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Summary
The effects of tropospheric ozone on crops and forests have been studied intensively, but effects on natural and se-
mi-natural plant communities are poorly understood. This lack of understanding arises partly from a lack of ex-
perimental studies of whole mature communities, and the effects of ozone on competition and interactions with cli-
mate, nutrition etc., and partly from a lack of knowledge of the factors which predispose individual plant species
to ozone damage. A recent review of the effects of ozone on grasslands (Bassin et al., 2007a) has drawn attention
to the problems involved; this paper seeks to identify the practical issues that must be addressed in improving our
knowledge and thereby identifying the risks associated with ozone exposure. This is a necessary first step before
mitigation strategies can be developed.
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1. Introduction

This paper summarises the discussions and con-
clusions of a working group which was estab-
lished to examine the future role of experi-
mental approaches to assessing the risk from
ozone to natural and semi-natural vegetation in
Europe. 

Ozone is a phytotoxic gas formed in sunlight
from the reactions of nitrogen oxides and
volatile organic compounds. Harmful effects on
vegetation are generally only observed when
ozone concentrations exceed 40 parts per billion

(ppb = nl l-1), and several metrics have been in-
troduced to relate ozone concentrations (expo-
sure) to observed effects, in terms of visible in-
jury or growth/yield reduction, e.g. (Legge et al.,
1995). In Europe, the current metric is the
AOT40, or accumulated exposure of ozone
above a threshold of 40 ppb during the grow-
ing season (Fuhrer et al., 1997), although there
have been moves recently to use a more direct
metric of the accumulated stomatal flux into
plants above a threshold rate that is related to
the plant’s ability to detoxify the absorbed
ozone (AFSt) (Karlsson et al., 2004). 
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Ozone concentrations at the earth’s surface
are rising across the northern hemisphere in re-
sponse to increasing global emissions of nitrogen
oxides and volatile organic hydrocarbons. It is
predicted that by 2050 many regions of Europe
will experience annual average concentrations
that exceed the currently used threshold for ef-
fects on plants of 40 parts per billion (nl l-1)
(Langner et al., 2005). Even if future predictions
of ozone over the different regions of Europe are
somewhat uncertain, there is already evidence
that ozone is having effects now on natural and
semi-natural vegetation (Hayes et al., 2007b).

Experimental research on the effects of
ozone on vegetation has concentrated on the ef-
fects on agricultural crops and on forests, pre-
sumably because of the direct links to econom-
ic losses. In the case of forests, there has been
an additional interest in overall forest health,
linked to amenity aspects of forest, rather than
simply to timber production. However, for nat-
ural and semi-natural vegetation the economic
incentive is less obvious. The motivational fac-
tors important to this type of ecosystem are the
threat to biodiversity of natural habitats, and the
long-term impacts that may ensue in terms of
ecosystem function and services. 

We review here the current status of re-
search on the effects of ozone on non-crop and
non-forest vegetation in Europe, recognising
that many semi-natural ecosystems are used in
agriculture, albeit with low intensity of inter-
vention such as fertilizer application, active
management, or grazing. The distinction is per-
haps that natural and semi-natural ecosystems
are characterised by complex communities of
species, often long-established, and adapted to
the particular microclimatic properties and nu-
trient availability at the site.

2. Assessment of risk

Attempts to protect European semi-natural veg-
etation from the adverse impacts of ozone, in
the context of the UNECE Convention on
Long-Range Transboundary Air Pollution (UN-
ECE, 2007), rely on knowledge of the sensitiv-
ity to ozone of different vegetation types (Mills
et al., 2007). Risk assessment maps could, in
principle, be established by spatially explicit as-
sessment of potential impacts of ozone on the

floristic composition and productivity of plant
communities, and identification of communities
at risk. Unfortunately, the required scientific ba-
sis is still insufficient, due to a lack of:
a) Studies which allow us to link ozone effects

with ozone fluxes, and consequently the dose
taken up by the plants;

b) Investigations of ozone effects on plants
growing under realistic climatic and edaphic
conditions;

c) Investigations of ozone effects on intact
communities and ecosystem processes;

d) Studies which assess the ozone sensitivity of
different vegetation types and the underly-
ing causes for differences in sensitivity.
Each of these deficiencies is addressed in de-

tail below.

