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Abstract
Several human activities have influenced the global climate, and the increases in atmospheric
greenhouse gas concentrations as well as the rise in surface mean temperature are part of the resulting
global climate change. Carbon dioxide (C0 2), methane (CH4 ) and tropospheric ozone (0 3) are the most
important greenhouse gases at the present time. In predicted future climate conditions, the increases in
atmospheric CO 2 and tropospheric 0 3 concentrations are regarded as important factors in plant
responses. In spite of a number of experiments investigating the impact of changing climate on
vegetation, long-term combined effects under the natural growth conditions are still poorly understood.
This paper reviews the present comprehensions concerning the increases in tropospheric 0 3 and
atmospheric CO2 concentrations and the rise in surface mean temperature as stress factors for the
physiology of trees, focusing on the effects in most common northern conifers, Scots pine (Pinus
sylvestris) and Norway spruce (Picea abies). Since the soil in northern coniferous forests is typically in
shortage of available nitrogen (N) in rural areas, but exposed to N excess in most populated regions,
the role ofN availability as an interactive factorin plant 0 3 and CO2 responses is also discussed in this
review. Additionally, most commonly used experiment facilities for evaluating the effects of air
pollutants on trees are briefly introduced.
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Global climate change: new interest in air pollutant
studies
The earth's climate has been affected by many
human activities, and the increases in atmospheric
greenhouse gas concentrations and mean surface
temperature in the Northern Hemisphere are important
part of the resulting global climate change (IPCC 2001).
In addition to ongoing changes in climate conditions,
low nitrogen (N) availability is typically limiting plant
growth in northern coniferous forests (Helmisaari 1990,
Attiwill and Adams 1993), whereas substantial areas of
the most populated regions of central Europe and North
America are exposed to N excess by increased
anthropogenic N depositions (Fowler et al. 1999).
Excluding some regions in southern and central Europe
and wider areas in eastern Europe, those air pollutants
(including sulphur dioxide (S02), acid rain and
Suspended Particulate Matter (SPM» under the greatest
concern over ten years ago are no more regarded as a
serious threat for plant health in Europe, and thus being
dropped out of the main focus in European air pollutant
studies (Fig. 1). Main reason for the reductions in the
emissions of these air pollutants in late 1980's was
tightened legislations bringing out new technical
innovations and investments to the emission control.
Unlike in most of the developed countries, S02, acid
rain, SPM etc. are important air pollutants in rapidly
industrializing developing countries of Asia, Africa and
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South America at the present time (Emberson et al.
2001).
During the last ten years, factors relating to global
climate change have received increased attention in
scientific work as well as mass media in most European
countries. Increases in the concentrations of several
man-made and natural greenhouse gases and their
resulting effects, such as increase in mean air
temperature and changes in precipitation, have been
found to form a complex set of possible future climate
conditions (e.g. Karlen et al. 1999, IPCC 2001). Within
the greenhouse gases, carbon dioxide (C0 2), methane
(CH4) and tropospheric ozone (0 3) are currently
regarded as the most important ones, and the increases
in atmospheric CO 2 and tropospheric 0 3 concentrations
are found to be important in plant responses (IPCC
2001). In the terms of global climate change, nitrogen
oxides (NOx) are interest as an important group of
precursors for tropospheric 0 3 , The increase in the
concentrations of atmospheric CO 2, CH4 , and
tropospheric 0 3 is predicted to continue, closely
relating to the increases in population and energy
production as well as the rise in standard of living (For
example the United States of America, having 5% of
the world population, use about 25% of the total energy
produced in the world) (e.g. Karlen et al. 1999, IPCC
2001).
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Fig. 1. Trends in air pollutant studies. Factors relating to Global Climate Change (GCC) have
received increased attention (measured as governmental funding, number of ongoing
projects and publications etc.) in north European air pollutant studies.

From laboratories to open-fields: advances in
exposure facilities
Natural plant ecosystems are typically exposed to a
combination of several stress factors. Although it is
well understood that the plant stress responses in
controlled laboratory conditions may significantly
differ from those in the field, most of the earliest
experiments were conducted in glasshouses or
laboratory chambers with a minimal number of stress
factors in effect. However, laboratory experiments can
provide useful data indicating plant processes and
structures initially and most intensively affected by the
studied stress factors.
Since early 1970s, open-top field chambers (OTC's,
Fig. 2) offer an opportunity to study plant responses
under near-ambient conditions, and long-term (several
growing seasons) experiments with bigger plant species
(such as trees) are also enabled (e.g. Heagle et al. 1973,
Palomiiki et al. 1998). A number of OTC experiments
studying the effects of air pollutants on plants were
conducted in Europe in 1990's, and for instance, critical
0 3 levels for the vegetation in Europe have been
derived on the basis of the results mainly from the OTC
experiments (Fuhrer et al. 1997). However,
experimental data from chamber-less open-field
exposure facilities (Fig. 3) will be emphasized in future,
since microclimate surrounding the experimental plants
in OTCs is often quite artificial and a "chamber effect"
caused by the differences in photon flux, temperature,
humidity etc. is found in most OTC facilities (e.g.
Woodward et al. 1991, Palomiiki et al. 1998, Nussbaum
and Fuhrer 2000). Despite more natural growth
conditions and exposure patterns compared to most
OTC facilities, the open-field systems have their own
drawbacks also, including relative high exposure
expenses and possible impact of other (non-studied)
stress factors (e.g. variations in climatic conditions,
insects, diseases) and effects related to the growth
medium and the rooting volume in the pots (pot effect)
(Arp 1991, Teskey 1995). However, most of these
drawbacks can be suppressed in the field studies, for

example by planting the experimental seedlings in the
soil or in pots with sufficient rooting volume (e.g. 8 I
for conifer seedlings) (Arp 1991, Towsend 1993).

