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The diversity of biogenic volatile organic compounds (BVOCs) emitted by Sitka spruce (Picea sitchensis)

saplings, housed in a plant growth chamber, has been investigated using a combination of on-line (time-

of-flight chemical ionisation mass spectrometry) and off-line (gas chromatography-mass spectrometry)

measurement techniques. In total, 74 BVOCs were identified in the Sitka spruce emissions, considerably

more than reported previously. Among the emitted BVOCs, 52 were oxygenated compounds, with

piperitone (C10H16O), an oxygenated monoterpene, being the most abundant. Other prevalent emissions

included isoprene, five monoterpenes (myrcene, b-phellandrene, d-limonene, a-pinene, and camphene),

cinnamaldehyde and camphor. Temperature and photosynthetic photon flux density (PPFD) were found

to be the main drivers of emissions, with BVOCs exhibiting a range of responses to these factors. Three

different plant growth cycles were used to identify the emission pathways (pooled or biosynthetic) for

each BVOC, through determination of the relationships of the emission flux with temperature and with

PPFD. During these cycles, all BVOCs showed clear diurnal patterns that were highly reproducible during

consecutive days. The majority of the BVOCs emitted by Sitka spruce were found to originate from

biosynthetic and pooled pathways simultaneously, with those from one sapling having a much lower

contribution from the biosynthetic pathway. Standardised emission fluxes (temperature 30 °C and PPFD

1000 mmol m−2 s−1) were calculated for all BVOCs using the appropriate standardisation model (pooled,

biosynthetic or combined). Standard emission factors were calculated to be 17.29 mg gdw
−1 h−1 for

piperitone, 6.3 mg gdw
−1 h−1 for isoprene and 0.93 mg gdw

−1 h−1 for monoterpenes, indicating that Sitka

spruce is a strong BVOC emitter.
Environmental signicance

The paper investigated biogenic volatile organic compounds (BVOCs) emitted by Sitka spruce (Picea sitchensis), one of the most commonly planted trees in North
Western Europe. 74 BVOCs were identied, 52 of which were oxygenated compounds. For the rst time, piperitone (C10H16O) has been identied as the
dominant BVOC emitted by Sitka spruce. Temperature and solar radiation were found to be the main drivers of emissions. The contribution of emission
pathways (pooled or biosynthetic) was evaluated for each BVOC. Surprisingly, most of BVOCs were found to originate from both biosynthetic and pooled
pathways simultaneously. Standardised emissions were calculated for all BVOCs showing that Sitka spruce is a strong BVOC emitter, meaning that large scale
Sitka spruce plantations may signicantly affect local air quality.
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1. Introduction

Sitka spruce (Picea sitchensis) is native to the west coast of North
America1 and due to its rapid growth in maritime climates with
moist soils, it is commonly used in forestry plantations in
north-western Europe. For example, Sitka spruce accounts for
over 50% of forestry by area in Ireland2 and over 26% in the UK.3

Forestry plantations have environmental impacts on the local
area, inuencing both biodiversity4,5 and climate.6,7 Each
different plant species emits a unique mixture of biogenic
volatile organic compounds (BVOCs) that can undergo atmo-
spheric oxidation reactions to produce secondary organic
© 2025 The Author(s). Published by the Royal Society of Chemistry
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aerosols (SOA), which contribute to climate forcing.8,9 There-
fore, it is important to determine the BVOC emission prole of
a species to help understand the potential atmospheric impact
of establishing large-scale plantations.

BVOCs are emitted by plants through either a biosynthetic
pathway, pooled emission pathway or a combination of both of
these mechanisms. In the biosynthetic pathway, BVOCs are
synthesised within the chloroplasts of the plant and are emitted
immediately.10 Biosynthetic pathways only operate in the pres-
ence of light, and are strongly inuenced by photosynthetically
active radiation (PAR),11 measured as photosynthetic photon
ux density (PPFD), as well as temperature.12 In the pooled
emission pathway, BVOCs are synthesised, deposited in storage
pools and released later.12 The emission of BVOCs from storage
pools occurs under both dark and light conditions, does not
depend on PAR, but has a strong relationship with tempera-
ture.13 The BVOCs are assumed to diffuse out of the storage
pools, with the rate of diffusion related to the vapour pressure of
the specic BVOC.14 PPFD and temperature are the main drivers
for BVOC emissions, although other environmental and plant
conditions also contribute, including precipitation, season, age
and stress.15–17

Numerous eld and laboratory studies have been conducted
to determine the composition of BVOC emissions, and to probe
the factors (PPFD, temperature, stress etc.) that inuence their
release into the atmosphere. Although not conducted under
real-world conditions, laboratory studies have the advantage of
providing a controlled environment for investigating the
parameters that affect BVOC emissions in a systematic
manner.18 BVOC emission studies are typically conducted over
a range of environmental conditions and, to facilitate compar-
ison between studies, BVOC emission uxes are reported at
standard conditions of 30 °C and 1000 mmol m−2 s−1. For
studies conducted under different temperature and PPFD
conditions a standardisation procedure is applied to convert the
collected data to standard conditions.12

A small number of previous studies have been conducted on
the BVOC emissions from Sitka spruce. The monoterpenes
myrcene and b-phellandrene were found to dominate the BVOC
emissions,1 with a signicant contribution also from isoprene.18

These earlier studies focussed primarily on the detection of
hydrocarbons using offline GC-MS techniques, with only the
most recent study using proton transfer reaction-mass spec-
trometry (PTR-MS)19 for online measurements. Advances in the
instrumentation used for detecting ambient VOCs have led to
the development of the high resolution online time-of-ight
chemical ionisation mass spectrometer (ToF-CIMS),20 which
enables real-time detection of a wider range of emitted BVOCs,
including oxygenated species.21,22

Given the dominance of Sitka spruce within afforestation
programmes, further work is required to identify the BVOC
emissions from Sitka spruce and to assess their climatic
impacts. The aims of this work were (i) to use a ToF-CIMS and
thermal desorption gas chromatography mass spectrometry
(TD-GC-MS) for identication of the BVOCs emitted by Sitka
spruce, in a laboratory setting under different environmental
© 2025 The Author(s). Published by the Royal Society of Chemistry
conditions, (ii) to determine the emission pathways and
standardised emission uxes for each BVOC.

2. Materials and methods
2.1 Experimental set-up

Three Sitka spruce saplings were included in this study. The
saplings were grown from seed since spring 2017, at Fermoy
Woodland Nursery, Co. Cork, Ireland. In January 2020, they
were placed in cold storage, where they took on a state of
dormancy. In July 2020, the trees were planted in individual 5 L
pots containing a peat soil. Emission experiments began in
November 2021, placing the sapling inside a plant growth
chamber (Panasonic MLR-352). At this stage, the spruce
saplings were approximately four years old, and ranged in
height from 60 cm to 75 cm. The trees were watered twice a week
with 350 mL of tap water each, and did not receive any fertiliser
treatment. For identication purposes the saplings were
named; spruce 1, spruce 2 and spruce 3 (Fig. S1†). All saplings
had dark green needles, with spruce 1 having the largest
amount of foliage and spruce 3 the least. Spruce 1 and spruce 3
had visible resin deposits on their trunks (Fig. S2†). A month
prior to emissions sampling spruce 1 produced new shoots, the
majority of which were outside the enclosure.