2.1 Exposure metrics

Metrics for evaluating the sensitivity of semi-
natural vegetation to ozone (Critical levels) are
still based on measures of exposure (e.g.
AOT40), but there has been a move towards
more mechanistic measures of ozone uptake
(‘critical dose’), as already established for a few
crop and tree species (Grünhage et al., 2004;
Karlsson et al., 2004; Massman, 2004; Matyssek
et al., 2004; Emberson et al., 2007; Harmens et
al., 2007a; Pleijel et al., 2007; Gerosa et al.,
2008). Estimating ozone uptake requires basic
knowledge and understanding of the physiolo-
gy of the species of interest, as well as knowl-
edge of ozone exposure. Such knowledge is on-
ly available for wheat, potato, and beech at pre-
sent. The complexity of the semi-natural com-
munities and the number of component species
has hampered the derivation of dose-response
relationships. Although ozone deposition fluxes
have been measured over different vegetation
types, it has not been possible to link the flux-
es with effects, mainly due to the lack of fumi-
gation experiments on intact communities. The
ultimate requirement is the derivation of an ap-
propriate flux-based metric (Critical dose) for
natural and semi-natural ecosystems by linking
measured and modelled uptake fluxes with ob-
served effects. 

2.2 Challenges posed by natural systems

The major difference between natural and man-
aged ecosystems is that the former are charac-
terized by communities of different species,
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whereas the latter comprise only a few species,
and in the case of agricultural crops, often only
one genotype of a single species. Consequently,
approaches to studying the effects of ozone on
natural and semi-natural systems must differ
from those applied to intensively managed sys-
tems, and have to take into account not only the
direct effects of ozone on particular species, but
the interactions among the different species and
the consequent evolution of the community as
a whole. Future investigations need to consider
whether community productivity/composition
might be influenced also indirectly through
ozone-induced changes in ecosystem character-
istics such as water and carbon budgets. 

2.3 Experimental approaches

The current Critical levels (AOT40) for semi-
natural vegetation (UNECE, 2007) are pre-
dominantly based on experiments using single
plants and mesocosms exposed in open-top
chambers (OTC). Research conducted in con-
trolled environments such as solardomes or
open-top chambers inevitably introduces some
constraints on the natural variability of the
growing conditions experienced by the test
plants. Extrapolation beyond the climatic and
edaphic conditions created in experimental sys-
tems can be misleading, since interactions with
climate and the other abiotic and biotic stress-
es experienced by plant communities in the field
are avoided, and intra-specific competition may
be ignored (Bassin et al., 2007a). Therefore, the
climatic and edaphic conditions in any experi-
mental approaches to assessing ozone effects
need to be representative for the original habi-
tat of the investigated communities in terms of
climate, resource availability, plant age, and
competition. So far it has not been possible to
assess differences in ozone sensitivity between
various vegetation types due to a lack of com-
parable fumigation experiments. For the same
reason, it has not been possible to identify com-
munity characteristics which potentially are re-
lated to ozone sensitivity (e.g. productivity, func-
tional composition, species number).