Plant responses to elevated 0 3 and CO2
concentrations and increased temperature
Tropospheric 0 3
At the present time, tropospheric 0 3 is regarded as
the third most important greenhouse gas after CO 2 and
CH4 (IPCC 2001). It is formed through a complex set of
chemical reactions, consisting photochemical oxidation
of volatile organic compounds (VOC) in the presence
of NOx (Janach 1989, Chameides and Lodge 1992).
Both VOC and NOx (nitric oxide, NO, and nitrogen
dioxide, N0 2) may be of natural origin from the
vegetation and soil, but most of them are a result of
anthropogenic emissions from the biomass burning and
combustion of fossil fuels (Fowler et al. 1999). In the
main reaction of tropospheric 0 3 production, N0 2 is
photolysed by sunlight (1..<430 nm) to NO and atomic
oxygen (0), which reacts with molecular oxygen (02)
forming 0 3. Part of the formed 0 3 reacts with nitric
oxide forming nitrogen dioxide (NO + 0 3 ~ N0 2 + O2 )
and part is deposited to land surfaces. Hydrocarbons
facilitate the oxidation of NO to N0 2, and build-up of
0 3 is typically higher when the ratio of N0 2 to NO
increases (Mustafa 1990). Although the recent data of
tropospheric 0 3 concentrations do not show consistent
trends between the monitor sites, comparison with
historical data proves a clear increase in mean surface
0 3 concentration in the Northern Hemisphere
(Runeckles and Krupa 1994, IPCC 2001). In plant 0 3
responses, several studies have reported Orsensitive
species among the natural vegetations as well as arable
crops and trees (e.g. Runeckles and Chevone 1992,
Fuhrer et al. 1997). Within the tree species, conifers
have been shown to be more 0 3 tolerant than
broad-leaved trees, mainly due to lower stomatal
conductance (i.e., lower intake of 0 3) and the
possibility of evergreens to recover during low-03
periods (Reich 1987, Lucas and Diggle 1997). Of the
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Figs. 2. A and B. Experimental facilities for the field studies in Finland.
A: Open-top chambers (OTCs) in Suonenjoki Station of the Finnish Forest Research Institute.
B: Ozone block for the 03 exposure in the open -field exposure system of the University ofKuopio.

most common conifer species in boreal coniferous zone,
Scots pine (Pin us syl vestris) has been regarded as
relatively susceptible and Norway spruce (Picea abies)
as tolerant to 0 3 (Davi s and Wood 1972, Chappelka and
Chevone 1992).
The main route of entry of 0 3 into the plant is within
the normal gas uptake via the stomata of the leaves
(Polle 1998). After entering th e leaf, 0 3 is dissolved in
apoplast and converted into reactive oxygen species
(ROS), including singl et oxygen ('02), hydrogen
peroxide (H 2 0 2), hydroxyl (OH') and superoxide (0 2-)
radicals (Pell and Reddy 1991 , Polle 1998). Increased
formation of ROS (particularly H 20 2) in the apop last
can
trigger
intercellular
reactions,
such
as
hypersensitive response (HR) in an incompatible
plant-pathogen interaction (Kangasjarvi et al. 1994,
Schraudner et al. 1998). Whil st the HR (and further
system acquired resistance, SAR) response is typical
for an acute stress with hi gh 0 3 concentration s, the
information about the ROS formation in chronic 0 3
exposure is carried inside the cell (symplast)
biochemically and by a signal transduction chain
affecting cell organelles without the activation of HR
response (Kangasjarvi et al. 1994, Sanderrnann et al.
1998, Polle and Pell 1999). Sin ce ROS are formed also
within the normal cellular metabolism under un stressed
conditions, a leaf tissue is provided with a number of
contin uously forming and regenerating antioxidants,
such as ascorbate, glutathione and polyamines, which
can scavenge ROS directly or serve as substrates for
several defence enzymes (Runeckles and Chevone 1992,
Polle and Pell 1999). When the defence capacity of the
cells is overcome, as in exposure to elevated 0 3, the
cell integrity can be altered and result in damage to the
lipid components of membranes, reductions in amounts
and activities of enzymes (par ticularly Rubisco) and
disturbances in photosynthetic machinery (e.g.
Runeckles and Chevone 1992, Polle 1998). Although
leaf pigment and starch concentrations have reported to
be affected by 0 3 , no clear or consistent patterns on the

effects of moderately elevated 0 3 concentrations on
these parameters have been found in northern conifers
(e.g. Robinson and Wellburne 1991 , Mikkelsen et al.
1995 , Utriainen and Holopainen 2001a, b).
Ozone-induced di sturbances in the photosynthetic
tissue usually result in changes in photosynthesis. In
spite of a transient stim ul ation of photosynthesis in the
newest foliage in some experiments (Wallin et al. 1990,
Greitner et al. 1994, Pell et al. 1994), reduced rate of
photosynthesis has been the most common response of
trees to elevated 0 3 in long-term exposures (e.g. Krupa
and Manning 1988, Chappelka and Chevone 1992,
Fuhrer et al. 1997). Ozone-induced reduction in the
photosynthesis is mainly due to the direct disturbances
in electron transport chain and damage to the protei n
and lipid components of membranes and reductions in
amounts and activities of enzymes in the photosynth etic
tissues (Pell and Reddy 1991 , Pell et al. 1997, Polle
1998). Changes in leaf photosynthesis can result in
altered plant carbon allocation (Skarby et al. 1998,
Polle et al. 2000). The Or induced changes in the
carbon allocation are mainly due to the reduced rate of
translocation of carbon skeletons from the leaves to the
roots, reduced number of mycorrhizal root tips or
accumulation of starch in foli age (Cooley and Manning
1987, Rantanen et al. 1994, Wellburn and Wellburn
1994). The higher retention of carbon in leaves can be
due to increased carbon demand for defence or repair of
damaged foliage or by disturbed phloem loading
(Gunthardt-Goerg et al. 1993, Wellburn and Wellburn
1994, Skarby et al. 1998). Decreased carbon allocation
to the roots can be detected e.g. as a reduction in plant
root to shoot ratio (Skarby et al. 1998, Polle et al. 2000,
Utriainen and Holopainen 200Ib).
As a result of change s in the physiological processes
and carbon allocation , decreases in plant growth and
biomass production are often reported under
0 3.exposure (e.g. Chappelka and Chevone 1992, Fuhrer
et al. 1997). However, the biomass production of Scots
pine and Norway spruce seed lings has found to be

