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Article history: Emission of carbon from ecosystems in the form of volatile organic compounds (VOC) represents a minor
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aerosol formation and thus on air chemistry and quality. This study reports exchanges of CO, and VOC
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between a poplar-based short rotation coppice (SRC) plantation and the atmosphere, measured simul-
taneously at two spatial scale, one at stand level and another at leaf level. The first technique combined
Proton Transfer Reaction “Time-of-Flight” mass spectrometry (PTR-TOF-MS) with the eddy covariance

method, to measure fluxes of a multitude of VOC. Abundant fluxes of isoprene, methanol and, to a lesser
PTR-TOF-MS . . R .
Fluxes extent, fluxes of other oxygenated VOC such as formaldehyde, isoprene oxidation products (methyl vinyl
Poplar ketone and methacrolein), methyl ethyl ketone, acetaldehyde, acetone and acetic acid, were measured.
Eddy covariance Under optimal environmental conditions, isoprene flux was mostly controlled by temperature and light.
Differently, methanol flux underwent a combined enzymatic and stomatal control, together involving
environmental drivers such as vapour pressure deficit (VPD), temperature and light intensity. Moreover
fair weather condition favoured ozone deposition to the poplar plantation.

The second technique involved trapping the VOCs emitted from leaves followed by gas
chromatography-mass spectrometry (GC-MS) analysis. These leaf-level measurements showed that
emission of isoprene in adult leaves and of monoterpenes in juvenile leaves are widespread across poplar
genotypes. Detection of isoprene oxidation products (iox) emission with leaf-level measurements con-
firmed that a fraction of isoprene may be already oxidized within leaves, possibly when isoprene copes
with foliar reactive oxygen species (ROS) formed during warm and sunny days.

© 2013 Elsevier B.V. Open access under CCRY-NCND license.
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1. Introduction energy sources over the next 20 years (Fisher et al., 2010; Ozdemir

et al., 2009). Producing bioenergy from woody biomass is indeed

Bioenergy is gaining considerable attention among public and  pepeficial on marginal lands where the potential for food pro-

industrial investment (EU, 2009; U.S.,, 2011) and will inevitably ~ quction is minor and tree cultivation can become a competitive
imply a future expansion of landmass available for biomass-based land-use (IPC, 2013).

Poplars (Populus spp.) are particularly suitable to provide a con-

stant supply of woody biomass since they are fast growing trees

(Weih, 2004) with high rates of photosynthesis (Vitousek, 1991).

Therefore, poplars have the potential to mitigate rising atmospheric

CO, concentration through their high uptake of carbon and produc-
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a future intensive use of SRC might impact on land use change
(Fargione et al., 2008) and on the greenhouse gas emissions to the
atmosphere (Searchinger et al., 2008). In addition, re-emission of
small amounts of carbon in the atmosphere in the form of reactive
volatile organic compounds (VOC) (Guenther et al., 1993) cou-
pled with elevated concentrations of nitrogen oxides (NOx) and
favorable conditions of sunlight and temperature, may promote
ground-level ozone formation (Ashworth et al., 2013) and enhance
the formation of aerosols (Kulmala et al., 2001).

Isoprene is among the main VOC released in the atmosphere
by many plants. Populus spp. are known to be among the strongest
isoprene-emitting plant species (Guidolotti et al., 2011). Generally,
isoprene-emitting plants do not emit substantial amounts of other
isoprenoids (Kesselmeier and Staudt, 1999), but low emissions
of monoterpenes have been reported in young Populus tremula
(Hakola et al., 1998) and Populus x euroamericana leaves (Brilli
et al., 2009), as well as in leaves attacked by herbivorous insects
(Brilli et al., 2009). Isoprene and monoterpenes (collectively called
volatile isoprenoids) are produced directly from photosynthates
(Loreto and Sharkey, 1990; Loreto and Schnitzler, 2010) by iso-
prene synthase (IspS) and monoterpenes synthases (TPS) enzymes,
respectively. The two classes of enzymes respond exponentially
to rising temperature having optimum activities between 40 and
45°C (Monson et al., 1992; Sharkey and Yeh, 2001; Staudt and
Lhoutellier, 2011).

Within leaves, isoprene can act as an antioxidant and protect
plants against the excessive production of reactive oxygen species
(ROS), such as singlet oxygen (10,), superoxide (0,®~), hydrogen
peroxide (H,0,) and hydroxyl radicals (®*OH) resulting from abi-
otic stress conditions (Loreto and Velikova, 2001; Vickers et al.,
2009). In addition, isoprene can play an intriguing ecological role,
contributing to regulate stress-related internal signaling processes
(Farmer, 2001; Velikova et al., 2005, 2012), and influencing plant-
insect communication (Laothawornkitkul et al., 2008; Loivamadki
et al., 2008; Brilli et al., 2009).

Among the most abundant VOC emitted ubiquitously from veg-
etation (Loreto and Schnitzler, 2010), methanol is produced during
cell expansion, when cell wall pectins are degraded by the action
of pectin methylesterase (PME) enzymes (Gaffe et al., 1994). As
a water-soluble compound able to dissolve in liquid pools within
leaves, methanol emission strongly depends on stomatal conduc-
tance (Niinemets et al.,, 2004). The diurnal rates of cell growth
also seem to affect methanol production and emission (Hiive et al.,
2007; Oikawa et al., 2011).

Whereas methanol is a quite stable compound in the atmo-
sphere, having a rate constant for gas-phase reaction with ®OH
0f 0.94 x 10'2 cm3 molecule~! s~1, isoprene and monoterpenes are
much more reactive, having 100-fold higher ®OH reaction time
constants (Atkinson and Arey, 2003). Moreover, many isoprenoids
have faster reaction time with ozone and thus photochemical reac-
tions often involve both O3 and isoprenoids. Although ozone is
initially destroyed, it is successively regenerated with a final posi-
tive balance in favor of O3. Consequently, when nitric oxides (NOy),
light and high temperature combine, volatile isoprenoids directly
contribute to the formation of ground-level ozone (Chameides
et al., 1988), particles (Kiendler-Scharr et al., 2009) and secondary
organic aerosol (Claeys et al., 2004), thereby affecting air chem-
istry and air quality at regional and global level. Isoprene oxidation
leads to the formation of first-order products, mainly methyl-vinyl
ketone (MVK) and methacrolein (MACR) (Pierotti et al., 1990; Pinho
et al., 2005). Different field campaigns and laboratory experiments
have recently demonstrated that MVK + MACR (referred to here col-
lectively as iox) can be either taken up (Karl et al., 2010; Misztal
etal., 2011) or emitted by the canopy (Langford et al., 2010; Jardine
et al.,, 2012). If an iy flux exits the canopy, as well as the leaf of a
gas-exchange cuvette in which the residency of air is very short,

then isoprene undergoes oxidation already within leaves, possibly
by reacting with ROS abundantly produced under stressful condi-
tions (Loreto and Velikova, 2001; Jardine et al., 2012; Brilli et al.,
2012).

