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Abstract

The increasing tropospheric ozone (O,) concentration constitutes a potential threat to nature. Plants are known to
react to O, but knowledge of the sensitivity and type of responses of different species and plant communities is
widely lacking. This review focuses on the ecological effects of O; on northern wild field layer plant species.
Most of the 65 species examined thus far have proven to be quite tolerant of O,. Visible symptoms were ob-
served in 54% of the 61 species studied, and growth reduction in 31% of the 55 species studied for growth.
There were no signs to suggest that certain families or vegetation types are more sensitive or tolerant than others.
There were, however, clear differences in sensitivity between the different species. It seems that forbs are usually
more sensitive than grasses. It should be kept in mind, however, that we still lack knowledge on the responses of
many common and abundant key species. The long-term effects are also far from clear. Hardly any field exami-
nations have been carried out on the effects of O5 on plant communities.

Introduction

Ozone (O;) has progressively become the major air
pollutant in many parts of the world. The fact that the
tropospheric O, concentrations in Europe have at
least doubled during the 20" century on account of
human activities, and still continue to increase
(Hough and Derwent 1990; Anfossi et al. 1991; Volz
and Kley 1988), raises the question of how plants will
react to the change. From southern and central Eu-
rope, there are field reports of visible injury symp-
toms on grasses and trees that can be attributed spe-
cifically to O,;. From Fennoscandia, where the
summer daytime O, levels are lower, around 30-40
ppb, with occasional episodes of 60—100 ppb, there
are no data on visible symptoms, but it has been dem-
onstrated that the O, concentrations are high enough
to reduce the growth of field-grown trees, and the
current O, levels are generally regarded as being high
enough to cause negative effects on plants (Laurila

and Littild 1994; Skirby et al. 1994; Sellden et al.
1997).

An inverse dependence of stomatal resistance on
ozone diffusivity is generally accepted. Usually, the
uptake of O, through the cuticle is neglible compared
to uptake through stomata (Grunhage and Haenel
1997). Under high humidity, stomatal opening in-
creases and plants are thus more sensitive to air pol-
lution. Actually, the areas experiencing the highest O,
exposures, i.e., where the accumulated exposures
over a threshold of 40 ppb (AOT40 values) (Fuhrer
et al. 1997) are highest, are frequently not the same
as the regions calculated as having the highest O,
fluxes. The highest O, exposures (AOT40 values) oc-
cur in the Mediterranean region and central Europe.
In contrast, it is apparent that the highest O, fluxes
occur in southern Scandinavia and northern Europe
(Emberson et al. 2000). Furthermore, our earlier stud-
ies suggest that northern Finnish (sub)species and
populations may be more sensititive to O, than south-
ern Finnish ones (Manninen et al. 1999, 2002).
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After O; has entered the substomatal cavities and
the apoplastic space, physical and chemical defence
and tolerance processes acquire an essential role in
the plant response (Reich 1987; Runeckles 1992;
Guzy and Heath 1993; Nebel and Fuhrer 1994). Oxi-
dative stress may result in stomatal closure (Davison
and Reiling 1995; Pearson et al. 1996; Lyons and
Barnes 1998), decline in the photosynthetic capacity
of the leaf (Reich and Amundson 1985; Chappelka
and Chevone 1992; Torsethaugen et al. 1999) or ac-
celerated rates of leaf senescence (e.g., Pearson et al.
(1996)). Disturbances of this kind may result in a re-
duction of the growth rate or changes in resource al-
location and the reproductive performance (Reiling
and Davison 1992a, 1992b, 1992c; Runeckles and
Chevone 1992; Davison and Reiling 1995; Pearson et
al. 1996; Lyons et al. 1997; Lyons and Barnes 1998)

This review focuses on the O, responses of wild
field layer plant species found in experimental stud-
ies in northern Europe. Ozone sensitivity has been
mostly studied among forest trees and sensitive and
tolerant cultivars, clones and populations of different
economic plants. It has become clear that some wild
herbaceous plants are equally sensitive to O; as the
most sensitive crop species studied so far (Ashmore
and Davison 1996; Ashmore et al. 1996; Kirenlampi
and Skérby 1996; Davison and Barnes 1998; UN/
ECE 1999). A recent review by Black et al. (2000)
discussed the O impact on growth and resource al-
location and on the reproductive development of
plants, showing that past research had been focused
mainly on economic plants and less on natural or
seminatural plants. With regard to northern wild
plants, only a few new experiments have been docu-
mented since Davison and Barnes (1998) and Fran-
zaring et al. (1998) published their reviews on the
effects of O, on wild plants. Davison and Barnes
(1998) discussed the difficulties involved in measur-
ing relative O; resistance and considered the effects
on growth, resource allocation and evolution without
trying to find out which species would be sensitive or
tolerant to O;. Franzaring et al. (1998) tried to estab-
lish a connection between the CSR-strategy, ecologi-
cal water amplitude, climate parameters and sensitiv-
ity of certain species. The aim of the present state of
the art review is to find out if the known O, effects
(occurrence of visible injuries, growth reductions) on
northern wild forbs, grasses and dwarf shrubs allow
any ecological conclusions. A further aim is to find
out the ecological, anatomical and morphological

characteristics that explain the differences in O sen-
sitivity.

