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ICP Forests
Ozone concentrations are
decreasing but exposure remains
high in European forests
KEY MESSAGES

Ozone is a gaseous
air pollutant present
in remote areas at
levels causing visible
symptoms in plants

Despite a significant
reduction, ozone
levels at ICP Forests
sites still exceed the
threshold value for
adverse effects

Ozone-induced foliar
symptoms have been
observed on woody
plant species all
across Europe

Further observational
and long-term monitoring
studies are needed to
better quantify doseresponse relationships
and a potential impact
on forest growth
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This ICP Forests brief describes
the current status of groundlevel ozone concentrations and
effects on forest vegetation
across Europe since 2000.
Measuring air pollutants in forests
is important for evaluating the
risk for vegetation in areas not
covered by conventional air
quality monitoring networks.
Within ICP Forests, ozone
measurements are carried out
at 233 forest monitoring sites
in 18 countries under the 1999
Gothenburg Protocol to Abate
Acidification, Eutrophication
and Ground-level Ozone. Data
are also collected on ozonerelated visible symptoms and
other ecosystem properties such
as tree growth, nutrition, and
biodiversity, as well as climate.
This makes ICP Forests long-term
monitoring essential for impact
assessment and air pollution
modelling, offering vast research
opportunities across disciplines.
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Why is ozone an issue
for forest ecosystems?
The ‘ozone layer’ is a band of high ozone
concentrations in the stratosphere that protects
life on Earth by absorbing ultraviolet radiation
from the sun. In contrast, however, high ozone
concentrations at ground level can be harmful to
people, animals, plants and materials. Ground-level
ozone concentrations are of particular concern
for crops and forests because concentrations are
often higher in rural/remote areas. Impacts include
biochemical, physiological and morphological
responses – damaging leaves and needles of
sensitive plants and affecting plant growth,
reproduction, hydrology, and response to cooccurring stressors. While the direct effects of
ozone exposure on woody species are apparent in
terms of foliar symptoms, indirect effects on tree
growth and vitality are far less clear and – on the
basis of ICP Forests data – general conclusions
cannot yet be drawn. The role of interacting factors
(such as nitrogen deposition, climate, tree age, site
conditions and tree-/species competition) should
also be considered.
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A slight but
significant decline
Trend analysis of ICP Forests data reveals a slight
but significant decrease in growing season (April–
September) ozone concentrations between 2000
and 2014 (0.63 ppb per year).
These findings are consistent with those of
the European Environment Agency (EEA), the
European Monitoring and Evaluation Programme
(EMEP) and other studies of ground-level ozone
trends in air reporting a decline in peak ozone
concentrations, combined with a slight increase or
stabilisation of annual mean ozone concentrations.

Marked north-south
gradient

Exposure and risk
ICP Forests data for the period 2002–2014 reveal that
ozone-induced symptoms in woody plant species occur
every summer on many plots and species across Europe.
The relationship between ozone exposure and visible
symptoms is not straightforward, however. Ozone-induced
symptoms may be found on plots with low summer
background concentrations (20–30 ppb) while infrequent
(or even no) symptoms may be found on plots with high
concentrations (>50 ppb). This reflects the various speciesspecific sensitivities of trees to ozone and the influence of
environmental factors such as nutrition, water availability
and climate. Foliar symptoms are the only ozone-specific
visible diagnostic tool readily usable in the field. They provide
a way to detect potential ozone effects on natural vegetation
on a qualitative basis. Quantitative estimates of risk (e.g.
reduced tree growth – which can occur even in the absence
of visible symptoms) require complex modelling approaches,
including the calculation of ozone fluxes into leaves/needles
(such as the phytotoxic ozone dose – see page 4).

The long-term mean ozone
concentrations in the growing
season (April–September)
showed an increasing trend from
north to south in forests across
Europe for the period 2000 to
2014 (average: 36.2 ppb, ranging
from 14.5 to 70.1 ppb). The
highest concentrations occurred
in Italy, southern Switzerland,
the Czech Republic, Slovakia,
Romania and Greece.
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Spatial distribution of April–September mean ozone concentrations interpolated from 18,464 passive samplers on 206 plots in
15 countries for the period 2000–2014 (background colour) and occurrence of ozone-induced foliar symptoms on 155 plots in 11
countries for the period 2002–2014 (coloured dots).
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Ozone-induced symptoms
in European tree species

Future developments
European beech (Fagus sylvatica L.)

European ash (Fraxinus excelsior L.)

Additional experimental and long-term monitoring
studies are needed to further the understanding of
ozone effects on forest ecosystems and the impacts
of ozone on tree growth under real conditions.
Upscaling these results to longer timescales and wider
geographical areas will require the development of
appropriate physiological and ecosystem modelling
tools, from the tree to the landscape level.
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Ground-level ozone is formed in the air
by the reaction of UV radiation (sunlight)
and nitrogen oxides, carbon monoxide,
and volatile organic compounds.

Ozone concentrations have been monitored in ICP
Forests since 2000 using passive samplers at intensive
monitoring plots. Because the impact of ground-level
ozone on plants depends not only on concentration and
exposure, but also (and mainly) on uptake by plants,
three metrics are currently applied to describe risk:

This may happen hundreds of kilometres
from the emission source.

Ground-level ozone concentration
Reported as volume per volume, in parts per billion (ppb),
or as mass per volume, µg m-3. 1 ppb = 1.96 µg m-3 under
standard conditions.

Mean ozone concentrations are
highest in late spring/summer and
peak around midday with a seasonal
(April–September) average of around
30–100 µg m-3 or 15–50 ppb.

Ozone exposure
Reported as the length of time and the amount by
which ozone concentrations are accumulated over
a threshold of 40 ppb (AOT40), in ppm h.

Phytotoxic ozone dose (POD)
Ozone taken up by leaves/needles above a speciesspecific threshold y nmol m-2 s-1 (PODySPEC) in
mmol m-2 plant leaf area.

High ozone exposure in forests across Europe
AOT40, ppm h

Between 2000 and 2014,
accumulated ozone exposure
over a threshold value of
40 ppb (referred to as ‘AOT40’)
ranged from 4.3 to 35.5 ppm h.
The AOT40 threshold of
5 ppm h – set to protect
sensitive tree species from
adverse ozone effects –
was exceeded in 13 out
of 15 countries.
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Mean AOT40 for 15 countries
based on April–September
ozone concentrations
measured with passive
samplers (n = 18,464 samples)
for the period 2000–2014 at
206 ICP Forests intensive
monitoring plots.
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The data underlying this Brief were collected through ICP Forests.
Monitoring sites are maintained by the ICP Forests member states
and a wide range of environmental parameters and ecosystem
responses are regularly assessed. See ICP Forests Brief #1 for
further details.
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