In bio-energy plantations, combined flux measurements of VOC
and carbon have to date only been made in an oil palm planta-
tion in south-east Asia (Misztal et al., 2011). Because poplars are
increasingly used in bio-energy plantations in the temperate zone
(Migliavacca et al., 2009; Cai et al., 2011) and are strong isoprene
emitters (Guidolotti et al., 2011), it is important to study their VOC
fluxes in relation to site carbon balance and environmental drivers.
Here we used a combination of leaf- and ecosystem-scale mea-
surements to collate fluxes of carbon (both as photosynthesis and
as VOC) and ozone during two weeks of rapid growth of a poplar
plantation in July 2012. The specific objectives of this study were
to:

(1) measure ecosystem-level eddy covariance fluxes of a multi-
tude of VOC to investigate how environmental factors influence
emissions of multiple VOC and CO, uptake in the short-term;

(2) assess how CO, uptake through photosynthesis correlates with
re-emission of carbon in the form of volatile isoprenoids in
juvenile versus adult leaves of five different poplar genotypes;

(3) combine leaf- and ecosystem-level data to quantify the impor-
tance of within-plant isoprene oxidation, leading to primary
emission of iyy.

2. Materials & methods
2.1. Field study site

The PopFull (http://webh01.ua.ac.be/popfull) experimental bio-
energy poplar plantation is located in Lochristi (51°04'44"N,
3°51’02"E) (Belgium) at an elevation of 6 ma.s.l. in a completely
flat terrain. Poplars were coppiced in January, 2012 and new shots
started to sprout on May, 2012. A more detailed description of
the study site as well as footprint analysis is given by Zona et al.
(2012,2013) and Broeckx et al. (2012). In addition, a leaf area index
(LAI)=3.5+ 1 was directly measured during this study (Sarzi-Falchi
et al., personal communication).

2.2. Eddy covariance (EC)

Two eddy covariance systems were installed on the same tower
in the north-east corner of the field site:

(1) a greenhouse gasses (GHG)-eddy system was equipped with
a sonic anemometer (CSAT-1, Campbell Scientific Inc., Logan,
UT, USA) coupled with a closed-path infrared gas analyzer
(LI-7000, LI-COR Biosciences Inc., Lincoln, NE, USA) and a
chemiluminescence-based fast ozone sensor (model LOZ-3F,
Drummond Technology Inc., Ontario, Canada) to measure CO,,
H,0 and Os fluxes (Zona et al., 2014). Data recorded from these
devices were collected and synchronized with a data-logger
(model CR3000 & CR5000, Campbell Scientific Inc.) at 10Hz
sampling frequency (Zona et al., 2012, 2013);

a VOC-eddy system including a sonic anemometer (model
USA1, Metek GmbH, Elmshorn, Germany) coupled with a
proton transfer reaction “Time-of-Flight” mass spectrometer
(PTR-TOF-MS) (lonicon, Innsbruck, Austria) to measure vol-
ume mixing ratios (VMRs) of VOC. The data streams of the
anemometer and the PTR-TOF-MS were acquired indepen-
dently by two different computers and synchronized with a
dedicated software (NTP, Network Time Protocol, University of
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Delaware, DE, USA) to an independent external clock through
the Internet, with an accuracy <20 ms.

The two eddy covariance systems were completely indepen-
dent, although they were installed very close to each other, with
1 m spatial separation between the inlets of the two sampling lines.
Separate Teflon® sampling lines (each one ~15 m long and 8.0 mm
ID) for each eddy covariance system were set up.

Here, positive fluxes represent transport from the canopy
toward the atmosphere (emission), negative ones the reverse
(deposition).

2.3. Eddy covariance fluxes calculation

2.3.1. GHG

The computation of CO,, ozone, latent heat (LE), sensible heat
(H), momentum fluxes was made with the EddyPro software
(www.licor.com/eddypro, Fratini et al., 2012). A two-component
axis rotation was adopted, while the automatic maximization of
cross covariance was used to determine the lag-time for passive
scalars, which was about 2s. A drop-out filter was applied to
remove the zeroing periods (10sh~1) from the 10Hz dataset of
ozone data. Frequency response correction was performed accord-
ing to the analytical method of Moncrieff et al. (1997) to estimate
high frequency attenuation, and according to Moncrieff et al. (2004)
for low frequency correction (high pass filtering). A sensor sep-
aration correction was applied according to Horst and Lenschow
(2009). Data were filtered based on the following criteria: during
malfunctioning of the instruments, calibration and maintenance,
when electric spikes occurred, and when the wind direction was
outside of the footprint of interest (i.e. >250° and <50°).

CO, flux was gap-filled and then partitioned into Ecosystem
Respiration (RECO) and Gross Primary Production (GPP) using
the Marginal Distribution Sampling (MDS) method (Reichstein
et al, 2005) implemented in http://www.bgc5jena.mpg.de/
~MDIwork/eddyproc/index.php and adopted by FLUXNET for stan-
dardized gap-filling and flux-partitioning (Moffat et al., 2007;
Papale et al., 2006).

RECO was derived from nighttime net ecosystem exchange
(NEE) and then extrapolated to daytime conditions using the
regression model of Lloyd and Taylor (1994). Nighttime NEE data
were selected using a global radiation threshold of 20 W m~2.

Gross primary production (GPP) was calculated as:GPP =
— |NEE| + |RECO|

2.3.2. VoC

In order to standardize the computation of VOC fluxes with the
eddy-covariance method and thus enable the application of all the
required processing steps to a multitude of VOC concentrations (Fig.
S3), EddyPro software was modified into a new customized version
that we named EddyVoc.

