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In this paper, the research conducted on the emissions of the biogenic volatile organic com-
pounds (BVOCs) from the European boreal zone, or taiga, is reviewed. We highlight the
main findings and the key gaps in our knowledge. Ecosystem scale BVOC emissions from
the Eurasian taiga are observed to be relatively low as compared with those from some
forest ecosystems in warmer climates. One of the distinctive features of the Eurasian taiga
is the predominance of monoterpene emitting coniferous trees. Recent research indicates
that in addition to evaporation from storage structures, part of the monoterpene emission of
conifers originates directly from synthesis. Monoterpene emission from boreal deciduous
trees originates mainly directly from synthesis. The boreal trees exhibit distinct intra-spe-
cies variation in the monoterpene mixtures they emit. Important sources of isoprene in the
Eurasian taiga include Norway spruce, open wetland ecosystems and some non-dominant
woody species, such as European aspen and willows. Many boreal tree species also emit
non-terpenoid compounds and highly reactive sesquiterpenes. The future challenges in
the research on BVOC emissions from the Eurasian taiga include (i) quantification and
understanding the non-terpenoid VOC emissions from the taiga ecosystems, (ii) bringing
ecosystems in the eastern Eurasian taiga into the sphere of BVOC emission studies, (iii)
establishing long-term ecosystem flux studies combined with plant physiological measure-
ments, and (iv) integrating knowledge and research skills on BVOC synthesis, strorages
and emissions, land cover changes and atmospheric processes in different spatial and tem-
poral scales in order to better understand the impact of biosphere on atmospheric chemistry
and composition in changing climate.

Introduction

Biogenic volatile organic compounds (BVOCs)
play a central role in the tropospheric chemis-
try. Many BVOCs participate in aerosol growth
and formation processes (Went 1960, Claeys et
al. 2004, Tunved et al. 2006). As the volatile
organic compounds (VOCs) react with ozone,

and OH and NO, radicals, the reaction products
may have lower volatility and thus condense into
aerosol particles. BVOCs also affect the pro-
duction and destruction of tropospheric ozone
(Atkinson and Arey 2003). As they compete with
methane for OH, they may have an influence
on the atmospheric lifetime and concentration
of this powerful greenhouse gas (Kaplan et al.
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2006). VOCs may also affect the optical prop-
erties of aerosol particles (Noziere and Esteve
2005). Even though in Europe the anthropogenic
VOC emissions generally surpass the biogenic
emissions, in northern Europe the biogenic emis-
sions dominate (Simpson et al. 1999, Lindfors
et al. 2000). Also on the global scale, the bio-
genic VOC emissions clearly dominate over the
anthropogenic ones (Guenther et al. 1995).

Biogenic VOCs are a very heterogeneous
group of compounds, which are naturally pro-
duced in many different plant organs and in a
variety of physiological processes in all plant
genera. A large variation among plant species
exists in the emitted volatile mixture and their
quantities. Globally the most significant com-
pounds among the non-methane BVOCs are
isoprene, mono- and sesquiterpenes, and some
short-chained alcohols, ketones and aldehydes. A
general phenomenon is that the warmer regions
are dominated by isoprene emitting plant genera,
while in the temperate and boreal areas, mono-
terpene emitters are more abundant.

The Eurasian boreal forest, or taiga, covers
10.5 million km? of land (FAO 2001). The cli-
mate of the area is characterized by cold snowy
winters with temperatures ranging from O to
=50 °C, and moderately warm but short sum-
mers, the growing season average temperature
being above 10 °C for 1-3 months. Annual pre-
cipitation ranges from 300 up to 800 mm, and
it exceeds the evaporation clearly due to low
temperatures. Many taiga forests are character-
ized by low belowground temperatures, and per-
mafrost frequently occurs in the more conti-
nental areas. Typical biomes in the region are
evergreen or mixed evergreen-deciduous forests
and peat forming wetlands. In comparison with
other major ecosystems plant species diversity in
taiga forests is rather low. In the Eurasian taiga
the dominant evergreen tree species are Scots
pine (Pinus sylvestris) and Norway spruce (Picea
abies). In the more eastern parts the deciduous
larch species (e.g. Larix sibirica, L. gmelinii
and L. decidua) form extensive monocultures.
Mixed or early successional forests include sev-
eral deciduous species and woody shrubs such as
willows (Salix sp.), birches (Betula sp.), alders
(Alnus sp.), and aspens (Populus sp.). The under-
storey vegetation consists of several evergreen
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or deciduous shrub species, belonging e.g. to
genera Vaccinium, Rubus and Erica. Towards the
north, the woody vegetation becomes smaller and
more sparsely distributed, and eventually turns
into subarctic and tundra vegetation. In Scan-
dinavia, most of the boreal forest is under eco-
nomic exploitation and management whereas in
Canada and Russia there are large rather pristine
forest areas (Metsdntutkimuslaitos 2007: http://
www.metla.fi/metinfo/tilasto/julkaisut/vsk/2007/;
Canadian Council of Forest Ministers: http//nfde.
ccfm.org/sivilculture/quick_facts_e.phn; Metsén-
tutkimuslaitos 2008: http://www.idanmetsatieto.
info/fi/cfmldocs/).

First measurements of BVOC emissions
from Eurasian boreal vegetation were reported
by Isidorov et al. (1985). They qualitatively
described emissions of various compounds from
many plant species but the emission rates were
not properly quantified. During the 1990s an
EU funded research project BIPHOREP concen-
trated on the quantification of BVOC emission
from North European boreal zone (Laurila and
Lindfors 1999). The justification for BIPHOREP
came primarily through the impact of BVOCs on
tropospheric ozone formation. However, since
BIOFOR project in the late 1990s (Kulmala et
al. 2001) the BVOC emissions have been stud-
ied mainly as a part of various projects aimed at
understanding the aerosol particle formation and
growth.

In this paper, the research conducted on
BVOCs in the Eurasian taiga during the past
two decades is reviewed in order to give a
picture of the current knowledge. Some of the
main questions we try to find answers for are:
(i) What VOC compounds are emitted by boreal
ecosystems? (ii) What are the typical ranges of
emissions from these ecosystems? (iii) What are
the processes determining the emissions from
these ecosystems? At the same time we point
out emerging discrepancies and key gaps, which
require further investigation.