Studied responses

Altogether 65 Scandinavian wild field layer plant spe-
cies have been studied, which accounts for about
3.8% of the wild field layer flora in Scandinavia (Lid
1985). Forty of the species were studied in controlled-
environment chambers (CEC), twenty in open-top
chambers (OTC) and five in both CECs and OTCs
(Tables 1, 2 and 3). Nussbaum and Fuhrer (2000)
stated that in OTCs, ozone uptake differs between
species because of the specific reactions to chamber
conditions. The typical OTC effects on the chamber
microclimate are filter effects, a 10-20% reduction of
global and PAR radiation, an increase of long-wave
radiation, a mean temperature increase, and a mean
vapour pressure deficit (Jetten 1992). The temperature
regime in the present CEC and OTC studies varied
from cool to warm between 11 °C and 28 °C as mean
daily maximum. Light intensity varied from 260
umol m=2 s~! to an average of 839 umol m=> s~
Relative humidity varied between 64 and 8§7%. Com-
parison of the climatic conditions in experiments was
difficult, but all reviewed studies had tried to follow
the natural climatic conditions when planning the
studies. It was noteworthy that real studies in situ in
Scandinavia are lacking. In situ, the light intensity is
much greater than in many environmental chambers.
Generally a level of 400 pmol m=2 s~! for 12 h is
considered to be enough for growing cool season
plants in CECs (Lambers et al. 1998)

The effects of O, exposure have been documented
to vary, depending on the genotype, species, popula-
tion, origin, plant age, developmental stage and phys-
iological state of the plant and also on the interaction
with other species, insects, pathogens and the abiotic
environment (Chappelka and Chevone 1992; Man-
ning and Krupa 1992; Bungener et al. 1999; Reiling
and Davison 1992a, 1992b, 1992¢; Davison and Reil-
ing 1995; Kérenlampi and Skdrby 1996; Pearson et
al. 1996; Lyons et al. 1997; Krupa and Manning 1988;
Lyons and Barnes 1998; Whitfield et al. 1998; UN/
ECE 1999).

The vast majority of O studies have been per-
formed on seedling state perennials (Tables 1 and 2).
Leaves are most sensitive (decrease in photosynthe-
sis) to O, when they have just reached full size (UN/
ECE 1999). Lyons and Barnes (1998) noticed that
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Table 2. Continued

Ref.

Growth

Visible symptom

Ozone treatments

Age

Species

Ozone treatments

Plant age:

CEC: controlled envi-
ronment chamber

S: seedling

OTC: open-top

three weeks

3w=

chamber

old seedlings

CF: charcoal-filtered
air, NF::non-filtered

air, NF + supplemen-

tal Oy

The nomenclature follows Hamet-Ahti et al. (1998). nl 17! and pg m~ was converted into ppb by the authors. AOT40s are given in ppb.h.
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resistance to O increased with plant age in Plantago
major L., and the decline in final plant dry weight was
entirely due to the sensitivity of the seedlings to O;.
The fact that seedling state shows visible injuries and
growth reduction but not adult Oxyria digyna (L.)
Hill. individuals (Table 1) may also be due to the 20
days longer duration of the experiment with seedling
state plants.

There is usually only a small correlation between
relative sensitivity in terms of visible symptoms and
growth reduction or seed production (Reiling and
Davison 1992a; Davison and Barnes 1998). In trees,
however, reduced radial growth correlates with visi-
ble O; injury (Chappelka and Chevone 1992). In the
experiments discussed in this review, visible symp-
toms form the most frequently studied response. In
half of the cases with visible symptoms, there is also
another response. The rarest case is to have growth
reduction without any visible injury symptoms.

Visible symptoms

Of the 40 forb species studied for symptoms of vis-
ible injury, 25 species (63%) showed such symptoms.
In the CEC experiments the percentage was 70% and
in the OTCs 31%. (Table 1). The short-term high con-
centrations most readily cause visible injury symp-
toms in plants (Treshow and Stewart 1973; Krupa and
Manning 1988; Nygaard 1994), but there are differ-
ences between species. Bergmann et al. (1999) found
that some species show high sensitivity to daily AOT
40 peak values: a mean daily maximum AOT 40 of >
270 ppb.h appears to be critical, while in some other
species, e.g., Rumex acetosa L., symptoms become
apparent with a daily maximum of AOT40s of > 320
ppb.h. Missing daily high peak concentrations could
be associated with some species not showing visible
injuries.

