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Abstract. Sesquiterpenes 6H»4) are semi-volatile organic  tios (CCp, =0.63+0.01; CG =0.47+0.02 atr =0h for
compounds emitted by vegetation and are of interest in attemperature) with a time shift 2—4 h prior to the emissions.
mospheric research because they influence the oxidative can only temperature dependent algorithm was found to sub-
pacity of the atmosphere and contribute to the formation ofstantially underestimate the induced emissions (20 % of the
secondary organic aerosols. However, little is known aboutmeasuredR? = 0.31). However, the addition of an ozone de-
their emission pattern and no established parameterisatiopendent term improved substantially the fitting between mea-
is available for global emission models. The aim of this sured and modelled emissions (81 % of the modelled emis-
study is to investigate a Central European spruce forest andions could be explained by the measuremeRfs= 0.63),
its emission response to meteorological and environmengproviding confidence about the reliability of the suggested
tal parameters, looking for a parameterisation that incorpoparameterisation for the spruce forest site investigated.
rates heat and oxidative stress as the main driving forces
of the induced emissions. Therefore, a healthy ca. 80 yr old
Norway spruce (Picea abies) tree was selected and a dy-
namical vegetation enclosure technique was applied fromt Introduction
April to November 2011. The emissions clearly responded
to temperature changes with small variations infhiactor ~ Biogenic volatile organic compounds (BVOCs), including
along the year fspring= 0.09+ 0.01, Bsummer= 0.12+0.02, monoterpenes (MT), sesqu_iterpenes (SQM), isopr_ene _and
Bautumn= 0.114 0.02). However, daily calculated values re- oxygenated VOCs, are reactive plant compounds emitted into
vealed a vast amount of variability in temperature depen-the atmosphere (Kesselmeier et al., 1999). They have been
dencies ((0.02 0.002)< g < (0.27+ 0.04)) with no distinct hypothesized to protect plants from oxidative damage un-
seasonality. der elevated concentrations of reactive oxygen species (Vick-
By separating the complete dataset in 10 different ozoneers €t al., 2009). Especially SQT, react readily with atmo-
regimes, we found that in moderately or less polluted atmo-SPheric ozone, with a high potential to form secondary or-
spheric conditions the main driving force of sesquiterpeneganic aerosol (Hoffmann etal., 1997; Jaoui etal., 2003; Bonn
emissions is the temperature, but when ambient ozone mixet &l., 2008). Their vital role on atmospheric chemistry is
ing ratios exceed a critical threshold of (36&:8.9) pph, stressed out by their ability to influence the oxidative capac-
the emissions become primarily correlated with ozone. Condty Of the atmosphere (Fuentes et al., 2000) and their contri-

sidering the complete dataset, cross correlation analysis re2ution to secondary organic aerosol production (Hoffmann et
sulted in highest correlation with ambient ozone mixing ra- &l-» 1997; Andreae and Crutzen, 1997; Bonn et al., 2003; Kul-

mala et al., 2004). In order to understand the role of BVOCs

Published by Copernicus Publications on behalf of the European Geosciences Union.



4338 E. Bourtsoukidis et al.: Ozone stress as a driving force of sesquiterpene emissions

in atmospheric chemistry, it is important to quantify their trations, particularly in northern mid-latitudes (Brasseur et
emissions and atmospheric abundance, along with a bettaal., 1998; Parrish et al., 2009). Usually forests considered to
understanding of their atmospheric oxidation. be low level ozone regions due to the excessive sink terms.
SQT belong to a broad spectrum of VOCs emitted by However, because of the urban areas at the vicinity of the
plant leaves that typically act in multiple roles for plant pro- site of interest, highly elevated ozone concentrations are ob-
tection (Niinemets et al., 2004). However, the mechanismserved during the season. This pollutant penetrates in leaves
by which volatile isoprenoids (isoprene, MT, SQT) protect through stomata and quickly reacts inside leaves, thus, mak-
plants against oxidative stress and probably against a wideng plants valuable ozone sinks, but at the same time trig-
range of environmental stresses is still under investigationgers oxidation processes which lead to leaf injuries (Fares et
In a recent study, Jardine et al. (2012) highlighted the po-al., 2010). Therefore, atmospheric interactions of ozone and
tential function of isoprene production, in protecting plants other oxidants with biogenic VOCs appears to be quite com-
against reactive oxygen species. Global and regional atmoplex, especially in forest ecosystems.
spheric chemistry models typically incorporate empirical al- In their review, P@uelas and Staudt (2010) reported a sig-
gorithms that have been developed to model VOC emissiomificant amount of results that indicate an elevated sum of
rates and their dependence on photosynthetic active radigBQT and MT emissions under ozone stress. However, SQT
tion and leaf temperature (Guenther et al., 1995, 2000, 2006 missions were treated to date as only temperature driven,
with an exponential relationship between emission rates andavith slightly higher temperature dependency from MT. To
leaf temperature. Nevertheless, strong variations of standardate, aerosol model studies include only MTs as the biogenic
emission factors of many plant species with discrepancies oprecursor for organic aerosol (Carslaw et al., 2010) since no
up to an order of magnitude have been reported (Kesselmeigimilar emission record is available for SQT (Duhl et al.,
and Staudt, 1999; Niinemets et al., 2011). Filella et al. (2007)2008).
concluded that algorithms which use only incident irradi- According to Jardine at al. (2011), only a few studies have
ance and leaf temperature as drivers to predict VOC emissioattempted to quantify ambient SQT concentrations (Hakola
rates may be inadequate. As the review of Holopainen anckt al., 2006; Bonn et al., 2007; Bouvier-Brown et al., 2009;
Gershenzon (2010) has shown, the interaction of multipleBoy et al., 2008; Kim et al., 2009, 2010) including the at-
stresses, both biotic and abiotic, provides a great potential teempt of Kim et al. (2009) to quantify ecosystem-scale SQT
alter VOC emission. It is most likely that other environmen- emission rates using the vertical gradient technique. Nev-
tal factors such as drought, ozone and,Gfoncentrations ertheless, the necessity for further experimental data (see
can amplify or attenuate such alterations in the emission reHakola et al., 2006; Tarvainen et al., 2005, 2007 with re-
sponses to temperature and light (Staudt et al., 2011). marks) and the need for a parameterisation which includes
The phytotoxicity of ozone has been demonstrated forfurther environmental factors (Loreto et al., 2004; Staudt et
forest tree species since more than 50yr (Karnosky et al.al., 2011), is apparent. According to Loreto et al. (2004) and
2007 and references cited therein). Current evidence sugo Holopainen and Gerhenson (2010), only the study of plant
gests that several global change drivers such as ozone conelatile emission under realistic, multiple stress regimes will
centration can also affect both constitutive and herbivore-be able to determine the natural occurrence of such VOC re-
induced BVOCs production (Loreto et al., 2007; Vuorinen et action products and their importance in plant function. This
al., 2005; Blande et al., 2007). Ozone causes biochemical anstudy provides on-line seasonal measurements of SQT emis-
physiological changes leading to the inhibition of photosyn- sions from a spruce tree into the atmosphere, under a variety
thesis and a consequent decrease in plant growth (Guderianf stress regimes and attempts to combine temperature and
et al., 1985), often associated with visible injuries (Loreto etozone stress in a single parameterisation that can be used for
al., 2001; Vollenweider and Gunthardt-Georg, 2005). Plantsfuture model calculations.
act as a sink for ozone, through stomatal and non-stomatal
processes (Fares et al., 2010) while ozone may apparently in-
duce biosynthesis and emission of volatile isoprenoids, ever? Material and methods
in plants that do not naturally emit these compounds (Heiden
etal., 1999). In the presence of Nowever, these BVOCs 2.1  Site description
initiate reactions that lead to ozone formation (Fehsenfeld et
al., 1992; Kurpius and Goldstein, 2003). Hence, the dual acBiogenic emissions were investigated from a 418) m tall,
tion of VOCs is depending on the presence of atmospherichealthy Norway spruce (Picea abies) tree, located at Taunus
pollutants (Loreto and Schnitzler, 2010). The chemical re-Observatory (5013 N, 8°26 E and 825ma.s.l.), at the top
activity of atmospheric terpenes led to the hypothesis thabf Mt. Kleiner Feldberg; a hill on the Taunus ridge in south-
volatile terpenes play a similar dual action inside the leavesvestern Germany (Crowley et al., 2010). The area around the
before they are released into the atmosphere (Hewitt et alobservatory is covered by a coniferous forest, in which Nor-
1990; Loreto et al., 2001; Jardine et al., 2012). Vegetation isvay spruce is the dominant tree type with smaller contribu-
exposed to increasing levels of tropospheric ozone concentions of pine. The area up to 100 km to the North of Kleiner
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Feldberg is only lightly populated and is devoid of major in- lected branches were excluded from the data analysis. The
dustry. However, Taunus lies on the northern rim of the rela-quantified PAR losses due to the cuvette material range from
tively heavily industrialised Rhine-Main region. The remote 25 to 45 %, depending on the solar zenith angle.