Emissions from ecosystems in
the Eurasian taiga

Many dominant tree species in the Eurasian
boreal landscape are predominantly monoter-
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pene emitters (Table 1). Isoprene and sesqui-
terpenes are also emitted by a number of spe-
cies and many plants emit also non-terpenoid
compounds. Even though in the Eurasian taiga
there are only few major tree species, as com-
pared with e.g. tropical rainforests, there are still
gaps in our knowledge on the VOCs emitted
by many of major tree species. Especially non-
terpenoid emissions are not well characterized.
It is noteworthy that many Eurasian boreal tree
species are divided into distinctive subspecies
(e.g. Betula pubescens and B. pubescens subsp.
czerepanovii; Picea abies and P. abies subsp.
obovata) which are often adapted to different
environmental conditions and may differ in their
VOC emissions.

Monoterpenes

Monoterpene emissions particularly from Scots
pine forests have been measured extensively.
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Since Scots pine is one of the dominant tree
species in the Eurasian taiga, this is well justi-
fied. The measurements conducted at a branch
scale by an enclosure technique, micromete-
orological gradient and disjunct eddy covariance
measurements tend to yield similar ecosystem-
scale monoterpene emissions (e.g. Rinne et al.
2000a, Hakola et al. 2006). The diurnal cycle of
monoterpene emission of Scots pine canopy is
rather well described by the commonly utilized
temperature dependent algorithm of Guenther et
al. (1993). The published emission potentials for
Scots pine and other monoterpene emitters, nor-
malized to 30 °C using 8 = 0.09 °C" are listed
in Table 2. Many of the published summertime
emission potentials for Scots pine are in the
magnitude of 1-2 ug g ' h™'. However, many
longer term studies show distinct seasonal varia-
tions in the emission potential.

The fact that the monoterpene emissions
from Scots pine are often observed to depend
only on temperature has been taken as indica-

Table 1. Common tree species in Eurasian boreal zone, taiga, with the VOC species emitted. ++ = major com-
pounds emitted, + = considerable emission, O = low or no emission, — = no data.

Species

Isoprene Monoterpenes Sesquiterpenes Methanol Acetaldehyde Acetone Ref.

Abies sibirica - -

Picea abies + ++
Larix sibirica 0 ++
Larix gmelinii - -
Pinus sylvestris 0 ++

Pinus cembra - ++
Juniperus communis - ++
Betula pendula 0 ++
Betula pubescens 0 ++
Betula fructicosa - -
Alnus glutinosa - -
Alnus incana 0 +
Alnus viridis - -
Salix sp. ++ 0
Populus tremula ++ 0

J99, Jo1,
Ha03, G06
Ru07

185, J93,
J99, JO1,
K02, T05,
Ha06,
Ho06, Ri07
- - - 185

- - - 185

Ha98

Hao1

Ha99
185, Ha98,

005
185, Ha98

References: 185: Isidorov et al. 1985; J93: Janson 1993; Ha98: Hakola et al. 1998; Ha99: Hakola et al. 1999; J99:
Janson et al. 1999; Ha01: Hakola et al. 2001; JO1: Janson and De Serves 2001; K02: Komenda and Koppmann
2002; Ha03: Hakola et al. 2003; O05: Olofsson et al. 2005; T05: Tarvainen et al. 2005; G06: Grabmer et al. 2006;
Ha06: Hakola et al. 2006; Ho06: Holzke et al. 2006; Ri07: Rinne et al. 2007; Ru07: Ruuskanen et al. 2007.
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Table 2. Normalized isoprene and monoterpene emission potentials from boreal tree species. Only those observed
monoterpene emission potentials are presented which are derived using monoterpene emission algorithm of Guen-
ther et al. (1993) with 3 = 0.09 °C~" and stadardized conditions of T = 30 °C for monoterpenes. For isoprene the
emission potentials are based on isoprene emission algorithm of Guenther et al. (1993) and normalization condi-
tions of T=30°C and PPFD = 1000 ymol m= s~'. Emission potentials used in emission modelling studies are also
shown. Some emission models calculate monoterpene emission using a hybrid algorithm in which the emission
from storage pool is calculated using temperature dependent algorithm and emission directly from synthesis using
light and temperature dependent isoprene algorithm. These are indicated as pool and synth., respectively.

Species Reference Emission potential Emission potential, Remarks
range (ug g, h™) high summer
(b9 9,4, 07
Monoterpenes, observed values
Picea abies Janson et al. (1999) 2.3-8.3 23 Seasonal variation
Hakola et al. (2003) 0.2-1.4 0.4 Seasonal variation
Pinus sylvestris Janson et al. (1999) 0.86 0.86
Rinne et al. (2000) 1.2 1.2 Derived from ecosystem
scale flux data
Ruuskanen et al. (2005) 21-4.4 2.1 Seasonal variation
Hakola et al. (2006) 0.20-1.35 0.5-1.0 Average of two branches,
seasonal variation
Rinne et al. (2007) 2.0-2.5 Derived from ecosystem
scale flux data
Larix sibirica Ruuskanen et al. (2007) 5.2-21 7-21 Seasonal variation
Betula pendula Hakola et al. (2001) 0.7-7.7 0.7 Seasonal variation
Betula pubescens Hakola et al. (2001) 0.2-5.5 0.3-0.7 Seasonal and

intraspecies variation
Monoterpenes, values used in emission models

Picea abies Simon et al. (2001) 2.1
Tarvainen et al. (2007) 0.81 (pool)
0.45 (synth)
Karl et al. (2008) 1.15 (pool)
1.8 (synth)
Pinus sylvestris Simon et al. (2001) 7.9
Tarvainen et al. (2007) 2.1
Karl et al. (2008) 2.25
Betula pendula Simon et al. (2001) 2.9
Tarvainen et al. (2007) 3.35
Karl et al. (2008) 2.82 (synth)
Betula pubescens Tarvainen et al. (2007) 3.35
Karl et al. (2008) 0.2 (pool)

1.45 (synth)
Isoprene, observed values
Picea abies Janson et al. (1999) 1.1-2.2 1.5
Janson and De Serves (2001) 0.45

Seasonal variation

Hakola et al. (2003) 0-1.3 0.2 Seasonal variation
Populus tremula Hakola et al. (1998) 0-60 30 Seasonal variation
Salix phylicifolia Hakola et al. (1998) 0-60 43 Seasonal variation
Isoprene, values used in emission models
Picea abies Simon et al. (2001) 1.1

