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Introducing response modifying factors into a risk assessment for
ozone effects on crops in Europe
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1. Abstract
In this study, we sought to improve knowledge of the crops most at risk from ozone
pollution in Europe, and the regions of Europe in which those crops are at risk.
Following a comprehensive review of the literature, AOT401-yield response functions
were derived for 19 crops and used to derive critical levels for a 5% reduction in
yield. For example, values below 5 ppm.h were found for wheat, pulses, soya and
cotton, whilst sugar beet, potato and rapeseed had critical levels of 8.6, 8.9 and 8.9
ppm.h respectively. No significant differences in cultivar responses were found for
individual crops. An economic risk assessment for O3 impacts on crops in Europe was
performed for various pollution control scenarios by including inter-crop sensitivity,
climatic zones for accumulation of AOT40, and separation of the "arable" category of
landuse into dominant crop land classes. When averaged over all of the countries, the
highest economic losses were associated with wheat (32.6% of total), potato (21.4%),
sugar beet (9.5%), pulses (6.4%), grape (5.9%), maize (5.9%) and sunflower (4.4%).
Within the confines of the uncertainties described, the losses for 1990 were estimated
at ¼ ELOOLRQ DFURVV DOO RI WKH (XURSHDQ FRXQWULHV IDOOLQJ WR ¼ ELOOLRQ DVVXPLQJ
implementation of the Gothenburg Protocol across Europe in 2010. Examples of the
geographical distribution of the losses are presented, showing for example, that the
highest losses are predicted to be for wheat in Sweden (48.9% of total losses), for
potato in Belgium (46.8%) and for cotton in Spain (25%) where losses were more
evenly spread across several commercially important crops.
1

The sum of the differences between the hourly mean O3 concentration (in ppb) and 40 ppb for each
hour when the concentration exceeds 40 ppb, accumulated during daylight hours.

2. Introduction
The critical level for crops of an AOT40 of 3000 ppb.h was derived from a dose
response relationship for wheat based on experiments with 10 cultivars, conducted in
6 countries over a period of 10 years (Fuhrer et al, 1997). This value was officially
accepted at the UNECE2 Workshop “Critical Levels for Ozone – Level II”,
Gerzensee, Switzerland, 1999 (Fuhrer and Achermann, 1999). At the same workshop,
the participants in the Working Group on Agricultural Crops were confident that the
value could be used to illustrate the geographical extent of exceedance, but stated that
the response function from which it was derived should not be used for an economic
assessment of crop losses. This advice was given because of uncertainty over the
modifying influence of differential sensitivity of crops and cultivars, the influence of
the exposure system (open-top chambers) on ozone uptake or flux, climatic influences
on flux and the relevance of the time period selected (May, June and July) to all of
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Europe. Thus, the critical level for ozone of 3000 ppb.h was the only instrument
proposed to the Working Group on Strategies and Review for assessing the risk of
ozone effects on agricultural crops. As such, it was used in integrated assessment
modelling to consider the cost-effectiveness of alternative emission scenarios in the
development of the Gothenburg Protocol (1999) to abate acidification, eutrophication
and ground level ozone (IIASA, 1999). However, cost-benefit analysis for the
Protocol could not be based on a figure for the critical level alone, and was instead
based on exposure-response functions from other sources (AEA Technology, 1999).
Reference was made to the views described by the Working Group on Crops
concerning economic assessment, but the view of the cost-benefit analysts was that
the uncertainty arising through non-quantification was considerably worse.
Ideally, an assessment of the economic risks of crop damage by air pollutants should
attempt to estimate damages using complex supply and demand models to obtain
changes in producers’ and consumers’ surpluses. Some studies conducted by
individual European countries have taken this approach, and have indicated that
consumer losses as a result of price rises are a significant part of the costs of air
pollution (e.g. AED (1991) for the Andalusian region of Spain and Van der Eerden
(1988) for the Netherlands). Even though these studies were quite complex, important
considerations were omitted, for example, the supply functions used in the models
were not derived from an overall profit maximisation model of farmer response, errors
associated with extrapolation of dose-response functions were not quantified, and
simulation of behaviour in the agricultural sector was not included. Unfortunately,
suitable models for including each of these factors are not available on a European
scale. For this reason, analyses used by the European Commission and the UNECE
applied world market prices (i.e prices that are little affected by subsidy, see Squire
and van der Tak, 1975) to estimates of yield change (e.g. AEA Technology, 1998,
1999a and b). This approach was accepted by the UNECE Task Force on Economic
Aspects of Abatement Strategies in the discussions that fed into the development of
the Gothenburg Protocol, as the only practicable approach on the pan-European scale.
Since the signing of the Gothenburg Protocol, the UNECE ICP Vegetation3 has
sought to improve knowledge of the crops most at risk from ozone pollution in
Europe, and the regions of Europe in which those crops are at risk. This study was
initiated in 1999 in a project supported by a voluntary contribution to the ICP
Vegetation from France (Buse et al, 2000) and completed in 2002 following further
financial support from the UK (DEFRA contract EPG 1/3/170). The aim of the work
reported here was to improve the risk assessment for 03 impacts on crops for various
pollution control scenarios by including or further improving consideration of the
following modifying factors: inter- and intra- crop sensitivity, climatic zones for
accumulation of AOT40, and separation of the "arable" category of landuse into
dominant crop land classes. As a by-product, it has also been possible to use the new
response functions for individual crops to derive crop-specific critical levels for most
of the key European crops.
2
3

United Nations Economic Commission for Europe
International Cooperative Programme on Effects of Air Pollution on Natural Vegetation and Crops
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3. Methods
3.1 Quantifying inter- and intra – crop sensitivity
Data on crop responses to ozone were collated at the ICP Vegetation Coordination
Centre (CEH Bangor, UK) from the published literature following a comprehensive
review of over 700 published papers. Data were included only where ozone
conditions were recorded as 7h, 8h or 24h means or AOT40. Any other reported
ozone parameters (eg weighted accumulated dose) were considered unusable due to
the errors introduced on conversion to 7h means. For ease, 8h means were considered
to equal the 7h mean as small differences in value were unlikely lead to significant
additional uncertainty. Where the ozone conditions were recorded as 24h mean or 7h
mean, they were converted to AOT40 using the following functions:
7 hour mean = (0.0016*3 month AOT40) + 29.008, n=20, r2=0.887…………[1]
7 hour mean = (1.1781*24 hour mean) + 6.9004, n=0, r2=0.743………………[2]
These functions were derived from three monthly values calculated from the ICP
Vegetation pollution database which comprises quality assured hourly mean values
for ozone data from 20 sites in 10 countries over 4 summer seasons.
The yield data presented in the published papers ranged from “% of control treatment”
to “t ha-1” and were all converted to the yield relative to that in the charcoal-filtered
air treatment. If no charcoal-filtered air treatment was used, the treatment with
ambient air was taken as the “control” treatment. Thus, a value of 1 was applied to
the yield in filtered (or occasionally non-filtered) air, and a value below 1 indicated a
negative effect of ozone on the yield. In the following analysis, each data point
represented the mean for one treatment/cultivar combination per year; where more
than one cultivar was tested, the data for each of the cultivars were represented by
separate data points.
In an earlier study, no significant differences were found between the slope and
intercept of the response functions for barley, potato and wheat grown in experiments
conducted in the USA and those conducted in Europe (Buse et al, 2000). For this
reason, the data from experiments conducted in both continents were combined for
each crop in all subsequent analysis. Where the data was published as 7 or 8h means,
data points were omitted from the analysis if the 03 concentration was < 29 ppb (the
offset in equation [1]) or > 100 ppb (considered to be outside the normal range for
Europe). Dose-response functions were derived for each crop using linear regression.
3.2 Timing of accumulation of AOT40
The current definition of the critical level for crops assumes a constant time interval
of May, June and July for accumulation of AOT40. However, a survey of the
development of winter wheat conducted at 13 sites in Europe by ICP Vegetation
participants in 1997 and 1998, revealed that anthesis can occur as early as 2 May in
Spain and as late as 3 July in Finland (data not presented). Thus, a European risk
assessment for ozone impacts on crops would benefit from the use of a moving time
interval to reflect the later growing seasons in northern Europe. Countries were
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allocated to one of four geographical regions (Mediterranean, Central and Eastern
Europe, West and North-west Europe and Northern Europe (Table 1))
Table 1

Allocation of countries to climatic zones for identification of the appropriate ozone
exposure period for application of functions in each country.

Mediterranean
(April to June)
Albania, Bosnia
Bulgaria, Croatia
Cyprus, Greece
Italy, FYR
Macedonia, Malta
Portugal, Slovenia
Spain, Turkey,
Yugoslavia

1

Central and Eastern
Europe (April to midJuly)
Armenia, Austria
Azerbaijan, Belarus,
Czech Republic,
France1, Georgia
Hungary, Kazakhstan
Krygyzstan,
Liechtenstein, Moldova,
Poland
Romania, Russian
Federation, Slovakia,
Slovenia,
Switzerland, Ukraine

West and NorthWestern Europe
(May to July)
Belgium, Germany
Ireland, Luxembourg
Netherlands,
United Kingdom

Northern Europe
(Mid-May to midJuly)
Denmark, Estonia
Faero Islands, Finland,
Iceland, Latvia,
Lithuania, Norway,
Sweden

as an average between Mediterranean and W/NW Europe

3.3 Mapping of agricultural areas and agricultural production statistics
Having identified crop-specific yield-response functions, it was necessary to improve
the spatial resolution of existing land-use maps by identifying the growing areas for
each of these crops. This was achieved by updating the SEI-York land cover map
using discrete data layers (forests, semi-natural vegetation, urban, water bodies etc.)
with each data layer being created by combining various existing land cover data sets
using the most appropriate method of combination. For the delimitation of agricultural
areas and their linkage to the crop production statistics, the following data layers were
combined: IGBP Global Land Cover (GLC) agricultural information; SEI Land Cover
agricultural information and the Bartholomew Country and NUTS region boundaries
The GLC classification of agricultural classes was the dominant data source used to
spatially delimit the distribution and type of crop lands across Europe. Firstly, the
areas which were purely agricultural were identified, for example, "Cropland (Winter
Wheat, Small Grains)". Next, the areas that were of mixed classes combined with
forestry were delimited, for example, "Cropland (Rice, Wheat) with Woodland". For
these polygons the areas that overlapped with forestry (as previously identified on an
updated land cover layer) were excluded, with the remaining areas classified as
agriculture (with the classification obtained from the GLC land cover class). Thirdly,
areas that were mixed classes of agriculture, forestry and grassland were identified,
for example, "Cropland and Pasture (Wheat, Orchards, Vineyards) with Woodland".
In these polygons the areas that overlapped with the existing forestry layer were
excluded. The existing SEI agriculture map was then used to differentiate the extent
of cropland from pasture and the distribution and classification of horticultural areas.
The reclassified landuse map contained approximately 250 discrete classes and was
exported into a spreadsheet for use in the risk assessment.
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In order to combine the spatial database with the statistical crop information, the
agricultural map was overlaid with data sets showing the distribution of country
boundaries, distribution of European NUTS level II areas and the EMEP 50 x 50km
grid using unique condition modelling. This produced a database onto which country
and NUTS specific information on yield and crop coverage could be appended and the
results analysed by EMEP grid square. This data was then combined with statistical
information from the EUROSTAT Agricultural Statistics for EU NUTS Level II and
the FAO AGROSTAT Agricultural Statistics for the remaining European Countries.
The breakdown of the actual split of crop types by country in each polygon of the
agricultural map was then used to calculate the actual area and yield of crops in each
EMEP 50 x 50 km grid square, and subsequently each 150 x 150 km grid square. A
similar activity was performed for NUTS Level II regions for those countries that had
reported yields and crop areas for 1999. The countries included in this more detailed
disaggregation were the UK, Italy, France, Germany, Finland, Belgium and
Luxembourg. The final stage of the mapping exercise required normalisation of
estimated yields against total annual yields in each country.
3.4 Risk Assessment
An impact pathway approach was used to quantify the effects of ozone on crops in
Europe. This was a straightforward progression from quantification of emissions of
ozone precursors (NOx and VOCs) to description of the dispersion of these pollutants
in the atmosphere and ozone formation, exposure of sensitive crops species,
quantification of impacts and finally their monetarisation. Four emission scenarios
were used:
•
•
•
•

1990 baseline – ozone levels in Europe with emissions of NOx and VOCs at 1990
levels.
2010 Reference - ozone levels in Europe with emissions of NOx and VOCs at
levels forecast for 2010 if all legislation current and in the pipeline prior to
Gothenburg is implemented according to IIASA’s estimates.
GP (Gothenburg Protocol) – ozone levels in 2010 with exact compliance against
Gothenburg limits.
J1 – ozone levels in 2010 under the proposal for Gothenburg that was taken to
negotiation.

Ozone data were taken from a 150x150 km EMEP grid supplied by EMEP to IIASA
where they were transformed into AOT40 data for four periods of the year, reflecting
the growing seasons in different parts of Europe (Northern Europe, Mediterranean,
Central and Eastern Europe and North and North-western Europe (Table 1)). The
modelling system developed in this study can easily be adapted to deal with the higher
resolution 50x50 km grid once ozone data are available at that resolution. The crop
valuations used in the risk assessment were the world market prices for 1999 (source:
FAO website) and are shown in Table 2. Units of yield change per ppm.h were
calculated for each crop using the functions provided in Table 3 and Figure 1, and are
shown in Table 2.
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4. Results and discussion
Following the comprehensive review of published data, it was possible to derive
functions for 19 Crops. Not surprisingly, a wide range of inter-crop sensitivity was
detected (Figure 1 and Table 3). For nine of the crops, functions were derived from
data from five or more cultivars. Although for an individual crop there were
differences in response from cultivar to cultivar, where sufficient data existed to
permit statistical analysis, no significant differences were found in the slope of the
regression lines for the individual cultivars (p= 0.96 for wheat, p=0.83 for potato, p =
0.075 for soya, and p = 0.062 for pulses when data for the anomalous Nerina cultivar
was omitted). Thus, for the analysis presented here, the data were pooled for each
crop, allowing one function to be produced per crop. The wheat function shown in
Figure 1 has been derived from actual AOT40 data (provided by J Fuhrer, Pers.
Com.), rather than by using AOT40 calculated from 7 or 8h means, and has been
updated with data from a paper by Gelang et al, 2000, that was published after the
Gerzensee workshop.
The crops were ranked in sensitivity to ozone by determining the AOT40 associated
with a 5% reduction in yield (Table 4) allowing comparison with the existing critical
level for crops, based on the original function for wheat (Fuhrer et al, 1997). Wheat,
pulses, cotton and soya were the most sensitive of the agricultural crops, with several
horticultural crops such as tomato and lettuce being of comparable sensitivity. Crops
such as potato and sugar beet that have green foliage throughout the summer months
were classified as moderately sensitive to ozone. In contrast, important cereal crops
such as maize and barley were found to be moderately resistant and insensitive to
ozone respectively. The critical levels indicated in Table 4 could potentially be
incorporated into the UNECE Mapping Manual to illustrate the range of sensitivity in
agricultural and horticultural crops. However, the use of the 5% reduction in yield for
setting the critical level raises economic questions. It may be taken as implicitly
suggesting that a 5% loss of yield is acceptable, or not relevant to the policy debate,
even though, from an economic perspective any change in production is relevant and
should be considered in cost-benefit analysis.
The modifying factors described above (inter-crop sensitivity, growth period, and
improved land-use mapping) were used in an assessment of risk of economic losses
for crops in Europe for four NOx and VOC emission scenarios. Losses for agricultural
and horticultural crops were included, but any effects of reductions in pasture
quality/quantity on animal and milk production were not (see later). The actual and
percentage monetary losses presented in Tables 5 and 6 should be viewed within the
context of the uncertainties associated with this type of analysis. For each crop, this
analysis has taken a "level I" approach, having only considered level II factors by
changing the timing window for calculation of AOT40 on a geographical basis.
Relatively low levels of uncertainty are associated with the experimental
quantification of dose-response functions, whereas medium uncertainty is associated
with extrapolation of such functions to other parts of Europe (e.g. due to climatic
differences, cultivar choices etc), and where data was unavailable for other crops.
High levels of uncertainty were introduced by the exclusion of other level II factors
such as the influence of climatic and soil conditions on ozone uptake/flux, interactions
with pests, pathogens and pesticides and interactions with other pollutants.
Furthermore, medium level uncertainty can be attributed to the quantification of

79

pollutant dispersion and ozone formation in Europe. Uncertainties in the economic
analysis include the influence of EU policy on crop supplements, application of
international prices for valuation, and in the characterisation of the distribution of
agricultural productivity. The study has concentrated on effects on yield quantity, but
economic effects on quality may occur such as grain suitability for bread making and
visible injury on leaf vegetables; ideally these effects would be quantified and
included in subsequent analyses.
Within the confines of the uncertainties described, the losses for 1990 were estimated
at ¼ELOOLRQDFURVVDOORIWKH(XURSHDQFRXQWULHVIDOOLQJWR¼ELOOLRQDVVXPLQJ
implementation of the Gothenburg Protocol across Europe in 2010 (Table 5). The
highest losses in crop production for 1990, the reference year, were predicted for
France (¼  ELOOLRQ  DQG *HUPDQ\ ¼  ELOOLRQ  ZLWK ORVVHV RI ¼  ELOOLRQ
predicted for Italy. In 1990, 65.5% of the losses were predicted for the 15 countries of
the EU plus Switzerland and Norway, with the remaining 34.5% attributed to the
other European signatories to the LRTAP Convention. When averaged over all of the
countries, the highest economic losses were associated with wheat (32.6% of total),
potato (21.4%), sugar beet (9.5%), pulses (6.4%), grape (5.9%), maize (5.9%),
sunflower (4.4%), cotton (3.6%) and rape (3.6%, data not presented).
The differences between individual countries reflect the crops grown, level of
agricultural production, timing of crop growth in relation to the months with the
highest ozone concentration, climate and location in Europe in relation to emission
sources, with those countries closest to central Europe experiencing the greatest losses
in production. To illustrate these effects and differences, the percentage of total losses
by crop and country is presented for 1990 in Table 6 for one representative country
for each of the climatic zones used in the study. For example, in Sweden, it was
predicted that wheat accounted for over twice as much economic loss as potato
(48.9% compared to 21.7%), whereas the reverse was predicted for Belgium and
Luxembourg (46.8% for potato, 22.8% for wheat). In contrast, the highest monetary
losses were predicted for cotton in Spain (25%), with wheat and grape having the
second and third most highest losses (18.9% and 16.8% respectively), and losses
predicted for 13 of the 19 crops included in the analysis.
The exclusion of the economic effects of ozone on the production of meat and milk
from the analysis may have led to a significant underestimation of the impacts, since
these products account for half of European agricultural production by value. A
preliminary attempt was made to quantify the additional losses associated with these
products by first assuming no effects on the production of eggs, chicken and pigs,
where production is not linked to open grazing. The impact on animals given
processed feed should be minimal, to the extent that the price of the feed is not
affected by wider impacts of ozone on agricultural production. These groups account
for 18% of production, leaving 33% in the categories meat and milk, compared to
49% from crop production. If it is assumed that pasture has average sensitivity
compared to the other crops assessed, and that changes in meat and milk production
are linearly related with changes in pasture production, total damages would rise by
68% (33/49, the share of meat and milk production divided by crop production). This
would lead to total damages (i.e. crops + meat + milk) of ¼ELOOLRQLQDQG¼
8.1 billion in 2010 under the Gothenburg Protocol, compared to ¼ELOOLRQDQG¼
billion respectively. However, further refinement of these methods is clearly needed,
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drawing on the experience of experts in animal production. Whilst the figures given
here provide a ball-park guide to the possible magnitude of impacts, it is quite
possible that impacts of ozone on pasture do not lead to any change in meat and milk
production. With this in mind, it is probably more appropriate to quote changes to
meat and milk production in response to the effects of exposure to ozone as a range
from £0 to ¼ELOOLRQLQDQG£0 to ¼ELOOLRQLQXQGHUWKH*RWKHQEXUJ
Protocol.
5. Conclusions and recommendations
This study illustrates how dose-response data for crops can be used in a risk
assessment for Europe, and thus shows an example of the modelling which might be
performed in preparation for the proposed revision of the Gothenburg Protocol.
Within the confines of the uncertainties described, it might be possible to expand
future cost-benefit analysis to include a wide range of agricultural and horticultural
crops. The following suggestions and recommendations are made for consideration at
the Establishing Critical Levels II Workshop, Gothenburg, November, 2002:
1. The definition for the level I critical level is expanded to include values for several
key agricultural and horticultural crops, as listed in Table 4 of this paper.
2. Different time periods for estimation of AOT40 are recommended for each country
as shown in Table 1, reflecting the main climatic zones of Europe.
3. More detailed land-use mapping, showing the distribution of selected individual
crops is available for the negotiations.
4. Future economic assessments, including one based on ozone flux-effect
relationships for selected crops could be conducted using the computational
framework developed as part of this study.
5. The uncertainties in the analysis be considered by macro-economic analysis,
sensitivity analysis and the ranking of quantified impacts according to confidence in
which individual results are held.
6. Consideration of effects on forage quantity and quality on livestock production
needs to be included in future economic assessments.
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Figure 1. AOT40-yield response functions for the crops predicted to have the highest monetary losses
in Europe. Note: The references used were as follows: wheat – Fuhrer, pers. com., Fuhrer et al. 1989,
Pleijel et al. 1991, de Temmerman et al. 1992, Fuhrer et al. 1992, Gelang et al, 2000; maize – Rudorff
et al. 1996, Mulchi et al. 1995, Kress et al. 1985; potato - Skarby et al. 1988, Kollner et al. 2000,
Donnelly et al. 2001, Lawson et al. 2001, de Temmerman et al. 2000, Pell et al. 1988, Finnan et al.
2002; sugarbeet – Bender et al. 1999, McCool et al. 1987; soya – Heagle et al. 1986, Heggestad et al.
1985, Heggestad et al. 1988, Mulchi et al. 1995, Heggestad et al. 1990, Heagle et al. 1987, Heagle et al.
1998, Fiscus et al. 1997; pulses – Tonneijck et al. 1998, Sanders et al. 1992a, Sanders et al. 1992b,
Adaros et al. 1990, Heck et al. 1998, Temple 1991; rapeseed – Ollerenshaw et al. 1999, Adaros et al.
1991a, Adaros et al. 1991b, cotton – Heagle et al. 1986, Temple 1990.
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Table 2 Exposure-response and valuation data. All valuations taken from the FAO website and are for
1999.

Wheat
Barley
Rye
Oats
Millet
Maize
Rice
Soya
Pulses
Rape
Sugar beet
Potatoes
Tobacco
Sunflower
Cotton
Olives
Hops
Grape
Fruit
Carrots
Tomato
Water melon
Fresh vegetables

Unit change in
yield/ppm.hour
0.011
0.000001
0.000001
0.000001
0.0039
0.0036
0.0039
0.012
0.017
0.0056
0.0058
0.0056
0.0055
0.012
0.016
0.000001
0.0092
0.0030
0.000001
0.0092
0.014
0.031
0.0095

Source
See note 1
See note 2
See note 2
See note 2
Set equal to rice
See Figure 1
See Table 3
See Figure 1
See Figure 1
See Figure 1
See Figure 1
See Note 1
See Table 3
Average of wheat, pulses, tomato,
potato (see note 3)
See Figure 1
See note 2
Average of all sensitive crops
See Table 3
See note 4
Average of all sensitive crops
See Table 3
See Table 3
See Table 3

Euro per
tonneNote 5
130
135
93
124
97
116
311
261
358
266
64
280
4532
270
1517
596
4630
401
759
387
902
162
379

Note 1: The function used in the economic analysis used AOT40 calculated from 7h mean; it was:
relative yield =(0.012*AOT40)+0.99, r2 = 0.61.
Note 2: Available data suggest that these crops (barley, rye, oats and olives) are not sensitive. A
function of 1/1,000,000 has been set for them to facilitate sensitivity analysis if necessary.
Note 3: Average for sunflower based on crops given a similar sensitivity rating by Jones and Hornung
(in European Commission, 1998).
Note 4: Function for strawberry and plum, averaged across available data, suggests no sensitivity.
However, this is heavily skewed by the data for strawberry. In applying the function shown a similar
logic has been adopted to that given in note 1.
Note 5: Values were calculated in £UK and converted to Euros according to exchange rates in May,
2002
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Table 3 Additional AOT40-yield response functions
No. of
papers
used
5

No. of
cultivars

No. of
points

Function

r2

References used

5

47

y = 0.0006x +
0.9605

0.002

Fruit

3

12

1

Rice

3

6

32

Tobacco

1

1

6

Tomato

4

7

18

y = 0.0008x +
0.9427
y = -0.003x +
0.986
y = -0.0039x +
0.9416
y = -0.0055x +
1.0356
y = -0.0138x +
1.047

0.008

Grape

2
(2 crops)
1

Skarby 1992, Adaros et
al.1991a, Adaros et al. 1991b,
Fumagalli
et al. 1999, Temple et al. 1985
Drogoudi et al. 2000, Takemoto
et al. 1988, Retzlaff et al. 1997
Soja et al. 1997

Turnip

2

2

14

Watermelon

1

1

4

Lettuce

2

5

18

Onion

2

2

9

Broccoli

1

4

12

Crop

Barley

4

y = -0.0144x +
1.0693
y = -0.0321x +
0.9733
y = -0.0108x +
1.0365
y = -0.0121x +
1.0122
y = -0.0025x +
0.9101

0.736
0.202
0.773
0.515

0.701
0.936
0.334
0.605
0.008

Kobayashi et al. 1995, Maggs et
al. 1998,Kats et al. 1985
Heagle et al. 1987
Oshima et al. 1975, Hassan et
al. 1999, Temple 1990, Reinert
et al. 1997
Heagle et al. 1985, McCool et
al. 1987
Gimeno et al. 1999
McCool et al. 1987, Temple et
al. 1990
McCool et al. 1987, Temple et
al. 1990
Temple et al. 1990

Table 4.Proposed new critical levels for crops. The values are AOT40s in ppm.h. required for a 5%
reduction in yield and were derived from the functions in Figure 1 and Table 3.

Sensitive
(SSPK
Crop
CL
Water
1.56
melon
Wheat
2.96
Pulses
3.03
Cotton
3.13
Turnip
3.47
Tomato
3.62
Onion
4.13
Soya
4.31
Lettuce
4.63

Moderately sensitive
(5.0 – 10.0 ppm.h)
Crop
CL
Sugarbeet
8.62

Moderately resistant
(10.0 - 20.0 ppm.h)
Crop
CL
Rice
12.82

Potato
Rapeseed
Tobacco

Maize
Grape
Broccoli

8.93
8.93
9.90
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13.89
16.66
20.0

Insensitive
(>20 ppm.h)
Crop
CL
Fruit (plum & (62.0)
strawberry)
Barley
(83.33)

Table 5. Estimated losses in crop production (in million Euro) by scenario and country.
1990
Ref
Gothenburg
J1
2010
Protocol
Austria
71
52
49
44
Belgium and Luxembourg
117
102
91
85
Denmark
75
51
47
43
Finland
3
2
2
1
France
1666
1146
1082
981
Germany
1018
719
656
607
Greece
235
196
188
179
Ireland
6
5
4
4
Italy
488
372
353
325
Netherlands
188
161
146
136
Norway
2
1
1
1
Portugal
36
30
31
26
Spain
292
222
224
197
Sweden
12
7
6
5
Switzerland
24
16
16
14
United Kingdom
215
205
179
163
Total
4450
3286
3077
2810
(EU+Switzerland+Norway
)
Other ECE countries
2344
1865
1754
1615
Total (million Euro)
6794
5151
4831
4425
Note: Please see Section 3.4 description of scenarios. Values were calculated in £UK and
converted into Euros in May, 2002.

