
BOREAL ENVIRONMENT RESEARCH 22: 353–367	 © 2017
ISSN 1797-2469 (online)	 Helsinki 11 September 2017

Editor in charge of this article: Veli-Matti Kerminen

Seasonal variation in biogenic volatile organic compound 
(BVOC) emissions from Norway spruce in a Swedish boreal 
forest

Min Wang1)*, Guy Schurgers2), Almut Arneth3), Anna Ekberg4) and 
Thomas Holst1)

1)	Department of Physical Geography and Ecosystem Science, Lund University, Sölvegatan 12, 
SE-223 62 Lund, Sweden (*corresponding author’s e-mail: min.wang@nateko.lu.se)

2)	Department of Geosciences and Natural Resource Management, University of Copenhagen, Øster 
Voldgade 10, DK-1350 Copenhagen K, Denmark

3)	Karlsruhe Institute of Technology (KIT), Institute of Meteorology and Climate Research-Atmospheric 
Environmental Research (IMK-IFU), D-82467 Garmisch-Partenkirchen, Germany

4)	Centre for Environmental and Climate Research, Lund University, Sölvegatan 37, SE-223 62 Lund, 
Sweden

Received 31 Mar. 2017, final version received 23 Aug. 2017, accepted 23 Aug. 2017

Wang M., Schurgers G., Arneth A., Ekberg A. & Holst T. 2017: Seasonal variation in biogenic volatile 
organic compound (BVOC) emissions from Norway spruce in a Swedish boreal forest. Boreal Env. Res. 
22: 353–367.

Terpene emissions from the top-canopy layer (at 20 m) of one 118-year-old Norway spruce 
tree were measured between June and September 2013 using a branch chamber. Total terpene 
emissions varied from 0.05 to 332.5 µg gdw

–1 h–1 with a peak in August. Monoterpenes dom-
inated throughout the summer and on average accounted for 65% of the total terpene mass, 
followed by sesquiterpenes (29%) and isoprene (6%). The values obtained with an optimized 
hybrid model, assuming the partitioning of monoterpene emissions from both de novo syn-
thesis and storage structures, were in good agreement with the observed emissions (Pearson’s 
r = 0.94) at the branch level. De novo monoterpene emissions were found to dominate in all 
campaigns (> 50%) with almost 100% in June. The highest standardized (30 °C, 1000 µmol 
photons m–2 s–1) monoterpene emission rate was 210.3 µg gdw

–1 h–1 in August, followed by 
that in June (68.8 µg gdw

–1 h–1). Therefore, both de-novo-synthesis and long-term observations 
that include seasonal variations are needed for accurately upscaling terpene emissions.

Introduction

Biogenic volatile organic compounds (BVOCs) 
are hydrocarbons known to be produced by 
at least 90 plant families, and are involved 
in plant physiological processes, reproduction 
and self-defense (Laothawornkitkul et al. 2009, 
Peñuelas and Staudt 2009, Loreto and Schnit-
zler 2010, Holopainen 2011). While the term 

BVOC includes hundreds of chemicals, the most 
important compounds are grouped into isoprene 
(C5H8), monoterpenes (MT, C10H16) and sesqui-
terpenes (SQT, C15H24) (Laothawornkitkul et al. 
2009).

BVOCs are chemically very reactive with 
atmospheric lifetimes ranging from minutes to 
days (Kesselmeier and Staudt 1999) under ambi-
ent conditions, and thus are important for atmo-
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spheric chemistry, leading to e.g. changes in the 
ozone cycle and increase in the lifetime of meth-
ane (Laothawornkitkul et al. 2009, Arneth et al. 
2010). BVOCs can also act as precursors for sec-
ondary organic aerosol (SOA) and that way con-
tribute to important global and regional climate 
change feedback mechanisms (Charlson et al. 
1987, Arneth et al. 2010, Paasonen et al. 2013).

Temperature and light (photosynthetically 
active radiation, PAR) have been shown to be 
key environmental controls for the synthesis and 
emissions of BVOCs on the short term: tem-
perature regulates the isoprene and monoterpene 
(MT) synthase activities (Monson et al. 1992), 
affects availability of substrates for BVOC syn-
thesis (Laothawornkitkul et al. 2009), and con-
trols the volatility and diffusion rates of BVOC 
compounds (Llusià et al. 2006), whereas PAR 
determines the availability of the terpene precur-
sor glyceraldehyde-3-phosphate and the energy 
requirements of ATP and NADPH (Niinemets et 
al. 1999, Niinemets and Reichstein 2003). While 
isoprene is emitted directly after the synthesis, 
MTs can be either emitted directly or stored in 
specific organs of the plant, e.g. in resin ducts in 
conifer needles (Staudt et al. 1997, Niinemets 
and Reichstein 2003, Tarvainen et al. 2005). The 
emission of terpenes from a storage pool increases 
exponentially with temperature (Guenther et al. 
1993, Hakola et al. 2006), and emission rates for 
terpenes stored inside the tissue are also regu-
lated by pool size and internal or external glands 
(Lerdau 1991, Kesselmeier et al. 1997). Terpenes 
not stored in any pool after synthesis are expected 
to have a faster and stronger short-term response 
to ambient conditions as compared with that of 
stored compounds, so that their emissions are 
related to PAR and photosynthetic rates and do 
not depend on temperature only (Staudt and Seu-
fert 1995, Llusià and Peñuelas 2000). In addi-
tion, while most compounds are primarily emitted 
through stomata, emissions of some non-oxygen-
ated terpenes and isoprene are nonetheless consid-
ered insensitive to a stomatal closure due to their 
low solubility with water, which rapidly increases 
terpene partial pressure within the leaf after the 
stomatal closure (Niinemets et al. 2002, 2004).

Besides the short-term effects of temperature 
and radiation on BVOC emissions, mechanical 
disturbance, drought stress, excessive heat or 

herbivore attacks can alter the diurnal and sea-
sonal patterns and total amount of terpene emis-
sions, and even change the spectra of emitted 
chemical compounds (Loreto et al. 2000, Loreto 
and Schnitzler 2010, Holopainen 2011). Fur-
thermore, the dynamics of foliage development 
over a growing season (leaf unfolding, senes-
cence) and the development of the photosyn-
thetic capacity (Chandler and Dale 1993, Räim 
et al. 2012, Kolari et al. 2014) are expected to 
vary the regulation of BVOC emissions with 
temperature and PAR. For instance, Aalto et al. 
(2015) reported that the onset of photosynthesis 
during spring time promoted MT synthesis and 
led to an emission burst of MT.

Today, there is still a lack of long-term obser-
vational data on BVOC emissions covering sea-
sonal effects, specifically for evaluating emission 
models. The unknown variability of species- or 
biome-specific emission capacities throughout 
the seasons causes large uncertainties in emis-
sion models (Arneth et al. 2008), as short-term 
measurements are unable to indicate the season-
ality and cause great discrepancy between the 
measured emission rates and modeled result on 
longer time scales (Holzinger et al. 2006, Holzke 
et al. 2006).

Norway spruce (Picea abies) is one of the 
dominant conifer species in northern and central 
Europe (Grabmer et al. 2006, Kivimaenpaa et 
al. 2013). However, compared with studies of 
Scots pine (Bäck et al. 2005, 2012, Tarvainen et 
al. 2005, Hakola et al. 2006, Rinne et al. 2007), 
there are only few studies about seasonal varia-
tions of BVOC emissions from Norway spruce, 
leaving large gaps in the emission inventory for 
MT and SQT in boreal forests. In short-term 
measurements, spruce has been reported to emit 
mainly MT compounds, but also to produce 
and release other terpenes, such as isoprene and 
SQT (Janson 1993, Janson et al. 1999, Hakola 
et al. 2000, Grabmer et al. 2006). The emission 
rates of BVOCs from boreal species and their 
temperature sensitivity have been observed to 
vary depending on provenience and stand loca-
tion (Komenda and Koppmann 2002, Tarvainen 
et al. 2005, van Meeningen et al. 2016), and 
with the time of the year (Hakola et al. 2001, 
2006, Ruuskanen et al. 2007). Janson (1993) 
and Bourtsoukidis et al. (2013) found maximum 
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MT emissions from Norway spruce during early 
summer (June–July), whereas SQT emissions 
peaked already in spring (April).