Tarvainen et al. (2007) 0.22

Karl et al. (2008) 0.345
Populus tremula Simon et al. (2001) 51.0

Tarvainen et al. (2007) 34

Karl et al. (2008) 51
Salix alba Simon et al. (2001) 16.8

Karl et al. (2008) 37
Salix spp. Tarvainen et al. (2007) 34

Karl et al. (2008) 28
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tion that the emission would originate from large
pools in specialized storage structures such as
resin ducts (Guenther er al. 1991, 1993, Grote
and Niinemets 2008). However, some indication
of additional emission control exerted by light
levels has been pointed out by e.g. Shao et al.
(2001) and Tarvainen et al. (2005). Also, recent
CO, labelling experiment has shown a consid-
erable fraction of the emitted monoterpenes to
be labelled, indicating that a part of the emitted
monoterpenes originate directly from synthesis
(Ghirardo et al. 2009). According to Shao et al.
(2001), 20%-30% of the monoterpene emis-
sion from Scots pine originates directly from
synthesis. The reason why this has not been
observed using field measurements may be in the
relatively low light saturation of monoterpene
emissions, which implies that at PAR levels
above 200-300 ymol m= s7!, the emissions are
already saturated. Most of the emission meas-
urements in field conditions were made during
the long summer days, when light levels very
seldom drop below the saturation level. For
example, during 2008 there were only 8 days
between 15 April and end of August, when the
daily maximum light levels remained below 300
pmol m™2 s7' at the SMEAR 1I field station in
southern Finland (61°51°N), where extensive
emission measurements on Scots pine have been
conducted. Further, even at the southern limits of
the boreal region (around 60°N), the daylength
during most of the growing period (between 15
April and 22 August) is more than 15 hours.

Scots pine populations can be divided into
distinct chemotypes, containing and emitting a
different mixture of monoterpenes (Hiltunen and
Laakso 1995, Komenda and Koppmann 2002,
Manninen et al. 2002, Tarvainen et al. 2005,
Holzke et al. 2006). These have been referred
to as a-pinene and A’-carene types. Also mono-
terpene mixtures emitted by Norway spruce
and downy birch exhibit tree to tree variations
(Janson 1993, Hakola er al. 2001). To what
extent other boreal monoterpene emitters show
this kind of behaviour is unknown.

Contrary to Scots pine, there are only very
few extensive emission measurements conducted
on Norway spruce, despite its major importance
in boreal ecosystems (Janson 1993, Hakola et
al. 2003). According to Hakola et al. (2003),
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monoterpenes were the only terpenoids emitted
during winter from Norway spruce foliage. Also
part of the monoterpene emissions from Norway
spruce are expected to be emitted directly from
synthesis in a light and temperature controlled
manner (Steinbrecher et al. 1999, Ghirardo et al.
2009). Typically a- and S-pinene, and A’-carene
are the most abundant monoterpenes emitted by
Norway spruce (Janson 1993, Christensen et al.
2000).

It is interesting to note that the emissions of
monoterpenes from different plants vary in their
enantiomeric compositions, as do the mono-
terpenes stored in needles of conifers (Hiltunen
and Laakso 1995, Yassaa and Williams 2007).
For example the a-pinene emission from Scots
pine is dominated by the (+)-enantiomer (ca.
70%) as compared with the (—)-enantiomer (ca.
30%) (Yassaa and Williams 2007). Also the
atmospheric concentration of a-pinene in the
North European boreal region is dominated by
the (+)-enantiomer (80%) over the (-)-enanti-
omer (20%), whereas in the tropical location
in South America the opposite was observed
[(+)-a-pinene 30%, (-)-a-pinene 70%] (Wil-
liams et al. 2007). Also other monoterpenes
show similar differences in enantiomers between
tropical and boreal sites (Williams et al. 2007).
As the atmospheric chemistry of the different
mirror-image monoterpenes is likely to follow
the same reaction pathways, the differences in
the atmospheric concentrations should closely
reflect the differences in the landscape-scale
emissions of the different enantiomers. Thus
the division between enantiomers should not
concern atmospheric chemists. However, the
biosynthesis and complex interactions with her-
bivores can be different for different enantiomers
(Fildt et al. 2006). Therefore, in the plant—insect
interaction studies, the monoterpenes should be
identified down to the enantiomer level. Very
little is known on the possible variation in the
emission dynamics of the monoterpene enanti-
omers.

Of the broadleaved trees in the Eurasian
taiga, birches (Betula sp.) have been reported
to emit mainly monoterpenes (Hakola et al.
1998, 2001). Birches have very low monoter-
pene emission in early summer with sudden
rise after the leaves are fully grown (Hakola et
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al. 1998 and 2001), similarly to isoprene emis-
sion from many broadleaved trees (Hakola et al.
1998, Olofsson et al. 2006). In the CO, labe-
ling studies very fast "*C incorporation into the
monoterpenes emitted by birches indicate close
relation between the emission and photosynthe-
sis (Ghirardo et al. 2009).

Isoprene

Globally, isoprene is the most abundantly emit-
ted BVOC (Guenther et al. 1995). However, in
the Eurasian taiga the BVOC emissions seem
to be dominated by monoterpenes (Guenther et
al. 1995, Simpson et al. 1999, Tarvainen et al.
2007, Karl et al. 2008). This is also reflected
in the atmospheric concentrations as the total
monoterpene concentrations tend to be higher
than isoprene concentrations (Ruuskanen et al.
2009). There exists high-isoprene-emitting tree
species in this region, such as willows (Salix sp.)
and European aspen (Populus tremula) (Tables
1 and 2), but these do not appear as dominant
species in the Eurasian boreal landscape. These
broadleaved trees typically have a low isoprene
emission in the early season with a sudden
increase after the leaves are fully grown (Hakola
et al. 1998, Olofsson et al. 2006). Since the
isoprene emitters are predominantly deciduous,
the annual emission pattern differs from that of
monoterpenes, and the emission occurs mainly
in summer months.

Of the mainly monoterpene emitting conifer-
ous trees, Norway spruce also emits isoprene.
The isoprene emission potential of Norway
spruce is in the same range with its emission
potential for monoterpenes. Its summertime
emission potential for isoprene has been reported
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to vary between 0.5 and 2 pug g, ~' h™', which
is very small as compared with the isoprene
emission potentials of broadleaved trees. Even
though Norway spruce has relatively low iso-
prene emission potential, its large needle biomass
density can make it an important contributor to
the atmospheric isoprene concentrations (Tar-
vainen et al. 2007). However, as monoterpene
emission continues through the night, contrary to
the isoprene emissions which are restricted into
daylight hours, its daily emission ends up being
larger.