The readiness of plants to show visible symptoms
in the present experiments may be due to the fact that
most were still in the juvenile phase. According to
Heath (1994), growing leaves are most sensitive for
showing visible injuries, as the area of the leaf is just
beyond the half-way point to maximum size, before
expansion ceases. This might explain the fact that
Oxyria digyna (L.) developed visible injury symp-
toms in seedlings but not in the adult state (Table 1).
Plants grow most rapidly and, consequently, are most
vulnerable to environmental stress during the seedling
and juvenile phase.
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Table 3. Summary of some experiments designed to study the effects of O; on wild dwarf shrubs. Visible symptoms: concentration and
significance. Growth parameters: + increase, — decrease, 0 no effect. In the case of no study, the cell is blank.

Species Age Ozone treatments Visible symptom Growth Reference

Andromeda polifolia L. A (t.) CEC, 15, 40 or 80 ppb, 8 0 Mortensen and Nilsen
h/d, 60 days (1992)

Betula nana L. S CEC, 15, 40 or 80 ppb, 8 (80 ppb ***) Mortensen and Nilsen
h/d, 43 days. (1992)

Calluna vulgaris (L.) Hull. A (t.) CEC, 15, 40 or 80 ppb, 8 0 Mortensen and Nilsen
h/d, 30-90 days. (1992)

Empetrum nigrum L. A OTC, 35, 45 or 75 ppb, 8 0 Johnsen et al. (1991)
h/d, 16 months.

Rubus chamaemorus L. A (t) CEC, 15, 40 or 80 ppb, 8 0 Mortensen and Nilsen
h/d, 40 days. (1992)

Vaccinium myrtillus L. A OTGC, 5, 75 or 150 ppb, 8 (75 and 150 ppb) Nygaard (1994)

(soil)  h/d, 2 months.

Vaccinium myrtillus L. S CEC, 15, 43 or 78 ppb, 8 (78 ppb *) 0 Mortensen (1994)
h/d, 8 weeks.

Vaccinium vitis-idaea L. A (t.) CEC, 15, 40 or 80 ppb, 8 0 Mortensen and Nilsen
h/d, 60 days. (1992)

Vaccinium vitis-idaea L. S CEC, 15, 43 or 78 ppb, 8 0 Mortensen (1994)
h/d, 8 weeks.

Plant age: Ozone treatments

A (t.): adult, transplant from the field
A (soil): adult, soil block from the forest
S: seedling

CEC: controlled environment chamber
OTC: open-top chamber

The nomenclature follows Himet-Ahti et al. (1998). nl 1=' and pg m~ was converted into ppb by the authors.

Of the 15 grass species studied, visible injury
symptoms were observed in 6 species (40%). In the
CEC experiments the percentage was 83% and in the
OTCs 20% (Table 2). The corresponding percentages
for all species were 67% in the CECs and 29% in the
OTCs (Tables 1, 2 and 3). The injured species were
commonly grasses with smooth, hairy leaves. The
lowest O, concentration found to cause injuries was
40 ppb in 64 days, which caused Phleum alpinum L.
to be injured (Mortensen 1993). In two OTC studies,
P.alpinum revealed visible symptoms in 78 ppb in 4
weeks, and visible symptoms and growth decrease in
75 ppb in 7 weeks, when the experiment was started
after 3 weeks without ozone. Approximately 80 ppb
concentrations in 8 weeks caused injuries to Agrostis
capillaris L., Carex atrofusca Schkur, Dactylis glom-
erata L. (only 4 weeks), Eriophorum angustifolium
Honck. and Melica nutans L.

Among the boreal field layer key species, the re-
sponses of a few dwarf shrubs have been studied (Ta-
ble 3). Visible symptoms were observed in Betula
nana L. and Vaccinium myrtillus L. at the level of 80

ppb. This is in accordance with the observation on
birch and other broad-leaved trees (Mortensen and
Nilsen 1992; Matyssek et al. 1995; Gunthardt-Goerg
et al. 1997; Mortensen 1999).

Growth

In the experiments covered in this review, growth was
one of the studied parameters in 61 cases. Above-
ground biomass dry weight is a common measure of
growth. Even slight exposure to O, may alter the
ability of plants to translocate carbohydrates to roots,
seeds and fruits (Black et al. 2000). Allometric root/
shoot coefficient was one of the studied parameters
only in the case of Plantago major, and there was no
effect. In the CEC experiments, 44% of the 39 spe-
cies studied showed growth reduction, while only one
of the 20 species in the OTCs, Phleum alpinum L.,
showed such reduction. Forbs seem to be more sen-
sitive to O; than grasses as far as growth is con-
cerned. In 39% of the forb species studied, O, re-



duced growth, while the corresponding percentage in
grasses was 13%.