Rank
in 1990
17
14
16
33
1
2
9
32
4
11
35
22
7
27
23
10

Table 6 Percentage of total predicted monetary losses per crop for one example country for each
climatic zone

Climatic
Zone
Example
country
Wheat
Barley
Rye
Oats
Millet
Maize
Rice
Soya
Pulses
Rape
sugar beet
Potato
Tobacco
Sunflower
Cotton
Olives
Hops
Grape
Fruit

Mediterranean
Spain

C & E Europe
Czech
Republic

18.9
0.0
0.0
0.0
0.0
4.1
2.5
0.1
3.8
0.2
7.7
13.2
2.8
4.6
25.0
0.0
0.1
16.8
0.0

49.5
0.0
0.0
0.0
0.0
0.9
0.0
0.0
5.8
11.7
8.5
18.6
0.0
1.7
0.0
0.0
2.5
0.7
0.0
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W & NW
Europe
Belgium &
Lux.
22.8
0.0
0.0
0.0
0.0
1.7
0.0
0.0
0.9
0.4
26.5
46.8
0.3
0.0
0.0
0.0
0.2
0.3
0.0

N Europe
Sweden
48.9
0.0
0.0
0.0
0.0
0.0
0.0
0.0
11.5
3.4
14.5
21.7
0.0
0.0
0.0
0.0
0.0
0.0
0.0

In Establishing Ozone Critical Levels II (Karlsson, P.E., Selldén, G., Pleijel, H., eds.). 2003. UNECE Workshop Report. IVL
report B 1523. IVL Swedish Environmental Research Institute, Gothenburg, Sweden.
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Abstract: Data from open-top chamber experiments with field grown crops,
performed in Sweden, Finland, Belgium, Italy and Germany, were combined to
derive relationships between yield and ozone exposure for wheat (Triticum aestivum
L.) and potato (Solanum tuberosum L.). Three different exposure indices were
compared: AOT40 (accumulated exposure over a threshold ozone concentration of
40 nmol mol-1), CUOt (cumulative uptake of ozone, using an ozone uptake rate
threshold of t nmol m-2 s-1 based on hourly averages) and mAOTc0 (flux modified
AOT using a threshold concentration for ozone of c0 mod nmol mol-1). The latter is
essentially a combination of AOT and CUO. Ozone uptake was estimated using a
Jarvis type multiplicative model for stomatal conductance. In terms of correlation
between relative yield (RY) and ozone exposure, CUO5 , the CUO index with an
ozone uptake rate threshold of 5 nmol m-2 s-1, performed best for both wheat and
potato, resulting in r2 values of 0.77 and 0.64, respectively. CUO5 performed
considerably better in terms of the correlation between RY and ozone exposure, than
AOT40 for wheat, while mAOT20, the best performing mAOT index, was
intermediate in performance for this crop. For potato, the differences between the
different ozone exposure indices in the correlation between RY and ozone exposure
were relatively small. A higher r2 value for the regression between relative yield and
CUO5 if the ozone exposure was integrated from tuber initiation until haulm harvest,
compared to using the period from plant emergence until haulm harvest. The doseresponse relationships obtained with the CUO and the mAOT exposure indices were
based on the ozone uptake of the uppermost, sunlit leaves, assuming that the nonstomatal deposition of ozone was negligible for these leaves. To test this assumption,
a series of measurements of ozone uptake in relation to leaf conductance for water
vapour of wheat leaves in a cuvette system was used. The non-stomatal deposition of
ozone to the leaves turned out to be comparatively small. Based on the non-stomatal
conductance (gns = 10.7 mmol m-2 s-1) estimated for the wheat leaves in the cuvette
system, it was concluded that the consequence of omitting the non-stomatal
conductance is small.
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Introduction
During the last decades, the effects of ground-level ozone on plants have been among
the environmental impacts considered by the European co-operation on air pollution
emissions control (Borrell et al., 1997). This has lead to a request from policymakers
to scientists for methods to quantify these effects, which has stimulated an intensive
work aiming at the development of quantitative methods for this purpose.
For ozone effects on vegetation, it is possible to discern three generations of exposure
index concepts, which have been used in the Convention on Long-Range
Transboundary Air Pollution (CLRTAP) under the United Nations Economic
Commission for Europe (UNECE). The initial step was taken in 1988, when the first
generation of critical levels for gaseous pollutants was agreed upon (UNECE, 1988).
These values were based on traditional toxicological concepts, where average values
of the concentration of ozone and other pollutants were specified for different time
windows.
A second step was taken in 1992-1993 when the exposure index AOT40, i.e. the
accumulated exposure over a threshold concentration for ozone of 40 nmol mol-1, was
introduced to define critical levels for ozone. It was shown that this index provided
relatively strong correlation with observed effects (Ashmore & Wilson, 1994; Fuhrer
& Achermann, 1994). On this basis critical levels for crops were defined using the
confidence limits of linear regressions between growth and AOT40 to specify the
exposure to be considered as critical (Pleijel, 1996; Kärenlampi & Skärby, 1996;
Fuhrer et al., 1997).
The AOT40 index mainly reflects the ozone concentrations in the air nearby the
plants, the only aspect of ozone uptake considered being that ozone exposure is only
accumulated during daylight hours. This limitation reflects stomatal closure during the
night. There was, however, an awareness within the scientific community that the
effects of ozone are likely to be related to the ozone uptake of the plants, which lead
to suggestions to move towards an ozone uptake concept to express ozone exposure
(Grünhage & Jäger, 1994). From laboratory studies it was known that effects correlate
with pollutant uptake (Black & Unsworth, 1979), and estimations of deposition of
gaseous pollutants in the field were made already in the seventies (Fowler &
Unsworth 1979), although at that time sulphur dioxide was the main focus.
Based on the consideration that the leaf uptake of phytotoxic ozone, deposition to
exterior surfaces probably not being very harmful, is strongly controlled by stomatal
conductance (Kerstiens & Lendzian, 1989), a developmental work was initiated. This
resulted in attempts to use stomatal conductance modelling (Grüters et al., 1995;
Emberson et al., 1998; Emberson et al. 2000a), mainly based on the multiplicative
principles put forward by Jarvis (1976), in order to estimate the stomatal response to
different environmental variables and, in the end, ozone uptake. This was the birth of
the third generation of ozone exposure indices.
The ozone absorption taking place upon the leaf is not without importance surface
(Fowler et al., 2001; Gerosa et al., 2002). Although not directly harmful, non-stomatal
deposition complicates the calculation of stomatal ozone uptake when applying a
resistance analogue model, without including a resistance for the ozone uptake by the
leaf outer surface (Grünhage et al., 2000). If the non-stomatal deposition is substantial
compared to the stomatal, neglecting the non-stomatal component potentially leads to
significant errors in the estimation of the stomatal flux.
Nevertheless, based on the stomatal conductance modelling, further stages were taken
to test if improvements in dose-response relationships could be obtained compared to
the AOT40 models. By testing a series of open-top chamber (OTC) experiments with
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wheat (Triticum aestivum L.), representing rather strong year-to-year variation in
weather conditions, it turned out to be the case that a substantial reduction in the interexperimental variation in response to ozone was obtained by using estimated ozone
uptake instead of AOT40 (Pleijel et al., 2000).
More recently, Pleijel et al. (2002) and Danielsson et al. (2003) used observed
stomatal conductance to calibrate the multiplicative Jarvis-type conductance model
for potato (Solanum tuberosum L.) and wheat, respectively, and to combine these
models with yield response data from OTC experiments with field grown crops. In
addition, in these two studies the influence of the choice of ozone uptake rate
thresholds on the performance of the dose-response functions was evaluated, since
there is evidence that apoplastic antioxidants can efficiently scavenge toxic ozone byproducts until a certain threshold is reached (Polle& Rennenberg, 1993; Turcsányi et
al., 2000).
The suggested change from AOT40 to an uptake-based concept has not been
uncontroversial. For the communication of the results to policymakers and other
stakeholders, as well as the implementation via integrated assessment modelling in air
pollution abatement strategies, a certain degree of continuity in terms of concepts used
is desirable. Thus, there have been suggestions to develop a version of the AOT
exposure index, which is sensitive to one or several stomatal conductance modifying
factors, in order to build on the preceding models, and to make possible the use of
only a limited number of ozone uptake modifying factors for the case that certain
model-driving variables are not available. Grünhage et al. (1999) suggested one
concept for a modified AOT approach.
The aim of the present study was to present relationships between relative yield and
ozone exposure in terms of AOT40, CUOt (cumulative uptake of ozone based on
conductance modelling, using different ozone uptake rate thresholds t), and a flux
modified AOT (mAOT) using a related but slightly different concept than that of
Grünhage et al. (1999), for wheat and potato. The study was based on the empirical
data included in Danielsson et al. (2003) and Pleijel et al. (2002) and seven additional
data sets concerning wheat from OTC experiments performed in Belgium, Italy and
Finland. A further aim was to test the importance of the non-stomatal deposition of
ozone to wheat leaves, based on a series of cuvette measurements, in which the fluxes
of water vapour and ozone of wheat leaves were measured in parallel.
Materials and methods
Experiments included
Basic information concerning the OTC experiments included in the present study, all
with field-grown crops, are summarised in Table 1. Twelve different experiments with
wheat from four different countries and seven different experiments with potato,
representing four countries, were included. The wheat part of the study made use of
data from four cultivars of Triticum aestivum and one cultivar of durum wheat,
Triticum turgidum ssp. durum, while for potato all data were from a single source (in
The Netherlands) of the cultivar Bintje. Basics of the studies have been published in
the scientific literature and relevant references are given in Table 1. One data point
was removed as an outlier from the potato data set based on statistical considerations.
The durum wheat data set consisted of a CF treatment and a series of OTCs with
ozone added to charcoal-filtered air, all having different ozone levels. The chambers
were grouped into treatments based on whether the ozone concentration distributions
differed significantly or not between the different chambers. One treatment in the data
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set from Sweden 1997 and one treatment in the data set from Italy 1995 were removed
because ozone concentrations frequently exceeded 130 nmol mol-1 ozone.
Table 1. Basic information concerning the experiments included in the study. CF charcoal filtered air;
CF+ charcoal filtered air with additional ozone; NF non-filtered air, NF+, NF++, NF+++ non-filtered
air with additional ozone; n number of OTC replicates. All wheat cultivars except the Italian belonged
to the species Triticum aestivum L. The Italian cultivar was durum wheat, Triticum turgidum ssp.
durum Desf.
Country, year
Cultivar Treatments
n
Reference
Wheat
Belgium 1994
Minaret
CF, NF
3
Bender et al. 1999
Belgium 1995
Minaret
CF, NF
3
Bender et al. 1999
Belgium 1996
Minaret
CF, NF
3
Bender et al. 1999
Finland 1991
Satu
CF, NF
5
Ojanperä et al. 1994; Pleijel et al. 1997
Finland 1992
Satu
NF, NF+
5
Ojanperä et al. 1994; Pleijel et al. 1997
Finland 1993
Satu
CF, NF, NF+
5
Ojanperä et al. 1994; Pleijel et al. 1997
Sweden 1987
Drabant CF, NF, NF+
7
Pleijel et al. 1991
Sweden 1988
Drabant CF, NF, NF+, NF++
5
Pleijel et al. 1991
Sweden 1994
Dragon
NF, NF+, NF++, NF+++
3
Pleijel et al. 1999
Sweden 1995
Dragon
NF, NF+
5
Pleijel et al. 1998
Sweden 1997
Dragon
CF, NF, NF+, NF++
5
Gelang et al. 2000
Italy 1996
Duilio
CF, CF+, CF++
1-3 Badiani et al. 1996
Potato
Belgium 1998
Bintje
CF, NF, NF+
3
Pleijel et al. 2002; De Temmerman et al. 2002
Belgium 1999
Bintje
CF, NF, NF+
3
Pleijel et al. 2002; De Temmerman et al. 2002
Finland 1998
Bintje
NF, NF+, NF++
4
Pleijel et al. 2002; De Temmerman et al. 2002
Germany 1998
Bintje
NF, NF+
3
Pleijel et al. 2002; De Temmerman et al. 2002
Germany 1999
Bintje
NF, NF+
5
Pleijel et al. 2002; De Temmerman et al. 2002
Sweden 1998
Bintje
NF, NF+
6
Pleijel et al. 2002; De Temmerman et al. 2002
Sweden 1999
Bintje
CF, NF, NF+
4
Pleijel et al. 2002; De Temmerman et al. 2002

Calculation of exposure indices
AOT - Accumulated exposure Over Threshold
AOTc0 is the accumulated exposure of ozone based on the concentration of ozone c in
nmol mol-1 as hourly averages over a cut-off value c0, expressed as:
AOTc0 =  c – c0) for every ( c – c0) > 0

(1)

AOT40, where c0 = 40 nmol mol-1, has been the AOT index used for establishing
critical levels for ozone in Europe (Fuhrer et al., 1997). In the present study it was
calculated for the same period as the CUO index and flux modified AOT. For wheat,
the integration period started at anthesis and continued until 700 Û&GD\VDIWHUDQWKHVLV
(Danielsson et al., 2003). Consequently, the AOT40 values used here are not directly
comparable with those used by Fuhrer (1994). These were based on longer time
periods, which included pre-anthesis exposure and post end of grain filling exposure.
These two periods were considered redundant in the present study, based on the
observation that post-anthesis ozone exposure seems to dominate the effect on grain
yield (Pleijel et al., 1998), and that ozone exposure cannot influence grain yield after
the end of grain filling. For potato, ozone exposure was integrated from tuber
initiation (when tubers start to form on the roots) until haulm harvest and from
emergence until haulm harvest for comparison.
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CUO – Cumulative Uptake of Ozone
CUO is the cumulative uptake of ozone per unit leaf area (mmol m-2) based on hourly
estimates of the ozone uptake rate U. Only the uppermost leaf level is considered,
which receives most of the light and is most important for photosynthesis. An ozone
uptake rate threshold t (nmol m-2 s-1) can be used (CUOt), which is similar to the cutoff concentration c0 in the AOT concept, based on hourly averages of the ozone
uptake rate. Ozone uptake by the leaves was estimated using multiplicative
conductance models based on the principles suggested by Jarvis (1976):

{

(

g s = max g min ; g max g phen g O3 gVPD g T g PAR g SWP g time

)}

(2)

where gmin and gmax denote, respectively, the minimum and maximum stomatal
conductance allowed for a certain species by the model. The factors gVPD, gT, gPAR and
gtime represent the short-term (based on hourly averages) effects of leaf-to-air vapour
pressure difference, leaf temperature, photosynthetically active radiation and time of
day, respectively. The influence of time-of-day is an effect of the internal water
potential of the plant (Livingston & Black, 1987). The effect by soil water potential is
reflected by the gSWP factor. The long term influences of phenology (mainly leaf
aging) and ozone are described by gphen and g O3 , respectively. For both crops gphen
was expressed in terms of thermal time accumulation, since plant development is
known to be modelled more accurately using that approach than using time (Campbell
& Norman, 1998; Pleijel et al., 2000; Hacour et al., 2002).
In wheat, elevated ozone after anthesis has a strong senescence promoting effect
(Ojanperä et al., 1992). This means that ordinary senescence under such conditions
may have little influence on stomatal conductance. Because of that, a most limiting
factor concept was used for the two factors gphen and g O3 in wheat (Danielsson et al.,
2003):

{

( [

]

g s = max g min ; g max min g phen g O3 gVPD g T g PAR g SWP g time

)}

(3)

The gmax values and the g functions for wheat and potato were taken from Danielsson
et al. (2003) and Pleijel et al. (2002), respectively (Table 2).
For soil moisture, a gSWP function was identified by Danielsson et al. (2003) based on
data from 1996 when soil moisture was monitored along with stomatal conductance
(Table 2). Soil moisture was not limiting stomatal conductance to any substantial
extent during that growing season. This means that the gSWP function in Danielsson et
al. (2003) is relatively uncertain. Since the plants in the present experiments were kept
well watered, and soil moisture data were largely not available, no gSWP function was
used in the derivation of the yield response functions in the present study.
The uptake rate U of ozone to a plant leaf is the product of a conductance gactual and
an ozone concentration cactual. If the reference point is close to the leaves, the main
components of gactual are the stomatal conductance (gs = 1/rs; rs is the stomatal
resistance) and the leaf boundary layer conductance (gb = 1/rb; rb is the leaf boundary
layer resistance), which can be combined using the resistance analogue:
F=

cactual
rb + rs

(4)

assuming that the ozone concentration within the leaf is close to zero (Laisk et al.,
1989) and the non-stomatal ozone deposition by the leaf exterior is negligible.
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Constant values for rb were used for the calculation of the dose-response functions.
They were taken from Pleijel et al (2000) for wheat (gb = 1138 mmol m-2 s-1 O3) and
from Pleijel et al. (2002) based on Unsworth et al. (1984) for potato (gb = 1073 mmol
m-2 s-1 O3) to represent the air movement situation in the OTCs.
Table 2. Functions and constants used in the multiplicative conductance models for wheat and potato.
3$5SKRWRV\QWKHWLFDOO\DFWLYHUDGLDWLRQ PROP-2 s-1. VPD, leaf-to-air vapour pressure deficit of the
air, kPa. T, leaf temperature, Û& 6:3 VRLO ZDWHU SRWHQWLDO 03D time, time of day is expressed as
hour/24. DDA, number of 0Û& GD\V DIWHU DQWKHVLV LQ ZKHDW XVLQJ D EDVH WHPSHUDWXUH RI Û& ''(
number of 0Û& GD\V DIWHU HPHUJHQFH LQ SRWDWR XVLQJ D EDVH WHPSHUDWXUH RI Û& &820, estimated
uptake of ozone, mmol m-2, cumulated from 14 days before anthesis. AOT0, sum of all hourly ozone
FRQFHQWUDWLRQVVWDUWLQJIURPHPHUJHQFHDQGRQZDUGV PROPRO-1 hours).
Wheat
Potato
414 mmol H2O m-2 s-1
0.01gmax

gmax1
gmin
gPAR

y = (1-e

-0.012 PAR

685 mmol H2O m-2 s-1
0.001gmax

)

y = (1-e

8 -1

gVPD

-0.0090 PAR

)

6 -1

y = (1+(VPD/2.7) )

y = (1+(VPD/3.5) )
-10)-1

If T Û&WKHQ\   7
) x 1.01
25 -1
If T > 27Û&WKHQ\   7 )
If SWP > -0.018 then y = 1
If SWP WKHQ\  6:3 

-10
If T Û&WKHQ\   7 +0.001)-1
20
-1
If T > 29Û&WKHQ\   7 +0.002)

gtime
gphen

y = (1+(time/0.72)15)-1
If DDA WKHQ\ 
8 -1
If DDA > 0 then y = (1+(DDA/740) )

y = (1+(time/0.7)10)-1
y = (1+(DDE/1250)5)-1

g O3

y = (1+(∑CUO /6.48) )

gT
gSWP2

1
2

0

No function: y = 1

y = (1+(AOT0/40)5)-1

10 -1

expressed on a total leaf area basis, recalculated for O3 when used to calculate CUO
the function was not used in the does-response relationships

Flux modified AOT
Equation (4) can also be modified to:
U = gactual cactual

(5)

Here gactual represents the total conductance for ozone uptake by a leaf from a
reference point near the leaf as above.
A theoretical modified ozone concentration cmod is now introduced in equation (6).
This is the ozone concentration, which results in the same uptake of ozone as in
equation (5), if the conductance were at its maximum:
gactual cactual = gmax cmod

(6)

This can be used to flux modify observed or modelled ozone concentrations if gmax is
known and an accurate measure of the actual conductance is available, such as based
on the kind of multiplicative model used in the present study:
cmod =

g actual
cactual
g max

(7)
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cmod can be viewed as a bioavailable ozone concentration, since the ratio gactual/gmax in
Equation (7) determines the relative bioavailability of ozone. The concentration cmod
can be converted to a corresponding flux modified concentration for ozone and
Equation (1) can be used to calculate a flux modified mAOT c0 mod index, using any
cut-off concentration c0 mod .
Estimation of the non-stomatal flux of ozone and of its importance
If we assume the non-stomatal resistance (rns = 1/gns) to be in parallel with the
stomatal resistance, and the resulting resistance of these to act in series with the
boundary layer resistance, the stomatal ozone flux by the leaf, according to
Kirchhoff´s current laws, is:
U stomatal =

cactual
rb + rs +

(8)

rb rs
rns

In order to evaluate the influence of the non-stomatal flux of ozone, a series of cuvette
measurements performed in the laboratory, in which the ozone flux and the water
vapour flux of wheat leaves were measured in parallel, was used. The temperature of
the cuvette was 20Û&WKHPD[LPXPSKRWRV\QWKHWLFDOO\DFWLYHUDGLDWLRQ PROP-2
s-1 and the relative humidity 45-55%. The air flow rate through the system was 0.6
litres per minute and the air residence time in the cuvette 20 s. The air of the cuvette
was continuously stirred by the fan. This was assumed to completely remove the leaf
boundary layer resistance. The ozone concentration of the cuvette during the
measurements was kept at 65 ± 10 nmol mol-1. Measurements were made in darkness,
in intermediate light, in full light, and in full light after cutting the leaf from the rest of
the plant. Measurements of the empty cuvette were also made both in darkness and in
light. The cuvette and gas exchange system has been described in detail by Wallin et
al. (1990).
Yield-response regressions
The regression analysis of yield in relation to ozone exposure was based on the
principles suggested by Fuhrer (1994). First, a regression for each individual
experiment was made. The grain yield treatment means were then divided by the
intercept for each experiment. Thus, zero exposure was always associated with no
effect at the individual experiment level, and relative yield (RY) from different
experiments become comparable on a common, relative scale.
For the calculations of ozone uptake by the plants in the different experiments, leaf
temperature and leaf-to-air vapour pressure difference was replaced by air
temperature and vapour pressure deficit nearby the canopy, respectively. For
sensitivity analysis of this simplification, see Pleijel et al. (2002) and Danielsson et al
(2003).
Results
Comparison of different ozone exposure indices
For potato the strongest correlation between relative yield and ozone exposure was
obtained using CUO5 and the ozone exposure integration period from tuber initiation
until haulm harvest (r2 = 0.64). Therefore, the regressions for potato shown in Figure
95

1-3 were all based on the above exposure period. The corresponding regressions using
the period from emergence until haulm harvest were: y=0.98-0.0086*AOT40 (r2 =
0.57), y=0.98-0.018*CUO5 (r2 = 0.58), and y=0.98-0.062*mAOT20 (r2 = 0.56). In the
data sets used here, the average duration of the period from emergence until haulm
harvest was 1553 Û&GD\VDERYHÛ& 3OHLMHOHWDO ZKHUHDVWKHDYHUDJHSHULRG
between emergence and tuber initiation was 298 Û&GD\VDERYHÛ&
The response functions based on AOT40 for potato and wheat are presented in Figure
1. The r2 values for the two regressions were 0.57 and 0.41, respectively. In Figure 2,
the best CUO indices for wheat and potato are shown. In both cases the ozone uptake
rate threshold, t, of 5 nmol m-2 s-1 provided the best correlation between RY and
ozone exposure, using steps of 1 nmol m-2 s-1 for testing t. There intercept of the
CUO5 regression for both crops (0.99) deviated very little from 1, which is a desirable
property of the dose-response function, since zero exposure should be associated with
no effect if an appropriate exposure index is used.. The r2 values for potato and wheat
were 0.64 and 0.77, respectively. Using instead a t value of zero, much weaker
correlations were obtained (0.29 and 0.18 for potato and wheat, respectively; data not
shown), indicating the biological relevance of using an ozone uptake rate threshold.
The best performing mAOT index was mAOT20, reflecting that the actual stomatal
conductance (gactual) exerts a relatively strong limitation in Equation (7). In the data
sets used in the regressions for wheat and potato the average gactual/gmax during
daylight hours was 0.41 and 0.30, respectively. Consequently, the mean bioavailable
ozone concentration was much lower than the actual ozone concentration. The
relationships between RY and mAOT20 for potato and wheat are shown in Figure 3.
A pattern similar to that of CUO5 was obtained. The r2 values of the regressions, 0.57
and 0.58 for potato and wheat, respectively, were however lower than for CUO5. For
AOT40, the x-values tended to be log-normally distributed, while for CUO5 and
mAOT20 the x-values were much closer to a normal distribution.
Estimation of the non-stomatal ozone deposition by wheat leaves
In Figure 4, the leaf conductance for ozone, and the leaf uptake of ozone at an ozone
concentration of 40 nmol mol-1 (the two parameters are autocorrelated), of wheat
leaves in the cuvette, are plotted against the leaf conductance for water vapour. A
strong correlation (r2 = 0.97) was obtained. In order to estimate the non-stomatal leaf
conductance to ozone deposition, the cuticular (non-stomatal) transpiration has to be
taken into account. This represents the potential for leaf transpiration when the
stomata are closed. Typical values for the cuticular conductance for water vapour loss
for soft leaves have been suggested to be 10-15 mmol m-2 s-1 (Larcher, 2003) or 13±4
mmol m-2 s-1 (Körner, 1994), both expressed on a projected area basis. Thus, rather
than using the intercept with the y-axis to identify the non-stomatal conductance to
ozone deposition, an x-value of approximately 6 to 7 mmol m-2 s-1 (expressed on a
total leaf area basis, used in the present study) should be used in the linear equation,
since at approximately this level of transpiration the stomata can be expected to be
closed. The value for the non-stomatal leaf conductance for ozone deposition thus
found was gns = 15 mmol m-2 s-1. The corresponding, non-stomatal ozone flux at 40
nmol mol-1 O3 was 0.58 nmol m-2 s-1.
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Figure 1. Relationships between relative yield and AOT40 (a) from anthesis until 700 Û&GD\V
after anthesis for spring wheat, and (b) from tuber initiation until harvest for potato.
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Consequences of omitting non-stomatal resistance in equation 4 were evaluated by
using a value of gns = 25 mmol m-2 s-1, which was applied to the NF++ treatment of
the Swedish study of 1988. Firstly the intercept of the regression, as suggested above,
was used in Equation (8). The CUO5 value was 1.36 mmol m-2 when the non-stomatal
conductance was neglected and 1.33 mmol m-2 when it was included.
Figure 4 can be used to compare the ozone exposure indices AOT40 and CUO5. In the
cuvette situation, where the leaf boundary layer is removed, the total leaf conductance
for ozone is the sum of the non-stomatal and the stomatal conductance. Thus, a
stomatal flux of ozone of 5 nmol m-2 s-1 (the threshold ozone uptake rate of CUO5)
can be estimated to be associated with a total leaf ozone flux of 5.6 nmol m-2 s-1. At an
ozone concentration of 40 nmol mol-1 (the cut-off concentration of AOT40), this leaf
ozone flux corresponded to a leaf conductance for water vapour of 196 mmol m-2 s-1.
At higher stomatal conductance than this, in combination with lower ozone
concentrations, there may be additions to CUO5, but not to AOT40. At lower stomatal
conductance, but higher ozone concentrations, there will be contributions to AOT40
but not necessarily to CUO5. For the field or OTC situation, also the boundary layer
conductance has to be included in this type of analysis, which means that the leaf
conductance for water vapour required in order to equalise the cut-offs of CUO5 and
AOT40 will be higher than the 196 mmol m-2 s-1.
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Figure 4. Calculated ozone flux at a concentration of 40 nmol mol-1 (y1), and leaf conductance for
ozone (y2), in relation to the leaf conductance for water vapour for wheat leaves enclosed in a cuvette,
exposed to varying light intensity and cut from the plant at the end short before the end of the
measurements.

Discussion
For potato, the integration period from tuber initiation until haulm harvest, the period
during which growing tubers are present on the roots, resulted in a slightly stronger
correlation between RY and CUO5 compared to the integration period from
emergence until haulm harvest. This is in accordance with the response pattern in
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wheat, in which species exposure after anthesis, the period during which growing
grains are present, seem to be most important for effects on grain yield (Pleijel et al.,
1998). The difference between the two period for potato was, however, not very large.
A disadvantage in using the period starting at tuber initiation until haulm harvest is
that this period is likely to be harder to identify in mapping and modelling exercises.
In potato, the period of tuber growth comprises a substantial part of the total life cycle
of the plant, 81% in the present study, while the grain filling period in wheat
comprises of a much shorter part of the life cycle (Pleijel et al., 1998).
Three different types of exposure indices for ozone effects on crops were tested in the
present study. The best performance was obtained with CUO5, but also the mAOT20
index performed better than the presently used AOT40, in particular for wheat. From
a mechanistic point of view it seems to be a step forward to use a CUO or mAOT
approach, where the bioavailability of ozone comes into play. The distribution of the
x-values of the regressions also favours the choice of CUO5 compared to AOT40, the
latter having log-normally distributed x-values.
There was a clear difference between wheat and potato in that the difference in
correlation between the different exposure indices was small for potato but large for
wheat. Although a larger genetic and climatic difference was present in the data set
for wheat, the best correlation obtained for wheat had a much higher correlation
coefficient than for potato. In part, this is likely to be an effect of the larger variability
of a potato field, where a few tenths of plants fit into an OTC having a ground area of
1-10 m2, while the number of wheat ears in an OTC plot varies from hundreds to
thousands. Also, the smaller number of experiments included for potato (seven)
compared to wheat (twelve) may have influenced the outcome of the investigation in
terms of the difference in correlation between RY and ozone exposure.
The regression between RY and CUO5 for wheat revealed a relatively large degree of
consistency among different varieties of wheat in different climates. Compared to
AOT40, it is likely that large site-to-site and year-to-year variability in ozone uptake
is eliminated by using stomatal conductance modelling, as was the case also in the
earlier study by Pleijel et al. (2000). From the results in Figure 2b, different cultivars
tended to show different sensitivity to ozone. For instance, the cultivar Minaret seems
to be slightly less sensitive that the durum wheat cultivar from Italy. Possibly, such
differences would diminish if different cultivar specific gmax values were used for the
wheat varieties. Such information was not available for the present study. As a matter
of fact, using only Swedish data, obtained form two genetically related cultivars,
yielded a correlation coefficient as high as 0.90 (Danielsson et al., 2003).
In the study by Pleijel et al. (2000), the best correlation between RY and CUO was
obtained when using no cut-off value t for the ozone exposure index. The difference
from the present study, in which a cut-off value of 5 nmol m-2 s-1 was adopted, is due
to changes in the stomatal conductance model, i.e. the use of a lower gmin, inclusion
gtime and g O3 factors and a change of the gvpd function. Since these changes were based
on actual conductance measurements performed in the field (Danielsson et al., 2003),
they are likely to represent improvements of the stomatal conductance model.
It is worth noting that Grünhage et al (2001), using a different approach for estimating
risks for negative effects of ozone on plants, came to the conclusion that
concentrations of ozone down to approximately 20 nmol mol-1 may cause toxic effects
on plants. This is in agreement with the present study (see Figure 3), where
concentrations down to 20 nmol mol-1 may contribute to ozone damage if the leaf
conductance is close to its maximum value, according to the analysis resulting in the
mAOT20 relationships.
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Another type of thresholds or cut-off value has also been used in the setting of critical
levels for ozone. A least significant effect associated with a certain exposure to get a
critical value was suggested by the critical level meeting in Kuopio (Kärenlampi &
Skärby, 1996). Since the least significant effect according the regressions between RY
and ozone exposure was around 5%, the ozone exposure associated with that damage
level was used to identify the critical level (Pleijel, 1996). Consequently, the statistical
uncertainty associated with the regressions used formed a basis for quantitatively
taking that uncertainty into account. In the present study the 5% yield loss level was
associated with a CUO5 of approximately 0.3 mmol m-2 s-1 for wheat. The
corresponding figures for potato were 1.6 mmol m-2 s-1 if the period from tuber
initiation until haulm harvest was used, and 1.7 mmol m-2 s-1 if the period from
emergence until haulm harvest was used. For wheat the 5% damage level
corresponded well with the least significant effect according to the regression in
Figure 2b, but for potato the least significant relative yield loss was around 5.5%
associated with a CUO5 exposure of 1.7 mmol m-2 s-1 using tuber initiation until
haulm harvest as the integration period, and a 6.5% relative yield loss from 2.5 mmol
m-2 s-1 if emergence until haulm harvest was used. When comparing the critical CUO5
values for wheat and potato, it has to be kept in mind that the duration of the period of
integration of ozone exposure is much longer for potato, that the stomatal conductance
of potato is larger than for wheat and that potato seems to be less sensitive to ozone
than wheat according to the present study.
It is essential to view CUO and mAOT as exposure indices, which are sensitive to the
same set of factors which influence the stomatal conductance of the uppermost, sunlit
leaves of the crop canopy. Hence, the bioavailability of ozone to the leaves which are
most important for the ozone impact on photosynthesis, is mirrored by the exposure
index. Consequently, CUO does not represent the total flux of ozone per unit ground
area. The total flux has a number of other components: uptake by soil and organic
litter on the soil surface, and shaded, often partly or fully senescent leaves with low
stomatal conductance, which contribute scarcely to the production of grain and of
tubers. For upscaling of ozone flux to canopy level see Emberson et al. (2000b).
There are both advantages and disadvantages using either the total flux or the
uppermost leaf approach. The flux per unit ground area is not of direct importance for
yield loss estimations, but indirectly it is important to be able to estimate ozone
concentration gradients, which is needed to estimate the ozone concentration at
canopy height. However, for the toxicological evaluation of potential yield loss it
seems more relevant to base it on the most productive leaves and to avoid the ozone
uptake by the soil and parts of the canopy which may consume substantial amounts of
ozone without influencing yield to any considerable extent. More specifically, an
advantage of the sunlit leaf approach is that the ratio gns/gs is the smallest for that leaf
category. As illustrated by Figure 4, the gns/gs ratio of a green wheat leaf exposed to
saturating radiation is around 1:20 if other factors are not strongly limiting stomatal
conductance. As a consequence of this high ratio, the difference in CUO5 for the
NF++ treatment of 1988 in Sweden was very small. For older leaves in the depth of
the canopy, receiving much less solar radiation levels than sunlit leaves, the gns/gs
ratio is likely to be much higher. When using the results of Figure 4, however, it
should be kept in mind that the measurements were made in the laboratory. Field
grown plants may differ in non-stomatal conductance from greenhouse grown,
although literature on this point is scanty.
A point to note is that there exists a systematic and transparent way of omitting or
adding stomatal conductance modifying factors using the multiplicative approach,
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simply by setting that factor to one. This holds for both the CUO and the mAOT
approaches. Such omission was made in the present study for soil moisture.
Nevertheless, a soil moisture factor, gswp, could be added to the model used in the
present paper after estimating the influence of soil moisture on stomatal conductance
in wheat or potato. It is essential then that the dose-response function used is
calibrated omitting, that is, setting to one, the same multiplicative factors which are
omitted in the application, e.g. mapping or other estimations of yield loss. This
allows, if required, to move successively from concentration based to ozone uptake
based ozone exposure indices.
Conclusions
The main conclusions of the present study were:
• Using conductance modelling and assuming one common gmax for European
wheat, a consistent relationship between relative yield and CUO5 with strong
correlation was obtained for OTC grown wheat from climates ranging from
Finland, over Sweden and Belgium to Italy.
• Although the range of climatic conditions in Europe covered was smaller for
potato than for wheat, the relationship between relative yield and CUO5 was
weaker, and the improvement using CUO5, compared to using AOT40, was
smaller.
• The use of a flux modified AOT (mAOT) approach resulted in yield-response
relationships similar to those with CUO5. Accuracy in the responserelationship for wheat was however lost using mAOT20, which reflects the
closer relationship between yield effect and ozone uptake above a threshold,
compared to the flux modified ozone concentration.
• In wheat, non-stomatal deposition of ozone was indicated to be small
compared to the stomatal uptake and hence to be of little importance for the
derivation of the dose response relationship between relative yield and CUO5
in wheat.
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Abstract. Ozone uptake of pot-grown grapevine plants, grape yield and sugar
concentrations in the grape juice were studied during the course of four years. In three
of these years the plants were exposed to four different, partly elevated ozone levels in
open-top chambers. The results showed that juice quality was more sensitive to ozone
exposure than grape yield. Ozone-induced reductions of grape yield were best
described by the ozone exposure in the two years prior to harvest whereas sugar
import was mainly affected by ozone exposure in the current and the previous year.
Regression models were developed for quantitative assessments of ozone yield
effects. These models can be used to indicate a possible critical level at 12 mmol.m-2
(cumulative uptake from June to September, without threshold) for grapevine.
Exceedance of this uptake may result in reductions of grape yield and sugar
translocation to the grapes by 10 % or more.
Introduction
Grapevine (Vitis vinivera L.) is a perennial crop plant known to react sensitively to
ozone [1, 2, 3, 4]. Plants with multi-annual life cycles frequently experience the
interaction between stress effects in individual and in previous years. Consequently
the degree of injury depends on the combination of the actual stress situation and the
stress history that a plant has experienced in previous years [5, 6]. Stress levels in one
year may have after-effects either caused by the persistence of stress metabolites, by
pre-disposition to pathogen attack or by reduced storage pools of carbohydrates or
nutrients. Both in conifers and in grapevine evidence for a "memory" effect has been
found [7, 8].
A definition of critical levels for ozone to assess crop yield responses to ozone
requires the quantification of modifying factors for attaining the so-called "Level II"
[9]. The incorporation and quantification of such parameters (e.g. water availability,
phenological stages, meteorological factors affecting stomatal conductance) may
serve for either modifying the critical ozone dose AOT40, weighting of the ozone
concentrations used to calculate the AOT40 or to calculate directly the ozone fluxes
into the leaves and the cumulative stomatal uptake of ozone.
This study has the objective to analyse the yield and quality responses of grapevine to
ozone uptake. The characteristic of grapevine as a perennial crop is considered by
focussing on the role of a "memory" effect for previous ozone exposures. The
quantification of this carry-over effect shall support the further development of the
critical level concept in adaptation to the requirements of a perennial crop species.
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Material and Methods
Plants of grapevine (Vitis vinifera L., cv. Welschriesling grafted on Kober
5BB rootstock) were pre-cultivated for two years (1992 to 1993) under field
conditions. In the third year, plants were transplanted to 50 l-containers and moved to
open-top chambers where ozone fumigation started in 1994. Fumigation was
continued during the growth periods till 1996. In 1997, all plants were exposed to
field conditions for one season.
The open-top chambers were built according to the Heagle-type. Air exchange was 2
chamber volumes per minute. The chambers had a frustrum and a roof 0.5 m above
the chamber. All plants were irrigated sufficiently to avoid soil moisture deficit.
Pesticide and nutrient fertilizers were applied according to usual agronomic practices.
Eleven plants were placed in each chamber, with two chambers per treatment. In this
experimental setup four ozone levels (= four treatments) were compared: charcoalfiltered air, ambient air, ambient air + 25 nl.l-1 and ambient air + 50 nl.l-1. Ozone
additions (8 h.d-1, 5 days per week) started two weeks before anthesis (mid May) and
lasted till two week after grape harvest (mid October).
Calculations of ozone uptake were based on ozone and meteorological monitoring
data. Stomatal conductance (gs) was measured with a LI-COR 6400; specific response
curves of grapevine gs to environmental parameters were derived from the literature
[10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21]. Calculations of ozone fluxes and
cumulative uptake were based on the model described in [22].
Grapes were harvested at full maturity. Juice was pressed from all grapes and aliquots
were conserved for chemical analyses immediately after pressing. Mono- and disaccharides were HPLC-analyzed according to [23].
Results and Discussion
Ozone-induced reductions of grape yield and sugar concentrations in the grape
juice were better described when in uptake-response models not only the cumulative
uptake of one year but also the uptake in previous years was considered (Table 1).
Simple linear regression models explained up to 56 % of the data variance. The
comparison of different combinations of independent parameters showed that
generally one parameter (the ozone uptake of a single year) was not sufficient to
describe the yield behaviour satisfactorily. However, for both grape yield and sugar
yield there were found models with two parameters (ozone uptakes of two years)
which performed nearly as well as the full regression model with three input
parameters.
The small contribution of the current year for explaining ozone-induced
reductions of grape yield was mainly attributed to the month of June, with only
marginable contributions from the other months (data not shown). Apparently ozone
affected fertility during anthesis. However, this effect was relatively small compared
to the importance of ozone exposures in the two previous years.
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Table 1: Multiple linear regressions between relative yield and ozone uptake (mmol.m-2, June to
September). The crosses indicate the inclusion of the respective parameter in the regression. The
numbers indicate the percentage of explained variance by the regression function.