Of the Eurasian boreal ecosystems, only the
open wetlands seem to be dominantly isoprene
emitting systems (Janson and De Serves 1998,
Janson et al. 1999, Rinnan et al. 2005, Haapanala
et al. 2006, Hellén et al. 2006, Tiiva et al. 2007a,
2007b, Holst et al. 2008). The isoprene emission
from wetland ecosystems per land area can be of
the same order of magnitude than monoterpene
emissions from boreal coniferous forests (Janson
and De Serves 1998, Haapanala et al. 2006). The
dynamics of the emission has been observed to
follow the traditional isoprene emission model
(Haapanala et al. 2006) with emission potentials
between 0.2 and 0.7 mg m™ h™! (Table 3). Of
the plant species growing in these open wetland
ecosystems, at least sedges Eriophorum angusti-
folium and Carex rostrata have been identified as
isoprene emitters (Ekberg ef al. 2008). However,
our knowledge on the isoprene emitting species
among wetland plants such as mosses is still
incomplete. Most of the isoprene emission meas-
urements at wetlands have been campaign-style
measurements and no data covering a full grow-
ing season has been published. Therefore, we do
not know whether the isoprene emissions from
wetlands, where many species are evergreen,
exhibit a similar seasonal cycle than isoprene

Table 3. Normalized isoprene emission potentials from wetland ecosystems. Only those emission potentials are
presented which are derived using isoprene emission algorithm by Guenther et al. (1993) and normalization condi-

tions of T=30 °C and PPFD = 1000 ymol m2 s,

Reference Method Emission potential (ug m2h")
Janson and De Serves (1998) Enclosure 700

Haapanala et al. (2006) Relaxed eddy accumulation 680

Hellén et al. (2006) Enclosure 224

Values used in emission models

Tarvainen et al. (2007) 680
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emissions from broadleaved deciduous trees.
Thus long term studies at wetland ecosystems
are needed in order to understand VOC emission
dynamics in these environments.

Until recently, the isoprene emission from
wetlands has been omitted from emission inven-
tories. As the open wetlands are a typical feature
of the landscape in the northern boreal region,
the emission from wetlands may contribute up to
30% to the total isoprene emissions from these
areas (Tarvainen et al. 2007). Bickstrand et
al. (2008) even estimated that the non-methane
VOC emissions from wetlands are about 5% of
the total carbon uptake thus being a significant
part of the carbon budget. However, according to
Aurela et al. (2007), the isoprene emission from
a boreal fen was less than 1% of the total carbon
budget and even the total hydrocarbon emission
is unlikely to be significant for carbon budget.
These slightly conflicting results imply that
the factors regulating emissions from wetlands
should be elucidated in further, long-term eco-
system studies and in different types of wetlands.

Sesquiterpenes

Many boreal plant species have also been
observed to emit significant quantities of ses-
quiterpenes, which are a group of very reactive
hydrocarbons (Table 1; Hakola et al. 2001, 2003,
2006, Holzke et al. 2006, Ruuskanen et al. 2007).
Emissions of these compounds have received
attention due to their potential role in aerosol par-
ticle formation and growth (Bonn and Moortgat
2003). Relatively little is still known about their
emissions from many boreal ecosystems and on
the driving factors. Sesquiterpene emissions have
traditionally been considered to follow external
stimuli, such as herbivore attacks (Holopainen et
al. 2004). For example, mountain birches have
been observed to emit very high quantities of
sesquiterpenes, which may be connected to occa-
sional outbreaks of leaf herbivores (Haapanala et
al. 2008). Also downy birches exhibit large tree
to tree variations in their sesquiterpene emissions
(Hakola et al. 2001). This could suggest ses-
quiterpene emissions being induced only when
needed for defensive purposes. However, also
under normal conditions at least pines, spruces,
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larches and birches can emit significant quantities
of sesquiterpenes, typically 5%—15% of the total
monoterpene emission by mass (Hakola et al.
2001, 2003, 2006, Holzke et al. 2006, Ruuskanen
et al. 2007). Their emissions from Scots pine
and Norway spruce are highly seasonal, peak-
ing in mid-summer (Hakola et al. 2003, 2006).
In order to understand the emissions of highly
reactive sesquiterpenes and their relation to the
environmental stresses, laboratory experiments
and longer term field observations are needed.
However, as their reactivity makes the observa-
tion of these compounds challenging, advances in
analytical tools would facilitate the more reliable
measurements.

Other BVOCs

Much of the research on biogenic VOC emis-
sions has been directed towards understand-
ing the role of terpenoids, mainly isoprene and
monoterpenes. These are estimated to comprise
about half of the VOCs emitted by the vegeta-
tion globally. Other VOCs emitted by vegetation
include alcohols such as methanol, several car-
bonyl compounds (acetone, acetaldehyde) and
C,—C, carbohydrates. As many of these com-
pounds have longer lifetime in the atmosphere
than terpenoids, the biogenic emissions have
an effect also on upper tropospheric concentra-
tions (Dufour et al. 2007). Methanol, acetone,
acetaldehyde and formaldehyde seem to be the
main light carbonyls emitted by many boreal
plant species (e.g. Janson et al. 1999, Janson
and De Serves 2001, Cojocariu et al. 2004). It is
estimated that about half of the VOC emissions
from Scots pine ecosystem can be comprised of
methanol, acetone and acetaldehyde (Janson et
al. 1999, Rinne et al. 2007, Taipale et al. 2009).
Emission measurements of these compounds
from other European boreal ecosystems have not
been conducted. However, branch scale meas-
urements show that also Norway spruce emits
carbonyls (Janson et al. 1999). The 2-methyl-3-
buten-2-ol (MBO) emission from Scots pine is
very small (Tarvainen et al. 2005, Hakola et al.
2006) in contrast to many western-hemisphere
pine species (Harley et al. 1998).

Recently methanol emissions have been
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empirically related to temperature (Brunner et
al. 2007, Custer and Schade 2007, Harley et al.
2007). However, there exist no reliable emission
algorithms based on the biochemical and physi-
cal reasoning for emissions of non-terpenoid
compounds to be used in emission inventory
models. The emissions of methanol are con-
sidered to originate from metabolism related to
plant cell wall elongation processes, and there-
fore the emissions tend to correlate with plant
growth (Nemeck-Marshall et al. 1995, Galbally
and Kirstine 2002, Hiive et al. 2007, Folkers et
al.2008). Biosynthetic pathways for acetone and
acetaldehyde production have been described
by Fall (2003). However, since they mainly are
linked to stress or damage (e.g. herbivory, flood-
ing, sunflecks), it is surprising that such huge
quantities can be emitted from intact foliage. The
diurnal pattern of acetone emissions suggests a
connection with plant metabolic activity, most
probably with xylem transport processes (Cojo-
cariu et al. 2004, 2005), but future research may
reveal some other processes involved in acetone
emissions.