Ecological significance

Plant functional types proved largely unsatisfactory in
the effort to generalize change responses in the Arctic
(Dormann and Woodin 2002). Hunt et al. (1993) con-
cluded that high CO, responsiveness is normal only
within the competitive functional type. This conclu-
sion might also be applicable to ozone responses.
Plant functional types proved largely unsatisfactory in
the effort to generalize climate some extent. Plant
species characteristic in unfavourable environments
often exhibit inherently low maximum relative
growth rates (RGR) compared to species from more
favourable environments (Atkin et al. 1996; Hunt and
Cornelissen 1997). Specific leaf area seems to explain
the variation in the RGR of alpine, subalpine and
lowland species (Atkin et al. 1996). However, the
most ozone-sensitive species have not been widely
used in RGR studies, and most results are from low-
land sites. Among the few tested ozone-sensitive
plants, Plantago major is a high-RGR species (RGR
from 240 to 320 mg g=' d~!, Dijkstra and Lambers
(1989) and Poorter and Remkes (1990)), while ozone-
tolerant Festuca ovina is a low-RGR species (Poorter
and Remkes 1990), But many other species are indif-
ferent to ozone sensitivity and may be highly varia-
ble in their RGR, e.g., Briza media and Poa annua.
Some species may show visible symptoms (Hyperi-
cum perforatum), while others do not (Oxyria digy-
na), and may still have quite equal relative growth
rates (Poorter and Remkes 1990).

In the ozone experiments, the high-RGR species
(Hunt and Cornelissen 1997) Agrostic capillaris
showed visible symptoms and Plantago lanceolata
showed growth reductions, whereas Pilosella offici-
narum was unresponsive.

The main criterion in sensitivity screening could
be the effect of O, on plant growth, which is indica-
tive of the ecological fitness of the species. The effect
on seed output would be a very important parameter
to study, especially in the case of annual or mono-
carpic species. Both species studied with respect to
flowering, i.e., Plantago lanceolata L. and Plantago
media L., were unfortunately perennials in the seed-
ling state, and there were no observations on repro-
ductive effects.

Sensitive species, such as Antennaria dioica (L.)
Gaertn., Epilobium angustifolium L., Plantago major
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L.(after only two weeks) and Potentilla palustris (L.)
Scop. and Phleum alpinum L., showed severe growth
reduction after 50 days or more at concentrations be-
tween 70 and 80 ppb. At such concentrations, growth
is also somewhat reduced in Angelica archangelica
L., Erigeron borealis (Vierh.) Simm., Fragaria vesca
L., Leontodon autumnalis L., Ranunculus acris L.,
Silene acaulis (L.) Jacq., Solidago virgaurea L.,
Agrostis capillaris L. and Carex atrofusca Schkuhr.
Tolerant species including Alchemilla alpina L.,
Gnaphalium norvegicum Gunn., Saussurea alpina
(L.) DC., Saxifraga cernua L., Saxifraga cespitosa L.,
Thalictrum alpinum L., Poa alpina var. vivipara L.
and Festuca ovina L., seem to stand high concentra-
tions for several weeks without any injury.

The few studies carried out so far on plant com-
munities suggest that forbs are generally more sensi-
tive than grasses, showing a proportional decrease of
the biomass of the community upon increasing O,
exposure. The total biomass of the community re-
mains about the same, as the biomass of grasses
grows due to the diminishing competition and/or the
stimulating effect of O; on the growth of some grass
species. This may lead to systematic shifts in species
composition. The species that have been found to di-
minish in plant communities with increasing O in-
clude Leontodon hispidus L., Trifolium repens L. and
Festuca ovina L. Some less sensitive species, such as
Festuca rubra L., seem to increase their portion of the
community biomass (Ashmore et al. 1995, 1996).
This is quite interesting, since Leontodon hispidus L.
and Festuca ovina L. have proven to be quite tolerant
of O, when screened in monocultures (Tables 1 and
2). Generally speaking, greater biodiversity seems to
mean more biomass in grassland ecosystems (Tilman
et al. 2001).

There is no common trend in sensitivity that is
identifiable on the basis of family. After the classifi-
cation of species according to habitat (forest, dry site,
wet site, arctic or indifferent), tolerance seemed to be
most common among the arctic and indifferent spe-
cies. Interestingly, there are observations from Swit-
zerland showing that fewer species are sensitive to O,
at subalpine sites than at lower altitudes (Nebel and
Fuhrer 1994). This may be explained by specific re-
sponses of the well-developed antioxidative systems
in mountain plants (Wildi and Liitz 1996). On the
other hand, the O, sensitivity of the mountain birches
compared to two other birch species seem to be re-
lated to its rapid determinate growth pattern (Mannin-
en et al. 2002).
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Traits affecting the response to ozone

Leaf anatomy features, e.g., stomatal density and re-
sistance, the percentage of intercellular spaces among
palisade cells and the size of palisade parenchymal
cells have been found to affect O; sensitivity (Evans
and Ting 1974; Evans et al. 1996a, 1996b). Many
weeds and seminatural plant species, e.g., Rumex ob-
tusifolius L. and Plantago major L. reported to be
sensitive to O; (Reiling and Davison 1992a, 1992a;
Lyons et al. 1997) have thin cuticles. For example, the
amount of epicuticular wax is low in Plantago major
(Martin and Juniper 1970; Baker 1982).