character of the site is influenced mainly by south-easterly

winds, where the city of Frankfurt and the Rhine-Main-area
including airport and major traffic pathways are located. The
wind pattern can result in very high ozone concentrations,
providing a variety of atmospheric conditions that the forestVolume mixing ratios of total MT and total SQT were

2.3 PTR-MS measurements

ecosystem is experiencing. quantified using a commercial high-sensitivity proton trans-
fer reaction-mass spectrometer (PTR-MS, IONICON, Aus-
2.2 Experimental setup tria). General information for the analytical technique can

be found in Blake et al. (2009) and references therein. The

Emission data were obtained using a branch enclosur®TR-MS was operated in standard conditions with a drift
technique, applied for a healthy branch five metres abovdube voltage of 600V and drift tube pressure of 2.3 mbar
ground level. The measurements took place from 8 April to(E/N = 117 Td;E is the electric field strength in V cnt, N
11 November 2011. The instrumentation was kept inside as the buffer gas number density in units of tn1 Td=1
monitoring van, situated below the investigated tree. VOCsTownsend 1017 cm? V~1). Optimization of PTR-MS condi-
were measured by a PTR-MS (Proton Transfer Reaction tions resulted in extremely high and sustained primary ion
Mass Spectrometer), while samples have also been anasignal (Ot =4-7x10’ cps). The ion source conditions
ysed with GC-MS (Gas Chromatography — Mass Spectromwere such that the contribution of'zbimpurity ions (the
etry) techniques for identification of individual VOCs. Tem- major impurity ions) relative to the sum of proton hydrates
perature, relative humidity, ozone {Dand photosynthetic at standard drift tube voltage (600V) was limited to 2 %.
active radiation (PAR, for September onward only) were Dhooghe et al. (2008) showed thagO'ons react equally
continuously measured inside the plant cuvette. Thereforefast with sesquiterpenes as d@® ions, so the contribu-
a temperature-humidity sensor (Hygrosens Instruments), ation of product ions originating from p/sesquiterpene re-
ozone analyser (model APOA-350E, Horiba) and two (in- actions to the sum of all sesquiterpene product ions observed
side and outside the cuvette) PAR sensors (LI-190SZ, Ll-in the mass spectra will, therefore, not exceed 2 %. The dwell
190SL/Li-Cor Inc., Lincoln, NB, USA) have been applied. time for MT (m/z = 137) was adjusted to 2 s, while the dwell
Meteorological and environmental parameters (radiation, attime for SQT (z/z = 205) was adjusted to 20 s for further in-
mospheric pressure, wind velocity and direction, temper-crease in the detection efficiency.
ature, Q, relative humidity, soil moisture, precipitation, The PTR-MS instrument was frequently calibrated with
global radiation, HO, NO, NO&) were measured by HLUG a gas standard (L4763, lonimed analytic GmbH, Austria).
(Hessian Agency for Environment and Geology) and DWD For SQT, calibrations were performed with a permeation
(German Weather Service), 50 m away from the measuringven technique and A-caryophyllene standard (W225207,
site. Sigma-Aldrich, Inc.). The experimental determined reaction