The aim of this study was to characterize the 
spruce BVOC emissions at a branch level in a 
typical spruce- and pine-dominated forest in cen-
tral Sweden, with a specific focus on the temporal 
development of compound spectrum and terpene 
emission rates during a growing season (June to 
September). We analyzed more than 200 individ-
ual 30-min emission samples and determined their 
dependences on light and temperature. The effect 
of seasonal variations was addressed with model 
approaches using either a constant standardized 
emission rate (ES) or a temporally varying ES to 
estimate BVOC emissions over the whole grow-
ing season. Our results provide a robust under-
standing of emission characteristics for Norway 
spruce forest for the modeling community.

Methods

Study site

The study site is a boreal forest dominated by 
Norway spruce (Picea abies) and Scots pine 
(Pinus sylvestris) located in central Sweden, 
about 30 km north of Uppsala. The Norunda 
research station (60°05´N, 17°29´E) has been 
used since 1994 as a flux station equipped with 
a 102-m-tall tower (Lindroth et al. 1998, Lundin 
et al. 1999), and is now included in the ICOS 
(Integrated Carbon Observation System, http://
www.icos-sweden.se/) network. The managed 
stand is between 80 and 120 years old (Lundin 
et al. 1999, Lagergren et al. 2005), with a canopy 
height of around 25 m and leaf area index (LAI) 
of 3–6, and with higher values for these quanti-
ties in the spruce-dominated parts of the stand 
(Lagergren et al. 2005). The forest is standing on 
a sandy-till soil with mainly mosses and dwarf 
shrubs at ground level. The annual average air 
temperature is 5.4 °C and the annual precip-
itation is 520 mm (Aubinet et al. 2010). The 
growing season extends from about mid-April 
to mid-October based on a 5 °C threshold (Lin-
droth et al. 1998). More details about the site, 
plant species and soil properties can be found in 
Lundin et al. (1999).

The BVOC measurements reported here were 
made using a 20-m-tall scaffolding tower system 
located about 100 m NW of the flux tower. This 
allows for canopy access to a Norway spruce 
tree for e.g. chamber measurements.

BVOC measurements

Five campaigns of five–six days each were car-
ried out between early June and late Septem-
ber 2013 (6–11 June, 3–7 July, 25–31 July, 
10–16 August, 21–25 September), in which the 
amount and composition of BVOC emissions 
from Norway spruce were measured during day-
time using a dynamic chamber system. The 
cylinder-shaped transparent PTFE chamber 
with a volume of 13 liters (diameter 19 cm, 
length 46 cm) was placed on a 26-m-tall Norway 
spruce tree (118 years old) with a trunk diam-
eter of 32.5 cm (at 1.3 m above ground) on a 
branch in the upper part of the canopy (ca. 20 m 
above ground) within the reach from the scaf-
folding tower. For each of the five campaigns, 
the chamber was carefully placed on one branch 
and given at least one night to settle (with a 
ventilation lid opened) before the measurements 
started, in order to avoid induced emissions due 
to rough handling. Every morning before the 
measurements started, the chamber was flushed 
for at least one hour with a VOC-free air after the 
ventilation lid had been closed. When measure-
ments stopped in the evening, the lid was opened 
again to vent the chamber and to keep the branch 
at ambient conditions during night.

A data logger (CR1000, Campbell Sci, USA) 
recorded measurements from two temperature 
and relative humidity (RH) probes (CS215, 
Campbell Sci., USA) placed within and next 
to the chamber at the same height, respec-
tively. PAR was measured by a quantum sensor 
(LI-190, LI-COR, USA) fixed on the tower close 
to the chamber, and connected to a data logger. 
Ambient air was pumped through a hydrocarbon 
trap (Alltech Associates Inc., USA) containing 
MnO2-coated copper nets to remove ozone. This 
air then entered the chamber with a flow rate of 
6.7 l min–1, so the residence time of ozone- and 
VOC-free air in the chamber was about two 
minutes. Air samples were then collected using 
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adsorbent tubes filled with Tenax-TA and car-
bongraph 1 TD (Markes International Limited, 
UK) every hour between 08:00 and 17:00 local 
time (some samples were missing due to poor 
weather conditions or instrument failure) with 
a sampling time of 30 min each at a flow rate of 
0.2 l min–1 using a PocketPump (SKC, USA). 
Two blank samples were taken from the VOC-
free airflow before entering the chamber in each 
campaign to account for any instrumental back-
ground emission. No terpenes could be detected 
in any of the blank samples.

The adsorbent tubes were sealed with long-
term storage caps immediately after use, and 
stored at 5 °C for a maximum of five weeks 
before being analyzed in the laboratory in Lund. 
Analysis of samples was done by automatic ther-
modesorption (Turbomatrix ATD, PerkinElmer, 
Waltham, MA, USA) and gas chromatography 
(GC-2010, SHIMADZU, Japan) using a 30-m 
column (internal diam. 0.25 mm, Varian, The 
Netherlands) and a mass-selective detector 
(GCMS-QP2010 Plus, Shimadzu, Japan) similar 
as Ekberg et al. (2011). The Tenax tubes were 
initially heated to 280 °C in a flow of purified 
helium for ten minutes. A Tenax TA cold trap 
maintained at –30 °C cryo-focused the volatil-
ized VOCs downstream. Then the cold trap was 
flash heated to 300 °C (40 °C s–1) and desorp-
tion time was maintained for six minutes. The 
volatilized compounds passed through a heated 
transfer line (200 °C) to the gas-chromatography 
equipped with a flame ionization detector (FID). 
Detected compounds were identified by compar-
ing the measured mass spectrum with the spectra 
in the NIST mass spectra library. Peak quantifica-
tion was done using solutions of liquid standards 
(α-pinene, β-pinene, 3-carene, limonene, euca-
lyptol, and caryophyllene) and methanol. For the 
compounds for which standards were not avail-
able, we used an averaged correlation equation 
between known masses of standard compounds 
and their corresponding integrated peak area.

Data analysis

Calculation of the emission rate E

The calculation of the BVOC emission rate, E, 

from a branch was based on the BVOC con-
centration of the air that was sampled with the 
adsorbent tubes, the flow rate through the cham-
ber system, and the biomass that was present 
within the enclosure (Hakola et al. 2003, Ortega 
and Helmig 2008). E is defined as follows:

 E = (C2 – C1)Fm–1,

where C2 is the concentration of BVOC within 
the enclosure air, C1 is the BVOC concentration 
of air entering the chamber, F is the flow rate 
through the chamber and m is the dry weight of 
biomass of the branch in the enclosure. Here, 
the air entering the chamber was filtered through 
activated carbon, and according to the blank 
samples taken C1 = 0. At the end of each cam-
paign, the branch in the enclosure was cut and 
dried at 75 °C until the biomass weight was 
constant.

For monoterpenes that are emitted either 
directly after synthesis or from a storage pool, 
the emission rate E can be calculated with the 
following hybrid model (Ghirardo et al. 2010):

 E = ES[fdenovoCTCPAR + (1 – fdenovo)γ], (1)

where

 ,

 , and

 γ = exp[β(T – TS)],

where ES is the standardized emission rate 
(µg gdw

–1 h–1) at the standard temperature TS of 
303.15 K and PAR of 1000 µmol m–2 s–1, fdenovo is 
the fraction of the standardized emissions origi-
nating directly from synthesis, CPAR describes the 
variation caused by light, and CT is the tempera-
ture-dependent part, both of which were defined 
by Guenther et al. (1993). The parameters of α, 
CL1, CT1, CT2, R, TM were the same as in Guenther 
et al. (1993). T is the leaf temperature (K) that 
was approximated by the air temperature inside 
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the chamber, PAR is the measured light condi-
tion (µmol m–2 s–1) close to the chamber, γ is the 
temperature activity factor for vaporizing from 
the pool, and β is a parameter to account for the 
temperature sensitivity (K–1) of emissions which 
was kept at 0.09 K–1 (Guenther et al. 1993).