Based on comparative leaf conductance measure-
ments (Janke 1970; Korner et al. 1979; Korner 1995)
and the sensitivity considerations made in this review,
it appears that the gas exchange rate correlates with
the response to O5 in many cases. Tolerant species,
such as Phalaris arundinacea L. and Alopecurus
pratensis L., and also Vaccimium myrtillus L. as an
intermediate species, have moderate leaf conductance
values (Janke 1970; Korner et al. 1979). On the oth-
ern hand, Oxalis acetosella L. and Vaccinium vitis-
idaea L. have low conductances (Korner et al. 1979;
Korner 1995), but O. acetosella L. shows readily vis-
ible injuries (Table 1).

There is evidence to suggest that, on account of
their higher gas exchange rates accompanied by a
higher uptake of O, or a low ability to allocate re-
sources when exposed to stress, genotypes and spe-
cies with a high growth rate are more sensitive to O,
than slow-growing ones (Reiling and Davison 1992a;
Danielsson and Pleijel 1999; Manninen et al. 1999;
Bortier et al. 2000). There are exceptions to this even
within a genus, such as the fact that Phleum alpinum
L. has a slower growth rate than Phleum pratense L.
but still shows more sensitivity to O, (Danielsson et
al. 1999). Furthermore, differences in O; sensitivity
within species may also be attributed to O climate at
the sites from where the populations originate (Lyons
et al. 1997; Manninen et al. 2002). In other words,
populations and species originating from areas where
the ambient O, levels are low may be expected to be
more sensitive to O, than those growing in areas with
higher O, levels.

Conclusions

The influence of O, on plants can be positive, nega-
tive or not measurable. In most OTC experiments,

fumigation had no effect on the response under study.
Identification of the varying sensitivities of taxa, com-
munities and ecosystems is quite complicated. There
is variation due to such factors as plant functional
types, species, genotype, plant age and the O history
of the plant, as it has been shown so clearly in Plan-
tago major L. Differences in the experimental proto-
cols (facilities, exposure regimes, etc.) and parame-
ters used to measure the O, response may also cause
differences in the results of sensitivity screening. In
forests, field and ground layer plants are under tree
canopies, which restrain a notable part of the O, load
and reduce the dose to which the field layer is ex-
posed. The exposure is often short, only some weeks
in duration. It would be preferable to examine the re-
sponses of plants for a whole season or at least up to
the state of reproduction in the field.

Knowledge of the effects of O; on the composi-
tion, diversity and stability of plant communities is
widely lacking. Skirby et al. (1994) have pointed out
that only a few species are likely to be affected by
the current O; levels in Norway. This review warrants
a similar conclusion pertaining to whole Fennoscan-
dia. At any rate, our results suggest that a wild straw-
berry population from eastern part of central Finland
was more sensitive to O than a population from
southern Finland and responded to an O, exposure far
below the proposed critical level of 7000 ppb.h (Man-
ninen et al. 2002). It must also be kept in mind that
only a small portion of the species have been exam-
ined. Many important and prevalent ones have not
been studied yet. Above all, there is a need for com-
munity studies in field conditions.

It seems that Arctic species may be even more tol-
erant of O, than boreal ones, but it must be kept in
mind that relatively few species have been tested. It
seems possible, from the studies of Ashmore et al.
(1996) and the fact that forbs appear to more sensi-
tive to O, than grasses, that O, may influence the
species composition in grasslands.

Acknowledgements

We thank Societas pro Fauna et Flora Fennica for fi-
nancing this work. The language was revised by Ms
Sirkka-Liisa Leinonen and Dr Gordon Roberts.



References

Anfossi D., Sandroni S. and Viarengo S. 1991. Tropospheric ozone
in the nineteenth century: The Moncalieri series. Journal of
Geophysical Research 96: 17349-17352.

Atkin O.K. and Cummins W.R. 1994. The effect of nitrogen source
on growth, nitrogen economy and respiration of two high arc-
tic plant sepcies differing in relative growth rate. Functional
Ecology 8: 389-399.

Atkin O.K., Botman B. and Lambers H. 1996. The causes of in-
herently slow growth in alpine plants: an analysis based on the
underlying carbon economies of alpine and lowland Poa spe-
cies. Functional Ecology 10: 698-707.

Ashmore M.R., Thwaites R.H., Ainsworth N., Cousins D.A., Power
S.A. and Morton A.J. 1995. Effects of ozone on calcareous
grassland communities. Water, Air and Soil Pollution 85: 1527—
1532.

Ashmore M.R. and Davison A.W. 1996. Towards a critical level of
ozone for natural vegetation. In: Kérenlampi L. and Skirby L.
(eds), Critical Levels for Ozone in Europe: Testing and Final-
izing the Concepts, UN-ECE Workshop Report. University of
Kuopio, Department of Ecology and Environmental Science,
pp. 58-71.

Ashmore M.R., Power S.A., Cousins D.A. and Ainsworth N. 1996.
Effects of ozone on native grass and forb species: a compari-
son of responses of individual plants and artificial communi-
ties. In: Kdrenlampi L. and Skérby L. (eds), Critical Levels for
Ozone in Europe: Testing and Finalizing the Concepts, UN-
ECE workshop report. University of Kuopio, Department of
Ecology and Environmental Science, pp. 193-197.