From branch scale to ecosystems and
regions

Most of the BVOC emission measurements have
been conducted in branch scale by enclosure
techniques. Only few ecosystem scale studies
have been conducted and all of these in the
western end of the Eurasian taiga (Table 4).
Most of the measured BVOC fluxes were below
1 mg m™? h™'. These fluxes are much lower than
those sometimes observed in forest ecosystems
in warmer climatic conditions (e.g. Spirig et al.
2005, Pressley et al. 2006, Karl et al. 2007).
Only a couple of ecosystem scale experiments on
non-terpenoid VOC fluxes has been conducted.
Atmospheric concentrations at any location
are governed by the emissions from a much
larger area than the immediate vicinity of the
site. We can estimate the downwind distance a
reactive compound is transported horizontally in
the boundary layer, 0, by multiplying the atmos-
pheric lifetime of the compound 7, by mean wind
velocity, U, yielding 6 = 7 .U. As the lifetime
and wind velocity both change with time, also
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transport distance varies. By using atmospheric
lifetimes for mid-July daytime in southern Fin-
land given and wind velocity of 5 m s, we can
arrive to travel distances listed in the Table 5.
The transport distances calculated for the very
short lived compounds give unrealistically large
values. This is due to the fact that the compounds
are transported slower inside the plant canopy,
from where they are emitted, before they enter
the faster boundary layer flow. Therefore, we
did not include the transport distances of com-
pounds with chemical lifetime below 10 min-
utes. The transport times give an indication of
the areal coverage we need to take into account
when studying atmospheric concentrations of
these compounds. Thus, to interpret the isoprene
and monoterpene concentrations we should take
into account the sources and sinks within about
50 km from the measurement site but to inter-
pret the methanol and acetone concentrations
we should consider the sources and sinks within
continental to hemispheric scales. This empha-
sizes the need of regional emission modelling
when interpreting the measured boundary layer
VOC concentrations.

Thus, in order to understand how the bio-
genic emissions affect the atmospheric concen-
trations at our measurement sites, we need to
know the emissions at larger landscape scale.
These can be estimated using emission models
of various complexities and by boundary layer
profiling techniques (Spirig et al. 2004, Haa-
panala et al. 2007). As the boundary layer profil-
ing techniques for VOCs are labor intensive and
expensive to run, it is unlikely that they will be
used routinely in long term experiments in near
future. However, even shorter term experiments
may be used to verify our up-scaling procedures.
The boundary layer profiling may also give us
insight on how the BVOC concentrations behave
in the boundary layer above the surface layer.
This may be crucial if we aim at understanding
the chemistry and transformations of BVOCs in
the lower atmosphere.

In addition to emissions, the concentra-
tions are affected by atmospheric chemistry and
mixing in the boundary layer. For example, the
atmospheric concentrations of monoterpenes in
boreal coniferous forests are generally high-
est during the night, even though the emissions
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are lowest at that time of the day (Hakola at al.
2000, Rinne et al. 2005, 2007). This is caused by
the strong control exerted by the diurnal cycle of
surface layer mixing on the concentrations. In
an ecosystem where the monoterpene emissions
originate directly from synthesis and therefore
go to zero at night, a different diurnal concentra-
tion cycle is observed. In such ecosystems, as
e.g. neo-tropical rainforests, the daytime surface
concentrations of monoterpenes are higher than
nighttime concentrations (Rinne et al. 2002).
While VOC emissions from ecosystems dom-
inated by Scots pine have been studied quite
intensively, the emissions of other ecosystems in
the Eurasian taiga remain less studied. Especially
ecosystem scale micrometeorological measure-
ments have been conducted only in a few other
boreal ecosystems, such as mixed spruce-birch
forest (Picea abies subsp. obovata, Betula pubes-
cens subsp. czerepanovii, Rinne et al. 2000b),
willow plantation for energy production (Olofs-
son et al. 2005) and treeless wetland ecosystems
(Haapanala et al. 2006, Holst et al. 2008). Many
of these studies were short-term campaigns. Prac-
tically all studies, both at the branch and ecosys-
tem scales, have been conducted in the western
part of the Eurasian taiga, whereas there are no
measurements conducted in eastern parts. There-
fore, in order to understand the regional- and
continental-scale BVOC emissions, vegetation
species in the eastern part of the Eurasian taiga
should receive more attention. Ecosystem-scale
measurements are especially needed for Norway
spruce (Picea abies and P. abies subsp. obovata)
and larch (Larix gmelinii and L. sibirica) forests,

Table 5. Typical transport distances for various BVOCs
in mid-July with the wind speed of 5 m s™'. OH con-
centration is taken to be 1 x 10® molecules cm= (0.04
ppt) and ozone 1 x 10" molecules cm= (40 ppb). Rate
coefficients are as in Atkinson (1994) and Atkinson et
al. (1981).

Daytime lifetime  Transport distance

Methanol 12d 5300 km
Acetone 53d 23 000 km
Acetaldehyde 18 h 320 km
Isoprene 2.4h 44 km
a-pinene 20h 36 km
A3-carene 2.2h 40 km
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as these are the major ecosystems from which no
data exists in the Eurasian taiga. Also ecosystem
scale emission measurements on forests under
forest management practices are needed, as there
are indications that these practices may dramati-
cally enhance the emissions of reactive BVOCs
(Réisidnen et al. 2008a).

Emission inventories in boreal
areas

In order to give best quantitative estimates of
the total BVOC emissions at the regional scale,
bottom-up emission inventory models have been
commonly utilized (Lindfors and Laurila 2000,
Lindfors et al. 2000, Simon et al. 2001, Tar-
vainen et al. 2007, Karl et al. 2008). These can
also be used to estimate the importance of vari-
ous ecosystems to emissions of different com-
pounds. These models employ the data obtained
from emission measurements in the form of
emission algorithms and their parameters. The
terpenoid emission algorithms are typically
those presented by Guenther et al. (1993). As
data on emissions from new ecosystems, on the
emissions of new compounds, and on seasonal
changes in emissions, become available, these
inventory models are updated to yield the latest
information on the emissions. The regional emis-
sion inventory models are similar to the global
emission inventory models, such as presented
by Guenther et al. (1995, 2006) and Miiller ez al.
(2008). However, the vegetation description in
the regional models can be much more detailed
than in the global models. The latter usually
divide the vegetation into a few ecosystem types
or plant functional types and assign emission
parameters for each of these groups, whereas the
regional models can utilize plant specific emis-
sion parameters and detailed vegetation maps,
which make their results more reliable.