The hybrid model was first optimized based 
on all the data from the five campaigns, result-
ing in one value for fdenovo and ES for the entire 
season, which we call here hybrid_const. In 
the second approach, this model was optimized 
for each campaign separately, resulting in fdenovo 
and ES varying from campaign to campaign, 
which we call here hybrid_adj. Pearson’s cor-
relation was used to test the level of agreement 
between the measured terpene emissions and 
terpene emissions modeled using hybrid_const 
and hybrid_adj approaches.

Gap filling

From the 227 individual samples, 23 samples 
from late July and August campaigns showed 
saturation of one or a few compounds during 
the GC-MS analysis. This concerned mainly 
α-pinene (22 samples) and isoprene (nine sam-
ples), but to some extent also β-pinene (four 
samples), myrcene (three samples) and limonene 
(four samples). We assumed that all the com-
pounds released from the same branch during 
the period of one campaign responded to the 
environmental drivers in the same way, and 
therefore these few saturated samples were gap 
filled by using linear functions found between 
the saturated compound and other unsaturated 
compounds in the same sample (Table 1).

Results

Five one-week campaigns separated by 3–5 
weeks were carried out from early June to the 
end of September 2013. Weather conditions 
during those campaigns were representative for 
the growing season of 2013. The precipitation 
from May to September 2013 was 258 mm, 
which is 207 mm less than the average for the 
same period during the previous three years. 
The average temperature at the site in May–
September 2013 was similar to that in 2010 
and 2011 during the same period, while it was 
1.3 °C higher than in 2012. During the whole 
measurement period in 2013, the temperatures 
inside the chamber were between 5 and 40 °C 
with an average of 22 °C. The highest tempera-
ture in the chamber was recorded at the end of 
July and the lowest at the end of September 
(Fig. 1a). The greatest temperature difference 
between the inside and outside of the chamber 
was 12 °C when the chamber was exposed to 
sunlight at noon. Variations of vapor pressure 
deficit (VPD) followed strongly the temperature, 
and the discrepancy in VPD between inside 
and outside of the chamber was the greatest at 
noon (Fig. 1b). Light and temperature co-varied 
during most of daytime. PAR measured above 
the canopy (at the site’s main tower at a height 
of 32 m) was considerably higher than inside 
the upper canopy level where the chamber was 
located, and it reached its maximum earlier than 
the PAR measured inside the canopy. There were 
generally more fluctuations in PAR and lower 
average values inside the canopy (Fig. 1a) due 
to shading by other tree tops and branches. The 
forest stand was already productive when BVOC 
measurements started in early June. Gross pri-

Table 1. The linear regressions used to fill data gaps. 

Statured terpene	 Regression function	 r 2	 n	 p <	 Campaign

Isoprene	 Cisoprene = 1.28Ccamphene + 2.80	 0.67	 44	 0.001	 25–31 July
Myrcene	 Cmyrcene = 0.24Ccamphene – 0.26	 0.87	 45	 0.001	 10–16 August
α-pinene	 Cα-pinene = 1.07Ccamphene + 3.75	 0.72	 38	 0.001	 25–31 July
α-pinene	 Cα-pinene = 1.74Ccamphene + 3.89	 0.95	 41	 0.001	 10–16 August
β-pinene	 Cβ-pinene = 0.16Climonene – 0.68	 0.71	 48	 0.001	 25–31 July
β-pinene	 Cβ-pinene = 0.95Climonene + 0.89	 0.92	 45	 0.001	 10–16 August
limonene	 Climonene = 1.46Ccamphene + 3.89	 0.86	 49	 0.001	 25–31 July
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mary production (GPP), estimated using the CO2 
flux, temperature and incoming radiation from 
the main tower at 32 m height with a flux-par-
titioning tool (Reichstein et al. 2005; http://
www.bgc-jena.mpg.de/~MDIwork/eddyproc/
index.php), remained stable from June to August 
with maximum values exceeding 25 µmol m–2 s–1 
during daytime. During the final campaign in 
September, GPP was much lower (below 16 
µmol m–2 s–1; Fig. 1b).

Seasonal distribution of BVOCs 
emissions

Total terpene emissions measured between June 
and September 2013 varied between 0.05 and 
332.5 µg gdw

–1 h–1 (0.04–293.4 µgC gdw
–1 h–1). 

Peak emissions of isoprene, MT and SQT were 
in August, and the peak MT emissions were 
three times higher than the peak isoprene or SQT 
emissions (Fig. 1c–e). High isoprene emissions 
(average 13.3 µg gdw

–1 h–1 or 11.7 µgC gdw
–1 h–1) 

were measured during two campaigns at the 
end of July and in August. They showed distinct 

diurnal patterns with increasing values in the 
morning, and highest emissions at noon followed 
by a decrease (Fig. 1c). MT emissions varied 
from < 0.05 µg gdw

–1 h–1 (0.04 µgC gdw
–1 h–1) 

when the temperature inside the chamber was 
< 8 °C in September to 261 µg gdw

–1 h–1 (230.8 
µgC gdw

–1 h–1) when the temperature was about 
30 °C (Fig. 1d). The highest MT emission was 
measured in August. It was approximately five 
times greater than the values measured in June 
and the beginning of July, and 20 times greater 
than emissions in September (Fig. 1d). SQT 
emissions were in the range of 0–62.9 µg gdw

–1 h–1 
(0–55.5 µgC gdw

–1 h–1) from June to September 
with the highest value measured on 6 June when 
the temperature inside the chamber was 31 °C 
(Fig. 1e). Emissions of SQT in September were 
below 5.8 µg gdw

–1 h–1 (5.1 µgC gdw
–1 h–1), approx-

imately 8% of the amount that was measured in 
August. When the air temperature was < 10 °C 
during the last two days of the measurements in 
September, SQT emissions became negligible 
(Fig. 1e). SQT emissions were much higher in 
early June when isoprene was not detected in 
most of samples, whereas the emission rates 

10
20
30
40

Te
m

p.
 (°

C
)

500
1000
1500
2000

PAR
(µm

ol m
−2 s

−1)

Tin Tout

PARtp
PARin

a

5
10
15
20
25
30

G
PP

(µ
m

ol
 m

−2
 s

−1
)

1
2
3
4
5 VPD

 (kPa)

GPP
VPDinVPDout

b

10
20
30
40
50
60

Is
op

re
ne

(µ
g 

g dw
−1

 h
−1

) c

50
100
150
200
250

M
T

(µ
g 

g dw
−1

 h
−1

) d

10
20
30
40
50
60

SQ
T

(µ
g 

g dw
−1

 h
−1

)

6−11 Jun 3−7 Jul 25−31 Jul 10−16 Aug 21−25 Sep

e

Fig. 1. Overview of the 2013 growing season conditions and measured BVOC emission rates. (a) temperatures 
inside (Tin) and outside the chamber (Tout), PAR measured inside the canopy next to the branch chamber (PARin) 
and from the top of the canopy from the ICOS tower (PARtp), (b) calculated GPP from ICOS CO2 flux measure-
ments, calculated VPD inside (VPDin) and outside the chamber (VPDout), and measured emission rates of (c) iso-
prene, (d) MT and (e) SQT.



BOREAL ENV. RES.  Vol. 22  •  Biogenic volatile organic compound emissions from Norway spruce	 359

of isoprene and SQT became comparable in 
late July (~11 µg gdw

–1 h–1 or ~9.7 µgC gdw
–1 h–1; 

Fig. 1c and e). During the August campaign, 
the highest SQT emissions were recorded on 
12 August and the highest MT emissions on 16 
August (Fig. 1d and e).