The overall set-up for emissions sampling is shown sche-
matically in Fig. 1 and is based on dynamic emissions chambers
(Fig. S2†) described previously.23 Filtered outdoor air was passed
over the saplings enclosed in individual Teon enclosures and
an empty enclosure (for background measurements) housed
inside the plant growth chamber. The two interior side walls
and door of the plant growth chamber were each equipped with
ve photosynthetically activating lamps (Panasonic FL40SSW/
37-PRF3 Fluorescent Lamps). The lamps extended from the
oor to the ceiling and provided a PPFD range from 0 mmol m−2

s−1 (no lamps illuminated) to 250 mmol m−2 s−1 (all lamps
illuminated when empty). The temperature was adjustable
between 5 °C and 40 °C. Further details of the set-up are
provided in the ESI.†

Outdoor air was sampled through an open window at 32
L min−1 with a pump (Becker VT4.4) and passed through a zero
air scrubber (OPT 86C, Teledyne) and a home-made activated
charcoal lter (Hatchwells granulated charcoal) to remove
atmospheric oxidants and VOCs, as well as a HEPA lter (TSI) to
remove particles. The ltered air ow rate into each enclosure
was set to a xed value between 4.5 and 7 L min−1. Temperature
and relative humidity measurements (dewpoint probe DMP74A,
Vaisala) were taken from inside a miniature enclosure to
account for any changes in conditions due to the presence of the
enclosure.24 The miniature enclosure was sealed around one of
the lower branches of spruce 1 and was supplied with the same
ltered air.

The use of a ow-through multivalve (Multiposition actuator
EMTMA-CE, Vici Valco) allowed rapid and controlled sample
switching between the various enclosures. The outows from
the three spruce enclosures and empty enclosure were each
connected to an inlet on the multivalve. At any time, a single
inlet was connected to the sample port which supplied the ToF-
Environ. Sci.: Atmos., 2025, 5, 242–260 | 243
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Fig. 1 Schematic of emissions sampling set-up.
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CIMS and CO2 meter, while the remaining inlets were con-
nected to the exhaust which was externally pumped to ensure
that all lines were continually ushed to prevent dead volume
effects. The multivalve was programmed to connect the sample
port with each inlet for 7.5 min, in the following order: empty
enclosure, spruce 1, spruce 2, spruce 3. This 30 min cycle was
continuously repeated. The remaining ows were vented to
avoid dead volume and tubing memory effects.

2.2 Experimental procedures

Three different 24 hour plant growth cycles were used to assess
the impact of temperature and PPFD on BVOC emissions from
the Sitka spruce. Prior to each sampling cycle, the enclosure
around the saplings were sealed and acclimation period of 2–3
244 | Environ. Sci.: Atmos., 2025, 5, 242–260
days was applied to allow the saplings sufficient time to adapt to
the new environment, which included the enclosure around the
branch. As the emissions were sampled from only three
saplings, measurements were recorded for a minimum of 7
consecutive days to maximise reproducibility for statistical
purposes.

For the daily cycle the saplings were subject to conditions
closely resembling those for the Irish summer, in which both
temperature and PPFD increase simultaneously to a maximum
and decrease. BVOCs and CO2 were measured and used to
assess variations in emissions and photosynthesis due to
changes in PPFD and temperature.

The conditions for the daily cycle were a repeating 24 hours
cycle comprising: 10 hours of darkness at 12 °C; 3 hours at 21
© 2025 The Author(s). Published by the Royal Society of Chemistry
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mmol m−2 s−1 and 15 °C; 3 hours at 44 mmol m−2 s−1 and 18 °C;
2 hours at 164 mmol m−2 s−1 and 21 °C; 3 hours at 44 mmol m−2

s−1 and 18 °C; and 3 hours at 21 mmol m−2 s−1 and 15 °C
(Fig. S4†). While these PPFD levels are representative of the
average daily summer conditions in Ireland, values up to 1000
mmol m−2 s−1 can be experienced on very sunny days, which
may potentially change BVOC emissions proles in these
conditions.

The purpose of the temperature cycle was to determine the
effect of temperature on BVOC emissions and photosynthesis.
The conditions for the temperature cycle were: 4 hours of
darkness at 12 °C; 3 hours of darkness at 15 °C; 3 hours of
illumination at 15 °C; 3 hours of illumination at 18 °C; 2 hours
of illumination at 21 °C; 3 hours of illumination at 18 °C; 3
hours of illumination at 15 °C; and 3 hours of darkness at 15 °C
(Fig. S5†). During the hours of illumination, a constant PPFD of
44 mmol m−2 s−1 was applied.14

The purpose of the light cycle was to identify changes in
BVOC emissions and photosynthesis resulting from variations
in PPFD only. A constant temperature of 18 °C was applied for
the duration of the light cycle and the PPFD was varied
according to: 10 hours of darkness; 3 hours at 21 mmol m−2 s−1;
3 hours at 44 mmol m−2 s−1; 2 hours at 164 mmol m−2 s−1; 3
hours at 44 mmol m−2 s−1; and 3 hours at 21 mmol m−2 s−1

(Fig. S6†). Aer completion of the three plant growth cycles, air
samples were collected onto previously conditioned sorbent
tubes (Markes Tenax TA, C1-CAXX-5003) at a ow rate of 200
mL min−1 for 2 hours.

Four samples (one sample from each enclosure) were
collected with conditions in the plant growth chamber set to 44
mmol m−2 s−1 and 18 °C and four samples were collected with
conditions in the plant growth chamber set to 164 mmolm−2 s−1

and 24 °C. To account for any potential residue remaining on
the Tenax tubes from previous use, two tubes were le
unopened and deemed to be sample blanks. Sampling onto the
Tenax tubes did not commence until an hour aer the condi-
tions in the plant growth chamber had been set.18 Aer
sampling, the Tenax tubes were sealed using Swagelock brass
caps and Teon ferules, individually wrapped in aluminium
foil, placed into separate zip lock bags, and stored in a refrig-
erator25,26 until TD-GC-MS analysis could be performed.

Following all measurements, the Sitka spruce saplings were
cut, and all biomass contained within the enclosures was
removed, and dried at 60 °C for 72 hours19 using incubators
(Memmert IN110 Incubator). When drying was completed
a mass balance (Explorer OHAUS, E02140) was used to deter-
mine the dry mass of the needles only, as well as the dry mass of
the needles plus branches for each sapling (Table S1†).
2.3 Instrumentation

2.3.1 ToF-CIMS. A high-resolution time-of-ight chemical
ionisationmass spectrometer (ToF-CIMS, Aerodyne C4Q-106) was
used to monitor the BVOC emissions from the Sitka spruce
saplings in real time. The general operation of the ToF-CIMS has
been described elsewhere.20,27 The ToF-CIMS used in this work
was tted with a VUV ionisation source.28 The benzene cation
© 2025 The Author(s). Published by the Royal Society of Chemistry
(C6H6
+) was selected as the reagent ion for these measurements

because of its ability to ionise compounds with a low oxygen
content, as well as hydrocarbons such as monoterpenes, which
are typical of biogenic emissions.29 Benzene vapour was gener-
ated by owing N2 (BOC, oxygen free) at a rate of 0.25 L min−1

over a liquid benzene permeation tube (6-PD-1400-C45, Carl
Stuart Group) placed inside 3

4
00 stainless steel tubing, which was

maintained at 50 °C. The benzene vapour passed into the VUV
source where C6H6

+ was formed via the ejection of an electron.30

The voltages and pressures applied to the ToF-CIMS were
controlled via TOFWERK TPS settings. Trichlorobenzene (Sigma
Aldrich, 99%), was used as an internal mass calibrant, by allowing
it to diffuse into the inlet of the instrument.