The global emission inventories tend to
result in similar global emissions for isoprene,
while for monoterpenes there is more variation
(Arneth et al. 2008). At a regional scale, global
emission inventories and regional ones can give
very different results. In Table 6 we summarize
available regional emission inventories for Fin-
land together with data for Finland from some
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global inventory models. We can see that the
global models tend to overestimate the regional
isoprene emissions as compared with regional
models. Especially the benchmark inventory of
Guenther et al. (1995) yields annual isoprene
emission over ten times higher than the more
recent regional inventories. For monoterpenes,
sesquiterpenes and other BVOCs, fewer emis-
sion inventories are available. As the lifetime of
isoprene and monoterpenes is short, and thus so
is also the horizontal transport distance (Table
5), localized emission information should be uti-
lized in the regional air chemistry models rather
than more uncertain global model results.

A series of national emission inventories for
Finland by Lindfors and Laurila (2000), Lind-
fors et al. (2000) and Tarvainen et al. (2007)
have synthesized the empirical knowledge on
the BVOC emissions from the western Eurasian
taiga. The results indicate that the terpenoid
emissions are dominated by monoterpenes, with
emission of 330-470 kg km™ year. Isoprene
emissions are 10%—15% of monoterpene emis-
sion in mass basis. The regional emission inven-
tories also reflect the major shortcomings in the
quantification of emissions. Below we list some
of the most obvious ones.

Intra-species variation

We know that the chemotypic differences in
Scots pine monoterpene emission spectra can
be significant even in a seemingly homogeneous
forest (Komenda and Koppmann 2002, Tarvainen
et al. 2005). The emission inventories may derive
the regional BVOC emissions from branch-scale
measurements conducted only on a few branches,

Table 6. BVOC emission inventory results for Finland.
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leading to high uncertainties in the regional scale
emissions. For example, Tarvainen et al. (2007)
assume A3-carene emission to comprise 75% of
the total monoterpene emission from Scots pine,
based on chamber measurements on a limited
number of trees. However, the ecosystem-scale
emission measurements in Scots pine forests
indicate that a-pinene is the dominant monoter-
pene emitted from these ecosystems (Rinne ef al.
1999, 2000) or at least as important as A3-carene
(Spanke et al. 2001). This is also reflected by the
abundance of a-pinene in the ambient air (Hakola
et al. 2003). Furthermore, it is still very uncertain
if the emission potential, dynamics and responses
to various triggering factors can be combined
between chemotypes. This points out to a need
of ecosystem scale measurements of speciated
monoterpene emissions and ambient concentra-
tions.

Normally the branch-level emission meas-
urements are performed using the well-lit upper
canopy branches with mostly new needles, and
upscaling to canopy level is just a multiplication
with biomass. However, in many tree species
emissions differ greatly depending on the canopy
position (Bertin et al. 1997), and upscaling from
the well-lit upper canopy branches may lead into
considerable overestimation of emissions. Also
the emission capacity of young and old needles
is different, which produces additional sources
of error in the canopy level estimates.

Seasonal changes in emission
parameters

In many emission studies, normalized emission
potentials have been observed to change during

Study Isoprene Monoterpenes Sesquiterpenes Other VOCs
(Ggyr) (Ggyr) (Ggyr) (Ggyr)
Guenther et al. (1995) 240 400 n.a. 510
Simpson et al. (1999) 39 160 n.a. 140
Lindfors and Laurila (2000) 25 150 n.a. 170
Lindfors et al. (2000) 21 160 n.a. 340
Guenther et al. (2006) 160 n.a. n.a. n.a.
Tarvainen et al. (2007) 15 110 9.2 n.a.
Miiller et al. (2008) 110 n.a. n.a. n.a.
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the growing season. For example, isoprene emis-
sions from broadleaved trees typically start only
few weeks after leafing (Hakola et al. 1998). Not
all the inventories have taken this into account
which can lead to erroneous results.

CO, decrease in chamber during
measurements

Experimental evidence points out to significant
interactions between isoprene emission and
ambient CO, levels. Short-term exposures to ele-
vated CO, are often shown to rapidly reduce leaf-
level isoprene emissions (Monson and Fall 1989,
Loreto and Sharkey 1990), whereas growth in
subambient CO, levels tends to increase emis-
sions (Possell et al. 2005). Photosynthetic CO,
removal from the air in the chamber during
emission measurement by chamber technique
may in some cases lead to overestimation of iso-
prene emission.

Insufficient knowledge in emissions and
biomass of non-dominant vegetation

We have insufficient knowledge on the emis-
sion pattern of many ecosystems. This is partly
due to the incomplete knowledge on emission
patterns of many plant species and partly due to
insufficient knowledge on the biomass densities
of some highly emitting species. For example
willows (Salix sp.) are known to be high iso-
prene emitters (Hakola er al. 1998, Olofsson
et al. 2005). As they have no major economic
value, they are not included in the national
forestry inventories. Thus their contribution to
the isoprene emission is highly uncertain. How-
ever, they are very common in forest edges,
wetlands, lakeshores, etc. The abundance of the
isoprene emitting shrub vegetation might explain
some of the discrepancy between BVOC emis-
sion inventories and relative atmospheric con-
centrations of isoprene and monoterpenes. The
national scale emission inventories for Finland
generally estimate the isoprene emission in the
summertime to be 10%—15% of the monoterpene
emission (Lindfors et al. 2000, Tarvainen et
al. 2007). However, the concentration measure-
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ments commonly show the isoprene concentra-
tions in the high summer to be about one half of
the total monoterpene concentrations (Hakola et
al. 2000). As the atmospheric chemical lifetimes
of isoprene and major monoterpenes are approx-
imately equal, the emission estimates of isoprene
might be inadequate.

Lack of empirical emission data on
sesquiterpenes and OxVOCs

Only limited data sets on the emissions of ses-
quiterpenes and oxygenated VOCs (OxVOCs)
are available for inventory purposes. This is
reflected in the lack of emission algorithms
and parameters for making such inventories.
Although the emissions of oxygenated VOCs
such as alcohols, aldehydes and ketones from
many plant species including e.g. Scots pine
have been recognized already for at least a
decade (Nemecek-Marshall et al. 1995, Janson
et al. 1999), the annual patterns and quantities
of these emissions from many important plant
species are not fully uncovered. The advent of
new analytical methods such as proton transfer
reaction-mass spectrometry (PTR-MS) has now
enabled monitoring of these emissions in a more
comprehensive manner, and thus new informa-
tion will be expected in near future.