3. Status of current knowledge

Most of the available information and research
results for natural and semi-natural vegetation

come from studies on grasslands, which as a
broad description include a variety of habitats
described as meadows and fens, as well as agri-
cultural grassland used for grazing, albeit main-
tained to conserve species diversity. The prob-
lems associated with evaluating the effects of
ozone on grasslands, which also apply to other
natural and semi-natural ecosystems, have re-
cently been identified and critically reviewed
(Bassin et al., 2007a). Some important conclu-
sions from this review are worth emphasising
here:
– Although three traits of individual plant

species were identified that are linked to
ozone sensitivity through their links to rela-
tive growth rate (stomatal control, specific
leaf area, biochemical defence capacity), the
role of these traits in determining the re-
sponse to ozone of individual plant species
growing in a community does not provide
any predictive capacity regarding competi-
tive advantage or long-term fate of that
species. Undoubtedly, we are still in the ear-
ly stages of recognising the relative sensitiv-
ity to ozone of different individual plant
species, even though some progress has been
made in bringing the available data togeth-
er (Mills et al., 2007) and in establishing
some of the properties that might be useful
in predicting responses to ozone (Jones et
al., 2007).

– The sensitivity of plant communities to
ozone cannot readily be predicted from
knowledge of the behaviour of their compo-
nent species, because inter-species interac-
tions, both positive and negative, appear to
depend on factors such as nutrient availabil-
ity (Bassin et al., 2007b) and microclimatic
conditions, which vary greatly from place to
place. There does not appear to be a very
strong link between species functional type
composition and overall ozone sensitivity
(Hayes et al., 2007a).

– There are some indications that the sensitiv-
ity to ozone of communities is positively re-
lated to productivity, and therefore, that
species grown under favourable growth con-
ditions or in productive habitats (e.g. agri-
cultural improved grassland) are most sensi-
tive.

– The time factor for community responses
may be very much longer than for individ-
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ual species, because of changes in species
composition, and also changes in genetic
composition within individual species, which
may only appear after several generations.
Any consequent loss of genetic diversity, and
possible greater sensitivity to other biotic
and abiotic stresses, might take many years
to become apparent. Such long-term effects
are very difficult (and expensive) to study in
long-term controlled exposure experiments,
and even in open-field experiments where
communities are exposed to occasional or in-
frequent acute stress.

– There are very few data on the effects of
ozone on mature communities, as opposed to
reconstructed or sown communities that
have been created for experimental assess-
ments. Four such studies were identified in
the review (Evans and Ashmore, 1992; Bar-
bo et al., 1998; Thwaites et al., 2006; Volk et
al., 2006), and even there, only one study
(pre-alpine grassland) has lasted longer than
3 years. This lack of long-term data leads to
real problems in extrapolating over long
time scales, or extending the results from a
few experiments to other types of commu-
nity.

– Most experimental procedures rely on con-
trolling at least some of the growing condi-
tions (such as avoiding grazing, control of
water supply) or changing exposure condi-
tions from those that are experienced in the
field (e.g. regular exposure to elevated ozone
concentrations, or constant wind turbulence
in chambers). Recreating or transplanting
microcosms is an important and necessary
positive step in moving away from studies on
individual plant species, but even for such ex-
perimental subjects, the difference in envi-
ronmental growing conditions may lead to
great uncertainty in extrapolating to the
field. 

4. The way forward: approaches and issues

There is a vast range of habitats and ecosystems
which could be studied. Controlled exposures of
individual natural plant species to ozone have
shown a wide range of responses, with both
growth stimulation and growth inhibition, nei-
ther of which is necessarily correlated with the

expression of visible injury (Bassin et al.,
2007a). Both types of response may prove dele-
terious to semi-natural systems, in that the pat-
tern of competition in communities is altered,
with growth stimulation leading to the possibil-
ity of greater competitive success at the expense
of species where growth is inhibited. However,
it also appears that direct effects of ozone on
growth are intimately linked to other stress fac-
tors, such as drought and low temperatures, and
to the availability of nutrients (Sanz et al., 2007).
Although management of semi-natural systems
is usually non-intensive, grazing patterns are
likely to have a profound effect at the ecosys-
tem level, and therefore will influence any di-
rect and indirect effects of ozone. Moreover, the
effects of ozone on grasslands may in turn alter
grazing patterns because of a change in the nu-
tritional value of the pasture (Sanz et al., 2005;
Bender et al., 2006). Consequently, direct ex-
perimental approaches to the understanding of
ozone effects on semi-natural ecosystems will
either need to control such interactions (e.g. by
excluding grazing pressure, or by mowing) or by
specifically including them in any experimental
design (e.g. controlled addition of nitrogen).