To quantify BVOCs, calibration coefficients were determined
for d-3-carene, b-myrcene, camphor (Sigma Aldrich, purity 90%,
75% and 98%, respectively) and piperitone (Santa Cruz
Biotechnology, purity >94%), by injecting aliquots of BVOC into
a 2.2 m3 atmospheric simulation chamber at the Environmental
Research Institute, University College Cork.31 The concentra-
tions of BVOCs emitted by the Sitka spruce saplings were below
the range of the linear calibration plots, and it was therefore
assumed that the ToF-CIMS continued to have a linear response
over the full range of concentrations measured during BVOC
emissions sampling and calibrations.27 The calibration coeffi-
cients for the four BVOCs were applied to the various ions
detected by the ToF-CIMS.

Data collected by the ToF-CIMS were analysed with Tofware
3.2.0, operated through IGOR Pro 7.08. Firstly, 1 Hz data were
averaged to a 10 s time resolution. Following this, the recom-
mended Tofware calibration and correction steps were per-
formed. Chemical formulae containing the elements C, H, O, N
and Cl were then assigned to peaks within the calibrated mass
range. If an appropriate formula could not be determined, the
peak was le unassigned, and excluded from further analysis.
Aer the peak assignments were completed, data points recor-
ded during periods of interference (disconnection of the CO2

meter and contamination of outdoor air by a species producing
C10H15

+ in the ToF-CIMS) were removed.
2.3.2 TD-GC-MS. The sorbent tubes were placed on the tray

of an autosampler (unity 2 Autosampler, Markes International
Ltd.) and subsequently introduced to the unity 2 thermal
desorption unit (Markes International Ltd.), which was con-
nected by a heated transfer line to the column of a gas chro-
matograph mass spectrometer (Agilent Technologies 7890A GC
and Agilent 5977BMSD). The rst step of the desorption involved
dry purging the tubes for 2 min using a 1 : 20 split with N2 at 50
psi, before undergoing a 5 min thermal desorption at 150 °C,
followed by a secondary desorption at 280 °C for 5 min. BVOCs
were collected onto a materials emissions trap held at 30 °C with
a gas ow of 50mLmin−1. A 2 min re purge was then applied to
the trap with a 1 : 50 split, the BVOCs were desorbed from the trap
using a temperature ramp of 24 °C min−1 with a 1 : 10 split for
5 min. The transfer line was heated to 160 °C, the GC injector was
set at 250 °C and operated in splitless mode. Chromatographic
separation was achieved using a 60 m capillary column (Agilent
Technologies Ltd, DB 624UI 60 m × 0.3 mm × 1.8 mm, 0.32 mm
inner diameter) and helium as the carrier gas at a constant
Environ. Sci.: Atmos., 2025, 5, 242–260 | 245
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pressure of 23 psig. The column temperature was initially held at
40 °C for 5 min, and then increased at a rate of 5 °C min−1 to
230 °C, held for 35min with a total run time of 78 min. The mass
spectra were generated by the quadrupole MS detector with
ionisation voltage of 70 eV, 3.32 scans s−1. The ion source
temperature was 230 °C and the interface temperature was set at
280 °C.

The chromatograms generated from each tube were analysed
with MassHunter Qualitative Analysis Navigator (B.08.00, 2016).
BVOC identication was veried using retention indices and
fragmentation patterns compared to an in-house spectral
library and the NIST 2014 mass spectral library with the assis-
tance of deconvoluting soware AMDIS (v2.72, June 2014).
Linear retention indices were determined using established
methods (Van Den Dool and Dec. Kratz, 1963) In addition,
BVOC isomers in the Sitka spruce emissions were separated by
TD-GC-MS and identied with the use of standards. The pres-
ence of isoprene, a-pinene, b-pinene, myrcene, camphene,
camphor (Sigma Aldrich, purities 99%, 98%, 99%, 75%, >96%
and 98% respectively) and piperitone (Santa Cruz Biotech-
nology, purity 94%) were veried in the Sitka spruce emis-
sions.32,33 The BVOCs were dissolved in methanol and
subsequently in distilled water to obtain a mixing ratio of
10 ppm. A 10 mL volume of each standard was transferred onto
Tenax tubes and analysed on the TD-GC-MS system under the
same conditions as the Sitka spruce samples. An auto-tune of
the GC-MS was carried out prior to the analysis to ensure
optimal performance. A set of external standards was run at the
start and end of the sample set and abundances were compared
to known amounts to ensure that both separation and MS
detection were performing within specication.

2.3.3 Ancillary measurements. A CO2 meter (K30 ELG
10,000 ppm CO2 data logging sensor) was used to monitor CO2

uptake and emission by the saplings, to determine photosyn-
thetic activity and respiration. The CO2meter was operated with
GasLab soware and recorded a measurement every 10 s. The
sensor background was controlled using pure N2 (BOC, oxygen
free) and a calibration up to 911 ppm was performed by adding
pure CO2 (BOC, 99%) to an atmospheric simulation chamber.

A light meter (LI-250, LI-COR light meter) was used to
measure PPFD in the centre of the plant growth chamber with
all three Sitka spruce saplings and enclosures present (Table
S4†). The measurements were taken before and aer the emis-
sions sampling cycles. The plant growth chamber door
remained closed during PPFD measurements. The average
PPFD values recorded at the three light settings were 21 mmol
m−2 s−1, 44 mmol m−2 s−1 and 164 mmol m−2 s−1.

A chlorophyll uorescence meter (Hansatech FMS2) was
used to determine maximum photosystem II efficiency (Fv/Fm)
of the Sitka spruce. Chlorophyll uorescence measurements
were recorded twice a day, three days per sampling cycle. One
measurement was taken 30 min prior to illumination and
a further measurement was taken 90 min into the maximum
PPFD and temperature setting. Three branches on each sapling
were selected for measurements. Clips were placed over the
needles for dark adaptation for 30 min before each
measurement.
246 | Environ. Sci.: Atmos., 2025, 5, 242–260
2.4 Emission calculation and modelling

The last 2 min of the 7.5 min sampling period for each of the
four enclosures was used to generate 30 min average values for
BVOC concentrations and CO2 mixing ratios. These values were
subsequently analysed using R Studio 4.0.2 to determine BVOC
and CO2 uxes for each measurement cycle.

The CO2 uxes for each spruce sapling were calculated using
eqn (1):

FluxCO2
¼

�
spruceCO2

� emptyCO2

�� flow � factorCO2

NA � biomass
; (1)

where FluxCO2
is the CO2 ux in nmol s−1 g−1; spruceCO2

is the
CO2 mixing ratio in ppm in the spruce enclosure; emptyCO2

is
the CO2 mixing ratio in ppm in the empty enclosure; ow is the
ow through the spruce enclosure in m3 h−1; NA is Avogadro's
number in mol−1; biomass is the mass of the needles in gdw;
and factor CO2

is a constant in h ppm−1 m−3 s−1, which accounts
for unit conversions.

A Welch t-test (modied version of the Student's t-test) was
performed on the data from the daily cycle to differentiate ions
due to the BVOCs from those in the background spectra. Only
ions with a p-value of less than 0.05 when compared with three
times the ion signal from the empty enclosure, measured at
a PPFD greater than 40 mmol m−2 s−1, were attributed as
statistically signicant emissions. Only the ions identied in
the daily cycle were analysed for the temperature cycle and light
cycle. No ion signals from spruce 3 were above the statistical
threshold, and therefore spruce 3 was removed from all further
analysis.