The dynamic branch enclosure was a cylindrical shapedate constant for MT was 1.8-2:210~° molecule cris™1
glass cuvette (volume 151), with a lid that can be opened (2.5x 10~° molecule cds™; Zhao and Zhang, 2004) and
and closed by an electrical compressor. During closure, aifor SQT 2.5-2.% 10° molecule cm st (3.0x 1079
was drawn from the chambers to the analysers along thenolecule crds~1; Dhooghe et al., 2008; Kim et al., 2010).
sampling lines and the under-pressure was avoided with reReaction of HO™ ions with many VOCs mainly results in
placement by ambient air at equal flow rate (Ruuskanen ethe protonated VOC, but thes®*/sesquiterpene interaction
al., 2005). The contact between plant surface and the chanin a PTR-MS reactor at typical drift-tube conditions is known
ber was avoided when possible, while a fan was installed tdo proceed through both dissociative and non-dissociative
ensure homogenous mixing of the air in the enclosure. Inproton transfer, resulting in multiple fragment ion species.
teraction with ozone and other gases were studied in order td@ his fragmentation results in a decrease of the detection ef-
quantify possible interferences with the enclosure. Ozone didiciency with respect to other VOCs, which are not or hardly
not show to react with the cuvette’s wall while VOCs were subjected to fragmentation following protonation (Dhoogle
corrected for deposition. During June (D@¥Y167), the first et al., 2008). The PTR-MS technique has already been ap-
selected branch showed visible damage in the bark after alied for the detection of sesquiterpenes on several occasions
storm event and strong winds prevailing at the site of inter-and expected product ions and their relative abundances have
est. For avoiding different stress responses, another brandbeen reported for some sesquiterpenes at standard PTR-MS
close to the selected one was used for the continuation of theonditions (Ezra et al., 2004; Lee et al., 2006; Demarcke et
experiments. During October (DG¥283) a type of fungi  al., 2009; Kim et al., 2009, 2010). The relative abundance of
started to develop on the enclosed branch and a third onparent SQT ion signal quantified as-82 % and comes in
was selected. All the data up to 3 days after the newly sedine with the previous values reported. According to Kim et
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al. (2009) when onlyz/z 205" is considered, the uncertainty lective detector (Perkin-Elmer Clarus 600T, Waltham, USA).
increases to 30 %. The system was calibrated using liquid standards injected
Another major issue when measuring SQT are transfeion Tenax TA-Carbopack B adsorbent tubes and analysed to-
line (tube) losses. For minimising this effect the tube thatgether with the samples. More detailed description on GC-
was transferring the air to the instruments was manufactured!S analysis can be found from Hell et al. (2012) and
from glass (inner diametetr3 mm, total length=4.1m) from Miinz (2010). Both measurement methods revealed the
and heated up to AT. Glass is an inert material that re- presence oB-caroyphylleneq-farnesene, longicyclene and
duces memory effects due to BVOC adsorption/desorptiore-humulene while the method applied at the Finnish Me-
on surfaces and was found to be the favourite of all ma-teorological Institute additionally found aromadendrene and
terials tested for SQT measurements (Helmig et al., 2003)longipinene. These values might vary at maximumti %
Tubing losses were quantified prior to the measurementslong the year, but due limited amount of samples analysed,
((9+ 1) % for SQT, (A1) % for MT) in the laboratory, us- a clear conclusion about the relative abundances along the
ing a B-caryophyllene (W225207, Sigma-Aldrich, Inc.) and season cannot be driven.
a-pinene (L4763, lonimed analytic GmbH) standards. The Ozonolysis reaction rate constants were calculated based
flow rate was continuously maintained at 1.8 minresult-  on these results. On average MT consisted of 28-ptnene,
ing in a very short total residence time in the line downstream25.2 % «-pinene, 17.5% limonene, 14.2 $phellandrene,

of the enclosure (2.2s). 9.3 % camphene and 5.8 % myrcene, while SQT were treated
as 35 %3-caryophyllene, 29 %-farnesene, 11 % aromaden-
2.4 Emission calculation drene, 18 % longicyclene, 3%-humulene and traces of

B-farnesene and longipinene. Note that the fractiorgof

As reported before, the dynamic enclosure was automatiearyophyllene included longifolene as well, which could not
cally operated with an electrical compressor. The chambebe separated. Based on the work ofifz (2010) this is
remained open for the most of the time and was closingmainly g-caryophyllene and, therefore, was treated as such
three times per hour. Closing time adjusted to be 3 min infor further analysis. The above approach resulted in the two
a 20 min cycle. The mass to charge ratios/£) that were  following mean reaction rate coefficients with respect to
continuously monitored during a PTR-MS cycle were: 21 ozone:ksgrio, = (6.642.1) x 105 cm® moleculets™;
(Hs0™), 30 (NOY), 32 (OF), 37 (HpO-H3zO™) with a dwell  kmr+o, = (9.4£0.9)x 10~ cm® moleculets . Since
time of 50 ms each. For the purposes of this study ra- several of the SQT-0zone reaction rates are not well known,
tios of 137 (MT-H"), 81 (major MT fragment), 205 (SQT- the uncertainty range is, therefore, increased.
H™*) and 149 (major SQT fragment) were monitored withthe In a review of SQT emissions from vegetatiofi;
aforementioned dwell times of 2 s for the parent ion mass ofcaryophyllene was found to be the most frequently reported
MT (m/z = 137) and 20s for the parent ion mass of SQT SQT emitted and the most abundant SQT within many emis-
(m/z = 205). The time resolution of one PTR-MS measure- sion profiles (Duhl et al., 2008). Ozonolysis rate constant for
ment was 36 s, resulting in five measurements during a singlg-caryophyllene is 1.16 10-14cm?® moleculels1 (Shu
closed cuvette period. This facilitates a linear fit to the mix- and Atkinson, 1994) and while several SQTs have high re-
ing ratios measured, in order to obtain the mean emissiorported ozonolysis rate constants similargtecaryophyllene
during the closure period. (e.g.,a-humulene, 1.% 10~*cm® molecule! s71), oth-