Chemical composition of emission 
spectrum

The composition of detected terpenes varied 
among the individual campaigns and even during 
the course of the day. Isoprene was detected in 
most of the samples in July and August, SQTs 
were present in most of the June–September 
samples, and MT compounds appeared in all 
the samples. The most complex chemical com-
position with 13 different MT species (tricy-
clene, α-pinene, camphene, thujene, β-pinene, 
myrcene, α-phellandrene, 3-carene, 2-carene, 
limonene, sabinene, terpinene, and terpinolene) 

in some of the samples was recorded in late July, 
while eight different SQT species (α-farnesene, 
β-farnesene, longifolene, caryophyllene, berga-
motene, α-bisabolene, humulene, α-longipinene) 
were detected in some of the samples collected 
in August. However, the August data contained 
the highest average fraction (73% by mass) of 
MTs as compared with that measured during the 
other campaigns, and at the same time the pro-
portion of SQTs was the lowest fraction (15%) 
of all campaigns (Fig. 2d). 3-carene, 2-carene, 
thujene, terpinene and bergamotene appeared 
only in July and August, and α-phellandrene was 
only present in the middle of the day during July 
and August. The isoprene fraction of the total 
terpene mass was close to 0% in June, increased 
to 4% in the beginning of July and exceeded 
10% during the last three campaigns (Fig. 2a–e).

The dominant MTs were α-pinene, limonene, 
camphene, β-pinene, which collectively contrib-
uted 48%–59% of the total terpene emissions 
during summer time in 2013. α-pinene, cam-
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phene and limonene were continuously present 
in all samples (Fig. 2). The fraction of α-pinene 
in June and September varied from nearly 0% 
to almost 100% of total terpenes, but was rather 
stable in July (17% ± 3.7%) and August (18% 
± 2.7%) (Fig. 2a and e). The mass fraction 
of β-pinene in August was higher in compar-
ison with other months (18% ± 3.9%), and 
roughly the same as the fraction of limonene and 
α-pinene at the same time (Fig. 2d). Limonene 
accounted for about 15% ± 3.7% of the total 
terpene mass in the beginning of July with a rel-
atively stable distribution throughout these five 
days (Fig. 2b). When the temperature was below 
10 °C, the dominant MTs were α-pinene and 
camphene, which contributed to almost 100% of 
total terpenes, and the mass fractions of α-pinene 
and camphene varied in June and September 
(Fig. 2a and e). The fractions of both α-pinene 
and camphene were low at high temperatures 
when isoprene emissions increased, but went up 
with the decreasing temperature. The emission 
of myrcene was almost zero in September when 
it appeared only in the samples taken at noon 
time. The ratio of camphene/α-pinene was vary-
ing from 0.4 to 0.7 among different campaigns, 
with the lowest ratios in June. The fraction 
of β-pinene and myrcene was in the range of 
0%–5% in most of campaigns except in August, 
and the temperature sensitivities of myrcene and 
β-pinene were similar in all the months. The 
highest myrcene/β-pinene ratio was 1.1 in late 
July and the lowest (0.1) in August due to the 
high emissions of β-pinene in the August cam-
paign. The limonene/camphene ratio for each 
campaign was within a range of 0.3 to 1.8.

SQTs comprised 42% of the total terpene 
mass in the beginning of July and the mass 
fraction of MT was 54% during the same 
period (Fig. 2b). The fraction of SQT seemed 
to decrease when the temperature was high at 
noon (Fig. 2c and d), while it was fairly stable 

from 3 to 7 July (Fig. 2b) when the temperatures 
were relatively stable (17.8–30.5 °C) as com-
pared with those during the other campaigns. 
β-farnesene was the main SQT compound 
recorded in June–August, and its mass fraction 
decreased with time from 25% in June to 10% in 
August even though its emission rate increased 
from 5.3 µg gdw

–1 h–1 (4.7 µgC gdw
–1 h–1) in June 

to 12.1 µg gdw
–1 h–1 (10.7 µgC gdw

–1 h–1) in August. 
In September, α-farnesene became the dominant 
compound with a mass fraction of 13% of total 
emitted terpenes.

Separation of MT emissions using a 
hybrid model

To analyze the importance of de novo synthe-
sis and emissions from storage for the observed 
MT compounds, a hybrid model (Ghirardo et al. 
2010; Eq. 1) was applied to the measured data. 
The approach of hybrid_const, which optimized 
the hybrid model based on all the campaign data 
together, resulted in fdenovo of 83.6% and ES of 99.4 
µg gdw

–1 h–1. In the second approach of hybrid_adj, 
this hybrid model was optimized for each cam-
paign separately. In all the campaigns, MT emis-
sions were mostly attributed to de novo synthesis 
as fdenovo was above 50% throughout all the months 
(Table 2). All MT emissions were considered from 
de novo synthesis in June and 86.2% of emis-
sions in September, while around half of the MT 
emissions were from storage pools at the end of 
July (fdenovo = 50.7%). As for the campaign-based 
standardized emission rate ES (Table 2), it was the 
highest in August (210.3 µg gdw

–1 h–1), followed 
by that in June (68.8 µg gdw

–1 h–1) and the one at 
the end of July (57.7 µg gdw

–1 h–1). The lowest 
standardized emission rate of all campaigns was 
that in September (42.6 µg gdw

–1 h–1).
To evaluate both approaches, MT emissions 

were calculated using the hybrid model with 

Table 2. The optimization results of hybrid model based on each campaign presenting the fraction of MT emissions 
from de novo synthesis (fdenovo) and the standardized MT emission rate (ES).

	 6–11 Jun	 3–7 Jul	 25–31 Jul	 10–16 Aug	 21–25 Sep

fdenovo (%)	 100	 59.6	 50.7	 59.7	 86.2
ES (µg gdw

–1 h–1)	 68.8	 46.2	 57.7	 210.3	 42.6
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both constant and changing values of fdenovo and 
ES, and compared with the measured emissions. 
Not surprisingly, the MT emissions calculated 
with hybrid_adj agreed with the measured emis-
sions much better than those calculated with 
hybrid_const (Fig. 3). Hybrid_const overesti-
mated the MT emissions for June, July and 
September, but underestimated those for August 
when the measured emission rates were the 
highest (Fig. 3). The MT emissions calculated 
with hybrid_adj were in the range of 0.6–269.1 
µg gdw

–1 h–1, which was close to the measured MT 
emissions (0.05–261.6 µg gdw

–1 h–1). The Pear-
son’s correlation (rP) between the measured MT 
emissions and those calculated with hybrid_adj 
was 0.94 (n = 213, p < 0.01), and it captured the 
large fluctuations of the MT emissions in August 
(Fig. 3), while the correlation (rP) between the 
measured MT emissions and those calculated 
with hybrid_const was only 0.64 (n = 213, p < 
0.01).

Effect of seasonality on canopy MT 
emissions

To estimate how the variation of emission rates 
affects the calculation of the amount of MT 
emissions during the growing season on the can-
opy-scale, we used a simple upscaling based on 
the results from the previous section. For this, the 
hybrid model (Eq. 1) was used for computation 
of the seasonal emissions. The values of ES and 
fdenovo were taken from the previous step, and 
ES of MT was transformed from µg gdw

–1 h–1 to 
µg m–2 h–1 based on the measured specific leaf area 
312.5 g m–2 and leaf area index of the Norunda 

forest which was 4.8 m2 m–2 (Sundqvist et al. 
2015) to result in an emission rate for the canopy 
of the forest, EC. The temperature and PAR data 
measured from the ICOS tower at 29 m between 
1 June and 30 September 2013 were used in the 
calculations. Method 1 represented the calculated 
EC based on constant ES or fdenovo for the entire 
growing season. In method 2, ES and fdenovo from 
each campaign were assumed to be representative 
for the middle of the month, and a linear interpo-
lation was applied for these two parameter values 
between campaigns. For July, ES and fdenovo from 
the first campaign was set as that calculated for 
5 July and from the second campaign was set as 
that calculated for 25 July.