Baker E.A. 1982. Chemistry and morphology of plant epicuticular
waxes. In: Cutler D.F.,, Alvin K.L. and Price C.E. (eds), The
plant cuticle: papers presented at an International Symposium
organized by the Linnean Society of London, London, 8-11
September 1980. Linnean Society Symposium Series Nr 10.
Academic Press, pp. 139-165.

Bergmann E., Bender J. and Weigel H.-J. 1999. Ozone threshold
doses and exposure-response relationships for the development
of ozone injury symptoms in wild plant species. New Phytolo-
gist 144: 423-435.

Black V.J., Black C.R., Roberts J.A. and Stewart C.A. 2000. Tans-
ley Review No. 115 Impact of ozone on the reproductive de-
velopment of plants. New Phytologist 147: 421-447.

Bortier K., De Temmermam L. and Ceulemans R. 2000. Effects of
ozone exposure in open-top chambers on poplar (Populus ni-
gra) and beech (Fagus sylvatica): a comparison. Environmen-
tal Pollution 109: 509-516.

Bungener P., Balls G.R., Nussbaum S., Geissmann M., Grub A. and
Fuhrer J. 1999. Leaf injury characteristics of grassland species
exposed to ozone in relation to soil moisture condition and va-
pour pressure deficit. New Phytologist 142: 271-282.

Chappelka A.H. and Chevone B.I. 1992. Tree responses to ozone.
In: Lefohn A.S. (ed.), Surface Level Ozone Exposures and
Their Effects on Vegetation. Lewis publishers, Chelsea, pp.
271-324.

Danielsson H., Gelang J. and Pleijel H. 1999. Ozone sensitivity,
growth and flower development in Phleum genotypes of differ-
ent geographic origin in the Nordic countries. Environmental
and Experimental Botany 42: 41-49.

37

Danielsson H. and Pleijel H. 1999. Effects of ozone on wild plants.
In: Pleijel H. (ed.), Ground-Level Ozone — A Threat to Vegeta-
tion, Sweden Environmental Protection Agency, Report 4970.,
pp- 79-90.

Davison A.W. and Reiling K. 1995. A Rapid change in ozone re-
sistance of Plantago major after summers with high ozone con-
centrations. New Phytologist 131: 337-344.

Davison A.W. and Barnes J.D. 1998. Effects of ozone on wild
plants. New Phytologist 139: 135-151.

Dijkstra P. and Lambers H. 1989. A physiological analysis of ge-
netic variation in relative growth rate within Plantago major L.
Functional Ecology 3: 577-587.

Dormann C.F. and Woodin S.J. 2002. Climate change in the Arc-
tic: using plant functional types in a meta-analysis of field ex-
periments. Functional Ecology 16: 4-17.

Emberson L.D., Ashmore M.R., Cambridge H.M., Simpson D. and
Tuovinen J.-P. 2000. Modelling stomatal ozone flux across Eu-
rope. Environmental Pollution 109: 403—413.

Evans L.S. and Ting L.P. 1974. Ozone sensitivity of leaves: rela-
tionship to leaf water content, gas transfer resistance, and ana-
tomical characteristics. American Journal of Botany 61: 592—
597.

Evans L.S., Adamski J.H. II and Renfro J.R. 1996a. Relationships
between cellular injury, visible injury of leaves, and ozone ex-
posure levels for several dicotyledonous plant species at Great
Smoky Mountains National Park. Environmental and Experi-
mental Botany 36: 229-237.

Evans L.S., Albury K. and Jennings N. 1996b. Relationships be-
tween anatomical characteristics and ozone sensitivity of leaves
of several herbaceous dicotyledonous plant species at Great
Smoky Mountains National Park. Environmental and Experi-
mental Botany 36: 413-420.

Franzaring J., Bergmann E., Bender J. and Weigel H.J. 1998. The
impact of ozone on natural vegetaion — An ecological discus-
sion of European studies. Verhandlungen der Gesellschaft fur
Okologie 28: 355-362.

Fuhrer J., Skirby L. and Ashmore M.R. 1997. Critical levels for
ozone effects on vegetation in Europe. Environmental Pollution
97: 91-106.

Grunhage L. and Haenel H.-D. 1997. PLATIN (Plant-Atmosphere
Interaction) I: A model of plant-atmosphere interaction for es-
timating absorbed doses of gaseous air pollutants. Environmen-
tal Pollution 98: 37-50.

Guzy M.R. and Heath R.L. 1993. Responses to ozone of varieties
of common bean (Phaseolus vulgaris L.). New Phytologist 124:
617-625.

Gunthardt-Goerg M.S., McQuattie J., Scheidegger C., Rhiner C.
and Matyssek R. 1997. Ozone indused cytochemical and ultra-
structural changes in leaf mesophyll cell walls. Canadian Jour-
nal of Forest Research 27: 453-463.

Hiamet-Ahti L., Suominen J., Ulvinen T. and Uotila P. (eds) 1998.
Retkeilykasvio (Field Flora of Finland). Finnish Museum of
Natural history, Botanical museum, Helsinki.