Independent parameter

dependent parameter: relative grape yield

Ozone uptake in current
year
Ozone uptake in previous
year
Ozone uptake in second
previous year
% of variance explained by
the regression

X

X
X

X
X

15.5

31.9

35.6

32.1

Independent parameter

dependent parameter: relative sugar yield

Ozone uptake in current
year
Ozone uptake in previous
year
Ozone uptake in second
previous year
% of variance explained by
the regression

X

X

X

X

X

40.3

40.9

X
X

X
X

33.1

X

54.5

20.2

56.4

X
X

X

X

X

55.1

56.8

Significant differences in the importance of the ozone doses of the three years could
be deduced by the differences in the correlation coefficients of the parameter
combinations. Using the regressions coefficients of the full multiple regression model,
the different contributions of the individual years were quantified. The importance of
three years under study (current year, current(-1) and current(-2)) had the ratios
14:32:54 (grape yield) and 32:60:8 (sugar import into the berries), respectively.
Because of the moderate performance of the simple regression models, also
exponential regression models were developed. The results are shown in Fig. 1 for
grape yield and in Fig. 2 for sugar yield. Using these functions, the percentage of
explained variance could be increased to 72 %.
The intersections of the functions given in the legends to Fig. 1 and 2 with the
90 %-plane can be used to derive critical levels for grape yield or sugar yield
reduction by 10 %. According to these response functions, a grape yield reduction by
10 % is to be expected if the uptake exceeds 12.5 mmol.m-2. Sugar yield proved to be
a more sensitive parameter than grape yield. The respective critical levels would be
12.0 mmol.m-2. The effects of different combinations of ozone uptakes in both years
can be derived from the indicated functions (see legends of Fig. 1 and 2).
The suggestions derived from this study are based only on experiments with
one cultivar (cv. Welschriesling). Maximum stomatal conductances between cultivars,
however, may differ by up to 30 % [15, 16, 21]. Consequently an extrapolation of our
results needs special caution, and a comparison with the ozone sensitivity of other
grapevine cultivars is desirable. Additionally, according to [24] differences between
the ozone flux conditions in open-top chambers and in the field have to be taken into
account.
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Fig. 1: Grape yield as influenced by ozone uptake in previous years. Ozone uptake is given as
-2
cumulative uptake in mmol.m from June to September (4 months). Plants in the control treatment
-2
(relative yield = 100 %) were kept in charcoal filtered OTC (uptake: 3 mmol.m ) during the whole
3
growth period. The response curve is described by z=a+bx³+cy with z = relative yield, x = ozone
uptake of previous year, y = ozone uptake of second previous year, a = 102.9, b = -0.001753, c = 0.006471, r² = 0.720. The intersecting plane indicates the level of a 10 % yield reduction.
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Fig. 2: Glucose + fructose yield from the grapes as influenced by ozone uptake in previous years.
-2
Ozone uptake is given as cumulative uptake in mmol.m from June to September (4 months). Plants in
-2
the control treatment (relative yield = 100 %) were kept in charcoal filtered OTC (uptake: 3 mmol.m )
3
during the whole growth period. The response curve is described by z=a+bx³+cy with z = relative
yield, x = ozone uptake of current year, y = ozone uptake of previous year, a = 103.8, b = -0.001245, c
= -0.007844, r² = 0.718. The intersecting plane indicates the level of a 10 % yield reduction..
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Brief model description.
An O3 flux-based risk assessment for wheat.
Ludger Grünhage
Institute for Plant Ecology, University of Giessen, Heinrich-Buff-Ring 26-32, D-35392 Giessen,
Germany

Introduction
As a consequence of the discussions about the reasons of the so-called 'Neuartige
Waldschäden' (forest die-back) ground-level ozone (O3) and its impact on human
health and vegetation has come into focus more and more within the UNECE (United
Nations Economic Commission for Europe) and the European Union since the mid
eighties of the last century. While at the first European workshop on critical levels for
O3 to protect vegetation in Bad Harzburg, Germany, 1988 a long-term critical level
for O3 was defined as a 7-hour mean of 25 ppb over the vegetation/growing period
(UN-ECE 1988), at the second workshop in Egham, UK, 1992 a change to an
Accumulated exposure index Over a certain Threshold, AOTx, was recommended
(Ashmore & Wilson 1992). At the UNECE workshops in Bern, Switzerland, 1993 and
Kuopio, Finland, 1996 critical levels for O3 to protect crops, semi-natural vegetation
and forest trees using an AOT40 exposure index were defined (Fuhrer & Achermann
1994, Kärenlampi & Skärby 1996), which are the basis for the current European
Convention on Long-Range Transboundary Air Pollution to Abate Acidification,
Eutrophication and Ground-level O3 (UNECE 1999) and the European Directive on
Ground-level O3 (EU 2002).
Because the only adequate tool to ensure effective protection against adverse effects
of O3 on vegetation is the derivation of critical cumulative fluxes/stomatal uptake
(critical loads) for sensitive vegetation types similar to the critical loads for
acidification and eutrophication as determined in accordance with the Convention's
Manual on Methodologies and Criteria for Mapping Critical Levels/Loads (UBA
1996), a reorientation from cumulative exposure index-based critical levels to fluxbased limiting values took place (cf Grünhage & Jäger 2002).
Data base
At present, the data base for the derivation of critical loads for O3 is extremely
insufficient. For spring wheat, a flux (stomatal uptake) - response (relative yield)
relationship was deduced by Pleijel et al. (2000) from 5 open-top chamber
experiments with two wheat varieties only (Fig. 1).
Brief model description
For the estimation of O3 stomatal uptake, the big-leaf model WINDEP (WorksheetINtegrated Deposition Estimation Program-me; Grünhage & Haenel 2000) was
adapted. WINDEP is based on the soil-vegetation-atmos-phere-transfer (SVAT)
model PLATIN (PLant-ATmosphere INteraction; Grünhage & Haenel 1997).
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Fig. 1: Relative yield of spring wheat vs cumulative stomatal uptake of O3 (CFO3)
by the flag leaf during grain filling (Pleijel et al. 2000, modified)

The resistance network (Fig. 2) allows to partition the total at-mosphere-canopy flux
Ftotal(O3) into the fluxes reaching the stomatal caves (Fabsorbed), the external plant
surfaces (Fexternal plant surfaces) and the soil beneath the canopy (Fsoil):
Ftotal (O 3 ) = Fabsorbed + Fexternal plant surfaces + Fsoil

The integral of Fabsorbed over time t is the pollutant absorbed dose, PAD(O3) [µg.m-2],
(Fowler & Cape 1982):
PAD(O 3 ) =

t2

∫ Fabsorbed (O 3 )

⋅ dt

t1

Fig. 2: A deposition resistance analogy for ozone (modified from PORG 1997)
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The calculation of the aforementioned resistances, i.e. the exchange of O3 between
phytosphere and atmosphere near the ground, requires the following measured input
parameters:
- ozone concentration O3 [µgÂP-3] at a reference height zref, O3
- horizontal wind velocity u [mÂV-1] at a reference height zref, u
- global radiation St [WÂP-2]
- air temperature ta [°C] at a reference height zref, T
- air humidity rH [%] at a reference height zref, rH
- air pressure p [hPa] at a reference height zref, p
Stomatal uptake by the flag leaf was parameterised as described in Pleijel et al.
(2000), the development of spring wheat canopy during the grain filling period
(phenological stage codes 61 to 87; after Zadoks et al. 1974 and Tottman 1987) as
described in Grünhage et al. (1999; Fig. 3) in addition with an up-scaling from leaf to
canopy according to eq. (36) in Grünhage et al. (2000).

Fig. 3: Mean development of leaf area index (LAI) of spring wheat (after Grünhage et
al. 1999) (DOYstart = 99; DOYcode 31 = 134; DOYcode 51 = 163; DOYcode 87 = 207;
DOYharvest = 220)
The WINDEP model version used can be downloaded from:
http://www. uni-giessen.de/~gf1034/ENGLISH/WINDEP.htm
Taking into account the statistical uncertainties indicated by the confidence interval in
Fig. 1, stomatal uptake above 1 mmolÂP-2 O3 is linked with a yield loss deviating
significantly from a 100 % yield. To avoid an overestimation of risk, i.e. yield loss, it
seems to be reasonable to subtract this threshold from the modelled O3 absorbed dose,
PAD(O3), which then results in:

{

[(

)(

relative yield loss = 100 − 100.11 − 4.314 m 2 ⋅ mmol −1 ⋅ PAD(O 3 ) − 1 mmol ⋅ m −2

with

PAD(O3) on a unit leaf area basis in mmolÂP-2
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)]}

Model application
The big-leaf model was applied for for a representative agricultural site in Hesse in
central Germany. As shown in Fig. 4 more than 10 % yield loss due to O3 stomatal
uptake could be estimated for 1994 only. According to the experimental conditions,
optimal water supply, i.e. soil moisture at field capacity, was assumed. Moderate
water stress reduces the impact of O3 significantly due to reduced stomatal aperture.
Comparisons of diurnal variation of stomatal uptake and AOT40 showed that 36 
% (median: 38 %) of stomatal O3 absorption (assuming optimal water supply)
occurred before noon whereas the AOT40 values were dominated by O3
concentrations during afternoon (69 - 87 %; median: 79 %).

Fig. 4: Temporal variation in potential relative yield loss (%) due to O3 stomatal uptake under
optimal water supply and moderate water stress (Jarvis factor for soil moisture 1 and 0.7) for
a representative Hessian agricultural site (fixed growing season; Grünhage & Jäger 2002)

Remarks
This example demonstrates the applicability of the flux approach for site and local
scale risk assessments in principle. On the other hand the application of the
aforementioned flux-response relation in a risk assessment for Germany can be
criticised due to the small number of experiments with two "old" wheat varieties from
the late eighties and mid nineties at one site in Sweden only. Meanwhile, the
parameterisation of stomatal conductance was improved for Nordic conditions (Pleijel
et al. 2002). Because the parameterisation has not been validated for climate
conditions in Central or Southern Europe, a European wide application is
questionable.
Another problem arises from the fact that the application of the above mentioned fluxeffect relationship needs an up-scaling from the flag leaf to the canopy (bottom-up
approach). At the beginning of the grain filling period, the leaf area of the flag leaf
exhibits of a fraction between 20 and 25 % of the non-senescent leaf area of the
canopy only (Pleijel et al. 2000). Therefore, it is questionable to what extent the flag
leaf gas exchange parameterisation is representative of the gas exchange of the whole
canopy. Additionally, the parameterisation of non-stomatal O3 deposition is presently
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not solved. Because any administrative/political measure on European level must be
based on risk evaluations as accurate as possible, flux model parameterisations need a
validation in two steps:
½ validation of the parameterisation of stomatal conductance via
micrometeorological flux measurements of water vapour
½ validation of the parameterisation of O3 stomatal uptake and non-stomatal
deposition via micrometeorological O3 flux measurements
This concept requires a limited number of micrometeorological flux measurements
sites distributed over Europe. For Germany, one or two crop sites and two or three
extensively managed grassland sites seem to be adequate.

Fig. 5: Conceptual degree of uncertainty in flux-based risk assessments for crops and seminatural vegetation using measured data (Grünhage et al. 2002)

As mentioned by Grünhage and Jäger (2002) flux-response relationships based on
chamber experiments are biased in principle. Therefore, future relationships should be
derived from experiments under chamber-less conditions. Here, a top-down approach
seems to be more appropriate than a bottom-up approach. Taking into account NO
emissions from fertilised arable land and their impacts on O3 deposition, it might be
reasonable to improve gas exchange parameterisations based on the big-leaf approach
by multi-layer models at some flux measurements sites (Fig. 5).
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1.- Introduction
Present ozone (O3) critical levels for long-term effects on the yield of arable crops Level I - are based on consistent results from experiments carried out in open-top
chambers (OTCs) in Central and Northern Europe involving the exposure of different
wheat cultivars (Triticum aestivum L.) to a range of O3 exposures. As a result, a
regression equation relating wheat yield with O3 exposure expressed as AOT40 for
three consecutive months was provided (Fuhrer et al., 1997). The index AOT40 is the
accumulated O3 concentration during diurnal hours over a threshold of 40 ppb for a
given period. The present critical level was established as the AOT40 value that
would determine a 5% reduction on yield, resulting in 3000 ppb.h over a three-month
period.
However this experimental relationship may not be suitable for the estimation of O3
impacts on wheat crops growing in the open because soil moisture in the OTCs was
controlled by irrigation under summer conditions. Therefore overestimations of O3
effects on wheat yield are expected when extrapolations of the results beyond those
conditions are made. As a result the scientists involved in the determination of critical
levels have warned that this equation should not be applied when soil moisture is a
limiting factor (Gimeno et al., 1994; Fuhrer et al., 1997; Fuhrer & Ashmore, 2000).
This statement is specially suited for Mediterranean conditions where wheat is not
usually irrigated and therefore might experience low soil moisture values. In fact,
some Mediterranean authors have directly used the above-mentioned equation to
calculate O3 economical impacts on arable crops consistently reporting
overestimations of O3 effects (De Santis, 2000; Lechón et al., 2002). To overcome this
problem, Fuhrer (1995) developed a methodology for the calculation of a weighting
factor (fwater) accounting for the modulation that soil water availability exerts on O3
impact on wheat yield. This factor was calculated for the two months preceding
wheat harvest since this is the most sensitive period regarding O3 impact on wheat
yield (Pleijel et al., 1998). The aim of this work is to assess the application of Fuhrerproposed approach for the evaluation of O3 impacts on Mediterranean wheat crops.
2.- Materials and methods
Yield database: A yield database was constructed involving 4 wheat (Triticum
aestivum L.) cultivars “Etecho”, “Marius”, “Soissons” and “Tremie” and six
experimental years (1994-2000). These data were collected at different experimental
sites of a network managed by IRTA (Institut de Reçerca i Tecnologia
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Agroalimentàries) focused on the assessment of the performance of different winter
cereal cultivars. The sites involved in this study belong to three Catalan agronomic
regions (see Puertas et al., 1991) differing in their yearly mean rainfall amount and
their altitude above sea level (a.s.l): Semifrescals (500-600mm, 500-700 m a.s.l),
Interior Girona (>700 mm, 50-500 m a.s.l), and Frescals (700-1000 mm, 500-700 m
a.s.l).
Meteorological data: Air temperature, precipitation and global radiation data from the
closest meteorological station of the Catalan Agrometorological Network were used
to calculate Potential Evapotranspiration.
Calculation of Potential Evapotranspiration (PET): PET (mm/month) was
determined with an empirical equation involving mean air temperature (T in ºC) and
global radiation data (R in J s-1 m-2) for each month (Campbell, 1986; Fuhrer, 1995):
PET = a (T + b) R 8,64 104 s day-1 10-6 m3 g-1 / 2430 J g-1 (Equation 1)
with a = 0,025 ºC-1 and b = 3 ºC.
Calculation of soil water content: It was calculated as a function of potential
evapotranspiration (PET) and precipitation values (N) for every month (Fuhrer, 1995):
%FC = ([FCo - B ((3(71 1/2] / FCs) x 100 (Equation 2)
According to Fuhrer (1995), B equals 1 when vegetation is present. FCo is the soil
water content at the beginning of the selected period and FCs is the soil water content
at field capacity. Similarly, the FCo and FCs set values are 28% and 35% respectively
for the soils where wheat is typically grown.
Calculation of the correction factor based on soil water availability (fwater):
According to Fuhrer (1995), it is assumed that the effect of a reduction in %FC on O3
sensitivity (expressed by fwater) is equal to the same reduction in %FC on the relative
grain yield of wheat (%Y). Hence, fwater = Yield (Y). This factor would equal 1 when
% FC > 60 while for % FC < 60 the following equation would apply:
Y = -0.455 + 0.024 x %FC (Equation 3)
Construction of empirical wheat relative yield - soil water content relationships: A
two-way ANOVA was performed to assess whether significant differences in wheat
yield could be derived from agroclimatic zones or wheat cultivars. No significant
differences were found regarding cultivar productions (ANOVA analysis: p = 0.28; n
= 108; F = 1.3) but greater wheat yields were found in the more humid zones, Frescals
and Interior Girona (ANOVA analysis: p<0.01; n = 108; F = 33.8) when compared
with those recorded in the driest agroclimatic area in which wheat can be grown in
Catalonia, the Semifrescal region.
Subsequently an empirical model relating wheat yield and soil water content was
constructed combining overall data from the three agroclimatic regions. The yield
data from the two most humid regions were normalised according to the greatest
production recorded on them, while data from the Semifrescal region were normalised
separately relative to the greatest production found in this particular area. Three
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periods were defined for the construction of these empirical models: from sowing
until harvest (S-H, i.e. November to June), from anthesis until harvest (A-H, i.e., May
to June) and from sowing until anthesis (S-A, i.e. November to May). The second
period was used because it appears to be particularly sensitive to O3 (Pleijel et al.,
1998) and because grain filling during this stage is affected by water availability
(Giunta et al., 1993); the first and the last periods were included since water shortage
during stem elongation and during the phenological stages ranging from flag-leaf
formation until anthesis might determine remarkable yield reductions through the
induction of a smaller amount of ears (Christen et al., 1995). Correlation analyses
were made to test whether the approach suggested in Fuhrer (1995) performed better
when soil water content was integrated for the S-H or the A-H period. A separate
analysis using a similar rationale was also carried out in the Semifrescal region since
it would be representative of the conditions under which wheat crops are commonly
grown in the Iberian peninsula. These empirical equations were used to calculate
fwater.
Calculation of O3 impact on wheat yield as influenced by soil moisture: Ozone
impact on wheat yield was calculated using the equation provided by Fuhrer et al.
(1997) where AOT40 values should be expressed in ppm.h.:
%Y= 99.5 - 1.7 AOT40, r2= 0.88 (Equation 4)
The modulation of soil moisture on O3-induced adverse effects on wheat yield was
taken into account by multiplying 100- %Y by the fwater values derived from
equation 3 and from the empirical soil moisture – wheat yield relationships obtained
for the Catalan data.
3. Results and discussion
Wheat sowing dates in Catalonia ranged from November to December while harvest
dates ranged from mid June to early July. Therefore the integration of O3 exposure
during the May-July period would not be appropriate for wheat crops of the Iberian
Peninsula. A suggestion is made to adjust a running-three month period according to
latitude.
The results of the correlation analyses carried out to assess the phenological periods
which would be more sensitive to water shortage and determine the greatest wheat
yield losses are summarised in Table 1. Separate analyses were performed for the
combination of the three agronomic regions and for the Semifrescal region.
Table 1
Correlation analyses between wheat yield and soil water content integrating different
phenological stages.

3-region combination
Semifrescal region

S-H1
r = 0.66
r = 0.50

A-H2
r = 0.60
r= 0,57

S-A3
r = -0.05 n.s
r = 0.83

1

S-H: sowing to harvest period; 2A-H: anthesis-harvest period; 3S-A: sowing-anthesis period; n.s. nonsignificant

When overall data from the three agronomic regions were considered, integrated soil
water content for the S-H or the A-H period performed almost equally in explaining
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wheat yield across the agroclimatic gradient involved in the study (0.6 < r < 0.66, p<
0.05). No significant correlation was found when the vegetative period (S-A) was
considered. Figure 1 provides the equation corresponding to the linear regression fit
between wheat production in the three Catalan agronomic regions and soil water
content during the sowing to harvest period.
When data from the Semifrescal region were analysed separately, the integrated soil
water content during the S-A period best explained wheat yield (r = 0.83, p< 0.05)
than when the S-H or the A-H periods were considered. These results indicate that
wheat yield in this dry area is particularly sensitive to soil water content during its
vegetative period, in agreement with the reports provided by several authors (Fischer,
1985; Turner & Nicholas, 1987; Richards & Townley-Smith, 1987; Eck, 1988;
Christen et al., 1995) for a wide range of environmental conditions.
Y vs %FC[S-H]
Y = ,36232 + ,00684 * %FC[S-H]
r = ,66266 ; p = 0,000...; n = 89
1,05
0,95
0,85

Y
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Figure 1: Relationship between wheat relative yield (Y) and soil moisture (%FC[S-H]) from
sowing (S) to Harvest (H).

This is an interesting finding since this agroclimatic region is representative of the
environmental conditions experienced by most wheat crops in Central and Southern
areas of the Iberian Peninsula. Therefore the approach suggested in Fuhrer (1995)
should be slightly modified for the Mediterranean area by taking into account soil
water content during the vegetative period while accumulating O3 exposure during the
anthesis to harvest period. The equation of the linear regression that fits wheat
production in the Semifrescal region to soil water content during the S-A is provided
in Fig. 2.
SEMIFRESCALS REGION: Y vs %FC[S-A]
Y = -,0643 + ,01423 * %FC[S-A]
r = ,83113 ; p = 0,000... n = 32
1,1
1,0
0,9

Y

0,8
0,7
0,6
0,5
0,4
36

42

48

54

60

66

72

Regression
95% confid.

%FC[S-A]

Figure 2: Relationship between Y and FC(S-A) for Semifrescals region
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A sensitivity analysis was made to test whether the different experimental fits
proposed in this work would determine significant variations in wheat yield loss
estimations for selected AOT40 exposures. Different fwater values were obtained as
calculated by using unmodified Fuhrer approach (equation 3), the regression
equations used to fit overall data from the three agrometeorological regions or just
data from the most humid regions (Interior Girona and Frescals) considering the A-H
period. Similarly it was calculated for the Semifrescal region considering both the AH period and S-A periods (see Table 2).
Table 2. Variation of fwater values integrating different phenological periods
1
Nonmodified
A-H factor

Range of fwater

0.16 – 1

2

3

Experiment
al fit of
overall data
(A-H)
0.52 - 0.73

Exp. fit for
the
most
humid regions
(A-H)
0.48 -0.88

4

Exp. Fit for
the
Semifrescal
region (A-H)
0.47-0.82

5

Exp. fit for
the
Semifrescal
region (S-A)
0.58 – 0.74

Range of fwater values obtained using 1non-modified Fuhrer’s equations for the A-H period, 2empirical
fit of overall data in Catalonia during the A-H period, 3empirical fit for the most humid regions
(Interior Girona and Frescal) during the A-H period, 4experimental fit for Semisfrescal (the driest
region) during the A-H period and 5experimental fit for Semisfrescal during the S-A period. A =
Anthesis, H= harvest, S = sowing.

These fwater values were used to determine the impact of selected O3 exposures on
wheat yield as presented in Table 3. The unmodified Fuhrer´s approach (equation 4)
consistently underestimated (2-7%) O3-induced wheat yield-losses during the driest
years and overestimated them during the wettest years (1.5-5.6%) when compared to
the empirical model constructed for the most humid regions considering the A-H
period. Similar results were found when the unmodified approach was compared with
the empirical models constructed for the Semifrescal region (the driest region)
considering the A-H or the S-A periods. The greatest overestimations were found for
the driest region in Catalonia with increasing O3 exposures. The O3-induced yield
losses estimated from empirical models considering A-H or S-A periods in the
Semifrescal region were almost identical. Wider data sets should be assessed to
confirm these results.
Table 3. Range of expected losses (%) of wheat yield at different O3 exposures using the
range of fw values presented in Table 2.
Unmodified
Most humid
Semifrescal
Semifrescal
AOT40
Yield loss
fw model
regions
Region
Region
(ppb.h) (%) Level I 1
(A-H) 3
(A-H) 4
(S-A) 5
(A-H) 2
3000
5.6
0.9 - 5.6
2.9 - 4.1
2.6-4.6
3.2 – 4.1
6000
10.7
1.7 - 10.7
5.6 - 7.8
5.0-8.8
6.2 – 7.9
9000
15.8
2.5 - 15.8
8.2 - 11.5
7.4-13.0
9.2 – 11.7
12000
20.9
3.3 - 20.9
10.9 - 15.3
9.8-15.3
12.1 – 15.5
1

non-modified O3 exposure-wheat yield relationship, 2unmodified Fuhrer (1995) model (see equation 3)
for the A-H period, 3empirical fit for the most humid regions (Interior Girona and Frescal) considering
the A-H period, 4empirical fit for Semisfrescal (driest region) during the A-H period and 5experimental
fit for the Semisfrescal (driest region) during the S-A period. A = Anthesis, H= harvest, S = sowing.

Relevant variations can be expected in the AOT40 values that would induce wheat
yield losses of 5, 10 and 20% when soil moisture is taken into account. For instance,
they increased from 2647, 5320 and 11470 ppb.h as calculated from equation 4 to
4,776, 9848 and 19988 ppb.h respectively as derived from the empirical equation of
the Semifrescal region (S-A period) during the driest years.
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In summary, the methodology proposed in Fuhrer (1995) shows potential for the
estimation of realistic wheat yield losses induced by O3 exposure through the
consideration of the modulation that soil moisture exerts on the phytotoxicity of this
pollutant. The approach can be extended to the Mediterranean area although empirical
relationships relating both parameters would provide more accurate estimations. The
phenological period for the assessment of fwater should integrate both the vegetative
and the productive stages to adjust the method to in-land Mediterranean areas.
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Introduction
In order to quantify the impacts of ozone (O3) on vegetation and to derive biologically
meaningful air quality standards, current discussions focus on a possible transfer of
the UNECE AOT40 Level I into a Level II approach. There is a general agreement
that the current exposure-concentration approach must be replaced by a flux-oriented
one, i.e. critical levels have to be replaced by critical loads (cumulated fluxes
between the atmosphere and the phytosphere).

Fig. 1: Conventional concept for the derivation of exposure-response relationships

Because the European critical levels as well as the German maximum permissible
ozone concentrations (MPOC; Grünhage et al. 2001, VDI 2310 part 6 2002) are based
mainly on chamber experiments, they are biased in principle. Generally, exposureresponse relationships deduced from chamber experiments show increasing intensities
of plant responses with increasing O3 exposure concentration due to the experimental
design as illustrated in Fig. 1. This contrasts with observations under ambient
conditions where the biological response to ozone exposure does not increase
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continuously with increasing exposure (e.g. Bugter & Tonneijck 1990, Krupa et al.
1995). Moreover, the chamber environment may affect plant and plant community
responses independently of a pollution stress due to the differences in radiation, air
temperature and air humidity between chamber and ambient microclimate (e.g.
Grünhage et al. 1990). Therefore, similar to the problems with the O3 exposureresponse approach, the derivation of flux-response relationships from chamber
experiments is also likely to be questionable. Only few free-air fumigation systems for
O3 were developed during the last 20 years (e.g. McLeod et al., 1985, 1992, Wulff et
al. 1992). However, due to the difficulties to establish defined exposure treatments
these systems were not used for deriving exposure-effect relationships.
The SPIDER concept
Taking into account the situation above mentioned, we developed a concept, called
SPIDER (Simulation of air Pollutant Injection and its influence on Deposition
Estimation Results), which combines methods of the toxicology of air pollutants and
of micrometeorology (Fig. 2).

Fig. 2: The SPIDER concept for the derivation of flux-response relationships under
chamber-less, ambient conditions
As an analogy to free-air fumigation approaches, O3 is released into the atmosphere
by an injection system at some height above the canopy under investigation
(experimental phase).
Three-dimensional atmospheric dispersion and surface deposition of the O3 released
from the point source above the canopy are calculated using the Lagrangian trajectory
modelling (cf Grünhage & Jäger 2002; modelling phase).
The point source in the SPIDER model is represented as a nozzle with a given
emission velocity. The gas flow is restricted to vertical directions (upward or
downward). At present, SPIDER does not consider turbulence effects induced by the
nozzle itself. In order to enable "quantifying" of O3 deposited at the canopy, the
vegetated area surrounding the pollutant source is divided into rectangular sub-plots
as in a chessboard.
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Depending on wind direction and velocity several sub-plots can be identified around
the point of pollutant release, which show O3 deposition rates above the ambient
levels, without any disturbance to the microclimate and micrometeorology.
Deposition rates and vegetation responses at these sub-plots can then be easily used to
derive O3 flux-effect relationships under ambient conditions taking into account the
"conventional" methods to deduce limiting values for risk assessments. It must be
noticed, however, that atmospheric chemistry is presently not taken into account in
the SPIDER approach. The model results can be biased, for instance, due to the
reaction of O3 with NO emitted from soil and with hydrocarbons emitted by the
vegetation.
Model application
The SPIDER approach can be separated into six steps which will be described briefly
in the following.
(i)

Micrometeorological flux measurements of O3 for quantifying the actual
"background deposition"

As the O3 deposition is increased artificially above ambient level, a prerequisite to the
derivation of a flux-response relationship is the quantification of the actual O3
"background deposition" by micrometeorological methods (e.g. eddy covariance (EC)
technique):

Ftotal (O 3 ) = w’⋅ ρ ’ + correction terms
with w’ the fluctuation of vertical wind velocity and
’ the fluctuation of O3
concentration.
The EC method requires sufficient horizontal fetch conditions and horizontal
homogeneity of vegetation and soil properties (cf e.g. Grünhage et al. 2000).
(ii)

Modelling the partitioning of total O3 flux into toxicologically effective
stomatal uptake and non-stomatal deposition

Toxicologically relevant is the amount of O3 absorbed mainly through the stomata,
which cannot be measured directly. However, it can be estimated via the calculation
of stomatal canopy resistance, Rstomatal, using measure-ments of water vapour fluxes at
the experimental site taking into account the ratio of the molecular diffusivities of O3
and H2O. By consideration of Kirchhoff's Current Law (cf Fig. 3), total O3 flux can
then be partitioned into stomatal uptake and non-stomatal deposition by:
ρ O3
Fstomatal = −


1
Rah + Rb + Rstomatal + [ Rah + Rb ] ⋅ Rstomatal ⋅

Rnon -stomatal 

and
Fnon -stomatal = −

ρ O3

1 
Rah + Rb + Rnon -stomatal + [ Rah + Rb ] ⋅ Rnon -stomatal ⋅

Rstomatal 


where Rah is the turbulent atmospheric resistance and Rb the quasi-laminar layer
resistance. The non-stomatal canopy resistance, Rnon-stomatal, can be derived from
measurements by:
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Rnon -stomatal




1
1 

= 
−
Rstomatal 
 − ρ O3 − ( R + R )
ah
b
 Ftotal


−1

A description of the calculation procedures can be downloaded from:
http://www.uni-giessen.de/~gf1034/pdf/O3flux.pdf
The sad faces in Fig. 3 denote that these equations used in the present literature are
wrong in principle and yield inadequate partial fluxes.