The processing routine programmed in EddyVoc, first masked
raw data with a quality flag to exclude individual spikes, values
out-of-range (such as negative concentration values) and back-
ground calibration periods of the PTR-TOF from further processing.
Then, double rotations for tilt correction (Wilczak et al., 2001),
linear de-trending (Rannik and Vesala, 1999), time-lag estimation
based on the covariance maximization (Aubinet et al., 2000) were
performed. Since isoprene exhibited the strongest signal-to-noise
ratio in the covariance with vertical velocity during the period
of measurements, it was used to compute the 30-min time-lags
for all other VOC species, assuming that all VOC were subject
to the same physical turbulent transport across the sampling
line (Fares et al,, 2012). In a final step, corrections for flux loss
were applied as sensor separation (Horst and Lenschow, 2009),
low frequency correction (Moncrieff et al., 2004). Actual spectral

correction factors were calculated according to the model of Ibrom
et al. (2007), Eq. (9), parameterized after the refinements of Fratini
et al. (2012). Resulting flux correction factor was 1.20 on average
(i.e. estimated flux loss of 20%), ranging from about 1 to about 1.6
depending on atmospheric stability and turbulence conditions.

More details on the methodology used for in-situ spectral anal-
ysis and flux corrections (Fig. S1) as well as correlation between
sensible heat flux measured by the (GHG)-eddy system and VOC-
eddy system (Fig. S2), and time-series measurements of volume
mixing ratios (VMRs) of VOC (Fig. S3) are given in Supplementary
Data.

2.3.3. Quality control

Quality controls on half-hourly fluxes were applied according
to Gockede et al. (2004), resulting in an overall quality flag (0 for
good data, 1 for acceptable data, 2 for bad data) assigned to each
flux value. Friction velocity threshold was estimated at 0.12ms™!
by assessing when the nighttime NEE dependence on u* reaches
saturation. Finally, VOC fluxes random uncertainty was estimated
with EddyVoc by using the method of Finkelstein and Sims (2001).

2.4. PTR-TOF-MS set-up and operations

At ecosystem-level, a Proton Transfer Reaction “Time-of-Flight”
Mass Spectrometer (PTR-TOF-MS) (Ionicon, Innsbruck, Austria)
described by Jordan et al. (2009) and Graus et al. (2010) was
used to record high-resolved mass spectra of VOC (up to m/z 315)
at high frequency (10Hz). The whole dataset recorded between
16th and 28th of July was post-processed to screen for the pres-
ence of emitted/deposited fluxes of the most common protonated
molecules or fragments of VOC, excluding instrumental signals pro-
duced by the PTR-TOF-MS itself such as major primary ions (e.g.
H30%,-H,0-H30%) and impurities (e.g. O>*, NO*, NH4*). VOC were
detected through proton transfer reactions occurring between the
H50" ions produced within the ion source and the air sample
inserted into the drift tube which is kept under controlled con-
ditions of: pressure (2.3 mbar), temperature (50°C) and voltage
(600V) resulting in an ionization energy (E/N) of ~120Td. All pro-
tonated ions were extracted from the drift tube, pulsed every 30 s,
separated according to their m/z ratio in the time-of-flight region
and detected in conjunction with a multi-channel-plate (MCP, Burle
Industries Inc., Lancaster, PA, USA).

In our set-up, ambient air was drawn at a constant flow rate of
~30Imin~! through the VOC-eddy system sampling line heated at
40°C in order to maintain both a higher Reynolds number in the
tubing (Re>6000) and to ensure reduced line pressure that pro-
tects against condensation. The last meter of the main pipeline was
converted first from 8.00 mm to 1/8 mm ID and then from 1/8' to
1/16’ mm ID to match the capillary inlet of the PTR-TOF-MS system.

Raw PTR-TOF-MS data were acquired at 10 Hz sampling rate
by the TofDaq software (Tofwerk AG, Switzerland), then merged
and averaged to 6 min, and post-processed by routine programs
(Miiller et al., 2010, 2013). In order to assign an exact mass scale,
and later the sum formula to the detected ions, the mass scale accu-
racy of all the recorded spectra was calibrated by exploiting two
well-defined PTR-TOF-MS background ion peaks (m/z=21.022 and
m/z=39.033 related to H30!8* and-H,0-H30!8* respectively), and
by inserting 1,2,3 trichlorobenzene (m/z=180.937) to the sample
inlet system through a diffusive cell. A more detailed description
of the PTR-TOF-MS data analysis is given elsewhere (Miiller et al.,
2013).

The background signals of the PTR-TOF-MS were quantified
for the first 6 min of every hour via an automation system of
switching valves that introduced VOC-free air generated by a
commercially available gas calibration unit (GCU) (Ionimed, Inns-
bruck, Austria). The same GCU has been employed to calibrate
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the PTR-TOF-MS sensitivity once a week at ambient humidity by
adding a multi-component gravimetrically prepared gas standard,
containing: methanol (m/z33.033), acetaldehyde (m/z45.033), ace-
tone (m/z59.049),isoprene (m/z69.070), MVK + MACR (m/z71.049),
t-2-hexen-1-al (m/z 99.081), c-3-hexen-1-o0l (m/z 101.061) and «-
pinene (m/z 137.133) at nominal concentration of 1ppmv each
(Apel Riemer, USA). All standards were diluted with VOC-free air in
order to achieve various concentration levels of VOC in the low ppb
range (1-20 ppb) with the same relative humidity as the sampled
ambient air. Sensitivities were extrapolated from linear regressions
of the known VOC mixing ratios and the respective signal intensities
(thus already including transmission coefficient) after subtracting
the average background levels. As proposed by Ruuskanen et al.
(2011) we used the average normalized sensitivities for oxygen
containing compounds and for pure hydrocarbons to calibrate the
VOC that were not present in the gas standard.

2.5. Leaf gas exchange

At leaf level, gas exchange measurements of CO, and H,O were
performed daily in situ from 23th to 27th of July (2012) between
10:00 and 17:00 by using a portable gas exchange system (LI-
COR6400, LI-COR Biosciences Inc., Lincoln, NE, USA) on 5 different
Populus genotypes (Grimminge, Koster, Oudenberg, Skado, Wolter-
son) placed within the footprint of the eddy covariance tower.
In each one of the selected poplar genotypes, 541 young leaves
(whose expansion was lower than 30% of full leaf expansion, i.e.
generally the third leaf expanding from the vegetative apex), and
541 mature leaves (fully expanded and generally placed in the
middle of the stem, 10-12 leaves from the apex) (Brilli et al.,
2009) of 541 different trees were chosen. Leaves were clamped
in the 6cm? LI-COR cuvette, and photosynthesis (A), stomatal
conductance (gs) and internal CO, concentration (Ci) were mea-
sured using the LI-COR software. All the enclosed leaves were
exposed to: saturating photosynthetic photon flux density (PAR)
of 1000 pmolm~2s-1, CO, concentration of 380 ppmv (achieved
by fully scrubbing CO, from ambient air with soda lime and replac-
ing it with the LI-COR6400 CO,-injector system), leaf temperature
of 25°C, and relative humidity ranging between 45 and 50%. Respi-
ration rates were measured with the same LI-COR6400 portable
gas-exchange system on leaves that had been dark adapted for
30 min following the measurement of net photosynthesis and iso-
prene emission rate. Gross photosynthesis was defined as: |net
photosynthesis| + [respiration|.

