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Summary

Tropospheric ozone has long been known as highly phytotoxic.
However, currently hardly anything is known whether this air pol-
lutant can also pose a threat to the overall biodiversity in terrestrial
ecosystems. Identifying the relative ozone sensitivities of relevant
taxa or species can be a first step in an assessment if biodiversity is
at risk from ozone. A literature survey was conducted describing ex-
perimental and observational results of exposure of organisms and
particularly plant species to ozone at environmentally relevant con-
centrations. For plants ozone effects considered were vegetative
growth (e.g. biomass of shoots, foliage, single leaves, stems, and
roots), reproduction (number and biomass of seeds and flowers),
species development, and symptoms of visible foliar injury. A to-
tal of 474 literature references were evaluated which described
such effects. For crop plants 54 species with 350 varieties could be
considered, while (semi)natural vegetation was represented by 465
vascular plant species comprising 298 herbaceous and 165 woody
plant species. Overall, these ozone studies cover only a small fraction
of the entire global flora. About two third of woody and about one
half of native herbaceous plant species investigated so far have been
described as ozone sensitive in at least one study. Ozone sensitivity
is slightly higher with respect to visible leaf injury as compared
to growth effects, and herbs and deciduous tree species are more
responsive than grasses and coniferous trees. Observational results
from field surveys conducted along ozone gradients to assess eco-
system effects of ozone in North America and Europe revealed visi-
ble macroscopic leaf injuries for 258 herbaceous species. However,
these findings often have not been verified under experimental ozone
exposure. Albeit the numbers of ozone studies related to a particular
plant family varied considerably, high proportions of ozone sensitive
species were found e.g. for the families Myrtaceae, Salicaceae and
Onograceae, while low proportions of ozone sensitive species were
found e.g. for the families Brassicaceae, Boraginaceae and Planta-
ginaceae. Intra-specific variations of ozone sensitivity of vascular
plants were primarily detected in crop species (e.g. wheat, soybean,
snap bean, clover, rice), most often derived from screening studies of
cultivars for their relative ozone sensitivity / tolerance to ozone. In
some cases intra-specific variation of ozone sensitivity is also true for
different populations of woody and herbaceous plant species, which
often resulted from temporal or spatial differentiation of the relative
ozone susceptibility. Therefore, there is some evidence that ozone
pollution in the past has already affected plant selection and modi-
fied the genetic pool of ozone sensitive genotypes. Information on
direct ozone effects on species other than vascular plants (e.g. ferns,
mosses, fungi, algae, vertebrates) is very poor or irrelevant, i.e. ozone
sensitivities for these taxa could not be described. This is also true
for organisms like microbes, arthropods or insects which have not
been tested so far for their responses to direct ambient ozone expo-
sure. However, these organisms may be indirectly impaired by ozone
via loss of vitality of the plant system to which they are associated.

* Corresponding author

1. Introduction

The loss of biological diversity (biodiversity) is one of the most pro-
minent examples of global change. According to the definition of the
Convention of Biological Diversity (CBD) biodiversity is defined as
“the variability among living organisms from all sources including,
inter alia, terrestrial, marine and other aquatic ecosystems and the
ecological complexes of which they are part; this includes diversity
within species, between species and of ecosystems”. Significant dri-
vers of the past and current loss of biodiversity are land use changes,
changes of climate and atmospheric chemistry, invasive species, as
well as soil and air pollution (SALA et al., 2000). While there is al-
ready scientific evidence and public awareness, respectively, that cli-
mate change or excessive deposition of nitrogen from the atmosphere
must be regarded as major threats to biodiversity (CBD; STEVENS
et al., 2010A; STEVENS et al., 2010B), there is currently little infor-
mation if and to what extent biodiversity is at risk from tropospheric
or ground level ozone pollution. This lack of information is all the
more serious as during the last 60 years there has been undeniable
evidence that tropospheric ozone has significant adverse effects on
plant growth, crop yields and forest health and that this air pollutant
has emerged as a problem of global dimension (ROYAL SOCIETY,
2008).

Typical effects of ozone on sensitive species include alterations of
carbon allocation patterns, symptoms of visible injury, enhanced
senescence, reduced growth and yield, or reduced flowering and
seed production. Each of these effects can impact on the vitality of
component species in plant communities, which may have implica-
tions for biodiversity. Therefore, identifying and understanding the
relative sensitivity of individual species and genotypes to ozone is
a central prerequisite for estimating effects at the community and
ecosystem level and for the development of critical ozone levels to
protect vegetation. However, there are hardly any systematic assess-
ments which taxa are particularly affected by ozone.

In the present study we summarize the existing information of the
relative susceptibility of different vascular plant species and geno-
types, respectively (native herbaceous plants, woody plant, agricultu-
ral plants) to near-ambient ozone concentrations and — based on this
information — identify ozone sensitive taxa. We restrict our analysis
to assessments of ozone effects on ecologically relevant parameters,
i.e. biomass growth, productivity, reproduction, and easily accessible
visible symptoms of the respective organisms and do not consider
studies with a focus on physiological and biochemical ozone effects.
While ozone effects on vascular plants provide the overwhelming
majority of information of the ozone susceptibility of organisms
in terrestrial ecosystems, we also reviewed existing information of
ozone effects on non-vascular plant species and on other non-plant
organisms.

In the following text we first provide short summaries of ozone pollu-
tion trends, methods to study its effects and its mechanism of effects
on plant organisms. We then provide detailed information on the
relative ozone susceptibilities of the different taxa for which ozone
effects have been described.
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2 Ozone pollution trends

As a secondary air pollutant ozone is formed in the troposphere
through a number of sun-light driven photochemical reactions invol-
ving the main precursor substances nitrogen mono- and dioxide (NO/
NO,), volatile organic compounds (VOC), methane (CH,) and carbon
monoxide (CO) (STAEHELIN, 2003). These precursors are of natural
or anthropogenic origin such as vehicles, power plants, biomass bur-
ning and all other forms of combustion. Naturally occurring global
ground-level background ozone concentrations in the pre-industrial
era ranged between approx. 5 - 20 parts per billion (ppb) (MARENCO
et al., 1994). Since that time annual mean background ozone concen-
trations have increased to values between approx. > 20 - 45 ppb de-
pending on the geographical location (VINGARZAN, 2004) with a rate
of increase of annual mean values ranging between 0.1 - 1.0 ppb per
year. This increase has been observed over large areas of Europe and
North America, and more recently in many countries in Asia (e.g.
China, India, Pakistan), South America (e.g. Brazil) and Africa with
rapidly emerging industrialization and hence, increasing emissions
of precursors of ozone. Very high concentrations episodically occur,
but for large parts of Western Europe there has been a noticeable lack
of the short-term high ozone concentrations that had previously been
experienced. Future ozone levels will be determined by the trends
of the emissions of the precursors and of temperature and solar ra-
diation. Predictive models, e.g. based on IPCC-SRES global emis-
sion scenarios indicate that background ozone concentrations will
continue to increase at a rate of 0.5% - 2% per year in the Northern
Hemisphere during the next 100 years and will be in the range of ca.
42 - 84 ppb by 2100 (JACOB and WINNER, 2009; PRATHER et al., 2003;
VINGARZAN, 2004). On the other hand, a recently published model
study predicted more moderate increases of ozone levels until 2050
(WILD et al., 2012). In Germany there was also a slight increase in
the annual mean ozone concentration between 1990 and 2011, but in
recent years it is not possible to identify such statistically significant
trend (UBA, 2016). According to ANDERSSON and ENGARDT (2010)
and PERCY et al. (2003) about 50 % of forests worldwide are expected
to be exposed to ozone concentrations above 60 ppb by 2100. Ground-
level ozone concentrations influenced by human activities vary sig-
nificantly with time (diurnally, seasonally, inter-annually) and with
geographic location. As ozone formation is dependent on sunlight
and as some of the chemical reactions involved in the ozone formati-
on in the troposphere are temperature-dependent, its concentrations
are particularly high at warm sunny days (ROYAL SOCIETY, 2008).
While at low elevation sites ozone concentrations show diurnal cy-
cles with low concentrations during the night and in the morning
and high and peak concentration during the afternoon, high elevation
sites mostly do not show such distinct diurnal variation (STOCKWELL
et al., 1997). In general, at a particular location formation of high
ozone concentrations depends on the local meteorology, the topo-
graphy and the regional sources of ozone precursors. In Europe, the
highest average ozone levels occur in Central and Southern Europe
(ROYAL SOCIETY, 2008).

3 Methods to study ozone effects on plants and terrestrial
eco-systems
Experimental techniques to expose single plants, plant communities
and segments of ecosystems to ozone range from controlled-environ-
ment growth chambers, greenhouses, field chambers to open-air
ozone exposure systems (WEIGEL et al., 2015). In these systems tar-
geted ozone concentrations are supplied to the test organisms by
adding ozone to either ambient or charcoal-filtered air. Most of the
information of ozone effects on plants is derived from the use of va-
rious types of indoor and outdoor chambers. For example, laboratory
fumigation chambers of various designs which provide highly repro-
ducible environmental and ozone exposure conditions have widely

been used for assessing visible injury or physiological and bioche-
mical ozone effects (HECK et al., 1978). However, due to different
microclimatic conditions in these chambers compared to ambient
air (“chamber effect”) plants often show morphological or physiolo-
gical differences compared to field-grown plants which modify the
response to ozone.

Open-top field chambers (OTC, HEAGLE et al., 1973) have been the
most widely used ozone exposure system up to now (HEAGLE et al.,
1988; JAGER et al., 1999; OKSANEN et al., 2013; ZHENG et al., 2013).
Open-top chambers offer the opportunity to expose individual plants,
model ecosystems and canopies of field plots for one to several grow-
ing seasons to either ambient and filtered air or to elevated levels of
ozone induced by ozone addition. Open-top chambers are best suited
for in situ studies with low stature vegetation, e.g. like most crop or
grassland species. To allow studies with taller trees large versions of
OTCs have been constructed (MUSSELMAN and HALE, 1997). He-
mispherical greenhouses (“solardomes”) represent another type of
closed outdoor fumigation chambers that are used in the UK (LUCAS
et al., 1987).

The necessity to avoid chamber effects and space limitations and to
investigate ecosystems under in situ conditions in an undisturbed en-
vironment led to the development and utilisation of free-air ozone
exposure systems (PERCY et al., 2010) which have been used in a very
limited number of experiments. One type of a chamberless expo-
sure system for ozone effect studies is a modification of the circular
free air carbon dioxide enrichment (FACE) system (HENDREY et al.,
1999; MIGLIETTA et al., 2001) which was modified to dispense ozone
into plant canopies. This type of exposure systems has been used
for ozone effects studies with soybean (MORGAN et al., 2004) and
with young tree species (KARNOSKY et al., 1999; WATANABE et al.,
2013). A similar custom-designed circular free-air ozone exposure
system was used by VOLK et al. (2003) in a Swiss grassland system. A
free-air ozone fumigation system in mature tree crowns of beech and
spruce in Germany was developed by WERNER and FABIAN (2002)
and tested and used by MATYSSEK et al. (2010B, 2013). In free-air
ozone exposure systems the coupling between the atmosphere and
the plant canopy as well as between the canopy and the respective
soil volume largely remains unchanged. Thus, in situ water and nu-
trient fluxes at the ecosystem level as well as biotic interactions (pol-
lination, herbivory) can be investigated.

A second chamberless method to assess effects of ambient ozone le-
vels on plants is the use of protecting chemicals against ozone stress
(MANNING et al., 2011). While this approach has long been known
but rarely been applied, it has recently been utilised again with crop
species in Europe (MILLS and HARMENS, 2011) and Asia (OKSANEN
et al.,2013; RA1 and AGRAWAL, 2012) or with tree species (PAOLETTI,
2007; PAOLETTI et al. 2011).

Methods of ozone exposure where there is no manipulation of the
ozone concentration surrounding the plants are field observations
and ambient ozone gradient studies where impacts of current or past
ozone exposure scenarios in complex ecosystems are monitored and
assessed. For example, the survey of ozone-specific leaf injury symp-
toms is a common worldwide established tool to assess significant
ozone -response relationships. Prominent examples, where forest tree
species and ecosystem responses to ozone have been assessed using
ozone gradient approaches are studies in the USA (MCLAUGHLIN
et al., 2007; MILLER and MCBRIDE, 1999), in the Carpathian Moun-
tains (BYTNEROWICZ et al., 2003) and in Italy (FERRETTI et al., 2005).

4 Mechanisms of ozone uptake and effects on biota

Terrestrial ecosystems are the major sink for tropospheric ozone
and consequently, vegetation is at particular risk from this pollutant.
With respect to vegetation the mechanisms of ozone uptake and its
effects have predominantly been investigated for vascular plants and



Ozone sensitive taxa 85

will be briefly described here.

The uptake of ozone by vegetation is attributed to both non-stomatal
and stomatal deposition. Non-stomatal deposition includes depositi-
on to soil, stems, cuticles and other external surfaces. Field measure-
ments of ozone deposition (flux) in various ecosystems indicate that
total dry deposition is largely dominated by stomatal uptake during
the most active parts of the growing season, but, at other times of the
year and depending on vegetation type and weather conditions, non-
stomatal deposition can be larger than stomatal uptake (CAPE et al.,
2009; CIESLIK, 2004).

It has long been known that penetration of ozone through the plants
cuticle is of minor importance in comparison to the route of uptake
through the stomata (KERSTIENS and LENDZIAN, 1989; MASSMAN
and GRANTZ, 1995). This transfer of the gas through the atmosphere
by turbulent diffusion, which is governed by micro-meteorological
conditions (radiation, temperature, wind, etc.) and the roughness of
the vegetation, into the plant via molecular diffusion through the sto-
mata is currently considered the key process in relating ozone ex-
posure to plant responses (FOWLER et al., 2009). Consequently, all
environmental factors that modify the stomatal aperture (e.g. tempe-
rature, light and soil water conditions, other pollutants, atmospheric
CO; concentration) and which thus affect leaf gas exchange have an
influence on the uptake of ozone into the plant interior (FISCUS et al.,
2005; FUHRER, 2009) and consequently on its effects.

Once ozone has passed the stomatal pore the ozone molecule as a
strong oxidant reacts with the apoplastic fluid and this results in the
generation of reactive oxygen species (ROS) like the hydroxyl radical
(‘OH) and the superoxide radical (-O,7). These breakdown products
of ozone impact on the cell membrane structure and function, chan-
ge the cell metabolism and cellular events, which results in reduced
photosynthetic rates and finally in the generation of observable plant
responses like visible chlorotic or necrotic tissue damage, reduced
photosynthesis, temporal shifts in the plant‘s development, and losses
in productivity (CHO et al., 2011; DIZENGREMEL et al., 2013).

The accumulation of ROS induces defence reactions by the plant that
are similar to other oxidative stress responses or pathogen attack and
may result in a programmed cell death (“hypersensitive response”),
a process which is thought to have the biological significance of li-
miting the spreading of the oxidative burst (BARTOLI et al., 2013;
KANGASJARVI et al., 2005; LANGEBARTELS et al., 2002; WOHLGE-
MUTH et al., 2002). Defence mechanisms involved in detoxifying
ROS, directly or indirectly derived from ozone exposure, may con-
sist in enzymatic and non-enzymatic reactions among which the
apoplastic ascorbate pool seems to be particular important (FUHRER,
2009; Ir1TI and FAORO, 2008). Defence reactions require energy for
regeneration of antioxidants, i.e. particularly at prolonged ozone ex-
posure the detoxification capacity may decline due to decreased ra-
tes of carbon assimilation and limited available energy (WIESER and
MATYSSEK, 2007).

Visible injury resulting from cellular ozone impacts has been obser-
ved on a wide range of plant species including trees, crops, and spe-
cies of semi-natural vegetation, e.g. in North-America and in Europe
(FLAGLER, 1998; INNES et al., 2001; MILLS et al., 2011). While on
broad-leaved plants visible injuries include stippling, flecking, sur-
face bleaching, bifacial necrosis, pigmentation (e.g. bronzing) and
chlorosis, for conifers visible injury has been described as chlorotic
banding, tip burn, flecking and chlorotic mottling. For both plant ty-
pes ozone induced symptoms of premature senescence of leaves and
needles, respectively, can be observed. These foliar lesions can vary
between and within taxonomic groups and the degree and extent of
visible foliar injury development may vary from year to year and site
to site.

Under prolonged, i.e. chronic ozone exposure, visible injury is often
not observed, but decreased rates of photosynthesis indicate adverse
effects of ozone. The response of photosynthesis to ozone has recei-

ved much attention in order to explain ozone induced losses of plant
productivity. It may be assumed that plant growth retardation under
longer-term ozone exposure at moderately enhanced concentrations
is mostly the result of reduced rates of CO, assimilation at the leaf
level. However, in trees within-tree alterations of carbon allocation
due to disturbed phytohormonal regulation have also been shown to
affect growth (KITAO et al., 2012; WINWOOD et al., 2007). Although
many different changes are observed in the photosynthetic apparatus,
decreased activity and amount of the enzyme Ribulose-1,5-bisphos-
phate carboxylase/oxygenase (Rubisco) appear to be the prevailing
causes of loss of photosynthetic capacity. Reduced photosynthesis
due to ozone exposure may finally result in decreased growth rates
and reduced overall plant productivity. Along with these effects im-
paired translocation of assimilates from source (e.g. leaves) to sink
(e.g. roots; seeds) organs and early senescence likely contribute to
ozone effects on plant growth and reproduction.

In the past four decades ozone effects on crops (reviewed by e.g.
BOOKER et al., 2009; Fiscus et al., 2005; HEAGLE, 1989; HEAGLE
et al., 1989; MILLS and HARMENS, 2011) and particularly on decidu-
ous and coniferous trees (reviewed e.g. MATYSSEK et al., 2013; 2010A;
2010B; PERCY et al., 2003; SANDERMANN et al., 1997) have been in-
vestigated. Other types of natural or semi-natural vegetation have
only recently received attention (reviewed by e.g. ASHMORE, 2005;
DAVISON and BARNES, 1998; FUHRER, 1997; WEIGEL et al., 2015).
Very few studies have addressed ozone effects on other organisms
than vascular plants (mosses, ferns, algae) in terrestrial ecosystems.
Some studies investigated the respiratory and thermoregulatory be-
haviour of ozone-exposed vertebrates, namely of amphibians and
reptiles. Other vertebrate species have only been investigated as test
objects in medical research studies and are not considered here.