Enclosure approaches “cannot be used to estimate emigrs are nearly two orders of magnitude lower if sterically
sion rates without the exclusion or corrections of ozone anchindered (e.gg-copaene, 1.& 10-16cm?® molecule 1 s~1)
disturbance effects during the studies” (Jardine et al., 2011)(Shu and Atkinson, 1994). The ozonolysis rate constant that
In order to correct for ozone destruction during the sam-is used for all SQT has been reported to bex310~15cm?
pling process, selected branch emissions were studied bgnolecule* st (Bouvier-Brown et al., 2008) and is in the
GC-MS technique at the Finnish Meteorological Institute in same order of magnitude, but smaller than the one applied
Helsinki and compared with the chemical analysis performedn this study because of the different SQT mixture found.
earlier at Mainz University (NInz, 2010) for the site of in-  Sensitivity tests on the ozonolysis rate constant did not show
terest. The VOC samples for GC-MS analysis performed atany substantial deviations on the calculated emissions. The
the Finnish Meteorological Institute in Helsinki, were col- upper and lower possible reaction rates would have resulted
lected from branch enclosures (101 Tedlar bags) on adsorin a change on the measured emissions by ap{$7.3—
bent tubes filled with Tenax-TA and Carbopack-B. Emissions6.1) ng g(dwy 1 h~1 on average.
from three different branches (2 during spring and one dur- Based on the above approach, the measured data
ing autumn) were studied. The samples were analysed in thevere corrected for ozone reaction losses by considering
laboratory, using a thermal desorption instrument (Perkin-the individual reaction rate constants for the aforemen-
Elmer TurboMatrix 650, Waltham, USA) attached to a gas-tioned SQT, weightened by their individual contribution
chromatograph (Perkin-Elmer Clarus 600, Waltham, USA)to the emissions. Further corrections have been applied
with DB-5MS (60 m, 0.25 mm, 1 ym) column and a mass se-for deposition kgep = (2.64+ 0.23) x 10-°s1) and dilution
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(kg = (2.9+£0.2)x 10~3s71) losses for both compounds. we present the effects that these parameters can have in SQT
Deposition rates were calculated by the exponential declinemissions. In a peculiar season, which was characterised by
in a closed cuvette for a three day period (no sources), whilea warm and moderately dry spring (precipitation anomaly
dilution rates were calculated considering the total flow that< 25 %; DWD), a wet summer (precipitation anomaly 126—
was drawn from the chambers to the analysers and, as meri50 %; DWD) and an extremely dry autumn (precipitation
tioned before, was replaced with ambient air at equal flovanomaly< 50 %; DWD), SQT emissions were analysed and
rate. The last data points with open cuvette were used tetudied in order to discern the importance of different driving
quantify the ambient mixing ratios of total MT and SQT. forces.

With respect to the corrections, the deposition and ozone loss

rate had a minor impact on MT concentrations, indicating3-1.1 Temperature effect

that the dilution is the major loss factor. For SQT, however, .
the situation was different with the ozone reactions to beSQT emissions clearly responded to temperature changes.

the dominating loss procedure while the deposition and di-The analysis of (_em_ission rates as a function of temperature
lution losses were substantially smaller. The general patterf{'@S Performed similar to Guenther et al. (1995), as exponen-
assumed to apply for the entire season and possible chang8@! function between temperature and SQT emissions:

in individual contribution would induce further uncertainties

3 Esorr=E - ex (T —T- 2
that would not, however, impact on the measured by PTR- QLT r) - EXPLp - 9) @
MS total SQT concentrations in a critical way. Here, Esqr,r is the emission rate (in ng g(dwhh—1) ob-

In summary, the emissions rates were calculated using theerved at temperatuf®. Egr) is the standard emission po-
mass balance equation similar to the literature (i.e., Hakolaential at7s=30°C (Guenther et al., 1995) angl (°C~1)
et al., 2006), but with the addition of the aforementioned cor-is an empirical coefficient called-factor, that is based on
rections: the best fit curve between temperature and emission rate.

We have to emphasise that even if the surface temperature
=F-| Cit1 - explkdil +ksqQr- [O3] + kdep) - A7 — C; | (1)  (7s) might differ by 1-2C from the enclosure tempera-
m ture, we kept the formulation similar to the literature (e.g.,

Duhl et al., 2008). FinallyT (°C) is the temperature in-
tgde the cuvette that on average was about one degree Cel-
sius above ambient temperature. Applying our data to the
above equation, we derived the standard emission poten-
tial (Es(ry = (347.2+ 70.4) ng g(dwy 1 h~1) and thes-factor

E

Here, F is the flow rate through the chambef; is the
concentration one the last measuring step before the cuvet
closes,C; 1 is the next measurement corrected for dilution
(kgil), ozone reaction lossekdgT x [O3]) and deposition on
the cuvette wallsiGep). As At is defined the time interval 1
between two continuous measurements whilés the dry (8 =0.11+0.02yC™).
biomass of the enclosed branch. Biogenic emissions are usu- 1€ Wo unknown terms were calculated by the ex-
ally quantified in ng g(dw)h~1, where g(dw) is the nee- p_onentlal f|tt!ng between tempergture and SQT. emis-
dle dry weight mass in g. After the experiments, the branchSIons: As it is demonstrated in Fig. 1a, SQT emissions
was cut and the needles were dried in order to measure the[t>€ exponentially with the temperature, but with vary-
mass. During the growing period, frequent length measure!N9 t'emperat'ur.e dependgncy (sl@pﬁ-facto.r) and stan-
ments were conducted and the dry biomass was extrapolatedpdised emission potential at 30 (Es) during the year.
from these measurements. The data up to 2 h after any length® €mission potential was found to be highest dur-

; - 11
measurement were excluded because of the observed stre§ SPTNG Es(r),spring= (533.8+ 61.7) ng g(dw) " h™") and
response of touching the branch. eclined during summer and autumn (352.96.1) and

(175.9+ 23.7) ngg(dwy1h~1, respectively), with the lat-
est values to be thrice lower than the spring ones. On