The daily averaged canopy emission rate 
EC of MT calculated using method 1 with fixed 
parameters was 3.9–8.7 mg m–2 h–1 (3.4–43.0 
mgC m–2 h–1) from June to September 2013 
(Fig. 4). However, the EC of MT calculated using 
method 2 showed substantial fluctuations in 
August, and the highest daily emission reached 
on average 71.7 mg m–2 h–1 (63.3 mgC m–2 h–1). 
The discrepancy in calculated EC of MT between 
methods 1 and 2 was as much as 47.2 mg m–2 h–1 
(41.6 mgC m–2 h–1) in August, when the cam-
paign-based ES (210.3 µg gdw

–1 h–1) of MT was 
particularly high as compared with a constant 
ES (99.4 µg gdw

–1 h–1). In June, in the beginning 
of July and in September, however, method 2 
showed lower canopy emission rates of MT. 
Generally, the adjusted model produced a stron-
ger seasonality in the emissions. Method 1 with 
a constant parameter setting gave in total 48% 
less canopy MT emissions as compared with 
method 2 with varying ES and fdenovo throughout 
the season (June–September).
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Fig. 3. The distribution of 
measured MT emissions 
and modeled emissions 
based on two meth-
ods of hybrid_const and 
hybrid_adj.
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Discussion

The emission rate and emission spectra 
of BVOCs

Compared with the previous studies, the total 
amount of MT emitted from the measured 
Norway spruce was high. For instance, a 50-year-
old Norway spruce growing in the vicinity of our 
current site emitted MT in the range of 0.1 to 5.7 
µg gdw

–1 h–1 from May to September (no August 
data reported), which was only 3%–4% of our 
measurements (Janson et al. 1999). Yassaa et 
al. (2012) observed total MT emissions from 
a 50-year-old Norway spruce in the range of 
0.55 to 12.2 µg gdw

–1 h–1 during July and August, 
which was much lower compared with our mea-
sured range of 5.1 to 261.6 µg gdw

–1 h–1 during 
the same period. However, differences in the 
measurement height and techniques could pos-
sibly contribute to the variability in the results. 
Janson et al. (1999) used a PTFE bag tied around 
a branch at a height of 15 m, and Yassaa et al. 
(2012) used a smaller chamber in the middle 
part of the canopy together with a solid-phase 
microextraction (SMPE) technique to quantify 
terpenes, while this study used a dynamic cham-
ber in the upper part of the canopy at 20 m. The 
measured Norway spruce in our study is around 
118 years old, which is much older than most of 
the spruces used in previous studies. However, 
we are not aware of any study that reports a 
variation in the BVOC emission capacity with 
age for spruce. Large variability in BVOC emis-
sion patterns exist among individual trees of the 
same species under natural growing conditions 
(Lindfors and Laurila 2000, Bäck et al. 2012), 

and therefore we cannot say that the high terpene 
emission from the measured tree represents the 
whole forest at Norunda given that our study was 
based on only one tree.

High MT emissions could possibly be a result 
of mechanical stress, but had such high emissions 
been induced they would have decreased quite 
rapidly (Litvak and Monson 1998, Bourtsou-
kidis et al. 2013). In our case, MT emissions in 
August indicated a clear diurnal pattern without 
any decline during six days of continuous day-
time measurements, which would make mechan-
ical stress to cause these high emissions rather 
unlikely. However, the specific leaf area (SLA, 
cm2 g–1) varies with age, such that a current-year 
foliage has a much higher SLA than older nee-
dles (Hager and Sterba 1985), and growing Scots 
pine needles have been reported to emit more 
MT than mature needles (Aalto et al. 2014). 
The biomass enclosed in the chamber was at 
the tip of the branches, which always includes 
new needles. This could have contributed to the 
measured high emission rates of MT from the 
spruce tree. Another possible cause of the high 
MT emissions could be beetle attacks: Ghimire 
et al. (2016) reported that the bark emission 
rates of α-pinene, camphene and limonene were 
39-, 55- and 15-fold higher, respectively, in bee-
tle-attacked Norway spruce trees than in control 
trees. However, we cannot provide any evidence 
to support this assumption since no visible signs 
of attacks were found during the measurement 
campaigns.

SQT emissions in the boreal zone are 
5%–15% of the total MT emissions (Hakola et al. 
2003, 2006, Rinne et al. 2009), although studies 
of SQT emissions from Norway spruce are very 
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limited. A recent study showed that SQT emis-
sion from spruce peaked in April (Bourtsoukidis 
et al. 2013), and Holzke et al. (2006) reported 
that for pine the SQT contribution to the total 
BVOCs was as high as 70% in March and fell 
to 1%–2% in August and September. However, 
the contribution of SQT to total terpenes in our 
study was in a wide range of 0% to 65% from 
June to August, and there was an even higher 
percentage in the September samples (Figs. 1 
and 2e). The dominant SQTs were α-farnesene 
and β-farnesene, which are commonly induced 
compounds for the self-defense against insect 
attacks, e.g. as emission after the attack by beetles 
(Blande et al. 2009). Methyl-jasmonate (MeJA, 
not measured in this study), together with MT 
and SQT accumulation in needles, is an indica-
tor of plant defense in Norway spruce (Martin 
et al. 2003). The SQT compounds reported by 
Martin et al. (2003) (α-farnesene, β-farnesene and 
α-bisabolene) were identical to the compounds 
found in our samples. Another study, examining 
mite-infestation-induced terpene emissions from 
Norway spruce, confirmed that β-farnesene and 
α-farnesene were the main volatiles emitted from 
infested trees (Kannaste et al. 2009). Kajos et al. 
(2013) reported the emissions of terpene from 
herbivore-affected Siberian Larix cajanderi to be 
up to 10 times higher in June and July and almost 
100 times higher in August as compared with 
those from unaffected trees, but wind-induced 
mechanical stress could also be a reason for 
the emission difference. Haapanala et al. (2009) 
reported that SQT emissions from a mountain 
birch in 2007 were less than 1% of those in 2006 
due to the fading effect of an herbivory damage 
(Autumnal moth) which had occurred in 2004. 
Although we were not able to detect any visible 
signs of insect attacks on the tree used in this 
study, we cannot exclude such an attack by insects 
before the measurements, given the observed high 
amounts of SQT emissions throughout the whole 
growing season until September when the air tem-
perature inside the chamber decreased to 10 °C.

Seasonal variation of MT emissions from 
branches and canopy

MT emissions originate from both de novo syn-

thesis and storage (Kahl et al. 1999), which 
makes it hard to separate light-dependent emis-
sions from temperature-regulated emissions. 
Currently, there are no adequate studies for 
Norway spruce needles to demonstrate which 
MT compounds originate from a storage pool or 
are emitted directly after synthesis, or whether 
the MT emissions are a combination of these two 
factors. The hybrid model gave a better estima-
tion of the MT emissions by including the effects 
of both temperature and light (Fig. 3). Ghirardo 
et al. (2010) reported that the fraction of MT 
emissions from de novo biosynthesis in mature 
Norway spruce needles was 33.5% by applying 
13CO2 fumigation and isotope analysis, while our 
optimized fdenovo of MT emissions was over 50% 
during all the campaigns (Table 2). The high 
fdenovo values in June and September were partly 
due to low evaporation rate of MT compounds 
from the storage pool when temperature inside 
the chamber was lower in comparison with the 
temperatures in July and August. A study of 
Mediterranean woody species by Llusià and 
Peñuelas (2000) showed that the stored terpenes 
had the lowest emissions in spring and reached 
the maximum emissions in autumn. The amount 
of MT stored inside spruce needles is probably 
very low in spring as well, which could explain 
why the optimized fdenovo was as high as 100% in 
June. The varying compound composition could 
be one of the reasons for the variability of fdenovo 
as well. A study from Schurmann et al. (1993) 
showed that α-pinene emissions from Norway 
spruce needles increased with an increasing light 
intensity, which indicated that α-pinene origi-
nated from de novo synthesis. A high fraction 
of α-pinene in emissions could contribute to 
the high values of fdenovo in June and September. 
The variation in fdenovo is also caused by the dif-
ferent activity levels of terpene synthases and 
other related enzymes during needle develop-
ment (Ghirardo et al. 2010). BVOC produc-
tion and emissions exhibit similar developmen-
tal profiles in all plant organs, with increasing 
emissions during the early development stage 
(when e.g. leaves are not fully expanded), and 
either decreasing or constant emissions after-
ward (Dudareva et al. 2013). The MT synthases’ 
activity in holm oak leaves increased fast after 
leaf emergence, reaching the peak values in 
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summer and declined in winter (Fischbach et 
al. 2002). Similarly, we assume that increased 
enzyme activities in the Norway spruce during 
the needle elongation caused high fdenovo of 100% 
in June. The concentration of MT compounds 
is also known to differ between the needles 
and bark of Norway spruce (Sallas et al. 2003, 
Ghirardo et al. 2010). However, we only took 
the needle mass enclosed in the branch chamber 
into account, and did not include any potential 
bark surface emissions. Therefore, we could not 
exclude the impacts that might have been caused 
by using different branches in these five cam-
paigns.