Dynamic process models

Even though the algorithms describing the diur-
nal changes in isoprene and monoterpene emis-
sions in inventory models are implicitly based on
the physical and physiological processes control-
ling their emission (Guenther et al. 1991), the
emission is described as a one-step process. The
basal emission rates and their seasonal changes
are taken into account as empirical parameters
and no explicit description of e.g. changes in
storage pools is included. The inventory models
are basically up-scaling of the emissions from
branch and ecosystem scales to regional or
global scales using the abovementioned emis-
sion algorithms. These models can not be used
in estimating the effect of e.g. climatic change
to the BVOC emissions as the factors influenc-
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ing the basal emission rates are not explic-
itly described. Instead, models based on proc-
ess understanding of the VOC synthesis by the
plants must be developed. As ecosystems in the
Eurasian taiga are predominantly monoterpene
emitters, process models including monoterpene
synthesis, storage and emission are needed.

The origin of emissions can be investigated
using isotope labeling, which can be used in
order to separate the emissions from storage
organs from those originating from de novo syn-
thesis. Isoprene emitted from plants has been
observed to be quickly almost completely labeled
with *C, when the plant is in the atmosphere in
which all the CO, is PCO, (Delwiche and Shar-
key 1993), whereas a-pinene labeling is incom-
plete and suggests significance of storage pools
in leaves (Loreto et al. 2000). The nature and
dynamical features of emission, such as filling
up the storage or emissions from the storage
pools, depend on the chemical properties of the
compounds in question. In addition to the con-
stituent storage pools in resin ducts and glands
of some plant species, also non-speficic stor-
age influences the emission dynamics of many
VOCs. Depending on their octanol/water parti-
tioning coefficient and Henry’s law constants,
some compounds prefer lipid phase, while some
others are preferentially stored in aqueous phase
(Niinemets and Reichstein 2003, Copolovici and
Niinemets 2005), and this has major implications
to the emission route and temporal dynamics of
their emissions (Niinemets and Reichstein 2003).
Since plant species-specific differences in liquid
volume to area ratio are marked, the partitioning
of some VOC:s into the structural compartments
imposes a significant delay for emissions of those
compounds. These effects can only be taken
into account with proper process-based modeling
approach, based on physico-chemical parameteri-
zation specifically for each compound.

Process understanding and more dynamic
process models are needed in order to estimate
the effect of the changing environment to the
emissions. The physiological knowledge on bio-
genic VOC formation pathways has been used to
construct several process-based models describ-
ing the biosynthesis and further diffusion of vola-
tile compounds from leaves into atmosphere (e.g.
Niinemets et al. 1999, Bick et al. 2005, Arneth et
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al. 2007). These models use the photosynthetic
processes as the starting point, which provides
both carbon and energy for the production of
VOCs within tissues. They are useful tools when
one analyses changes in emissions under chang-
ing climate and the connections between emis-
sions and plant metabolic activity under varying
environmental conditions. The present models
are capable of reproducing short-term changes in
isoprene emissions from leaves and needles with
reasonable accuracy, although improvements e.g.
in respect to seasonal plant activity in peren-
nial evergreens are needed to be able to use the
models on larger scale predictions. However,
process-based models describing emissions of
monoterpenes and sesquiterpenes are still under
development, which hinders our understanding
on the effects of climate change on BVOC emis-
sions from the Eurasian taiga.

Most of the current emission inventory
models assume that the emission of monot-
erpenes from boreal landscape can be described
by temperature-dependent algorithm, implicitly
meaning that the monoterpene emissions are
assumed to result from vaporization from large
storage pools inside the needles and leaves.
Indeed, the monoterpene storage in the nee-
dles of Scots pine is at least five fold com-
pared to the total monoterpene emission during
a growing season (Kainulainen and Holopainen
2002, Riisdnen et al. 2008c, 2009). These large
monoterpene storages are assumed to uncou-
ple most of the emission from synthesis (Grote
and Niinemets 2008). However, as mentioned
above, it is very likely that a variable part of the
emission originates directly from biosynthesis
(Steinbrecher ef al. 1999, Shao et al. 2001, Ghir-
ardo et al. 2009) and should be calculated by an
algorithm describing this process.

Contrary to the conifers, no significant pools
on monoterpenes in birch leaves, which also
emit monoterpenes, have been reported (e.g.
Klika et al. 2004, Bagser and Bemirci 2007).
Many of the broadleaved monoterpene-emitting
trees, including birches, do not have resin ducts
common to conifers. The significantly smaller
monoterpene storage capacity of birch leaves
suggest that the majority of mono- and sesquit-
erpene emissions from these species originates
directly from biosynthesis and is likely be light
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dependent. Quercus ilex, a Mediterranean spe-
cies, which has insignificant monoterpene stor-
age pool as compared to conifers, emits mono-
terpenes in a light dependent manner (Staudt and
Seufert 1995, Alessio et al. 2008). Also most
of the monoterpenes emitted by both Betula
pendula and Quercus ilex are rapidly labelled
when the plants are fed *CO, which indicates the
monoterpene emission originating directly from
synthesis (Ghirardo et al. 2009).

Climate change and boreal BVOC
emissions

Changes in temperature, precipitation and CO,
concentration can have a large impact on the
integrated annual BVOC emissions, and on their
temporal and regional dynamics at stand and eco-
system level, in particular in boreal areas where
the changes in temperatures have been predicted
to be greatest (ACIA 2004). The effects can be
manifested both at the process level and in a
more integrated manner. Increased atmospheric
CO, concentration will enhance photosynthetic
CO, assimilation, and due to the close connec-
tions between photosynthesis and VOC biosyn-
thesis suggested by the process-based models,
also VOC emissions can be expected to change.
However, isoprene emission has been observed
to be inhibited at elevated CO, concentrations
(Rosenstiel et al. 2003, Arneth et al. 2007 and
references therein). Emission reductions due to
elevated CO, have mainly been connected to
down-regulation at biochemical and/or enzy-
matic level (e.g. Loreto et al. 2001, Rosenstiel
et al. 2003). The isoprene emissions have often
a broad maximum between 50 and 500 ppm
CO,, following a sharp decrease below the opti-
mum concentration and a slow decline above
the optimum concentration (Loreto and Sharkey
1990). Since many of the experimental results
regarding CO,-BVOC interaction originate from
studies with model plants under laboratory con-
ditions, the results are not necessarily applicable
to natural conditions where several limiting fac-
tors may coexist. It is also unknown if the CO,
inhibition happens also when the plants have
been acclimatized to higher CO, concentration
for longer periods. The effect of elevated CO,
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on the monoterpene emission and biosynthesis
has been studied much less and the results are
less clear (Vuorinen et al. 2005, Riisdnen et
al. 2008b). However, the monoterpene content
in the needles of Scots pine grown in high CO,
are reported to be lower than in those grown in
ambient CO, (Réisénen er al. 2008c) indicat-
ing that there may be a similar down-regulation
than for isoprene synthesis. Carefully designed
laboratory experiments using for example stable
isotopes may also reveal dynamic patterns in the
regulation of the less studied VOC emissions.