The BVOC uxes for each spruce sapling were calculated
using eqn (2):

FluxBVOC ¼

ðspruceBVOC � emptyBVOCÞ � flow�MWBVOC � factor

NA � biomass
(2)

where FluxBVOC is the emission ux of a specic BVOC in mg
gdw

−1 h−1; spruceBVOC is the concentration of the BVOC from
the spruce enclosure in ions s−1; emptyBVOC is the concentra-
tion of the BVOC from the empty enclosure in ions s−1; ow is
the ow through the spruce enclosure in m3 h−1; MWBVOC is the
molecular weight of the BVOC in g mol−1; biomass is the mass
of the dried needles and branches in gdw; and factor is
a constant to account for unit conversions in ions−1 s−1

m−3.19

Sitka spruce BVOC emissions have previously been reported
to originate from pooled emission pathways (monoterpenes)
and biosynthetic pathways (isoprene).18,19 For BVOCs origi-
nating from biosynthetic sources, the emission ux can be
standardised to a PPFD of 1000 mmol m−2 s−1, and a tempera-
ture of 30 °C according to the following equations developed by
Guenther et al. (1993)12 and adapted by Schuh et al. (1997):14

Eisoprene = Estandard
isoprene × CL × CT (3)

where Eisoprene is the isoprene emission ux at the measured
temperature and PPFD in mg gdw

−1 h−1; Estandardisoprene is the isoprene
© 2025 The Author(s). Published by the Royal Society of Chemistry
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emission ux in mg gdw
−1 h−1 at standard conditions of 30 °C

and 1000 mmol m−2 s−1; CL and CT are factors to account for the
PPFD and temperature dependence of the emissions respec-
tively. CL is described by eqn (4):

CL ¼ a� cL1 � Lffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ �

a2 � L2
�q ; (4)

where a and cL1 are empirical constants with values 0.0027 and
1.066 respectively; and L is the PPFD in mmol m−2 s−1. The
temperature dependence of biosynthetic emissions is described
by eqn (5):

CT ¼
exp

�
cT2 � ðT � TsÞ
R� T � Ts

�

1þ exp

�
cT3 � ðT � TMÞ
R� T � Ts

�; (5)

where cT2 is an empirical constant of value 95 000 J mol−1; T is
the measured temperature in K; TS is standard temperature, 303
K; R is the universal gas constant, 8.314 J K−1 mol−1; cT3 is an
empirical constant of value 230 000 J mol−1; and TM is the
temperature of maximum enzyme activity in K (here taken as
313 K). This equation has been used in multiple studies to
standardise isoprene emissions.24,34

The temperature dependent term (CT) of the biosynthesis
equation (eqn (3)) was simplied with the removal of the
denominator, as described previously by Schuh et al. (1997).14. It
relies on TM, the temperature of maximum enzyme activity,
which was unknown for the Sitka spruce used in this study, but
is expected to be close to 40 °C. Due to the difference between
TM and the temperatures employed in this study, the denomi-
nator can be approximated to one. Unique coefficients were
calculated for each BVOC from spruce 1 and spruce 2, and were
used to model spruce 1 and spruce 2 daily cycle data.

The emission of monoterpenes is reported to be mostly
temperature dependent,18 although there is some evidence for
a combination of biosynthetic and pooled emission pathways.
The temperature dependant algorithm is described thus:

M = Ms × exp(b × (T − Ts)), (6)

where M is the measured monoterpene emission ux in mg
gdw

−1 h−1;Ms is the monoterpene emission ux in mg gdw
−1 h−1

at standard temperature, b is an empirical coefficient of value
0.09 K−1, T is the measured temperature in K; and Ts is standard
temperature, 303 K.

Studies by Schuh et al. (1997)14 on sunower and beech
found BVOC emissions to originate from a combined biosyn-
thetic and pooled emission pathway. A combined equation was
developed under the assumption that both emission pathways
are completely independent, and the total emission ux is the
sum of the emission ux from each pathway, described by eqn
(7):

Ecombined = Epooled + Ebiosynthesis, (7)

where Ecombined is the total emission ux in mg gdw
−1 h−1, Epooled

is the temperature only dependent emission ux from storage
© 2025 The Author(s). Published by the Royal Society of Chemistry
pools in mg gdw
−1 h−1, obtained using the monoterpene emis-

sionM from eqn (6) and Ebiosynthesis is the biosynthetic emission
ux, obtained using the isoprene emission Eisoprene from eqn
(3).12 Unique coefficients (a, cL1, cT2, cT2 and b) were derived for
each BVOC emitted by spruce 1 and 2 using the measurement
data from the temperature and light cycles.

All BVOC emissions were subject to three standardisation
procedures; pooled, biosynthetic and combined stand-
ardisation. For each BVOC emitted from spruce 1 and spruce 2,
the method that best reproduced the emission prole (based on
time series) for the daily cycle was selected and used to deter-
mine the standardised emission ux.

3. Results and discussion
3.1 CO2 uxes

The CO2 ux was rst used to analyse whether the saplings were
photosynthesising and respiring over the course of the experi-
ments (daily cycle, temperature cycle and light cycle). The
results for the daily cyle are shown in Fig. 2. For spruce 1, the
CO2 ux followed the expected trend and was highest in the
dark, when photosynthesis and CO2 uptake are not expected to
occur, and mitochondrial respiration takes place. A negative
CO2 ux was observed upon illumination, which became larger
as the PPFD increased. This is an indication of photosynthetic
activity and plant growth.35 For spruce 1 the ux in the dark
varied between 0 nmol s−1 g−1 and 5 nmol s−1 g−1, similar to
that previously observed for oak in the dark.36 At the highest
PPFD (164 mmol m−2 s−1) and temperature (21 °C) the CO2 ux
was approximately 15 nmol s−1 g−1, which is comparable to the
value of 20 nmol s−1 g−1 measured for Norway spruce37 at 23 °C
and 200 mmol m−2 s−1. For Sitka spruce in the eld CO2 uxes
were close to 80 nmol s−1 g−1 at a minimum PPFD of 700 mmol
m−2 s−1.38

The CO2 ux for spruce 2 was more scattered with spikes
occurring regularly throughout the daily cycle. The trend was
similar to that observed for spruce 1, although themagnitude of
the CO2 ux was much lower (ca. 3 times). However, while the
photosynthetic CO2 ux was reduced, there was no indication of
chronic photoinhibition from the Fv/Fm measurements (Table
S3†), which would have indicated that lower rates of photo-
synthetic CO2 ux could have been caused by stomatal closure.

For spruce 3, the data were highly scattered, and there was
no correlation between illumination and CO2 ux. This suggests
that spruce 3 may not have been undergoing photosynthesis
effectively and was dormant during experiments.

During the temperature cycle, the CO2 uxes only changed
slightly as the temperature was increased under constant illu-
mination conditions (Fig. S7†). However, the effect of light was
much more pronounced for both spruce 1 and spruce 2, as
illumination caused a signicant decrease in CO2 due to uptake
for photosynthesis.