3 Results contrary, seasonal calculatgtdfactors showed similar be-
haviour during the season. Slightly higher values observed
3.1 Driving forces during summer fsummer= (0.12+ 0.02)°C~1), followed by

autumn ones fautumn= (0.114+0.02)°C~1). Temperature
Under natural conditions, plants rarely experience singledependency found to be minimum during spring time
stress factors one by one, but are much more likely to be(Sspring= (0.09+ 0.01)°C~1), mainly because of the loy-
exposed to multiple stresses simultaneously. The role ofactors observed during May (Fig. 2), where a severe draught
volatiles in protection against thermal stress has been relstress was present and possibly the tree was not able to ex-
atively well studied, while ozone was found to trigger the tract water of the soil anymore, closing its stomata to prevent
emissions of herbivore induced plant volatiles (Vuorinen atfurther water loss.
al., 2004) under controlled laboratory experiments. Lightand The exponential relationship between emissions and tem-
drought stress have been considered as environmental factopgrature has been used to describe MT emissions during
that can also influence biogenic emissions. At this sectionthe last two decades (Guenther et al., 1993) while recent
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ng g(dw) L h~1. exp((0.04£ 0.01) pply - [03]), EsqT 0, (@UtumN)= (4.5+0.7) ng g(dwy L h~1. exp((0.05+ 0.01) pply * - [O3]). (c)
(radiation): Eggt 7(day) = (365.1:£ 77.1) ngg(dwyh=1. exp((0.12£0.02)°C~1. (T —30°C)), Esqr.r (night) = (327+£57.4) ng
g(dw)~2 h=1. exp((0.114:0.02)°C~1 - (7 —30°C)). (d) (rel. humidity): EsgT,rH= (409.1+ 84.1) ng g(dw) L h=1. exp(~(0.03+0.01):
RH [%]), EsqT,rH (SPring) = (355.2+ 45.2) ng g(dwy! h™1. exp(~(0.02+0.01). RH [%]), EsqT,rH (SUmmer)= (338.9+ 62.7) ng
g(dw)~t h=1. exp(~(0.02+ 0.01). RH [%]), EsqT,rH (@Utumn)= (163.9+ 31.8) ng g(dw) L h=1 . exp(-(0.02+ 0.01)- RH [%]).

reports (Tarvainen et al., 2005; Helmig et al., 2006, 2007;varied between 3.6 and (96t20.3)pphk, with a varia-
Hakola et al., 2006) have shown SQT with slightly strongertion between 3 and (84:£0.3) pply inside the cuvette.
temperature dependence than MT. For this particular siteThe 50 % of annual measurements were situated between
MT emissions were correlated with the enclosure tempera23.2 to (57.10.3) pph. In general, spring values were
ture and the derived emission potential gfidactor were  (7.4+ 0.3) pph higher than the corresponding fourteen year
(885.5+ 149.6) ng g(dwy*h~1 and (0.1H-0.02)°C~! ac- averaged mixing ratios for this site. Contrariwise, the wet
cordingly. and cold summer resulted in average (8.8.3) ppk lower

The basal emission potentidy (7) was substantially o0zone mixing ratios. Autumn values were in line with the
higher for MT, but thes-factor was identical with the one previous years, indicating an anomaly of only (£0.3)
for SQT, when using the complete dataset. As it is shown inpph,.
Sect. 3.4, the-factor is influenced by ambient ozone con- Assuming a solely dependency between ambient ozone
centrations, but only in the case of SQT. stress and emission, an exponential relationsRip=£ 0.50;
R?=0.38 for linear) between ambient ozone mixing ratios
and SQT emissions has been observed (Fig. 1b), with the
) ) ) ) ozone dependency (slope of the fitting) to be almost constant
Ambient ozone concentrations varied during the Seasorliuring the season. Measurements were conducted at the edge

notably, proving a w_|de range of OX'd.a tive s_tr_ess th_at of the forest to the open area of the hill top, which means
the ecosystem experienced. Total ambient mixing ratios

3.1.2 Oxidative stress

Biogeosciences, 9, 4334352 2012 www.biogeosciences.net/9/4337/2012/
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Taunus Observatory (Mt. Kleiner Feldberg) 2011 : Daily values
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Fig. 2. -factor (upper plot) and emission potenti 7 (lower plot) derived from daily regression analysis.

that although measured at a height of five meters, the brancbalculated for darkness was (3257.4) ngg(dwyh=1.
was facing the atmospheric ozone mixing ratio just as aboveSimilar values were calculated also for thdactors consid-
the canopy. This excludes a notable reduction of ozone stresaring the calculated uncertaintiggy = (0.12+ 0.02)°C 1,
related emissions due to a lower height and a diminisheBnight= (0.11+ 0.02)°C™1y.

ozone concentration within the vegetation layer (Jardine et

al., 2011). For modelling studies this is a key aspect regard3.1.4 The effect of relative humidity

ing the vertical profile with a maximum emission to be ex- ) o _ _
pected at the top of the forest. Wind coming from southern orR€lative humidity (RH) was found to be anticorrelated with
southeastern directions transports anthropogenic ozone pr@QT emissions (Fig. 1d). However, the effect of this pa-
cursor gases from the Rhine-Main area, causing a steady ré@Meter on SQT emissions was significant only when RH

placement of the destroyedsONevertheless, the decrease Was below 50%. It is more likely that emissions were un-
of Oz inside the cuvette during one close was substantial."’“"IEeCted by mild RH conditions, but were affected substan-

This was partially caused by NGnd partially by biogenic tially during extended drought periods (May). Only 7.6 % of

VOC emissions. Both SQT emissions and ozone mixing raour data recorded RH values below 50 %. Under these con-
itions, SQT emissions rise substantially during spring and

tios were peaking after noon and a direct relationship wad , >t )
observed during the complete measuring period. summer (Fig. 1d). Autumn conditions resulted in only few

Detailed equations of the exponential relationship betweer{j"’m”_1 points below this limitand, therefore, bf"‘sal emission po-
SQT emissions and ozone can be found in the caption ofential and RH dependency were substantially lower. In ev-

Fig. 1, while the reader is referred to Sect. 3.5 for a detailec®’Y €a5€ SQT emissions were suppressed when ambient RH
formulation of the assumed relationship. conditions were high. The amount of released SQT almost

never exceeded the value of 100 ng g(dWh—1, when RH
was maximum. This result indicates that small RH value may
induce emissions, but only under severe drought conditions,

) ) ) . _ while water stress could negatively affect plant responses.
In order to investigate possible light dependencies on SQT

emissions, we separated our data in two individual categorieg 2  Daily emissions

(day and night) and plotted our results according to Eq. (2).