5 The literature database of the present study

A literature search was performed using WEB OF SCIENCE™
(Core Collection, biological abstracts, and CAB Abstracts) encom-
passing reviewed papers, book chapters, research reports, or confe-
rence proceedings starting with the year 1980 and describing results
of controlled exposure of organisms to ozone with at least two dif-
ferent levels of ozone. For vascular plants, which represent the pre-
dominant majority of studies, exclusively studies with single plants
or monocultures which had been performed in either outdoor ozone
exposure facilities (free-air fumigation systems; open-top chambers)
or in greenhouses or solardomes were included. Controlled environ-
ment studies in growth chambers were considered only, if hourly
ozone exposure concentration did not exceed 100 ppb (exceptions are
indicated). Ozone effects considered were yield effects (crops only)
or general growth effects (i.e. reduction or increase in shoot, foli-
age, single leaf biomass, stem, root, seed and flower biomass, no. of
flowers), change of root/shoot ratio, enhancement and delay of flowe-
ring, reduction in germination rate of produced seeds or symptoms
of visible leaf/needle injury (unspecific symptoms, senescence, co-
louring, and ozone specific symptoms). A total of 418 literature re-
ferences were evaluated which met these requirements. In addition,
further 56 publications from forest health monitoring programs were
evaluated to identify native plant species, which have been recog-
nised as ozone-sensitive in terms of the expression of ozone-specific
symptoms in the field. All data were compiled into a database se-
parated into seven parts. These Source data can be downloaded at
https://www.thuenen.de/en/bd/fields-of-activity/biodiversity-and-
climate-change/phytotoxicology-of-air-pollutants/. Unless otherwise
stated, ozone effects were considered as either “none”, “statistically
significant” or “not significant” as taken from the original publica-
tion. For plants native to Germany, further taxonomical information
and spatial distribution is given according to BfN (Bundesamt fiir
Naturschutz; http:/www.floraweb.de/index.html).
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6 Identifying ozone sensitive taxa from experimental studies
In the following text the description of the ozone sensitivity of orga-
nisms is grouped according to their taxonomy (vascular plants, bry-
ophytes/pteridophytes, algae, lichens, fungi and vertebrates). Ozone
effects on microorganisms and invertebrates mostly result from ozo-
ne effects on the plant or plant community, respectively, interacting
with these organisms. For this reason, these groups of organisms are
disregarded here. The large number of studies with vascular plants
was further grouped into natural/semi-natural vegetation and crop
plants. (Semi)natural vegetation comprises herbaceous and woody
plant species including both native wild plants, extensively managed
pasture plants and forest trees.

6.1 Native herbaceous and pasture plants

Results from the database

During the last decades an increasing number of experimental studies
have been performed to assess the relative sensitivity of natural or
semi-natural herbaceous plant species to ozone. In Tab. 1 and Tab. 2
summaries of assessments of ozone responses as indicated by visible
symptoms and growth effects of native herbaceous and pasture plant
species are shown. Overall, 62 publications were reviewed reporting
on either only one or on up to 44 different species. From these publi-
cations a number of 554 indications (i.e. entries in the database) were
collected which provide information about 298 species belonging to
47 plant families. For 56 species more than two studies are available
and 169 species were tested only once. In the majority of studies (do-
cumented by 37 publications) open-top chambers or solardomes were
used as ozone exposure facilities, however, for 74 species the only
available data result from experiments using controlled environment
fumigation chambers. About 60 % of the species tested were peren-
nials and 20 % of all species were grasses.

In total, for 188 species out of the 298 species investigated a response
to ozone has been documented. Across the whole data set of herba-
ceous non-crop plants 53% and 47.5% of all species tested were
found to express visible injury symptoms and changes in biomass
production, respectively, in at least one experiment. In terms of
growth effects (Tab. 2) the proportion of ozone sensitive species is

higher for herbs than for grasses, however, the number of herb spe-
cies which were tested for their ozone responses is 3.3 times higher
than the number of grasses.

A noticeable difference becomes obvious with respect to life history:
regarding the parameter visible leaf injury (Tab. 1), the proportion
of ozone sensitive species is lower for annuals and biennials as com-
pared to perennials, but the proportion of species responding with
ozone impacts on growth (Tab. 2) is higher for annuals and bienni-
als than for perennials. The observation that about one half of the
species tested responded to ozone in a sensitive way is also true for
species native to Germany including neophytes and archaeophytes
(Tab. 1).

In Tab. 3 recorded ozone responses of species are grouped accor-
ding to the respective plant families. There were six families which
were represented by at least ten different species. In terms of visible
leaf injuries, six frequently studied families covered more than 50 %
of species classified to be ozone sensitive for which the following
order of decreasing sensitivity could be derived from the dataset:
Onagraceae > Fabaceae > Cyperaceae > Lamiaceae > Asteraceae
> Poaceae. Considering growth effects, 70 % of the species of the
Fabaceae tested for their ozone sensitivity were impaired by ozone
and about 40 % of all species tested to be sensitive towards ozone be-
long to the families Polygonaceae, Poaceae, Asteraceae, Lamiaceae,
and Plantaginaceae. These results for both parameters point to the
fact that Fabaceae (legumes) seem to be highly ozone sensitive and
that a high proportion of members of Poaceae and Asteraceae fami-
lies are also sensitive to ozone. On the other hand, for Brassicaceae
(crucifers) eight of nine species tested so far proved to be insensitive
to ozone exposures.

About one half of all native herbaceous species listed in the pre-
sent database are also native to Germany, 15 of these species are
considered to be “endangered” and additional 12 species are clas-
sified as “near-threatened”. Out of these, 16 species (eight within
each classification group) are responsive to ozone (Tab. 4). Special
attention should be paid to the species Comarum palustre, Medicago
minima, Nardus stricta and Trifolium striatum because for these
species ozone impacts have been shown for both, growth and leaf
injury.

Tab. 1: Summary of assessments of ozone effects on native herbaceous or pasture plant species as indicated by visible leaf injury symptoms. Results are
classified into different descriptive groups and given as the numbers of total species tested and the numbers of species showing a particular ozone
response: spec. = specific ozone symptoms; col. = non-specific discolouration; sen. = symptoms of senescence; not spec. = symptoms not characterized;
none = no visible symptoms observed. The percentage of species which were injured to ozone at least in one study is also shown.

no. of species
kind of visible symptoms
descriptive group tested spec. col. sen. not spec. none % injured
total 276 28 4 28 112 164 529
herbs 211 23 4 16 86 122 51.7
grasses 58 3 0 10 25 40 552
sedges 11 0 2 1 2 455
annuals or biennials 100 4 0 8 34 65 420
perennials 175 23 4 20 77 99 589
species native to Germany' 195 27 4 28 79 120 56.9
endangered’ 13 0 0 0 3 10 23.1
near threatened’ 12 5 1 1 2 8 583

laccording to Bundesamt fiir Naturschutz. Floraweb: http://www.floraweb.de/index html.
Sum of responsive and non-responsive species numbers is not equivalent to the total number of species assessed because of divergent results within different

publications.
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Tab. 2: Summary of assessments of ozone effects on native herbaceous or pasture plant species as indicated by growth effects (change in biomass of shoot,
foliage, stem, root, seed or flowers, root/shoot ratio or change in germination rate of produced seeds = seed quality). Results are classified into different
descriptive groups and given as the numbers of total species tested and the numbers of species showing a particular ozone response. The percentage of
species which were responsive to ozone at least in one study is also shown. Significant changes (see Chapt. 5) are given in parentheses.

no. of species
kind of growth response
reduced growth
descriptive group tested or seed quality increased growth none % responsive
total 223 119 (95) 24 (11) 135 61.0 (47.5)
herbs 155 89 (69) 15(7) 87 639 (47.7)
grasses 61 30 (24) 7(4) 44 55.7(45.9)
sedges 7 2(2) 1(0) 4 429 (28.6)
annuals or biennials 55 32 (25) 4(2) 30 63.6 (49.1)
perennials 166 83 (67) 20 (9) 105 59.0 (44.6)
species native to Germany' 187 97 (76) 22 (10) 124 59.9 (44.9)
endangered' 12 5(5) 2(1) 6 58.3 (50.0)
near threatened 12 3(2) 0(0) 12 25.0 (16.7)

1

according to Bundesamt fiir Naturschutz. Floraweb: http://www.floraweb.de/index .html.

Sum of responsive and non-responsive species numbers is not equivalent to the total number of species assessed because of divergent results within different

publications.

Tab. 3: Summary of assessments of ozone effects on native herbaceous or pasture plant species categorized according to the respective plant families. The total
number of species tested (total) and the number of species showing a response to ozone indicated by visible symptoms and growth effects (see Tab. 1
and Tab. 2) are shown. Statistically significant effects (see Chap. 5) are shown in parentheses. Only those families are considered which are represented
by at least three different species.

visible leaf injuries growth effects

reduction increase not
Sfamily total tested injured not injured tested total (sign.) | total (sign.) responsive
Apiaceae 4 3 3 0 3 2(2) 0 (0) 1
Apocynaceae 4 4 4 4 1 1(D) 0 (0) 0
Asteraceae 59 54 30 26 41 22 (14) 4(2) 25
Boraginaceae 12 12 4 8 2(1) 0 (0) 0
Brassicaceae 9 9 1 8 2(2) 0(0) 1
Caryophyllaceae 10 1 8 10 5@ 2(2) 8
Cyperaceae 10 9 7 2 10 3(3) 1(0) 6
Fabaceae 29 28 22 7 25 20 (16) 1(0) 6
Geraniaceae 3 3 2 2 1 0 0 2
Hyperaceae 3 3 2 2 2 1(0) 0 1
Lamiaceae 9 9 5 5 5 2(2) 2(1) 3
Malvaceae 3 3 2 1 3 2(1) 0 1
Onagraceae 8 8 8 4 2 2(2) 0 1
Papaveraceae 5 5 2 3 3 2(2) 0 2
Plantaginaceae 7 7 2 7 6 3(1) 1(0) 5
Poaceae 64 55 30 39 58 29 (23) 74) 42
Polemoniaceae 3 3 0 3 0 nd. nd. nd.
Polygonaceae 9 8 5 5 6 5(5) 1() 3
Ranunculaceae 4 4 2 3 3 1(1) 0 3
Rosaceae 7 6 3 5 7 4(4) 2 (0) 3
Saxifragaceae 3 3 0 3 3 0 0 3
Scrophulariaceae 4 4 1 3 3 3(3) 0 2
Violaceae 3 3 1 2 3 1(D) 0 2
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Tab. 4: Vascular plant species at risk (species red list) which have been tested for their response to ozone with respect to visible injuries and growth effects. If
distinct effects have been published, the most sensitive one is listed. red. = reduction, inc. = increase, n.s. = not significant, -- = not determined. Risk
status according to “Bundesamt fiir Naturschutz”: NT — near threatened, 3: vulnerable, 2: endangered, 1: critically endangered, O: extinct in the wild, R:
extremely rare

species status visible injury growth effect reference’

Antennaria dioica 3+ - shoot red. MORTENSEN, 1993

Avenula pratensis NT no no ASHMORE et al., 1996

Briza media NT no no ASHMORE et al., 1996; 1995

Carex laevigata 3 no no HAYES et al., 2006

Carex panicea NT specific no HAYES et al., 2006

Carum carvi NT specific no BUNGENER et al., 1999B

Cirsium dissectum 2 no shoot red., n.s. FRANZARING et al., 2003; 2000

Coramrum palustre NT yes growth red. MORTENSEN, 1994

Eriophorum vaginatum NT -- no MORSKY et al., 2011

Gentiana asclepiadea 3 yes - MANNING and GODZIK, 2004

Juncus squarrosus NT no inc. in growth HAYES et al., 2006

Lychnis flos-cuculi NT coloured/ BUNGENER et al.; 1999b; Batty et al., 2001;
specific no FRANZARING et al., 2000; TONNEICK et al., 2004

Lychnis viscaria NT no no BATTY et al., 2001

Medicago minima 3 yes growth red. GIMENO et al., 2004

Micropyrum tenellum 0 no - BERMEJO et al., 2003

Nardus stricta NT specific shoot red. ASHMORE et al., 1996; HAYES et al., 2006

Narthecium ossifragum 3 no no HAYES et al., 2006

Primula farinosa 3+ no no BATTY et al., 2001

Rhodiola rosea R - no BATTY et al., 2001

Rubus chamaemorus 1 no - MORTENSEN AND NILSEN, 1992

Salvia pratensis NT senescent no BUNGENER et al., 1999a; 1999b

Saussurea alpina R -- inc. in growth. MORTENSEN, 1993

Scrophularia auriculata 3 no growth red. BATTY et al., 2001

Senecio sarracenicus 3 no inc. in shoot HAYES et al., 2006

Silene noctiflora NT no no BATTY et al., 2001

Succisa pratensis NT -- no FRANZARING et al., 2000

Tragopogon orientalis NT specific no BUNGENER et al., 1999a; 1999b

Trifolium striatum 3 yes shoot / seed red. BERMEJO et al., 2003; GIMENO et al., 2004;

SANZ et al., 2007

) ASHMORE, M .R., POWER, S.A., COUSINS, D.A., AINSWORTH, N., 1996: In: L. KARENLAMPI, L. SKARBY (eds.), Critical Levels for Ozone: UN-ECE Workshop
Report, Kuopio, 193-197.% ASHMORE, MR ., THWAITES, R .H., AINSWORTH, N, 1995: Water Air Soil Pollut 85, 1527-1532; BATTY, K., ASHMORE, M., POWER, S A .,
2001: In: D. FOWLER et al. (eds.), The Ozone Umbrella Project CEH Project: C00970 — Final Report, Centre for Ecology and Hydrology, Edinburgh; BERMEJO,
V., GIMENO, B.S., SANZ, J., DE LA TORRE, D., GIL, J.M., 2003: Atmos. Environ. 37, 4667-4677; BUNGENER, P., BALLS, G.R., NUSSBAUM, S., GEISSMANN, M.,
GRUB, A., FUHRER, J., 1999A: New Phytol. 142,271-282; BUNGENER, P., NUSSBAUM, S., GRUB, A., FUHRER, J., 1999b: New Phytol. 142,283-293; FRANZARING,
J., DUECK, T.A., TONNEICK, A.E.G., 2003: In: P.E. KARLSSON, G. SELLDEN, H. PLEUEL (eds.), Establishing Ozone Critical Levels II, UNECE Workshop report
B 1523. IVL Swedish Environmental Research Institute, Gothenburg, Sweden, 224-229; FRANZARING, J., TONNEUCK, A .E.G., KOOUMAN, A.W.N., DUECK, T.A.,
2000: Environ. Exp. Bot. 44, 39-48; GIMENO, B.S., BERMEJO, V., SANZ, J., DE LA TORRE D., ELVIRA, S., 2004: Environ. Pollut. 132,297-306; HAYES, F., MILLS,
G., WILLIAMS, P., HARMENS, H., BUKER P., 2006: Atmos. Environ. 40, 4088-4097; MANNING, W.J., GODZIK, B., 2004: Environ. Pollut. 130, 33-39; MORSKY,
S.K., HAAPALA, J K., RINNAN, R., SAARNIO, S., SILVOLA, J. et al., 2011: Environ. Exp. Bot. 72, 455-463; MORTENSEN, L..M., 1993: Norweg. J. Agric. Sci. 7,
129-138; MORTENSEN, L.M., 1994: Norweg. J. Agric. Sci. 8, 91-97; MORTENSEN, L.M., NILSEN, J., 1992: Norweg. J. Agric. Sci. 6, 195-204; SANZ, J., BERMEJO,
V., GIMENO, B.S., ELVIRA, S., ALONSO, R., 2007: Atmos. Environ. 41, 8952-8962; TONNEUCK, A .E.G., FRANZARING, J., BROUWER, G., METSELAAR, K., DUECK,
T.A., 2004: Environ. Pollut. 131, 205-213.

Literature context: Approaches to describe functional patterns of  of these studies focused on highland or alpine (BUNGENER et al.,
plant responses to ozone 1999A; BUNGENER et al., 1999B), dehesa (GIMENO et al., 2004), wet-
During the last decades an increasing number of experimental stu-  land (BATTY et al., 2001; FRANZARING et al., 2003; FRANZARING
dies have been performed to assess the relative sensitivity of natu-  etal.,2000) or ruderal plant species (BENDER et al.,2006; BERGMANN
ral or semi-natural herbaceous plant species to ozone. The majority et al., 1999), and in most of the studies rare species were included
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as well. Beyond the repeated documentation of widespread ozone
sensitivity of native herbaceous species it is impossible to assess the
ozone risk of the total flora only by doing standardised screening
experiments. Therefore, several functional approaches have been de-
scribed in order to identify ecological characteristics which might
be associated with the sensitivity of the native herbaceous plants to
ozone. Relating eco-physiological characteristics to ozone sensitivity
of different species, HARKOV and BRENNAN (1982) concluded that
herbaceous species are generally more sensitive than woody plants.
In his unifying theory REICH (1987) related the strong dependence of
phytotoxic ozone effects to the gas exchange properties of the target
plant, thus indicating that water status and transpiration rate might be
the critical factor for determining the ozone responsibility of a plant.
FRANZARING et al. (1997) tested the hypothesis that hygro- and me-
somorphous species from moist sites are more affected by ozone than
scleromorphous species adapted to dry sites. However, the authors
failed to evidence a relationship between ozone sensitivity ranking
and ELLENBERG-moisture values, especially when the assessment
was based on growth parameters. In open-top chamber fumigation
experiments FRANZARING et al. (2000) and BATTY et al. (2001) chose
wet grassland species which are thought to suffer less water stress in
ozone episodes and are therefore considered to be particularly sensi-
tive because of a higher stomatal conductance. In both studies, 36 %
of the species responded with growth changes and 56 % expressed
symptoms of leaf injury. This reflects a ratio of sensitivity below or
similar to that calculated for the whole data set over all habitats as
presented in the present study. Moreover, there was no association
between ecological indicator values for either moisture, light, pH and
fertility or ozone sensitivity in the short-term experiments of BATTY
et al. (2001). However, the most sensitive species in the experiments
were characterised by a high stomatal conductance.

From a meta-analysis HAYES et al. (2007) identified three significant
relationships between relative sensitivity to ozone and ecological ha-
bitat requirements, i.e. light, moisture and salt content of soils. These
relationships provided an opportunity to model the relative sensi-
tivity to ozone of species (JONES et al., 2010). In a review of ozone
impacts on European grasslands BASSIN et al. (2007) pointed out that
stomatal conductance, specific leaf area (SLA) and defense capacity
are three main plant traits that determine ozone sensitivity. Low rela-
tive growth rate (RGR) and SLA are characteristic for stress tolerat-
ing species (S-strategy sensu the C-S-R strategy model of GRIME
(1979), but there is limited evidence that these species are less sensi-
tive towards ozone than species with the highest ranking of C (com-
petitive)- or R (ruderal)-strategy (BASSIN et al., 2007, BUNGENER
et al., 1999; FRANZARING et al., 1997; HAYES et al., 2007).

However, a basic requirement for deriving any kind of relationship
between a response to ozone and ecological properties is to embrace
a critical number of species covering the broad part of the total ecolo-
gical amplitude of plants e.g. families, life forms, habitat types, plant
traits etc. At present, most of these characteristics are not sufficiently
represented in the databases of experiments under realistic condi-
tions (BASSIN et al., 2007; HAYES et al., 2007) narrowing the success
in grouping the plant kingdom into broad classes of ozone sensitivity.
HAYES et al. (2007) determined an index to describe the relative sen-
sitivity to ozone for 83 native plant species from existing publica-
tions. Approximately one-third of the species in this study showed
above-ground biomass reductions of about > 10 % under ozone expo-
sure. The authors concluded that plants of the Fabaceae family and
species with a therophyte life form have to be regarded as particu-
larly sensitive to ozone. The ranking of species in this study derived
from ozone dose-response relationships and was related to a standar-
dized ozone exposure and is thus of high confidence. Nevertheless,
the main observations of this study comply with our findings when
the data set for the 298 species shown Tab. 2 and Tab. 3 is regarded.