2.6. VOC collection and GC-MS analysis

At leaf-level, VOC were detected simultaneously with CO, and
H,0 gas exchange measurements by concentrating 6L of the air
exiting the cuvette in cartridges filled with 250 mg of Tenax (Markes
International Limited, Llantrisant, UK). All VOC were removed
from ambient air before flushing the gas exchange cuvette, with
a charcoal filter (Supelco, Bellafonte, USA) placed ahead of the LI-
COR6400 inlet.

In addition, on 22-28 of July, between 12:00 and 17:00, VOC
were also occasionally sampled directly from the EC tower by con-
centrating 6 L of ambient air in Tenax cartridges.

After collection, all the adsorbed cartridges were thermally des-
orbed and the released compounds were then detected by gas
chromatography-mass spectrometry (GC-MS) (HP5890; Hewlett-
Packard, Palo Alto, CA, USA) as shown in detail by Brilli et al. (2009).
VOC background was measured every day before starting the mea-
surements by collecting 6L of air exiting the empty LI-COR6400
cuvette. The GC-MS was calibrated by sampling different concen-
trations of VOC produced after dilution of the same gas standard
(Apel Riemer, USA) by the GCU device, as described above. Both

leaf- and ecosystem-level GC-MS analysis unambiguously con-
firmed that the signal at m/z=69.070 detected by PTR-TOF-MS and
assigned here to isoprene did not have any interference from the
fragment of 2-methyl-1-butanol, which have the same exact mass
weight.

2.7. Ancillary data

Supporting meteorological measurements were recorded con-
tinuously and data were stored in several data loggers (model
CR3000, CR5000 and CR1000; Campbell Scientific, Logan, Utah,
USA); in particular: Incoming PAR was measured above the canopy
using a quantum sensors (Li-190; LI-COR, Lincoln, NE, USA); air
temperature (T,;;) and water pressure deficit (VPD) were recorded
at 6-m height on the eddy covariance tower; volumetric soil water
content (SWC) was assessed at 0.1-m depth in the proximity of the
eddy covariance installation, by time domain reflectrometry (TDR
model CS616; Campbell Scientific, Logan UT, USA); precipitation
was recorded by using a tipping bucket rain gauge (model 3665R;
Spectrum Technologies Inc., Plainfield, IL, USA); NOx concentra-
tions were measured by using a Chemoluminescent NO/NO;/NOy
analyser, model 42i (Thermo Fisher Scientific, Aalst, Belgium).

Ecosystem flux parameters were best-fitted with light, temper-
ature and VPD by using SigmaPlot version 11.0 (Systat Software
Inc., San Jose, CA, USA).

3. Results
3.1. Climate and meteorological data

Two very different meteorological conditions characterized the
measurements period (Fig. 1). During the initial days (16-21 of July)
measurements were carried out under overcast sky and a cold tem-
perature regime (~15°C), with few small rainfall events (Fig. 1b).
During this period, the maximum incoming PAR flux remained less
than 700 wmolm~2s~1 (Fig. 1a).

A change in wind speed, direction, and turbulence occurred dur-
ing the night of 20th of July (Fig. 1c and d), without any immediate
change in temperature. However, during the following night (22th
of July), the sky cleared up as confirmed by a drop in temperature
that reached the minimum value of ~9°C at 06:00 (Fig. 1a). All the
following days of measurements (22-28 July) were characterized
by good weather conditions, high incoming PAR fluxes (reaching
maximum intensity of ~1500 wmolm~2s~! at noon), air tempera-
tures rising to 28 °C (Fig. 1a) and absence of rainfall (Fig. 1b). Higher
air temperatures recorded during the second part of the measure-
ments period also triggered an increased evaporative demand (i.e.
increased VPD) of the atmosphere (Fig. 1e).In this second part of the
experiment, a drop in PAR was registered during every afternoon
(at around 18:00) as a consequence of low altitude cloud forma-
tion from water vapor condensation occurring during the hottest
hours of the day (Fig. 1a). Despite this change in weather conditions,
soil water content (SWC) level remained high and fairly constant
throughout the entire study period (Fig. 1b), thus excluding any
drought impact.

Whilst during the initial cold period of measurements (16-21
July) compounds such as ozone (0O3), nitric oxide (NO) and nitro-
gen dioxide (NO,) (together referred to as NOy) were almost totally
absent at the site (Fig. 1fand g), NOy concentration increased start-
ing from 20th of July morning.

3.2. Fluxes at ecosystem-level

Patterns of gross primary production (GPP) displayed no signifi-
cant changes during the whole period of investigation, regardless of
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Fig. 1. Meteorological and physiological characterisation of the measured period at the field site from 16 to 28 July (2012), showing half-hour averages of: (a) incident
photosynthetically active radiation (PAR) and air temperature (TA), (b) volumetric soil water content (SWC; at 0.1 m depth) and daily totals of precipitation, (¢) wind speed
and wind direction, (d) friction velocity (u*) and friction velocity threshold u*<0.15ms~", (e) vapour pressure deficit (VPD) and evapotraspiration (ET), (f) O3, (g) NO, NO,,
NOy concentrations in ambient air, (h) net ecosystem CO, exchange (NEE), night time ecosystem respiration (RECO) and gross primary production (GPP).

the increases in PAR and temperature that occurred during the sec-
ond measuring period (Fig. 1h). However, net ecosystem exchange
(NEE) was considerably reduced during the latest part of the cam-
paign by an increase in ecosystem respiration (RECO) resulting in a
relatively constant values of GPP (Fig. 1h; Table 1).