148

UTRIAINEN larkko

affected only slightly by an open-field exposure to
moderately (l.5 x ambient) elevated 0 3 concentrations
(Kainulainen et al. 2000, Utriainen and Holopainen
2000, Utriainen and Holopainen 2001a). In stem
growth, the influence of 0 3 on shoot length has been
reported to be somewhat smaller than that on radial
growth (Chappelka and Chevone 1992, Polle et al.
2000, Utriainen and Holopainen 2001b). In visible
Injury symptoms, increased leaf chlorosis and
accelerated leaf senescence are found in 03-exposed
birch (Betula pendula) (Giinthardt-Goerg et al. 1993,
Ptt1ikkonen et al. 1998) and beech (Fagus sylvatica)
(Mikkelsen and Heide-Jmgensen 1996, Bortier et al.
2000), whereas the increases in yellowing and
abscission of older needles are typical for 0 3 exposed
Scots pine (Utriainen et al. 2000, Utriainen and
Holopainen 2000). The visible injury symptoms of 0 3
in broad-leaved trees and conifers may not be directly
comparable, as chronic 0 3 exposure can lead to damage
without visible foliar injury in stress tolerant species,
and visible symptoms and needle senescence in
conifers may differ from those of broad-leaved trees
due to the different growth strategies and 0 3
sensitivities (Pye 1988, Chappelka and Chevone 1992,
Sellden and Pleijel 1995).

Elevated CO 2 and increased temperature
Carbon dioxide is currently regarded as the most
important greenhouse gas. The concentration of
atmospheric CO2 is estimated to be twofold of that in
the preindustrial concentrations by the end of the 21 st
century (IPCC 2001). Several studies have reported
increased net photosynthesis and reductions in stomatal
conductance and rate of dark respiration as the primary
effects of elevated CO 2 , resulting in increases in height
growth and biomass production at a whole-plant level
(e.g. Woodward et al. 1991, Barnes and Pfirrman 1992,
Teskey 1995). There are also experiments showing
down regulation of photosynthesis and reduced growth
benefit (sometimes referred to as acclimation) as the
CO2 exposure is extended to more than one growing
season (Woodward et al. 1991, Epron et al. 1996, Jach
and Ceulemans 1999). However, the down regulation in
photosynthesis is common for slow-growing evergreens,
being much lower or even negligible in plant species
with indeterminate growth and ability to produce new
sinks for additional carbon throughout the growing
season (Kaushal et al. 1989, Farrar and Williams 1991,
Lippert et al. 1996). Suppressed photosynthesis is
related to negative feedback on enzymes involved in
sucrose synthesis and transport, direct structural
changes in chloroplast membranes and decreases in leaf
chlorophyll and Rubisco concentrations (Cave et al.
1981, Farrar and Williams 1991, Utriainen et al. 2000).
These physiological responses are caused mainly by the
accumulation of carbon in source tissue due to
imbalance in source-sink relations or disturbed phloem
loading or transport (Arp 1991, Farrar and Williams
1991, Woodward et al. 1991).
It could be hypothesised that the increase in
atmospheric CO 2 concentration is able to reduce the
negative impact of air pollutants on plants by
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decreasing stomatal conductance and providing more
substrates for repairing injured tissues due to increased
availability of carbohydrates (Woodward et al. 1991,
Polle and Pell 1999). Corroborating with this
hypothesis, increased defence against the 0 3 stress by
elevated CO 2 has been reported in plant species with a
relatively high stomatal conductance (Barnes and
PflITman 1992, Volin and Reich 1996, Turcsanyi et al.
2000). However, most of the studies with Scots pine
and Norway spruce have shown that elevated CO2 does
not provide any additional protection against 0 3
damage (Perez-Soba et al. 1995, Pfirrmann et al. 1996,
Utriainen et al. 2000), or that elevated CO2 may even
exacerbate the negative effects of 0 3(Polle et al. 1993,
Lippert et al. 1996). Different responses between the
conifers and fast-growing plant species are mainly due
to lower stomatal conductance and continuous pattern
of shoot and root growth in evergreens, but it can also
be related to the changes in root growth caused by the
limited pot size (pot effect) or different nutrient regimes
in the experiments (Arp 1991, Ceulemans and
Mousseau 1994, Griffin et al. 1995) Moreover, the
disadvantages relating to exposure facilities (especially
lower photon fluxes inside the chambers in laboratory
and OTC experiments) can easily modify plant
responses to elevated CO 2 (e.g. Murray et al. 1996,
Palomttki et al. 1998, Nussbaum and Fuhrer 2000).
An important consequence of the increases in
greenhouse gas concentrations is the rise in global
mean air temperature (often referred as greenhouse
effect). Warmer weather is usually firstly mentioned in
describing the global climate change, and in fact,
people often use "global warming" as a synonym for
"climate change" (Kempton 1997). Although there are
several uncertainties in measuring and predicting the
global warming, current estimations expect about 2-4
°C increase in mean surface air temperature in northern
latitudes by the end of the 21 st century (Krupa 1997,
Karlen et al. 1999, IPCC 2001). Increased temperature
can stimulate growth of meristems and organs
accelerating plant development, but the total growth
phase may be shortened resulting in fewer and smaller
organs and reduced biomass accumulation (e.g. Farrar
and Williams 1991, Morison and Lawlor 1999). In
addition, decreased photosynthesis by the temperature
elevation and acclimation to higher temperature have
been reported in conifers (Wang et al. 1995, Wang and
Kellomttki 1997, Teskey and Will 1999). However, the
benefit of northern conifers from increasing
temperature can be higher compared to those
evergreens favouring milder temperature regions. In
fact, it is reported that Scots pine and Norway spruce
growing in relative cool boreal conditions can more
effectively exploit the increase in temperature than the
increase in atmospheric CO 2 concentration (Sallas et al.
2002). In addition, greater migration of plant species
due to the temperature increase can be expected in
northern latitudes (e.g. Roberts 1989, Huntley 1991).