The pattern of the CO2 ux during the light cycle (Fig. S8†)
was the same as that observed during the daily cycle, with
a clear change in response to PPFD variations for both spruce 1
and spruce 2. The magnitude of the CO2 ux during the light
cycle was larger than for the daily cycle. This is somewhat
Environ. Sci.: Atmos., 2025, 5, 242–260 | 247
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Fig. 2 Time series of CO2 flux for (a) spruce 1 (b) spruce 2 and (c) spruce 3 during the daily cycle.
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surprising as the PPFD was the same for both cycles, therefore
the uxes would be expected to be similar. It may be due to the
growth of the saplings as the light cycle has been performed at
last, aer the daily cycle and temperature cycle.
3.2 Identication of emitted BVOCs

In total 74 BVOCs were detected in the emissions from spruce 1
and spruce 2 using a combination of ToF-CIMS and TD-GC-MS.
This contrasts with previous studies, which identied fewer
than 10 BVOCs from Sitka spruce, including isoprene, mono-
terpenes and sesquiterpenes.1,18,19 Spruce 1 emissions contained
49 different BVOCs, while 58 species were detected in the
emissions from spruce 2. As indicated above, the ToF-CIMS ion
signals for spruce 3 emissions were weak and below the
248 | Environ. Sci.: Atmos., 2025, 5, 242–260
statistical threshold for detection. This is consistent with the
CO2 measurements which showed that this sapling was
dormant and showed no photosynthetic activity during the
experiments.

A summary of the molecular formulae and compounds
detected by ToF-CIMS and TD-GC-MS respectively is given in
Fig. 3 and Table S2.† While there were some differences
between spruce 1 and spruce 2, the pattern of BVOC emissions
was very similar, spanning C3 to C20, with themajority of species
in the range C5–C10. Furthermore, 21 of the compounds iden-
tied by TD-GC-MS and numerous other molecular formulae
were common to both saplings. Interestingly, the majority
(70%) of the BVOCs detected were oxygenated species, con-
taining up to 5 O atoms.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Distribution of the molecular formulae for BVOCs detected by ToF-CIMS and TD-GC-MS emitted by (a) spruce 1 and (b) spruce 2.
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This observation is somewhat different from reports in the
literature, which typically identify isoprene,39,40 mono-
terpenes18,19 and sesquiterpenes41 as the dominant biogenic
emissions from plants.

The contribution from oxygenated BVOCs is usually quite
low in BVOC emission studies, and reporting is typically
restricted to specic groups: small compounds such as
acetone42 and methanol;43 green leaf volatiles (GLVs);44 and the
C10H18O isomers, including linalool45 and eucalyptol.46 Few
studies have reported oxygenated BVOCs that fall outside these
groups.47,48 The high proportion of oxygenated BVOCs detected
in this study is most likely due to the measurement capabilities
of the instrumentation used. The use of benzene cations (C6H6

+)
in ToF-CIMS is well suited to the detection of hydrocarbons and
certain oxygenated compounds.49 In contrast, GC-MS and PTR-
MS, which are traditionally used in the analysis of BVOCs, tend
to focus on the detection of hydrocarbons and small oxygenated
compounds.18,50

Moreover, the ToF-CIMS is generally better than PTR-MS at
detecting oxygenated species containing two or more O atoms.22

In this work, O2–O5 species represent 13% and 9% of all
© 2025 The Author(s). Published by the Royal Society of Chemistry
emissions from spruce 1 and spruce 2 respectively. The detec-
tion of species with up to ve O atoms is particularly interesting
because the presence of such highly oxygenated compounds is
generally considered to be due to secondary formation in the
atmosphere, as opposed to primary emissions, which is the case
here.

An oxygenated monoterpene, piperitone (C10H16O) was the
main BVOC emitted from spruce 1 and the second highest
emission from spruce 2, representing 28% and 27% of the
BVOC emissions respectively, based on median emissions
during the daily cycle (Fig. S9†). Piperitone has been identied
as a BVOC emission in previous studies, but never as the main
emitted BVOC. Piperitone was identied as a minor emission
from damaged Sitka spruce branches, with the sum of the
concentration of the isomers piperitone and camphor found to
be over an order of magnitude lower than the sum of mono-
terpene concentration.33 The elevated piperitone concentration
in this work may be related to differences in environmental
conditions between this work and other studies, or due to
different chemotypes, as previously reported for Scots pine.51
Environ. Sci.: Atmos., 2025, 5, 242–260 | 249
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Piperitone has also been detected as a BVOC emitted by Norway
spruce52 and Ponderosa pine.53

Several studies on the needle oil54–56 and cortical resin55 of
Sitka spruce found it to be composed mainly of myrcene
(C10H16), and two C10H16O isomers, piperitone and camphor. In
all studies, the proportion of piperitone in the leaf oil and
cortical resin was always greater than camphor. The detection of
camphor in the BVOC emissions of Sitka spruce,32,33 is more
common than for piperitone, implying that in the emissions
camphor is the dominant isomer. However, in this work,
piperitone was much more abundant than camphor and the
ratio of piperitone to camphor was similar to that reported in
the literature for resin. Importantly, resin deposits were visible
on the trunk of spruce 1 and may also have been present on
spruce 2 (Fig. S2†). The high piperitone to camphor ratio
observed in this study therefore indicates that evaporation from
the resin deposits may have contributed to the BVOC emissions
detected from the Sitka spruce saplings.

The sum of monoterpenes (C10H16) was the highest emission
from spruce 2 (28% of all emissions) and the third highest
emission from spruce 1 (13%, Fig. S9†). Five monoterpenes
were detected, myrcene, b-phellandrene, a-pinene, d-limonene
and camphene, all of which have previously been reported as
Sitka spruce emissions. The same isomers were detected from
both saplings, although the relative contributions were slightly
different. In agreement with previous studies,1,18,40 myrcene was
the dominant monoterpene emitted from both saplings (infer-
red from chromatogram peak areas, available in the associated
dataset), followed by b-phellandrene,1,18 which has also been
previously detected in the emissions of other spruce species.1,32

The a-pinene32,40,57 and d-limonene also made a substantial
contribution to the monoterpene emissions from spruce 2; in
contrast to the monoterpene mixture emitted from spruce 1
which had higher amounts of a-pinene than d-limonene. The
contribution from camphene32,40,57 was low for both saplings.
Some studies have reported b-pinene18,32,33 as a major emission
from Sitka spruce, but it was not identied by TD-GC-MS in this
work.

The second highest emission from spruce 1 was isoprene
(C5H8), but for spruce 2 it was not present in the ToF-CIMS
analysis and was only detected at trace levels in the TD-GC-MS
analysis (Table S2, Fig. S9† and associated dataset).

A similar phenomenon has been observed for Scots pine, in
which d-carene was a dominant emission from one chemotype,
and not emitted from the other.51

This further supports the idea that saplings of the same
species can have different emission proles. Isoprene has been
detected in the emissions of various spruce species, including
Sitka spruce,18,19,32 Norway spruce,37,58 and several others.13,59

Isoprene has been reported as a minor emission for other
coniferous species including Scots pine,34 although is it more
commonly found in the emissions from deciduous species such
as Holm oak60 and willow.61

The third highest emission from spruce 2, C6H8O, was not
detected in the emissions of spruce 1 and a structure was not
conrmed by TD-GC-MS (Fig. S7†). In total, six of the detected
BVOCs that were unique to spruce 2 are C6 compounds, some of
250 | Environ. Sci.: Atmos., 2025, 5, 242–260
which are known to be GLVs,44 such as E-2-hexenal.62 GLVs are
emitted from plants in response to stress, such as wounding,35,63

infestation62 or drought.64 The C6H8O compound may also be
a GLV, emitted by Sitka spruce in response to stress. In addition,
a sesquiterpene, E-b-farnesene, was detected in the spruce 2
emissions. Elevated levels of sesquiterpenes have been observed
in the emissions of ozone stressed plants.65,66 In other studies
the emission of farnesenes from Norway spruce52 and Scots
pine51 were found to be elevated due to infestation. Although all
saplings in this work were exposed to the same conditions, the
presence of C6 GLVs and E-b-farnesene indicate that spruce 2
may have been stressed. Interestingly, spruce 2 had no visible
signs of stress, e.g., herbivores or disease, and the Fv/Fm values
were similar to those for spruce 1 (Tables S3–S5†) indicating
that stress-induced photoinhibition was not a major factor. In
addition, spruce 2 CO2 uxes showed that the sapling was still
photosynthesizing throughout the experiments. This combina-
tion of observations implies that spruce 2 BVOC synthesis
pathways might have been slightly affected by an unknown
factor, without causing chronic photoinhibition.
3.3 Inuence of environmental parameters

The time series obtained during the daily cycle show that all
BVOC emissions responded to the simultaneous changes in
temperature and PPFD, as expected. The BVOC emission uxes
were at their highest when both temperature and PPFD peaked
and were at their lowest during the hours of darkness at the
lowest temperature. Fig. 4 shows the time series prole for the
emission of piperitone, isoprene and monoterpenes from
spruce 1 during the daily cycle.