Fig. 3: Partitioning of total into partial fluxes according to concepts published recently
(units: in µgÂP-3, R in sÂP-1, F in µgÂP-2ÂV-1)

(iii) Artificial O3 injection to increase O3 deposition above ambient level
The size of the area under the influence of O3 and the magnitude of increased O3
deposition depend on the height of injection above the canopy, the source strength and
the exhaust velocity but mainly on the horizontal wind velocity near the canopy (cf
Grünhage & Jäger 2002): The lower the wind speed, the smaller is the area under the
influence of O3 and the higher is the "SPIDER deposition rate". In addition,
atmospheric stratification and surface roughness determine the distance of the area
with maximum deposition from the point source, as well as the magnitude of
deposition in those areas.
(iv) Calculation of additional total O3 flux and additional stomatal uptake
As mentioned above, depending on wind direction and wind velocity several subareas with different deposition rates above the ambient level can be found around the
source position. An example is given in Fig. 4 for May 1999, the same time period
used in Grünhage et al. (2000). Due to practical reasons, an O3 release is proposed
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between 9:00 and 16:00 CET. The input parameters summarised in Fig. 2 were used
for the calculation.

Fig. 4: Pattern of additional deposition due to O3 injection for May 1999 at the Linden
grassland (cf Grünhage et al. 1996). (actual background deposition: 0.85 gÂ m-2; sub-plot area: 20 x

20 m, height of injection: 2 m above ground; source strength: 100 µgÂs-1; exhaust velocity: 2 mÂ s-1;
release of O3: 9:00 - 16:00 CET)

A similar partitioning of total O3 flux into toxicologically effective stomatal uptake
and non-stomatal deposition like for the actual background O3 deposition is assumed.
A first validation experiment was conducted in August 2002 above a winter wheat
field in Braunschweig, Germany. Fig. 5 shows the relative increase in O3
concentration 30 cm above the canopy on August 13. According to the mean wind
direction O3 concentrations was increased up to 530 % above ambient level (34 ppb)
near the O3 point source by a source strength of 760 µgÂV-1 and an exhaust velocity of
1.1 mÂV-1.

Fig. 5: Pattern of relative increase in O3 concentration 30 cm above a winter wheat canopy
downwind of an O3 point source
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(v)
Measurements or observations of the response of the vegetation at the subplots with different deposition rates and derivation of a flux/dose-response
relationship
(vi) Deduction of critical cumulative O3 fluxes (critical O3 loads) to protect the
respective vegetation type
After validation of such a dose-response relationship critical O3 loads can be applied
for site and local scale risk assessments. It must be noted, however, that any upscaling to regional, national or European level is associated with an increase in
uncertainty. Therefore, models for risk assessments on larger scales must be carefully
calibrated by models for site scale risk assessments and not vice versa.
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1. Abstract
The ICP Vegetation clover experiment has provided a unique opportunity to validate
the hypothesis that increasing ozone flux corresponds with increasing biological
damage, in a chamber-free, ambient air exposure system. Measurements of effects on
growth, detected as a reduction in the weight of the ozone sensitive biotype of white
clover (NC-S) relative to the biomass of the resistant biotype (NC-R), were made at
approximately 25 sites per year, spread over 15 European countries plus the USA,
from 1996 - 2001. Stomatal conductance measurements were made at nine of the sites
in 1998-2000. Models of ozone flux were developed from this data using two
approaches: artificial neural networks (ANN) and multiplicative algorithms (MA).
Accumulated fluxes calculated using both methods were better correlated than
AOT40 with biomass ratio for this well-watered system (r2 improved from 0.32 to
0.43 (ANN) and 0.42 (MA)) when flux was accumulated over three months, using 40
ppb as a threshold concentration. The highest correlation with NC-S/NC-R biomass
ratio occurred when flux was accumulated using an MA developed from data for the
NC-R biotype from southern sites, using 5 nmol m-2 s-1 as a flux threshold (r2 = 0.50).
A 5% reduction in biomass of the NC-S biotype relative to that of the NC-R biotype
was associated with an AOT40 of 3.06 ppm.h, and ozone fluxes to the NC-S biotype,
accumulated using 40 ppb as a threshold of 2.99 (ANN) and 3.09 (MA) mmol m-2
over a period of three months.
2. Introduction
For over a decade, much effort has focussed on establishing critical levels of ozone
for vegetation. Initially, ozone critical levels were based on mean concentrations, but
in more recent years, there was sufficient evidence to base critical levels for this
pollutant on an accumulated exposure above a threshold. At the most recent
workshop in Gerzensee (Fuhrer and Achermann, 1999), options for future critical
levels approaches were discussed in detail. The Working Group on Agricultural
Crops concluded that there were two main options: a modified AOT40 approach using
modifying factors for variables influencing ozone uptake by the plants, or a flux response approach. It was suggested at the workshop that the ambient air experiments
of the ICP Vegetation might be suitable for validating level I and level II critical
levels for crops. In these experiments, ozone-sensitive (NC-S) and –resistant (NC-R)
biotypes of white clover are exposed to ambient ozone at about 25 sites, spread across
15 countries of Europe and the USA per year. Effects of ozone are noted as incidences
of ozone injury and as biomass changes in the NC-S biotype relative to that of the
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NC-R biotype. Climatic and pollutant data are collected at the sites on an hourly basis.
Together with stomatal conductance measurements made at nine sites, these data have
been used to establish both dose-response functions and flux-response functions for
this ubiquitous species growing in ambient air.
Since the Gerzensee Workshop, much progress has been made in developing ozone
flux modelling methods. The flux algorithm approach developed by Emberson et al
(2000) from the method of Jarvis (1976) has been further refined. This approach is
used in this paper together with artificial neural network modelling, a non linear
pattern recognition method first used for this type of data by Balls et al (1996). The
initial aim was to consider the feasibility of developing a flux-effect function that
could be applied to all areas of Europe; models based on sub-sets of the data are also
presented. The application of these models to the derivation of a flux-based critical
level for clover is discussed.
3. Experimental Method and Modelling Procedures
3.1 Plant growth and measurement
Each year, cuttings of NC-S and NC-R biotypes of white clover were distributed by
the Coordination Centre at CEH-Bangor to participants of the programme. A standard
protocol developed at the Coordination Centre was followed for establishment and
subsequent exposure of the plants (e.g. UNECE, 2001). Individual plants were placed
in 30 litre pots (20 pots per biotype), which had an integral wick system for watering,
and maintained at a field site away from local pollution sources and major roads.
Plants were inspected regularly for ozone injury. At 28 day intervals, the extent of
ozone injury was assessed and the foliage material was cut down to 7 cm above the
soil surface, then dried and weighed to determine biomass. The plants were allowed
to re-grow before a further harvest 28 days later; 4 - 6 such harvests were performed
at each site each year. Harvest intervals 1-2, 2-3 and 3-4 were used in the data
analysis presented in this paper.
Stomatal conductance measurements were also made according to a standardised
protocol. Measurements were always made on fully developed leaves positioned in
full sun; the fourth leaf from the tip of a stolon was selected for consistency. At each
site, measurements were made on several days during the season, allowing a range of
climatic conditions to be represented in the dataset, and normally between 10 am and
4 pm (several complete days of data are also included in the dataset).
3.2 Quality assurance procedures
All plant, climatic and pollutant data received by the Coordination Centre at CEHBangor were subjected to a rigorous quality assurance procedure (see Mills et al,
2000, for details), ensuring that only data from healthy plants and well-maintained
and calibrated pollutant and climatic monitors were included in the dataset.
The conductance values were standardised to account for the different ways in which
different instruments measure stomatal conductance. A relationship between the
stomatal conductance of the upper and lower leaf surfaces was determined (data not
presented), allowing stomatal conductance to be calculated for the missing surface for
those sites where measurements where only recorded for one of the leaf surfaces. All
conductance measurements from all sites were then expressed as total conductance of
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the upper and lower surface of the leaf, based on the projected leaf area. The resulting
database was subjected to a rigorous quality check. Datasets were excluded from the
database if one or more of the climatic or ozone parameters were missing and where
values were ’erratic’ suggesting instrumentation problems.
3.3 Artificial neural network modelling
The software package, Neuroshell 2.0 (Ward System Group), was used to develop
back propagation neural networks using three-layer multi-layer perceptrons. Seventy
percent of the gs data was used to train the model and 20% was used to test the
accuracy of the model by comparing the predicted gs with the actual gs values. The
remaining 10% of the data were used to cross-validate the results of each network
with data the network had never “seen” before. Each network was trained until the
error for the test data could not be reduced further. The parameters air temperature
(Tair), vapour pressure deficit (VPD), photosynthetically active radiation (PAR),
ozone concentration, AOT40 since last harvest (the clover plants were harvested
every 28 days), time of day, days since last harvest (DSLH) and days since first
harvest (DSFH) were used as inputs, while the stomatal conductance in mmol H2O m2 -1
s was the output. In order to optimise the effectiveness of the network, the number
and combination of inputs and the network parameters: hidden neurons, learning rate,
momentum and initial weight, were varied until the optimum performance was
achieved. The resulting ANN-equation (a complex linear equation with as many
weighting factors as connections between neurons) was expressed as a C-program that
was executed as a subprogram in MS Excel. The subroutine could be used within
many spreadsheet applications providing the input parameters are entered in the
correct order.
To test the accuracy of the different networks in predicting realistic rates of stomatal
conductance, each was applied to diurnal patterns of stomatal conductance measured
under ambient air conditions in the field.
3.4 Multiplicative stomatal conductance modelling
The multiplicative algorithm (MA) that has been used to model stomatal flux has been
described previously in Emberson et al, 2000 and is presented here as equation [1]:
gs = gmax * gpot * glight * max{gmin, ( gtemp * gVPD)}

[1]

where gs is the actual stomatal conductance in mmol H2O m-2 s-1; gmax is defined as
the average maximum stomatal conductance expressed in mmol H2O m-2 s-1 on a total
leaf area basis. The parameters gpot, glight, gtemp and gVPD are all expressed in relative
terms as a proportion of gmax where:
gpot represents the modification to gmax due to phenological changes.
glight represents the modification of gmax by irradiance described by PAR (µmol m-2 s1
)
gtemp represents the modification of gmax by temperature (oC)
gVPD represents the modification of gmax by vapour pressure deficit (VPD) (kPa)
gmin represents the minimum gs that occurs during the daylight period.
The original stomatal flux model also included a soil water parameter, since the
protocol used to collect clover gs data stipulates that plants be grown under well-
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watered conditions, it was not considered necessary to include this parameter in the
flux modelling. Parameterisation was achieved using a boundary line analysis
technique whereby all data points are plotted against each model variable (e.g.
irradiance, temperature and VPD) individually. A boundary line was then fitted
according to generic functions that have been predefined for each model variable
(described in Emberson et al., 2000). In previous studies, the boundary line was fitted
by eye; in this study we attempted a less subjective fitting procedure based on
statistical principles. First, the gs data were divided into classes with the following
step-wise increases for each variable: 50 µmol m-2 s-1 for irradiance, 1 oC for
temperature and 0.1 kPa for VPD. For each class with greater than 10 points, a normal
distribution was assumed and the mean, maximum and minimum were used to
determine the 90th percentile using the “range” rule whereby the range is approx. 4
s.d. and z is 1.64 as follows: 90%ile = mean +(1.64*(0.5*(max-mean))). The
boundary line was fitted around the 90%ile data (excluding any obvious outliers)
using the generic functional shapes described in Emberson et al, 2000.
3.5 Ozone parameter-response modelling
The ANN models and Flux algorithms were used to develop ozone parameterresponse functions for use in the derivation of critical levels for the clover system.
With either method, the ozone flux, FO3 (mol O3 m-2 s-1) was calculated as gs (mol
H2O m-2 s-1) * O3 concentration (mol mol-1)* 0.613, where 0.613 is the ratio of
diffusivities for water vapour and ozone, and is used to convert gs from mol H2O m-2
s-1 to mol O3 m-2 s-1.
The fluxes were accumulated over a 28d period using input data from the ICP
Vegetation database for those sites with a complete dataset. The database contained
148 such datasets representing 8 countries, over the period 1996 to 2001; 19 complete
datasets providing consecutive data for harvest intervals 1-2, 2-3 and 3-4 exist and
were used for three-month accumulations. For comparison with the AOT40
calculation, fluxes were accumulated using 10, 20, 30 and 40 ppb as concentration
thresholds for the hourly means and using 5 nmol O3 m-2 s-1 as a flux threshold. In
the case of concentration thresholds, the summed flux was calculated after subtracting
the threshold from the hourly mean ozone concentration for those daylight hours
where the threshold was exceeded. In the case of flux threshold only fluxes over 5
nmol O3 m-2 s-1 (equivalent to 18 µmol O3 m-2 h-1) were accumulated during daylight
hours. The ratios of the biomass of the NC-S to the NC-R biotypes over 28d or
accumulated over harvest intervals 1-2, 2-3 and 3-4, were used as the biological
response.
4. Results
4.1 Statistical analysis of the database
The ICP Vegetation gs database is summarised in Table 1. The climatic conditions
during the measurements ranged from the cool/low VPD conditions typically found at
UK-Bangor and Sweden-Gothenburg to the hot/high VPD climates typical of ItalyMilan and Italy-Rome. Mean gs values were in the range 178 (Austria-Seibersdorf) 585 mmol H2O m-2 s-1 (Italy-Milan).
There was some colinearity within the database. Not surprisingly, VPD and
temperature were closely correlated (r2 = 0.85), and hourly mean ozone concentration
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was correlated with temperature (r2 = 0.51) and AOT40 since previous harvest (r2 =
0.42). Several different instruments were used to measure stomatal conductance at
the experimental sites (Table 2). These could be loosely categorised into those that
use small gas exchange chambers which allow gs measurements for the upper or lower
surface of a portion of the leaf, or those that have larger climate-controlled closed
chambers and provide a measurement of gs integrated over both surfaces. As
described above, the data were standardised to account for these differences.
ANOVA revealed that there was no significant difference between the data from
instrument category 1 and that standardised for instrument category 2 (p=0.32), and
thus the data were pooled for subsequent analysis. There was a significant influence
of site on gs (p<0.001), but as there was also a significant influence of site on VPD
(p<0.001), one of the main drivers of gs, it was considered reasonable to combine the
data from the nine sites when needed for subsequent analysis.
Analysis of variance of the whole dataset revealed that gs was significantly lower for
the NC-R biotype (n = 2418, mean = 339, SD = 199) than for the NC-S biotype
(n=2639, mean = 393, SD = 209 and p <0.001 for the difference between the means).
After splitting the data by biotype, best subsets multiple linear regression provided
relationships between five input factors and gs that accounted for 22.4% and 25.7% of
the variation for NC-R and NC-S respectively (data not presented). As these were the
best relationships possible for numerous input combinations, the dataset was
processed further to try to improve the fit to the data by calculating the hourly means
for each parameter. Best subsets analysis showed that inclusion of up to 6 factors in
the regression, improved the R2 value to 39.7 % and 33.3% for NC-S and NC-R
respectively with Tair and VPD being the most important influencing factors (data not
presented).
4.2 Development and performance of artificial neural networks for NC-S and NC-R
Following comprehensive training and optimisation procedures (see above), the ANN
model with the best performance for each biotype included all 8 input parameters and
9 hidden neurons. The models had an R²-value for the test data of 0.78 for the NC-S
biotype (named ANNNC-S) and 0.75 for the NC-R clover biotype (named ANNNC-R)
respectively. Neuroshell-2 provided information on the percentage contribution of
each of the inputs into the models. DSLH, VPD and Tair had the highest %
contribution for both biotype ANNs (13.4-15.9%); time of day, PAR and actual ozone
concentration had the lowest contribution for the ANN NC-S (10.1 – 11.6%) whilst
time, DSFH and AOT40 were lowest for ANNNC-R (9.1 -10.9). However, it is notable
that no one factor dominated, and that the percentage contribution per input factor
only varied from 10.1 to 14.7% for ANNNC-S and 9.11 – 15.9% for ANNNC-R.
4.3 Development and performance of multiplicative algorithms for NC-S and NC-R
The initial aim of this work was to use the clover gs dataset to produce one model of
gs per biotype that was applicable to all of Europe. However, it soon became apparent
that this approach might not be appropriate since boundary line analysis would be
dominated by data from southern Europe. For example, Figure 1 illustrates the scatter
within the relationship between gs and VPD for the NC-R dataset. Data from southern
European sites indicated no response to VPD until very high VPDs of 4 kPa were
exceeded. For this reason, the data were separated into a North dataset (Austria,
Belgium, Germany-Essen, Germany-Trier, UK, Sweden) and a South dataset (Italy
Milan (only these data were used for gmax and gmin derivation), Italy Rome, Spain) for
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all subsequent model development. Separate parameterisations were established for
each biotype for each region, and the models were named MANC-S South etc. (Table 3).

UK

Sweden

Spain

Italy-R

Italy-M

Germany-T

Germany-E

Belgium

Austria

Table 1 Number of data sets and mean values for gs, PAR, Tair, VPD, and O3 concentration
for the sites participating in the measurement of stomatal conductance

Number of data sets
1110 304 558
775
1009
1063
34
64
140
178 400 191
472
585
370
202 453
328
gs (mmol H2O-2s-1)
PAR (µ mol m-2s-1)
1274 768 863
1364
1203
877
1064 937
1309
Tair
(° C)
25.5 22.1 27.3
23.2
28.7
29.4
31.3 19.0
17.6
VPD (kPa)
2.06 1.37 2.21
0.70
1.94
2.84
2.32 0.84
0.67
Ozone (ppb)
54
27
20
42
50
41
45
36
22
Sites are: Austria-Siebersdorf; Belgium-Tervuren; Germany-Essen; Germany-Trier; Italy-Milan;
Italy-Rome; Spain-Ebro Delta; Sweden-Gothenburg; UK-Bangor

Table 2:

Instruments used for gs measurements

Instrument Type 1
Belgium
Germany-T
Sweden
Germany-E
Spain

PP Systems IRGA
HCM1000 IRGA
L16200 IRGA
HCM100 IRGA
LICOR 1600 IRGA

Instrument Type 2
Italy - M
ADC-LDA2 IRGA
Italy – R
PP Systems Porometer
UK
Delta T Porometer
Austria
PP Systems Porometer

The figures describing gtemp show that for the biotypes of the southern dataset the
generic gtemp relationship described by Emberson et al, 2000 will significantly
overestimate gs as temperature increases (data not presented). Thus, a polynomial
function was fitted though the boundary data points and was used in place of the
generic function as follows:
NC-R: gtemp = max (gmin, -0.000161*ToC3 + 0.0079* ToC2 - 0.0463 * ToC - 0.37) [2]
NC-S: gtemp = max (gmin, -0.00002* ToC3 - 0.0009* ToC2 + 0.1145 * ToC - 1.08) [3]
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Table 3

Parameterisations for the multiplicative algorithms used to model gs for white
clover.
North
NC-R
gmax (mmol
H2O m-2 s-1)
gmin
glight_a
T_min
T_opt
VPD_max
VPD_min

753
0.1
-0.007
10
28
1.8
4

South
NC-S
780
0.12
-0.013
5
23
2.6
4.8

NC-R

NC-S

816
0.11
-0.013
n.a.1
n.a.1
3.7
6.1

826
0.14
-0.015
n.a1.
n.a.1
2.6
7.2

1

Polynomial functions used, see equations [2] and [3]

4.4 Ozone - response relationships
For comparison with the flux-effect modelling described in this paper, Figure 2
illustrates the response functions for the 28d (r2 = 0.287) and 3 month data (r2=0.319)
for the sites where gs was measured, using AOT40 as the causal parameter. The
biomass of this biotype was clearly reduced at high AOT40 relative to that of the NCR biotype, with NC-S/NC-R biomass ratios of below 0.7 being recorded at sites in
Italy where the AOT40 was between 8.5 and 10.5 ppm.h accumulated over three
months.
ANN NC-S and ANN NC-R were used to accumulate ozone fluxes during daylight hours
for 28 day and three month growing periods using the hourly mean climate and ozone
data from ICP Vegetation sites, and correlated with ratios of NC-S/NC-R biomass in
order to test dose-response relationships (Table 4). Without a flux or ppb threshold in
the summation process, the biomass ratio was poorly correlated with the modelled
flux into either biotype over 28d or three months (r2 = 0.106 to 0.22). Correlation
increased as the flux or ppb threshold increased (data not presented), with the highest
correlation of a r2 of 0.430 and 0.421 for NC-S and NC-R flux respectively occurring
using 40 ppb as the threshold (Figure 3). Separating the sites into those representing
Northern and Southern Europe didn’t improve the r²-values further (data not
presented). There was no correlation between the ratio of the fluxes per biotype with
the biomass ratio using a range of ppb or flux thresholds.
FO3 - biomass relationships developed using the multiplicative approach had similar
correlation coefficients to those found using ANNs (Table 4). The highest correlations
with NC-S/NC-R biomass ratio were found for FO3 calculated using the MA NC-R South
model with either 40 ppb (r2 = 0.459) or 5 nmol m-2 s-1 (r2=0.499) as thresholds. For
comparison with the results from the ANN models, regressions using 40 ppb as a
threshold are shown in Figure 4 (r2 = 0.421 for MA NC-S South and 0.459 for MANC-R
North. No correlation was detected between the ratio of fluxes, with or without a
threshold, and the biomass ratio (Table 4).
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Using the functions described, the AOT40 and the accumulated FO3 associated with a
5% reduction in the biomass of the NC-S biotype have been calculated for comparison
with the existing critical level for crops. The values were an AOT40 of 3.06 ppm.h,
and ozone fluxes to the NC-S biotype, accumulated using 40 ppb as a threshold of
2.99 (ANN) and 3.09 (MA) mmol m-2 over a period of three months.

Table 4:

Regression coefficients (R²) for ozone fluxes calculated using Artificial
Neural Networks (ANN) or Multiplicative Algorithms (MA) against NCS/NC-R biomass ratio accumulated over 28 days or 3 months, using various
thresholds.

Causal parameter

NC-S/NC-R FO3 ratio
NC-S/NC-R FO3 ratio
NC-S/NC-R FO3 ratio
NC-S FO3
NC-S FO3
NC-S FO3
NC-R FO3
NC-R FO3
NC-R FO3

Flux or AOT
threshold

0
40 ppb
5 nmol m-2
0
40ppb
5 nmol m-2
0
40 ppb
5 nmol m -2

Time period for accumulation
ANN
0.018
0.003
0.012
0.106
0.213
0.157
0.128
0.208
0.193

28 d
MA north
0.096
0.052
0.058
0.180
0.221
0.200
0.199
0.222
0.219

MA south
0.068
0.023
0.040
0.238
0.252
0.258
0.252
0.265
0.277

ANN
0.037
0.035
0.077
0.199
0.430
0.303
0.220
0.421
0.342

3 months
MA north
0.160
0.099
0.073
0.248
0.338
0.275
0.299
0.342
0.328

MA south
0.118
0.041
0.070
0.400
0.421
0.439
0.449
0.459
0.499

5. Discussion
The NC-S/NC-R clover biotype system has provided direct evidence of an effect of
ambient ozone in areas where relatively high concentrations occur regularly.
Statistical analysis of the gs data set provided evidence that the NC-S biotype had a
higher gs than the NC-R biotype. However, the differences between the biotypes were
small and were unlikely to explain the different responses to ozone. This was
confirmed by the lack of correlation between biomass ratio and the ratio of the fluxes
(r2 below 0.2, regardless of time period and flux/ppb threshold). On this evidence,
differences in response are more likely to relate to differential detoxification of ozone
in the two biotypes as indicated by biochemical analysis (results from contributing
groups reviewed in Mills et al, 2001). Nevertheless, the ICP Vegetation clover
biotype experiment has clearly shown that the highest biomass reductions occur in
NC-S at sites with the highest predicted ozone fluxes.
It is interesting to note that two quite different modelling approaches have been used
in this paper, and yet the total accumulated fluxes were fairly similar (Figures 3 and
4). The unconstrained ANNs modelled the non-linear interactions between variables,
linking inputs with the outputs via different activation functions (linear, Gaussian,
tanh). In contrast, the multiplicative algorithm focuses on the outer limits (or in this
case the 90th percentiles) of the responses of gs to individual variables. This could be
interpreted in two ways: either both are working equally well, or both are working
equally poorly at predicting gs. With the best r2 values achievable being in the range
0.4 – 0.5, it seems likely that both are performing quite well, but that other important
inputs such as leaf area index and wind speed might be needed for further

135

improvement of the fit of the models. A similar conclusion was drawn by Huntingford
and Fox (1997) when comparing gs for Scot’s Pine modelled using ANNs and Jarvistype functions. These authors concluded that the gross dependencies of gs on the input
parameters were similar in the two models, but that the detail of the responses varied
with those of the ANN being more complex. It was not the intention of the current
study to recommend either method for flux modelling; each was being used on its
own merits as a tool for understanding the measured biomass reduction in NC-S at
"high" ozone sites.
The validity of flux modelling per se for the clover system was investigated to ensure
that both methods were doing more than merely predicting random gs, by testing the
fluxes predicted by ANNNC-S against fluxes calculated using random gs values
between 34 and 899 mmol H2O m-2 s-1 (the range within the NC-S dataset). The result
was that modelled fluxes accumulated over 28 days were significantly lower than
random fluxes (y=1.05x+0.29, r2 = 0.914), suggesting that the ANN model was
indeed mimicking stomatal regulation under the measured meteorological conditions.
Separating these data into those for northern and southern European sites, showed
greater divergence between fluxes generated using random numbers, especially for the
southern sites (data not presented). This may be interpreted as a greater dependence of
gs on the input variables at southern sites.
The high correlation between the accumulated ozone fluxes calculated with random gs
and ANN modelled gs (r2 = 0.914) also demonstrates the large contribution of the
ozone concentration in the calculation of ozone fluxes. This was further apparent
when the ozone flux calculated with random gs was accumulated using a threshold of
40 ppb, was plotted against AOT40 (r2=0.987). By comparison, accumulation of flux
modelled using ANNNC-S with a threshold of 40ppb had a lower slope and an r2 value
of 0.917. Thus, it is not surprising that the r2 value for biomass ratio against
accumulated fluxes modelled using ANNs, was quite similar to that for biomass ratio
against AOT40. Although the random number exercise has not been repeated for the
MA approach, it seems reasonable to assume that the results would be similar.
Thus, the complex modelling described in this paper does not appear to have provided
a large improvement on the use of AOT40 to describe the biomass response of the
white clover system. There are several reasons why this might be. Firstly, gs has been
measured for the fourth leaf along a stolon and has not been upscaled for the whole
canopy; we assume, but do not know, that this leaf is representative of the whole
foliage of the plant. Secondly, each model of leaf conductivity is clearly only as good
as the input data. Both approaches would benefit from more extreme data as gs might
be be close to optimum during the time period when most of the measurements were
made (10 am - 4 pm). The data quality will have also been influenced by inter-site
differences in instrument calibration as well as instrumentation differences. For the
foreseeable future, the data could only be improved by further data standardisation, as
significant financial input into the work of the ICP Vegetation would be required to
standardise the instruments used at each site. It is possible that soil moisture deficit is
a dominant factor in the control of gs in these biotypes of white clover, and thus in
such a well-watered system (water was supplied by wicks), the response to other
environmental variables is less predictable. Finally, ozone flux has been calculated
using ozone concentrations measured at a height of 3-3.5m, and not within the leaf
boundary layer. Since the concentration in that layer is a function of absorbed ozone
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(strongly dependent on leaf conductivity) and atmospheric resistances like turbulence
(strongly dependent on wind speed), this is clearly a source of uncertainty in the
output from the models. Future modelling would thus benefit from additional inputs
such as the ozone concentration at canopy height and the wind speed, in order to
improve the relationship between ozone flux and biological effect.
6. Recommendations for consideration at the Workshop
In summary, this study has shown that:
•

In ambient air, increased ozone flux is associated with increased ozone effect.

•

A 5% reduction in biomass of the NC-S biotype relative to that of the NC-R
biotype was associated with an AOT40 of 3.06 ppm.h, and ozone fluxes to the
NC-S biotype, accumulated using 40 ppb as a threshold of 2.99 (ANN) and 3.09
(MA) mmol m-2 over a period of three months.

•

Ozone fluxes calculated using an artificial neural network or a multiplicative gs
algorithm provided an improved correlation with biomass ratio compared to
AOT40 for this well-watered system.

•

Using either modelling method, the correlation between NC-S/NC-R biomass
ratio and ozone flux was greatest when fluxes were accumulated over a time
period of three months using a threshold; 40 ppb proved best for ANN models,
and 5 nmol m-2 s-1 proved best for the MAs.

•

Further work is needed to investigate whether the flux-effect relationships
described in this paper can be more closely correlated using alternative flux
weighting indices.

7. Acknowledgements
We wish to thank the UK Department for Environment, Food and Rural Affairs for funding the
Coordination of the ICP Vegetation (Contract EPG 1/3/170) and the Steering Committee of the ICP
Vegetation for providing advice. The technical assistance of A. Sorger (Austria) is acknowledged,
together with the contributions from all of the participants in the programme. The contributions of I
Fumagalli were from experiments conducted at ENEL/CESI, Milan, Italy.
8. References
Balls, G. R., Palmer-Brown, D., and Sanders, G. E. (1996) Investigating microclimate influences on
ozone injury in clover (Trifolium subterraneum) using artificial neural networks. New
Phytologist 132:271-280.
Emberson, L., Ashmore, M.R., Cambridge, H.M., Simpson, D. and Tuovinen, J.-P. (2000). Modelling
stomatal ozone flux across Europe. Environmental Pollution 109: 403-413.
Fuhrer, J. and Achermann B. (1999). Critical Levels for Ozone – Level II. Environmental
Documentation No. 115 Air. Workshop under the Convention on Long-Range Transboundary
Air Pollution of the United Nations Economic Commission for Europe (UNECE) Gerzensee,
Switzerland, 11-15 April 1999. Swiss Agency for the Environment, Forests and Landscape
(SAEFL).
Huntingford, C., and Cox, P.M. (1997). Use of statistical and neural network techniques to detect how
stomatal conductance responds to changes in the local environment. Ecological Modelling, 97,
217 -246.
Jarvis, P. G. (1976). The interpretation of variations in leaf potential and stomatal conductance found
in canopies in the field. Phil. Trans. R. Soc. Lond. B. 273: 593 - 610.
Mills, G., Hayes, F., Buse, A., Reynolds, B., (2001). Air Pollution and Vegetation: Annual Report for
the UNECE ICP Vegetation, 2000/01. NERC. ISBN 1 870393 60 0.
UNECE (2001). ICP Vegetation Experimental Protocol for the 2001 Season. ICP Vegetation
Coordination Centre, CEH Bangor, UK.

