pressures within and around the monoterpene storages,
such as resin ducts (Ltpke et al., 2017, Rissanen et al., 2016). Thus,
decrease in xylem water potential and turgor pressures in stem,
which may reduce resin pressures (Rissanen et al., 2021), might also
reduce the emissions of monoterpenes from stem storages. However,
we did not see clear relation between resin pressure dynamics and
monoterpene emission rates. A rapid increase in water availability
and humidity may have nevertheless contributed to one of the large
monoterpene peaks that we observed after the rare rain event. After
a drought period, rehydration and swelling of the bark and stem
tissues observed at the site (Zweifel et al., 2020) may release
monoterpenes accumulated in the stem air spaces or other temporary
storages (Loreto & Schnitzler, 2010; Staudt et al., 2019). The peak we
detected was clear in the tree (Tree 4) with overall the highest
monoterpene emissions rates, which potentially contributed to its
substantial rewetting reaction. Such rain-related peaks have pre-
viously been observed for shoots (Helmig et al., 1998; Schade
et al., 1999).

In contrast to monoterpenes, acetaldehyde and acetone are not
stored in large quantities in the stem, but they are water-soluble,
which potentially affected their responses to SWP changes. Acetone
and acetaldehyde may be transported in the xylem sap in the stem,
thus drought and decreased sap flow rates may limit their emission
rates (Kreuzwieser et al., 2000; Rissanen et al., 2018). Like mono-
terpene emissions, acetaldehyde emission rates from Scots pine
stems have been found to respond to changes in soil humidity in
boreal conditions (Rissanen et al., 2020). Both acetone and acet-
aldehyde are released in organic matter decomposition in soil
(Warneke et al., 1999), and acetone can be produced by soil fungi
(Back et al., 2010). These processes decelerate in dry conditions,
reducing the amounts of acetone and acetaldehyde in soil water. If
these compounds are taken up by roots with soil water, dry condi-
tions would therefore also reduce their uptake and later release from
the stem. Acetaldehyde sensitivity to SWP may also be related to
increased ethanol and subsequent acetaldehyde production when the
soil is wetted (Fall, 2003; Filella et al., 2009; Kreuzwieser
et al., 1999, 2000, 2001; Schade & Goldstein, 2001), but the relation
between TWP and acetaldehyde emission rates suggests that the
emissions may be linked to tree water status even more directly.

Despite the generally decreasing trends of the acetone and

acetaldehyde emission rates, large emission peaks occurred from two
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dry control trees in late summer. Although probably not directly
connected to exposed resin, the fact that these peaks co-occurred
with the monoterpene peaks suggest that they may have been
caused by the same events—for example activity of biotic stressors or
rewetting after rain.

Although methanol is also water-soluble and may be transported
in the xylem sap (Folkers et al, 2008; Rissanen et al., 2018), its
emission rates from the dry control trees seemed little affected by
the decreasing water availability. This is somewhat surprising because
the most important known sources of methanol in plants are growth
processes (Galbally & Kirstine, 2002; Huve et al., 2007), which are
strongly limited in drought (McDowell, 2011; Weber et al., 2007).
Slower growth rates on dry control in comparison to irrigated plots
have been measured also in Pfynwald (Schaub et al., 2016; Zweifel
et al., 2020). However, the methanol emissions rates from irrigated
trees did eventually decrease with drying conditions, suggesting
limitations in the methanol production or transport. Among the dry
control trees that probably have low transpiration and sap flow rates,
a larger share of the methanol produced in the stem is potentially
directly emitted rather than captured and transported upwards in the
xylem sap, increasing the local emission rates in the lower parts of
stem Overall, these results show that the dynamics of methanol
sources in trees are still not well understood.

5 | CONCLUSIONS

Measuring VOC emissions from Scots pine stems in a drought-prone
forest showed that stems may be large monoterpene sources. This
highlights the importance of considering stem emissions in stand-
level emission budgets and studying the role of stem emissions and
stem emission dynamics in various environments. Drought seemed to
reduce the emissions of monoterpenes, acetone and acetaldehyde,
but integrating the impacts of potential secondary biotic stressors
would be an important next step for better understanding drought
effects on tree-level emissions.
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