Emission potential and temperature dependency were iderA clear mean daily cycle for SQT emissions has been
tical, within the uncertainty range, for both cases (Fig. 1c),observed. Emission generally peaked at midday (01:00-
indicating that radiation is not influencing SQT emissions. 04:00 p.m.) for all months, but the rise was starting two hours
Emission potential at 30C calculated for light conditions earlier (08:00 a.m.) for all the months before August. A vast
was (365.1 77.1) ng g(dw)y! h—1, while emission potential amount of daily derivegs-factors has been obtained from

3.1.3 Radiation effect

www.biogeosciences.net/9/4337/2012/ Biogeosciences, 9, 483/2-2012



4344 E. Bourtsoukidis et al.: Ozone stress as a driving force of sesquiterpene emissions

Taunus Obsarvatory (Mt. Kleiner Feldberg) 2011 : cross cotrelation
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Fig. 3. Cross-correlation of SQT emission and temperature (red), ozone (blue) and relative humidity (cyan), with a time shift between
emissions and the individual stress factors.

regression analysis between enclosure temperature and SQ@Fown leaves have different SQT capacities and, therefore,
emissions (Fig. 2a). Calculatgdfactors ranged for 0.02 to react different to environmental factors until they become
0.27 ¢C~1) with no distinct seasonal pattern. Highest val- mature.

ues were observed during April and early summer, while the

lowest ones were observed during the wet August (precipi-3-3  Correlation coefficients

tation anomaly=130-150 %, DWD). This can be an indica- o
tion for the importance of water vapour and a detailed dis-The vast variations that have been extrapolated from the

cussion about this issue can be found in Sect. 3.7. Autumrfflforementioned regression analysis emphasise the need to in
variations cover the whole spectrum, producing difficulties in VeStigate in detail the possible driving forces for SQT emis-

understanding any possible seasonality of temperature drivefions- Figure 3 displays the three observed major driving
emissions. During the growing period (26 April 2011 to forces and how they correlate with SQT emissions in time.

9 May 2011)8-factors ranged from 0.03 to 0.6Z 1, sug- Accounting in total_ 16 200 emission data points, temperature
gesting that temperature effect was weak, when new twig$owed a correlation of (0.4#0.02) and RH an anticorre-
were growing and other processes were taking place insidé@tion — (0.53+0.01), indicating that RH can suppress SQT
the leaves governing the emissions. The wide spectrum ofM!SSIONS.

B-factors indicates that temperature stress should not be con- Ntérestingly, one can observe a stronger dependency
sidered as the single stress factor inducing SQT emissiond0-63%0.01) with ambient ozone concentrations, with the

and that other environmental and biotic factors can amplifyMaximum correlation values 2—4h (flat behaviour) before
the temperature driven emissions. the emission start. This time frame can vary depending on

the tree species and on the amount of ozone concentration
Fig. 2b. HighestEyr), were observed during spring and an that it is exposed. High ozone concentrations0 pph) re-
exponential decline was observed while moving towards the>Ulted in maximum correlation coefficients 4-5h before the
end of the year. Our results show a decline of S, emission, whrle_lo_w ozone concentratrons resulted in poor
for every next month, apart from the transition from October COrTelation coefficients (0.24 0.03) without a time delay. It

to November. If SQT are stored inside some pools and use5n_|ght be thet I_ow ozone concentra’_uons are still correlated
from the tree when required, the extremely dry NovemberWith the emissions, because of their strong dependency on
(historic record for Germany since 1900, DWD) can eXplamt_emperature. This |n0t|cates that ambient ozone concentra-
this rise in the basal emission rates. During the growing peions can be substantially harmful for Norway spruce above
riod Eg ) was dramatically reduced as was fhdactor. An @ critical threshold.

explanation for the reported low values could be that newly

Daily calculated emission potentialsry can be seen in

Biogeosciences, 9, 4334352 2012 www.biogeosciences.net/9/4337/2012/
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4 Ozone regimes proach. Figure 5a shows a different behaviourgefactors

for SQT and MT, respectively. For MByt was relative
For investigating possible thresholds of the ozone con-constant through the complete ozone spectrum and close to
centrations, we separated our ozone data in ten differenthe empirical value of 0.08C~1 which is usually used in
regimes with the same probability in between the limits of biogenic emission modelling studies (Guenther et al., 1995;
10 % (Gaussian distribution). Our aim was to investigate theGuenther et al., 2006). On contragsqr is showing a dif-
strength of temperature and oxidative stress under differenterent behaviour at different regimes, with a possible thresh-
ozone conditions. old above (36.6-3.9) pphk. SQT B-factor is slightly higher

Correlation coefficients were calculated individually for than MTs one, but for ambient ozone mixing ratios fall in-
each regime for both temperature and ozone concentrationside the first two regimes (below (28:20.3) ppk). When
(Fig. 4). In clear conditions, when ozone concentrations wereoxidative stress was becoming stronger, the temperature de-
below (224 0.3) pphky, temperature was much stronger cor- pendency expressed Iyfactor was dropping down to very
related with SQT emissions. Nevertheless, the values weremall values. Interestingly, minimusqr were calculated
substantially changing, when we were taking account moreor the regimes that fall inside the range of ozone concentra-
polluted regimes. Temperature found to be the predominantions that have the highest probability to occur at this site.
driving force for the first four regimes (uppersQ@egime Emission potentials showed a similar behaviokiy.mt
limit = (36.640.3) pphk) with decreasing strength. On con- was almost constant for the majority of ozone regimes,
trary correlation coefficients between SQT emissions andwith the highest values to be observed at the edges of very
ozone were small for the first three regimes with the ten-clear and very polluted conditions. Regression tree analy-
dency to increase. For ozone concentrations between (36.6is (Breiman et al., 1984) between ozone concentrations and
and 52.2+ 0.3) pphk the strength of these two driving forces MT emissions showed that MT are emitted in larger amounts
was relative stable, with the indication that ozone is morewhen ambient 0zone concentrations are above{8%ppbv.
important SQT emission driver than temperature. This specTherefore, MT emissions could be also influenced by ambi-
trum of ozone volume mixing ratios is representative for the ent ozone concentrations, but with a higher critical threshold.
oxidative stress that the ecosystem at Mt. Kleiner Feldberg isAt the site of interest MT consist dominantly of MT react-
experiencing (43.3 % probability for the last 11yr, HLUG), ing primary with OH, but less with ozone, so they cannot be
although common extremes during July and August were notonsidered to be critical for ozone stress. On cont&gyor
achieved due to weather conditions in 2011. The last regimalisplayed a potential well along the ozone spectrum and the
includes concentrations above (58:9.3) ppbv Q and one  lowest values were once more obtained for the range with
can clearly see a steep rise in ozone correlation coefficienthe most representative ozone concentrations for the ecosys-
When ozone is substantially high, it displays the predominantem at this site. For the regimes above 47.7,p#a sqTrise
driving force and triggers SQT emissions with the reportedlinearly with ozone, stressing out the importance of this en-
delay. vironmental parameter as a driving force of SQT emissions.
Ozone is produced in the troposphere by the tropospheric