On a more integrated scale, rising CO, con-
centrations will also increase the productivity
and standing biomass of plants, and influence the
emissions at the landscape level. However, it is
not well known how VOC emissions develop if
water or nutrient availability changes, if autumn
and winter temperatures increase, or if the out-
breaks of herbivores become more excessive or
more frequent due to climate change in northern
ecosystems.

One important climate feedback regarding
BVOC emissions from northern regions comes
through changes in the duration of favoura-
ble conditions for plant metabolism and in the
length of the growing season. The growing-
period length is related to geographic location,
which is reflected in the accumulated tempera-
ture sum, and the timing of major phenological
events (leafing, flowering and senescence) will
be greatly affected by climate change (Hékkinen
et al. 1998, Menzel and Fabian 1999, Taylor et
al. 2008). The temperature-driven annual cycle
of NPP (net primary production) is important in
the northern boreal areas, whereas in warmer cli-
matic zones with milder winters the role of tem-
perature in the annual cycle of photosynthesis
is not as dominating as in the boreal zone. The
climate change influence on NPP may eventually
be important regarding the cumulative annual
BVOC emissions in the boreal areas.

One of the major effects of the climate change
to the biogenic VOC emissions may be via its
effect on land-use and natural land cover (Kel-
lomiki et al. 2001). The northern forest treeline
has changed due to changes in climatic condi-
tion during the Holocene and global warming is
expected to drive the northern forest edge north-
wards thus transforming the current tundra into
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monoterpene emitting forest ecosystems (Grace
et al. 2002, Seppd and Hicks 2006, MacDonald
et al. 2008). At the same time, the southern part
of the taiga coniferous forest can be changed into
hemiboreal mixed forests with oaks (e.g. Quercus
robur), maples (e.g. Acer platanoides) and beech
(Fagus sylvatica). This would lead to different
emission dynamics as the evergreen monoterpene
emitting conifers are replaced by broadleafs, of
which some are isoprene emitters (Isidorov et al.
1985). The southern forest edge between the taiga
and steppe in central Asia has been observed to
be sensitive to changes in climate, especially
precipitation, during Holocene (Rudaya et al.
2009). As anthropogenic climate change is likely
to affect the precipitation patterns (Giorgi and Bi
2005) it may also cause a shift of border between
forest and steppe ecosystems and thus change
regional BVOC emissions.

In the western parts of the Eurasian taiga, the
land cover is largely governed by human land
use, i.e. agriculture and forestry. In the changing
climate the economic viability of different sectors
of agriculture and forestry may change and cause
major shifts in the respective areas, and in the
proportions and species of different agricultural
plants and tree species cultivated (Kellomiki e?
al. 2008). It may even cause the introduction of
previously alien tree species in large scale (Koca
et al. 2006). Also the possible future production
of biofuels in large scales may lead to shifts in
land use. To explore the effects of these proc-
esses, inventory models utilizing different agri-
cultural and forestry scenarios may be beneficial.

The emerging picture on the interactions of
terpenoid emissions with the physical and bio-
logical environment is thus far more complex
than the one presented by Kulmala ez al. (2004).
Especially the fact that there are both positive
and negative forcings exerted by the physical cli-
mate on BVOC emissions, and also positive and
negative feedbacks on climate makes predictions
challenging.

Concluding remarks
This review has given an overview on the

research conducted on the biogenic VOC emis-
sions from the Eurasian taiga ecosystems during
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the past two decades. The research has revealed
following key findings:

e Generally the ecosystem scale emissions of
VOC from ecosystems in the Eurasian taiga
have been observed to be relatively low as
compared with those from some forest eco-
systems in warmer climates.

* Monoterpene-emitting coniferous trees pre-
dominate over isoprene emitters in the Eura-
sian taiga.

*  Monoterpene emission from coniferous trees
originates partly as evaporation from large
specialized storages and partly directly from
synthesis.

* Monoterpene emission from boreal broad-
leaved trees originates directly from synthe-
sis as they do not have significant specialized
storage structures such as resin ducts.

e Many boreal tree species exhibit intraspecies
variation in the monoterpene mixture they
emit.

e Important sources of isoprene in the Eurasian
taiga include Norway spruce, open wetland
ecosystems, and some non-dominant woody
species such as European aspen and willows.

e Many boreal tree species also emit highly
reactive sesquiterpenes, even without any
observable stress.

e Seasonal changes in plant functioning influ-
ence especially the isoprene emissions, and
they also have major impact on monoterpene
and sesquiterpene emissions

e Physicochemical factors of the compounds,
such as water or lipid solubility influence the
emissions.

We have identified the following gaps in our
knowledge on BVOC emission from the Eura-
sian taiga:

e Lack of knowledge on non-terpenoid VOC
emission from most boreal tree species.
This includes both the emission strength and
dependencies on environmental variables.

e Lack of data on BVOC emissions from the
eastern Eurasian taiga, as most of the meas-
urements have been conducted in Sweden
and Finland. Especially striking is the lack of
data on larch species covering huge areas.
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*  Our knowledge on monoterpene synthesis,
storage, and emission dynamics in seasonal
time scale in insufficient for process model-
ling. This hinders the prediction on how
the climate change will influence the BVOC
emissions.

e Especially the effect of rising atmospheric
CO, concentrations on other terpenoids than
isoprene is not understood.

e Heterogeneity in vegetation, including
chemotypic variations, is not understood well
enough to be taken into account in emission
models.

Future challenges in research of BVOC emis-
sions from the Eurasian taiga include:

e Understanding the dynamics of monoterpene
synthesis, storage, and emission from boreal
coniferous trees.

* Quantification of non-terpenoid VOC emis-
sions from the taiga ecosystems.

e Bringing ecosystems in the eastern Eurasian
taiga into the sphere of BVOC emission stud-
ies.

* Long term ecosystem flux studies combined
with plant physiological measurements.

e Integrating knowledge and research skills on
BVOC synthesis, strorages, and emissions,
land cover changes, and atmospheric proc-
esses in different spatial and temporal scales.
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