137

1000
900
800
700

gs

600
North

500

South

400
300
200
100
0
0.00

2.00

4.00

6.00

8.00

VPD (kPa)

Figure 1: The ICP Vegetation stomatal conductance data, illustrated as VPD versus stomatal
conductance (mmol m-2 s-1), and separated into data from northern sites (Austria, Belgium, GermanyEssen, Germany-Trier, UK, Sweden) and southern sites ( Italy Milan, Italy Rome, Spain).
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Figure 2: Response of NC-S/NC-R biomass ratio to AOT40 over 28 days and three months (complete
datasets from 1996 - 2001).
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Figure 4: Response of NC-S/NC-R biomass ratio to FO3 calculated using (a) MA NC-S South and (b) MA
NC-R South, using 40 ppb as a threshold, and accumulated over 3 months.
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– improvements by ozone uptake modelling and the use of an effect
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Abstract: The current short-term critical levels for acute ozone injury on plants were
evaluated based on 32 datasets from eastern Austria, Belgium and southern Sweden
with subterranean clover (Trifolium subterraneum L., cv. Geraldton). Potential
improvements using an exposure index related to ozone uptake (CUO, Cumulated
Uptake of Ozone), a modified AOT (mAOT) exposure index and the introduction of
an effect threshold in the short-term critical level were investigated. The existing
short-term critical levels did not accurately describe the effects in terms of observed
visible injury. Using a mAOT based on solar radiation and VPD improved the
explanation of observed visible injury. However, using a simple stomatal conductance
model, driven by solar radiation, air temperature, VPD and ozone uptake, the
correlation between modelled and observed effects were considerably improved. The
best performance was obtained when an ozone uptake rate threshold concentration of
10 nmol m-2 s-1 (CUO10, per unit total leaf area) was used. The results suggested the
use of an effect threshold of 10% leaf injury in order to minimize the risk of
erroneously recorded visible injury due to observation technique or other injuries hard
to distinguish from ozone injury. A new, CUO based exposure index was suggested,
an ozone exposure of CUO10  PROP-2 during an exposure period of eight days
was estimated to prevent more than 10% visible injury of the leaves. This study
strongly suggests that a simple model for ozone uptake much better explains observed
effects, compared to the currently used exposure index AOT40. However, if a lower
degree of complexity, data requirements and also a lower extent of explanation of
observed effects are to be considered a new short term critical level, based on a
mAOT may be suggested: a mAOT30 of 160 ppb h during an exposure period of eight
days is estimated to protect the leaves from visible injury on more than 10% of the
leaves.
Key words: AOT40, clover, Trifolium subterraneum, visible injury, Cumulative
Uptake of Ozone (CUO), Modified AOT (mAOT)
Introduction
One of the first effects by ground-level ozone to be observed in plants was visible leaf
injury. Already around 1950 such effects were established in California (Middleton et
al., 1950) and certain cultivars of Tobacco (Nicotiana tabacum), were used as
bioindicators of phytotoxic ozone already in the 1950s in the US (Heggestad, 1991).
Later, starting mainly in the 1970s, visible leaf injury by ozone was also considered in
Europe (e.g. Jacobson, 1977; Ashmore et al., 1978). Within the Convention on LongRange Transboundary Air Pollution (CLRTAP), the co-operative programme ICP-
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Vegetation was set up by the end of the 1980s. Soon after that, ozone sensitive clovers
became used in the experimental programme of ICP-Vegetation over Europe. For a
number of years, the clover species Trifolium subterraneum L., cv. Geraldton, was
used as the core experimental bioindicator plant by ICP-Vegetation (Benton et al.,
1995).
Based on the experiences obtained, mainly with T. subterraneum, within ICPVegetation, short-term critical levels for acute injury of ozone on plants were defined
at the United Nations Economic Commission for Europe (UNECE) workshop in
Kuopio in 1996 (Benton et al., 1996; Kärenlampi & Skärby, 1996) and were included
in the Mapping Manual of the CLRTAP (Umweltundesamt, 1996). These critical
levels values were intended to assess the risk for acute ozone injury on sensitive
plants. The only adjustment to different climatic conditions, which potentially have
strong effects on ozone uptake via their influence on stomatal conductance, was the
use of a cut-off level for air water vapour pressure deficit (VPD) as an average 09:30
until 16:30. The current short-term critical levels are:
500 nmol mol-1 hours AOT40 for 5 days with a mean VPD above 1.5 kPa (9:30-16:30)
200 nmol mol-1 hours AOT40 for 5 days with a mean VPD below 1.5 kPa (9:30-16:30)

Since visible ozone injury represents the most direct evidence of the harmfulness of
presently occurring, elevated ozone concentrations, the short-term critical levels
represent an important instrument for environmental monitoring and for the policy
process. Although visible leaf injury in sensitive plants do not necessarily represent as
serious economic damage to vegetation, similar to crop loss or impaired forest growth
except for some horticultural crops, it consists of an impact category which can be
easily demonstrated and thus used to highlight the problem of phytotoxic ozone to a
broad audience (Klumpp et al., 2002).
The aims of the present investigation were: 1. to test the current short-term critical
levels using data from experiments with Trifolium subterraneum from three different
countries in Europe, 2. to test if the performance of the short-term critical levels can
be improved by using a simple stomatal conductance model to estimate leaf ozone
uptake, 3. to test the performance of a modified AOT (mAOT) approach and 4. to
investigate the relevance of including an effect threshold in the short-term critical
level, which is lacking in the currently used concept.
Materials and Methods
Clover experiments
This paper is based on experiments performed with subterranean clover, Trifolium
subterraneum cv. Geraldton, in eastern Austria, Belgium and southern Sweden. In
total 32 datasets from experiments conducted between 1991 and 1995 were used.
Basic data from the experiments are presented in Table 1. As can be inferred from the
Table, the temperatures and VPD values were on average higher in Austria, but also
in Belgium, compared to Sweden. The range of observed visible ozone injury on the
clover leaves was large in all three countries. Visible injury was assessed manually by
classing the leaves as injured or not injured. The percent injured leaves of total
number of leaves for the different experiments are presented in Table 1. Ozone
concentrations were monitored nearby the experiments. For Sweden, a number of
open-top chamber studies with Trifolium subterraneum were included. The results
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from the Swedish experiments in 1991 and 1992 have been published earlier in a
different context (Pihl Karlsson et al., 1995). Ozone concentration and wind speeds
were observed in different heights in the different sites. All ozone concentrations and
wind speeds were recalculated to 1 m level based on principles suggested by Pleijel
(1998) and Tuovinen (2000). The values of ozone concentrations and wind speeds in
Table 1 have been recalculated.
Table 1. Average levels of visible injury (injured leaves in percent of total number of leaves),
ozone concentrations (recalculated to 1m height) and climate variables (daylight hours): wind
speed (recalculated to 1m height), Photosynthetic Active Radiation (PAR), Temperature,
Water Vapor Pressure Deficit (VPD) for the different experiments. The averages represents
the period from 1 week after emergence until analysis. AA = Ambient Air; OTC = Open-Top
Chamber.
EXPERIMENT

Visible
injury, %

Ozone, nmol
mol-1

Wind speed,
m s-1

PAR,
PROP-2 s-1

Temperature,
ºC

VPD,
kPa

SWEDEN:1991:1:AA

22.40

39

1.30

608

18.9

0.71

SWEDEN:1991:2:AA

7.90

33

1.47

551

16.9

0.54

SWEDEN:1992:1:AA

9.47

30

1.68

632

19.6

0.83

SWEDEN:1994:1:AA

8.37

34

1.35

692

17.3

0.73

SWEDEN:1994:2:AA

45.54

47

1.15

821

23.6

1.42

SWEDEN:1995:1:AA

1.78

30

1.25

670

17.5

0.51

SWEDEN:1995:2:AA

18.51

31

1.13

841

21.0

0.79

SWEDEN:1995:3:AA

5.48

27

1.60

521

16.0

0.52

AUSTRIA:1994:1:AA

0.05

25

1.27

1022

22.5

1.25

AUSTRIA:1994:2:AA

7.41

33

0.85

1030

24.8

1.60

AUSTRIA:1994:3:AA

1.10

32

0.93

795

21.7

1.03

AUSTRIA:1995:1:AA

0.20

28

0.97

951

20.6

0.96

AUSTRIA:1995:2:AA

22.87

36

1.10

1032

26.2

1.71

AUSTRIA:1995:3:AA

5.06

30

0.92

877

23.0

1.29

AUSTRIA:1995:4:AA

1.32

35

1.02

1058

26.0

1.81

AUSTRIA:1995:5:AA

10.22

26

1.08

677

19.6

0.85

BELGIUM:1992:1:AA

1.47

33

2.75

742

23.3

1.21

BELGIUM:1992:2:AA

14.09

20

2.49

599

20.4

0.71

BELGIUM:1992:3:AA

2.67

14

3.08

517

14.9

0.51

BELGIUM:1993:1:AA

9.64

24

2.44

574

20.0

0.97

BELGIUM:1993:2:AA

0.00

22

2.71

538

20.1

1.06

BELGIUM:1994:3:AA

0.20

15

3.32

442

18.8

0.74

BELGIUM:1995:1:AA

14.67

38

2.40

1011

22.4

0.90

BELGIUM:1995:2:AA

29.24

49

2.44

946

24.9

1.34

SWEDEN:1991:3:OTC

1.60

9

-

466

19.3

0.57

SWEDEN:1991:4:OTC

11.50

24

-

466

19.3

0.57

SWEDEN:1992:2:OTC

9.68

9

-

531

20.5

0.82

SWEDEN:1992:3:OTC

32.99

17

-

531

20.5

0.82

SWEDEN:1992:4:OTC

4.49

9

-

399

17.1

0.37

SWEDEN:1992:7:OTC

6.93

23

-

399

17.1

0.37

SWEDEN:1992:10:OTC

28.17

36

-

399

17.1

0.37

SWEDEN:1992:13:OTC

46.52

48

-

399

17.1

0.37
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Ozone exposure indices
The following ozone exposure indices were tested: AOT (accumulated exposure over
a threshold concentration based on hourly averages of the ozone concentration,
Kärenlampi and Skärby, 1996) calculated as nmol mol-1 hours, using concentration
cut-offs from 0 nmol mol-1 up to 60 nmol mol-1 with 10 nmol mol-1 steps, CUO
&XPXODWHG8SWDNHRI2]RQH LQ PROP-2 per unit total leaf area using 12 different
cut-offs: 0, 0.5, 1, 2, 3, 4, 6, 8, 9, 10, 11, 12, 13 and 14 nmol m-2 s-1 and modified
AOT where mainly the influence of solar radiation and air water vapour pressure
deficit (VPD) were considered. Also the duration of the relevant exposure period
(range: 1-21 days) and the effect of including a lag period (range: 0-7 days) between
the end of the exposure period and the day of observation of visible injury were
tested.
Stomatal conductance model
A limited number (n = 110) of stomatal conductance measurements were available
from a Swedish experiment performed in 2000 which included different ozone levels
in open-top chambers (Pihl Karlsson et al., 2002), as well as from additional
measurements in the ambient air from 2001, to parameterise a simplified,
multiplicative, Jarvis-type stomatal conductance model (Jarvis, 1976). The stomatal
conductance measurements were made using a Li-Cor 6200 portable exchanges
system (Pihl Karlsson et al., 2002). As a basis for the parameterisation the general
concept suggested by Emberson et al. (2000) was used. Values for maximum (gmax)
and minimum (gmin) conductance per unit total leaf area were extracted from the data
set, which included night-time measurements.
The model assumed that the stomatal conductance could be described by
multiplicative functions of different factors acting independently. The factors in the
model are expressed in relative terms and vary between 1 and 0. If the factors are 1
they do not influence the conductance, and if they are less than 1 they modify gmax
negatively.
The stomatal conductance gs, was simulated with the following factors:
gs = gmax * gpot * grel
(1)
grel, = ( gtemp * glight* gozone * gVPD) if grel > gmin otherwise grel = gmin

(2)

where gs is the stomatal conductance in mmol H2O m-2 (total leaf area) s-1, gpot
represents phenological changes during leaf life span, gtemp represents the influence by
air temperature (oC), gVPD by water vapour pressure deficit of the air (VPD) (kPa),
glight represents the effect by solar radiation expressed as the photosynthetically active
radiation (PAR) (µmol m-2 s-1) and gozone modifies gmax by ozone described by the
DFFXPXODWHG&82 PROP-2) calculated from one week after emergence of the first
trifoliate leaf until one hour before the hour that is being calculated.
The uptake of ozone into the leaf was calculated from the ozone concentration and the
stomatal conductance but also by the leaf boundary layer conductance. The value of
the boundary layer conductance to heat transfer (mm s-1) was given by (Jones, 1992):
gaH = 6.62 * (u/d)0.5

(3)
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and was recalculated for ozone. In Equation (3) d is the characteristic dimension (m)
and u is the wind velocity (m s-1). In this study d was taken to be 0.01 m for the clover
leaves. The conductance for water vapour was converted to conductance for ozone by
dividing with the factor 1.65. This factor takes into account the differences in
molecular diffusivity between water and ozone.
The mAOT was calculated by multiplying the ozone concentration each hour with the
VPD-factor (gVPD) developed for the CUO model. Then the mAOT were accumulated
for the different exposure periods with two different considerations of solar radiation:
firstly as the current short-term critical levels where global radiation > 50 W m-2 and
secondly by multiplying the VPD-modified ozone concentrations each hour by the
light-factor (glight) from the CUO model.
Results
Stomatal conductance model
The parameterisation of the stomatal conductance model regarding the multiplicative
factors gVPD, glight, gtemp and gozone is presented in Figure 1.
IF PAR =  PROP-2 s-1 THEN y = 1.0

IF VPD < 1.1 kPa THEN y = 1.0
IF VPD > 1.9 kPa THEN y = 0.02
IF VPD = 1.1 kPa AND = 1.9 k Pa THEN y = -1 .1x + 2.21

IF PAR = PROP-2 s-1 $ 1'PROP-2 s-1
THEN y = -0.000009x2 + 0.00 6x + 0.014
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Figure 1. Boundary lines including equations and stomatal conductance measurements in
relation to the four stomatal conductance modifying factors included in the simple Jarvis type
multiplicative model used for Trifolium subterraneum: VPD (air water vapour pressure
deficit), light (based on PAR, photsythetically active radiation), air temperature and
cumulated uptake of ozone CUO.
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For the temperature factor it was not possible to strictly use the boundary line
technique because the most stomatal conductance measurements were performed in a
narrow range of temperatures. Therefore a broader function was used. The highest
measured stomatal conductance value was 585 mmol H2O m-2 s-1. In line with this gmax
was set to 600 mmol H2O m-2 s-1. The lowest observed conductance values were
approximately 2% of the maximum values and consequently gmin was set to 0.02. The
gpot factor was set to 0.4 the first week after emergence of the first trifoliate leaf and at
later stages to 1.0, based on the observation that newly developed leaves initially had
substantially lower (approximately 50%) of the conductance of fully developed
leaves. In practice, this factor had little influence since the best correlations between
effect and ozone exposure was obtained for relatively short exposure periods before
observation of leaf injury, not including the period during which many leaves were
less than one week old. CUO, using no cut-off, calculated for the period after the first
week (after emergence of the first trifoliate leaf) until the hour before the plants were
checked for visible injury, was used to define gozone. The gozone factor was developed
based on stomatal conductance measurements in the open-top chamber experiment in
Sweden, 2001.
Test of the current critical levels
The result of the test of the current short-term critical levels is presented in Figure 2ab. For the case with VPD < 1.5 kPa, a weak relationship between visible injury and
AOT40 during five days was obtained (Figure 2a). When situations with VPD > 1.5
kPa were considered (Figure 2b) a weak relationship was obtained between visible
injury and AOT40.
Test of alternative exposure indices
The exposure indices tested, which provided the best fit with the observed extent of
visible injury (% injured leaves) were CUO10 using an exposure period of eight days
and no lag period. The correlation coefficient was 0.78. The relationship between
visible injury and CUO10, during eight days before observation of visible injury is
shown in Figure 2c. Different non-linear relationships were tested but the correlation
coefficient for those analyses were less than 0.78. Table 2 presents the different
correlation coefficients and the percent injury at index =0 with the different thresholds
for CUO, current AOT critical levels and mAOT30 and mAOT40.
The best performing AOT-index was one of the AOT30 indices: AOT30 during five
days before observation of visible injury (VPD < 1.5 kPa, ozone exposure
accumulated during daylight hours) having a correlation coefficient of 0.58.
Generally, the use of a flux threshold or cut-off concentration for the CUO and AOT
indices, improved the correlation with observed effects up to approximately 9-10
-2 -1
nmol m s and 30 nmol mol-1, respectively. At higher ozone uptake thresholds or cutoffs for the AOT indices the correlation between observed visible injury and ozone
exposure declined.
The mAOT30 index explained 60% of the variation of the observed extent of visible
injury (% injured leaves) accumulated during solar radiation > 50 W m-2 using an
exposure period of eight days. The relationship between visible injury and mAOT30
during eight days before observation of visible injury is shown in Figure 2d. The
relationship between visible injury and accumulated mAOT30 using the glight factor,
resulted in almost exactly the same relationship as between visible injury and
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accumulated mAOT30 using solar radiation > 50 W m-2. The correlation coefficients
for mAOT30 and mAOT40 are presented in Table 2. For the mAOT40 index the
distribution of data along the x-axis was very uneven, with a cluster of points at zero
x, and, as a result, a very high degree of injury (23 % according to the regression)
associated with zero exposure.
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Figure 2. The currently used short-term critical level, AOT40 accumulated over 5 days with
VPD < 1.5 kPa (09:30-16:30), 22 datasets (A). The currently used short-term critical level,
AOT40 accumulated over 5 days with VPD > 1.5 kPa (09:30-16:30), 10 datasets (B). The
extent of visible injury plotted versus the best flux-based index CUO10 (C). The CUO period
was eight days before observation of visible injury. The extent of visible injury plotted versus
mAOT30 (D). The accumulation period was eight days before observation of visible injury.
The accumulation was made during daylight hours (Global radiation > 50W m-2). In all
Figures the 99% confidence interval is included. The dotted vertical line in the Figures A & B
represents the two current short-term critical levels. The dotted vertical line in Figure C
represents the suggested new short-term critical level for CUO and the dotted vertical line in
Figure D represents the suggested new short-term critical level for mAOT30.
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Table 2. Correlation coefficients and the percent injury at index =0 for CUO with the
different thresholds, current AOT critical levels and mAOT30 and mAOT40.
% observed injury at index = 0
Index (length of period)
r2
CUO0 (8 days)
CUO0.5 (8 days)
CUO1 (8 days)
CUO2 (8 days)
CUO3 (8 days)
CUO4 (8 days)
CUO6 (8 days)
CUO8 (8 days)
CUO9 (8 days)
CUO10 (8 days)
CUO11 (8 days)
CUO12 (8 days)
CUO13 (8 days)
CUO14 (8 days)
CUO15 (8 days)
CUO16 (8 days)
AOT 40 VPD<1.5 kPa
AOT 40 VPD>1.5 kPa
MAOT0
MAOT30
MAOT40

0.33
0.34
0.36
0.39
0.44
0.50
0.63
0.73
0.77
0.78
0.76
0.70
0.63
0.57
0.53
0.51
0.27
0.38
0.25
0.60
0.64

4
4
10
10
10
12
12
23
23
28
29
14
10
10
23

Figure 3 shows the relationship between the estimated ozone uptake (hourly values)
-2
-1
above the threshold 10 nmol m s and the ozone concentrations in the air,
recalculated to 1m height. Concentrations below 31.4 nmol mol-1 did not contribute to
the index. Above this concentration, contributions will be obtained to the index
CUO10 depending on the estimated stomatal conductance. Quite generally, like in
Figure 2a-b, the use of a VPD cut-off in the different AOT indices, i.e. excluding the
experiments with high average VPD, improved the correlation between visible injury
and ozone exposure. Furthermore, it can be seen that the ozone uptake at similar
concentrations was lower in the OTCs, as compared to ambient air. This was probably
due to the fact that the boundary layer conductance were lower and thus restricted the
uptake of ozone inside the OTCs than outside in the ambient air.
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Figure 3. Hourly CUO10YDOXHV PROP-2, in relation to hourly ozone concentrations (nmol
mol-1) for all 32 datasets included the study. The ozone concentrations were recalculated to 1
m height.
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Table 3 shows the percentage contribution to CUO10 in different ozone concentration
intervals for the different countries, for the AA and OTC treatments in Sweden and
for all experiments. In Austria high ozone concentrations were associated with low
conductance due to high VPD and temperature and most of the CUO10 was
accumulated in the ozone concentration range from 35 to 40 nmol mol-1. High ozone
concentrations were to a lesser extent linked to low conductance in Belgium
compared to Austria. Here, ozone concentrations in the range from 60 to 90 nmol mol1
contributed substantially to CUO10. Despite substantially lower ozone concentrations,
concentrations in range above 60 nmol mol-1 were more important for CUO10 in the
Swedish AA experiments compared to Austria, because of the more favourable
conditions for stomatal opening. The large contribution to CUO10 in the range of 7180 nmol mol-1 in the Swedish OTC experiments was related to the addition of ozone in
some of the chamber experiments.
Table 3. Percentage contribution to CUO10 (eight days before observations of visible injury)
and the current short-term critical level AOT40 with VPD below or above 1.5 kPa (five days
before observations of visible injury) in different ozone concentration intervals for the
different countries, for all AA experiments included in the study.
Ozone concentration (nmol mol-1) intervals
<30

3035

3640

4145

4650

5160

6170

7180

8190

0

13

60

18

9

0

0

0

0

0

0

0

0

9

14

19

18

14

9

16

0

0

0

4

11

10

12

28

26

9

0

0

0

All (CUO ) (24 exp)

0

4

13

11

14

24

22

9

4

0

0

Austria (AOT40; VPD<1.5 kPa) (2 exp)

0

0

0

100

0

0

0

0

0

0

0

Belgium (AOT40; VPD<1.5 kPa) (8 exp)

0

0

0

1

4

13

8

14

41

19

0

Sweden (AOT40; VPD<1.5 kPa) (6exp)

0

0

0

11

19

43

24

3

0

0

0

All (AOT40; VPD<1.5 kPa) (16 exp)

0

0

0

5

9

24

15

9

26

12

0

Austria (AOT40; VPD>1.5 kPa) (6 exp)

0

0

1

18

36

31

14

0

0

0

0

Sweden (AOT40; VPD>1.5 kPa) (2exp)

0

0

0

11

12

22

41

12

0

0

0

All (AOT40; VPD>1.5 kPa) (8 exp)

0

0

0

15

25

27

27

6

0

0

0

Austria (CUO10) (8 exp)
10

Belgium (CUO ) (8 exp)
10

Sweden (CUO ) (8 exp)
10

91-100 >100

Effect thresholds
As evident from the Figure 2a and c, and to some extent also Figure 2b, the range of
observed visible injury at zero exposure was approximately from 0% up to 10%
x
visible injury. This pattern did not depend on the particular choice of CUO or AOTx
as exposure indices, although at very low flux rate thresholds or cut-off
concentrations, some of the observed injury levels below 10% were associated with a
certain amount of ozone exposure. In these cases, however, the correlation between
observed effect and exposure was much weaker than in Figure 2c. In Figure 2 the
different confidence intervals are shown and for both CUO10 and mAOT30 the upper
confidence limit at index = 0 was just below or at 10%.
Discussion
The purpose of the short-term critical levels is to ensure protection of all plants to
acute ozone injury. The currently used short-term critical level refers to the
occurrence of visible leaf injury during ozone episodes. The current critical levels is
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based on the ozone exposure of the plants during daylight hours expressed as AOT40
(Accumulated exposure Over the Threshold 40 nmol mol-1 ozone).
The results of the present study clearly indicated that the current short-term critical
levels do not ensure protection of all plants to acute ozone injury. The correlation
between observed visible injury and ozone exposure was weak for both cases with
low and high VPD. This reflects the fact that the stepwise procedure using one
AOT40 value below and another, 2.5 times larger value, above the VPD threshold
does not accurately describe the exposure situation. When only Swedish data were
used (Pihl Karlsson et al., 2003), AOT30, and to a lesser extent also AOT40,
performed relatively well, at least for situations with VPD < 1.5 kPa. This was
however not the case when the data from three countries were combined, which
reflects the influence of the more fundamental variation in climate from south
Scandinavia with mainly relatively cool summers, over Belgium with a warmer, but
still relatively humid climate of western Europe to eastern Austria with a much more
arid, continental climate. The fact that AOT30 worked well in Sweden can probably
be attributed to the fact the climatic variation was small compared to the climatic
-2
variation between the three countries. It is worth to note that the threshold 10 nmol m
-1
10
s in CUO corresponds to ozone exposure starting to be added at a concentration
-1
slightly above 30 nmol mol ozone. Thus, when visible ozone injury in subterranean
clover is considered, a relation between AOT30 and CUO10 exists, but if the stomatal
10
limitation to ozone uptake is strong the contribution to CUO will be very small or
absent also in the concentration range immediately above 30 nmol mol-1.
A disadvantage of the current concept for the short-term critical level is the stepwise,
discontinuous procedure around the threshold VPD value. One advantage in using an
ozone uptake approach is that no such threshold is needed. The results are explained
by one and the same model without non-realistic discontinuities. In many plants 1.5
kPa VPD, and according to the present study T. subterraneum is one of them, is just
where the sensitivity of the stomatal conductance to VPD is largest. This was the
background to the choice of this threshold, but the strong sensitivity of stomatal
conductance to VPD values of this magnitude is also a reason why a strong
discontinuity in the definition of the current short-term critical levels fails to explain
observed effects. The importance of VPD for the explanation of observed effects in
terms of visible injury was confirmed by Ribas & Peñuelas (2003). They also
concluded that the VPD-factor are especially important in the Mediterranean region.
Ideally, a critical level should have a relatively simple definition to make mapping
easy. The definition also needs to be sufficiently robust to apply to sensitive
vegetation growing in a diverse range of climates. The latter is hard to achieve if not
the stomatal limitation of ozone uptake is quantitatively taken into account. The larger
complexity and larger data requirements of the CUO approach have to be balanced
against the closer correlation with observed effects.
It seems relevant to use a visible injury threshold in a new definition of the short-term
critical level. This was shown already in the investigation by Pihl Karlsson et al
(1995) and was confirmed by Pihl Karlsson et al (2003). The present investigation
indicated that a 10% injury level will minimize the risk of erroneously concluding that
ozone injury is present, due to observation technique or other injuries not caused by
ozone but hard to distinguish from ozone injury.
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Visible injury by ozone represents an important impact category which may easily be
demonstrated and communicated (Klumpp et al., 2002). This supports the continued
use, but also the revision, of the current short-term critical level. Based on the present
study a new short term critical level, based on a simple model for stomatal
conductance and visible ozone injury in Trifolium subterraneum can be suggested: a
CUO10RI PROP-2 during an exposure period of eight days is estimated to protect
the leaves from visible injury on more than 10% of the leaves. The result of the study
strongly suggests that an ozone uptake based exposure index for phytotoxic ozone
much better explains observed effects of visible injury (% injured leaves) than the
concentration based and currently used exposure index AOT40 in combination with a
cut-off value for VPD. However, if a lower degree of complexity and data
requirements are to be considered a relatively simple modification of AOT by
considering solar radiation and by using a VPD-factor may be used. But it also have
to be taken under consideration that the correlation with observed effects was about
20% lower when using the mAOT-approach compared to if the CUO-approach was
used. A new short term critical level, based on such a modified AOT may be
suggested: a mAOT30 of 160 ppb h during an exposure period of eight days is
estimated to protect the leaves from visible injury on more than 10% of the leaves.
Acknowledgements
Thanks are due to Stiftelsen Oscar och Lili Lamms Minne for funding the work
performed by Gunilla Pihl Karlsson with the present study and the Mistra-Research
funded ASTA programme for the work performed by Håkan Pleijel. This publication
was performed within the ASTA-programme under the Mistra research foundation.
References
Ashmore, M.R., Bell, J.N.B., Reily, C.L. 1978. A survey of ozone levels in the British Isles using
indicator plants. Nature 276, 813-815.
Benton, J., Fuhrer, J., Sanchez-Gimeno, B., Skärby, L. & Sanders, G. E. 1995. Results from the
UN/ECE ICP-Crops indicate the extent of exceedance of the critical levels of ozone in
Europe. Water, Air and Soil Pollution 85, 1473-1478.
Benton, J., Fuhrer, J., Sanchez-Gimeno, B., Skärby, L., Palmer-Brown, D. Roadknight, C. & SandersMills, G. 1996. The critical level of ozone for visible injury on crops and natural
vegetation (ICP-Crops). In: Kärenlampi, L. & Skärby, L. (Eds.) (1996). Critical levels
for ozone in Europe: Testing and finalising the concepts. UN-ECE Workshop Report.
University of Kuopio, Department of Ecology and Environmental Science, 363 pp.
Emberson, L.D., Ashmore, M.R., Cambridge, H.M., Simpson, D. & Tuovinen, J.-P. 2000. Modelling
stomatal ozone flux across Europe. Environmental Pollution 109, 403-413.
Heggestad, H.E. 1991. Origin of Bel-W3, Bel-C and Bel-B tobacco varieties and their use as indicators
of ozone. Environmental Pollution 74, 264-291.
Jacobsen, J.S. 1977. The effects of photochemical oxidants on vegetation. VDI-Berichte 270, 163-173.
Jarvis, P.G. 1976. The interpretation of the variations in leaf water potential and stomatal conductance
found in canopies in the field. Philosophical Transactions of the Royal Society,
London B273, pp. 593-610.
Jones, H.G. 1992. Plants and microclimate. A quantitative approach to environmental plant physiology.
2nd ed. Cambridge University Press.
Kärenlampi, L. & Skärby, L. (Eds.) 1996. Critical levels for ozone in Europe: Testing and finalising the
concepts. UN-ECE Workshop Report. University of Kuopio, Department of Ecology
and Environmental Science, 363 pp.
Klumpp, A., Ansel, A., Klumpp, G., Belluzzo, N., Calatayud, V., Chaplin, N., Garrec, J.P., Gutsche,
H.-J., Hayes, M., Hentze, H.-W., Kambezidis, H. Laurent, O., Peñuelas, J., Rasmussen,
S., Ribas, A., Ro-Poulsen, H., Rossi, S., Sanz, M.J., Shang, H., Sifakis, N., Vergne, P.
2002. EuroBionet: A pan-European biominotoring network for urban air quality
assessment. Environmental Science and Pollution Research 9, 199-203.

150

Körner, C. 1994. Leaf diffusive conductances in the major vegetation types of the globe. In: Schultze
ED, Calwell MM editors. Ecophysiology of photosynthesis. Ecological Studies 100.
dSpringer, Berlin/Heidelberg/New York, pp 463 -490.
Middleton, J.T., Kendrick, J.B., Schwalm, H.W. 1950. Injury to herbaceous plants by smog or air
pollution. Plant Disease Reporter 34, 245-252.
Pihl Karlsson, G., Selldén, G., Skärby, L., Pleijel, H. 1995. Clover as an indicator plant for phytotoxic
ozone concentrations: visible injury in relation to species, leaf age and exposure
dynamics. New Phytologist 129, 355-365.
Pihl Karlsson, G., Karlsson, P.E., Danielsson, H., Pleijel, H. 2002. Impact of daytime and/or night-time
ozone exposure on visible injury and leaf conductance of Subterranean Clover,
Trifolium subterraneum. In: Klumpp, A., Fomin, A., Klumpp, G., Ansel, W. (eds.):
Bioindication and Air Quality in European Cities – Research, Application,
Communication. Heimbach Verlag, Stuttgart. ISBN 3-935380-09-7.
Pihl Karlsson, G., Karlsson, P.E., Danielsson, H., Pleijel, H. 2003. Clover as a tool for bioindication of
phytotoxic ozone – 5 years of experience form Southern Sweden – consequences for
the short-term critical level. Science of the Total Environment. 301/1-3, 205-213.
Pleijel, H. 1998. A suggestion of a simple transfer function for the use of ozone monitoring data in
dose-response relationships obtained using open-top chambers. Water, Air and Soil
Pollution 102, 61-74.
Ribas, A & Peñuelas, J. 2003. Biomonitoring of tropospheric ozone phytotoxicity in rural Catalonia.
Atmospheric Environment. 37, 63-71.
Tuovinen, J.-P. 2000. Assessing vegetation exposure to ozone: properties of the AOT40 index and
modifications by deposition modelling. Environmental Pollution 109, 361-372.
Umweltbundesamt 1996. Manual on Methodologies and Criteria for Mapping Critical Levels/loads and
Geographical Areas where they are Exceeded (Texte 71/96). Federal Environmental
Agency (Umweltbundesamt, UBA), Berlin, Germany.