There were pronounced variations in the 
amount and composition of terpene emissions 
among campaigns. Both the measured MT emis-
sion rates and the standardized emission rates ES 
were at their maximums in August (Fig. 1c–e 
and Table 2), while the lowest emission rates 
were recorded in September. Staudt et al. (2000) 
reported high MT standardized emissions (ES) 
from pine in summer and much lower in winter, 
and other studies revealed that the emission 
potentials of conifers were high in spring and 
early summer and decreased in late summer and 
autumn (Janson 1993, Tarvainen et al. 2005). 
The need to accurately account for seasonal 
variations of emission rates on a canopy scale 
becomes obvious from the comparison of the 
two simple approaches applied in our study, 
one with constant ES and fdenovo for the entire 
growing season (method 1), and the second one 
with a campaign-based ES and fdenovo (method 2). 
The differences in calculated MT emissions 
between methods 1 and 2 were more pronounced 
during the middle of summer when high cam-
paign-based ES values dominated in the estimates 
produced by method 2. However, neither of the 
calculating methods could capture extreme emis-
sion events that were observed on individual 
days. We are also aware of that the temperature 
sensitivity β was constant in our calculations, 
which could have caused discrepancies between 
the measured and calculated emissions. Also, as 
gradients of light, air temperature and humidity 
exist within the forest canopy (Schurgers et al. 
2015), the simple approach used here to calcu-
late EC from measurements at the top canopy 
level may not be representative for the whole 

canopy emissions. However, this quick estimate 
shows that to precisely assess BVOC emissions 
from the whole canopy, the seasonal variations 
in emission rates need to be taken into account.

Conclusions

We measured emissions of BVOCs from the 
sun-exposed upper branch of an old spruce tree 
within a forest using a dynamic branch chamber 
throughout most of the growing season. Terpene 
emission rates were greater, and the compound 
spectrum was more complex, in July and August 
compared with those in early summer or autumn. 
Exceptionally high terpene emissions were mea-
sured in August, which were due to high tem-
peratures, possibly combined with the accumu-
lation of terpenes in storage pools in July. The 
relative contributions of the dominant MT com-
pounds to the total BVOC emissions were fairly 
stable for each branch of the individual cam-
paign, and even compounds with considerably 
different chemical properties showed a constant 
ratio of emissions. A hybrid model incorporating 
both de novo and storage pool emissions, thereby 
capturing the impacts of both temperature and 
light, was able to produce a good estimate of 
MT emissions (rP = 0.94) from branches. The 
fraction of MT emissions from de novo synthesis 
was above 50% from our sample tree, being the 
highest in June and September. However, the 
seasonal variation in terpene emissions requires 
a more detailed parameterization of algorithms 
used to model BVOC emissions throughout the 
growing season, as constant parameters for ES, 
fdenovo and β using either a growing-season or 
monthly fitting could not reproduce the observed 
variability entirely. Thus, the use of an emission 
algorithm that is based only on a short-term 
response to the temperature and light to estimate 
annual or seasonal BVOC emissions could bear 
large uncertainties.

Acknowledgements: This project was funded by the Swedish 
Research Council VR (2011-3190). We are very grateful to 
A. Båth and I. Lehner from ICOS Norunda research station 
for technical support during each campaign. We thank M. 
Mölder, F. Lagergren and P. Vestin (Lund Univ., Sweden) for 
sharing data from the research site and inspiring discussions.



BOREAL ENV. RES.  Vol. 22  •  Biogenic volatile organic compound emissions from Norway spruce	 365

References

Aalto J., Kolari P., Hari P., Kerminen V.M., Schiestl-Aalto 
P., Aaltonen H., Levula J., Siivola E., Kulmala M. & 
Bäck J. 2014. New foliage growth is a significant, unac-
counted source for volatiles in boreal evergreen forests. 
Biogeosciences 11: 1331–1344.

Aalto J., Porcar-Castell A., Atherton J., Kolari P., Pohja T., 
Hari P., Nikinmaa E., Petäjä T. & Bäck J. 2015. Onset of 
photosynthesis in spring speeds up monoterpene synthe-
sis and leads to emission bursts. Plant Cell Environ. 38: 
2299–2312.

Arneth A., Monson R.K., Schurgers G., Niinemets U. & 
Palmer P.I. 2008. Why are estimates of global terrestrial 
isoprene emissions so similar (and why is this not so for 
monoterpenes)? Atmos. Chem. Phys. 8: 4605–4620.

Arneth A., Sitch S., Bondeau A., Butterbach-Bahl K., Foster 
P., Gedney N., De Noblet-Ducoudre N., Prentice I.C., 
Sanderson M., Thonicke K., Wania R. & Zaehle S. 2010. 
From biota to chemistry and climate: Towards a compre-
hensive description of trace gas exchange between the 
biosphere and atmosphere. Biogeosciences 7: 121–149.

Aubinet M., Feigenwinter C., Heinesch B., Bernhofer C., 
Canepa E., Lindroth A., Montagnani L., Rebmann C., 
Sedlak P. & van Gorsel E. 2010. Direct advection 
measurements do not help to solve the night-time CO2 
closure problem: evidence from three different forests. 
Agric. For. Meteorol. 150: 655–664.

Blande J.D., Turunen K. & Holopainen J.K. 2009. Pine 
weevil feeding on Norway spruce bark has a stronger 
impact on needle VOC emissions than enhanced ultravi-
olet-B radiation. Environ. Pollut. 157: 174–180. 

Bourtsoukidis E., Williams J., Kesselmeier J., Jacobi S. & 
Bonn B. 2013. From emissions to ambient mixing ratios: 
On-line seasonal field measurements of volatile organic 
compounds over a Norway spruce dominated forest in 
central Germany. Atmos. Chem. Phys. 14: 6495–6510.

Bäck J., Hari P., Hakola H., Juurola E. & Kulmala M. 2005. 
Dynamics of monoterpene emissions in Pinus sylvestris 
during early spring. Boreal Env. Res. 10: 409–424.

Bäck J., Aalto J., Henriksson M., Hakla H., He Q. & Boy M. 
2012. Chemodiversity of a Scots pine stand and impli-
cations for terpene air concentrations. Biogeosciences 
9: 689–702.

Chandler J.W. & Dale J.E. 1993., Photosynthesis and Nutri-
ent Supply in needles of Sitka spruce [Picea sitchensis 
(Bong.) Carr.]. New Phytol. 125: 101–111.

Charlson R.J., Lovelock J.E., Andreae M.O. & Warren S.G. 
1987. Oceanic phytoplankton, atmospheric sulphur, 
cloud albedo and climate. Nature 326: 655–661.