Using the database of HAYES et al. (2007) 54 EUNIS (European

Nature Information System) level 4 communities were identified as
potentially ozone-sensitive with the largest number of species associ-
ated with grasslands (MILLS et al., 2007). Within the grasslands clas-
sification, the communities E4 (alpine and sub-alpine grasslands), ES
(woodland fringes and clearings) and E1 (dry grasslands) have been
found to be the most sensitive. In contrast, BASSIN et al. (2007) con-
cluded that species grown in less productive habitats (EUNIS E4 and
El) are thought to be less sensitive than species grown under favor-
able growth conditions or in productive habitats as mesotrophic pas-
tures. Recently, VAN GOETHEM et al. (2013) presented an approach to
consider a cumulative stressor-response distribution for ozone expo-
sure on natural vegetation named ‘Species Sensitivity Distributions’,
SSD. Their findings indicate that annual grassland species, as a spe-
cies assemblage, are more sensitive to ozone than perennial grassland
species. With respect to the present study these results can only be
confirmed for the occurrence of growth effects but not for visible
ozone injuries.

6.2 Woody plants

Results from the data base

This chapter summarizes existing information on the ozone sensiti-
vity of woody plants species based on their responses with respect
to visible symptoms (Tab. 5) or growth effects (Tab. 6) as well as
their classification to plant families (Tab. 7). The data set contains
results taken out of a total of 142 references, with 56 originating from
America, 16 from Asia and 67 from Europe. In summary, a total of
360 entries covering 165 species, 69 genera and 39 families have
been found within the references selected. About two third of the
species listed are categorised as trees, the rest are shrubs or clim-
bers and an equal proportion as deciduous in contrast to evergreen
species. With respect to the German situation 39 species that were
described in ozone exposure studies are native to Germany, and
28 species are neophytes. Populus nigra was the only species classi-
fied as endangered in Germany. The majority of results (92 studies)
was achieved using open top chambers as an ozone exposure sys-
tem while only 13 studies used free-air fumigation facilities. Only
six studies presented here investigated mature trees of the species
European larch (HAVRANEK and WIESER, 1993), red oak (KELTING
et al., 1995; SAMUELSON et al., 1996), Scots pine (MANNINEN et al.,
2003), beech (NUNN et al., 2005), and apple (WILTSHIRE et al., 1993)
whereas all other investigations are based on experiments with cut-
tings or seedlings (one to eight years old). However, while more
recently there is a number of ozone exposure studies working with
mature trees, these studies focussed on eco-physiological issues,
which are not considered here.

About 64% of all woody species (105 species) were investigated
in only one study and 18 % and 20 %, respectively, in two or more
studies. The most frequently studied species were Liriodendron
tulipifera, Viburnum lantana, Acer saccharum, Pinus sylvestris,
Populus deltoides x nigra, Prunus serotina, Quercus rubra, and
Betula pendula (6 to 10 times) and Pinus taeda, Fraxinus excelsior,
Fagus sylvatica, and Picea abies (> 10 times).

A total of 148 species was shown to be responsive to ozone. In terms
of visible leaf injuries more than 80 % of 135 species tested expressed
symptoms when exposed to ozone. This percentage is slightly higher
for deciduous and broadleaved species than for evergreen or coni-
ferous species. About one half of all observations, which represent
62.6 % of the species, revealed significant growth responses to ozone.
Differences in the ozone sensitivity between coniferous and broad-
leaved species are minimal with a slight tendency to more sensitive
responses of deciduous versus evergreen species. In general, there
is no evidence of a significant increase in growth due to an ozone
exposure. Similar to native herbaceous species (Chap. 6.1), a higher
percentage of responsive species was detected when assessing visible
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leaf injury rather than growth measurements. However, the averaged
percentage of ozone responsive woody species is higher than that
of herbaceous species (see Tab. 1 and Tab. 2). For 64 species both
parameters, visible injury and growth, have been investigated simul-
taneously. For a majority of more than 70 % (46 species) concordant
results were recorded i.e. an impact of ozone was evidenced by both,
visible injury and growth effects.

Tab. 7 summarizes the ozone responses of species according to the
respective plant families. The family of the Pinaceae was represen-
ted by the highest number of species (28) followed by the families
of Salicaceae, Rosaceae, Fagaceae, and Caprifoliaceae. These 5 fre-
quently studied families cover 54% of all species tested and in-
volve about one third of species shown to be responsive to ozone.

Tab.5: Summary of assessments of ozone effects on woody plant species
indicated by visible leaf injury symptoms. Results are classified into
different descriptive groups and given as the numbers of species
tested and the number of species showing a particular ozone response.
The percentage of species which were responsive to ozone at least in
one study is also shown.

no. of species

descriptive group tested injured | not injured | % injured
total 135 114 39 84.4
shrubs 33 28 8 84.8
trees 84 70 23 833
climbers 3 2 1 --
deciduous 90 78 23 86.7
evergreen 41 31 16 75.6
conifers 18 13 9 722
broadleaved 118 101 30 85.6
native to Germany' 63 59 17 93.7

"according to Bundesamt fiir Naturschutz. Floraweb: http://www.floraweb.de/
index.html

Irrespective of the kind of ozone response (i.e. visible injuries or
growth effects) the families Myrtaceae, Oleaceae, Salicaceae, and
Betulaceae comprise the highest proportion of responsive spe-
cies, followed by Fagaceae, Sapindaceae, Rosaceae, and Pinaceae.
However, because of the general high proportion of responsive
species the differences between the plant families are quite small.
For example, out of the most frequently investigated family of the
Pinaceae, which are classified here to be less sensitive to ozone, 72 %
of the species were found to express visible symptoms and 52 %
showed significant growth effects at least in one investigation.

Literature context: Approaches to evaluate the sensitivities of spe-
cies to ozone based on ecophysiological parameters

The data listed in the present study clearly reflect the fact that our
available knowledge about the ozone sensitivity of trees and shrubs
derives predominantly from potted juvenile individuals. Accordingly,
KARNOSKY et al. (2007) pointed out that during more than 50 years
of research negative growth effects on forest trees have been demon-
strated mainly for seedlings, while ozone response of adult forest
trees has rarely been examined experimentally. In order to determine
whether seedlings and mature trees responded similarly to ozone,
SAMUELSON and EDWARDS (1993) exposed 2-yr-old seedlings and
30-yr-old trees of Quercus rubra to ozone. Their results indicated
that the ozone sensitivity of larger and more physiologically mature
trees will be underestimated when represented by young seedlings
within exposure experiments.

A first step of a move towards field conditions was made by the
use of a free-air exposure facility in a northern temperate forest
(AspenFACE, KARNOSKY et al., 2003B). For mature trees some at-
tempts to investigate ozone effects were made by the use of branch
cuvettes (WIESER et al., 2012), while the free-air ozone exposure sys-
tem established in Germany in a mixed stand of about 60-year-old
Fagus sylvatica and Picea abies trees (NUNN et al., 2002) remains
unique.

Nevertheless, research activities on ozone effects on woody plant
species performed within the last decades revealed a broad know-
ledge about visible symptoms, effects on growth, carbohydrate al-
location, ozone detoxification and to a high extent about effects of

Tab. 6: Summary of assessments of ozone effects on woody plant species indicated by growth effects (change of total plant or organ biomass). Results are
classified into different descriptive groups and given as the numbers of species tested and the number of species showing a particular ozone response.
Statistically significant effects (see Chap. 5) are shown in parentheses. The percentage of species which were responsive to ozone at least in one study

is also shown; none = no ozone effects observed.

no. of species

decreased growth increased growth % responsive
descriptive group tested total (sign.) total (sign.) none total (sign.)
total 99 76 (62) 2(0) 54 76.8 (62.6)
shrubs 3 2(2) 0 2 -
trees 89 71 (56) 2(0) 37 79.8 (62.9)
climbers 1 1(1) 0 0 --
deciduous 51 41 (33) 2(0) 19 80.4 (64.7)
evergreen 48 34 (28) 0 23 70.8 (58.3)
conifers 30 19 (16) 0 17 63.3(53.3)
broadleaved 69 57 (46) 2(0) 25 82.6 (66.7)
native to Germany' 36 28 (22) 2(0) 20 77.8 (61.1)

Sum of responsive and non-responsive species numbers is not equivalent to the total number of species assessed because of different results within different

publications.
1

according to Bundesamt fiir Naturschutz. Floraweb: http://www.floraweb.de/index .html
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Tab.7: Summary of assessments of ozone effects on woody plant species categorized according to the respective plant families. The total number of species
tested (total) and the number of species showing a response to ozone indicated by visible symptoms and growth effects (Tab. 5 and Tab. 6) are shown.
Statistically significant effects (see Chap. 5) are shown in parentheses. Only those families are considered which are represented by at least three

different species.

visible leaf injuries growth effects

responsive not
Sfamily total tested injured not injured tested total (sign.) responsive
Anacardiaceae 3 3 3 1 0 0 (0) 0
Betulaceae 8 6 5 2 6 5() 2
Caprifoliaceae 11 11 8 5 0 0(0) 0
Cornaceae 3 3 3 1 0 0 (0) 0
Cupressaceae 3 0 0 0 3 2(2) 1
Fabaceae 3 2 1 2 2 2(1) 0
Fagaceae 14 9 8 3 10 8(7) 5
Lauraceae 3 2 1 1 2 2(2) 1
Myrtaceae 9 9 8 1 8 8(8) 1
Oleaceae 5 5 5 1 4 4(2) 1
Pinaceae 28 18 13 9 27 17 (14) 16
Rosaceae 16 14 12 4 11 9(5) 4
Salicaceae 20 16 15 2 9(7) 3
Sapindaceae 8 7 6 3 4 3(2) 0
Tiliaceae 3 3 2 1 0 0 (0) 0

ozone on photosynthesis and stomatal functioning (e.g. reviewed by
GOMEZ-GARAY et al., 2013; PAOLETTI, 2007). These measurements
suggested that ozone reduces stomatal conductance and may impair
stomatal control and predispose trees to drought stress under dyna-
mic conditions. PAOLETTI (2007) concluded that the most significant
ozone impact is on the regulatory capacity of resource allocation
rather than on productivity.

As already pointed out for (semi-)natural herbaceous plants species-
specific and individual-specific responses to ozone may affect forest
competition and biodiversity (PAOLETTI, 2007). Thus, in terms of
biodiversity issues the knowledge about different ozone sensitivity
of species is important. For example, based on the 38 experiments
reviewed by HUTTUNEN and MANNINEN (2013), Pinus sylvestris may
be considered as an ozone sensitive conifer species, with mature pines
being more sensitive than younger trees. For field-grown mature co-
niferous trees the higher ozone sensitivity of the deciduous species
Larix decidua was associated with a higher ozone uptake when
compared to the evergreen Picea abies or Pinus cembra (WIESER
et al., 2013). In contrast, SCHAUB et al. (2003) reported on similar
ozone uptake rates of two deciduous species (Prunus serotina and
Fraxinus americana) differing in ozone sensitivity as shown by
means of visible injury. Also, ZHANG et al. (2001) found that there was
no correlation between foliar injury and stomatal conductance when
comparing 11 deciduous broad leaved trees. The authors suggested
that species-specific leaf biochemical processes and environmental
interactions must be considered in determining species’ sensitivity
to ozone. There is evidence that differences in ozone sensitivity can
be attributed either to anatomical characteristics (deciduous trees,
BENNETT et al., 1992) or foliage type specific differences in specific
leaf area (evergreen and deciduous conifers, WIESER et al., 2013). For
example, sclerophyllous Mediterranean species are known to have a
high biochemical capacity to cope with oxidative stress and thus are
expected to be less sensitive to ozone (BUSSOTTI and GEROSA, 2002).
Similarly, the present analysis revealed a slight trend of higher ozone
tolerance for evergreen or coniferous species (Tab. 5 and Tab. 6).

6.3 Agricultural and horticultural crops

Results from the data base

In total 478 entries were found in 195 literature references that meet
the above mentioned requirements for the experimental setup and
comprise information on the response to ozone of 54 crop species.
With very few exceptions, the cultivars of these species tested are
exactly specified, so that in total data are available for 350 different
genotypes (Tab. 8 ). More than half of the studies were performed
using open-top chambers as exposure systems. Recently data for
Glycine max, Oryza sativa, Phaseolus vulgaris, Solanum tubero-
sum, and Triticum aestivum are also available from free-air fumi-
gation systems. The majority of data contained in the database de-
rived from European studies but due to a growing awareness of air
pollution impacts in China and India for example, a high number of
data derived from more recently published Asian studies.

Different from the other plant groups, testing of agricultural and
horticultural crop plants for their ozone sensitivity has started already
in the 1950s in the USA. Moreover, as these studies were always re-
lated to the commercial use of agricultural and horticultural crop
species they nearly always comprised one or several clearly defined
cultivars of a species. Implicitly, the use of such cultivars also resem-
bled the result of breeding activities which intended to optimize a
cultivar to its particular environment including ozone pollution (see
below). Thus the studies referred to in the present investigation (not
before 1980) have been performed when the sensitivity of many crop
species and cultivars, respectively, was already known. Apart from
some new screening studies in Africa or Asia after 1980 mainly
sensitive species have been included into experimental studies. As a
result, about 90 % of species and 83 % of all cultivars showed a nega-
tive growth effect (Tab. 8).

Out of the 55 species considered here 17 have only been investigated
in one study which for example comprises six ancestors of modern
wheat cultivars. Generally, wheat was the most frequently studied
species, followed by bean, rice and soybean (Tab. 9), each represen-
ted by 29 to 49 different cultivars. According to the present data 75 %
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Tab. 8: Summary of information on growth and visible injury effects of ozone on agricultural and horticultural crops. Numbers of records (entries in the
database), species, and cultivars or genotypes investigated described in 195 relevant publications including the relative share of responses to ozone.

tested (no.) responsive (%)
visible injury growth both visible injury growth both
records 214 413 150 88.3 80.9 80.0
species” 48 47 35 89.6 91.5 914
cultivars/genotypes* 179 308 127 88.3 82.8 80.3

#

irrespective of ssp. or var., * except for those, whose response was given as an average exclusively

Tab. 9: Summary of the ozone sensitivity of 55 agricultural and horticultural crop species. Data refer to the number of cultivars of each species and are shown
as the number of responsive cultivars in relation to the total number of cultivars investigated.

species responsive total species responsive total
Aegilops tauschii 1 1 Medicago sativa 5 5
Allium ampeloprasum 0 1 Nicotiana tabacum 7 9
Allium cepa 5 5 Oryza sativa 31 47
Arachis hypogaea 1 1 Phaseolus vulgaris 39 42
Avena sativa 0 1 Pisum sativum 1 1
Beta vulgaris 2 2 Raphanus sativus 3 4
Brassica campestris 10 10 Saccharum spp. 1 1
Brassica juncea 2 2 Solanum lycopersicum 10 11
Brassica napus 2 2 Solanum tuberosum 7 7
Brassica napus ssp. oleifera 1 5 Spinacia oleracea 1 ?
Brassica oleracea 2 5 Trifolium alexandrinum 6 6
Brassica rapa 4 4 Trifolium repens 5 5
Cicer arietinum 2 2 Trigonella foenum-graecum 1 1
Citrullus lanatus 7 7 Triticosecale wittmack 1 1
Corchorus olitorius 1 1 Triticum aestivum 50 50
Coriandrum sativum 1 1 Triticum boeoticum 1 1
Cucumis melo 2 2 Triticum dicoccum 1 1
Cucurbita pepo 1 3 Triticum durum 11 11
Daucus carota 2 2 Triticum monococcum 1 1
Eruca sativa 2 2 Triticum polonicum 1 1
Fragaria x ananassa 4 4 Triticum timopheevii 1 1
Glycine max 27 28 Valerianella locusta 1 1
Gossypium barbadense 1 4 Vicia faba 0 1
Gossypium hirsutum 8 8 Vigna mungo 1 1
Hordeum vulgare 3 8 Vigna radiata 7 7
Lactuca sativa 9 11 Vigna unguiculata 2 2
Linum usitatissimum 2 2 Zea mays 6 6
Lycopersicon pimpinellifolium 1 1

of all cultivars were studied only once, 15.2 % (52 cvs) twice and only
6.4% (22 cvs) three times. Cultivars investigated repeatedly (more
than three experimental studies) were Lactuca sativa cv. Paris Island
(4x), Triticum aestivum cv. Turbo, Oryza sativa cv. Koshihikari, and
Solanum tuberosum cv. Bintje (5x), Glycine max cv. Essex (7x) and
Phaseolus vulgaris cv. Lit (8%).

Although about 90 % of all experiments proved an ozone sensitive
response of the considered cultivar, for the following cultivars di-

vergent responses to ozone were observed in different studies:
Brassica campestris cv. Wisconsin Fast Plants, Fragaria x ananassa
cv. Elsanta, Glycine max cv. Essex, Lactuca sativa cv. Paris Island,
Lycopersicon esculentum cv. Pusa Ruby, Oryza sativa cvs IR 64,
Kasalath, Koshihikari, Nipponbare, Yangdao 6, Phaseolus vulgaris
cvs R123, R331, S156, Raphanus sativus cv. Cherry Belle, Solanum
tuberosum cv. Bintje, Triticum aestivum cvs Yangfumai 2, Yangmai
15 (growth), Solanum lycopersicum cv. Pusa Ruby, Phaseolus vul-
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garis cv. Bush Blue Lake 274, and Triticum aestivum cv. Riband (in-
Jury).

In order to define sensitivity rankings for cultivars an experimental
design is required, which allows to compare the response of different
cultivars or genotypes directly. The complete database comprises
465 entries and put emphasis on cultivar comparisons. Referred to
the literature considered, 82 studies met these requirements. A total
for 29 species have been investigated comparatively within one ex-
periment, in which the number of cultivars per study ranged from 2 to
20 (Oryza sativa). The species, which most frequently were subjected
to cultivar comparisons or screenings were Glycine max, Nicotiana
tabacum, Oryza sativa, Phaseolus vulgaris, and Triticum aestivum.
For the following 22 species no comparative studies were found:
Aegilops tauschii, Allium ampeloprasum, Arachis hypogaea, Avena
sativa, Corchorus olitorius, Coriandrum sativum, Cucurbita pepo,
Daucus carota, Eruca sativa, Pisum sativum, Raphanus sativus,
Saccharum spp, Solanum tuberosum, Spinacia oleracea, Trigonella
foenum-graecum, Triticosecale wittmack, Triticum monococcum,
Triticum polonicum, Triticum timopheevii, and Valerianella locusta

Literature context: Importance of breeding activities

In order to maintain the productivity of agricultural and horticultu-
ral crops in a high ozone environment the development and use of
ozone insensitive/tolerant cultivars is suggested to be the most eco-
nomical and practical solution (AVNERY et al., 2013; BISWAS et al.,
2009; BURKEY and CARTER, 2009; Foy et al., 1995) and the know-
ledge about the genetic background of ozone sensitivity/tolerance
is fundamental for breeding ozone tolerant cultivars (BISWAS et al.,
20084).