VOC-NOx-radiation cycle (Seinfeld and Pandis, 2006) via4-1 SQT emission algorithm

the conversion of NO to N®and the subsequent the pho- . .
tolysis of NOy. Since radiation and temperature are stronglyour results showed a clear correlation between SQT emis-

coupled, both parameters show a dependency with ambierﬁions and ambient ozone concentrations, suggesting.that this
ozone concentrations. Figure 4 is also demonstrating the co€nVironmental parameter should not be neglected in SQT

relation coefficient between temperature and ambient ozon§MiSSion model studies. We suggest a similar parameterisa-
concentrations. In less polluted regimes the correlation id!on With the one that is used for MT (Guenther et al., 1993)
higher indicating the natural formation of 0zone moleculesPut With an additional term that includes the observed expo-

without the subsequent destruction of ozone by elevated levential relationship between ozone and SQT emissions:
els of NG,. However, in more polluted regimes the given cor-
relation is showing the tenancy to decline. This is attributed
to the anthropogenic pollution arriving from the highly pop- Esqtr is the emission term that describes the effect of
ulated and industrialised Rhine-Main area. Therefore, the inheat stress on SQT emissions

creased dependency shown for ozone in higher regimes, is

not strongly associated with the temperature effect in SQTEsQT,r = Es 7 - exp(B - (T —30)) (3a)
emissions.

In Fig. 5, we obtained thg-factors and emission poten-
tials (Es 1), derived from regression analysis between enclo-
sure temperatur_e and calculated emissions at each regim%.SQTQ = Es0, - €Xp(o - ([03] — 40pphy)) (3b)
For intercomparison reasons we also demonstrate the be-
haviour of total MT emissions, analysed with the same ap-

Esqorr = Esorr + Esoro (3

andEsgr,q, is the additional term that is used to describe the
oxidative stress:

www.biogeosciences.net/9/4337/2012/ Biogeosciences, 9, 483/2-2012
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Taunus Observatory (Mt. Kleiner Feldberg) 2011 : Correlation coefficients
07 T T T T

T
-4 -0Ozone and temperaturs

@ SAT emissions and termperature b
iR - @ - SAT emissions and ozone :

sk b o

correlation coefficient

|
10 20 30 40 50 60 70
Qzone (ppbv)

Fig. 4. Correlation coefficients for temperature and ozone calculated individually for ten different ozone regimes. In moderately or less
polluted atmospheric conditions SQT emissions were better correlated with temperature, while in more polluted atmospheric conditions
the emissions were better correlated with ambient ozone mixing ratios, indicating a critical threshold in the parameter that is driving the
emissions. The smaller correlation between ambient ozone concentrations and temperature is observed in higher ozone regimes, indicating
stress due to ozone only not because of heat stress.

Taunus Observatory (Mt. Kleiner Feldberg) 2011 : Ozone regimes
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complete ozone spectrum with no significant variation is visible. On conifaeyr display smaller values after the fourth ozone regime.
The respective emission potenti#l{sqq) is displayed as a dynamical well along the ozone spectrum, with the lowest values to be observed
for the range with the most representative ozone concentrations for the site.

where g (°C™1) is an empirical coefficient callegs-
factor, T is the temperature inside the cuvette (i€),
Es7 (ng g(dwyth~1) is the emission potential &= 30°C
(Guenther et al., 19935 o, (ng g(dw) th~1) is the emis-
sion potential at 40 ppbmixing ratio of ozoneg (pph71) is
an empirical coefficient called-factor (sigma factor) and
[O3] is the ambient ozone mixing ratio in ppb/\e chose to

Biogeosciences, 9, 4334352 2012

use the value of 40 pphO3 for the standard basal emission
potential Es o, due to oxidative stress because of the critical
threshold observed and presented at Sect. 3.4. Below this
value, the second term of Eqg. (3) has a minor contribution
in total SQT emissions, but in higher concentrations, the
importance of this pollutant as a driver of SQT emissions is
magnified because of the exponential term in the equation.

www.biogeosciences.net/9/4337/2012/
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Fig. 6. Pattern of the derived SQT emissions, parameterised for the site of interest.

SQT emissions with representative values for the site ofthe linear fit between observations and the suggested emis-
interest are illustrated in Fig. 6. The values applied insion algorithm is close to 11 line. In any case the model
the equation ar€sr =(347.2+70.4)ngg(dwy’h=1, overestimates the measured emissions, but not in a critical
B =(0.11+£0.02)°C1, Es 0, =(52.5+6.9) ng  way. This deviation is most likely attributed to the effect of
g(dw)"th=1, ¢ =(0.05+0.01 ppl 2. RH, which was excluded from the algorithm even if a tenta-
Thus, ozone stress has a minor impact in vegetation undetive effect on SQT emissions was observed (Fig. 1d).
not polluted conditions (Sects. 3.3 and 3.4) and, therefore, Coupled with the presented linear fit between the mea-
EsqgT,0, Should be small in remote forests. Nevertheless, wesured SQT emissions and the modelled ones, a satisfactory
observed (Fig. 5) that SQT emission responses to temperdit was observed across the complete timeline of the mea-
ture can attenuate under higher ozone concentrations. Thisurements (Fig. 8). There are only two periods during the
trend has already been hypothesized by Staudt et al. (2011year, where a significant mismatch is apparent, while else-
according to whom it is most likely that other environmen- where the algorithm can efficiently capture SQT emissions.
tal factors such as drought, ozone and;Gf@ncentrations One period is during the growing season at the end of April—
can amplify or attenuate such alterations in the emission rebeginning of May. Twigs length was measured continuously
sponses to temperature. An empirical formulation of SQTduring this period and dry mass weight was derived from
emissions, such the one that we suggest, cannot explain alhese measurements. New grown leaves have different pools
the details of the emission profile of these compounds but itand, therefore, different capabilities in emitting SQTs (Guen-
broadens our understanding in the tree responses under natilner et al., 2006). The second period that an overestimation of
ral conditions. SQT emission was observed is located at the second half of
August, but a clear explanation about this observation cannot
4.2 Intercomparison between emission algorithm and ~ Pe provided. We assume that, as Holopainen and Gershen-
observations zon (2010) stated at their review, that the co-occurrence of
multiple stresses may significantly limit energy or nutrient
The algorithm that considers temperature as the only driv—SUpp"eS’ and so it may nqt b.e possible for a pIanF 0 respo_nd
. : ' to every stress factor impinging on it at a single time. Addi-
ing force (Eq. 2) was found to substantially underesﬂmatetiona"y SQT are usually stored before emissions and these
SQT emissions during the year (Fig. 7). On contrary, when ' . ;
we consider additionally the oxidative stress, the fitting be_storage pools are expected to decrease during the year. This