151

In Establishing Ozone Critical Levels II (Karlsson, P.E., Selldén, G., Pleijel, H., eds.). 2003. UNECE Workshop Report. IVL
report B 1523. IVL Swedish Environmental Research Institute, Gothenburg, Sweden.

Derivation of critical absorbed doses for ozone using an ozone
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Germany

Introduction
The exchange of ozone (O3) between the atmosphere near the ground and the
phytosphere is controlled by complex interactions of meteorological and biological
processes. The European critical levels for ozone to protect vegetation have been
deduced mainly from fumigation experiments in open-top chambers. As reported by
several authors the application of these values in ambient air reflects the exchange
process and ozone uptake insufficiently. Therefore, there is a strong need for fluxorientated concepts, which leads to a derivation of critical absorbed doses for ozone,
PAD(O3), to protect vegetation. This paper describes the derivation of such a critical
absorbed dose for the onset of visible injury on the O3 sensitive clover clone NC-S (cf
Heagle et al. 1995). The study was performed in 1996 - 1999 at the Environmental
Monitoring and Climate Impact Research Station Linden near Giessen, Germany (cf
Grünhage et al. 1996). A standard protocol developed by the ICP Vegetation
Coordination Centre was followed for the establishment of the plants (cf UNECE
2001). They were exposed in pots (∅ = 31.5 cm) at canopy height within the seminatural grassland in Linden.
Clover canopy development
Gas exchange between the clover canopies and the atmosphere is simulated using the
PLant-ATmosphere INteraction model (PLATIN; cf Grünhage & Haenel 1997).
Together with leaf area index and canopy height, O3 concentration measured at a
reference height above the canopy as well as horizontal wind velocity, global
radiation, air temperature, air humidity, air pressure and precipitation are needed as
input parameters. The leaf area of the clover plants and canopy height (h) were
measured every 4 days during the exposure periods in 1997 - 1999. Fig. 1 gives an
example of the development of the leaf area index (LAI).

Fig. 1: Development of leaf area index (LAI)
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Development of LAI and canopy height h can be described by

(

LAI = a 1 − e b x

)c

and

h = h0 + d x

with x the running number of the days of each 28-day exposure period and h0 the
canopy height at the beginning of the exposure period. According to the protocol the
exposition periods 2 – 4 of each year were analysed only. The four coefficients are
summarised in Tab. 1.
Tab. 1: Coefficients describing development of leaf area index and canopy height
time of
exposure

a

1997
25.06. – 21.07. 821.819
21.07. – 18.08. 783.149
18.08. – 15.09.
43.036
1998
15.06. – 13.07. 1593.610
13.07. – 10.08. 2577.070
10.08. – 07.09. 184.453
1999
07.06. – 05.07. 467.347
05.07. – 02.08.
19.391
02.08. – 30.08. 205.873

leaf area index
b
c

R2

h0

canopy height (cm)
d
R2

–0.00524
–0.00248
–0.00252

2.252
1.516
0.722

0.987
0.971
0.919

7.002
6.552
6.986

0.820
0.990
0.781

0.999
0.956
0.999

–0.00339
–0.00447
–0.01021

1.919
2.429
1.987

0.998
0.998
0.999

5.443
7.751
7.740

0.884
0.781
0.644

0.955
0.978
0.980

–0.00781
–0.08138
–0.00533

2.167
4.154
1.524

0.995
0.998
0.986

7.504
5.350
7.943

0.776
0.900
0.504

0.976
0.969
0.830

Stomatal conductance
In the soil-vegetation-atmosphere-transfer (SVAT) model PLATIN the dependence of
stomatal conductance (well-watered plants) on radiation, temperature and the water
status of the atmosphere is described by the Jarvis-Stewart approach (Jarvis 1976,
Stewart 1988). For the functions used see Grünhage and Haenel (1997).
Stomatal conductance measurements for deriving the appropriate coefficients for the
Jarvis-Stewart functions were performed in 1997 at leaf no. 3, 4 and 5 and in 1998 at
leaf no. 3 (youngest, full developed leaf = no. 1). By means of quality controlled
porometry data (n = 261) we determined for water vapour a gstom-leaf, max of 0.01878
mÂV-1 (= 765 mmolÂP-2ÂV-1; Rstom-leaf, min = 53.2 sÂP-1). The parameterisation of the
Jarvis-Stewart functions was achieved using the boundary-line analysis technique.
The results are illustrated in Fig. 2a-c. The comparison of modelled vs. measured
stomatal conductance gstom-leaf (Fig. 2d) demonstrate that the performance of the gstomleaf model looks promising.
Because the PLATIN model follows a top-down approach, the approximation of the
bulk stomatal resistance for water vapour Rc, stom, H2O requires an up-scaling of Rstomleaf, H2O to canopy level. This is achieved by scaling according to leaf area index
R
Rc, stom, H2O = stom-leaf, H2O ,
LAI
resulting in a Rc, stom, H2O, min of 8.2 sÂP-1 for a leaf area index of 6.5 m2ÂP-2, which
represents a well developed clover pot-canopy. LAI above 6 - 7 m2ÂP-2 indicate stages
of clover canopy development, where the leaves hang over the pot rim, i.e. a situation
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which can not be described by the big-leaf approach. Bulk stomatal resistance for O3
is given by
D
Rc, stom, O3 = Rc, stom, H2O ⋅ H2O
DO3
taking into account the differences between the molecular diffusivity for water vapour
DH2O and ozone DO3.

Fig. 2: Dependence of stomatal conductance gstom-leaf on solar radiation (a), leaf temperature
(b) and VPD (water vapour deficit of the atmosphere) and modelled vs. measured gstom-leaf (d)

Applying the aforementioned Jarvis-Stewart functions, the bulk stomatal resistance
Rc, stom, H2O, min was additionally approximated by comparison of measured and
modelled evapotranspiration rates of the clover pots taking into account the so-called
oasis effect (cf van Eimern & Häckel 1984, Brutsaert 1984: the evapotranspiration of
a small wet area embedded in a dryer environment is higher than that of an extended
wet area. Thereby, the rate of increase is inversely proportional to the extension of the
wet area). The adjustment leads to a Rc, stom, H2O, min of 7.5 sÂP ZKLFK LV LQ JRRG
agreement with the up-scaled value and can be seen as an independent validation.
Validation of the big-leaf model
The PLATIN model was adjusted for pots with bare soil as well as for pots with
clover using the measured 1997 and 1998 evapotranspiration rates (Fig. 3a, 4a, b).
Applying the adjusted model for the 1999 data sets shows a good agreement between
measured and modelled rates (Fig. 3b, 4c).
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Fig. 3: Simulated vs. measured cumulative evaporation from pots with bare soil for 1997 and
1998 (a) and 1999 (b)

Fig. 4: Simulated vs. measured cumulative evapotranspiration of clover pots for 1997 (a),
1998 (b) and 1999 (c)

Calculation of cumulative O3 stomatal uptake, PAD(O3)
The exchange of O3 between the phytosphere and the atmosphere near the ground,
Ftotal(O3) [µgÂPÂV@FDQEHPRGHOOHGE\
ρ O3 ( z ref )
Ftotal (O 3 ) = −
Rah (d + z 0m , z ref, O3 ) + Rb, O3 + Rc, O3
with O3(zref) the O3 concentration measured at reference height zref [µgÂP-3],
Rah(d+z0m, zref, O3) the turbulent atmospheric resistance [sÂP-1] describing the
atmospheric transport properties between a reference height zref, O3 above the canopy
and the conceptual height z = d + z0m which represents the sink for momentum (d =
displacement height, z0m = roughness length for momentum), Rb, O3 the quasi-laminar
layer resistance [sÂP-1] between momentum sink height z = d + z0m and the O3 sink
height z = d + z0,O3, Rc, O3 the bulk canopy or surface resistance [sÂP-1] describing the
influences of the plant/soil system on the vertical exchange of O3.
The resistance circuit allows to partition the total atmosphere-canopy flux Ftotal(O3)
into the fluxes reaching the stomatal caves (Fabsorbed), the external plant surfaces
(Fexternal plant surfaces) and the soil beneath the canopy (Fsoil)
Ftotal (O 3 ) = Fabsorbed + Fexternal plant surfaces + Fsoil

The integral of Fabsorbed over time t is the pollutant absorbed dose, PAD(O3) [µgÂP-2],
(Fowler & Cape 1982):
PAD(O 3 ) =

t2

∫ Fabsorbed (O 3 )

⋅ dt

t1

The amount of O3 absorbed by the clover plants is calculated taking into account
Kirchhoff's Current Law (cf Grünhage et al. 2002):
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Fabsorbed (O 3 ) =

ρ O3 ( z ref )

−
Rah + Rb, O3 +

Rc, absorbed, O3
1− β *



Rc, absorbed, O3
+ [ Rah + Rb, O3 ] ⋅
1− β *



 
 1− β
β

⋅
+
 Rc, ext, O3 Rsoil, O3  



with
1
Rc, absorbed, O3

=

1
1
1
+
≅
Rc, stom, O3 + Rc, mes, O3
Rc, cut, O3
Rc, stom, O3 + Rc, mes, O3

and Rc, mes the canopy mesophyll resistance, Rc, cut the canopy cuticle resistance, Rc, ext
the external plant surface resistance for a fully developed canopy and Rsoil the soil
resistance.  and are weighting functions taking into account the actual canopy
development stage (cf Grünhage & Haenel 1997).
While the simulated evapotranspiration could be validated by measured values, such a
validation of the O3 total fluxes and their partitioning could not be performed. It must
be noticed that stomatal uptake calculations as proposed by e.g. Bermejo et al. (2002),
Grulke et al. (2002) or Mills et al. (2002) lead to an overestimation of O3 uptake and
violate micrometeorological/physical rules. It should only be interpreted as a first
approximation of stomatal loading (potential stomatal loading, PSL).
Derivation of a critical load for the onset of visible injury
For the derivation of a critical absorbed dose (critical load) for the onset of visible
injury on the NC-S clone O3 uptake was modelled on an effective LAI unit according
to Grünhage et al. (1999). The development of visible injury on the NC-S clover clone
was monitored every 3 - 4 days, i.e. n = 89 in the four experimental years. The
simulated PAD(O3) accumulated over five consecutive days during daylight hours
explains best for the first and the following unequivocally observed occurrence of
visible injuries (n = 29). The results of four years of investigation are given in Fig. 5.
It is obvious, that visible injuries appeared during periods with low to moderate
(circles) as well as during periods with moderate to high (triangles) O3 loads.

Fig. 5: O3 stomatal uptake (PAD) normalised on an effective LAI unit and accumulated over
five consecutive days during daylight hours vs. day of the year (DOY) with unequivocal
records of visible injuries on the NC-S clover clone in 1996 - 1999 (visible injury was monitored
every 3 - 4 days) circles: periods with low to moderate O3 load; triangles: periods with moderate to
high O3 load
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Taking into account uncertainties due to the fact that the clover could not be
monitored every day, a critical O3 load of 300 ± 30 mgÂP-2 normalised on an effective
LAI unit and accumulated over five consecutive days during daylight hours can be
deduced.
Conclusions
The approach described demonstrates the practicability of derivations of critical loads
(cumulative stomatal uptake) for O3 from chamber-less experiments in principle. As
mentioned by Grünhage et al. (2002), the precise calculation of toxicologically
effective stomatal uptake depends on the accuracy of non-stomatal deposition
estimates. Therefore, it must be noticed, that an appropriate validation of O3 flux from
the atmosphere to the clover pots and the partitioning into stomatal and non-stomatal
portion presupposes micrometeorological flux measurements above a white clover
field.
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Introduction
During past years, several research groups of many countries in Europe and America
joined efforts within the UNECE ICP Vegetation, in order to study the extent of
tropospheric ozone incidence on natural vegetation and crops in these regions. As a
proved method to asses O3 phytotoxicity [1], ozone sensitive (NC- S) and ozone
resistant (NC- R) biotypes of white clover (Trifolium repens L. cv. “Regal”) have
been used since 1996. Visible symptoms and dry matter ratio reduction between
resistant/sensitive clones have been considered as O3 sensitivity criteria [2]. Our
workgroup, which is participating in the ICP-Vegetation, has its experimental field
sited in a transitional area between Oceanic and Mediterranean climates; this
determines a low precipitation, high temperature regime during summer, when the
experiment is carried out and the ozone levels are supposed to be higher. These
climate conditions clearly differ from those of other groups, especially from those in
Northern Europe. Even if plants are grown in pots with the same soil and same
protocol, it appears evident that changes in light radiation, rain frequency, vapour
pressure deficit (VPD), etc., may affect the performance of the clover clones as O3
biomonitors. Especially in the Mediterranean area, short-term or transitory drought in
plants is quite common in sunny days, with high VPD and some wind. Unbalance
between water absorption and transpiration even in well watered plants, as those used
in the O3 biomonitoring assays, are frequent in summer time, from which they recover
in most of the cases, at latest hours of the day or even in the night. During fieldwork,
clear differences in leaf turgor have been observed between clones, as well as
differences in water consumption. These visual symptoms seem to point towards
differences in water status and transpiration ratios between clones. The objectives of
the present study were A) to evaluate the response of the two white clover biotypes to
a short-term drought, in order to validate our impression from field experiences that
significant differences in water status might exist between these two biotypes and B)
to study the interaction of mild O3 fumigation and low water availability on the white
clover system. This might lead to a better understanding of some of the mechanisms
involved in O3 sensitivity of white clover.
Material and Methods
Two experiments were defined:
a. Short-term drought response of two white clover clones, sensitive and resistant to
ozone
12 clover clone plants (6 NC- R, 6 NC- S) established in 15L pots as set by the ICPVegetation Protocol were randomly and equally divided into two treatments, Control
and Drought and kept inside a greenhouse. Control plants were watered daily whereas
drought was established by with-holding water and reservoir suppression. Soil water
status was estimated by gravimetric method [3]; Soil Water Content (SWC) was
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recorded daily using a Theta Probe (Delta- T Devices, UK). Gas exchange parameters
were measured using an LCA- 2 equipment (ADC Devices, UK). Leaf samples were
collected for leaf Relative Water Content (RWC) determination and biochemical
analysis: ascorbate peroxidase (APX) [4], glutathione reductase (GR) [5], superoxyde
dismutase (SOD) [6] enzyme activities and Soluble Protein [7], proline [8] and total
soluble sugars (TSS) [8] contents were determined.
b. Effects of low water availability and O3 on the performance of the NC- R/ NC- S
bio-indication system
Cuttings of two white clover clones (Trifolium repens L. cv. “Regal”), sensitive (NCS) and resistant (NC-R) to ozone were grown in greenhouse as shown in the ICPVegetation Protocol for the 2000 season [9]. Prior to the beginning of the experiment
four-week-old clover plants were randomly transferred to two growth chambers (12
plants per chamber, 6 NC- R, 6 NC- S) for 1 week acclimation period to experimental
conditions. After this period, plants into each chamber were equally divided into
Drought and Control plants. Drought was defined by maintaining Soil Water Content
at 50% of its field capacity whereas its value in Control plants was kept at 80%.
Ozone was mixed with ambient air in one of the chambers (O3) during 7h daily,
reaching a maximum of 55 ppb, trying to simulate real field values while the other
growth chamber used filtered air (F). The experiment had a length of 21 days.
Gas exchange parameters were measured at days 0, 7, 14 and 21. All measures were
made as indicated in the short- term drought experiment. Leaf samples were taken as
well for biochemical analysis.
Results
a. Short-term drought response of two white clover clones, sensitive and resistant to
ozone
When daily water loss was represented versus SWC (Fig.1) experimental data showed
that clear differences in water status exist between clones, having the NC- S biotype
higher water loss than NC- R for a given SWC. These differences diminished as the
SWC became lower. Data regarding photosynthesis (Fig.2a) and leaf conductance
(Fig.2b) indicated that gas exchange decreased quicker in the NC- S as water
availability decreased. Differences between biotypes became minimal at extreme
drought conditions. Drought stress resulted in enhanced leaf proline (Fig.3a) and APX
activity (Fig.3b) in both biotypes. Nevertheless, this response was observed earlier in
the NC- S biotype. All of these data tend to confirm our overall field impressions.
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b. Effects of low water availability and O3 on the performance of the NC- R/ NC- S
bio-indication system
Mild drought stress had a significant incidence on water status (expressed as leaf
RWC) in both biotypes. This effect disappeared when low levels of ozone were added
(Fig.4a). NC- S total water consumed suffered a significant decrease in mild drought
condition. When ozone was added, total water consumed of NC- S control plants
experienced a significant decrease, whereas among droughted plants the NC- R
biotype showed the lowest value (Fig.4b). Net photosynthesis decreased in both
treatments: mild drought stress had a significant effect on photosynthesis in both
biotypes while the combination of mild drought and low ozone level significantly
reduced assimilation rate only in NC-S (Fig.6). O3 NC-S plants showed minor leaf
injury at day 10 of experiment.
O3 stimulated soluble protein, proline and TSS leaf content, whereas its interaction
with mild drought negatively affected protein and TSS content in NC-S (Fig.7);
simultaneously APX, GR and SOD activities decreased in NC-S while APX activity
increased in NC- R (Fig.8).
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Conclusion
Both experiments show that NC-S biotype seems to be more sensitive to low water
availability (both short and long termed) than the NC- R, probably inducing a stomata
closure that may increase its tolerance to O3 episodes. When O3 levels were combined
with mild drought stress, drought implantation became somewhat slower, resulting in
a better plant water status, especially in the NC- S biotype. Although O3 ozone levels
applied were not high enough to affect biomass production and leaf area development,
mild drought combined with O3 had a negative effect at biochemical level
(antioxidant enzymes and metabolites) suggesting that this combined stress may
increase NC- R sensitivity to O3. In NC-S biotype, O3 induced a serious decrease of
total consumed water, possibly reducing total O3 dose absorbed by plants.
In summary, mild drought stress did not increased the NC- S tolerance to ozone
whereas it seemed to did so in NC- R biotype.
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Abstract
In this paper we propose a method to classify the tolerance to the ozone concentration
for annual crops. This method is, actually, a working hypothesis. It is based on the
concept that the sensibility of a crop species to ozone concentration could be linked to
i) an high value of the maximum gs together with a large range of gs in water stress
conditions and ii) it shows an high yield sensibility to the water stress. This criterion
was applied to 8 annual crops grown under the semi-arid climate of the Mediterranean
region: durum wheat, potato, maize, soybean, sunflower, tomato, sugarbeet and
broadbean. After the analysis we concluded that it is possible to distinguish three
groups of plants: the first group (soybean and broadbean) should be sensible to the
ozone; the second group (durum wheat, maize, potato and sugarbeet) should be
tolerant to the ozone; the third group (tomato and sunflower) should has an
intermediate tolerance between the two previous groups.
Introduction
The typical climatic conditions of the Mediterranean basin, high temperature and solar
radiation levels combined to stable air masses and high emission of air pollutants,
favour the formation of secondary pollutants such as ozone (Alonso et al., 2001). A
number of studies (Sanz et al., 2000; Skelly et al., 1999) underlines the consequences
of the high ozone concentration levels on the natural crop species (prairie, forest).
Nevertheless, the response of annual crops to high ozone concentration levels is not
well known, especially for the annual crops cultivated under arid and semi-arid
climate of the Mediterranean area.
The stomatal conductance is the dominant factor regulating the ozone uptake by the
crop (Karlsson et al., 2000). On the other hand, the ozone acts on the stomatal
conductance, but this action is not yet well known and the experimental results are
actually contradictory. Darral (1989), in his review, cited papers showing that the
ozone stimulates the stomatal opening and other papers (more numerous) showing, on
the contrary, that it inhibits this opening. From the practical point of view, the using
of indicators (Fuhrer et al., 1997) such as the AOT40 (hourly accumulated ozone
exposure over a threshold of 40 ppb) calculated only during the period when the
stomata were open, well translates the right accepted relationship between the crop
sensibility to high ozone concentration and the stomatal conductance.
The previous analysis, in waiting for new further experimental work, brings us to
propose a working hypothesis for the classification of the sensibility of annual
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Mediterranean crop species to high ozone concentration levels following this concept:
"the sensibility of a crop species to the ozone concentration should be realised only if
the given species meets the following requirements:
-

-

It shows a high value of the maximum stomatal conductance (gs max) together
with a large range of gs in water stress conditions; so that, at a given value of
ozone concentration, this species can absorb more ozone than a species with low
stomatal conductance.
It shows an high yield sensibility to the water stress; so that all the modifications
of the water supply caused by the decreasing of the stomata conductance could be
translated in a largest possible variation of the final yield."

Therefore, the two above mentioned conditions define to working hypothesis to
classify the sensibility of the species to the ozone. This hypothesis will be used for
classifying the sensibility to the ozone of 8 crops: the durum wheat, the potato, the
maize, the soybean, the sunflower, the tomato, the sugarbeet and the broadbean,
cultivated for a long term experimental work on the response of the crops to the soil
salinity, as described in Katerji et al. (2001).
Classification following the maximal stomata conductance
Before the classification, it is necessary to briefly remind the main factors acting on
the maximal stomatal conductance, in the specific climate of the Mediterranean basin.
The figure 1a shows the evolution of the stomatal conductance determined in young
plants of irrigated maize, for three quality of the supplied water: sweet water, water at
15 and 30 meq/l of chloride. The figure 1b presents the values of the leaf water
potential measured in the young plants. It can be noticed that the stomatal
conductance gs increased from the dawn until its maximum value around noon. In the
afternoon, the stomatal conductance decreased until its minimum value around sunset.
Changes in the leaf water potential followed an inverse path: the maximum values
were observed at dawn and the minimum values around noon.
The maximum stomatal conductance at noon depends on three factors:
-

-

the solar radiation; the clouds reducing the solar radiation influenced the gs
maximum values (Katerji et al., 1983);
the leaf water potential observed at noon; more this value is low, more gs
maximum will be small (see figure 1). The decreasing of the leaf water potential
can be determined by abiotic factors (salinity, drought) or biotic factors (pests,
diseases), or by the two stress factors combined.
The air vapour pressure deficit at noon; for a given leaf water potential, maximum
gs will be lower as the vapour pressure deficit is higher (Ferreira and Katerji,
1992).

The figure 2a shows changes in time of maximum gs in clear days (the effect of the
solar radiation at noon was eliminated), during a growth cycle for two crops of
sugarbeet, one irrigated with sweet water and the other one irrigated with salt water at
30 meq/l.
The figure 2b presents the values of the leaf water potential determined on the same
above mentioned crops at dawn (ψb), before the sunrise. Following a methodological
study realised by Katerji et al. (1988), ψb is considered more suitable for the
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characterisation of the plant water status, because the leaf water potential measured at
noon is suitable only for anisohydric plants.
The combined effect of ψb and the vapour pressure deficit can be clarified by the
following example. The values of maximum gs depend at first on the ψb level.
Nevertheless, more the sugarbeet grew (seeding in November) during months
characterised by increasing heat and increasing vapour pressure deficit, more the
maximum gs values decreased. It is easy to notice this effect of the vapour pressure
deficit in the case of gs max values determined after each irrigation.
The figure 3a shows a typical example of the relationship maximum stomatal
conductance - predawn leaf water potential, observed on a soybean crop. The figure
3b presents only the interpolation lines for the 8 species analysed in the present work.
In the soybean the gs max decreased showing a large variability when ψb values vary
between -0.2 and -0.5 MPa, probably related to the air vapour pressure deficit. After
that the gs max values appear to be highly stable and low variable with ψb. The same
behaviour observed on the soybean crop was observed for the other 7 species under
study.
For classifying gs max among the 8 studied crops, we retained two parameters:
-

The mean of the 10 higher samples of gs, generally observed for a ψb of -0.2 MPa;
This mean characterises the gs max value of that species.
The difference between the value of gs max previously defined and the mean value
of gs max observed at -0.6 MPa. This difference characterises the range of the
stomata conductance for that species.

The table 1 shows the classification of the 8 studied species following the two above
defined parameters. The broadbean and the maize represented the extreme species
following this classification criterion. The value of gs max observed at -0.6 MPa for
the broadbean was of the same order of gs max observed for the maize at -0.2 MPa.
Finally, it seems that the values of gs max and the range of the stomata opening were
independent on the water stress type. For example, in the maize crop the two
parameters had the same value for the saline stress as for the water stress (Katerji et
al., 1994b). Similar results were found for a biotic stress in wheat plants (Bethenod et
al., 2001).
Classification following the sensibility of the yield to the water stress
Two methods were considered for this classification:
- The first method, proposed for the first time by Doorenbos and Kassam (1979),
consists in relating the yield (Y) deficit to the evapotranspiration (ET) deficit by the
following relationship:

1−


Y
ET
= b1 −
Y
 ET
max

max





(1)

with ETmax and Ymax the evapotranspiration and the yield determined in the irrigated
crop respectively, ET and Y the evapotranspiration and the yield determined in the
stressed crop respectively, b is the yield response factor. The results of this proposed
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classification are reported in the figure 3a. From this figure three groups of species
with increasing sensibility can be noticed:
-

the durum wheat
the maize, the sunflower, the sugarbeet, the potato
the soybean, the tomato, the broadbean.

- The second method, proposed by Katerji et al. (2000). This consists in relating the
yield deficit to a direct indicator of the plant water status, by the following
relationship:

1−

Y
= b ⋅ WSDI
Y

(2)

am

With

∑
n

WSDI =

1

Ψ −Ψ
n
c

(3)

s

where WSDI is the water stress index, ψc is the daily value of the predawn leaf water
potential of the non stressed control treatment from the start of leaf growth until the
start of senescence, ψs is the equivalent for the stressed treatment, n is the number of
days from the start of leaf growth until the start of senescence, b is the yield response
factor.
The results of this last classification are reported in figure 3b. After the statistical
analysis two groups of species with increasing sensibility can be noticed:
-

The durum wheat, the sugarbeet, the maize, the sunflower, the potato
The soybean, the tomato, the broadbean.

The two classification methods yield closed conclusions. They identified 3 species
(the soybean, the tomato and the broadbean) as highly sensible to the water stress.
Classification of the sensibility of the crops to the high ozone concentration levels
The classification criteria presented in the table 1 and the figures 3a and 3b, following
our working hypothesis, permitted us to classify the 8 species under study following
them tolerance to the high ozone concentration levels. So it is possible to distinguish
three groups of plants:
1. The first group concerns the soybean and the broadbean; these two species
presented high values of gs max and a certain sensibility to the water stress. The
species belonging to this class should be sensible to the ozone.
2. The second group concerns the durum wheat, the maize, the potato and the
sugarbeet; these species presented values of gs max clearly lower than the previous
group and a certain tolerance to the water stress. The species belonging to this group
should be tolerant to the ozone.
3. The third group concerns the tomato and the sunflower; these species presented
whether high values of gs max (case of sunflower), or high sensibility to the water
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stress (case of tomato). The tolerance to the ozone should be intermediate between the
two previous groups.
Conclusions
The classification to the sensibility to high ozone concentration levels here proposed
is just a working hypothesis, based on rational criteria. It was proposed to fill the lack
of information concerned the annual crops, waiting for the next specific experiments
in the field. Nevertheless, we proposed to take into consideration this classification,
which could be completed by the data available in the scientific literature, for the
elaboration of a correct experimental protocol. For example, it will be suitable the
choosing of broadbean and soybean for analysing the effect of the ozone on winter
and summer crops. The comparison of the effect of the ozone on the soybean and
maize in summer and on the broadbean and durum wheat in winter can be considered
as an example of an interesting research tool for the understanding the role of the
stomatal regulation on the ozone uptake by the plants. This comparison should also
permit the confirmation or the rejection of the working hypothesis here proposed.
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Figure 1. Daily course of stomatal conductance a) and leaf potential (1-b) of young plant of Maize
(after Katerji et al. 1994a).
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during the growth cycle (after Katerji et al 1997).