Due to its importance for human nutrition wheat (Triticum aesti-
vum) has repeatedly been tested for its ozone sensitivity (83 records,
50 cultivars; Tab. 9). Intraspecific variations of ozone sensitivity of
wheat has been found for some modern cultivars (Kou et al., 2012;
Kou et al., 2013; REICHENAUER et al., 1998; SARKAR and AGRAWAL,
2010; TTWARI et al., 2005), while in other studies different cultivars
responded similarly to ozone (AKHTAR et al., 2010; BARNES et al.,
1995; ZHU et al., 2011). A screening study of yields of old and mo-
dern cultivars clearly showed that the more modern cultivars exhibi-
ted a greater sensitivity to ozone than older cultivars (BARNES et al.,
1990; BIswaAs et al., 2008A; BIswAs et al., 2008B; VELISSARIOU et al.,
1992). It was assumed that selection by plant breeders for higher sto-
matal conductance and hence, higher CO, assimilation, inadvertent-
ly led to higher ozone uptake rates in modern cultivars resulting in
higher sensitivity to ozone than their predecessors (BARNES et al.,
1990; VELISSARIOU et al., 1992). While for wheat this has also been
questioned (BISWAS et al.,2009; FENG et al., 2011; INADA et al., 2012),
for soybean, however, the same mechanism, i.e. an increasing ozone
sensitivity of more modern cultivars, was suggested by OSBORNE
et al. (2016). The latter authors analysed 28 experimental studies re-
porting on 49 soybean cultivars in total and found an increase in
ozone sensitivity of soybean by an average of 32.5% between 1960
and 2000 based on the year of cultivar release. Although the under-
lying mechanisms remain unclear, the fact that ozone sensitivity has
been changed due to selection by plant breeders seems to be obvious.

6.4 Mosses and ferns

There were only 9 references which were selected to be appropriate
to describe effects of ozone on mosses and ferns. This resulted in
21 records of 14 species (Tab. 10). In these studies exposure to 0zo-
ne included controlled environment and open-top chamber studies
and comprised two fern species (Atyrium felix-femina and Onoclea
sensibilis), 8 species of the Sphagnum genus and the two other moss
species (Dicranum polysetum and Pleurozium schreberi). Visible in-

jury was either absent or not determined and reductions in growth or
spore germination were observed on two species each (Tab. 10). On
the other hand, the species regarded here proved to be highly ozone
sensitive when physiological parameters, i.e. membrane permeability
or ultrastructure of organelles were considered. However, overall the
data basis for these taxa is very small and it remains difficult to as-
sess the sensitivity of mosses and especially of ferns towards ozone
in established ecosystems. As outlined by NIEMI (2003) due to their
morphological structure, stomatal control does not play a role for
ozone uptake into the mosses and the permanent water film covering
the leaf surfaces of mosses is thought to act as an ozone scavenger.
This argument does not point to a particular ozone risk for these
species.

6.5 Algae, lichens, and phyllosphere fungi

Most experimental studies with algae species have been carried
out either with Chlorella sorokiniana (HEATH, 1984; HEATH et al.,
1982; SWANSON et al., 1982) or Euglena gracilis (BILODEAU and
CHEVRIER, 1998; CHEVRIER et al., 1990; CHEVRIER and SARHAN,
1992; CHEVRIER et al., 1988). In these studies the algae were grown
in cell cultures and ozone was injected into the liquid growth medi-
um. All relevant studies refer to investigations on the mechanisms of
ozone-induced oxidative damages and repair processes at the cellular
level using the algae as model cells. Lichens represent a symbiotic
system of fungi and algae. Similar to mosses lichens lack a water-
proofing cuticle and stomata, and are thus exposed to ozone directly
at their surface cell layers. Lichens are known to be highly respon-
sive to SO, (AHN et al., 2011; LACKOVICOVA et al., 2013) and HNO;
(RIDDELL et al., 2012).

Studies with lichens using experimental ozone exposures are listed
in Tab. 11 and comprise mainly controlled environment conditions.
In total 31 lichen species have been tested for their ozone sensitivity.
With the exception of the observation of visible injuries described by
Ruoss and VONARBURG (1995) and SCHEIDEGGER and SCHROETER
(1995) physiological and structural impairments have frequently been
observed as a result of controlled exposure to high ozone levels. From
a study with three lichen species using open-top chambers BERTUZZI
et al. (2013) concluded, that lichens may be considered as rather
ozone-tolerant organisms.

Lichens were frequently used as bioindicators for photochemical
oxidant air pollution e.g. in the USA (MCcCUNE, 1988; WILL-WOLF
et al., 1996), Scandinavia (OKSANEN et al., 1990; OLSSON, 1995),
Switzerland (RUOSS and VONARBURG, 1995), Italy (LORENZINI et al.,
2003; NALI et al., 2007), Slovenia (BATIC and KRALJ, 1996), and
Korea (AHN et al., 2011; HUR and KiMm, 2000). With respect to ozone
their suitability as bioindicators for this pollutant was deduced from
field observation in the San Bernardino Mountains e.g. (NASH and
SIGAL, 1999). However, the lack of a correlation with other ozone
response data (BATIC and KRALJ, 1996; LORENZINI et al., 2003) or
ozone exposures indices (AHN et al., 2011; NALI et al., 2007; Ruoss
and VONARBURG, 1995) led to the conclusion that lichens are not
suitable for monitoring ozone episodes.

Few studies have addressed the question if and to what extent fungi
respond to an ozone exposure and these studies focused on phyllo-
sphere species. MAGAN et al. (1995) analysed the phyllosphere micro-
bial populations inhabiting the needles surfaces of conifer species in
an open-air fumigation experiment. After three years of exposure
to ozone they found an increase in the occurrence of Sclerophoma
pythiophila on Picea sitchensis but a decrease of Epicoccum nigrum
and Cladosporium spp. on Pinus sylvestris, while the total fungal
populations or the fungal biomass was increased on the needles of
this species. FENN et al. (1989) examined populations of phyllosphere
fungi from leaves of the tree species Sequoiadendron giganteum
and Quercus kelloggii which were exposed to 1.5x of the ambient
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Tab. 10: Effects of ozone exposure on moss and fern species. Detailed list of all experimental studies considered. Ozone concentrations (ppb) are given in

parentheses. Controlled = controlled environment studies; OTC = open top chambers studies

species exposure effect reference

Athyrium felix-femina controlled (50, 100, 150) reduced spore germination BOSLEY et al. (1998)
Dicranum polysetum OTC (80) no injury NYGAARD (1994)
Hylocomium splendens OTC (80) no injury NYGAARD (1994)
Onoclea sensibilis controlled (50, 100, 150) reduced spore germination BOSLEY et al. (1998)
Pleurozium schreberi OTC (80) no injury NYGAARD (1994)
Polytrichum commune controlled (50, 100, 150) none BOSLEY et al. (1998)

controlled (50, 100, 150)

no effect on protonematal growth
or gametophore production

PETERSEN et al. (1999)

OTC (70-80)

(reduced growth)

POTTER et al. (1996A)

Sphagnum angustifolium

controlled (50, 100, 150)

decreased cell cross-sectional area
occupied by chloroplasts

RINNAN and HOLOPAINEN (2004)

controlled (50, 100, 150)

increase in membrane perameability

NIEMI et al. (2002)

Sphagnum capillifolium controlled(50, 100, 1150) none POTTER et al. (1996b)
Sphagnum cuspidatum controlled(50, 100, 1150) none POTTER et al. (1996B)
Sphagnum flexuosum OTC (80) none GAGNON and KARNOSKY (1992)
Sphagnum magellanicum controlled (50, 100, 150) ultrastructural changes RINNAN and HOLOPAINEN (2004)
OTC (80) reduced chlorophyll concentration GAGNON and KARNOSKY (1992)
Sphagnum papillosum controlled (150) none POTTER et al. (1996B)

controlled (50, 100, 150)

cellwall became thinner,
decreased chloroplast size

RINNAN and HOLOPAINEN (2004)

AA no growth effects MORSKY et al. (2011)
Sphagnum recurvum OTC (70-80) reduced growth POTTER et al. (1996A)
controlled (150) reduction in photosynthesis, POTTER et al. (1996B)
increased membrane leakage
Sphagnum rubellum OTC (80) reduced chlorophyll concentration GAGNON and KARNOSKY (1992)

BOSLEY, A., PETERSEN, R., REBBECK, J., 1998: Bryologist 101, 512-518; GAGNON, Z.E., KARNOSKY, D.F., 1992: J. Bryol. 17, 81-91; MORSKY, S K., HAAPALA,
JK.,RINNAN, R., et al., 2011: Environ. Exp. Bot. 72, 455-463; NIEMI, R., MARTIKAINEN, P.J., SILVOLA, J., HOLOPAINEN, T., 2002: Sci. Total Environ. 289, 1-12;
NYGAARD, P.H., 1994: Rapport fra Skogforsk, 1-17; PETERSEN, R.L., BOSLEY, A., REBBECK, J., 1999: Bryologist 102, 398-403; POTTER, L., FoOT, J.P., CAPORN,
SJM., LEE,J.A., 1996A: New Phytol. 134, 649-656; POTTER, L., FOOT, J.P., CAPORN, S.J.M., LEE J.A., 1996B: J. Bryol. 19, 19-32; RINNAN, R., HOLOPAINEN,

T., 2004: Ann. Bot.-London 94, 623-634.

ozone concentration within OTC’s for 9 to 11 weeks. For none of
the tree species total numbers of fungi isolated or the frequency of
occurrence of dominant fungi was affected by ozone. However, there
was a significant chamber effect since five fungal species had signi-
ficantly higher isolation frequencies in the open-air treatment com-
pared with those in the treatments within chambers. Similarly, VON
TIEDEMANN et al. (1991) in an OTC study reported on a chamber
effect on the saprobial colonization of the phyllosphere of Triticum
aestivum, while there was no ozone effect.

6.6 Vertebrates

Information on responses of vertebrates to controlled ozone expo-
sures found in the literature mainly refer to ozone exposure studies
with laboratory test animal associated with medical (pulmonary) re-
search and are not relevant in the present context. The few existing
studies that might be relevant for terrestrial ecology exclusively used
acute exposure to high levels of ozone (up to 800 ppb) and are thus
also not further described here. Nevertheless, the species tested in
these studies included guinea pig (Cavia porcellus, SU and GORDON,
1997), toad (Bufo marinus, DOHM and MAUTZ, 2001; DOHM et al.,
2008; DouMm et al., 2001; JOHNSON et al., 2009), frog and lizard

(Pseudacris cadaverina and Sceloporus occidentalis, MAUTZ and
DonM, 2004). For these vertebrates species adverse ozone effects
on immune function, respiration, and feeding behaviour as well as
induced hypothermia are described. No classification of an ozone
sensitivity can be derived from these studies.

7 Identifying sensitive taxa from field observations and case
studies

In contrast to the previously described experimental studies in the
following chapter observations are compiled that describe actual im-
pacts of the prevailing ambient ozone exposure scenario at a particu-
lar site or region on constituents of the ecosystem.

With the raising awareness of symptoms of forest damage several
national and international monitoring and research programs have
been initiated to assess both the extent of ecosystem impacts and
their causal agents including ozone. Examples at a national, inter-
national and regional scale are the US ‘Forest Health Monitoring
(FHM)’ or the ‘International Cooperative Program on Assessment
and Monitoring of Air Pollution Effects on Forests (ICP Forests)’
of the UNECE, the US ‘San Bernardino Mountains Network Study
(SBM)’, the US ‘The Vital Signs Program of the U.S. National Park
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Tab. 11: Effects of ozone exposure on lichens. Detailed list of all experimental studies considered. Ozone concentrations (ppb) are given in parentheses.
Controlled = controlled environment studies; OTC = open top chambers studies

species exposure effect references
Anaptychia ciliaris controlled (150 ) discolored parts RuUOss and VONARBURG (1995)
field fumigation (90 ) decreased chlorophyll fluorescence, SCHEIDEGGER and SCHROETER (1995)
decreased photosynthesis
controlled (300 ) none CALATAYUD et al. (2000)
Bryoria capillaris controlled (300 ) ultrastructural changes, TARHANEN et al. (1997)
increased membrane permeability
Bryoria fuscescens controlled (150 ) none Ruoss and VONARBURG (1995)
controlled (300 ) increased membrane permeability TARHANEN et al. (1997)
Collema nigrescens field fumigation (90 ) decreased chlorophyll fluorescence SCHEIDEGGER and SCHROETER (1995)
Evernia prunastri field fumigation (90 ) decreased chlorophyll fluorescence SCHEIDEGGER and SCHROETER (1995)
controlled (300 ) none CALATAYUD et al. (2000)
controlled (150 ) discolored parts RuOss and VONARBURG (1995)
Flavoparmelia caperata OTC none BERTUZZI et al. (2013)
Flavopunctelia flaventior controlled (80 ) red photosynthesis RIDDELL et al. (2012)
Hypogymnia bitteri field fumigation (90 ) decreased chlorophyll fluorescence SCHEIDEGGER and SCHROETER (1995)
Hypogymnia imshaugii controlled (80 ) none RIDDELL et al. (2012)
Hypogymnia physodes controlled (300 ) ultrastructural changes TARHANEN et al. (1997)
controlled (150 ) discoloured parts RuoOss and VONARBURG (1995)
controlled (300 ) none CALATAYUD et al. (2000)
Lobaria pulmonaria controlled (60-175 ) no effect on photosynthesis SIGAL and JOHNSTON (1986)
field fumigation (90 ) visible symptoms, decreased SCHEIDEGGER & SCHROETER (1995)
chlorophyll fluorescence
Parmelia glabra controlled (150 ) marginal blackening Ruoss and VONARBURG (1995)
Parmelia quercina controlled (300 ) none CALATAYUD et al. (2000)
Parmelia sulcata controlled (150 ) no morphological changes, Ruoss and VONARBURG (1995)
discoloured parts, blackening
controlled (300 ) none CALATAYUD et al. (2000)
Parmelia tialicea controlled (150 ) discoloured parts RuUoss and VONARBURG (1995)
Parmotrema perlatum OTC none BERTUZZI et al. (2013)
Physconia enteroxantha + controlled (80 ) none RIDDELL et al. (2012)
Physconia isidiigera
Physconia perisidiosa controlled (150 ) none Ruoss and VONARBURG (1995)
Platismatia glauca controlled (150 ) discoloured parts Ruoss and VONARBURG (1995)
Pseudevernia furfuracea controlled (150 ) marginal blackening RuUOss and VONARBURG (1995)
field fumigation (90 ) collapsed photobiont cells SCHEIDEGGER and SCHROETER (1995)
Pseudocyphellaria anthraspis controlled (80 ) none RIDDELL et al. (2012)
Pseudoparmelia caperata controlled (100 ) decreased photosynthesis Ross and NAsH III (1983)
Pseudovernia furfuracea controlled (150 ) discoloured parts Ruoss and VONARBURG (1995)
Ramalina farinacee controlled (150 ) marginal blackening, discoloured parts Ruoss and VONARBURG (1995)
Ramalina fraxinea controlled (150 ) marginal blackening, discoloured parts RuUOss and VONARBURG (1995)
Ramalina menziesii controlled (100 ) no reduction in photosynthesis Ross and NasH 111 (1983)
controlled (80 ) none RIDDELL et al. (2012)
Usnea hirta controlled (80 ) none RIDDELL et al. (2012)
controlled (300 ) ultrastructural changes TARHANEN et al. (1997)
Usnea lapponica controlled (150 ) none RuoSss and VONARBURG (1995)
Usnea rigida field fumigation (90 ) visible symptoms, SCHEIDEGGER and SCHROETER (1995)
decreased photosynthesis
Xanthoria parietina OTC none BERTUZZI et al. (2013)

BERTUZZI, S., DAVIES, L., POWER, S.A., TRETIACH, M., 2013: Ecol. Indic. 34, 391-397; CALATAYUD, A., TEMPLE, P.J., BARRENO, E., 2000: Photosynthetica 38,
281-286; RIDDELL, J., PADGETT, PE., NAsH, T.H., 2012: Environ. Pollut. 170, 202-210; Ross, L.J., NAsH, III T.H., 1983: Environ. Exp. Bot. 23, 71-77; RuUOSS,
E., VONARBURG, C., 1995: Cryptogam. Bot. 5, 252-263; SCHEIDEGGER, C., SCHROETER, B., 1995: Environ. Pollut. 88, 345-354; SIGAL, L.L., JOHNSTON, J.W.,
JR., 1986: ENVIRON. EXP. BOT. 26, 59-64; TARHANEN, S., HOLOPAINEN, T., OKSANEN, J., 1997: Ann. Bot.-London 80, 611-621.
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Tab. 12: Effects of ozone exposure on vertebrates. Detailed list of all experimental studies.

species exposure effect reference
Bufo marinus acute no effect on the preferred body temperatures, DonM et al. (2001)
higher evaporative water loss rates

acute no effect on metabolism associated with food processing JOHNSON et al. (2009)

acute depressed feeding behaviour DonM et al. (2008)

acute no differences in macrophage functions DonM et al. (2005)

acute adverse effect on immune function DouM and MAuTZ (2001)
Cavia porcellus acute induction of heat shock proteins Su and GORDON (1997)
Pseudacris cadaverina acute alteration of respiration MAuTZ and DoHM (2004)
Sceloporus occidentalis acute hypothermia MAUTZ and DoOHM (2004)

DouM, M.R., MAUTZ, W.J., 2001: Am. Zool. 41, 1429-1429; DoHM, M .R., MAUTZ, W.J., ANDRADE, J.A., et al., 2005: Environ. Toxicol. Chem. 24, 205-210;
DouM, M.R., MAUTZ, W.J., DORATT, R.E., STEVENS, J.R., 2008: Environ. Toxicol. Chem. 27, 1209-1216; Doum, M.R., MAauTzZ, W.J., LOOBY, P.G., GELLERT,
K.S., ANDRADE, J.A., 2001: Environ. Res. 86, 274-286; JOHNSON, S.R., MAUTZ, W.J., DOHM, M.R., 2009: Integr. Compar. Biol. 49, E250-E250; MAuTz, W.J.,

DoHM, M.R., 2004: Comp. Biochem. Phys. A 139, 371-377; Su, W.Y., GORDON, T., 1997: J. Appl. Physiol. 83, 707-711.

Tab. 13: Number of native species for which ozone-specific foliar symptoms or ozone-like injuries have been observed in field monitoring surveys across
different continents. The data are split into different descriptive groups and sites of observation.

continent of observation

Europe North-America Central America Asia total
total species 157 49 6 33 245
genera without species identification 19 6 3 28
herbaceous species 69 24 1 97
annual/biennial 5 8 0 3 16
perennial 64 16 1 0 81
woody species 88 25 5 30 148
deciduous 71 18 1 28 124
evergreen 11 7 4 2 24

Service‘, the ‘CONECOFOR (CONtrolli ECOsistemi FORestali)’
program in Italy and the ‘International Long-Term Ecological
Studies in the Carpathian Mountains‘ in Europe.

Overall, the parameter “visible leaf injury” is of particular relevance
for a first assessment of the relative ozone sensitivity of a species
under field conditions as it indicates an overall impairment of the
respective organism. Experimental verification of these ozone symp-
toms observed in the field (BUSSOTTI et al., 2003; GRAVANO et al.,
2004; KLINE et al., 2008; SKELLY et al., 1999; VOLLENWEIDER et al.,
2003) and pictorial guides of ozone effects (FLAGLER, 1998; INNES
et al., 2001) helped to confirm these assessments.

In total, 49 out of 349 relevant publications provide information on
the expression of foliar symptoms in the field that were attributed
to ambient ozone levels. Overall, there were 528 indications for 245
native woody and herbaceous plant species and additionally for 28
genera without a species identification for which ozone-specific or
ozone-like foliar symptoms have been observed in the field. Tab. 13
provides a summary of the whole data set. For herbaceous species
the information is dominated by perennials, for trees and shrubs by
deciduous species.