Nitrogen availability modify plant 0 3 and CO 2
responses
Nitrogen is the most limiting factor for plant growth
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in natural terrestrial ecosystems (Vitousek and Howarth
1991, Attiwill and Adams 1993). In northern conifers,
current-year needle N concentrations of around 12 mg
g-' (Helmisaari 1990, Tikkanen and Raitio 1990)
indicate N limitation, since the needle N concentrations
above 15 mg g"' are considered optimal for growth in
most conifers (De Vries and Latour 1995). Forests in
most polluted areas of North America and central
Europe can be exposed to N excess due to
anthropogenic N depositions up to 50-75 kg ha-' yr-'
(Nihlgdrd 1985, Fowler et af. 1999), but the N
depositions under 10 kg ha-' yr-' in north Europe are
not yet likely to affect the N cycling in northern
coniferous forests (Malk6nen et af. 1990).
In 0 3 responses of broad-leaved tree species,
increased 0 3 effects by the N limitation is reported in
birch (PMkk6nen and Holopainen 1995, Landolt et af.
1997) and hybrid poplar (Populus trichocarpa x
maximowizii) (Bielenberg et af. 200 I), but not in aspen
(Populus tremuloides Michx) (Greitner et af. 1994, Pell
et af. 1995, Volin and Reich 1996). Somewhat similar
response pattern to that with aspen is found in conifers,
as the strongest 03-induced effects on growth or
photosynthesis of Norway spruce (Lippert et af. 1996),
Scots pine (Utriainen and Holopainen 2001 b) and
Loblolly pine (Pinus taeda) (Tjoelker and Luxmoore
1991) seedlings were reported in sufficient N
availability. In addition, Kainulainen et af. (2000) found
no clear interactive effects of elevated 0 3 and N
limitation in Scots pine and Norway spruce seedlings
after two growing seasons of open-field exposure.
There can be several explanations for the slight 0 3
responses in N-deficient conifers, such as adaptation,
increased necessity to also maintain old and injured
needles under N limitation, or that the impact of
elevated 0 3 on growth is masked by N deficiency.
However, we found clearest Orinduced structural
changes in the photosynthetic mesophyll tissue of Scots
pine needles in N deficiency, indicating increasing role
of N limitation in plant 0 3 responses as the exposure is
extended to last more than three growing seasons
(Utriainen and Holopainen 200 I b). Overall, our results
from the open-field experiment with Scots pine
seedlings indicate different strategies for low and high
N conifers to cope with the 03-induced oxidative stress;
low-nutrient seedlings tend to maintain also the older
needles to ensure sufficient photosynthetic production,
whereas high-nutrient seedlings shed the ageing needles
to allow assimilate translocation to new shoots
(Utriainen and Holopainen 200 I b). A similar strategy
for coping with increased oxidative stress is earlier
reported in birch by Matyssek et af. (1997).
Only slight responses to elevated CO2 concentrations
have been reported in relatively nutrient deficient Scots
pine and Norway spruce seedlings (e.g. Perez-Soba et
af. 1995, Pfrrrmann et af. 1996, Utriainen et af. 2000).
This can be related to N limitation, since N-deficient
plants cannot increase carbon assimilation as much as
those with sufficient or optimal N regimens due to a
relatively narrow range in plant tissue carbon to
nitrogen ratio (e.g. Sage et af. 1989, Marschner 1995,
Drake et af. 1997). Reduced N concentrations in leaves
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of the newest shoots by elevated CO2 have been
reported in some experiments, explained by dilution or
translocation of resources to the roots to satisfy
increased nutrient demand in elevated CO2
concentration (e.g. Barnes and Pfirrman 1992; Lippert
et af. 1996; Cotrufo et af. 1998). In order to optimise
resource use, plants can in some extent reallocate
resources from the photosynthetic processes to other
processes, e.g. by liberating the excess N from
photosynthetic pigments (Sage et af. 1989, Tissue et af.
1996, Utriainen et af. 2000). However, plant responses
to elevated CO2 concentrations are normally strongly
regulated by the plant or soil N availability.
Conclusions
Atmospheric CO2 and tropospheric 0 3 are currently
regarded as the most important greenhouse gases in
plant responses. Additionally, increase in mean surface
temperature can significantly affect plant growth
especially in northern latitudes. Several open-top
chamber and open-field studies have revealed that a
chronic exposure to realistically elevated 0 3
concentration can disturb the normal functions of
relatively stress-tolerant conifers. However, 03-induced
effects on northern conifers are typically slight
compared to those in broad-leaved plant species,
mainly due to lower stomatal conductance of conifers
and the possibility of evergreens to recover during
low-03 periods. There is also experimental evidence
that the growth-promoting effect of elevated CO 2 can
be diminished in slow-growing conifers as the exposure
is extended to last several growing seasons, and that
elevated CO 2 cannot provide additional protection
against the Orinduced effects on most conifer species.
Instead, plant N supply clearly modifies tree 0 3
responses and the high and low N plants have different
strategies to cope with the increased oxidative stress.
Overall, experimental data from open-field studies
lasting more than two growing seasons is needed to
evaluate the cumulative responses of trees to the
predicted impact of future climatic conditions with
elevated 0 3 and CO2 concentrations and an increase in
mean surface temperature.
Acknowledgements
I express my gratitude to Prof. Takayoshi Koike of
Hokkaido University Forests (Japan) for providing the
chance to contributing this review paper to this journal.
Thanks are also due to Dr Toini Holopainen and Dr
Elina Oksanen (University of Kuopio) for valuable
comments on the manuscript. This study involves the
research during my stay in Tokyo University of
Agriculture and Technology (at Prof. Takeshi lzuta) by
the support of JAPS.
References
Arp, W.J. (1991) Effects of source-sink relations on
photosynthetic acclimation to elevated CO2 • Plant,
Cell and Environ., 14:869-875.
Attiwill, P.M. and Adams, M.A. (1993) Nutrient
cycling in forests. New Phytol., 124:561-582.
Barnes, J.D. and Pfrrrman, T. (1992) The influence of