The emission of piperitone from spruce 1 was lowest during
the hours of darkness at 12 °C. Upon illumination of the plant
growth chamber to 21 mmol m−2 s−1 and temperature increase
to 15 °C, the emission of piperitone increased immediately and
reached a new steady state (Fig. 4). The emission increased with
a further 3 °C rise in temperature and doubling of the PPFD. A
sharp increase in emission was observed following the transi-
tion to 21 °C and 164 mmol m−2 s−1. The emission ux took
longer to stabilise at these settings, likely due to the signicant
increase in PPFD. As the conditions were cycled back to dark-
ness, the BVOC emission uxes decreased accordingly. For
a given temperature and PPFD the emission ux attained
a certain value, irrespective of short-term history (i.e., preceding
conditions).

The time series for most other BVOCs emitted from spruce 1
followed a similar pattern to those shown in Fig. 4. The
magnitude of the change in ux at the different steps depended
on the BVOC, with some species showing a pronounced
increase in emission upon illumination, and others having
a more muted response. The relationships between BVOC
emission uxes and light and temperature have been reported
for many species of trees and plants.18,67 In the eld, BVOC
emissions have been reported to be at their lowest at night, and
highest during the day when temperature and PPFD reach
a maximum,58 as observed in this work.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Time series of (a) piperitone (b) isoprene and (c) monoterpenes emission fluxes from spruce 1 during the daily cycle. The blue colour
represents nighttime, while the various shades of yellow represent daytime periods with different light and temperature conditions.
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The time series prole shown in Fig. 4 is representative of the
emission prole of the 34 BVOCs detected by ToF-CIMS in the
spruce 1 emissions. For some BVOCs, a spike in emission was
observed immediately aer the lamps in the plant growth
chamber were turned off. This phenomenon was observed for
isoprene, C5H8O2, C10H10, C12H16 and C12H20O but was partic-
ularly prominent for C11H14O (Fig. 5). An analogous event was
previously observed for isoprene emitted from Sitka spruce,
which was also accompanied by a spike in acetaldehyde.19

Although acetaldehyde was not measured in this work (due to
© 2025 The Author(s). Published by the Royal Society of Chemistry
the ToF-CIMS lowm/z cut off), the lifetime (a fewminutes) of the
spike in emissions is similar. Post-illumination acetaldehyde
bursts have been observed for other tree species including oak
and poplar68 and are proposed to originate from a biological
process in which acetaldehyde is produced from an excess of
pyruvate via a pyruvate overow mechanism.19

The BVOC emission patterns from spruce 2 during the daily
cycle, were similar to those observed for spruce 1, but not as well
dened. As shown in Fig. S10,† the emissions of piperitone and
the sum of monoterpenes were lowest in the dark and peaked
Environ. Sci.: Atmos., 2025, 5, 242–260 | 251
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Fig. 5 Time series of the C11H14O emission flux from spruce 1 during the daily cycle.
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during the highest temperature and light conditions. However,
for the intermediate conditions there was little difference
observed in the emission uxes. In addition, the uxes did not
always stabilise aer a change in conditions, which might be
related to the lower photosynthetic activity observed for spruce
2. The emission pattern across the week-long sampling period
was also less reproducible than spruce 1, even though the order
of magnitude remained in the same range.

The CO2 and BVOC measurements obtained for spruce 1
during the daily cycle have been used to provide a rst rough
estimate for the contribution of BVOCs to net ecosystem carbon
balance, which is an assessment of all inward and outward
uxes of carbon associated with an ecosystem.69 The results
indicate that carbon loss due to BVOC emissions accounts for
approximately 0.2% of carbon taken in as CO2 (Table S6†).
Although there is considerable uncertainty associated with this
estimate, which is based on data from one sapling and does not
account for annual changes in environmental conditions or tree
ages, the value is in reasonable agreement with previous studies
conducted on other species.69–72
3.4 Identication of BVOC emission pathways

The data generated during the different light and temperature
cycles has been used to determine the contribution of emission
pathways (pooled, biosynthetic or combined) for the BVOCs.
The analysis is based on the results from spruce 1 because it was
the sapling with the most reproducible emissions and the
highest photosynthetic activity.

3.4.1 Pooled emissions. For the temperature cycle, the
PPFD was held constant during the hours of illumination and
the temperature was varied. The purpose of this cycle was to
assess the contribution that temperature made to the emission
ux, elucidating the importance of pooled BVOC emissions.

The average diurnal emission prole for piperitone and sum
of monoterpenes from spruce 1 during the temperature cycle
are shown in Fig. 6. Increasing the temperature from 12 °C to
252 | Environ. Sci.: Atmos., 2025, 5, 242–260
15 °C in the dark caused a slight increase in the emission ux,
while raising the temperature from 15 °C to 21 °C under
constant illumination conditions resulted in an even larger
increase in emission ux. Similar proles were observed for the
majority of spruce 1 BVOCs detected by ToF-CIMS, with the
increased emissions at higher temperature conrming the
importance of the pooled emission pathway. A temperature
dependence has previously been observed for the emission of
isoprene and monoterpenes from Sitka spruce,18,19 while
a correlation between oxygenated BVOCs and temperature has
also been reported for sunower14 and aspen.73 However,
isoprene, along with C5H8O2, C10H10, C12H16, C12H21O and
a few other species emitted by spruce 1, did not show any
signicant variation with temperature, indicating that they are
unlikely to originate from storage pools.

Fig. 6 also shows an increase in emissions when the lamps
were turned on while the temperature was maintained at 15 °C,
indicating that light (i.e., the biosynthetic pathway) also plays
a role in the emission of piperitone and monoterpenes from
spruce 1. For the majority of the other BVOCs, the change in
emission ux with temperature was similar to that for piper-
itone, with the ux stabilising at each temperature setting.
However, a few BVOCs, such as isoprene, experienced
a continual increase in emission ux upon illumination while
the temperature was maintained at 15 °C (Fig. S11†). This
suggests that the emission of these BVOCs is closely linked to
the biosynthetic pathway and the observed increase in emission
is due to continued biosynthesis until it reaches optimum
efficiency. The emission of isoprene is assumed to occur
immediately following biosynthesis.13

3.4.2 Biosynthetic emissions. During the light cycle the
temperature was maintained at 18 °C, and the PPFD was
varied. The purpose of the light cycle was to determine the
impact of PPFD on the Sitka spruce emissions, and to eval-
uate the importance of the biosynthetic BVOC emission
pathway.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Average diurnal profiles for the emission fluxes of (a) piperitone and (b) the sum of monoterpenes from spruce 1 during the temperature
cycle. Blue line – measured average, grey shading – standard deviation. The diurnal plots were performed on 7 consecutive days.
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Fig. 7 shows the average diurnal emission prole of piperitone
emitted from spruce 1 during the light cycle. All BVOC emission
uxes from spruce 1 increased with PPFD during the light cycle.
The variation in emission ux depended on the BVOC, with
piperitone showing a marked change in emission ux at each
PPFD setting, while other emissions, such as C10H12O2, only
showed a signicant increase in emission ux at 164 mmol m−2

s−1. The emission of isoprene from Sitka spruce has previously
been shown to be PPFD dependent, with the emissions of
monoterpenes from Sitka spruce reported to be independent of
PPFD.19,32 This contrasts with the results obtained here, where the
Fig. 7 Average diurnal cycle of piperitone flux from spruce 1 during the lig
The diurnal plots were performed on 7 consecutive days.