Fluxes of the protonated ions m/z=33.033 and m/z 69.070, cor-
responding to methanol and isoprene, respectively, were clearly
detected from 22th of July onwards, following the increase
of PAR and temperature (Fig. 1a; Fig. 2; Fig. 3; Table 1). To
a lesser extent, fluxes of other oxygenated-protonated ions
were also detected as: m/z=31.018 (formaldehyde), m/z=45.034
(acetaldehyde), m/z=59.049 (acetone), m/z=61.028 (acetic acid),
m/z=71.049 (iox), m/z=73.068 (methyl ethyl ketone, MEK). Flux
measurements indicated that isoprene was always emitted from
the canopy (Fig. 2). Other oxygenated-VOC were either released
into the atmosphere or deposited to the vegetation, (Figs. 2 and 3),
although methanol was also mainly emitted except for some small
deposition events (Fig. 3).

[soprene was the most abundant VOC emitted from the poplar
plantation (Fig. 2; Table 1). Its exchange with the atmosphere dis-
played a diurnal trend that was more pronounced in the warmer
than in the cold period (Fig. 3; Table 1). Isoprene always started
to be emitted at dawn (~6:00), and emissions peaked twice during
the day: first at noon in correspondence with the maximum of PAR,
and then between 15:00 and 16:00 when the temperature rose to
its maximum (and light was less intense but more scattered due

to the presence of low clouds). Both peak emissions of isoprene
reached a similar rate of 6.62 +1.20 and 6.78 +1.47 nmolm~2s~!
(Fig. 3; Table 1). After the second peak, isoprene emission started
to decline, approaching zero in the evening, at ~20:00 (Fig. 3;
Table 1). The isoprene flux increased exponentially with tempera-
ture (f(x)=q ek*, Table 3) and logarithmically with PAR (Fig. 4a, b,
respectively). In contrast to isoprene emissions, GPP saturated at
~400-500 wmolm—2s~1 of PAR (Fig. 4d), and also showed a more
complex logarithmic relationship rather than an exponential rela-
tionship with temperature than isoprene (Fig. 4c).

An exponential relationship was found that linked ecosystem
GPP to isoprene emission. This relationship was not affected by the
switch between the first cold and the second warmer period (Fig. 5b
and c).

Along with isoprene, half-hourly averages methanol fluxes also
exhibited a very clear diurnal cycle during the warm measurement
period (Fig. 3). Emissions started at 6:00 and peaked twice: at noon
and at ~16:00, before decreasing slowly until 20:00 thus mirroring
the daytime course of PAR and air temperature (Fig. 3). In con-
trast to isoprene fluxes, the first methanol peak emission reached
a higher rate (5.82+0.29nmolm~2s-1) with respect to the sec-
ond peak (4.46 +0.49 nmol m~2 s~1; Fig. 3, Table 1). As for isoprene,
between the two peaks of methanol, a singular event of reduced
emission occurred at ~14:00 when PAR started to decline. In order
to explore the environmental control on the methanol flux, we
tested the relationships with the main meteorological variables:
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Fig. 2. Time series of half-hourly VOC fluxes measured by PTR-TOF-MS at the field site during the whole period (16-28 July, 2012). Vertical bars indicate random uncertainty

associated to each measured half-hour average flux.

VPD, (Fig. 6a), PAR (Fig. 6b) and temperature (Fig. 6¢). A simple
linear regression described best the correlation between methanol
flux and VPD (R%=0.29, Table 3; Fig. 6a), whereas a logarithmic
response was found between methanol flux and PAR (R2=0.40,
Table 3; Fig. 4b), as well as between methanol flux and temperature
(R?=0.25, Table 3; Fig. 6¢).

Formaldehyde was only deposited to the vegetation, whereas
MEK was emitted during the warmest days (Fig. 3; Table 1). More-
over, bi-directional exchange of other oxygenated VOC such as
acetone, acetaldehyde and acetic acid were measured throughout
the day during the whole period of measurements (Figs. 2 and 3;
Table 1). In particular, a combined burst of acetaldehyde and ace-
tone emission always occurred in the morning, at 8:00-8:30 (Fig. 3).
Similarly, measured fluxes of i;x seemed to be bi-directional,
alternating short period of deposition and of emission (Fig. 2).
Nonetheless, emissions of iox peaked together with those of iso-
prene during both the cold and the warm measurement period
(Fig. 3) and also their temperature dependencies were comparable
(Fig. 4a and 7b). Concentrations of iox collected at the tower dur-
ing the warm measurement period (254 1°C) linearly correlated
with isoprene concentrations (RZ = 0.49, Table 3), suggesting iox to
account for ~32% of isoprene (Fig. 7a, Table 3). In addition, fluxes
of both iox and isoprene measured under different temperatures
ranging from ~8 to ~28 °C fitted the function: iox = isoprene TPOWer
resulting in an exponential (power) value of 3.8 +£0.4 (Fig. 7b,
Table 3).

A protonated ion-flux was detected at m/z=81.070, suggesting
a flux of either a monoterpene or a main green leaves volatiles
(GLVs) fragment. Unfortunately, both fluxes of molecular monoter-
pene ions (m/z=137.133) and of another main GLVs fragment
(m/z=283.085) showed values very close to the associated random
uncertainties, making difficult any discussion about monoterpene
fluxes at plantation-level (Fig. 2; Table 1).

During the warming days the ambient concentration of ozone
measured at the site increased 5-fold, and NOy increased 10-fold
with respect to the first cold period, from a daily average concen-
tration of 8.12+1.41 to 78.89 +3.62 ppbv for ozone (Fig. 1f) and
from 25.154+1.41 to 268.16 £22.11 ppbv for NOy (Fig. 1g). As a
consequence, the poplar plantation started uptaking tropospheric
ozone during the second part of our measurement campaign
(Fig. 3; Table 1). Ozone deposition started in the morning at 6:00
(along with methanol and isoprene emission) (Fig. 3), and peaked
between noon and 16.00, when the deposition rate was constant at
17.02+0.76 nmolm~2s~! (Fig. 3). Minimal ozone deposition was
observed starting at 20:00 and throughout the night.