For the majority of species (60 %) visible foliar symptoms due to
ozone were documented in one single study only, while for 55 species
symptoms were reported by at least three studies. The species with
the highest number of symptom records were Prunus serotina (10x),

Corylus avellana (9x), Fraxinus excelsior (9x), Ailanthus sylvatica
(8%), and Fagus sylvatica (8x), which may point to a particular ozone
sensitivity of these species.

However, only ca. 30 % of the species (23 herbaceous and 48 woody
species) described to be responsive to ozone in these field observa-
tion studies are also subjected to controlled exposure studies shown
in chapters 6.1 and 6.2, i. e. for only 71 species out of 245 the ozone
response was actually verified by experimental studies. However, it
points to the necessity to use both types of information for a detailed
ozone cause-effect analysis for vegetation. Nevertheless, an assess-
ment of such species-specific responses and their temporal and spa-
tial variation based on long-term observations may be regarded as a
first valuable information on a risk for biodiversity.

8 Evidence for natural selection for ozone tolerance in (semi)
natural the vegetation
8.1 Spatial and temporal variations in ozone sensitivity/tolerance
The inheritance of ozone tolerance as known from crops (BURKEY
and CARTER, 2009; HEGGESTAD, 1991; MEBRAHTU et al., 1990)
has also been documented for wild plant species (LEE et al., 2002;
WHITFIELD et al., 1997). Intraspecific variation in ozone tolerance
have been evidenced for woody and herbaceous wild plant species
and demonstrated that wild genotypes may differ greatly in sensiti-



Ozone sensitive taxa 97

Tab. 14: Plant species for which spatial variation in the ozone sensitivity/tolerance was indicated by differential responses of populations from different sites;
no. = number of populations or sites considered; exposure conditions for controlled sensitivity tests include exposure facility (AA, AA+ ambient air,
ambient air plus ozone addition; GH greenhouse; GC growth chamber; NF non-filtered; OTC open-top chamber), ozone concentration (ppb) and

duration; stat. sign. = statistically significant.

species study area no. exposure conditions stat. sign. | reference

Plantago major UK 28 GC 70 ppb, 2wk YES REILING and DAVISON (1992)

Plantago major different countries in Europe 20 GC 70 ppb, 2wk YES LYONS et al. (1997)

Trifolium campestre Switzerland, north / south 2 OTC AA,AA+ YES FUHRER et al. (1998)

Populus tremuloides USA, eastern National Parks GH 180 ppb, 6h YES BERRANG et al. (1986)
USA, National Parks 15 GH 150 ppb, 6h YES BERRANG et al. (1991)
USA, New York, Michigan 5 AA YES BERRANG et al. (1989)
USA, Great Lakes region 6 AA YES KARNOSKY et al. (2003)

Trifolium repens Switzerland - 100 ppb, 6 d 150 ppb, 3 d NO NEBEL and FUHRER (1994)

Trifolium pratense

Phleum pratense Scandinavia 9 OTC CF+70 ppb, NF+50 ppb NO DANIELSSON et al. (1999)

Epilobium hirsutum UK 18 NO DavisoN and HALEY (2001)

Asclepias syriaca midwestern USA 9 GH 40 to 80 ppb NO KLINE et al. (2009)

Apocynum cannabinum midwestern USA 16 GH 40 to 80 ppb NO KLINE et al. (2009)

Prunus serotina USA, Pennsylvania, West Virginia 15 AA NO LEE et al. (1999)

Betula pubescens Scandinavia 5 GH 20 to 116 ppb NO MORTENSEN (1998)

BERRANG, P., KARNOSKY, D.F., BENNETT, J.P., 1989: Can. J. For. Res. 19, 519-522; BERRANG, P., KARNOSKY, D.F., BENNETT, J.P., 1991: Can. J. For. Res. 21,
1091-1097; BERRANG, P., KARNOSKY, D.F., MICKLER, R.A., BENNETT, J.P., 1986: Can. J. For. Res. 16, 1214-1216; DANIELSSON, H., GELANG, J., PLEUEL, H.,
1999: Environ. Exp. Bot. 42, 41-49; DAVISON, A.W., HALEY, H., 2001: In: D. Fowler, M. Coyle, R. Storeton-West, H. Lewis, T. Mansfield, N. Paul, P.S. De
Silva, M. Ashmore, K. Batty, A. Davison, H. Haley (eds.), The Ozone Umbrella Project CEH Project: C00970 - Final Report, Centre for Ecology and Hydrology,
Edinburgh; FUHRER, J., ENDTNER, V., BUNGENER, P., NUSSBAUM, S., GRUB, A., 1998: In: B. Boller, F.J. Stadelmann (eds.), Breeding for a multifunctional
agriculture. Proceedings of the 21% Meeting of the Fodder Crops and Amenity Grasses Section of EUCARPIA, Kartause Ittingen, Switzerland, 9-12 September
1997, 191-194; KARNOSKY, D.F., PERCY, K.E., MANKOVSKA, B., PRICHARD, T., NOORMETS, A., DICKSON, R.E., JEPSEN, E., ISEBRANDS, J.G., 2003: In: D.F.
Karnosky, K.E. Percy, A.H. Chappelka, C. Simpson, J. Pikkarainen (eds.), Air Pollution, Global Change and Forests in the New Millennium. Elsevier, 199-209;
KLINE, L.J., DAvis, D.D., SKELLY, J.M., DECOTEAU, D.R., 2009: North East. Nat. 16, 307-313; LEE, J.C., SKELLY, J.M., STEINER, K.C., ZHANG, J.W., SAVAGE,
J.E., 1999: Environ. Pollut. 105, 325-331; LYONS, T.M., BARNES, J.D., DAVISON, A.W., 1997: New Phytol. 136, 503-510; MORTENSEN, L.M., 1998: Scand. J.
Forest Res. 13, 189-196; NEBEL, B., FUHRER, J., 1994: Angew. Bot. 68, 116-121; REILING, K., DAVISON, A.W., 1992: New Phytol. 122, 699-708.

vity. Species for which this has been shown are Populus tremuloides
(KARNOSKY et al., 1992; KARNOSKY et al., 2003A); P. tremuloides x
P. tremula L. (OKSANEN et al., 2001); Prunus serotina (LEE et al.,
1999); Betula pendula (OKSANEN, 2003; PAAKKONEN et al., 1993;
PAAKKONEN et al., 1996); Pinus densiflora (LEE et al., 2006); Pinus
taeda (TAYLOR, 1994); Quercus coccifera (ELVIRA et al., 2003);
Anthoxanthum odoratum (DAWNAY and MILLS, 2009); Arabidopsis
thaliana (BROSCHE et al., 2010); Phleum pratense and Phleum alpi-
num (DANIELSSON et al., 1999).

With respect of steadily increasing ozone exposure levels over the
last decades it has been hypothesised that this could also have re-
sulted in an increase of the ozone tolerance of native (plant) spe-
cies. There are several studies reporting on spatial approaches to
test whether geographically separated plant populations, which were
exposed to different levels of ozone over many years exhibit diffe-
rences in their ozone sensitivity/tolerance corresponding to the pre-
vailing ozone exposure regime at the respective site. The degree of
the sensitivity/tolerance of a population was tested experimentally
under controlled exposure conditions. In Tab. 14 we have compiled
studies where associations between the ozone sensitivity/tolerance of
a plant population and the “ozone climate” at different location have
been demonstrated.

The most prominent example of spatial variation in ozone tole-
rance is the herbaceous wild plant species Plantago major (Tab. 14).
Testing the relative ozone sensitivity/tolerance of 28 geographically
separated populations, which had been collected across UK, it was

demonstrated that the populations differed in their ozone sensitivity/
tolerance and that these differences were statistically related prima-
rily to the “ozone climate” of its site of origin (LYONS et al., 1997;
PEARSON et al., 1996; REILING and DAVISON, 1992). However, as also
shown in Tab. 14, in some studies intraspecific differences in ozone
sensitivity/tolerance between populations originating from different
proveniences were also shown, but a correlation with the “ozone cli-
mate” could not statistically be verified (Tab. 14). This was partly be
explained by a high variability in the ozone sensitivity/tolerance of
the individuals within the populations (KLINE et al., 2009).

In addition to spatial variations for Plantago major also a temporal
change in ozone resistance/tolerance over a short period of time was
reported. For two populations in UK an increase in ozone tolerance
has been shown in experiments for plants grown from seed mate-
rial collected after summers when ozone concentrations were high
(DAVISON and REILING, 1995; WHITFIELD et al., 1997). HEAGLE et al.
(1991) exposed Trifolium repens plants under field conditions to dif-
ferent levels of ozone under conditions of intra- and interspecific
competition with Festuca arundinacea and propagated those indi-
viduals by cloning that survived the ozone treatment. Only after two
years clones sampled from the high ozone plots exhibited a high-
er percentage of ozone tolerant clones than those treated with low
ozone. In contrast, repeated exposure of Betula pendula trees to
ozone for six years led to an increase in the ozone sensitivity of the
trees, which was partly explained by an ozone induced change in
the growth form and deleterious carry-over effects (OKSANEN, 2003).
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8.2 Implication of variation in ozone tolerance for the genetic
structure of plant populations
Any indication of a loss of ozone sensitive genotypes in areas with
high ozone pollution carries the risk for a loss of useful rare alleles,
particularly, if some genes are found exclusively in the sensitive ge-
notypes as this has been suggested by isozyme studies of Picea abies
clones (KARNOSKY et al., 1989A). As a consequence, ozone pollution
would have the potential to affect the genetic structure of plant popu-
lations. For example, the finding that ozone and/or pollutant sensitive
genotypes are under-represented within populations of plant species
in eastern North America was interpreted as a first stage of natural
selection, i.e. the elimination of sensitive genotypes attributed to the
impact of ozone and/or other regional air pollutants (BERRANG et al.,
1991; KARNOSKY et al., 1989A; B).
There is evidence that micro-evolutionary processes could take place
in response to long-term elevated ozone exposure and at some regi-
ons even the prevailing ambient ozone levels are sufficiently high to
promote this evolution (BERRANG et al., 1991; 1986; KOLLIKER et al.,
2008; Lyons et al., 1997). There are some indications for this assump-
tion in the literature for both trees and herbaceous plants. STASZAK
et al. (2004) reported on a relationship between ozone injury of Pinus
ponderosa needles and heterozygosity, as ozone tolerant trees were
more heterozygous than ozone sensitive individuals. Moreover, the
signatures of the genetic structure between saplings and mature pine
trees suggest that the increase in air pollution over the last 50 years
together with episodic drought stress may have affected the gene-
tic structure of two pine species in the US Sequoia National Park
(Staszak et al., 2007). WOLFF et al. (2000) analysed genetic markers
associated with ozone tolerance in Plantago major at 27 continental
European sites. They found that gaining tolerance to ozone was as-
sociated with a decrease in genetic variation over time. Because the
genetic composition showed no drastic changes, it was assumed that
the change in tolerance to ozone was probably the result of a selection
of genotypes already present in local populations (selection in situ).
In addition, their finding revealed that selection for ozone tolerance
may involve a number of genetically determined traits and thus the
authors concluded that plants with similar degrees of ozone tolerance
are not closely related (DAVISON and REILING, 1995; WHITFIELD
etal., 1997). KOLLIKER et al. (2008) recently demonstrated that diffe-
rences in the genetic composition and diversity were only detectable
in populations of the species Plantago lanceolata after exposure of
an old semi-natural grassland to elevated ozone for five years.
BASSIN et al. (2004) examined the genetic distinctiveness of five
Centaurea jacea populations originating from different European
countries (Norway, Hungary, Switzerland, Italy, Slovenia) showing
a high degree of intraspecific variability in ozone sensitivity. Their
results indicate a qualitative relationship between population ge-
netic divergence and variability in ozone sensitivity. As shown by
DNA fingerprinting assays populations of Rudbeckia laciniata sam-
pled at different sites in the Great Smoky Mountains National Park,
USA, differ in genetic diversity (DAVISON et al., 2003). According
to KARNOSKY et al. (1989A) germplasm loss and the subsequent de-
crease in genetic diversity could be a more important air pollution
impact in the long run than short-term economic losses.

Conclusion

There is currently insufficient information available, if and to what
extent tropospheric ozone might contribute to biodiversity changes
in terrestrial ecosystems. As a first step into such an assessment the
relative ozone sensitivity of the respective organisms should be
known. Therefore, the aim of the present study was to systematically
analyse possible ozone impacts on different taxa and species through
a literature research. Worldwide information was collected about
350 varieties across 54 crop plant species and 465 vascular and fern

plant species belonging to (semi)-natural vegetation types and used
as a database. Overall, the available ozone studies covered only a
small fraction of the entire global flora, e.g. for Germany only about
6.1% of all known plant species.
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Onagraceae

Oleaceae
Betulaceae
Scrophulariaceae
Cyperaceae
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Fig. 1: Ranking of ozone sensitivity of native herbaceous or woody plant

species based on their taxonomic classification. Percentage of the
number of ozone responsive and non -responsive species within a
family are shown (according to Chap. 6, Tab. 3 and Tab. 7). Only
those families are considered which are represented by at least five
different species.

About two third of woody and about one half of herbaceous vascular
species listed in the database were described as ozone sensitive in at
least one study. These proportions are slightly higher for visible leaf
injury than for growth effects and herbaceous and deciduous woo-
dy plants are more responsive to ozone than grasses and coniferous
tress.

Based on this information we make an attempt to identify and rank
plant families according to the proportion of ozone sensitive species
within a particular family as shown in Fig. 1. For example, while
many species in the family of Myrtaceae and Salicaceae seem to be
rather sensitive towards ozone this is not true for the Boraginaceae
and the Brassicaceae.

With respect to the German situation there is evidence from the da-
tabase that a number of plant species that are already categorised as
endangered or near-threatened (Tab. 4) seem to be sensitive towards
an ozone exposure. Probably, these plant species should be more
thoroughly observed under aspects of air pollution impacts.

In addition the present database has shown that there is some evi-
dence that ozone pollution in the past has affected plant selection
and modified the genetic pool of genotypes. Although there is still
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unsufficient evidence whether rapid changes in plant tolerance to
ozone impacts is an overall phenomenon in non-managed ecosys-
tems. However, due to a broad intraspecific variation of ozone sen-
sitivity of plant species it has to be kept in mind that classifying a
species as either ozone sensitive or tolerant might be an oversimpli-
fication because the ozone response of a particular genotype seems
to reflect its ozone exposure history rather than a generic species
specific trait. In the context of ozone risk assessments for biodiversity
this must be taken into account.

Information on direct effects of ozone on species other than vascular
plants (mosses, ferns, lichens, algae, fungi, vertebrates) is very poor
and does not allow a sensitivity assessment. Other organisms like
microorganisms, arthropods or insects are known to not respond di-
rectly to ambient ozone, but to be affected indirectly via impairment
of the vitality of plants they are associated with (WEIGEL et al., 2015).
These organisms were not considered here. Also, we did not consider
if and to what extent other environmental factors (e.g. drought, nu-
trient limitation, climate change, elevated CO,) modify the response
of a particular species or genotype to ozone. Nevertheless, the infor-
mation summarised provided in the present study provides sufficient
evidence that current tropospheric ozone levels interact with many
elements of the terrestrial biodiversity.

Acknowledgement
This work was partly supported by the German Umweltbundesamt
(Project No. 3711 63 235).

References

AHN, C., CHANG, E., KANG, HW., 2011: Epiphytic macrolichens in Seoul:
35 years after the first lichen study in Korea. J. Ecol. Field Biol. 34,
381-391. doi: 10.5141/jefb.2011.040.

AKHTAR, N., YAMAGUCHI, M., INADA, H., HOsHINO, D., KONDO, T., FUKAMI,
M., FUNADA, R., IzuTA, T., 2010: Effects of ozone on growth, yield and
leaf gas exchange rates of four Bangladeshi cultivars of rice (Oryza sativa
L.). Environ. Pollut. 158, 2970-2976. doi: 10.1016/j.envpol.2010.05.026.

ANDERSSON, C., ENGARDT, M., 2010: European ozone in a future climate:
Importance of changes in dry deposition and isoprene emissions. J.
Geophys. Res.-Atmos. 115. doi: 10.1029/2008jd011690.

ASHMORE, M.R., 2005: Assessing the future global impacts of ozone on
vegetation. Plant Cell Environ. 28, 949-964.
doi: 10.1111/j.1365-3040.2005.01341 .x.

AVNERY, S., MAUZERALL, D.L., FIORE, A.M., 2013: Increasing global agri-
cultural production by reducing ozone damages via methane emission
controls and ozone-resistant cultivar selection. Glob. Change Biol. 19,
1285-1299. doi: 10.1111/gcb.12118.

BARNES, J.D., OLLERENSHAW, J.H., WHITFIELD, C.P., 1995: Effects of ele-
vated CO, and/or O; on growth, development and physiology of wheat
(Triticum aestivum L.). Glob. Change Biol. 1, 129-142.
doi: 10.1111/.1365-2486.1995.tb00013..x.

BARNES, J.D., VELISSARIOU, D., DAVISON, A.W., HOLEvAS, C.D., 1990:
Comparative ozone sensitivity of old and modern Greek cultivars of
spring wheat. New Phytol. 116, 707-714.
doi: 10.1111/j.1469-8137.1990.tb00557.x.

BARTOLI, G., FORINO, L.M.C., TAGLIASACCHI, A.M., DURANTE, M., 2013:
Cell death induced by ozone stress in the leaves of Populus deltoides x
maximowiczii. Biol. Plantarum 57, 514-524.
doi: 10.1007/s10535-013-0315-3.

BaAsSIN, S., KOLLIKER, R., CRETTON, C., BERTOSSA, M., WIDMER, F.,
BUNGENER, P., FUHRER, J., 2004: Intra-specific variability of ozone sen-
sitivity in Centaurea jacea L., a potential bioindicator for elevated ozone
concentrations. Environ. Pollut. 131, 1-12.
doi: 10.1016/j.envpol.2004.02.014.

BASSIN, S., VOLK, M., FUHRER, J., 2007: Factors affecting the ozone sensiti-

vity of temperate European grasslands: An overview. Environ. Pollut.
146, 678-691. doi: 10.1016/j.envpol.2006.06.010.

BATIC, F., KRALJ, A., 1996: Epiphytic lichen vegetation as a biomonitoring
system in forest decline studies slovenia. In: Knopflacher, M., Schneider,
J., Soja, G. (eds.), Exceedance of Critical Loads and Levels — Spatial
and Temporal Interpretation of Elements in Landscape Sensitivity to
Atmospheric Pollutants. Umweltbundesamt Osterreich, Wien, 344-353.

BAaTTY, K., ASHMORE, M., POWER, S.A., 2001: Assessment of Relative
Sensitivity of Wetland Plant Species to Ozone — Final Report. In: Fowler,
D., Coyle, M., Storeton-West, R., Lewis, H., Mansfield, T., Paul, N., De
Silva, P.S., Ashmore, M., Batty, K., Davison, A., Haley, H. (eds.), The
Ozone Umbrella Project CEH Project: C00970 — Final Report, Centre
for Ecology and Hydrology, Edinburgh.

BENDER, J., BERGMANN, E., WEIGEL, H.J., 2006: Responses of biomass pro-
duction and reproductive development to ozone exposure differ between
european wild plant species. Water Air Soil Pollut 176, 253-267.
doi: 10.1007/s11270-006-9167-1.