Heath R.L. 1994. Alterations of plant metabolism by ozone expo-
sure. In: Alscher R.G. and Wellburn A.R. (eds), Plant Re-
sponses to the Gaseous Environment. Molecular, Metabolic and
Physiological Aspects. Chapman & Hall, pp. 121-145.

Hough A.M. and Derwent R.G. 1990. Changes in the global con-
centrations of tropospheric ozone due to human activities. Na-
ture 344: 645-648.



38

Hunt R., Hand W.D., Hannah M.A. and Neal A.M. 1993. Further
responses to CO, enrichment in British herbaceous species.
Functional Ecology 7: 661-668.

Hunt R. and Cornelissen J.H.C. 1997. Components of relative
growth rate and their interrelations in 59 temperate plant spe-
cies. New Phytol. 135: 395-417.

Janke R.A. 1970. Transpiration resistance in Vaccinium myrtillus.
American Journal of Botany 57: 1051-1054.

Jetten T.H. 1992. Physical Description of Transport Processes In-
side an Open Top Chamber in Relation to Field Conditions.
PhD Disseration, Agricultrual University, Wageningen, The
Netherlands.

Johnsen 1., Ro-Poulsen H., Sgchting U. and Mortensen L. 1991.
Gasformige luftforureningers effekter pa danske plantesam-
fund. Miljg og restprodukter. EM-Journal nr. 1323/86-20. En-
ergiministeriets forskningsudvalg for produktion og fordeling
af el og varme.

Krupa S.V. and Manning W.J. 1988. Atmospheric ozone: formation
and effects on vegetation. Environmental Pollution 50: 101-
137.

Kérenlampi L. and Skidrby L. (eds) 1996. Critical levels for ozone
in Europe: Testing and finalizing the concepts, UN-ECE work-
shop report, UN-ECE Convention on Long-Range Transbound-
ary Air Pollution workshop in Kuopio, 15-7 April, 1996. Uni-
versity of Kuopio, Department of Ecology and Environmental
Science.

Korner Ch. 1995. Leaf diffusive conductances in the major vegeta-
tion types of the globe. In: Schulze E.-D. and Caldwell M.M.
(eds), Ecophysiology of Photosynthesis. Springer, pp. 464—490.

Korner Ch., Scheel J.A. and Bauer H. 1979. Maximum leaf diffuse
conductance in vascular plants. Photosynthetica 13: 45-82.

Lambers H., Stuart Chapin F. and Pons T.L. 1998. Plant Physio-
logical Ecology. Springer Verlag.

Laurila T. and Léttild H. 1994. Surface ozone exposures measured
in Finland. Atmospheric Environment 28: 103—114.

Lee E.H. 1999. Early detection, mechanisms of tolerance, and ame-
lioration of ozone stress in crop plants. In: Agrawal S.B. and
Agrawal M. (eds), Environmental Pollution and Plant Re-
sponses. Lewis publisher, pp. 203-222.

Lid J. 1985. Norsk, Svensk, Finsk Flora., Oslo.

Lyons T.M., Barnes J.D. and Davison A.W. 1997. Relationships
between ozone resistance and climate in European populations
of Plantago major. New Phytologist 136: 503-510.

Lyons T.M. and Barnes J.D. 1998. Influence of plant age on ozone
resistance in Plantago major. New Phytologist 138: 83—89.
Manning W.J. and Krupa S.V. 1992. Experimental methodology for
studying the effects of ozone on crops and trees. In: Lefohn
A.S. (ed.), Surface Level Ozone Exposures and Their Effects

on Vegetation. Lewis publishers, USA, pp. 93-156.

Manninen S., Miettinen N. and Huttunen S. 2002. Growth and fo-
liar responses of northern European Scots pines and birches to
ozone. In: Background paper —Forests. UNECE Workshop Es-
tablishing Ozone Critical Levels II. Goteborg, Sweden, 19-2
November., pp. 147-154.

Manninen S., Sorjamaa R., Vanhatalo M. and Huttunen S. 1999.
Mountain birch shows high sensitivity to ozone. In: Fuhrer J.
and Achermann B. (eds), Critical Levels for Ozone — Level II.
Environmental Documenation No. 115. Swiss Agency for En-
vironment, Forest and Landscape, Bern, Switzerland, pp. 157-
160.

Manninen S., Siivonen N., Timonen U. and Huttunen S. 2003. Dif-
ferences in ozone response between two Finnish wild straw-
berry populations. Environmental and Experimental Botany 49:
29-39.

Martin J.T. and Juniper B.E. 1970. The Cuticles of Plants. Edward
Arnold (Publishers) Ltd.

Matyssek R., Gunthardt-Goerg M.S., Maurer S. and Keller T. 1995.
Nighttime exposure to ozone reduces whole-plant production in
Betula pendula. Tree Physiology 15: 159-165.

Mortensen L.M. 1993. Effects of ozone on growth of several sub-
alpine plant species. The Norwegian Journal of Agricultural
Sciences 7: 129-138.