150

UTRIAINEN Jarkko

CO 2 and 0 3, singly and in combination, on gas
exchange, growth and nutrient status of radish
(Raphanus sativus L.). New Phytol., 121 :403-412.
Bielenberg, D.G., Lynch, J.P. and Pell, EJ. (2001) A
decline in nitrogen availability affects plant
responses to ozone. New Phytol., 151:413-425.
Bortier, K, De Temmerman, L. and Ceulemans, R.
(2000) Effects of ozone exposure in open-top
chambers on poplar (Populus nigra) and beech
(Fagus sylvatica): a comparison. Environ. Pollut.,
109:509-516.
Cave, G., Tolley, L.C. and Strain, B.R. (1981) Effect of
carbon dioxide enrichment on chlorophyll content,
starch content and starch grain structure in
Trifolium subterraneum leaves. Physiol. Plant.,
51:171-174.
Ceulemans, R. and Mousseau, M. (1994) Effects of
elevated atmospheric CO2 on woody plants. New
Phytol., 127:425-446.
Chameides, w.L. and Lodge, J.P. (1992) Tropospheric
ozone: formation and fate. In: Lefohn, A.S. (ed.)
Surface level ozone exposures and their effects on
vegetation. Lewis Publishers, Chelsea, pp. 5-30.
Chappelka, A.H., Chevone, B.1. (1992) Tree responses
to ozone. In: Lefohn, A.S. (ed.) Surface level
ozone exposures and their effects on vegetation.
Lewis Publishers, Chelsea, pp. 271-323.
Cooley, D.R. and Manning, WJ. (1987) The impact of
ozone on assimilate partitioning in plants: A review.
Environ. Pollut., 47:95-113.
Cotrufo, M.F., Ineson, P. and Scott, A. (1998) Elevated
CO2 reduces the nitrogen concentration of plant
tissues. Global Change BioI., 4:43-54.
Davis, D.D. and Wood, F.A. (1972) The relative
susceptibility of eighteen coniferous species to
ozone. Phytopathol., 62: 14-19.
De Vries, W. and Latour, J.B. (1995) Methods to derive
critical loads for nitrogen for terrestrial
ecosystems. In: Hornung, M., Sutton, M.A. and
Wilson, R.B. (eds.) Mapping and modelling of
critical loads for nitrogen - a workshop report.
Institute of Terrestrial Ecology, Edinburgh, pp
20-33.
Drake, B.G., Gonzalez-MeIer, M.A. and Long, S.P.
(1997) More efficient plants: A Consequence of
Rising Atmospheric CO 2 • Ann. Rev. Plant Physiol.
and Plant Mol. BioI., 48:609-639.
Emberson, L.D., Ashmore, M.R., Murray, F.,
Kuylenstierna, J.C.I., Percy, K.E., lzuta, T., Zheng,
Y., Shimizu, H., Sheu, B.H., Liu, C.P., Agrawal,
M., Wahid, A., Abdel-Latif, N.M., van Tienhoven,
M., Bauer, L.1. and Domingos, M. (2001) Impacts
of air pollutants on vegetation in developing
countries. Water, Air and Soil Pollut.,
130:107-118.
Epron, D., Liozon, R. and Mousseau, M. (1996) Effects
of elevated CO2 concentration on leaf
characteristics and photosynthetic capacity of
beech (Fagus sylvatica) during the growing season.
Tree Physiol., 16:425-432.
Farrar, J.E and Williams, M.L. (1991) The effects of
increased atmospheric carbon dioxide and

Eurasian 1. For. Res.