BENNETT, J.P., RASSAT, P., BERRANG, P., KARNOSKY, D.F., 1992: Relationships
between leaf anatomy and ozone sensitivity of Fraxinus pennsylvanica
Marsh. and Prunus serotina Ehrh. Environ. Exp. Bot. 32, 33-41.
doi: 10.1016/0098-8472(92)90027-y.

BERGMANN, E., BENDER, J., WEIGEL, H.J., 1999: Ozone threshold doses and
exposure-response relationships for the development of ozone injury
symptoms in wild plant species. New Phytol. 144, 423-435.
doi: 10.1046/§.1469-8137.1999.00534 .x.

BERRANG, P., KARNOsSKY, D.F., BENNETT, J.P., 1991: Natural-selection for
ozone tolerance in Populus tremuloides — an evaluation of nationwide
trends. Can. J. For. Res. 21, 1091-1097. doi: 10.1139/x91-150.

BERRANG, P., KARNOSKY, D.F., MICKLER, R.A., BENNETT, J.P., 1986: Natural-
selection for ozone tolerance in Populus tremuloides Can. J. For. Res. 16,
1214-1216. doi: 10.1139/x86-216.

BERTUZZI, S., DAVIES, L., POWER, S.A., TRETIACH, M., 2013: Why lichens
are bad biomonitors of ozone pollution? Ecol. Indic. 34, 391-397.
doi: 10.1016/j.ecolind.2013.05.023.

BILODEAU, C., CHEVRIER, N., 1998: Endogenous ascorbate level modulates
ozone tolerance in Euglena gracilis cells. Plant Phys. 36, 695-702.
doi: 10.1016/s0981-9428(98)80019-3.

Biswas, D.K., Xu, H,, L1, Y.G,, Liu, M.Z., CHEN, Y.H., SUN, J.Z., JIANG,
G.M., 2008A: Assessing the genetic relatedness of higher ozone sensi-
tivity of modern wheat to its wild and cultivated progenitors/relatives. J.
Exp. Bot. 59, 951-963. doi: 10.1093/jxb/ern022.

Biswas, D.K., Xu, H., L1, Y.G., SUN, J.Z., WANG, X.Z., HAN, X.G., JIANG
G.M., 2008b: Genotypic differences in leaf biochemical, physiological
and growth responses to ozone in 20 winter wheat cultivars released over
the past 60 years. Glob. Change Biol. 14, 46-59.
doi: 10.1111/j.1365-2486.2007.01477 x.

Biswas,D.K., Xu, H., YANG, J.C., L1, Y.G., CHEN, S.B., JIANG, C.D., LI, WD.,
Ma, K.P., ADHIKARY, S.K., WANG, X.Z., JIANG, G.M., 2009: Impacts of
methods and sites of plant breeding on ozone sensitivity in winter wheat
cultivars. Agr. Ecosyst. Environ. 134, 168-177.
doi: 10.1016/j.agee.2009.06.009.

BOOKER, F., MUNTIFERING, R., MCGRATH, M., BURKEY, K., DECOTEAU, D.,
Fiscus, E., MANNING, W., KRUPA, S., CHAPPELKA, A.,GRANTZ, D.,2009:
The ozone component of global change: Potential effects on agricultural
and horticultural plant yield, product quality and interactions with inva-
sive species. J. Integr. Plant Biol. 51, 337-351.
doi: 10.1111/§.1744-7909.2008.00805 .x.

BROSCHE, M., MERILO, E., MAYER, F., PECHTER, P., PUZORIOVA, 1., BRADER,
G., KANGASJARVI, J., KOLLIST, H., 2010: Natural variation in ozone sen-
sitivity among Arabidopsis thaliana accessions and its relation to stoma-
tal conductance. Plant Cell Environ. 33, 914-925.
doi: 10.1111/j.1365-3040.2010.02116.x.

BUNGENER, P., BALLS, G.R., NUSSBAUM, S., GEISSMANN, M., GRUB, A.,
FUHRER, J., 1999A: Leaf injury characteristics of grassland species ex-
posed to ozone in relation to soil moisture condition and vapour pressure



100 E. Bergmann, J. Bender, H.J. Weigel

deficit. New Phytol. 142,271-282. doi: 10.1046/j.1469-8137.1999.00390.x.

BUNGENER, P., NUSSBAUM, S., GRUB, A., FUHRER, J., 1999b: Growth response
of grassland species to ozone in relation to soil moisture condition and
plant strategy. New Phytol. 142, 283-293.
doi: 10.1046/j.1469-8137.1999.00389.x.

BURKEY, K.O.,CARTER, T.E., 2009: Foliar resistance to ozone injury in the
genetic base of US and Canadian soybean and prediction of resistance in
descendent cultivars using coefficient of parentage. Field Crop. Res. 111,
207-217. doi: 10.1016/j.fcr.2008.12.005.

BussorTl, F., GEROSA, G., 2002: Are the Mediterranean forests in Southern
Europe threatened from ozone? J. Mediterr. Ecol. 3, 23-34.

BussorTl, F., SCHAUB, M., Cozzi, A., KRAUCHI, N., FERRETTI, M., NOVAK,
K., SKELLY, J.M., 2003: Assessment of ozone visible symptoms in the
field: perspectives of quality control. Environ. Pollut. 125, 81-89.
doi: 10.1016/s0269-7491(03)00095-2.

BYTNEROWICZ, A., BADEA, O., BARBU, 1., FLEISCHER, P., FRACZEK, W.,
GANCZ, V., GODZIK, B., GRODZINSKA, K., GRODZKI, W., KARNOSKY, D.,
KOREN, M., KRYWULT, M., KRZAN, Z., LONGAUER, R., MANKOVSKA,
B., MANNING, W.J., MCMANUS, M., MUSSELMAN, R.C., NOVOTNY,
J., PoPEScU, F., POSTELNICU, D., PRUS-GLOWACKI, W., SKAWINSKI, P.,
SKIBA, S., SZARO, R., TAMAS, S., VASILE, C., 2003: New international
long-term ecological research on air pollution effects on the Carpathian
Mountain forests, Central Europe. Environ. Int. 29, 367-376.
doi: 10.1016/s0160-4120(02)00172-1.

CAPE, J.N., HAMILTON, R., HEAL, M.R., 2009: Reactive uptake of ozone
at simulated leaf surfaces: Implications for ‘non-stomatal’ ozone flux.
Atmos. Environ. 43, 1116-1123. doi: 10.1016/j.atmosenv.2008.11.007.

CBD, https://www.cbd.int/climate/.

CHEVRIER, N., CHUNG, Y.S., SARHAN, F., 1990: Oxidative damages and re-
pair in Euglena gracilis exposed to ozone II. Membrane permeability
and uptake of metabolites. Plant Cell Physiol. 31, 987-992.

CHEVRIER, N., SARHAN, F., 1992: Effect of ozone on energy metabolism and
its relation to carbon dioxide fixation in Euglena gracilis. J. Plant Physiol.
140, 521-526.

CHEVRIER, N., SARHAN, F.,CHUNG, Y.S., 1988: Oxidative damages and repair
in Euglena gracilis exposed to ozone I. Sulfhydryl groups and lipids.
Plant Cell Physiol. 29, 321-328.

CHO, K., TIWARI, S., AGRAWAL, S.B., TORRES, N.L., AGRAWAL, M., SARKAR,
A., SHIBATO, J., AGRAWAL, G.K., KUBO, A., RAKWAL, R., 2011: Tropo-
spheric Ozone and Plants: Absorption, Responses, and Consequences.
In: Whitacre, D.M. (ed.), Reviews of Environmental Contamination and
Toxicology Vol. 212, 61-111.

CIESLIK, S.A., 2004: Ozone uptake by various surface types: a comparison
between dose and exposure. Atmos. Environ. 38, 2409-2420.
doi: 10.1016/j.atmosenv.2003.10.063.

DANIELSSON, H., GELANG, J., PLENEL, H., 1999: Ozone sensitivity, growth
and flower development in Phleum genotypes of different geographic
origin in the Nordic countries. Environ. Exp. Bot. 42, 41-49.
doi: 10.1016/s0098-8472(99)00016-7.

DAVISON, A.W., BARNES, J.D., 1998: Effects of ozone on wild plants. New
Phytol. 139, 135-151. doi: 10.1046/j.1469-8137.1998.00177.x.

DAVISON, A.W., NEUFELD, H.S., CHAPPELKA, A.H., WOLFF, K., FINKELSTEIN,
P.L., 2003: Interpreting spatial variation in ozone symptoms shown by
cutleaf cone flower, Rudbeckia laciniata L. Environ. Pollut. 125, 61-70.
doi: 10.1016/s0269-7491(03)00087-3.

DAVISON, A.W., REILING, K., 1995: A rapid change in ozone resistance of
Plantago major after summers with high ozone concentrations. New
Phytol. 131, 337-344. doi: 10.1111/j.1469-8137.1995.tb03069.x.

DAWNAY, L., MILLS, G., 2009: Relative effects of elevated background ozone
concentrations and peak episodes on senescence and above-ground
growth in four populations of Anthoxanthum odoratum L. Environ.
Pollut. 157, 503-510. doi: 10.1016/j.envpol.2008.09.003.

DIZENGREMEL, P., JOLIVET, I., TUZET, A., RANIERI, A., LETHIEC, D., 2013:
Integrative leaf-level phytotoxic ozone dose assessment and forest risk
modelling. In: Matyssek, R., Clarke, N., Cudlin, P., Mikkelsen, T.N.,

Tuovinen, J.P., Wieser, G., Paoletti, E. (eds.), Climate Change, Air Pol-
lution and Global Challenges, Vol. 13. Developments in Environmental
Science. Elsevier, 267-282.

DoHM, M.R., MAuTz, W.J., 2001: Effects of ozone on marine toad thermo-
regulatory behavior and immune function. Am. Zool. 41, 1429-1429.
DouM, M.R., MauTz, W.J., DORATT, R.E., STEVENS, J.R., 2008: Ozone ex-
posure affects feeding and locomotor behavior of adult Bufo marinus.

Environ. Toxicol. Chem. 27, 1209-1216. doi: 10.1897/07-388.1.

DoHM, M.R., MAUTZ, W.J., LOOBY, P.G., GELLERT, K.S., ANDRADE, J.A.,
2001: Effects of ozone on evaporative water loss and thermoregulatory
behavior of marine toads (Bufo marinus). Environ. Res. 86, 274-286.
doi: 10.1006/enrs.2001.4276.

ELVIRA, S., BERMEJO, V., MANRIQUE, E., GIMENO, B.S., 2003: Differential
response of two Quercus coccifera populations to their long-term ozone
exposure. In: Karlsson, P.E., Selldén, G., Pleijel, H. (eds.), Establishing
Ozone Critical Levels II UNECE Workshop Report. IVL report B 1523.
IVL Swedish Environmental Research Institute, Gothenburg, Sweden,
363-368.

FENG, Z.Z., PANG, J., KOBAYASHI, K., ZHU, J.G., ORT, D.R ., 2011: Differential
responses in two varieties of winter wheat to elevated ozone concentra-
tion under fully open-air field conditions. Glob. Change Biol. 17, 580-
591. doi: 10.1111/5.1365-2486.2010.02184 .x.

FENN, MLE., DUNN, P.H., DURALL, D.M., 1989: Effects of ozone and sul-
fur-dioxide on phyllosphere fungi from 3 tree species. Appl. Environ.
Microb. 55, 412-418.

FERRETTI, M., BUssOTTI, F., FABBIO, G., PETRICCIONE, B., 2005: Status and
change of key ecosystem attributes monitored at the CONECOFOR
plots, 1995-2005 — Achievements, problems, perspectives. Annali
dell’Istituto Sperimentale per la Selvicoltura, 115-120.

Fiscus, E.L., BOOKER, F.L., BURKEY, K.O., 2005: Crop responses to ozone:
uptake, modes of action, carbon assimilation and partitioning. Plant Cell
Environ. 28, 997-1011. doi: 10.1111/j.1365-3040.2005.01349.x.

FLAGLER, R.B., 1998: Recognition of air pollution injury to vegetation: a pic-
torial atlas. Air & Waste Management Association.

FOWLER, D., PILEGAARD, K., SUTTON, M.A., AMBUS, P., RAIVONEN, M.,
DUYZER, J., SIMPSON, D., FAGERLI, H., Fuzzi, S., SCHIOERRING, J K.,
GRANIER, C., NEFTEL, A., ISAKSEN, [.S.A., LAJ, P., MAIONE, M., MONKS,
P.S., BURKHARDT, J., DAEMMGEN, U., NEIRYNCK, J., PERSONNE, E.,
WICHINK-KRUIT, R., BUTTERBACH-BAHL, K., FLECHARD, C., TUOVINEN,
J.P., COYLE, M., GEROSA, G., LOUBET, B., ALTIMIR, N., GRUENHAGE, L.,
AMMANN, C., CIESLIK, S., PAOLETTI, E., MIKKELSEN, T.N., RO-POULSEN,
H., CELLIER, P., CAPE, J.N., HORVATH, L., LORETO, F., NIINEMETS, U.,
PALMER, P.I., RINNE, J., MISZTAL, P., NEMITZ, E., NILSSON, D., PRYOR,
S., GALLAGHER, M.W., VEsSALA, T., SKiBA, U., BRUEGGEMANN, N.,
ZECHMEISTER-BOLTENSTERN, S., WILLIAMS, J., O’DowD, C., FACCHINI,
M.C., DE LEEUW, G., FLOSSMAN, A., CHAUMERLIAC, N., ERISMAN, J.W.,
2009: Atmospheric composition change: Ecosystems-Atmosphere inter-
actions. Atmos. Environ. 43, 5193-5267.
doi: 10.1016/j.atmosenv.2009.07.068.

Foy, C.D., LEg, E.H., RowLAND, R., DEVINE, T.E., BuzzELL, R.I., 1995:
Ozone tolerance related to flavonol glycoside genes in soybean. J. Plant
Nutr. 18, 637-647. doi: 10.1080/01904169509364928.

FRANZARING, J., BERGMANN, E., BENDER, J., WEIGEL, H.J., 1997: The impact
of ozone on natural vegetation: An ecological discussion of European
studies. In: Pfadenhauer, J. (ed.), Proceedings of the Society for Ecology,
355-362. Gustav Fischer Verlag, Villengang 2, Jena, Germany New York,
New York, USA.

FRANZARING,J.,DUECK, T.A., TONNENCK, A.E.G.,2003: Response of two wet
grassland species to ozone and water stress. In: Karlsson, P.E., Selldén,
G., Pleijel, H. (eds.), Establishing Ozone Critical Levels II UNECE
Workshop Report. IVL report B 1523. IVL Swedish Environmental
Research Institute, Gothenburg, Sweden, 224-229.

FRANZARING, J., TONNEICK, A.E.G., KOOUMAN, AW.N., DUECK, T.A., 2000:
Growth responses to ozone in plant species from wetlands. Environ. Exp.
Bot. 44,39-48. doi: 10.1016/s0098-8472(00)00052-6.



Ozone sensitive taxa 101

FUHRER, J., 1997: Ozone sensitivity of managed pastures. In: Cheremisinoff,
P.N. (ed.), Ecological Issues and Environmental Impact Assessment, 681-
706. Gulf Professional Publishing.

FUHRER, J., 2009: Ozone risk for crops and pastures in present and future
climates. Naturwissenschaften 96, 173-194.
doi: 10.1007/s00114-008-0468-7.

GIMENO, B.S., BERMEJO, V., SANZ, J., DE LA TORRE, D., ELVIRA, S., 2004:
Growth response to ozone of annual species from Mediterranean pas-
tures. Environ. Pollut. 132, 297-306. doi: 10.1016/j.envpol.2004.04.022.

GOMEZ-GARAY, A., CALDERON GUERRERO, C., SAIZ DE OMENACA, J.A.,
MANZANERA, J.A., 2013: Ozone effects on forests. Afr. J. Biotechnol.
12,320-326.

GRAVANO, E., BUSSOTTL, F., STRASSER, R.J., SCHAUB, M., NOVAK, K., SKELLY,
J., TaNI, C., 2004: Ozone symptoms in leaves of woody plants in open-
top chambers: ultrastructural and physiological characteristics. Physiol.
Plantarum 121, 620-633. doi: 10.1111/§.1399-3054.2004.00363 .x.

GRIME, J.P., 1979: Plant Strategies and Vegetation Processes. Chichester,
Wiley.

HARKOV, R.S., BRENNAN, E., 1982: An Ecophysiological Analysis of the
Responses of Woody and herbaceous Plants to Oxidant Injury. J.
Environ. Manage. 15, 251-261.

HAVRANEK, W.M., WIESER, G., 1993: Ozone tolerance of European larch
(Larix decidua Mill.). Forstw. Cbl. 112, 56-64. doi: 10.1007/bf02742131.

HAYES, F., JONES, M.L. M., MILLS, G., ASHMORE, M., 2007: Meta-analysis
of the relative sensitivity of semi-natural vegetation species to ozone.
Environ. Pollut. 146, 754-762. doi: 10.1016/j.envpol.2006.06.011.

HEAGLE, A.S., 1989: Ozone and crop yield. Annu. Rev. Phytopathol. 27, 397-
423. doi: 10.1146/annurev.phyto.27.1.397.

HEAGLE, A.S., Bopy, D.E., HECK, WW., 1973: An Open-Top Field Chamber
to Assess the Impact of Air Pollution on Plants. J. Environ. Qual. 2, 365-
368.

HEAGLE, A.S., KrRESS, LW., TEMPLE, P.J., KOHUT, R.J., MILLER, J.E.,
HEGGESTAD, H.E., 1988: Factors influencing ozone dose-yield response
relationships in open-top chamber studies. Assessment of crop loss from
air pollutants. Proceedings of an international conference, Raleigh,
North Carolina, USA, 25-29 October 1987. Elsevier Science Publishers
Ltd., Barking, UK, 141-179.

HEAGLE, A.S., MCLAUGHLIN, M.R., MILLER, J.E., JOYNER, R.L., SPRUILL
S.E., 1991: Adaptation of a white clover population to ozone stress. New
Phytol. 119, 61-68. doi: 10.1111/j.1469-8137.1991.tb01008 .

HEAGLE, A.S., REBBECK, J., SHAFER, S.R., BLUM, U., HECK, WW., 1989:
Effects of long-term ozone exposure and soil-moisture deficit on growth
of a ladino clover tall fescue pasture. Phytopathology 79, 128-136.
doi: 10.1094/Phyto-79-128.

HEATH, R.1., 1984: Decline in energy reserves of chorella sorokiniana upon
exposure to ozone. Plant Phys. 76, 700-704.

HEATH, R.L., FREDERICK, P.E., CHIMIKLIS, P.E., 1982: Ozone inhibition of
photosynthesis in Chlorella sorokiniana. Plant Phys. 69, 229-233.
doi: 10.1104/pp.69.1.229.

HECK, WW., PHILBECK, R.B., DUNNING, J.A., 1978: Continuous stirred tank
reactor (CSTR) system for exposing plants to gaseous air contaminants
— principles, specifications, construction, and operation. Agricultural
Research Service Publication, 1-32.

HEGGESTAD, H.E., 1991: Origin of bel W3, Bel C and Bel B tobacco varieties
and their use as indicators of ozone. Environ. Pollut. 74, 264-291.
doi: 10.1016/0269-7491(91)90076-9.