4.1 Ozone fluxes: stomatal conductance and
ozone uptake

In order to relate the results of experimental
studies on natural/semi-natural vegetation to
the outcomes of studies on forests and agricul-
tural crops, and to work within the framework
for Critical Levels in terms of ozone fluxes, fu-
ture research should include the measurement
of ozone fluxes at the canopy (community) lev-
el. The plant size and structure of semi-natural
vegetation allows measurements of deposition
fluxes and ozone effects to be made in fumiga-
tion facilities on communities which are repli-
cated in terms of species composition, age,
growth rates, and edaphic conditions, and con-
sequently in canopy conductance, the key para-
meter for the estimation of ozone uptake. This
is of major importance, since linking the exper-
imentally induced ozone effects with deposition
fluxes measured at other sites is only valid when
it is possible to provide evidence that stomatal
ozone uptake (or at least canopy conductance)
is similar between two sites. Therefore, canopy
conductance measurements will need to be car-
ried out using closed/dynamic chambers (CO2/
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water vapour), in combination with infrared-
measurements of canopy temperature. These
measurements provide the basis for accurate
modelling of stomatal ozone uptake and the es-
tablishment of dose-response functions at
canopy level. Where plot sizes are small, for ex-
ample in exposure chambers or free-air fumi-
gation facilities, the use of micro-meteorological
approaches (e.g. eddy covariance) is not possi-
ble. However, such measurements could (and
should) be used in open field situations to mea-
sure ozone fluxes, with sufficient ancillary mea-
surements (CO2, H2O, heat fluxes) to permit the
separation of stomatal and non-stomatal ozone
uptake by the canopy.

Issues to be addressed:
– Measurement techniques for canopy con-

ductance (CO2, H2O).
– Coordination and inter-calibration of gradi-

ent and eddy-flux measuring techniques (O3,
CO2, H2O), and canopy conductance mea-
surement techniques.

– Choice of modelling approach for ozone up-
take.

– Required model input parameters.

4.2 Ozone fluxes: Effective ozone dose

By using in-canopy measurement of ozone con-
centrations and leaf porometry on selected
species, it will be possible to estimate the ozone
dose taken up by different species (species-spe-
cific dose-effect relationships) growing in dif-
ferent communities. This in itself may give use-
ful information for modelling the responses of
other species in other conditions, for example,
by ascertaining whether ozone fluxes to a par-
ticular species depend on the community in
which it is growing. However, generalisation of
such responses may not be straightforward; re-
cent results have shown that ozone sensitivity
does not appear to be closely related to stom-
atal conductance, and no clear differences in gas
exchange rates could be attributed to Legumi-
nosae and Poaceae families growing in the field,
with intra-genus variation being more important
than differences found between families (Alon-
so et al., 2007).

At the community level, repeated vegetation
analyses should reveal whether species-specific
differences in ozone uptake and sensitivity lead
to changes in species composition and species

diversity. A variety of community characteristics
would need to be investigated in terms of their
relationship to potential ozone impact, such as
productivity, functional composition, phenology,
senescence, transpiration rates, etc. Correspond-
ing quantitative parameters such as dry matter
production, development of leaf area index
(LAI), development of Normalized Difference
Vegetation Index (NDVI) (Bassin et al., 2007b),
canopy transpiration etc. could then be related
to the estimated ozone dose taken up by the
community. 

4.3 Ozone tolerance of individual species

Although many studies have been made of the
ozone sensitivity of individual plants, assessment
of species growing in their natural environment
under intra- and inter-specific competition is
now required, in order to improve our under-
standing of species-specific strategies of ozone
stress avoidance and tolerance, and to evaluate
the inter-specific similarity of the reactions to
ozone stress. The measurements to assess re-
sponse need to consider both physiological and
morphological analyses.