6-2 (2003)

temperature on carbon partitioning, source-sink
relations and respiration. Plant, Cell and Environ.,
14:819-830.
Fowler, D., Cape, J.N., Coyle, M., Flechard, C.,
Kuylenstierna, J., Hicks, K, Derwent, D., Johnson,
C. and Stevenson, D. (1999) The global exposure
of forests to air pollutants. Water, Air and Soil
Pollut., 116:5-32.
Fuhrer, J., Skiirby, L. and Ashmore, M.R. (1997)
Critical levels for ozone effects on vegetation in
Europe. Environ. Pollut., 97 :91-106.
Greitner, C.S., Pell, EJ. and Winner, W.E. (1994)
Analysis of aspen foliage exposed to multiple
stresses: ozone, nitrogen deficiency and drought.
New Phytol., 127:579-589.
Griffin, K.L., Winner, W.E. and Strain, B.R. (1995)
Growth and dry matter partitioning in loblolly and
ponderosa pine seedlings in response to carbon
and nitrogen availability. New Phytol., 129:547 556.
Giinthardt-Goerg, M.S., Matyssek., R., Scheidegger, C.
and Keller, T. (1993) Differentiation and structural
decline in the leaves and bark of birch (Betula
pendula) under low ozone concentration. Trees
7:104-114.
Heagle, A.S., Body, D.E and Heck, w.w. (1973) An
open-top field chamber to assess impact of air
pollution on plants. J Environ. Qual., 2:365-370.
Helmisaari, H-S. (1990) Temporal variation in nutrient
concentrations of Pinus sylvestris needles. Scan. J
For. Res., 5:177-193.
Huntley, B. (1991) How plants response to climate
change: Migration rates, individualism and the
consequences for plant communities. Ann. Bot.,
67:15-22.
IPCC (2001) Climate change 2001: The Scientific Basis.
Contribution of Working Group I to the Third
Assessment Report of the Intergovernmental Panel
on Climate Change. Houghton, J.T., Ding, Y.,
Griggs, DJ., Noguer, M., van der Linden, P.J., Dai,
X., Maskell, K and Johnson, C.A. (eds.)
Cambridge University Press, United Kingdom and
New York, NY, USA, pp. 881.
Jach, E.M. and Ceulemans, R. (1999) Effects of elevated
atmospheric CO 2 on phenology, growth and crown
structure of Scots pine (Pinus sylvestris) seedlings
after two years of exposure in the field. Tree
Physiol., 19:289-300.
Janach, W.E. (1989) Surface ozone: Trend details,
seasonal variations, and interpretation. J Geophys.
Res., 94:18,289-18,295.
Kainulainen, P., Utriainen, J., Holopainen, J.K,
Oksanen, J. and Holopainen, T. (2000) Influence
of elevated ozone and limited nitrogen availability
on conifer seedlings in open-air fumigation
system: effects on growth, nutrient content,
mycorrhiza, needle ultrastructure, starch and
secondary compounds. Global Change BioI.,
6:345-355.
Kangasjarvi, J., Talvinen, J., Utriainen, M. and
Karjalainen, J. (1994) Plant defence systems
induced by ozone. Plant, Cell and Environm.,

Increased 0 3 and CO2 on trees

17:783-794.
Karlen, W., Kallen, E., Rodhe, H. and Backman, J.
(1999) Man-made versus natural climate change.
Ambio 28:376-377.
Kaushal, P., Guehl, J.M. and Aussenac, G (1989)
Differential growth response to atmospheric
carbon dioxide enrichment in seedlings of Cedrus
atlantica and Pinus nigra ssp. laricio var.
Corsicana. Can. J For. Res., 19:1351-1358.
Kempton, W. (1997). How the public views climate
change. Environ., 39: 12-21.
Krupa, S.V. and Manning, WJ. (1988) Atmospheric
ozone: formation and effects on vegetation. Environ.
Pollut.,50: 101-137.
Krupa, S.V. (1997) Global Climate Change: Processes
and products - an overview. Environ. Mon. Asses.,
46:73-88.
Landolt, W., Gilnthardt-Goerg, M.S., Pfenninger, I., Einig,
W., Hampp, R., Maurer, S. and Matyssek, R. (1997)
Effect of fertilization on ozone-induced changes in
the metabolism of birch (Betula pendula) leaves.
New Phytol., 137:389-397.
Lippert, M., Haberle, K-H., Steiner, K., Payer, H-D.
and Rehfuess, K-E. (1996) Interactive effects of
elevated CO2 and 0 3 on photosynthesis and
biomass production of clonal 5-year-old Norway
spruce (Picea abies (L.) Karst.) under different
nitrogen nutrition and irrigation treatments. Trees
10:382-392.
Lucas, P.W. and Diggle, P.J. (1997) The use of
longitudinal data analysis to study the
multi-seasonal growth responses of Norway and
Sitka spruce to summer exposure to ozone:
implications for the determination of critical levels.
New Phytol., 137:315-323.
Marschner, H. (1995) Mineral nutrition of higher plants.
2nd edn. Academic Press Ltd., London. pp. 889.
Matyssek, R., Maurer, S., Giinthardt-Goerg, M.,
Landolt, w., Saurer, M. and Polle, A (1997)
Nutrition determines the "strategy" of Betula
pendula for coping with ozone stress. Phyton
37:157-168.
Malkonen, E., Derome, J. and Kukkola, M. (1990)
Effects of nitrogen inputs on forest ecosystems.
In: Kauppi, P., Anttila, P. and Kenttamies, K.
(eds.) Acidification in Finland. Springer-Verlag,
Berlin, pp. 323-347.
Mikkelsen, T.N., Dodell, B. and LUtz, C. (1995)
Changes
in
pigment
concentration
and
composition in Norway spruce induced by
long-term exposure to low levels of ozone.
Environ. Pollut., 87:197-205.
Mikkelsen, T.N. and Heide-J0rgensen, H.S. (1996)
Acceleration of leaf senescence in Fagus sylvatica
L. by low levels of tropospheric ozone
demonstrated by leaf colour, chlorophyll
fluorescence and chloroplast ultrastructure. Trees
10: 145-156.
Morison, J.LL. and Lawlor, D.W. (1999) Interactions
between increasing CO2 concentration and
temperature on plant growth. Plant Cell Environ.,
22:659-682.