HENDREY, G.R., ELLSWORTH, D.S., LEWIN, K.F., NAGY, J., 1999: A free-
air enrichment system for exposing tall forest vegetation to elevated at-
mospheric CO,. Glob. Change Biol. 5,293-309.
doi: 10.1046/j.1365-2486.1999.00228 x.

HuR, J., Kivm, P, 2000: Investigation of lichen species as a biomonitor of
atmospheric ozone in ‘Backwoon’ mountain, Korea. J. Korean For. Soc.
89, 65-76.

HUTTUNEN, S., MANNINEN, S., 2013: A review of ozone responses in Scots
pine (Pinus sylvestris). Environ. Exp. Bot. 90, 17-31.

doi: http://dx.doi.org/10.1016/j.envexpbot.2012.07.001.

INADA, H., KONDO, T., AKHTAR, N., HOSHINO, D., YAMAGUCHI, M., [ZUTA, T.,
2012: Relationship between cultivar difference in the sensitivity of net
photosynthesis to ozone and reactive oxygen species scavenging system
in Japanese winter wheat (Triticum aestivum). Physiol. Plantarum 146,
217-227. doi: 10.1111/j.1399-3054.2012.01618 .x.

INNES, J., SKELLY, J., SCHAUB, H., 2001: Ozone and broadleaved species
— A guide to the identification of ozone-induced foliar injury. Haupt,
Birmensdorf, Eidgenossische Foschungsanstalt WSL. Bern, Stuttgart,
Wien.

IrITI, M., FAORO, F., 2008: Oxidative stress, the paradigm of ozone toxicity in
plants and animals. Water Air Soil Pollut 187, 285-301.
doi: 10.1007/s11270-007-9517-7.

Jacos, D.J., WINNER, D.A., 2009: Effect of climate change on air quality.
Atmos. Environ. 43, 51-63. doi: 10.1016/j.atmosenv.2008.09.051.

JAGER, H.J., HERTSTEIN, U., FANGMEIER, A., 1999: The European Stress
Physiology and Climate Experiment — Project 1. wheat (ESPACE-
wheat): introduction, aims and methodology. Eur. J. Agron. 10, 155-162.
doi: 10.1016/s1161-0301(99)00006-4.

JOHNSON, S.R.,MAUTZ, W.J., DOHM, M.R., 2009: Effects Of Ozone Exposure
On The Specific Dynamic Action Of The Cane Toad, Bufo marinus.
Integr. Compar. Biol. 49, E250-E250.

JONES, M.L.M., HODGES, G., MILLS, G., 2010: Nitrogen mediates above-
ground effects of ozone but not below-ground effects in a rhizomatous
sedge. Environ. Pollut. 158, 559-565. doi: 10.1016/j.envpol.2009.08.002.

KANGASJARVL, J., JASPERS, P., KOLLIST, H., 2005: Signalling and cell death in
ozone-exposed plants. Plant Cell Environ. 28, 1021-1036.
doi: 10.1111/§.1365-3040.2005.01325 x.

KARNOSKY, D.F., BERRANG, P.C., SCHOLZ, F., BENNETT, J.P., 1989A: Varia-
tion in and natural selection for air pollution tolerances in trees. In:
Scholz, F., Gregorius, H.R., Rudin, D. (eds.), Genetic Effects of Air
Pollutants in Forest Tree Populations,29-38. Springer, Berlin, Heidelberg.

KARNOSKY, D.F., GAGNON, Z.E., REED, D.D., WITTER, J.A., 1992: Growth
and biomass allocation of symptomatic and asymptomatic Populus tre-
muloides clones in response to seasonal ozone exposures. Can. J. For.
Res. 22, 1785-1788. doi: 10.1139/x92-233.

KARNOSKY, D.F., MANKOVSKA, B., PERCY, K., DICKSON, R.E., PopiLA, G.K.,
SOBER, J., NOORMETS, A., HENDREY, G., COLEMAN, M.D., KUBISKE, M.,
PREGITZER, K.S., ISEBRANDS, J.G., 1999: Effects of tropospheric O-3 on
trembling aspen and interaction with CO,: Results from an O-3-gradient
and a face experiment. Water Air Soil Pollut 116, 311-322.
doi: 10.1023/a:1005276824459.

KARNOSKY, D.F., PERCY, K.E., MANKOVSKA, B., PRICHARD, T., NOORMETS,
A., DICKSON, R.E., JEPSEN, E., ISEBRANDS, J.G., 2003a: Ozone affects
the fitness of trembling aspen. In: Karnosky, D.F., Percy, K.E., Chappelka,
A.H., Simpson, C., Pikkarainen, J. (eds.), Air Pollution, Global Change
and Forests in the New Millennium, 199-209. Elsevier.

KARNOSKY, D.F., SCHOLZ, F., GEBUREK, T., RUDIN, D., 1989B: Implications
of genetic effects of air pollution on forest ecosystems knowledge
gaps. In: Scholz, F., Gregorius, H.R., Rudin, D. (eds.), Genetic Effects
of Air Pollutants in Forest Tree Populations, 199-201. Springer, Berlin,
Heidelberg.

KARNOSKY, D.F., SKELLY, J.M., PErcY, K.E., CHAPPELKA, A.H., 2007:
Perspectives regarding 50 years of research on effects of tropospheric
ozone air pollution on US forests. Environ. Pollut. 147, 489-506.
doi: 10.1016/j.envpol.2006.08.043.

KARNOSKY, D.F., ZAK, D.R., PREGITZER, K.S., AWMACK, C.S., BOCKHEIM,
J.G., DICKSON, R.E., HENDREY, G.R., HosT, G.E., KING, J.S., KOPPER,
B.J., KRUGER, E.L., KUBISKE, M.E., LINDROTH, R.L., MATTSON, W.J.,
MCDONALD, E.P., NOORMETS, A., OKSANEN, E., PARSONS, W.F.J., PERCY,
K.E., PopiLA, G.K., RIEMENSCHNEIDER, D.E., SHARMA, P., THAKUR,
R., SOBER, A., SOBER, J., JONES, W.S., ANTTONEN, S., VAPAAVUORI, E.,
MANKOVSKA, B., HEILMAN, W., ISEBRANDS, J.G., 2003B: Tropospheric
0-3 moderates responses of temperate hardwood forests to elevated CO,:
a synthesis of molecular to ecosystem results from the Aspen FACE proj-



102 E. Bergmann, J. Bender, H.J. Weigel

ect. Funct. Ecol. 17, 289-304. doi: 10.1046/j.1365-2435.2003.00733 x.

KELTING, D.L., BURGER, J.A., EDWARDS, G.S., 1995: The effects of ozone
on the root dynamics of seedlings and mature red oak (Quercus rubra
L). Forest Ecol. Manag. 79, 197-206. doi: 10.1016/0378-1127(95)03603-2.

KERSTIENS, G., LENDZIAN, K.J., 1989: Interactions between ozone and plant
cuticles .1. Ozone deposition and permeability. New Phytol. 112, 13-19.
doi: 10.1111/§.1469-8137.1989.tb00303 .x.

KITAO, M., WINKLER, J.B., Low, M., NUNN, A.J., KurPTZ, D., HABERLE, K.H.,
REITER, I.M., MATYSSEK, R., 2012: How closely does stem growth of
adult beech (Fagus sylvatica) relate to net carbon gain under experimen-
tally enhanced ozone stress? Environ. Pollut. 166, 108-115.
doi: 10.1016/j.envpol.2012.03.014.

KLINE, L.J., Davis, D.D., SKELLY, J.M., DECOTEAU, D.R., 2009: Variation
in Ozone Sensitivity Within Indian Hemp and Common Milkweed
Selections from the Midwest. North East. Nat. 16, 307-313.
doi: 10.1656/045.016.0210.

KLINE, L.J., DAVIS, D.D., SKELLY, J.M., SAVAGE, J.E., FERDINAND, J., 2008:
Ozone sensitivity of 28 plant selections exposed to ozone under con-
trolled conditions. North East. Nat. 15, 57-66.
doi: 10.1656/1092-6194(2008)15[57:0s0pse]2.0.co;2.

KOLLIKER, R., BASSIN, S., SCHNEIDER, D., WIDMER, F., FUHRER, J., 2008:
Elevated ozone affects the genetic composition of Plantago lanceolata
L. populations. Environ. Pollut. 152, 380-386.
doi: 10.1016/j.envpol.2007.06.021.

Kou, T-I., Yu, W.-W., ZHu, J.-G., ZHU, X.-K., 2012: Effects of Ozone
Pollution on the Accumulation and Distribution of Dry Matter and
Biomass Carbon of Different Varieties of Wheat. Huanjing Kexue 33,
2862-2867.

Kou, T., Yu, W., L1u, D., ZHU, J.G., ZHU, X .K., 2013: Effects of elevated
ozone on absorption and distribution of nutrients in different cultivars of
wheat. Acta Scientiae Circumstantiae 33, 644-649.

LACKOVICOVA, A., GUTTOVA, A., BACKOR, M., Pisur, P., Pisur, 1., 2013:
Response of Evernia prunastri to urban environmental conditions in
Central Europe after the decrease of air pollution. Lichenologist 45, 89-
100. doi: 10.1017/s002428291200062x.

LANGEBARTELS, C., WOHLGEMUTH, H., KSCHIESCHAN, S., GRUN, S., SANDER-
MANN, H., 2002: Oxidative burst and cell death in ozone-exposed plants.
Plant Phys. 40, 567-575. doi: 10.1016/s0981-9428(02)01416-x.

LEE, J.C., OH, CY., HAN, S.H., 2006: Foliar injury, growth, and SOD acti-
vity of Pinus densiflora exposed to ozone. In: Longhurst, JW.S.,
Brebbia, C.A. (eds.), Air Pollution XIV, 575-584.

LEE, J.C., SKELLY, J.M., STEINER, K.C., ZHANG, J.W., SAVAGE, J.E., 1999:
Foliar response of black cherry (Prunus serotina) clones to ambient
ozone exposure in central Pennsylvania. Environ. Pollut. 105, 325-331.
doi: 10.1016/s0269-7491(99)00049-4.

LEE, J.C., STEINER, K.C., ZHANG, J.W., SKELLY, J.M., 2002: Heritability of
ozone sensitivity in open-pollinated families of black cherry (Prunus
serotina Ehrh.). Forest Sci. 48, 111-117.

LORENZINL, G., LANDL, U., LopPL, S., NALI, C., 2003: Lichen distribution and
bioindicator tobacco plants give discordant response: A case study from
Italy. Environ. Monit. Assess. 82,243-264. doi: 10.1023/a:1021990217117.

Lucas, PW., CorTaM, D.A., MANSFIELD, T.A., 1987: A large-scale fumi-
gation system for investigating interactions between air-pollution and
cold stress on plants. Environ. Pollut. 43, 15-28.
doi: 10.1016/0269-7491(87)90164-3.

Lyons, T.M., BARNES, J.D., DAVISON, A.W., 1997: Relationships between
ozone resistance and climate in European populations of Plantago ma-
Jjor. New Phytol. 136, 503-510. doi: 10.1046/j.1469-8137.1997.00773 x.

MAGAN, N., KIRKWOOD, I.A., MCLEOD, A.R., SMITH, M.K., 1995: Effect of
open-air fumigation with sulphur dioxide and ozone on phyllosphere and
endophytic fungi of conifer needles. Plant Cell Environ. 18, 291-302.
doi: 10.1111/§.1365-3040.1995.tb00364..x.

MANNINEN, S., SORJAMAA, R., KURKI, S., PIRTTINIEMI, N., HUTTUNEN, S.,
2003: Ozone affects Scots pine phenology and growth. In: Karnosky,
D.F,, Percy, K.E., Chappelka, A.H., Simpson, C., Pikkarainen, J. (eds.),

Air Pollution, Global Change and Forests in the New Millennium, 231-
246.

MANNING, W.J., PAOLETTI, E., SANDERMANN, H., ERNST, D., 2011: Ethy-
lenediurea (EDU): A research tool for assessment and verification of
the effects of ground level ozone on plants under natural conditions.
Environ. Pollut. 159, 3283-3293. doi: 10.1016/j.envpol.2011.07.005.

MARENCO, A., GOUGET, H., NEDELEC, P., PAGES, J.P., KARCHER, F., 1994:
Evidence of a long-term increase in tropospheric ozone from Pic du Midi
data series — consequences — positive radiative forcing. J. Geophys. Res.-
Atmos. 99, 16617-16632. doi: 10.1029/94jd00021.

MASSMAN, W.J., GRANTZ, D.A., 1995: Estimating canopy conductance to
ozone uptake from observations of evapotranspiration at the canopy
scale and at the leaf scale. Glob. Change Biol. 1, 183-198.
doi: 10.1111/§.1365-2486.1995.tb00020.x.

MATYSSEK, R., CLARKE, N., CUDLIN, P., MIKKELSEN, T.N., TUOVINEN, J.P.,
WIESER, G., PAOLETTI, E., 2013: Climate Change, Air Pollution and
Global Challenges. Elsevier.

MATYSSEK, R., KARNOSKY, D.F., WIESER, G., PERCY, K., OKSANEN, E.,
GrAMS, T.E.E., KUBISKE, M., HANKE, D., PRETZSCH, H., 2010a: Ad-
vances in understanding ozone impact on forest trees: Messages from
novel phytotron and free-air fumigation studies. Environ. Pollut. 158,
1990-2006. doi: 10.1016/j.envpol.2009.11.033.

MATYSSEK, R., WIESER, G., CEULEMANS, R., RENNENBERG, H., PRETZSCH,
H., HABERER, K., LOEW, M., NUNN, A.J., WERNER, H., WIPFLER, P.,
OSSWALDG, W., NIKOLOVA, P., HANKE, D.E., KRAIGHER, H., TAUSZ, M.,
BAHNWEG, G., KITAO, M., DIELER, J., SANDERMANN, H., HERBINGER,
K., GREBENC, T., BLUMENROETHER, M., DECKMYN, G., GRAMS, T.E.E.,
HEERDT, C., LEUCHNER, M., FABIAN, P., HAEBERLE, K.H., 2010B: En-
hanced ozone strongly reduces carbon sink strength of adult beech
(Fagus sylvatica) — Resume from the free-air fumigation study at
Kranzberg Forest. Environ. Pollut. 158, 2527-2532.
doi: 10.1016/j.envpol.2010.05.009.

MauTtz, WJ., DoHM, M.R., 2004: Respiratory and behavioral effects of
ozone on a lizard and a frog. Comp. Biochem. Phys. A 139, 371-377.
doi: 10.1016/j.cbpb.2004.10.004.

MCCUNE, B., 1988: Lichen communities along O; and SO, gradients in
Indianapolis. Bryologist 91, 223-228. doi: 10.2307/3243224.

MCLAUGHLIN, S.B., NOSAL, M., WULLSCHLEGER, S.D., SuN, G., 2007:
Interactive effects of ozone and climate on tree growth and water use
in a southern Appalachian forest in the USA. New Phytol. 174, 109-124.
doi: 10.1111/5.1469-8137.2007.02018 .x.

MEBRAHTU, T., MERSIE, W., RANGAPPA, M., 1990: Inheritance of ambient
ozone insensitivity in common bean (Phaseolus vulgaris L.). Environ.
Pollut. 67, 79-89. doi: 10.1016/0269-7491(90)90173-a.

MIGLIETTA, F., PERESSOTTI, A., VACCARI, F.P., ZALDEI, A., DEANGELIS, P.,
SCARASCIA-MUGNOZZA, G., 2001: Free-air CO, enrichment (FACE) of
a poplar plantation: the POPFACE fumigation system. New Phytol. 150,
465-476. doi: 10.1046/j.1469-8137.2001.00115 x.

MILLER, P.R., MCBRIDE, J.R., 1999: Ecological Studies Vol. 134: Oxidant air
pollution impacts in the montane forests of southern California: A case
study of the San Bernardino Mountains. Springer, New York.

MILLS, G., HARMENS, H., 2011: Ozone pollution: a hidden threat to food se-
curity. Report prepared by the ICP Vegetation. Centre for Ecology and
Hydrology, Bangor.

MILLS, G., HAYES, F., JONES, M.L.M.,CINDERBY, S., 2007: Identifying ozone-
sensitive communities of (semi-)natural vegetation suitable for mapping
exceedance of critical levels. Environ. Pollut. 146, 736-743.
doi: 10.1016/j.envpol.2006.04.005.

MILLS, G., HAYES, F., SIMPSON, D., EMBERSON, L., NORRIS, D., HARMENS, H.,
BUEKER, P., 2011: Evidence of widespread effects of ozone on crops and
(semi-)natural vegetation in Europe (1990-2006) in relation to AOT40-
and flux-based risk maps. Glob. Change Biol. 17, 592-613.
doi: 10.1111/j.1365-2486.2010.02217 .

MORGAN, P.B., BERNACCHI, C.J., ORT, D.R., LONG, S.P., 2004: An in vivo
analysis of the effect of season-long open-air elevation of ozone to antici-



Ozone sensitive taxa 103

pated 2050 levels on photosynthesis in soybean. Plant Phys. 135, 2348-
2357. doi: 10.1104/pp.104.043968.

MUSSELMAN, R., HALE, B.A ., 1997: Methods for Controlled and Field Ozone
Exposures of Forest Tree Species in North America. In: Sandermann,
H., Wellburn, A.R., Heagle, A. (eds.), Forest Declione and Ozone. A
Comparison of Controlled Chamber and Field Experiments, 277-315.
Springer.

NaLL, C.,BaLpuccl, E., FRATI, L., PAoLl, L., Loppl, S., LORENZINI, G., 2007:
Integrated biomonitoring of air quality with plants and lichens: A case
study on ambient ozone from central Italy. Chemosphere 67, 2169-2176.
doi: 10.1016/j.chemosphere.2006.12.036.

NAsH, T.H., II, SIGAL, L.L., 1999: Epiphytic lichens in the San Bernardino
Mountains in relation to oxidant gradients. In: Miller, P.R., McBride,
J.R. (eds.), Ecological Studies Vol. 134: Oxidant air pollution impacts
in the montane forests of southern California: a case study of the San
Bernardino Mountains, 223-234. Springer, New York.

NiEMI, R., 2003: Peatland Vegetation and Carbon Gas Dynamics under
Increasing UV-B Radiation and Ozone Concentration, Thesis. University
of Kuopio, Department of Ecology and Environmental Science, Kuopio,
Finland.

NUNN, A.J., REITER, .M., HABERLE, K.H., LANGEBARTELS, C., BAHNWEG,
G., PRETZSCH, H., SANDERMANN, H., MATYSSEK, R., 2005: Response
patterns in adult forest trees to chronic ozone stress: identification of
variations and consistencies. Environ. Pollut. 136, 365-369.
doi: 10.1016/j.envpol.2005.01.024.

NUNN, A.J., REITER, .M., HABERLE, K .H., WERNER, H., LANGEBARTELS, C.,
SANDERMANN, H., HEERDT, C., FABIAN, P., MATYSSEK, R., 2002: “Free-
air” ozone canopy fumigation in an old-growth mixed forest: Concept
and observations in beech. Phyton-Ann. Rei Bot. A 42, 105-119.

OKSANEN, E., 2003: Responses of selected birch (Betula pendula Roth)
clones to ozone change over time. Plant Cell Environ. 26, 875-886.
doi: 10.1046/j.1365-3040.2003.01020.x.