. . éapplies especially at intense stress levels and only moderate
tween the measured and calculated values improves consid- .
. . _production rates may expected thereafter.

erably. Nevertheless, a so far neglected issue when modelllnB

VOC emissions are the observed changes (Fig. 1, Sect. 3.1) at

empirical coefficientsf-, ando-factor) and basal emission

potentials €57 , Es,o,) along the season. Using Eqg. (3) with

the aforementioned parameters individual for each season,

www.biogeosciences.net/9/4337/2012/ Biogeosciences, 9, 483/2-2012
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Taunus Observatory (Mt. Kleiner Feldberg) 2011 : SQT emissions vs model
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Fig. 7.Comparison between measured and calculated SQT emissions. An only temperature dependent algorithm substantially underestimate
the measured emissions (gold dashed line). The addition of the ozone depended term (blue dashed line) is improving the fitting between
measured and modelled emissions, while the best fit (red line) is observed when the seaswlafactors and emission potentialsd r,

Es o) are considered in the algorithm.
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Fig. 8. Temporal pattern of the measurements compared with the new emission algorithm.

4.3 The neglected role of relative humidity measured emissions. Our findings suggest that this parameter
is influencing SQT emissions, but with a significant impact
only under specific conditions. This might indicate different

High RH was causing condensation and water films on neestorage pools of sesquiterpenes within a single tree, which

dle surfaces. This resulted in reduced SQT emissions, indigre used dependent on ambient conditions. Hence, further de-

cating that the water film was acting in a protective way for yelopments and field studies are essential in order to achieve
ozone stress. This observation seems to explain the fact that petter understanding on SQT emissions from vegetation in
our model overestimates SQT emissions under 100 % of Rkhmbient atmosphere.

(Fig. 9). This could also explain the observed deviations pre-

sented in Fig. 7, despite the linearity between modelled and

Biogeosciences, 9, 4334352 2012 www.biogeosciences.net/9/4337/2012/
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Taunus Observatory (Mt. Kleiner Feldberg) : July 2011
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Fig. 9. Example of how RH can influence SQT emission rates. In case GERBD %, the algorithm fails, since the thin water layer created
above the needle surface acts in protective way for the involved stresses.

5 Discussion single branch only and branch-to-branch variability depend-
ing on the height and the species is expected. Hence, a repli-
cation of this observation is important in order to draw final

The relationship between plant stress and VOCs has beeggnclusions.

studied for several years in many ways, but stresses have usu- Our results showed a direct relationship between ambient

ally been considered as single, independent factors. The reszone concentrations and SQT emissions with an observed

view of Holopainen and Gershenzon (2010) has shown thaje|ay in the correlation coefficients (Fig. 3). It is not the first
the interaction of multiples stresses has great potential tqime that a delay in 0zone triggering emissions has been re-
alter VOC emission and that additive effect of stresses oryorted. Sharma et al. (1994) fumigated thaliana leaves and

VOC emissions might also be expected for combination ofghserved 3 h delay in the synthesis of phenylpropanoid com-

abiotic stresses, including high temperature and ozone, bothounds while Heiden at al. (1999) reported enhanced SQT

of which induce higher VOC emission rates when appliedconcentrations 5 h after fumigating an ozone resistant vari-
singly. BVOC emissions are typically modelled with either ety of Nicotiana tabacum with 170 nmol mdi Og. Hence,
temperature-dependent or temperature- and light-dependegt delay in the ozone triggering SQT emissions needs to be
algorithms (e.g., Guenther et al., 1995). Most emission modtgnsidered in future studies.

els assume that the majority, if not a”, of MTs are emitted as a Regression tree analysis showed that MT can also be in-

function of temperature, but due to limited studies, SQT datafyenced by ambient ozone concentrations. However, a clear

are either eliminated from global models or vast assumptiongxponential correlation similar with the one of SQT was not
have to be made about their emission drivers (Bouvier-Brownpphserved, while Es (MT) angiyt were also relative stable

et al., 2008) NevertheleSS, the reaCtiVity Of plant VOIatiIESaJong the different ozone regimes_ The review ofilreas

and their contribution in destroying ozone may have a signif-and Staudt (2010) is presenting a significant amount of stud-

icant impact on the interpretation of the role of such emis-jes that indicate a correlation between MT and ozone and,

sions (Jardine et al., 2011). If this compound is also emittedtherefore, one should consider possible effects on MT emis-
to protect the plant from elevated ozone concentrations, thejons when studying the impact of ozone in vegetation.

we need to take this into account when trying to interpret the  Among the studies that have examined the light depen-

measurements. Total ozone fluxes in mid-latitude forests cagency of SQT emissions, there have been contrary findings,

be dominated by gas-phase chemistry and not by stomatglith evidence that some emissions are solely temperature-
uptake (Fowler et al., 2001; Kurpius and Goldstein, 2003).controlled while others are also affected by light (Duhl et

Therefore, it is essential for the atmospheric chemistry tog| 2008). Each of the studies that did not observe light de-

understand the correlations between the emitted SQT fronbendencies in SQT emissions were conducted in field con-

vegetation and ambient ozone concentrations. We postulategitions under ambient light and temperature regimes and

an empirical parameterisation that can describe this relationcomes in line with our finding. As pointed out from Jardine
ship. However, the measurements were conducted using a
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