151

Murray, M.B., Leith, LD. and Jarvis, P.G (1996) The
effect of long term CO2 enrichment on the growth,
biomass partitioning and mineral nutrition of Sitka
spruce (Picea sitchensis (Bong.) Carr.). Trees
10:393-402.
Mustafa, M.G (1990) Biochemical basis of ozone
toxity. Free Radical BioI. & Medic., 9:245-265.
Nihlgard, B. (1985) The ammonium hypothesis - An
additional explanation to the forest die back in
Europe. Ambio 14:2-8.
Nussbaum, S. and Fuhrer, J. (2000) Difference in ozone
uptake in grassland species between open-top
chambers and ambient air. Environ. Pollut.,
109:463-471.
Palomiiki, V., Hassinen, A., Lemettinen, M., Oksanen,
T., Helmisaari, H-S., Holopainen, J., Kellomaki, S.
and Holopainen, T. (1998) Open-top fumigation
system for exposure of field grown Pinus
sylvestris to elevated carbon dioxide and ozone
concentration. Silva Fennica 32:205-214.
Piiakkonen, E. and Holopainen, T. (1995) Influence of
nitrogen supply on the responses of clones of
birch (Betula pendula Roth.) to ozone. New
Phytol., 129:595-603.
Paakkonen, E., Vahala, J, Pohjola, M, Holopainen, T.
and Karenlampi, L. (1998) Physiological, stomatal
and ultrastructural ozone responses in birch
(Betula pendula Roth.) are modified by water
stress. Plant, Cell and Environ., 21:671-684.
Pell, EJ. and Reddy, GN. (1991) Oxidative stress and
its role in air pollution toxity. In: Pell, EJ. and
Steffen, K. (eds.) Oxygen oxidative stress and
plant metabolism. American Society of Plant
Physiologists, pp. 67-75.
Pell, EJ., Temple, P.J., Fried, AL., Mooney, H.A. and
Winner, W.E. (1994) Compensation as a plant
response to ozone and associated stresses: an
analysis of ROPIS experiments. J Environm. Qual.,
23:429-436.
Pell, EJ., Sinn, J.P. and Johansen, C.Y. (1995) Nitrogen
supply as a limiting factor determining the
sensitivity of Populus tremuloides Michx. to
ozone stress. New Phytol., 130:437-446.
Pell, E.J., Schlagnhauer, C.D. and Arteca, R.N. (1997)
Ozone-induced oxidative stress: mechanisms of
the action and reaction. Physiol. Plant.,
100:264-273.
Perez-Soba, M., Dueck, T.A., Puppi, G and Kuiper,
PJ.C. (1995) Interactions of elevated CO 2, NH3
and 0 3 on mycorrhizal infection, gas exchange
and N metabolism in saplings of Scots pine. Plant
and soil 176:107-116.
Pfirrmann, T., Barnes, J.D., Steiner, K., Schramel, P.,
Busch, U., Kiichenhoff, H. and Payer, H-D (1996)
Effects of elevated CO 2 , 0 3 and K deficiency on
Norway spruce (Picea abies [L]. Karst.): nutrient
supply, content and leaching. New Phytol.,
134:267-278.
Polle, A, Pfirrmann, T., Chakrabarti, S. and
Rennengerg, H. (1993) The effects of enhanced
ozone
and
enhanced
carbon
dioxide
concentrations on biomass, pigments and

152

UTRlAINEN Jarkko

antioxidative enzymes in spruce needles (Picea
abies L.). Plant, Cell and Environ., 16:311-316.
Polle, A. (1998) Photochemical oxidants: uptake and
detoxification mechanisms. In: De Kok, L.I. and
Stu len, I. (Eds.) Responses of plant metabolism to
air pollution and global climate change. Backhuys
Publishers, Leiden, pp. 95-116.
Polle, A and Pell, E.I. (1999) Role of carbon dioxide in
modifying the plant response to ozone. In: Luo, Y.
and Mooney, H.A (eds.) Carbon dioxide and
Environmental stress. Academic Press, London,
pp.193-213.
Polle, A, Matyssek, R., Giinthardt-Goerg, M.S. and
Maurer, S. (2000) Defence strategies against
ozone in trees: the role of nutrition. In: Agrawal,
S.B. and Agrawal, M.A (eds.) Environmental
pollution and plant responses. Lewis Publishers,
Boca Raton, Florida, pp. 223-245.
Pye, J.M. (1988) Impact of ozone on the growth and yield
of trees: A review. J Environ. Qual., 17:347-360.
Rantanen, L., Palomilld, V., Holopainen, T. (1994)
Interactions between exposure to 0 3 and nutrient
status of trees: effects on nutrient content and
uptake,
growth
mycorrhiza
and
needle
ultrastructure. New Phytol., 128:679-687.
Reich, P.B. (1987) Quantifying plant response to ozone:
a unifying theory. Tree Physiol., 3 :63-91.
Roberts, L. (1989) How fast can trees migrate? Science
243:735-737.
Robinson, D.C. and Wellbum, AR. (1991) Seasonal
changes in the pigments of Norway spruce, Picea
abies (L.) Karst, and the influence of summer
ozone exposures. New Phytol., 119:251-259.
Runeckles, V.C. and Chevone, B.I. (1992) Crop
responses to ozone. In: Lefohn, AS. (ed.) Surface
level ozone exposures and their effects on
vegetation. Lewis Publishers, Chelsea, pp.
189-269.
Runeckles, V.C. and Krupa, S.Y. (1994) The impact of
UV-B radiation and ozone on terrestrial vegetation.
Environ. Pollut.,/83: 191-213.
Sage, R.F., Sharkley, T.D. and Seemann, J.R. (1989)
Acclimation of photosynthesis to elevated CO 2 in
five C3 species. Plant Physiol., 89:590-596.
Sallas, L., Luomala, E-M., Utriainen, J., Kainulainen, P.
and Holopainen, J.K. (2002) Contrasting effects of
carbon dioxide (C0 2) enrichment and elevated
temperature on Rubisco activity, chlorophyll
fluorescence, needle ultrastructure and secondary
metabolites in conifer seedlings. Tree Physiol., In
press.
Sandermann, H., Ernst, D., Heller, W. and Langebartels,
C. (1998) Ozone: an abiotic elicitor of plant
defence reactions. Trends in Plant Science
3:47-50.
Schraudner, M., Moeder, W., Wiese, C., Van Camp, W.,
Inze, D., Langebartels, C. and Sandermann, H.
(1998) Ozone-induced oxidative burst in the
ozone biomonitor plant, tobacco Bel W3. Plant
Journal 16:235-245.
Sellden, 0. and Pleijel, H. (1995) Photochemical
oxidant effects on vegetation - response in relation