Mortensen L.M. 1994. Further studies on the effects of ozone con-
centration on growth of subalpine plant species. The Norwe-
gian Journal of Agricultural Sciences 8: 91-97.

Mortensen L.M. 1999. Foliar injuries caused by ozone in Betula
pubescens Ehrh. and Phleum pratense L. as influenced by cli-
matic conditions before and during O, exposure. Acta Agricul-
turae Scandinavica 49: 44-49.

Mortensen L.M. and Nilsen J. 1992. Effects of ozone and tempera-
ture on growth of several wild plant species. The Norwegian
Journal or Agricultural Sciences 6: 195-204.

Nebel B. and Fuhrer J. 1994. Inter- and intraspesific differences in
ozone sensitivity in semi-natural plant communities. An-
gewandte Botanik 68: 116-121.

Nussbaum S. and Fuhrer J. 2000. Difference in ozone uptake in
grassland species between open-top chambers and ambient air.
Environmental Pollution 109: 463-471.

Nygaard P.H. 1994. Virkning av ozon pa blabaer (Vaccinium myr-
tillus), etasjehusmose (Hylocomium splendens), furumose
(Pleurozium schreberi) og krussigd (Dicranum polysetum).
Rapport fra skogsforsk 9.

Pearson S., Davison A.W., Reiling K., Ashenden T. and Olleren-
shaw J.H. 1996. The effects ofdifferent ozone exposures on
three contrasting populations of Plantago major. New Phytolo-
gist 132: 493-502.

Pleijel H. and Danielsson H. 1997. Growth of 27 herbs and grasses
in relation to ozone exposure and plant strategy. New Phytolo-
gist 135: 361-367.

Poorter H. and Remkes C. 1990. Leaf area ratio and net assimila-
tion raye of 24 wild species differing in relative growth rate.
Oecologia 83: 553-559.

Reich P.B. 1987. Quantifying plant response to ozone: a unifying
theory. Tree Physiology 3: 63-91.

Reich P.B. and Amundson R.G. 1985. Ambient levels of ozone re-
duce net photosynthesis in tree and crop species. Science 230:
566-570.

Reiling K. and Davison A.W. 1992a. The response of native, her-
baceous species to ozone: growth and fluorescence screening.
New Phytologist 120: 29-37.

Reiling K. and Davison A.W. 1992b. Effects of a short ozone ex-
posure given at different stages in the development of Plantago
major L. New Phytologist 121: 643-647.

Reiling K. and Davison A.W. 1992c. Spatial variation in ozone re-
sistance of British populations of Plantago major L. New Phy-
tologist 122: 699-708.

Runeckles V.C. 1992. Uptake of ozone by vegetation. In: Lefohn
A.S. (ed.), Surface Level Ozone Exposures and Their Effects
on Vegetation. Lewis publisher, pp. 157-188.



Runeckles V.C. and Chevone B.I. 1992. Crop responses to ozone.
In: Lefohn A.S. (ed.), Surface Level Ozone Exposures and
Their Effects on Vegetation. Lewis publisher, pp. 189-270.

Sellden G., Sutinen S. and Skirby L. 1997. Controlled ozone ex-
posures and field observations in Fennoscandia. In: Sander-
mann H., Wellburn A.R. and Heath R.L. (eds), Forest Decline
and Ozone, A Comparison of Controlled Chamber and Field
Experiments. Ecological studies 127. Springer-Verlag, Berlin,
Heidelberg, New York, pp. 249-276.

Skérby L., Grennfelt P, Karlsson PE., Karlsson G.P., Pleijel H.,
Sellden G. et al. 1994. Critical levels for tropospheric ozone —
concepts and criteria tested for nordic conditions. TemaNord
1994: 592.

Tilman D., Reich P.B., Knops J., Wdin D., Mielke T. and Lehman
C. 2001. Diversity and productivity in a long-term grassland
experiment. Science 294: 843-845.

Torsethaugen G., Pell E.J. and Assmann S.M. 1999. Ozone inhibits
guard cell K* channels implicated in stomatal opening. Na-
tional Academy of Sciences (USA) 96: 13577-13582.

39

Treshow M. and Stewart D. 1973. Ozone sensitivity of plants in
natural communities. Biological conservation 5: 209-214.
UN/ECE 1999. Critical levels for ozone — level II, Workshop.
Background documents. Preliminary background papers pre-
pared for a workshop under the Convention on Long-Range
Transboundary Air Pollution of the United Nations Economic
Commission for Europe (UN/ECE). Gerzensee, Switzerland

11-15 April 1999.

Volz A. and Kley K. 1988. An evaluation of the Montsouris series
of ozone measurements made in the nineteenth century. Nature
332: 240-242.

Whitfield C.P., Davison A.W. and Ashenden T.W. 1998. The effects
of nutrient limitation on the response of Plantago major to
ozone. New Phytologist 140: 219-230.

Wildi B. and Liitz C. 1996. Antioxidant composition of selected
high alpine plant species from different altitudes. Plant, Cell
and Environment 19: 138-146.