3.3. Fluxes at leaf-level

On average, juvenile leaves showed lower photosynthe-
sis (3.22+053umolm2s-!) and higher dark respiration
rates (7.78+0.42pumolm—2s~!') than adult leaves (pho-
tosynthesis ~ ~15.764+0.42 pumolm—2s-!  and  respiration
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~3.07£0.20 umolm~2s-1) (Table 2). Both adult and juvenile
leaves exhibited very similar rates of photosynthesis and respira-
tion rates across the five investigated poplar genotypes (Table 2).
Above-average dark respiration was found only in juvenile
leaves of Koster (9.25+0.90 umolm=—2s~1) and in adult leaves
of Oudenberg (3.00+£0.23 umolm=2s~1) (Table 2). The highest
stomatal conductance was found in adult leaves of Wolterson
(0.537molm=2s-1),

Isoprene emission did not statistically differ among the adult
leaves of the five investigated poplar genotypes, all ranging around
16nmolm~2s~! (Table 2). Isoprene emission was very low in juve-
nile leaves of all genotypes, with the exception of Skado that
showed a slightly higher emission of ~1.25 nmolm~2 s~! (Table 2).
A good exponential relationship (R%=0.68, Fig. 5a, Table 3) was
found between GPP and isoprene emission in both juvenile and
adult leaves. These leaf measurements, carried out by using a VOC-
free air and at a constant temperature of 25+ 1 °C, showed a much
lower ipx synthesis, and a lower linear correlation with isoprene
emission (f=ax +b) with respect to that found at canopy level
(a=0.073 and 0.32, respectively, Fig. 7a; Table 3), suggesting that
only ~7.3% of isoprene was oxidized in the leaves inserted in the
cuvettes.

Monoterpenes were emitted by young leaves of all investigated
genotypes (Table 2), but Wolterson and Oudenberg had statisti-
cally higher emissions (0.13 +0.08 and 0.33 +£0.10nmolm=2s-1,
respectively) than the other genotypes (Table 1). Adult leaves
emitted no monoterpenes, except for those of the Oudenberg geno-
type, which emitted trace amounts (0.05+0.04 nmolm~2s-1). In
all cases, only a-, B-pinene and (E)-f3-ocimene were detected.

4. Discussion

The present study provides original information on ecosystem-
and leaf-level exchange of VOC between a poplar-based SRC plan-
tation and the atmosphere in relation with photosynthesis during
the peak of the growing season under changing weather conditions.

4.1. Fluxes at ecosystem-level

4.1.1. Isoprene

We confirm that the most abundant VOC emitted from the
poplar plantation was isoprene, consistent with pioneer field stud-
ies (Fuentes et al., 1999). Isoprene emission fluxes always displayed
a clear diurnal cycle, with two peaks (at and just after noontime),
albeit only during the warm days (Fig. 3). This diel pattern was sim-
ilar to that observed in an aspen forest (Fuentes et al., 1999), but
contrasts with the diel pattern observed in an isoprene-emitting oil
palm plantation (Misztal et al., 2011). In our study, the two peaks
in the isoprene emission coincided with maximum PAR and with
the highest temperature, which occurred at different times of the
day (at ~12:00 and at ~15:00, respectively). It is unlikely that day-
time isoprene emission has been limited by the amount of carbon
assimilated through photosynthesis during the period of measure-
ments. Indeed GPP was very similar during the cold and the warm
period, whereas isoprene emissions differed substantially between
these two periods (Fig. 1h and Fig. 3). Moreover, the absence of
GLVs fluxes and the good levels of SWC recorded during the whole
period of measurements confirmed that the poplar plantation was
not affected by the onset of either biotic (i.e herbivores) or abiotic
(i.e. drought) stress conditions that could have altered the rates of
isoprene emission (Brilli et al., 2007, 2009).

The occurrence of a dramatic shift in the meteorological con-
ditions (from cloudy sky and low temperatures in the first half of
the measurement period to high incoming PAR coupled with rising
temperatures in the second half) enabled us to explore the response

Leaf-level net photosynthesis (A), respiration (Ry), stomatal conductance (g;), intercellular CO, concentration (Ci), isoprene and monoterpenes emission in adult and juvenile leaves of plants belonging to 5 different genotypes

Table 2

and their total average. Values represent means of four plants belonging to the same poplar genotype +1 standard deviation of the mean; different uppercase letters indicate significant differences at p <0.05 among different

poplar genotypes.

Average

Wolterson

Skado

Oudenberg

Koster

Grimminge

Juvenile

Adult

Juvenile

Adult

Juvenile

Adult

Juvenile

Adult

Juvenile

Adult

Juvenile

Adult

-3.22+-0.53?
7.78 +0.412

—15.76 + -0.42?
3.07+0.20%

—-491+-1.14*
5.69 +0.46%

—15.97+-0.532
2.53+0.40°

—4.57+-0.92°
7.82+0.99%

—14.17+-1.412
3.85+0.342

—0.86+ —0.64*
8.64 +0.56%°

-1647 +-1.172
3.00+0.23°

-2.824+-1.13?
9.25+0.90°

0.233

—16.78 + -0.40?
2.60+0.332

-2.94+-1.29*
7.51+0.69%"
0.127+0.0132

-15.42 4+ -0.59*
3.37+0.62°

A(pmolm=—2s-1)

0.092 +0.009% 0.197 £0.025% 0.147 +£0.0172 0.537 +0.008> 0.147 £0.0242 0.400+0.029% 0.149+0.0132

0.426 +0.058"

0.431+0.0132

0.411 +0.049%

R4 (nmolm—2s—1)
gs (molm=2s71)

0.023?2

268 + 6 339+ 142> 283 +6P 349+ 15 225497 32046 2554 12> 288472 261+67 327+7°

335+ 132

273+ 7

Ci (ppm)

0.06 +£0.06% 10.5040.78% 0.11+£0.06% 11.02+£1.232 0.32+£0.10% 13.15+£4.782 1.25+0.27° 7.07 £2.143 0.27+0.273 10.96+1.122 0.40+£0.122

13.08 +1.422

Isoprene

emission

(nmolm-2s-1)
Monoterpenes

0.10+0.03?

n.d.

0.23° +0.05%

n.d.

0.01? £0.01° 0.05° +0.04? 0.334+0.10° n.d. 0.03° +£0.022°

n.d.

0.02' +0.022

emission(nmolm=2s-1)

1 B-pinene.

2 (E)-B-Ocimene.
3 (E)-B-Ocimene.

4 ,B-pinene + (E)-B-ocimene.

> a-Pinene.