Issues to be addressed:
– Visible leaf injury assessment (starting time,

characterisation and development). 
– Physiological measurements, such as stable

isotope analysis for 13C/18O, soluble/insoluble
carbohydrates, content of leaf pigments (in-
cluding chlorophylls), quantification of sec-
ondary defence substances, photosynthetic
activity/stomatal conductance, etc. (Scebba et
al., 2006).

– Morphological and cytochemical investiga-
tions, such as cell wall reactions, chloroplast
morphology, starch accumulation patterns,
HR-like (hypersensitive reaction-like) mark-
ers, oxidation of cell content, light-exposure
dependency, signals of accelerated cell senes-
cence.

4.4 Ozone tolerance of communities

The comparison of ozone sensitivity across dif-
ferent vegetation types is a prerequisite for the
establishment of ozone risk assessment maps for
Europe. It enables the validation of the differ-
ent prediction approaches based on the Euro-
pean Database for species from semi-natural
vegetation (Harmens et al., 2007b; Jones et al.,
2007; Mills, et al., 2007). It would also help to

Ital. J. Agron. / Riv. Agron., 2008, 1:53-59

57

•Italian Journal  2008 n.  1:•Italian Journal  2008 n.  1  05/11/08  12:42  Pagina 57



identify community characteristics which are
relevant for ozone sensitivity/tolerance, such as
productivity (dependent on nutrient availabili-
ty, climate, edaphic conditions), age, functional
composition and species-richness of the com-
munity. The main issue to be addressed is the
selection of a sufficiently wide range of com-
munities and habitats that the interactions with
potential modifying factors can be quantified
and generalised.

5. Conclusions

Open-air field fumigation systems, such as that
pioneered for semi-natural vegetation in
Switzerland (Volk et al., 2003), appear to be
necessary – but the cost of such systems, and the
likely need for long-term treatments, means that
they need to be used in addressing specific hy-
potheses that have been derived from more re-
stricted and controlled experiments in cham-
bers. However, the limitations of continued ex-
perimentation in controlled chambers must be
recognised if progress in understanding is to be
made. Such experiments must be used to ad-
dress some of the basic lack of understanding
of the many factors that interact with ozone
stress, so that the knowledge gained can be used
to complement and help interpret the results
obtained from open-air exposure experiments.
Without such understanding, our ability to ex-
trapolate the field results to different commu-
nities and different ecosystems will be greatly
curtailed. This is particularly important given
that we expect community responses to ozone
to occur over time-scales that will overlap with
changes in atmospheric CO2 concentrations and
in regional climate patterns (Langner et al.,
2005), as well as changes to regional patterns of
atmospheric nitrogen deposition arising from
changes in legislation and fuel use.

Although a small number of open-air field
experiments on the effects of ozone on natural
or semi-natural vegetation are planned, or have
started recently in Europe, there is a clear need
for greater investment if we are to be able to
forecast the likely long-term consequences of
increasing (or even current) ozone concentra-
tions on the sustainability of unmanaged (nat-
ural) or low management (semi-natural) ecosys-

tems which represent the range of biodiversity
across Europe – not just for plant life, but also
for the above and below ground fauna which
depend on the existence of such habitats. Apart
from potential effects on biodiversity and con-
servation, the soils of natural and semi-natural
ecosystems in Europe (e.g. grasslands) act as a
significant carbon sink and storage pool, but ef-
fects of ozone (e.g. accelerated senescence) on
C storage are not known (Felzer et al., 2005).

The scientific challenge is to relate effects of
ozone on the whole system to the canopy flux
– the complexity of species-rich ecosystems is
different from the single species approach used
for crops and forest trees. The likelihood that
communities will adapt to ozone stress in dif-
ferent ways from single species, and in ways
which cannot be predicted at present, means
that experimental data are required if the risks
to future sustainability in the face of rising back-
ground ozone concentrations are to be man-
aged.
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