168

Table 1. Crop classification by the range of the stomatal conductance (Cs in cm/s).
Crop
Maximum Cs
Cs at -0.6 MPa
Cs Magnitude
Maize
Sugarbeet
Potato
Durum wheat
Tomato
Sunflower
Soybean
Broadbean

0.42
0.48
0.70
0.81
0.78
1.15
1.22
1.92

0.18
0.23
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0.32
0.45
0.39
0.78

0.24
0.25
0.37
0.41
0.46
0.70
0.83
1.14

2.5

stomatal conductance (cm/s)

soy-bean

2

1.5

1

0.5

0
-1.4

-1.2

-1
-0.8
-0.6
-0.4
pre-dawn leaf water potential (MPa)

-0.2

0

2
soy-bean

1.5

1

tomato

sunflower

wheat
potato

0.5
maize

sugarbeet

stomatal conductance (cm/s)

broad-bean

0
-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

pre-dawn leaf water potential (MPa)

Figure 3. Maximum stomatal conductance in function of the predawn leaf water potential (after Katerji
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Abstract
Tropospheric ozone is the pollutant that has attracted most attention in the last few
years due both to its increasing concentrations and to its phytotoxic effects. In the
context of UN/ECE the hourly concentration of 40 ppb was proposed as threshold for
vegetation and the value of the AOT40, was used to identify the ozone critical level.
Since the reduction of emissions to be achieved, and the consequent economic and
social costs to be afforded, depends on critical levels, it is evident that the correct
definition of those is a crucial point. To gain a better understanding of the effects of
the various environmental conditions on the development of ozone sensitivity of
plants, a «Level II» approach has recently been adopted. This approach considers both
the influence of environmental conditions and the species-specific characteristics in
order to assess the impacts caused by exceedance of critical levels for ozone
(Kärenlampi and Skärby, 1996). The objective of this work has been to study the
complex interactions between the environmental and physiological parameters, and
also to determine the response of the plants to ozone. This work contributes to the
characterization of the Level II factors for the Mediterranean region. An intercomparisons among AOT40, modified AOT40 and fluxes was performed on data (for
2000-2001 years) taken on clover clone plots placed in different sites in Italy, with
different climatic and pollution conditions of the Italian peninsula and a North-South
gradient. The results show the different response of the S/R ratio to the three ozone
parameters considered above. In particular the linear correlations show a slope which
vary among sites. The importance emerges from the results of this study, of carrying
out researches in the Mediterranean environment where the environmental conditions,
as for example the high temperature and water stress, determine the response of plants
to environmental pollution.
Introduction
It is assumed that ozone is the most phytotoxic secondary air pollutant in the
troposphere causing more plant damage than other air pollutants (Heagle, 1989;
Chameides et al., 1994) In the last years, the basic research has clearly shown that the
tropospheric ozone concentrations were high enough to cause damage to crops
(Benton et al., 1995) and to the natural vegetation (Ashmore and Davison, 1996). In
particular in southern European areas the ozone values exceed the threshold of
damage reported in literature (Fuhrer et al., 1997).
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In the Mediterranean basin, high temperatures and intense solar radiation keep the
tropospheric ozone formation, which reaches high concentrations in the hottest hours
of the day (Fagnano, 1995; Allegrini et al., 1994).
A number of cultivated plants such as tobacco, tomato, wheat and clover are
particularly sensitive to ozone, and for a number of species a different response in
relation to the cultivar has been found.
In urban areas, the nitrogen oxides emissions (NOx) and volatile organic compounds
(VOCs) affect the formation and destruction of both ozone (O3) and peroxyacetyl
nitrate (PAN) cycles. Moreover climatic factors, such as temperature, relative
humidity, windspeed and solar radiation, and the edaphic factors, such as soil
moisture and the nutrient availability, have a considerable influence on the response
of plant species to ozone.
Ozone can interfere on the physiological and biochemical mechanisms during the
development of plants, and it can cause visible damages and yield losses, making the
commercial exploitation of crops impossible (Heck et al., 1988; Fuhrer et al., 1992;
Astorino et al., 1995).
It is not an easy matter to make an accurate estimate of the damage caused in the
territory because of the difficulty to assess the real dosage absorbed by plants.
It is therefore important to identify the thresholds of plant tolerability with the aim to
determine the reductions in the emissions of the polluting precursors of ozone.
The AOT40 (Accumulated exposure Over a Threshold of 40 ppb) is the indicator to
take into account for the ozone effects on the vegetation; this approach is defined as
Level I Risk Evaluation (Kärenlampi and Skärby, 1996).
It has been demonstrated (Musselman and Massman, 1999) that the impacts of ozone
are closely related with the uptake through the stomata rather than the exposure to the
atmosphere.
In order to obtain a quantitative measurement of the uptake by plants and therefore of
the potential damage on vegetation, a Level I methodology (defining a single critical
level to protect the most sensitive plants quite apart from the environmental
conditions) has been associated with a Level II approach, which defines the influence
of the relations between environmental and physiological factors on the response of
plants to ozone.
Important factors, which are considered to define the critical levels for this approach
are: the soil moisture content, the air temperature, the stomatal conductance and the
water vapour pressure deficit (VPD).
Fuhrer (1996) and Posch and Fuhrer (1999) have proposed a “modified” AOT40,
introducing a series of multiplying empirical functions to correct the AOT40. These
functions relate the AOT40 to the soil moisture content, to air moisture saturation
deficit and to wind intensity (Grünhage and Haenel, 1997).
The modified AOT40 has been developed only for agricultural crops, being difficult
to apply for forests (Gerosa and Ballarin Denti, 2002).
The need to quantify the uptake of ozone by plants, mainly through the stomata, has
led to the developement of appropriate models which are based on
micrometeorological data, as well as on the description of stomatal response to the
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variations of both environmental and physiological parameters of the plant species
(Ashmore and Emberson, 1999; Emberson et al., 2000b).
The empirical model proposed by Emberson et al. (2000b) is based on both
phenological factors and environmental factors, such as light intensity, temperature,
vapour pressure deficit and the soil moisture deficit, and subsequently parametrised
for different plant species, on the literature data basis (Emberson et al., 1996).
Materials and methods
Experimental sites

With the aim of verifying the effects of ozone on crops in relevant sites characterized
by different climatic and pollution conditions of the Italian peninsula, and the
interactions among environmental parameters, ozone pollution and crops damages.
Experimental activities have been performed in two years (2000-2001) in three sites,
with a North-South gradient: rural site managed by CESI of Milan; urban site
managed by Department of Plant Biology of the University “La Sapienza” in Rome;
suburban site managed by The Department of Agricultural Engineering and
Agronomy of the University “Federico II” in Portici (Naples).
In particular, the rural sites of Isola Serafini (2000) and La Casella (2001) are located
in the Po Valley (40 m a.s.l.) not far from Milan, the site of Rome (20 m a.s.l.) is
located in the Botanical garden of the University “La Sapienza” in a fully urbanised
area and the suburban site of Portici, is located in a suburban park (30 m a.s.l.).
Experimental activity
The ozone effects on crop plants were studied comparing the ozone-sensitive and
ozone-resistant clones of white clover (Trifolium repens cv. Regal), which were
selected by North Caroline University (USA). Cuttings, sent by the UNECE
Coordination Centre, were placed to root in 14 cm-diameter pots filled with a rooting
medium and placed in controlled environment. During rooting, the cuttings were
inoculated with Rhizobium. After the rooting phase, and contemporary to the all
operative units, the cuttings were transplanted and exposed to ambient air. Plants were
placed in 28 cm-diameter pots filled with a commercial medium (peat and perlite)
added with Osmocote TM, a slow release complex fertilizer. Each pot was provided
with a water reservoir. Water supply to plants was ensured by means of fibreglass
wicks.
The climate monitoring was performed with existing climatic and meteorological
stations. Ozone data were acquired by UV analysers connected with a data acquisition
systems.
The whole monitoring season was split in 5 growth periods, 28 days each. Since the
first one has been considered as an adaptation period, according to the official
UNECE protocol, it was excluded from the analysis. At the end of the 28-day growth
period the biomass was cut from the plants down to a depth of a 7 cm above the soil
surface.
Modelling approach

The modelling approach for stomatal conductance (gs) is based on the multiplicative
stomatal conductance model described by Jarvis (1976) and modified by Körner et al.
(1995).
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This model has been further developed to enable the evaluation of species-specific
stomatal conductance (gs) on a European scale (Emberson et al., 2000b).
Stomatal conductance was calculated as a function of species type, phenology and
environmental conditions (photon flux density-PFD, temperature, vapour pressure
deficit-VPD, soil moisture deficit-SMD) being these factors considered very
important to determine the opening and closing of stomata. The gpot was excluded
from the equation, because the conductance measurements were carried out on leaves
at the same phenological state (fourth leaf from the tip of the stolon). The gSMD was
also excluded because the plants were in fully watered state. For the parameters
considered in the equation we have used the values indicated by literature (Emberson
et al., 2000a) for α (0.009), Tmin (12°C), Topt (26°C), for gmax the value used is 900
mmol m-2 s-1 derived by our measurements and for VPD max and min we have used
the values of respectively 3.2 and 6.5, as indicated by Mills et al.(2002).
Results and discussion
In the Fig.1A it is shown the relationship between AOT40 and the sensitive and
resistant yield ratio (S/R) of clones. This relationship varied in the three test sites. In
the first site (Milan) we have the typical representation of a rural site which shows the
decrease of S/R ratio vs. increasing AOT40 values. A Similar result was observed for
the suburban site (Portici) in 2000. The response was quite different if we apply the
AOT40 data in a fully urbanized site like Rome. In fact, there was an increasing trend
of the S/R ratio in relation to the increase of ozone concentrations for both years. This
phenomenon may be related to different air and climatic conditions which affects the
two biotypes in different manner. In particular, the temperature can affect functional
performance of the plants. Moreover, the UNECE plant system utilizes a plant species
(white clover) which is spread on the Northern regions of Italy like Lombardia and
Veneto. Besides, for these reasons, temperature could be an important modifying
factor which influences the gas exchanges. In fully urban site, near the sources of
pollution often characterized by high NOx levels, the presence of pollutants could
affect the S/R relationship with AOT40 or ozone flux, as already reported in previous
trials (Fumagalli et al., 1999). Moreover, Mills et al.(1999) indicated that the
proximity to local sources of NOx was an important modifying factor.
In the last years it has been recognized that AOT40 index do not represent the real
damage for vegetation. This was supported by the observation obtained for the
Mediterranean countries where the high values of AOT40 should not allow the
production in agriculture which instead were obtained. For this reason recently some
researchers suggested a modification of AOT40 taking into account other factors like
wind speed, vapour pressure deficit (VPD), soil moisture deficit (SMD), etc. For the
Italian sites we have only applied the modification of AOT40, calculated according to
Posch and Fuhrer (1999), considering only the VPD, because the SMD was not
present in the case of well-water soils (providing the UNECE protocol) and in the
case of wind speed, it was very low and constant for all the test sites.
As it can be derived from Fig.1B, we did not have better results. As matter of fact, the
modified AOT40 showed lower values, but the relationship with ozone damage was
similar to the previous ones (AOT40 not modified). Fig.1B showed that the
correlation between the S/R ratio and the modified AOT40 did not improve but on the
contrary, there was a decrease of the R2 values, indicating a weak representation of
the reality.
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Recently, it was proposed to measure the ozone flux in the plants, which depends on
the stomatal conductance and on the ozone air concentrations. The aim is devoted to
correlate the yield losses and ozone uptake by plants. Ozone fluxes measurements
showed a characterization of damage on white clover plants also in Italian
experiments (AA.VV. 2002).
Applying the model developed by Emberson et al. (2000b) we have obtained the
estimated fluxes represented in Fig.1C. In the two sites of Milan and Portici, and
especially in the first one, a good correlation between the trend of the S/R ratio and
the calculated fluxes was observed. Similarly to the AOT40 and modified AOT40
cases, the results obtained for the urbanised site (Rome) were critical, because the S/R
ratio appeared to increase with the increasing fluxes (Fig.1C). In our studies the
results show that the use of the Emberson model does not improve the relationship
between the ozone damage, estimated by S/R ratio, and the ozone uptake. So, where
the AOT40 was not able to represent the trend of S/R ratio, the flux estimation was
not able to do too. This means that the S/R ratio used for the estimation of ozoneinduced plant damage may be not useful, and we have need for further discussions
before its wide-spread application, because it is likely affected by also other factors
(NOx, other pollutants, temperature).
Moreover, this model was applied and validated in different environmental conditions
of Northern and Central Europe respect to the Mediterranean environment. This
implies a re-calibration of the model taking into consideration the different
environmental conditions of Mediterranean area. Another point of discussion about
this approach is given by the distance between the meteorological stations and the
growing fields where plants were located, and the possible interactions between some
environmental factors (water, temperature and wind), and fluxes.
The pot grown plants were not useful for these statistical analyses, because plants
living in saturated soil (not in natural soil moisture conditions) could have anomalous
stomatal response to high temperatures and evapotranspiration. Moreover, a micrometeorological approach for stomatal conductance estimation (and ozone fluxes)
requires plants growing without the “oasis effect” which is, instead, significant for the
pot grown clover plants. The S/R ratio trend is not only related with ozone levels (or
uptake) during the same growth period, but with the physiological conditions of the
previous growth period, considering that the clover re-growth after the cut is initially
supported by accumulation of dry matter in the stolons. Therefore, if ozone injury
occurred in one growth period, this damage will have effects also in the following
growth periods. For this reason in the presence of a lot of data, it is more suitable to
compare the total biomass produced during the 2nd-4th growth periods with the
accumulated AOT40 or ozone uptake cumulated during the whole season (about 3
months).
The response of the clover clone system to ozone pollution could be more suitable in
fully rural sites while in fully urban areas it may be affected by urban climate and cooccurrence of major air pollutants. According to Köllner and Krause (2002), for the
specificity of the NCS/NCR biotypes response to ozone, this system seems to be able
to better elucidate the phytotoxic effects taking into account the scoring of visible
injury in the NC-S clone.
These observations highlight the needs to better understand the response of clover
clones regard to other pollutants in different climatic conditions in rural and urban
areas.
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Recommendations for consideration at the Workshop
1. Clover clone system allows the evaluation of air quality and the presence of
tropospheric ozone in Mediterranean areas.
2. S/R biomass ratio seems to be affected by environmental conditions with
particular reference to high NOx air concentration and air temperatures.
3. S/R ratio of a 28 day growth period seems to be affected not only by the ozone
levels in that same period, but also by ozone levels in the previous ones.
4. The experimental conditions (plants with water reservoirs) are able to obtain a
relevant standardisation among the European sites, but they don’t represent the
relationships between stomatal behaviour and natural environment drought stress
period typical of the Mediterranean climate.
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CHLOROPHYLL A FLUORESCENCE AS DIAGNOSTIC TOOL
TO DETECT EARLY STRESS CONDITION IN LEAVES
EXPOSED TO OZONE
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1. INTRODUCTION
Chlorophyll a (Chla) fluorescence is considered an easy and fast tool to detect "in
vivo" the photosynthetic efficiency of a leaf sample. Upon illumination of a dark
adapted photosynthetic sample, the Chla fluorescence emission is not constant but
exhibits a fast rise to a maximum followed by a decline to reach finally, in a range of
some minutes, a steady level. Kautsky and Hirsch (1931) postulated that the rising
phase of this transient reflects the primary reactions of photosynthesis. Most Authors
have utilised only the extreme values of the fluorescence rising transient (F0 or basal
IOXRUHVFHQFH DW  VDQG)M or maximum fluorescence) to describe possible stress
conditions. In particular (FM-F0)/FM (= FV/FMRU Po), which expresses the probability
that an absorbed photon will be trapped by the PSII reaction centre (quantum yield
efficiency). Strasser (2000) demonstrated that on a logarithmic time scale the rising
transient from F0 to FM has a polyphasic behaviour. Using an instrument with high
WLPH UHVROXWLRQ  V  DQG GDWD DFTXLVLWLRQ FDSDFLW\ WKH -,3 VWHSV RI WKH
logarithmic curve are easily visible (Strasser et al., 2000). The analysis of the
trajectory of the curves has been formalised in the so-called "JIP-test" (Strasser et al.,
2000).
In studies about ozone effects on vegetation these concepts were applied from Clark
et al (2000) on Fagus sylvatica L., and Gerosa et al. (2002) on Fraxinus excelsior L.
In particular PI (Performance Index) demonstrated to effective to highlight stress
conditions. PI has been defined as the ratio of two recently described StructureFunction-Indices (SFI). The first, SFIP (Tsimilli-Michael et al., 1998) responds to
structural and functional PS II events leading to electron transport within
photosynthesis. The second, SFN (Strasser et al., 1999), refers to the energy that is
dissipated or lost from photosynthetic electron transport.
SFIP = (ChlRC/Chltot) x ϕPo x ψ0
SFIN = (1 – (ChlRC/Chltot)) x (1 - ϕPo) x (1 - ψ0)
PI = SFIP/SFIN = (ChlRC/Chlantenna) x (ϕPo/ (1 - ϕPo))
x (ψ0/ (1- ψ0)) = (RC/ABS) x (FM/F0 -1) x
((1 – VJ)/VJ)
Chltot = Chlantenna + ChlRC
RC/ABS = ϕPo x (VJ/M0)
VJ = (F2000 – F0)/(FM – F0)
M0 = (F300 – F0)/(FM – F0)
ϕPo = 1 – F0/FM = FV/FM = TR0/ABS
ϕEo = ET0/ABS
ψ0 = 1 – VJ = ET0/TR0
DI0 = ABS – TR0
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(1)
(2)

(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)

where Chltot is the total amount of Chl a. The ration ChlRC/Chlantenna is replaced by
RC/ABS, i.e. the density of reaction centres per chlorophyll, where RC is the number
of active PSII reaction centres, and ABS is the quantity of photon flux absorbed by
the antenna pigments. VJ is the relative variable fluorescence at 2 ms of the
fluorescence rise. M0 is the slope at the origin of the relative variable fluorescence.
Po is the maximum quantum yield of primary photochemistry. TR is the trapping
flux, i.e. the excitation energy flux that reaches RC and gets there conserved as free
HQHUJ\ DV FKHPLFDO FRPSRQHQWV Eo is the probability that an absorbed photon will
move an electron into the electron transport chain. ET is the electron transport that
leaves RC by reoxidizing QA- to QAWKHSULPDU\TXLQRQHHOHFWURQDFFHSWRU 0 is the
efficiency that a trapped exciton can move an electron into the electron transport
chain. DI is the energy flux that is dissipated as heat or fluorescence or transferred to
other systems. The index 0 refers to the state at the onset of illumination.
Clark et al. (2000) found that PI correlated with a lost of productivity (growth
reduction) on beech seedlings, even without foliar visible symptoms. For this reason it
can be considered a fast and inexpensive method to assess the response of a plant to
the exposition and/or uptake of ozone. The aims of the present paper were:
- to check the behaviour of PI in relation to the foliar symptoms on tree
species growing in field conditions,
- to compare the behaviour of PI with this of the more used index FV/FM;
- to verify the possibility to individuate pre-visual stress conditions.
2. MATERIALS AND METHODS
During the summer 2002 (first half of August) a wide range of vegetative material
was analysed. Measures were made with a ADC-FIM 1500 fluorimeter. The transients
were induced by a red light (peak at 650 nm) of 600 Wm-2 provided by an array of six
OLJKWHPLWWLQJGLRGHVWKH\ZHUHUHFRUGHGIRUVVWDUWLQJIURP VDIWHUWKHRQVHWRI
LOOXPLQDWLRQZLWKELWUHVROXWLRQ7KHGDWDDFTXLVLWLRQZDVHYHU\ VIRUWKHILUVW
2 ms; every 1 ms till 1 s and every 100 ms from 1 to 3 s. The analysis of data was
done with the software Biolyzer 3.0 (1999-2001, by Ronald M. Rodriguez,
Bioenergetics Lab., Geneva, CH).
Measurements were performed on spontaneously field grown plants (Fraxinus
excelsior L. and Ailanthus altissima Desf.) in Tuscany (Central Italy) and on open top
chambers treated material (Populus nigra L. and Viburnum lantana L.) at Lattecaldo
in Canton Ticino (Southern Switzerland). The levels of ozone exposure and the kind
of experiment are reported by Gravano et al. (2003) for Tuscany and by
VanderHeyden et al. (2001) for Lattecaldo.
3. RESULTS
3.1 Measurement of fluorescence in leaves of Fraxinus excelsior and Ailanthus
altissima with different extension of symptoms
Symptomatic individual of both species were sampled in Tuscany (Central Italy) in
field conditions. Fig. 1 shows that, in both species, PI correlated negatively with the
percent of damaged leaf area, with high values of P. A similar correlation (even less
significant) was found also for FV/FM, but the value of this parameter began to
decrease only when the damaged leaf area was higher than 40%. Similar results were
found from Gerosa et al. (2002) on Fraxinus excelsior.
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Figure 1: Correlation between percent of symptomatic leaf area and the two stress indices
FV/FM and PI(abs).

3.2 Individuation of pre-visual fluorescence response
That investigation was carried out on Populus nigra L. and Viburnum lantana L. at
the Lattecaldo open top chambers. In these species the symptoms followed a typical
longitudinal gradient, the basal leaves being more damaged than the apical ones. The
aim of this part of the research was to individuate the first leaf were a reduction of the
Performance Index value can be detected.
The results are showed in the Fig. 2. Typically the photosynthetic efficiency of the
leaves brought on a same sprout increase according to a longitudinal gradient from the
top to the basis (results non shown). In the two considered species we found a similar
(bell shaped) pattern of PI from the top to the basis of the plant, with an increase of
photosynthetic efficiency in the first, apical, leaves and a following decrease in the
lower (symptomatic) ones. The first events of the decreasing PI values are already
visible in the last non-symptomatic leaves (Fig. 2, arrows).
Populus nigra
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Figure 2: PI behaviour in Viburnum lantana and Populus nigra leaves sampled from the top
to the basis. The non-symptomatic leaves (NS) are in the left part of the graphs; the
symptomatic ones (S) are in the right part. Arrows indicate the last non-symptomatic leaf for
each species.
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4. DISCUSSION AND CONCLUSIONS
1. The Performance Index (PI) demonstrated to be the more suitable parameter
derived from the fluorescent transient, to individuate and describe stress condition
induced in leaves from ozone;
2. A first signal of PI decreasing in the non-symptomatic leaves was detected. These
values didn’t attempt all the statistical requirements until now, but that first result
is encouraging for further investigations;
3. The new concepts and methods developed from the Laboratoire de Bioénergetique
of Geneva (CH) for the analysis of stress conditions are very easy and fast to
apply and don't imply any destructive and laboratory methods. These methods are
very promising for a biological approach in determining the response of the plants
(trees, crops and wild vegetation) to the exposure and fluxes of ozone.
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Abstract
To define critical levels for semi-natural vegetation has been difficult because of the
diversity of this receptor, the complexity of interactions between ozone effects and
environmental conditions, but also because of the lack of experimental data. This
background paper evaluates new findings which, in particular, concern the variability
in ozone sensitivity within and between species, between habitats, and within plant
canopies, but also effects of competition. The new data confirm the current Level I
critical level for annual species. For short-lived perennials growing in interspecific
competition, ozone stress early in the season appears to be most important, and hence
the AOT40 time window should be re-defined. It is suggested to use the same critical
level of an AOT40 of 3 ppm.h for both annuals and perennials. It is also suggested
that communities in productive habitats, and/or those with a large legume fraction,
may be most sensitive, and that communities at later successional states may be more
resilient than those in the establishing phase. With respect to Level II, the use of
modifying factors in combination with the AOT40 is not recommended, but also a
flux-based approach is currently not feasible because the necessary data to
parameterize flux models for any species are still lacking. The effects of key
environmental factors, including nutrient stress and shade, are likely to depend on
factors other than leaf conductance, and thus a more comprehensive mechanistic
approach is needed to identify species and communities at risk.
1. Introduction
For the purpose of setting critical levels for ozone to protect wild species and natural
or semi-natural herbaceous vegetation, effects of ozone have been summarized before
by Ashmore & Davison (1996). Later, Davison et al (1999) identified some key issues
related to the Level II approach, and their relationship to mapping. They concluded
that for setting Level II critical levels a strong systematic approach would be
necessary, supported by intensive experimentation. Importantly, Davison & Barnes
(1998) and Soja et al (2000) raised the question of the aspect of performance which
matters most in an ecological context because it seems vital to establish the most
appropriate measure, for instance biomass, cover, seed production etc, and to
understand the influence of edaphic factors (nutrition, soil moisture etc.), before
proceeding to setting Level II critical levels. However, a main difficulty appears to be
the diversity of the receptor in terms of the different taxa, habitats and ecological
traits, and the complexity of the interactions between ozone effects and environmental
conditions.
At the UNECE Workshop in 1999 in Gerzensee, Switzerland (Fuhrer & Achermann,
1999), suggestions were made as to what endpoints should be used for annuals and for
perennials (Ashmore & Franzaring, 1999), and some priorities were set for research.
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In the meantime, some of these issues have been addressed and new information is
now available, although at this time mostly in preliminary form. Nevertheless, the aim
of this paper is to concentrate on the new experimental data in order to evaluate (a)
the need for a revision of the current critical levels, and (b) the possibility of moving
to a flux-based approach for individual species or mixed communities.
2. Sensitivity of individual species
Data selection. Several reviews and individual papers have been published describing
the sensitivity of semi-natural vegetation species to ozone (e.g. Davison & Barnes,
1998; Pleijel & Danielsson, 1997; Warwick & Taylor, 1995; Mortensen & Nilsen,
1992; Bergmann et al, 1995; 1996, Bungener et al, 1999b; Ball et al, 1999). The
results from over 60 papers were examined at the Coordination Centre of the ICP
Vegetation, and the following selection criteria were used for inclusion in the
database: field based experiments (OTCs, field release systems); exposure duration 
weeks, above ground biomass measured, ozone exposure  SSE  GDWDSRLQWV
AOT40 was used as the measure of ozone exposure. Where AOT40 was not given,
this was estimated using the ozone information available. Data for 28 species met the
criteria, but data for a further 78 species was also collated for future use even though
all of the criteria were not met. The 28 species represent a very small proportion of
the species present in semi-natural vegetation within the UNECE region.
Data analysis. To standardise the biomass response, for each treatment within an
experiment the biomass was expressed as relative to that of the control (i.e. charcoalfiltered air, CF, or occasionally non-filtered air, NF, if CF was not used) which was
considered to be 1. A sensitivity index (SI) was derived from the regression equation
of the AOT40-response relationship for individual species by calculating the relative
biomass at 3 and 15 ppm.h. SI was defined as the difference between these two
values, divided by the relative biomass at 3 ppm.h. Smaller values indicate greater
sensitivity and an SI of 1 indicates no response. The functions were also used to
calculate the difference in relative biomass at 0 and 3 ppm.h, divided by the relative
biomass at 0 ppm.h, to give an indication of the magnitude of response associated
with an AOT40 equivalent to the critical level for crops.
Results. The response functions (y = relative biomass, x = AOT40, in ppm.h), and SI
for each of the 28 species are shown in Table 1. The most sensitive species, Phleum
alpinum and P. pratense had SIs of 0.53 and 0.64, respectively. Sixteen of the 28
species had SIs between 0.9 and 1.0 suggesting moderate sensitivity to ozone.
Interestingly, 8 species had SIs above 1.0 indicating a positive growth response to
ozone. The most sensitive species in the study, P. alpinum, showed a 10.6%-reduction
in biomass at 3 ppm.h, which is much higher than the 5%-reduction in yield
anticipated for wheat (Fuhrer et al, 1997). Although there is greater scatter around the
fitted line than in the case of wheat. In contrast, the largest increase in biomass, of 25% at 3 ppm.h, was predicted for species such as Molinia caerulea, Bromus erectus,
and Silene dioica. Interestingly, M. caerulea grows alongside P. alpinum in habitats
such as uplands and heaths, and the contrasting biomass response might conceivably
change the competitive balance between these species.
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Table 1: Relative sensitivity index (SI) calculated for a range of semi-natural vegetation
species.
Species

SI

Regression
Equation

r2

References

y=−0.04x + 1.1362
y=−0.0274x + 1.0858

0.66
0.37

Danielsson et al, 1999
Mortensen & Nilsen, 1992;
Kohut et al, 1988; Danielsson et
al, 1999
Bungener et al, 1999b; Ashmore
et al 1996
Bungener et al, 1999b;
Mortensen & Nilsen, 1992
Bungener et al, 1999b
Bungener et al, 1999b; Ashmore
et al, 1996
Bungener et al, 1999b; Ashmore
et al 1996; Kohut et al, 1988
Mortensen & Nilsen, 1992;
Pleijel & Danielsson, 1997;
Bungener et al, 1999b; Ashmore
et al, 1996; Franzaring et al,
2000
Bungener et al, 1999b;
Mortensen & Nilsen, 1992
Bungener et al, 1999b
Bungener et al, 1999b; Ashmore
et al 1996; Pleijel et al, 1997
Franzaring et al, 2000
Bungener et al, 1999b;
Mortensen & Nilsen, 1992;
Ashmore et al, 1996
Franzaring et al, 2000
Bungener et al, 1999b
Bungener et al, 1999b
Bungener et al, 1999b
Bungener et al, 1999b
Franzaring et al, 2000
Bungener et al, 1999b; Ashmore
et al 1996; Pleijel et al, 1997
Bungener et al, 1999b
Bungener et al, 1999b; Ashmore
et al 1996
Bungener et al, 1999b
Bungener et al, 1999b
Bungener et al, 1999b; Ashmore
et al 1996
Franzaring et al, 2000
Bungener et al, 1999b
Bungener et al, 1999b

Phleum alpinum
Phleum pratense

0.53
0.64

number
of points
18
55

Trifolium repens

0.87

6

y=−0.0107x + 0.9379

0.80

Chrysanthemem
leucanthemum
Tragopogon orientalis
Festuca rubra

0.89

6

y=−0.009x + 1.0139

0.78

0.92
0.92

4
6

y=−0.0071x + 1.0119
y=−0.0074x + 1.0144

0.98
0.89

Trifolium pratense

0.92

10

y=−0.0069x + 1.0914

0.16

Plantago lanceolata

0.93

11

y=−0.0055x + 1.002

0.33

Centaurea jacea

0.93

6

y=−0.0064x + 1.0081

0.52

Taraxacum officianalis
Poa pratensis

0.93
0.94

4
9

y=−0.006x + 1.0777
y=−0.0052x + 0.961

0.49
0.60

Eupatorium cannabinum
Lotus corniculatus

0.94
0.96

4
8

y=−0.0054x + 1.0681
y=−0.0026x + 0.9574

0.54
0.27

Achillea ptarmica
Knautia arvensis
Achillea millefolium
Crepis biennis
Salvia pratensis
Cirsium dissectum
Dactylis glomerata

0.96
0.96
0.96
0.98
0.99
0.99
0.99

4
4
4
4
4
4
9

y=−0.0029x + 1.0173
y=−0.0025x + 1.0218
y=−0.0033x + 1.0359
y=−0.0016x + 1.0778
y=−0.0013x + 1.084
y=−0.0066x + 0.9572
y=−0.0006x + 0.9025

0.83
0.34
0.64
0.09
0.04
0.63
0.00

Trisetum flavescens
Arrhenaterum elatius

1.01
1.01

4
6

y=0.0012x + 1.1012
y=0.0012x + 0.9131

0.02
0.03

Onobrychis sativa
Carum carvi
Lolium perenne

1.02
1.02
1.04

4
4
6

y=0.0019x + 1.1044
y=0.0024x + 0.9612
y=0.003x + 0.9849

0.04
0.19
0.70

Molinia caerulea
Bromus erectus
Silene dioica

1.09
1.11
1.13

4
4
4

y=0.0077x + 1.0076
y=0.0103x + 1.0534
y=0.0147x + 0.907

0.53
0.74
0.83

The assessment was expanded to consider whether it might be possible to predict
sensitivity to ozone based on physiological traits or growth requirements. However,
no relationship with individual Ellenberg values for habitat requirements could be
established, although multiple linear regression showed 24.5% of variation in
sensitivity of a species to ozone was accounted for from a combination of the
Ellenberg values for light and nitrogen requirements. In agreement, Franzaring et al
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(1999) found no significant correlation between the Ellenberg moisture index of a
species and its ozone sensitivity, and Batty et al (2001) found no association between
ozone response and Ellenberg indices for moisture, fertility, acidity and light for UK
species. In the same study, no relationship between ozone sensitivity and C-S-R
strategies (sensu Grime) was found, thus confirming results by Ball et al (1999) and
Pleijel & Danielsson (1997). In contrast, work by Bungener et al (1999b) indicated
that species with a large component of competitor (C) or ruderal (R) strategies tended
to be more sensitive to ozone than stress tolerators (S), and Reiling & Davison
(1992c), as well as Bungener et al. (1999b), found that the relative growth rates of
faster growing species were more affected by ozone stress than those of slower
growing species. This is supported by the analysis by Franzaring (2000) who showed
that leaf injury tends to be more frequent in species with high growth rates and thin
leaves (Fig. 1).
SLA (m 2 kg -1)