6 «,B-Pinene +(E)-B-ocimene.
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Fig. 4. Isoprene flux as a function of temperature (a), and light (b), and gross primary production (GPP) as a function of temperature (c), and light (d), on a half-hourly time
scale. Closed and open symbols are fluxes measured from 16-21 and from 22-28, July (2012), respectively. In (b) and (d) only data from 6:00 to 20:00 have been considered.

of the isoprene flux to a wide fluctuation of both temperature and
PAR. Our results are consistent with both field studies (Fuentes
et al., 1999) and laboratory investigations (Monson et al., 1992)
demonstrating that when isoprene emission is not limited by pho-
tosynthesis, it is strictly controlled in the short-term at metabolic
level by temperature regimes and PAR. In particular, while temper-
ature affects the optimum for isoprene synthase (IspS) enzymatic
activity, PAR provides the amount of reducing power (NADPH) as
well as ATPrequired for isoprene biosynthesis (Sharkey etal., 2008).
However, the magnitude of the isoprene flux at plantation level in
our study was lower than that measured by Fuentes et al. (1999).
One reason could be that the whole plantation was in a juvenile sta-
tus when our measurements were carried out, as new poplar shoots
started to regrow only at the beginning of May after coppicing in
January of the same year (2012). The very high respiration rates we
detected in juveniles poplar leaves together with high methanol
emission we found at ecosystem-level and the increasing values
of LAI measured during our investigation (Sarzi-Falchi et al., per-
sonal communication) directly support this hypothesis. As a result,
in our study the rate of isoprene emission might have been lim-
ited by the seasonal development of IspS expression and activity
(besides IspS precursors and amount) (Mayrhofer et al., 2005). This
was possibly further mediated by growth under conditions of low
temperature which could have delayed the plantation capacity to
achieve maximum isoprene emission rates (Wiberley et al., 2005).

Interestingly, despite a lower emission rate, isoprene fluxes
measured in our study showed a higher temperature dependence
that that reported by Fuentes et al. (1999). In fact the temperature
sensitivity of isoprene emitted from the poplar plantation resulted
ina Qqq value of ~10 (Qqo =€19x0-23 Fig, 4a; Table 3), whereas a Qo
of ~2.7 was assessed in a boreal aspen forest (Q; =e10°%-1) (Fuentes
et al., 1999). However, recent experiments have demonstrated
that temperature dependency of isoprene emission is temporarily
suppressed during recovery after drought events (Fortunati et al.,
2008). Therefore the higher temperature sensitivity of isoprene
found in our study with respect to that of Fuentes et al. (1999) was
likely due to the short-time resolution of our investigation which
have limited the collection of isoprene fluxes only to a period where

stressful conditions did not occur. Differently, Fuentes et al. (1999)
extrapolated the effect of temperature from seasonal variations of
isoprene emission, where fluxes of isoprene measured also dur-
ing the recovery periods following stress events may have been
considered (1999). In addition, the large number of young leaves
present in the canopy that we have sampled may have further
changed the temperature sensitivity of isoprene with respect to the
fully-developed canopy measured by Fuentes et al. (1999). Whether
isoprene emission has a higher sensitivity to temperature in juve-
nile than in adult leaves still needs to be elucidated. Moreover, a
potential interference due to a different correlation between the
measured air temperature and the actual leaf temperature could
have affected the estimation of Q.

4.1.2. Methanol

Methanol was the second most abundant VOC emitted from
the poplar plantation. Consistent with recent studies (Hortnagl
et al., 2011; Laffineur et al., 2011) our results showed a diurnal
evolution of methanol efflux from the ecosystem, with emissions
occurring between 6:00 and 20:00. As with the isoprene emis-
sions, we observed a double peak in the diel pattern that matched
the diel increase of both PAR and temperature (Folkers et al.,
2008), and was therefore more clearly visible during the warm
days. Moreover, similarly to previous investigations across differ-
ent ecosystems (Hortnagl et al.,, 2011; Laffineur et al., 2011), the
variation of environmental parameters recorded in our study could
only partially explain the variation in the methanol flux (rela-
tion with temperature: R?=0.25, with VPD: R2=0.29, and with
PAR: R?=0.40, Fig. 6; Table 3). Temperature determines the rate
of methanol production by influencing cell division and expansion
through the availability of biosynthetic intermediates and pectin
methylesterases (PMEs) enzyme activity (Nemecek-Marshall et al.,
1995), and affecting methanol partitioning among the aqueous and
gaseous pools in the leaves (Niinemets and Reichstein, 2003). How-
ever, these physiological and physicochemical processes influence
simultaneously methanol production and emission in a complex
regulatory mechanism. Therefore, quantification of PMEs activity
in relationship with methanol fluxes (Frenkel et al., 1998; Oikawa
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et al., 2011) would be an important parameter to be considered
in the future research to precisely dissect the abiotic and biotic
control on methanol emission. In particular, during periods of
intensive leaf expansion, endogenous biotic drivers (i.e. cell divi-
sion and cell wall hardening) may easily offset the pure physical
analogy recently developed to model methanol fluxes on the basis
of adsorption/desorption/degradation processes (Laffineur et al.,
2011). Besides temperature, VPD and PAR modulate stomatal aper-
ture and thus actively regulate the diffusion of methanol from
the site of production to the atmosphere (Niinemets et al., 2004).
Although we refrain from any further modelling of methanol flux
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Fig. 6. Methanol flux (a) as a function of VPD, (b) as a function of light and (c)
as a function of temperature on a half-hourly time scale. Open symbols are fluxes
measured from 16 to 21 and closed symbols are fluxes measured from 22-28, July
(2012).

due to the limited time resolution of our set of measurements, we
suppose thatin the long-term, deciduous forest such as poplar plan-
tations may possibly act more as a sink than a source of methanol
(Laffineur et al., 2011), based on the fact that periods of intense
methanol production are limited to transient stages of leaf growth
throughout the year, which may be even shortened by the frequent
occurrence of adverse environmental condition of low temperature
(characterizing Northern climates) or low soil moisture availability
(in more Southern climates).

4.1.3. Other oxygenated-VOC

Besides isoprene and methanol emissions, we found depo-
sition fluxes of formaldehyde to the vegetation (Fig. 3), most
likely as a result of an increasing stomatal sink (Fig. 3) combined
with a strengthening source (Fig. S3) developing throughout the
day. Although formaldehyde has shown to be released from the
vegetation only under extreme stress conditions (Fall et al., 2001;
Brilli et al., 2012), in the atmosphere formaldehyde can be formed
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from isoprene under the presence of high NOy concentrations
(Millet et al., 2008). In fact the uptake of formaldehyde by the
poplar plantation occurred particularly during the midday hours of
the warming days, when high PAR and temperature coupled with
increasing NOy ambient concentrations (Fig. 1 fand g) stimulated at
the same time isoprene production and the cycling of HO, radicals.