Dudareva N., Klempien A., Muhlemann J.K. & Kaplan I. 
2013. Biosynthesis, function and metabolic engineering 
of plant volatile organic compounds. New Phytol. 198: 
16–32.

Ekberg A., Arneth A. & Holst T. 2011. Isoprene emissions 
from Sphagnum species occupying different growth pos-
itons above the water table. Boreal Env. Res. 16: 47–59.

Fischbach R.J., Staudt M., Zimmer I., Rambal S. & Schnit-
zler J.P. 2002. Seasonal pattern of monoterpene synthase 

activities in leaves of the evergreen tree Quercus ilex. 
Physiol. Plant. 114: 354–360.

Ghimire R.P., Kivimäenpää M., Blomqvist M., Holopainen 
T., Lyytikäinen-Saarenmaa P. & Holopainen J.K. 2016. 
Effect of bark beetle (Ips typographus L.) attack on bark 
VOC emissions of Norway spruce (Picea abies Karst.) 
trees. Atmos. Environ. 126: 145–152.

Ghirardo A., Koch K., Taipale R., Zimmer I., Schnitzler J.-P. 
& Rinne J. 2010. Determination of de novo and pool 
emissions of terpenes from four common boreal/alpine 
trees by 13CO2 labelling and PTR-MS analysis. Plant 
Cell Environ. 33: 781–792.

Grabmer W., Kreuzwieser J., Wisthaler A., Cojocariu C., 
Graus M., Rennenberg H., Steigner D., Steinbrecher R. 
& Hansel A. 2006. VOC emissions from Norway spruce 
(Picea abies L. [Karst]) twigs in the field — results of a 
dynamic enclosure study. Atmos. Environ. 40: 128–137.

Guenther A.B., Zimmerman P.R., Harley P.C., Monson R.K. 
& Fall R. 1993. Isoprene and monoterpene emission rate 
variability: model evaluations and sensitivity analyses. 
J. Geophys. Res. 98: 12609–12617.

Haapanala S., Ekberg A., Hakola H., Tarvainen V., Rinne J., 
Hellen H. & Arneth A. 2009. Mountain birch-potentially 
large source of sesquiterpenes into high latitude atmo-
sphere. Biogeosciences 6: 2709–2718.

Hager H. & Sterba H. 1985. Specific leaf area and needle 
weight of Norway spruce (Picea abies) in stands of dif-
ferent densities. Can. J. For. Res. 15: 389–392.

Hakola H., Laurilam T., Lindfors V., Hellen H., Gaman A. 
& Janne R. 2001. Variation of the VOC emission rates 
of birch species during the growing season. Boreal Env. 
Res. 6: 237–249.

Hakola H., Laurila T., Rinne J. & Puhto K. 2000. The 
ambient concentrations of biogenic hydrocarbons at a 
northern European, boreal site. Atmos. Environ. 34: 
4971–4982.

Hakola H., Tarvainen V., Bäck J., Ranta H., Bonn B., Rinne 
J. & Kulmala M. 2006. Seasonal variation of mono- and 
sesquiterpene emission rates of Scots pine. Biogeosci-
ences 3: 93–101.

Hakola H., Tarvainen V., Laurila T., Hiltunen V., Hellen H. & 
Keronen P. 2003. Seasonal variation of VOC concentra-
tions above a boreal coniferous forest. Atmos. Environ. 
37: 1623–1634.

Holopainen J.K. 2011. Can forest trees compensate for 
stress-generated growth losses by induced production of 
volatile compounds? Tree Physiol. 31: 1356–1377.

Holzinger R., Lee A., Mckay M. & Goldstein A.H. 2006. 
Seasonal variability of monoterpene emission factors for 
a Ponderosa pine plantation in California. Atmos. Chem. 
Phys. 6: 1267–1274.

Holzke C., Hoffmann T., Jaeger L., Koppmann R. & Zimmer 
W. 2006. Diurnal and seasonal variation of monoterpene 
and sesquiterpene emissions from Scots pine (Pinus syl-
vestris L.). Atmos. Environ. 40: 3174–3185.

Janson R.W., 1993. Monoterpene emissions from Scots pine 
and Norwegian spruce. J. Geophys. Res. 98: 2839–2850.

Janson R., De Serves C. & Romero R. 1999. Emission of 
isoprene and carbonyl compounds from a boreal forest 
and wetland in Sweden. Agric. For. Meteorol. 98–99: 



366	 Wang et al.  •  BOREAL ENV. RES.  Vol. 22

671–681.
Kahl J., Hoffmann T. & Klockow D. 1999. Differentiation 

between de novo synthesized and constitutively released 
terpenoids from Fagus sylvatica. Phytochemistry 51: 
383–388.

Kajos M.K., Hakola H., Holst T., Nieminen T., Tarvainen V., 
Maximov T., Petäjä T., Arneth A. & Rinne J. 2013. Ter-
penoid emissions from fully grown east Siberian Larix 
cajanderi trees. Biogeosciences 10: 4705–4719.

Kannaste A., Nordenhem H., Nordlander G. & Borg-Karlson 
A.K. 2009. Volatiles from a mite-infested spruce clone 
and their effects on pine weevil ehavior. J. Chem. Ecol. 
35: 1262–1271.

Kesselmeier J., Bode K., Schjorring J.K. & Conrad R., 1997. 
Biological mechanisms involved in the exchange of 
trace gases. In: Slanina S. (eds.), Biosphere–atmosphere 
exchange of pollutants and trace substances, Springer, 
Berlin, pp. 117–134.

Kesselmeier J. & Staudt M. 1999. Biogenic volatile organic 
compounds (VOC): an overview on emission, physiol-
ogy and ecology. J. Atmos. Chem. 33: 23–88.

Kivimaenpaa M., Riikonen J., Ahonen V., Tervahauta A. 
& Holopainen T. 2013. Sensitivity of Norway spruce 
physiology and terpenoid emission dynamics to elevated 
ozone and elevated temperature under open-field expo-
sure. Environ. Exp. Bot. 90: 32–42.

Kolari P., Juurola E., Chan T., Porcar-Castell A., Bäck J. & 
Nikinmaa E. 2014. Field and controlled environment 
measurements show strong seasonal acclimation in pho-
tosynthesis and respiration potential in boreal Scots pine. 
Front. Plant Sci. 5, 717, doi:10.3389/fpls.2014.00717.

Komenda M. & Koppmann R. 2002. Monoterpene emissions 
from Scots pine (Pinus sylvestris): field studies of emis-
sion rate variabilities. J. Geophys. Res. 107, D13, 4161, 
doi:10.1029/2001JD000691.

Lagergren F., Eklundh L., Grelle A., Lundblad M., Mölder 
M., Lankreijer H. & Lindroth A. 2005. Net primary 
production and light use efficiency in a mixed coniferous 
forest in Sweden. Plant Cell Environ. 28: 412–423.

Laothawornkitkul J., Taylor J.E., Paul N.D. & Hewitt C.N. 
2009. Tansley review: Biogenic volatile organic com-
pounds in the Earth system. New Phytol. 183: 27–51.

Lerdau M.T. 1991. Plant function and biogenic terpene emis-
sion. In: Sharkey T.D., Holland E.A. & Mooney H.A. 
(eds.), Trace gas emissions by plants, Academic Press, 
San Diego, pp. 121–134.

Lindfors V. & Laurila T. 2000. Biogenic volatile organic 
compound (VOC) emissions from forests in Finland. 
Boreal Env. Res. 5: 95–113.

Lindroth A., Grelle A. & Moren A.S. 1998. Long-term mea-
surements of boreal forest carbon balance reveal large 
temperature sensitivity. Glob. Change Biol. 4: 443–450.

Litvak M.E. & Monson R.K. 1998. Patterns of induced and 
constitutive monoterpene production in conifer needles 
in relation to insect herbivory. Oecologia 114: 531–540.