© 2025 The Author(s). Published by the Royal Society of Chemistry
sum of monoterpene emissions from spruce 1 showed a clear
response to PPFD changes. Monoterpene emissions are tradi-
tionally assumed to be temperature dependent only,11 although
monoterpene emissions from Norway spruce74 and oak36 have
been found to also have a light dependance.

3.5 BVOC emission standardisation

3.5.1 Standardisation procedures
3.5.1.1 Pooled emission model. Assuming the BVOCs were

emitted from pooled sources, eqn (6) was rst used to model the
measurement data for the daily cycle of spruce 1 and spruce 2
ht cycle. Blue line –measured data, grey shading – standard deviation.
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using b = 0.09 K−1. However, the model results did not match
the measurement data. To improve the model, a unique b value
was calculated using eqn (6) with the measurement data from
the temperature cycle for each BVOC emitted by both spruce 1
and spruce 2. These unique b values were then used to calculate
the pool standardised emission ux for each BVOC at 30 °C. The
standardised emission ux and b for each BVOC were subse-
quently used to model the BVOC emissions during the daily
cycle for spruce 1 and spruce 2.

For spruce 1, the model was only capable of reproducing
measurements recorded in the dark (Fig. 8a). Data acquired
under illumination were signicantly underestimated by the
model for all BVOCs, particularly at the highest PPFD setting.
This was unexpected, especially for monoterpenes which are
usually assumed to be emitted solely from storage pools42 and
thus entirely temperature dependent with no PPFD depen-
dence.19 Although a previous study observed that monoterpene
emissions may also depend on light due to a signicant
contribution of de novo emissions, for several boreal species
(Pinus sylvestris, Picea abies, Larix decidua and Betula pendula).75

The emission of isoprene from Sitka spruce has also been
shown to be temperature and PPFD dependent,32 as it is emitted
via a biosynthetic pathway, and therefore was not expected to be
reproduced with the pooled emission model. The inability of
the model to replicate the daily cycle measurements indicates
that the biosynthetic pathway plays a role in the emission
process for all BVOCs emitted by spruce 1 (Table S8†).
Fig. 8 Measured and all modelled data for (a) the emission of piperitone

254 | Environ. Sci.: Atmos., 2025, 5, 242–260
The emission proles of six spruce 2 BVOCs including,
C6H10O and C20H24, were completely described by the pooled
emission model (Fig. 8b and Table S9†). For the remaining
BVOCs the pooled model was unable to completely reproduce
the measured data, indicating that biosynthetic pathways
contributed to the emissions from spruce 2 also. Among the
sixteen BVOCs common to the emissions of spruce 1 and spruce
2, there was a large difference between the extent to which the
pooled emissionmodel could reproduce the measured data. For
example, 35% of the total emission ux of piperitone from
spruce 1 could be reproduced using the pooled emissionmodel,
while for spruce 2 it accounted for 83% of the piperitone
emission ux. The lower higher contribution of biosynthetic
emissions (or higher contribution of pooled emissions) in
spruce 2 is likely due to a lower photosynthesis rate, which was
inferred from the CO2 ux measurements.

3.5.1.2 Biosynthetic emission model. The biosynthetic emis-
sion model was much better than the pooled emission model at
reproducing the spruce 1 emissions for the daily cycle and more
accurately described the BVOC emissions under illumination
(Fig. 8a). In total the biosynthetic model was able to completely
reproduce the daily cycle emission proles of 11 BVOCs emitted
by spruce 1, including isoprene (Fig. S12†). This included ve of
the six BVOCs that produced post-illumination spikes. Emis-
sions for the remaining BVOCs emitted by spruce 1 during the
daily cycle could not be completely described by the
from spruce 1 and (b) the sum of monoterpenes from spruce 2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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biosynthetic model, indicating that these BVOCs were also
originating from storage pools.

The contribution of the biosynthetic emission pathway to
BVOC emissions from spruce 2 during the daily cycle was low.
In the case of monoterpenes, this pathway only accounted for
around 20% of the measured ux (Fig. 8b). Previous studies
involving Sitka spruce have not reported a biosynthetic factor in
monoterpene emissions,19 but it has been previously observed
for beech14 and holm oak.60 The low contribution of this
pathway to spruce 2 compared to spruce 1 emissions is likely
due to inhibition of the biosynthetic pathways, as evidenced by
the lower photosynthetic activity of spruce 2 compared to
spruce 1. This may explain why isoprene, which originates from
the biosynthetic pathway, was not detected in the emissions
from spruce 2, and why six of the spruce 2 BVOCs were
completely replicated by the pooled emission model (Table
S9†).

3.5.1.3 Combined emission model. The emission uxes of
eleven BVOCs from spruce 1 and six BVOCs from spruce 2 were
completely reproduced using the biosynthetic emission model
and pooled emission model, respectively. All other BVOCs had
contributions from both emission pathways. A combined
biosynthesis and pooled emission standardisation equation
developed by Schuh et al. (1997)14 (eqn (7)) was therefore used to
standardise and model the emissions of these BVOCs.

In total, the emission uxes for 23 BVOCs emitted from
spruce 1 were reproduced by the combined emission model.
The contribution of each pathway to the total emission was
BVOC dependent, although for all BVOCs the contribution from
the biosynthetic pathway was larger. The combined emission
model was able to accurately describe the remaining 26 BVOC
emissions from spruce 2, including the sum of monoterpenes.
This is the rst time that the combined emission pathway has
been used to standardise the emissions of Sitka spruce as
previous studies used only the pooled emission model for
monoterpenes,19 or biosynthetic model for isoprene.18

The combined emission pathway has been used previously to
describe the emissions from sunower and beech14 as well as
Norway spruce.76

The combined emission equation was used to standardise 13
of the 16 emissions common to both spruce saplings. The
remaining three BVOCs: C9H8O, C10H14O2 and C20H24, origi-
nated from different pathways in each sapling. The emission of
C9H8O, identied as E-cinnamaldehyde, from spruce 1
Table 1 Reported emission fluxes for isoprene and monoterpenes from

Isoprene (mg gdw
−1 h−1) Monoterpene (mg gdw

−1 h−1) Temp

3.06 0.95 28
5.21 2.30 38
0.05 1.50 16
1–5 0.001–0.005 21–36
14–17 — 28
13.4 2.97 30
6.3 0.93 30

a Emission uxes standardised, otherwise reported at measured condition

© 2025 The Author(s). Published by the Royal Society of Chemistry
originated from a biosynthetic pathway, while from spruce 2 it
appeared as a pooled emission. For C10H14O2 and C20H24 the
emission from spruce 1 was via both pathways, while for spruce
2 the emission was via the pooled pathway only. This is
consistent with other observations which suggest that both
pathways are open for a healthy sapling (spruce 1), but the
biosynthetic emission pathway is reduced for spruce 2 and the
dominant emission pathway is diffusion from storage pools.