OKSANEN, E., AMORES, G., KOKKO, H., SANTAMARIA, J.M., KARENLAMPI,
L., 2001: Genotypic variation in growth and physiological responses of
Finnish hybrid aspen (Populus tremuloides x P-tremula) to elevated tro-
pospheric ozone concentration. Tree Physiol. 21, 1171-1181.

OKSANEN, E., PANDEY, V., PANDEY, A.K., KESKI-SAARI, S., KONTUNEN-
SOPPELA, S., SHARMA, C., 2013: Impacts of increasing ozone on Indian
plants. Environ. Pollut. 177, 189-200. doi: 10.1016/j.envpol.2013.02.010.

OKSANEN, J., TYNNYRINEN, S., KARENLAMPI, L., 1990: Testing for increased
abundance of epiphytic lichens on a local pollution gradient. Ann. Bot.
Fenn. 27, 301-307.

OLSSON, K., 1995: Changes in epiphytic lichen and moss flora in some beech
forests in southern Sweden during 15 years. In: Staaf, H., Tyler, G. (eds.),
Ecological Bulletins; Effects of acid deposition and tropospheric ozone
on forest ecosystems in Sweden, Copenhagen, 238-247.

OSBORNE, S.A., MILLS, G., HAYES, F., AINSWORTH, E.A., BUKER, P,
EMBERSON, L., 2016: Has the sensitivity of soybean cultivars to ozone
pollution increased with time? An analysis of published dose-response
data. 22,3097-3111.

PAAKKONEN, E., PAASISALO, S., HOLOPAINEN, T., KARENLAMPI, L., 1993:
Growth and stomatal responses of birch (Betula pendula Roth) clones to
ozone in open-air and chamber fumigations. New Phytol. 125, 615-623.
doi: 10.1111/§.1469-8137.1993.tb03911 x.

PAAKKONEN, E., VAHALA, J., HOLOPAINEN, T., KARJALAINEN, R., KAREN-
LAMPI, L., 1996: Growth responses and related biochemical and ultra-
structural changes of the photosynthetic apparatus in birch (Betula pen-
dula) saplings exposed to low concentrations of ozone. Tree Physiol. 16,
597-605.

PAOLETTI, E., 2007: Ozone impacts on forests. CAB Reviews: Perspectives
in Agriculture, Veterinary Science, Nutrition and Natural Resources 2.

PAOLETTI, E., MANNING, W.J., FERRARA, A .M., TAGLIAFERRO, F., 2011: Soil
drench of ethylenediurea (EDU) protects sensitive trees from ozone in-
jury. iFOREST 4, 66-68. doi: 10.3832/ifor0569-004.

PEARSON, S., DAVISON, AW., REILING, K., ASHENDEN, T., OLLERENSHAW,

J.H., 1996: The effects of different ozone exposures on three contrasting
populations of Plantago major. New Phytol. 132, 493-502. doi: 10.1111/
j-1469-8137.1996.tb01869.x.

PeErCY, K.E., LEGGE, A.H., KrRUPA, SV., 2003: Tropospheric ozone: A
continuing threat to global forests? In: Karnosky, D.F., Percy, K.E.,
Chappelka,A.H., Simpson, C., Pikkarainen, J. (eds.), Air Pollution,
Global Change and Forests in the New Millennium, 85-118. Elsevier.

PERCY, K.E., MATYSSEK, R., KING, J.S., 2010: Facing the Future: Evidence
from Joint Aspen FACE, SoyFACE and SFB 607 Meeting. Environ.
Pollut. 158, 955-958. doi: 10.1016/j.envpol.2009.11.017.

PRATHER, M., GAUSS, M., BERNTSEN, T., ISAKSEN, 1., SUNDET, J., BEY, 1.,
BRASSEUR, G., DENTENER, F., DERWENT, R., STEVENSON, D., GRENFELL,
L., HAUGLUSTAINE, D., HorowiTz, L., JACOB, D., MICKLEY, L.,
LAWRENCE, M., VON KUHLMANN, R., MULLER, J.F., PITARI, G., ROGERS,
H., JOHNSON, M., PYLE, J., LAw, K., VAN WEELE, M., WILD, O., 2003:
Fresh air in the 21st century? Geophys. Res. Lett. 30.
doi: 10.1029/2002g1016285.

RAI, R., AGRAWAL, M., 2012: Impact of Tropospheric Ozone on Crop
Plants. Proceedings of the National Academy of Sciences India Section
B-Biological Sciences.

REICH, P.B., 1987: Quantifying plant response to ozone: a unifying theory.
Tree Physiol. 3, 63-91.

REICHENAUER, T.G., GOODMAN, B.A., KOSTECKI, P., S0JA, G., 1998: Ozone
sensitivity in Triticum durum and T. aestivum with respect to leaf injury,
photosynthetic activity and free radical content. Physiol. Plantarum 104,
681-686. doi: 10.1034/j.1399-3054.1998.1040423 x.

REILING, K., DAVISON, A.W., 1992: Spatial variation in ozone resistance of
British populations of Plantago major L. New Phytol. 122, 699-708.
RIDDELL, J., PADGETT, P.E., NASH, T.H., 2012: Physiological responses of
lichens to factorial fumigations with nitric acid and ozone. Environ.

Pollut. 170, 202-210. doi: 10.1016/j.envpol.2012.06.014.

ROYAL SOCIETY, 2008: Ground-level ozone in the 21% century: future trends,
impacts and policy implications. Science Policy, Report 15/08.

RuosS, E., VONARBURG, C., 1995: Lichen diversity and ozone impact in rural
areas of Central Switzerland. Cryptogam. Bot. 5, 252-263.

SALA, O.E., CHAPIN, E.S., ARMESTO, J.J., BERLOW, E., BLOOMFIELD, J.,
DirzO, R., HUBER-SANWALD, E., HUENNEKE, L.F., JACKSON, R.B.,
KINZIG, A., LEEMANS, R., LODGE, D.M., MOONEY, H.A., OESTERHELD,
M., POFF, N.L., SYKES, M.T., WALKER, B.H., WALKER, M., WALL, D.H.,
2000: Biodiversity — Global biodiversity scenarios for the year 2100.
Science 287, 1770-1774. doi: 10.1126/science.287.5459.1770.

SAMUELSON, L.J., EDWARDS, G.S., 1993: A comparison of sensitivity to
ozone in seedlings and trees of Quercus rubra L. New Phytol. 125,
373-379. doi: 10.1111/j.1469-8137.1993.tb03889.x.

SAMUELSON, L.J., KELLY, .M., MAYS, P.A., EDWARDS, G.S., 1996: Growth
and nutrition of Quercus rubra L. seedlings and mature trees after three
seasons of ozone exposure. Environ. Pollut. 91, 317-323.
doi: 10.1016/0269-7491(95)00067-4.

SANDERMANN, H., WELLBURN, A.R., HEATH, R.L., 1997: Forest Decline
and Ozone: Synopsis. In: Sandermann, H., Wellburn, A.R., Heath, R.L.
(eds.), Forest Decline and Ozone: A Compariosn of Controllrd Chamber
and Field Experiments, 369-377. Springer.

SARKAR, A., AGRAWAL, S.B., 2010: Elevated ozone and two modern wheat
cultivars: An assessment of dose dependent sensitivity with respect to
growth, reproductive and yield parameters. Environ. Exp. Bot. 69, 328-
337. doi: 10.1016/j.envexpbot.2010.04.016.

SCHAUB, M., SKELLY, J.M., STEINER, K.C., DAvis, D.D., PENNYPACKER, S.P.,
ZHANG, J., FERDINAND, J.A., SAVAGE, J.E., STEVENSON, R.E., 2003:
Physiological and foliar injury responses of Prunus serotina, Fraxinus
americana, and Acer rubrum seedlings to varying soil moisture and
ozone. Environ. Pollut. 124, 307-320.
doi: 10.1016/s0269-7491(02)00462-1.

SCHEIDEGGER, C., SCHROETER, B., 1995: Effects of ozone fumigation on
epiphytic macrolichens: Ultrastructure, CO, gas exchange and chloro-
phyll fluorescence. Environ. Pollut. 88, 345-354.



104 E. Bergmann, J. Bender, H.J. Weigel

doi: 10.1016/0269-7491(95)93449-a.

SKELLY, J.M., INNES, J.L., SAVAGE, J.E., SNYDER, K.R., VANDERHEYDEN,
D., ZHANG, J., SANz, M.J., 1999: Observation and confirmation of fo-
liar ozone symptoms of native plant species of Switzerland and southern
Spain. Water Air Soil Pollut 116, 227-234. doi: 10.1023/a:1005275431399.

STAEHELIN, J., 2003: Ozone Measurements and Trends (Troposphere). In:
MEYERS, R.A. (ed.), Encyclopedia of Physical Science and Technology,
539-561 (Third Edition). Academic Press, New York.

STASZAK, J., GRULKE, N.E., MARRETT, M.J., PRUS-GLOWACKI, W., 2007:
Isozyme markers associated with Oj; tolerance indicate shift in gene-
tic structure of ponderosa and Jeffrey pine in Sequoia National Park,
California. Environ. Pollut. 149, 366-375.
doi: 10.1016/j.envpol.2007.05.026.

STASZAK, J., GRULKE, N.E., PRUS-GLOWACKI, W., 2004: Genetic differences
of Pinus ponderosa Dougl. ex Laws. trees tolerant and sensitive to ozone.
Water Air Soil Pollut 153, 3-14.
doi: 10.1023/B:WATE.0000019937.20297.6a.

STEVENS, C.J., DUPRE, C., DORLAND, E., GAUDNIK, C., GOWING, D.J.G.,
BLEEKER, A., DIEKMANN, M., ALARD, D., BOBBINK, R., FOWLER,
D., CORCKET, E., MOUNTFORD, J.O., VANDVIK, V., AARRESTAD, P.A.,
MULLER, S., DISE, N.B., 2010a: Nitrogen deposition threatens species
richness of grasslands across Europe. Environ. Pollut. 158, 2940-2945.
doi: 10.1016/j.envpol.2010.06.006.

STEVENS, C.J., THOMPSON, K., GRIME, J.P., LoNG, C.J., GOWING, D.J.G.,
2010B: Contribution of acidification and eutrophication to declines in
species richness of calcifuge grasslands along a gradient of atmospheric
nitrogen deposition. Funct. Ecol. 24, 478-484.
doi: 10.1111/5.1365-2435.2009.01663 x.

STOCKWELL, W.R., KRAMM, G., SCHEEL, H.E., MOHNEN, V.A., SEILER, W.,
1997: Ozone formation, destruction and exposure in Europe and the
United States. In: Sandermann, H., Wellburn, A.R., Heath, R.L. (eds.),
Ecological Studies Vol. 127: Forest decline and ozone: A comparison
of controlled chamber and field experiments, 1-38. Springer, New York,
Berlin.

Su, W.Y., GORDON, T., 1997: In vivo exposure to ozone produces an increase
in a 72-kDa heat shock protein in guinea pigs. J. Appl. Physiol. 83, 707-
711.

SWANSON, E.S., Toivio-KINNUCAN, M., HEATH, R.,CUNNINGHAM, W.P.,
1982: Ozone induces ultrastructural changes in the plama membrane of
Chlorella sorokinana. Plant Cell Environ. 5, 375-384.
doi: 10.1111/5.1365-3040.1982.tb00937.x.

TAYLOR, G.E., 1994: Plant and Environment Interaction: Role of Genotype
in the Response of Loblolly Pine to Tropospheric Ozone - Effects at the
Whole-Tree, Stand, and Regional Level. J. Environ. Qual. 23, 63-82.

TIWARI, S., AGRAWAL, M., MANNING, W.J., 2005: Assessing the impact of
ambient ozone on growth and productivity of two cultivars of wheat in
India using three rates of application of ethylenediurea (EDU). Environ.
Pollut. 138, 153-160. doi: 10.1016/j.envpol.2005.02.008.

UBA, 2016: Umweltbundesamt Luftqualitdt 2015, vorldufige Auswertung,
https://www.umweltbundesamt.de/publikationen/luftqualitaet-2015.
VAN GOETHEM, T.MW.J., AZEVEDO, L.B., VAN ZELM, R., HAYES, F.,
ASHMORE, M.R., HUIBREGTS, M.A.J., 2013: Plant Species Sensitivity

Distributions for ozone exposure. Environ. Pollut. 178, 1-6.
doi: http://dx.doi.org/10.1016/j.envpol.2013.02.023.

VELISSARIOU, D., BARNES, J.D., DAVISON, A.W., 1992: Has inadvertent se-
lection by plant breeders affected the O; sensitivity of modern Greek
cultivars of spring wheat. Agr. Ecosyst. Environ. 38, 79-89.
doi: 10.1016/0167-8809(92)90169-c.

VINGARZAN, R., 2004: A review of surface ozone background levels and
trends. Atmos. Environ. 38, 3431-3442.
doi: 10.1016/j.atmosenv.2004.03.030.

VOLK, M., GEISSMANN, M., BLATTER, A., CONTAT, F., FUHRER, J., 2003:
Design and performance of a free-air exposure system to study long-
term effects of ozone on grasslands. Atmos. Environ. 37, 1341-1350.
doi: 10.1016/s1352-2310(02)01012-9.

VOLLENWEIDER, P., OTTIGER, M., GUNTHARDT-GOERG, M.S., 2003: Vali-
dation of leaf ozone symptoms in natural vegetation using microscopical
methods. Environ. Pollut. 124, 101-118.
doi: 10.1016/s0269-7491(02)00412-8.

VON TIEDEMANN, A., WEIGEL, H.J., JAEGER H.J., 1991: Effects of open-top
chamber fumigations with ozone on three fungal leaf diseases of wheat
and the mycoflora of the phyllosphere. Environ. Pollut. 72, 205-224.
doi: 10.1016/0269-7491(91)90100-b.

WATANABE, M., HOSHIKA, Y., INADA, N., WANG, X.N., MA0, Q.Z., KOIKE, T.,
2013: Photosynthetic traits of Siebold’s beech and oak saplings grown
under free air ozone exposure in northern Japan. Environ. Pollut. 174,
50-56. doi: 10.1016/j.envpol.2012.11.006.

WEIGEL, H.J., BERGMANN, E., BENDER, J., 2015: Plant-Mediated Ecosystem
Effects of Tropospheric Ozone. In: Liittge, U., Beyschlag, W. (eds.),
Progress in Botany, 395-438. Springer International Publishing.

WERNER, H., FABIAN, P., 2002: Free-air fumigation of mature trees — A novel
system for controlled ozone enrichment in grown-up beech and spruce
canopies. Environ. Sci. Pollut. R. 9, 117-121. doi: 10.1007/bf02987458.

WHITFIELD, C.P., DAVISON, A W., ASHENDEN, T.W., 1997: Artificial selection
and heritability of ozone resistance in two populations of Plantago ma-
Jjor. New Phytol. 137, 645-655. doi: 10.1046/j.1469-8137.1997.00860.x.

WIESER, G., HECKE, K., TAUsz, M., MATYSSEK, R., 2013: Foliage type
specific susceptibility to ozone in Picea abies, Pinus cembra and Larix
decidua at treeline: A synthesis. Environ. Exp. Bot. 90, 4-11.
doi: http://dx.doi.org/10.1016/j.envexpbot.2012.09.013.

WIESER, G., MATYSSEK, R., 2007: Linking ozone uptake and defense towards
a mechanistic risk assessment for forest trees. New Phytol. 174, 7-9.
doi: 10.1111/5.1469-8137.2007.01994 x.

WIESER, G., MATYSSEK, R., GOTZ, B., GRUNHAGE, L., 2012: Branch cuvettes
as means of ozone risk assessment in adult forest tree crowns: combining
experimental and modelling capacities. Trees-Struct. Funct. 26, 1703-
1712. doi: 10.1007/3s00468-012-0715-6.

WILD, O., FIORE, A.M., SHINDELL, D.T., DOHERTY, R.M., COLLINS, W.J.,
DENTENER, F.J., SCHULTZ, M.G., GONG, S., MACKENZIE, I.A., ZENG,
G., HEsSs, P., DUNCAN, B.N., BERGMANN, D.J., SZoPA, S., JONSON, J.E.,
KEATING, T.J., ZUBER, A., 2012: Modelling future changes in surface
ozone: a parameterized approach. Atmos. Chem. Phys. 12, 2037-2054.
doi: 10.5194/acp-12-2037-2012.

WILL-WOLF, S., MCCUNE, B., DEY, J.P., PECK, J., HEIMAN, K., NEITLICH, P.,
ROSENTRETER, R., 1996: Air quality assessment in eastern USA forests
using regional gradients in lichen communities. Bull. Ecol. Soc. Am. 77,
482-482.

WILTSHIRE, J.J.J., WRIGHT, C.J., UNSWORTH, M.H., CRAIGON, J., 1993: The
effects of ozone episodes on autumn leaf fall in apple. New Phytol. 124,
433-437. doi: 10.1111/.1469-8137.1993.tb03833..x.

WINWOOD, J., PATE, A.E., PRICE, A.J., HANKE, D.E., 2007: Effects of long-
term, free-air ozone fumigation on the cytokinin content of mature
beech trees. Plant Biol. 9, 265-278. doi: 10.1055/5-2006-924564.

WOHLGEMUTH, H., MITTELSTRASS, K., KSCHIESCHAN, S., BENDER, J.,
WEIGEL, H.J., OVERMYER, K., KANGASJARVI, J., SANDERMANN, H.,
LANGEBARTELS, C., 2002: Activation of an oxidative burst is a general
feature of sensitive plants exposed to the air pollutant ozone. Plant Cell
Environ. 25, 717-726. doi: 10.1046/j.1365-3040.2002.00859.x.

WOLFF, K., MORGAN-RICHARDS, M., DAVISON, A.W., 2000: Patterns of mo-
lecular genetic variation in Plantago major and P. intermedia in relation
to ozone resistance. New Phytol. 145, 501-509.
doi: 10.1046/j.1469-8137.2000.00594 x.

ZHANG, J., FERDINAND, J.A., VANDERHEYDEN, D.J., SKELLY, J.M., INNES,
J.L., 2001: Variation of gas exchange within native plant species of
Switzerland and relationships with ozone injury: an open-top experi-
ment. Environ. Pollut. 113, 177-185. doi: 10.1016/s0269-7491(00)00175-5.

ZHENG, F.X., WANG, X K., ZHANG, WW., Hou, P.Q., Lu, F,, Du, K.M., SUN,
Z.F., 2013: Effects of elevated O3 exposure on nutrient elements and
quality of winter wheat and rice grain in Yangtze River Delta, China.
Environ. Pollut. 179, 19-26. doi: 10.1016/j.envpol.2013.03.051.



Ozone sensitive taxa 105

ZHu, X K., FENG, Z.Z., SUN, T.F,, Liu, X.C., TANG, H.Y., ZHU, ].G., Guo,
W.S., KOBAYASHI, K., 2011: Effects of elevated ozone concentration on
yield of four Chinese cultivars of winter wheat under fully open-air field
conditions. Glob. Change Biol. 17, 2697-2706.
doi: 10.1111/§.1365-2486.2011.02400.x.

Address of the corresponding author:
E-mail: juergen.bender@thuenen.de

© The Author(s) 2017.
[®)evsa |

This is an Open Access article distributed under the terms
of the Creative Commons Attribution Share-Alike License (http://creative-
commons.org/licenses/by-sa/4.0/).