Llusià J. & Peñuelas J. 2000. Seasonal patterns of terpene 
content and emission from seven Mediterranean woody 
species in field conditions. Am. J. Bot. 87:133–140.

Llusià J., Peñuelas J., Alessio G.A. & Estiarte M. 2006. 
Seasonal contrasting changes of foliar concentrations 

of terpenes and other volatile organic compound in 
four dominant species of a Mediterranean shrubland 
submitted to a field experimental drought and warming. 
Physiol. Plant. 127: 632–649.

Loreto F., Nascetti P., Graverini A. & Mannozzi M. 2000. 
Emission and content of monoterpenes in intact and 
wounded needles of the Mediterranean pine, Pinus 
pinea. Funct. Ecol. 14: 589–595.

Loreto F. & Schnitzler J.P. 2010. Abiotic stresses and induced 
BVOCs. Trends Plant Sci. 15: 154–166.

Lundin L.C., Halldin S., Hjelm P., Kellner E., Mölder M., 
Nord T., Seibert J., Lindroth A., Grelle A., Morén A.S., 
Cienciala E., Stähli M. & Lundberg A. 1999. Continu-
ous long-term measurements of soil–plant–atmosphere 
variables at a forest site. Agric. For. Meteorol. 98–99: 
53–73.

Martin D.M., Gershenzon J. & Bohlmann J. 2003. Induction 
of volatile terpene biosynthesis and diurnal emission by 
methyl jasmonate in foliage of Norway spruce. Plant 
Physiol. 132: 1586–1599.

Monson R.K., Jaeger C.H., Adams W.W., Edward M.D., 
Gary M.S. & Fall R. 1992. Relationships among iso-
prene emission rate, photosynthesis, and isoprene 
synthase activity as influenced by temperature. Plant 
Physiol. 98: 1175–1180.

Niinemets Ü., Loreto F. & Reichstein M. 2004. Physiological 
and physicochemical controls on foliar volatile organic 
compound emissions. Trends Plant Sci. 9: 180–186. 

Niinemets Ü. & Reichstein M. 2003. Controls on the emission 
of plant volatiles through stomata: differential sensitivity 
of emission rates to stomatal closure explained. J. Geo-
phys. Res. 108, D7, 4211. doi:10.1029/2002JD002626.

Niinemets Ü., Reichstein M., Staudt M., Seufert G. & Ten-
hunen J.D. 2002. Stomatal constraints may affect emis-
sion of oxygenated monoterpenoids from the foliage of 
Pinus pinea. Plant Physiol. 130: 1371–1385.

Niinemets Ü., Tenhunen J.D., Harley P.C. & Steinbrecher R. 
1999. A model of isoprene emission based on energetic 
requirements for isoprene synthesis and leaf photosyn-
thetic properties for Liquidambar and Quercus. Plant 
Cell Environ. 22: 1319–1335.

Ortega J. & Helmig D. 2008. Approaches for quantifying 
reactive and low-volatility biogenic organic compound 
emissions by vegetation enclosure techniques — part A. 
Chemosphere 72: 343–364.

Paasonen P., Asmi A., Petaja T., Kajos M.K., Aijala M., 
Junninen H., Holst T., Abbatt J.P.D., Arneth A., Birmili 
W., van der Gon H.D., Hamed A., Hoffer A., Laakso 
L., Laaksonen A., Richard Leaitch W., Plass-Dulmer 
C., Pryor S.C., Raisanen P., Swietlicki E., Wiedensohler 
A., Worsnop D.R., Kerminen V.M. & Kulmala M. 2013. 
Warming-induced increase in aerosol number concen-
tration likely to moderate climate change. Nat. Geosci. 
6: 438–442.

Peñuelas J. & Staudt M. 2009. BVOCs and global change. 
Trends Plant Sci. 15: 133–144. 

Reichstein M., Falge E., Baldocchi D., Papale D., Aubinet 
M., Berbigier P., Bernhofer C., Buchmann N., Gilmanov 
T., Granier A., Grünwald T., Havránkov K., Ilvesniemi 
H., Janous D., Knohl A., Laurila T., Lohila A., Loustau 



BOREAL ENV. RES.  Vol. 22  •  Biogenic volatile organic compound emissions from Norway spruce	 367

D., Matteucci G. & Meyers T. 2005. On the separation 
of net ecosystem exchange into assimilation and ecosys-
tem respiration: review and improved algorithm. Glob. 
Chang. Biol. 11: 1424–1439. 

Rinne J., Bäck J. & Hakola H. 2009. Biogenic volatile 
organic compound emissions from the Eurasian taiga: 
current knowledge and furture directions. Boreal Env. 
Res. 14: 807–826.

Rinne J., Taipale R., Markkanen T., Ruuskanen T.M., Hellen 
H., Kajos M.K., Vesala T. & Kulmala M. 2007. Hydro-
carbon fluxes above a Scots pine forest canopy: measure-
ments and modeling. Atmos. Chem. Phys. 7: 3361–3372.

Ruuskanen T.M., Hakola H., Kajos M.K., Hellen H., Tar-
vainen V. & Rinne J. 2007. Volatile organic compound 
emissions from Siberian larch. Atmos. Environ. 41: 
5807–5812.

Räim O., Kaurilind E., Hallik L. & Merilo E. 2012. Why 
does needle photosynthesis decline with tree height in 
Norway spruce? Plant Biol. 14: 306–314.

Sallas L., Luomala E.M., Utriainen J., Kainulainen P. & 
Holopainen J.K. 2003. Contrasting effects of elevated 
carbon dioxide concentration and temperature on 
Rubisco activity, chlorophyll fluorescence, needle ultra-
structure and secondary metabolites in conifer seelings. 
Tree Physiol. 23: 97–108.

Schurgers G., Lagergren F., Mölder M. & Lindroth A. 2015. 
The importance of micrometeorological variations for 
photosynthesis and transpiration in a boreal coniferous 
forest. Biogeosciences 12: 237–256.

Schurmann W., Ziegler H., Kotzias D., Schonwitz R. & 
Steinbrecher R. 1993. Emission of biosynthesized 

monoterpenes from needles of Norway spruce. Natur-
wissenschaften 80: 276– 278.

Staudt M., Bertin N., Hansen U., Seufert G., Ciccioli P., 
Foster P., Frenzel B. & Fugit J.L. 1997. Seasonal and 
diurnal patterns of monoterpene emissions from Pinus 
pinea (L.) under field conditions. Atmos. Environ. 31: 
145–156.

Staudt M., Bertin N., Seufert G. & Frenzel B. 2000. Seasonal 
variation in amount and composition of monoterpenes 
emitted by young Pinus pinea trees — implications for 
emission modeling. J. Atmos. Chem. 35: 77–99.

Staudt M. & Seufert G. 1995. Light-dependent emission of 
monoterpenes by holm oak (Quercus ilex L.). Naturwis-
senschaften 82: 89–92.

Sundqvist E., Mölder M., Crill P., Kljun N. & Lindroth A. 
2015. Methane exchange in a boreal forest estimated by 
gradient method. Tellus Ser. B 67: 1, 26688, doi:10.3402/
tellusb.v67.26688.

Tarvainen V., Hakola H., Hellen H., Bäck J., Hari P. & Kul-
mala M. 2005. Temperature and light dependence of the 
VOC emissions of Scots pine. Atmos. Chem. Phys. 5: 
989–998.

van Meeningen Y., Schurgers G., Rinnan R. & Holst T. 2016. 
BVOC emissions from English oak (Quercus robur) and 
European beech (Fagus sylvatica) along a latitudinal 
gradient. Biogeosciences 13: 6067–6080.

Yassaa N., Song W., Lelieveld J., Williams J., Vanhatalo A. 
& Bäck J. 2012. Diel cycles of isoprenoids in the emis-
sions of Norway spruce, four Scots pine chemotypes, 
and in boreal forest ambient air during HUMPPA-CO-
PEC-2010. Atmos. Chem. Phys. 12: 7215–7229.