Eurasian 1. For. Res.

6-2 (2003)

to plant strategy. Water, Air and Soil Pollut.,
85: 111-122.
Skarby, L., Ro-Poulsen, H., Wellburn, F.A.M. and
Sheppard, L. (1998) Impacts of ozone on forests: a
European perspective. New Phytol., 139: 109-122.
Teskey, R.O. (1995) A field study of the effects of
elevated CO2 on carbon assimilation, stomatal
conductance and leaf and branch growth of Pinus
taeda trees. Plant, Cell and Environ., 18:565-573.
Teskey, R.O. and Will, R.E. (1999) Acclimation of
loblolly pine (Pinus taeda) seedlings to high
temperatures. Tree Physiol., 19:519-525.
Tikkanen, E. and Raitio, H. (1990) Climatic stress and
air pollutants - causes of needle loss. Aquilo Ser.
Bot., 29:69-76.
Tissue, D.T., Thomas, R.B. and Strain, B.R. (1996)
Growth and photosynthesis of loblolly pine (Pinus
taeda) after exposure to elevated CO 2 for 19
months in the field. Tree Physiol., 16:49-59.
Tjoelker, M.G. and Luxmoore, R.I. (1991) Soil nitrogen
and chronic ozone stress influence physiology,
growth and nutrient status of Pinus taeda L. and
Liriodendron tulipifera L. seedlings. New Phytol.,
119:69-81.
Towsend, J. (1993) Effects of elevated carbon dioxide
and drought on the growth and physiology of
clonal Sitka spruce (Picea sitchensis (Bong.)
Carr.). Tree Physiol., 13:389-399.
Turcsanyi, E., Cardoso-Vilhena, J., Daymond, J.,
Gillespie, C., Balaguer, L., Ollerenshaw, J. and
Barnes, J. (2000) Impacts of tropospheric ozone:
past, present and likely future. In: Singh, S.N.
(ed.) Trace gas emissions and plants. Kluwert
Academic Publishers, Netherland, pp. 249-272.
Utriainen, J. and Holopainen, T. (2000) Impact of
increased springtime 0 3 exposure on Scots pine
(Pinus sylvestris L.) seedlings in Central Finland.
Environ. Pollut., 109:479-487.
Utriainen, J., Janhunen, S., Helmisaari, H-S. and
Holopainen, T. (2000) Biomass allocation, needle
structural characteristics and nutrient composition
in Scots pine seedlings exposed to elevated CO2
and 0 3 concentrations. Trees 14:475-484.
Utriainen, J. and Holopainen, T. (2001a) The influence
of nitrogen and phosphorus availability and ozone
stress on Norway spruce seedlings. Tree Physiol.,
21 :447-456.
Utriainen, J. and Holopainen, T. (2001b) Nitrogen
availability modifies the ozone responses of Scots
pine seedlings exposed in an open-field system.
Tree Physiol., 21:1205-1213.
Vitousek, P.M. and Howarth, R. W. (1991) Nitrogen
limitation on land and in the sea: How can it
occur? Biogeochem., 13:87-115.
Volin, J.C. and Reich, P.B. (1996) Interaction of
elevated CO 2 and 0 3 on growth, photosynthesis
and respiration on three perennial species grown
in low and high nitrogen. Physiol. Plant.,
97:674-684.
Wallin, G., Skarby, L. and Sellden, 0. (1990) Long-term
exposure of Norway spruce, Picea abies (L.)
Karst., to ozone in open-top chambers. I. Effects

Increased 0 3 and CO 2 on trees

on the capacity of net photosynthesis, dark
respiration and leaf conductance of shoots of
different ages. New Phytol., 115:335-344.
Wang, K., Kellomliki, S. and Laitinen, K. (1995)
Effects of needle age, long-term temperature and
CO 2 treatments on the photosynthesis of Scots
pine. Tree Physiol., 15:211-218.
Wang, K. and Kellomliki, S. (1997) Stomatal
conductance and transpiration in shoots of Scots
pine after 4-year exposure to elevated CO 2 and

153

temperature. Can. J. Bot., 75:552-561.
Wellbum, F.A.M and Wellbum, A.R. (1994) Atmospheric
ozone affects carbohydrate allocation and winter
hardiness of Pinus halepensis (Mill.). J Experim.
Bot., 45:607-614.
Woodward, F.I., Thompson, G.B. and McKee, I.F.
(1991) The effects of elevated concentrations of
carbon dioxide on individual plants, populations,
communities and ecosystems. Ann. Bot., 67:23-38.