3.5.2 Standardisation application. The modelling
approach which best replicated the daily cycle BVOC emissions
for each sapling was used to provide the standardised emission
ux at 1000 mmolm−2 s−1 and 30 °C. The standardised emission
rates for spruce 1 and spruce 2 are presented in Tables S8 and
S9† respectively.

Piperitone was the dominant BVOC emitted by spruce 1, with
a standardised emission ux of 17.29 mg gdw

−1 h−1. Although
piperitone has been detected in the emissions of Sitka spruce
previously, an emission ux was not provided.33 The stand-
ardised emission ux of isoprene from spruce 1 was 6.3 mg
gdw

−1 h−1, which is within the range of previously reported
values determined under a variety of environmental conditions
(Table 1).

The standardised emission uxes for most BVOCs emitted by
spruce 2 were lower than those for spruce 1, likely due to the
lower photosynthesis rate which reduced the effectiveness of
the biosynthetic emission pathway. However, the standardised
total monoterpene emission ux from spruce 2 was 1.2 mg gdw

−1

h−1, higher than the ux determined for spruce 1.
The emission ux data obtained for piperitone, isoprene and

the sum of monoterpenes from spruce 1, have been scaled up to
provide an estimate of the annual emission uxes for these
BVOCs, based on environmental conditions (air temperature
and solar radiation) in Ireland.

Interestingly, the annual emission of isoprene (2080 mg g−1

year−1) is greater than the annual emission for piperitone (1107
mg g−1 year−1), despite piperitone being identied as the
dominant emission in this work and having a standardised
emission ux almost three times that of isoprene. This is due to
the relationships between temperature, PPFD and BVOC emis-
sion, which are different for piperitone and isoprene (Fig. 9).

BVOC emission uxes have an exponential relationship with
temperature, and above a certain temperature, there is an
inection point where the emission ux increases signicantly
with increasing temperature. As shown in Fig. 9, piperitone
Sitka spruce

erature (°C) PPFD (mmol m−2 s−1) Reference

1000 Evans et al. (1982)77

1000 Evans et al. 32

360 Street et al. (1993)78

Not reported Street et al. 18

230 Hayward et al. (2002)79

1000 Hayward et al.a 19

1000 This worka

s.
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Fig. 9 Relationships between piperitone and isoprene emission fluxes with temperature at different PPFD vlaues. Colour and shape indicate
different PPFD, open symbols – piperitone, closed symbols – isoprene.
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(open symbols) has a strong exponential relationship with
temperature, with an inection point around 15 °C. Below this
temperature, the emission is quite low and there is little change
in piperitone emission with temperature. Isoprene (closed
symbols) has a much weaker relationship with temperature
than piperitone, with an inection point at around 22.5 °C,
although it is not as clearly dened as it is for piperitone.

The emission uxes for both BVOCs have a logarithmic
relationship with PPFD. At a given temperature, the increase in
emission ux decreases with xed successive increases in PPFD,
until a saturation point is reached. Below 750 mmol m−2 s−1 the
piperitone emission ux is strongly PPFD dependent. This
relationship weakens as PPFD increases and the emission ux
approaches the saturation point. The isoprene emission ux
has a stronger relationship at lower PPFD than piperitone. This
is seen in Fig. 9 through the sharp increase in emission ux
between 0 and 250 mmol m−2 s−1. The saturation point for
isoprene is lower than for piperitone. The change in isoprene
emission ux above 500 mmol m−2 s−1 is signicantly less than
at lower PPFD values.

The exponential temperature and logarithmic PPFD relation-
ships operate simultaneously. At lower temperatures, the inu-
ence of PPFD is stronger than that of temperature for both
BVOCs. Above the respective inection points, temperature plays
a greater role in the emission ux. The emission ux of piperitone
is less than that for isoprene at lower temperatures because of the
strong exponential relationship between the piperitone emission
ux and temperature. Isoprene has a more muted relationship
with temperature and the emission ux is not as sensitive to lower
temperatures. In the lower temperature regime the emission of
isoprene is higher than piperitone, at all PPFD levels.

Typical temperatures for Ireland range between 6 °C and 17 °
C. Under these conditions the emission of isoprene is higher
than piperitone. The temperature for standardising BVOC
emissions is 30 °C. At this temperature the emission of
256 | Environ. Sci.: Atmos., 2025, 5, 242–260
piperitone is higher than isoprene. The conditions employed
during the measurement cycles in this work fall between these
two extremes and favour the emission of piperitone. Analysis of
the temperature and PPFD dependence of these BVOC emis-
sions explains why the annual emission ux of isoprene is
greater than that for piperitone. The predicted increase in
surface temperatures due to climate change,80 would be suffi-
cient to alter the piperitone–isoprene emission ratio from Sitka
spruce in favour of piperitone. Therefore, under current future
climate warming projections, piperitone would be the domi-
nant BVOC emitted by Sitka spruce.
4. Conclusions

Using a novel combination of online and offline instrumenta-
tion, Sitka spruce saplings were found to emit 74 BVOCs under
different controlled light and temperature conditions in a plant
growth chamber. The BVOC emissions were dominated by
oxygenated VOCs containing one to ve O atoms, which
accounted for 70% of the detected compounds (52 oxygenated
BVOCs). Previous studies identied less than ten BVOCs
emitted by Sitka spruce and the results from this study therefore
serve to highlight the effectiveness of the ToF-CIMS and TD-GC-
MS combination for detecting both the high number and
diversity of BVOCs emitted from vegetation.

Piperitone (C10H16O) was, for the rst time, found to be the
dominant emission, followed by isoprene (C5H8) and the sum of
ve monoterpenes, which included myrcene, b-phellandrene, d-
limonene, a-pinene, and camphene. All BVOC emissions
showed the expected diurnal pattern, with maxima occurring
when temperature and light were at their highest. Six of the
BVOC emissions, including isoprene, experienced a post-
illumination burst.

The dependence of the BVOC uxes on temperature and
PPFD was investigated using three different growth cycles and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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the results used to determine the contribution of both biosyn-
thetic and pooled emission pathways to Sitka spruce emissions
for the rst time. The vast majority of BVOCs were found to
depend on both pathways, with only eleven emissions attrib-
uted solely to the biosynthetic pathway.

The majority of the BVOC emissions were standardised to
a temperature of 30 °C and PPFD of 1000 mmol m−2 s−1 using
a combined biosynthetic and pooled emission model. The
standardised emission factor for piperitone (17.29 mg gdw

−1 h−1)
was the highest, followed by isoprene (6.3 mg gdw

−1 h−1) and
monoterpenes (0.93 mg gdw

−1 h−1). However, under temperature
and light conditions typical for most Sitka spruce plantations,
e.g., in Ireland, the estimated annual emission ux for isoprene
was in fact higher than that for piperitone, due to the complex
relationship between temperature, PPFD and emission for these
BVOCs. This highlights the importance of assessing BVOC
emissions under conditions relevant to the local climate.
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35 M. Portillo-Estrada and Ü. Niinemets, Massive release of
volatile organic compounds due to leaf midrib wounding
in Populus tremula, Plant Ecol., 2018, 219(9), 1021–1028.
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