Other oxygenated-VOC such as acetaldehyde, acetone and acetic
acid were either emitted or deposited in the poplar plantation. In
particular, deposition of oxygenated-VOC to the vegetation can be
enhanced by the soil that has shown to behave as a sink more than
as a source of VOC, although a tiny VOC exchange rate between
the soil and the vegetation was measured (Asensio et al., 2007).
However, the occurrence of low production by the vegetation, com-
bined with rising ambient concentrations during the day (Karl et al.,
2010; Langford et al., 2010; Misztal et al., 2011; Jardine et al., 2012),
minimized the emission of these other oxygenated-VOC from the
vegetation.

4.2. Fluxes at leaf-level

Our leaf-level measurements further confirmed the relationship
between isoprene emission and leaf developmental stage (Fig. 6a)
(Guidolotti et al., 2011). The magnitude of isoprene emission

measured in adult leaves was similar among the poplar genotypes
constituting the poplar plantation, which is in agreement with a
previous study on Populus spp. (Guidolotti et al., 2011) confirming
that isoprene emission rates are similar across Populus spp. Dif-
ferently, juvenile poplar leaves belonging to different genotypes
exhibited very low amounts of isoprene emissions, but were
found to emit a quantitatively different blend of monoterpenes,
although the compounds constituting the blend were always o-
and B-pinene and (E)-B-ocimene. This confirmed a previous study
conducted at another site and with a different poplar genotype
(Brilli et al., 2009). Nevertheless, the emission of monoterpenes at
ecosystem level was very tiny and often fell within the associated
random uncertainty. These low emission rates could be due to
the fact that monoterpene emission originates from only a small
(apical) portion of the canopy (Brilli et al., 2009)

4.3 igx Fluxes at ecosystem- and leaf-level

One of the aims of this study was to quantify the importance
of within-leaf isoprene oxidation. At ecosystem level, our analysis
confirmed a strong positive correlation (R? = 0.78) between the con-
centrations of ioy and isoprene in the atmosphere (Fig. 7a). The ratio
between io-to-isoprene fluxes depends on isoprene production
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Table 3
Parameters are: R?, correlation coefficient; a, b, c equation coefficients.

Regression line R? a

Standard error of estimate

Fig. 4a f=aexp(bx) 0.56* 0.01*

Fig. 4b f=b+aln(abs(x)) 0.65*

Fig. 4c f=b+a In(abs(x)) 0.39*

Fig. 4d f=b+a In(abs(x)) 0.58*

Fig. 5a f=c+aexp(bx) 0.68* 17.27

Fig. 5b f=c+aexp(bx) 0.49* 0.10

Fig. 5¢ f=c+aexp(bx) 0.59* 1.95

0.29*
0.40*

1.58
1.2

Fig. 6a
Fig. 6b

f=b+ax
f=b+aln(abs(x))

Fig. 6¢ f=b+aln(abs(x)) 0.25*

0.49*
0.78*
0.33*

Fig. 7a (cuvette)
Fig. 7a (ambient air)
Fig. 7b

f=b+ax
f=b+ax
f=c+ax’b

0.32*

1.72**

15.45**

4.61*

4.01%

0.073*

1.5x 10-%*

R?=1.43
a=3.7x1073
b=0.01
R?>=1.96
a=0.12
b=0.73
R?=4.56
a=2.29
b=0.80
R?>=3.78
a=0.21
b=1.27
R?>=3.72
a=58.77
b=0.07
c=58.78
R?>=0.24
a=0.07
b=0.03
c=0.11
R?=1.77
a=1.32
b=0.02
c=1.79
0.79 - -
—4.88** - R?>=1.48

0.23** -

—8.34** -

—31.46"* -

0.21** -

0.04 —25.66

0.10** -0.17

0.07* —3.43*

—9.94** - R?=1.65

0.13 - -

-0.47 - -

3.82%* - a=2.1x10-5*
b=0.43

One asterisk indicates significant with p <0.05, and two asterisks indicate highly significant with p<0.001.

rate and the concentration of ®OH since iox are the major first-order
products deriving from isoprene oxidation (Pierotti et al., 1990).
Indeed isoprene oxidation in the atmosphere occurring during the
day elevates the ambient concentration of iox. This can reach the
compensation point, which in turn limits net iox emission by leaves.
Detection of iy, fluxes may have been complicated by the parallel
occurrence of source (through isoprene oxidation processes) - and
sink - (due to deposition) dynamics, also affecting the compen-
sation point for ip (Karl et al., 2005; Tani et al., 2010). However,
especially in the second, climatologically favourable measurement
period, we measured net emission fluxes of iyx also in the middle
of the day, together with peak isoprene production, indicating that
compensation point was not reached (Fig. 3). In our study, an aver-
age iox-to-isopreneratio of 0.32 was observed when i,y and isoprene
were sampled in ambient air under a temperature of 2541 °C, sim-
ilar to the ratios reported by Kesselmeier et al. (2002), Kuhn et al.
(2007), Langford et al. (2010) and Misztal et al. (2011) across dif-
ferent ecosystems.

Also the leaf enclosure measurements using VOC-free air con-
firmed the emission of i,y in Populus sp. (Jardine et al., 2012),
which correlated directly with isoprene production (R?=0.49)
and showed a mean iyp-to-isoprene concentration ratio of 0.073
(Fig.7a). Thisratio (=0.073)is lower than the one measured in ambi-
ent air (=0.32) under the same temperature. Therefore, about 20%
of the iy that are found in the atmosphere could be formed by
isoprene oxidation within poplar leaves. Moreover, it is likely that
the fraction of within-plant i,y production is in relation to active
ROS formation, in turn enhanced by O3 deposition entering leaves
through stomata during the hot and sunny days in the last period
of measurements (Fig. 3). Iox could even proxy the amount of ozone
thatis scavenged by plants, ifisoprene acts as the main sink of ozone

within leaves (Loreto and Fares, 2007). The ability of poplars to
use isoprene as a protective mechanism to tolerate oxidative stress
(Vickers et al., 2009) may indicate their high tolerance to future
scenarios where ozone concentrations are expected to increase,
especially in NOx-rich, industrialized areas (Lerdau, 2007).

5. Conclusion

In conclusion, this is one of the first studies reporting fluxes of
both VOC and CO,, at leaf- and at ecosystem-level in a poplar-based
SRC plantation. Direct PTR-TOF-MS eddy covariance measure-
ments confirmed abundant fluxes of isoprene from the plantation,
but also revealed similarly high fluxes of methanol during a period
of intensive growth. Detection of iox emission both with eddy
covariance at ecosystem-level and with enclosure measurements
at leaf-level confirmed that a fraction of the produced isoprene is
oxidized before being emitted in the atmosphere, especially when
plants produce ROS or take up ozone during warm and sunny
days.
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