36

Figure 1: Relationship between relative growth
rate (RGR, leaf thickness, SLA, and specific
ozone sensitivity. Ozone injured plant species:
black circle, uninjured species: white box. Lines
indicated standard deviations. Information
available for RGR n=104 and SLA n=72
(Franzaring, 2000, reproduced with permission).
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Further analysis of the ICP Vegetation database revealed a weak trend towards
increasing sensitivity with decreasing seed weight, but no relationship with stomatal
density (not shown). Previous studies have found correlations between ozone
sensitivity and stomatal conductance in some species (e.g. Nebel & Fuhrer, 1994,
Reich, 1987), but not in others (e.g. Reiling & Davison, 1995). Also, no relationship
between relative sensitivity and leaf longevity (aestival, semi-evergreen, evergreen),
life form (hemicryptophyte, helophyte, chamaephyte) or flowering time was found.
Overall, the analysis revealed only weak relationships between ozone sensitivity and
plant physiological or ecological traits, in agreement with previous studies. However,
it is very important to emphasise that most European studies have focused on
temperate grassland species from productive and more acid habitats, and a clearer
pattern might emerge if information was available for a much greater range of species
found across European habitats. Preliminary data from the BIOSTRESS project (see
below) indicate high ozone sensitivity in some leguminous species of the
Mediterranean dehesa community, but further analysis is necessary to establish a
causal link to plant traits. It is also important to emphasise that almost nothing is
known about the ozone sensitivity of rare plant species of high conservation value.
3. Variation in ozone sensitivity
3.1 Intra-specific variation
As shown above, it is convenient to classify ozone response in terms of species, i.e.
species X is more sensitive than species Y, but there is great variation within a species
and there is evidence that it may change over time. A good example of intra-specific
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variation in ozone sensitivity is the case of brown knapweed (Centaurea jacea), for
which sensitive and resistant biotypes could be identified within the same population
(Bungener et al, this volume). Recently, Manninen et al. (2002) observed a difference
in ozone response between two Finnish wild strawberry populations, with the
individuals grown from seeds originating from a more northern population being
more ozone sensitive compared to those from a southern exposure, with a reduction in
both shoot and root dry weights following a season-long exposure (June-August) with
an AOT40 of about 5 ppm.h. Heritable differences in ozone response have been
recognised in crops for many years (reviewed by Davison & Barnes, 1998) and they
are established for trees (e.g. Berrang et al, 1986, 1989, 1991). Where semi-natural
and wild herbaceous species are concerned heritable differences are best known in
Plantago major (Whitfield et al, 1997). In two cases, aspen and P. major, there are
distinct geographical patterns of heritable ozone response (Reiling & Davison, 1992b)
and a positive correlation between ozone resistance and the ozone exposure. If these
are causal relationships that indicate evolution of resistance then the spatial pattern of
resistance represents a map of critical level exceedance. However, this is not justified
because it has not been established that there is a cause-effect relationship (Reiling &
Davison, 1992b; Davison & Barnes, 1998). It is just as possible that other factors,
such as water stress or excess light may be responsible. For example, Bungener et al
(1999a) demonstrated that resistant genotypes of red clover (Trifolium pratense)
selected from the field in Switzerland had lower values of stomatal conducance, but
pointed out that this might be associated with lower root growth rates and lower
tolerance of high temperature stress. Whatever the cause of the spatial pattern in
ozone resistance of P. major (Lyons et al, 1997), it is of significance for the
development of critical levels.
Most research is done over short periods of time but in nature plants are exposed to
stress over longer periods and populations change over time. Although the spatial
patterns of ozone response in aspen and P. major imply that there are changes over
time, only two studies that have demonstrated this explicitly (Heagle et al, 1991;
Davison & Reiling, 1995). P. major is often described as a short-lived perennial, but
in practice is essentially monocarpic with a huge population turnover. Over a period
of three years two populations of this species increased in ozone resistance (Davison
& Reiling, 1995) and the later populations were sub-sets of the earlier ones, which is
consistent with evolution rather than catastrophic loss and replacement of the
populations (Wolff et al, 2000). This illustrates the dynamic nature of populations of
short-lived species and it raises the question of whether they should be used for
setting critical levels. They are dependent on seed production so we know the
important measure of performance to use in assessing the effects of ozone, but the
rapid turnover of populations and dynamic response to environment makes it very
difficult to apply experimental data obtained from a limited number of populations to
a European wide area.
Perennials may offer a better alternative but some of them are almost as dynamic as
annuals and monocarpic species. White clover (Trifolium repens) provides an
instructive example because it has been the subject of a great deal of research and it is
regarded as being relatively sensitive. Most of the data on clover response have been
obtained from commercial varieties and there is correspondingly little published on
wild or well established populations. This is significant because the genetic composition of clover populations is known to change rapidly over time in response to
management and stress. Within three or four years of sowing a variety, the genetic
makeup of the population is very different from the original. Genetic markers can give
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an indication of the rate of turnover in populations and in the case of clover the
frequency of cyanogenic individuals has been much studied. As an example, Richards
& Fletcher (2002) recorded the frequency falling from 33% to 6% over a period of
five years. It is important that Heagle et al, (1991) found a significant change in the
frequency of individuals showing visible symptoms after just two years of fumigation.
These rapid changes in clover indicate that we cannot extrapolate from experiments
with commercial varieties of clover to the field and assume that established
populations will behave in the same way. Perhaps more attention should be focussed
on long-lived species that have slow rates of turnover of the populations.
3.2 Developmental variation
Ozone response varies with leaf age and the stage of development. This has been
known for many years for crops (eg. Blum & Heck, 1980; Younglove et al, 1994;
Vandermeiren et al, 1995; Soja, 1996; Pleijel et al, 1998) and tree species (Hanson et
al, 1994; Smeulders et al, 1995; Pääkönen et al, 1996). There are fewer welldocumented examples for wild, herbaceous species but significant changes have been
shown in laboratory-grown P. major (Reiling & Davison, 1992a; Lyons & Barnes,
1998). These changes are potentially important for the development of Level II
critical levels so it has been proposed that phenological weighting factors should be
applied to AOT40s (Soja et al, 2000). However, in contrast to the data for wheat and
bean, the limited data for P. major were not considered suitable for this because they
involved short-term pot experiments in controlled conditions. Another challenge is
that in widespread species the ozone-phenological response may well differ between
geographically separated populations. At present there is no new information
available on this subject.
3.3 Influence of environmental conditions
Edaphic and atmospheric conditions are crucial in determining species and
community distributions, and the success of individual species in competition for
resources such as water, nutrients and light. In the context of Level II critical levels,
two specific questions could be asked:
½ Are species or communities typical of particular environmental conditions more
sensitive to ozone?
½ Are the responses to ozone of individual species or communities likely to vary
with spatial and temporal variations in environmental conditions?
In general, species typical of habitats with a high availability of resources are
characterised by high growth rates, large specific leaf area ratios, and high stomatal
conductance, all of which are weakly associated with increased ozone sensitivity
(Franzaring et al, 1999) (see above). Therefore, a tendency for greater ozone
sensitivity in more favourable growth conditions might be expected, but beyond that,
there is little evidence on which to base any sensitivity ranking of community types.
In terms of the second question, while there is a substantial body of empirical data for
productive trees and arable crops, there is a dearth of information for semi-natural
vegetation. Davison et al (1999) identified the importance of impacts of both nutrient
limitation and soil moisture stress on responses of wild plants to ozone but concluded
that there was very little available information, a position that has hardly changed in
the last three years. A screening exercise by Bungener et al (1999b) indicated that in
some but not all species tested, limiting soil moisture reduced the effects of ozone
stress, and Franzaring et al (this volume) found larger effects of ozone on two species
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from fen meadows when grown under water stress. Conversely, Nussbaum et al
(2000) found that the impact of ozone on the balance between two species was
reduced at low soil water content. However, the latter findings may only apply to taxa
typical of mesic sites, and not to those typical of drier habitats. Thus, the use of
modifying factors applied to the AOT40 in order to account for soil moisture
limitation seems inappropriate.
Most natural vegetation grows on nutrient-limited soils. Therefore, assimilate
allocation to roots is extremely important for efficient resource capturing below
ground. While root responses to ozone are known to be variable, recent data of Batty
& Ashmore (this volume) for wetland species indicate that the AOT40 threshold for
effects on root growth in the most sensitive species is lower than that for effects on
shoot growth, and indeed lower than the current Level I critical level. Similarly,
Thwaites (1996) showed that ozone reduced the capacity of Arrhenatherum elatius
and Lathyrus pratensis to reallocate assimilates to root growth under nutrient stress.
Whitfield et al (1998) showed that specific nutrient deficiencies may increase the
sensitivity of P. major to short-term ozone exposure, but more information is needed
on interactions between nutrient stress and ozone exposure.
3.4 Effects of competition
It is vital to identify a key difference between crop species and wild plants – the
existence of inter-specific competition for resource. The key question here is:
½ Is ozone sensitivity influenced by competition?
Ozone is known to modify key growth characteristics for competition for resources,
such as root:shoot ratio (see above), root morphology, height and specific leaf area;
hence, any influence of environmental conditions on ozone responses may be
modified by competition. Also, ozone effects in a competitive environment may differ
from effects observed with individual plants grown in isolation, partly because ozone
access may be modified by canopy structure (see below), and partly because ozone
responses may be altered by the effect of neighbouring plants, for example on the
availability of soilborne resources. Competition may also be an important interacting
factor for effects of shade; Davison & Haley (2001) found that exposures which
caused no significant injury on individual seedlings caused substantial injury when
seedlings were grown in competition, an effect they attributed to changed leaf
morphology. Earlier studies with sown grass-clover mixtures using commercial seed
sources demonstrated the effect of ozone on the species balance (cf. Fuhrer, 1997),
and results by Nussbaum et al (2000) confirmed that ozone influenced the outcome of
competition based on a replacement series experiment with Trisetum flavescens and
either T. pratense or C. jacea. After ozone exposure for two growing seasons, Barbo
et al (1998) concluded that an early successional plant community may be less diverse
and complex due to ozone stress, as compared to the control, and Ashmore &
Ainsworth (1995) found an increase in the grass:forb ratio with increasing cumulative
ozone dose in artificial communities established from commercial seeds.
Nevertheless, information regarding the interaction of competition and ozone stress in
semi-natural and natural plant communities is still very limited.
The EU/FP5 project BIOSTRESS (BIOdiversity in Herbaceous Semi-Natural
Ecosystems Under STRESS by Global Change Components) (2000-2002) addressed
the question of competition by a combination of experimentation and modelling. The
project aimed to understand how ozone affects the species balance in semi-natural
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communities. Plant communities from different sites and habitats across Europe were
studied either in mesocosms in open-top chambers (OTCs), or as complex communities in free-air exposure facilities. In the mesocosm experiments, a phytometerbased approach was used to detect effects of early season ozone stress on selected
target species grown in competition with a phytometer species. One underlying
hypothesis was that stress occurring during the early part of the season would be most
effective and determine the community development later during the season. In the
‘real-world’ experiments, effects of season-long exposure to ozone were investigated.
Because BIOSTRESS has only just been completed, the data available at present are
preliminary and unpublished. In the following paragrpahs, some key results are
highlighted.
In the experiment at Braunschweig, Germany, (for details see Bender et al, this
volume), Achillea millefolium showed ozone-specific symptoms, and the fraction of
dead leaves increased with increasing AOT40. When grown in combination with the
phytometer Poa pratensis, the effect of ozone was stronger, thus indicating higher
ozone sensitivity in the competitive situation. In the same study, the biomass of
monocultures of five perennial species was not significantly affected by any ozone
treatment. When grown in mixture with Veronica chamaedrys in the absence of ozone
stress (i.e. in the control treatment), the biomass of the phytometer P. pratensis at the
end of the second season was reduced as compared to the biomass in monoculture.
This competitive advantage of V. chamaedrys disappeared with ozone above an
AOT40 of about 3.6 ppm.h over 5 weeks, thus indicating a negative ozone impact on
the competitive ability of this species (Bender et al, 2002). However, the same effect
was absent during the following season.
In mesocosm experiments with short-lived perennials at Newcastle, UK, the growth
of Trifolium pratense was tested in combination with the phytometer P. pratensis.
Preliminary data evaluation revealed that, when competing with P. pratensis, the
biomass of T. pratense declined with increasing ozone stress (Fig. 2), and that this
effect persisted during a 10-week recovery period (C. Gillespie, J. Barnes, personal
communication). This response was similar to that of individual plants grown in
isolation, but no ozone response in clover biomass was observed in monocultures. In
contrast, the biomass of the grass was unaffected by ozone, both with or without interspecific competition. Significant biomass reductions in T. pratense were found after a
6-week period with an AOT40 of about 5.5 ppm.h. The exposure-response
relationship depicted in Fig. 2 suggests a 10%-decrease in relative biomass
corresponding to an AOT40 of 4 ppm.h. These data suggest that impacts of early
season ozone stress may be magnified by intra-specific competition, and they confirm
that legumes may be the most sensitive component in semi-natural grasslands.

190

Relative above-ground
biomass

150
y = 99.13 – 0.00226x
r2=0.7871

100

p=0.0001

50

0
0

5000

10000

15000

20000

AOT 40 ppb h.
Figure 2: Graph showing regression (with 95% confidence limits) for biomass of T. pratense
plants subject to inter-specific competition from Poa pratensis. Experiments were conducted
employing a standardized design over two years (squares for 2000 and triangles for 2001) in
OTCs (3 replicates of four ozone levels) at Newcastle University’s field station (Close House,
Wylam). Plants were exposed to ozone for 6 weeks early in the season and then maintained in
ambient air for a further 10 weeks (Gillespie & Barnes, unpublished data, reproduced with
permission).

At Wageningen, The Netherlands, species from wet grassland communities were
tested. In the first season (2000), the competitive ability of the phytometer Agrostis
capillaris declined in response to increasing early season ozone stress when grown in
mixture with Carex nigra, Lychnis floscuculi, Molinia caerulea or P. lanceolata (A.
Tonneijck, T. Dueck, G. Brouwer, K. Metselaar, personal communication). This
effect, which was not due to an increase in the biomass of the target species, was
detectable in the NF treatment with an AOT40 of only about 2.7 ppm.h over 4 weeks
of exposure. But during the following two seasons, the effect of ozone on the same
plants could no longer be observed.
Finally, mescocosm experiments at Madrid, Spain, involved different annual species
of dehesa acidic grasslands. This is one of the first experiments with plant species of
this important a Mediterranean plant community. Based on the initial screening
experiment with individual plants from about 30 species, Trifolium cherleri, T.
glomeratum, T. striatum, and T. subterraneum were identified as the most sensitive
species, in contrast to the more tolerant grass species (B.S. Gimeno, V. Bermejo, J.
Sanz, D. de la Torre & J.M. Gil, personal communication). In the case of T. cherleri
and T. striatum, exposure-response relationships suggest that an AOT40 of <1 ppm.h
may cause reductions in above ground biomass, but confidence levels were rather
low. The high sensitivity of this species was confirmed in a first competition
experiment: a single month of ozone exposure decreased the competitive ability of the
legume T. cherleri, when compared with the competing grass Briza maxima. After 6
weeks of ozone exposure, followed by 8 weeks in ambient air, both above and below
ground biomass in T. cherleri were reduced by ozone stress. A striking negative effect
of ozone was found on flower production and seed output which is of major
importance for this annual species (Gimeno et al, this volume). Reduced flower
production was observed in response to an AOT40 of about 2.5 ppm.h.
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Overall, and in response to the question raised above, the preliminary data from
BIOSTRESS mesocosm experiments indicate that ozone stress early in the season
may reduce the competitive ability of certain sensitive annual and perennial species
after exposures of for 4-6 weeks to 2.5-4 ppm.h (measured at canopy height). This
would suggest a critical level of around 3 ppm.h could be used for both annuals and
perennials, with an emphasis on an early season time-window. In some cases, these
ozone effects tended to persist during the rest of the season, whereas in other cases the
species regained the competitive ability when returning to a low ozone situation.
Similarly, Davison and Haley (2001) hypothesised that the effect of water stress on
annual species would be greatest early in the season, when roots are poorly
developed. In their study with Epilobium hirsutum seedlings, a short-term early
season drought did reduce the growth reductions caused by ozone concentrations up
to 75 ppb, but growth measurements later in the season suggested that this effect was
transient.
After one season, the results of the ‘real world’ experiment at Giessen, Germany, with
a newly established calcareous grassland community revealed no effect on total
biomass but effects on individual species (A. Fangmeier, personal communication),
but a longer exposure will be necessary before any conclusion can be drawn regarding
ozone effects on species composition. On the other hand, the Swiss experiment with
an old semi-natural community showed some effects on yield and forage quality, but
no clear ozone effect on species composition after four years of exposure, in spite of
the presence of visible leaf injury in the exposed plots (P. Bungener et al, unpublished
data). This observation needs to be confirmed, but it it could be hypothesized that late
successional temperate plant communities may have greater resilience than early
successional ones; hence, they may not be the most sensitive receptors on which the
critical levels should be based on. But it must also be kept in mind that the power of
these larger-scale experiments with relatively few replicates tends to be low, relative
to the biological variability in the observed systems. Furthermore, detection of effects
of ozone may be more difficult under ‘real-world’ conditions than in OTCs because,
(a) ozone effects are not amplified by shifts in microclimate, as in OTCs (see
Nussbaum & Fuhrer, 2000), (b) the natural dynamics of plant communities, including
shifts in the genetic composition of populations over time (see above), may mask any
ozone effects on species balance, (c) stress periods are followed by recovery periods,
or (d) ozone exposure varies within the canopy and sensitive species may be protected
from ozone access (see below).
An important observation across all BIOSTRESS experiments was that negative
effects tended to be reduced with increasing number of experimental seasons, and
they appeared to be most pronounced in annual and short-lived perennials.
3.5 Effects of plant canopies
Many experiments have used individual plants, small clumps or short swards grown
in OTCs. The canopy structure of these plants and the turbulence in OTCs means that
there is little variation in ozone concentration within canopies. However, in the field
natural ecosystems consist of larger stands with a more dense canopy. Furthermore,
some species grow under tree canopies so it is important to know how canopy
structure affects ozone exposure. The main question here is:
½ Are species with low stature protected from ozone by adjacent plant canopies?
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There have been several comprehensive studies of ozone concentrations under tree
canopies (Enders, 1992; Fontan et al, 1992; Fredricksen et al, 1995; Joss & Graber,
1996; Lorenzini & Nali, 1995; Neufeld et al, 1992; Samuelson & Kelly, 1997; Skelly
et al, 1996). In general, they indicate a reduction in ozone below the canopy but above
the shrub/herb layers of 20-40%. However, there appears to be only one study of
ozone profiles in tall herbaceous stands (Davison et al, 2002). The relationship
between gradients in ozone and PAR in several stands of cutleaf coneflower,
Rudbeckia laciniata, a species that regularly shows visible injury in the Great Smoky
Mountains National Park (USA), can be summarized as follows: ozone in
canopy/ambient = 24.5 x log10(in canopy/ambient PAR) + 43 (r2=0.474, n=25,
p<0.02). The main feature of the data is that there is much greater reduction in PAR
than in ozone (Fig. 3). At a height of 50 cm above ground, which included the first
four (i.e. oldest, and those with most ozone injury) leaves, the ozone varied from
about 15-90% of ambient, whereas PAR was consistently <10%.

Ozone or light at sample point
as a % of that at reference point

Further measurements in 2002 (Davison et al, unpublished), including leaf area index
(LAI) at different positions in canopies of coneflower, revealed a statistically
significant relationship between ozone depletion and LAI: ozone depletion = 1.0 0.157 x LAI (n=13, r2=0.91). The data indicate a decrease in ozone of about 16% per
unit of LAI. This is in broad agreement with data for ozone in a grassland canopy (J.
Fuhrer, unpublished) and under tree canopies, and it is remarkably similar to data of
Finkelstein (2001) relating differences in daytime ozone deposition velocity (vO3) to
the LAI of crops, pasture, forest and estuarine vegetation. He reported a regression of
vO3 = 0.15 x LAI + 0.17 (r=0.96), i.e. a change of vO3 of about 15% per LAI unit. This
suggests that with more data covering a greater range of species, wind speeds and
ozone concentrations it may be possible to make estimates of ozone exposures within
the layers of a canopy if the LAI profile of the stand is known.
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Figure 3: Vertical profiles of ozone and PAR
in the centre of a stand of cut-leaf
coneflower,
Rudbeckia
laciniata,
at
Clingman’s Dome, USA, August 2001. All
readings are expressed as a % of values at a
reference point 1.5 x canopy height above the
population. (From Davison et al 2002,
reproduced with permission).
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The decrease in PAR inside the plant canopy may affect the response to ozone of
short-stature species. But there have been few studies on ozone responses at the very
low light levels that occur in canopies of tall herbaceous stands or in the ground layer
of forests. In a coneflower stand growing in the open (Davison et al, 2002), and in a
stand in the understorey of a deciduous forest (A. Davison, unpublished), conductance
was lower in the lowest leaves, which would result in lower ozone flux, but the two
striking features are that conductance was not related to diurnal changes in light, and
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that the light levels were extremely low in the forest stand. Topa et al (2001)
commented that it is often assumed that shade-tolerant species will exhibit higher
ozone tolerance than shade-intolerant species because of intrinsically lower stomatal
conductance, and hence lower ozone uptake. Their work on shade-grown sugar maple
showed that light had little effect on conductance and that the effects of ozone were
more pronounced at low light (15% of daylight). In addition, they showed that the
proportion of intercellular space was increased in plants growing in ozone and low
light, possibly increasing the cumulative dose to mesophyll cells (Bäck et al, 1999).
Therefore, in answer to the above question, it is clear that the ozone concentration is
reduced in the lowest layers, but it is still over 50% when the LAI is <3. Furthermore, in the few examples that have been reported, stomatal conductance remains
relatively high so ozone uptake is not reduced by light, and the low light in the canopy
may increase the plants' sensitivity to ozone. How this information can be used to
improve ozone flux models must be the subject of future research, but is shows that
the parameterization of a Jarvis-type model for leaf conductance may be very
different for leaves inside a canopy as compared to those at sunlit top.
4. Classification of sensitivity
Because of the lack of any clear relationship between ecological characteristics of
individual species and their specific ozone sensitivity (see above) it is difficult to
identify those plant communities which are most at risk. Furthermore, shifts in ozone
sensitivity at the community level in response to ozone or other environmental factors
may lead to a spatially heterogeneous pattern of ozone sensitivity even within the
same community type. If a species such as P. major is used as a model for critical
levels, should the AOT40 apply only to those areas where populations are known to
be sensitive? On the other hand, if a species is chosen that has not been tested for
geographic patterns of ozone response, there is the danger that the critical level will
be inappropriate for some regions if the environment has led to greater resistance.
The situation is further complicated by the interaction between the stage of
development of individual species and their ozone sensitivity, and also by the possible
resilience of plant communities which may adapt to changing environmental
conditions rather quickly. From the limited data available so far, it can only weakly be
suggested that early, in contrast to late successional communities, communities at
productive sites with fast growing species, and/or those with a larger fraction of
legumes, are more likely to be affected by ozone. For wetland species, a reduction in
root:shoot ratio may be found at very low ozone exposure levels. Batty & Ashmore
(this volume) found a reduced root:shoot ratio at ozone levels below the current
critical level, and Franzaring et al. (2000) reported for Achilea ptarmica and Cirsium
dissectum reduced root:shoot ratios after 4 weeks of exposure to ozone with an
AOT40 of 3.3 ppm.h
5. Critical levels/critical fluxes: recommendations
Level I. The current critical level for annuals, expressed as an AOT40 calculated for
daylight hours over 3 months, is set at 3 ppm.h, and for perennials at 7 ppm.h over six
months. Preliminary data from BIOSTRESS experiments, including experiments with
species from the Mediterranean dehesa community, indicate that exposures to ozone
exceeding an AOT40 of around 3 ppm.h may cause significant negative effects on
annual and perennial plant species. The BIOSTRESS mesocosm experiment with
two-species mixtures indicate that exposures during 4-6 weeks early in the season
may cause shifts in species balance above an AOT40 of about 3 ppm.h. Because the
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effect of this early stress may last for the rest of the season, it could be argued that the
time window for perennials could be reduced. A simple approach would be to use the
same time-window for both annuals and perennials, i.e. 3 months, with a focus on the
early part of the season. In this case, the same value of 3 ppm.h may also be sufficient
to protect the most sensitive short-lived perennial species when grown in a
competitive environment. This change in the definition of the Level I critical level is
further supported by published data for instance for wetland species (see Table 1), or
wild strawberry populations growing at high latitudes.
Level II - Modifying factors. The paucity of empirical data does not allow any clear
recommendation to be made on how ozone critical levels for semi-natural vegetation
should be modified to account for environmental conditions, despite the major
importance of ozone/environment interactions. Long-term responses of wild plants to
ozone, as has been emphasised in previous discussion and review papers, depend on
responses for which data are limited, such as seed production, assimilate partitioning
and stress sensitivity, rather than changes in vegetative growth rates and biomass per
se. A key long-term issue may be the effect of ozone in decreasing the capacity of the
plant or genotype to compete for limiting environmental resources, but current
knowledge of this is inadequate.
Level II - Flux-based approach. It is likely that the mechanism through which some
factors which have been demonstrated to influence ozone responses of wild species
and communities, such as soil moisture deficit and vapour pressure deficit, are
through changes in stomatal conductance and ozone flux. However, data to fully
parameterise flux models for almost any wild species are currently lacking, and the
Harrogate workshop noted that the application of flux-based approach to semi-natural
vegetation remains problematic (Ashmore, this volume). The effects of key
environmental factors, including nutrient stress and shade, are likely to depend on
factors such as assimilate partitioning and leaf morphology and chemistry rather than
flux, and hence more complex functional models are needed. In this situation, is
appears to be even more difficult to introduce a mechanistic approach to identify
species and communities at risk.
6. References
Ashmore, MR, Ainsworth, N (1995). The effect of ozone and cutting on the species composition of
artificial grassland communities. Functional Ecology 9, 708-712.
Ashmore, MR, Davison AW (1996). Towards a critical level of ozone for natural vegetation. In:
Karenlampi L & Skärby, L., eds., op. Cit, pp. 58-71.
Ashmore, M, Franzaring, J (1999). Semi-natural vegetation. In: Fuhrer J, Achermann B, eds., op. Cit,
pp. 23-25.
Ashmore, MR, Power, SA, Cousins, DA, Ainsworth, N (1996). Effects of ozone on native grass and
forb species: a comparison of responses of individual plants and artificial communities. In:
Karen-lampi L, Skärby L, eds., op. Cit, pp. 193-197.
Bäck, J, Vanderklein, DW, Topa, MA (1999).Effects of elevated ozone on CO2 uptake and leaf structure in sugar maple under two light regimes. Plant, Cell and Environment 22, 137-147.
Ball, GR, Mills, GE, Hayes, F, Ashmore, M, Emberson, L, Power, S, Bungener, P, Nussbaum, S,
Fuhrer, J (1999). Can artificial neural networks be used to identify ozone sensitivity in natural
vegetation species. In: Fuhrer J, Achermann B, eds., op. Cit, pp. 261-264.
Barbo, DN, Chappelka, AH, Somers, GL, Miller-Goodman, MS, Stolte, K (1998). Diversity of an early
successional plant community as influenced by ozone. New Phytologist 138, 653-662.

195

Batty, K, Ashmore, MR, Power, SA (2001). Assessment of relative sensitivity of wetland plant species
to ozone. In: Final Contract Report, Ozone Umbrella Project, CEH, Edinburgh.
Bender, J, Bergmann, E, Dohrmann, A, Tebbe, CC, Weigel, HJ (2002). Impact of ozone on plant
competition and structural diversity of rhizosphere microbial communities in grassland
mesocosms. Phyton 42, 7-12.
Bergmann, E, Bender, J, and Weigel, HJ (1996). Ozone and natural vegetation: Native species sensitivity to different ozone exposure regimes. In: Fuhrer J, Achermann B, eds., op. Cit, pp. 205209.
Bergmann, E, Bender, J, Weigel, H. (1995). Growth responses and foliar sensitivities of native herbaceous species to ozone exposures. Water, Air and Soil Pollution 85, 1437-1442.
Berrang, P, Karnosky, DF, Bennett, JP (1989). Natural selection for ozone tolerance in Populus
tremuloides: field verification. Canadian Journal of Forest Research 19, 519-522.
Berrang, P, Karnosky, DF, Bennett, JP (1991). Natural selection for ozone tolerance in Populus
tremuloides: An evaluation of nationwide trends. Canadian Journal of Forest Research 21,
1091-1097.
Berrang, P, Karnosky, DF, Mickler, RA, Bennett, JP (1986). Natural selection for ozone tolerance in
Populus tremuloides. Canadian Journal of Forest Research 16, 1214-1216.
Blum, U, Heck, WW (1980). Effects of acute ozone exposure on snap beans at various stages of its life
cycle. Environmental and Experimental Botany 20, 73-85.
Bungener, P, Lutolf M, Nussbaum, S, Fuhrer, J (1999a). Intraspecific differences in tolerance to shortterm ozone effects: a case study with brown knapweed (Centaurea jacea L.) and red clover
(Trifo-lium pratense L.). In Fuhrer J, Achermann B, eds., op. Cit., 259-262.
Bungener, P, Nussbaum, S, Grub, A, Fuhrer, J. (1999b). Growth response of grassland species to ozone
in relation to soil moisture conditions and plant strategy. New Phytologist 142, 283-293.
Danielsson, H, Gelang, J, Pleijel, H (1999). Ozone sensitivity, growth and flower development in
Phleum genotypes of different geographic origin in the Nordic countries. Environmental and Experimental Botany 42, 41-49.
Davison, AW, Ashmore, MR, Bender, J, Chappelka, A, Wiegel, H (1999). Critical levels for seminatural vegetation. In: Fuhrer J, Achermann B, eds., op. Cit., pp. 41-44.
Davison, AW, Barnes, JD (1998). Effects of ozone on wild plants. New Phytologist 139, 135-151.
Davison, AW, Haley, H (2001). Assessment of the relative sensitivity of wetland plant species to
ozone. In: Final Contract Report, Ozone Umbrella Project, CEH, Edinburgh.
Davison, AW, Neufeld, HS, Chappelka, AH, Wolff, KW, Finkelstein, PL (2002). Interpreting spatial
variation in ozone symptoms shown by cutleaf coneflower, Rudbeckia laciniata L.
Environmental Pollution, in press.
Davison, AW, Reiling, K (1995). A rapid change in ozone resistance of Plantago major after summers
with high ozone concentrations. New Phytologist 131, 227-343.
Enders, G (1992). Deposition of ozone to a mature spruce forest - measurements and comparison to
models. Environmental Pollution 75, 61-67.
Finkelstein, PL (2001). Deposition velocities of SO2 and O3 over agricultural and forest ecosystems.
Water, Air and Soil Pollution: Focus 1, 49-57.
Fontan, JA, Minga, A, Lopez, A, Druilhet, A (1992). Vertical ozone profiles in a pine forest. Atmospheric Environment 26A, 863-869.
Franzaring, J, Dueck, TA, Tonneijck, AEG (1999). Can plant traits be used to explain differences in
ozone sensitivity between native European plant species? In: Fuhrer J, Achermann B, eds., op.
Cit, pp. 83-87.
Franzaring, J (2000). Charakterisierung der Ozonsensitivität mitteleuropäischer Pflanzenarten: Beziehung zu Taxonomie, Ökologie, Wachstumsraten und Blattdichte. In: VDI (Verein Deutscher
Inge-nieure): Troposphärisches Ozon. Eine kritische Bestandsaufnahme über Ursache, Wirkung
und Abhilfemaßnahmen. Symposium 8.-10. Februar 2000, Bundesforschungsanstalt für

196

Landwirtschaft, Braunschweig. Kommission Reinhaltung der Luft (KRdL) im VDI und DIN –
Normenausschuß. KRdL Schriftenreihe 32, 323-328.
Franzaring, J, Tonneijck, AEG, Kooijman, AWN, Dueck, TA (2000). Growth responses to ozone in
plant species from wetlands. Environmental and Experimental Botany 44, 39-48.
Fredricksen, TS, Joyce, BJ, Skelly, JM, Steiner, KC, Kolb, TE, Kouterick, KB, Savage, JE, Snyder, KR
(1995). Physiology, morphology and ozone uptake of leaves of black cherry seedlings, saplings
and canopy trees. Environmental Pollution 89, 273-283.
Fuhrer, J (1997). Ozone sensitivity of managed pasture. In: Cheremisinoff, PN, ed., Ecological Advances and Environmental Impact Assessment. Advances in Environmental Control Technology
Series, pp. 681-706. Gulf Publ. Comp, Houston, TX
Fuhrer, J, Achermann, B, eds. (1999). Critical Levels for Ozone - Level II. Environmental Documentation No. 115. Swiss Agency for Environment, Forest and Landscape, Switzerland.
Fuhrer, J, Skärby, L., Ashmore, MR (1997). Critical levels for ozone effects on vegetation in Europe.
Environmental Pollution 97, 91-106
Hanson, PJ, Samuelson, LJ, Wullschleger, SD, Tabberer, TA, Edwards, GS (1994). Seasonal patterns
of light-saturated photosynthesis and leaf conductance for mature and seedling Quercus rubra
L. foliage: differential sensitivity to ozone exposure. Tree Physiology 14, 1351-1366.
Heagle, AS, McLaughlin, MR, Miller, JE, Joyner, RL, Spruill, SE (1991). Adaptation of a white clover population to ozone stress. New Phytologist 119, 61-68.
Joss, U, Graber, WK (1996). Profiles and simulated exchange of H2O, O3, NO2 between the atmosphere and the HartX Scots pine plantation. Theoretical and Applied Climatology 53, 157-172.
Karenlampi, L, Skärby, L., eds. (1996). Critical Levels for Ozone in Europe: Testing and Finalising the
Concepts. Univesity of Kuopio, Kuopio, Finland.
Kohut, RJ, Laurence, JA, Amundson, RG (1988). Effects of ozone and sulfur dioxide on yield of red
clover and timothy. Journal of Environmental Quality 17, 580-585.
Lorenzini, G, Nali, C (1995). Analysis of vertical ozone and nitrogen oxides profiles in a Prunus cerasus canopy. International Journal of Biometeorology 39, 1-4.
Lyons, TM, Barnes, JD (1998). Influence of plant age on ozone resistance in Plantago major. New
Phytologist 138, 83-99.
Lyons, TM, Barnes, JD, Davison, AW (1997). Relationships between ozone resistance and climate in
European populations of Plantago major. New Phytologist 136, 503-510.
Manninen, S, Siivonen, N, Timonen, U, Huttunen S (2002). Differences in ozone response between
two Finnish wild strawberry populations. Environmental and Experimental Botany, in press.
Mortensen, LM, Nilsen, J (1992). Effects of ozone and temperature on growth of several wild plant
species. Norwegian Journal of Agricultural Sciences 6, 195-204.
Nebel, B, Fuhrer, J (1994). Inter- and intraspecific differences in ozone sensitivity in semi-natural plant
communities. Angewandte Botanik 68, 116-121.
Neufeld, HS, Renfro, JR, Hacker, WD, Silsbee, D (1992). Ozone in Great Smoky Mountains National
Park: dynamics and effects on plants. In: Berglund, RD, ed., Tropospheric Ozone and the Environment II. Air and Waste Management Association, Pittsburgh, PA, pp. 594-617.
Nussbaum, S, Fuhrer, J (2000). Difference in ozone uptake in grassland species between open-top
chambers and ambient air. Environmental Pollution 109, 463-471.
Nussbaum, S, Bungener, P, Geissmann, M, Fuhrer, J (2000). Plant-plant interactions and soil moisture
might be important in determining ozone impacts on grasslands. New Phytologist 147, 327-335.
Pääkkönen, E, Metsarrine, S, Holopainen, T, Karenlampi L (1996). The ozone sensitivity of birch
(Betula pendula) in relation to the developmental stage of the leaves. New Phytologist 132, 145154.
Pleijel, H, Danielsson, H (1997). Growth of 27 herbs and grasses in relation to ozone exposure and
plant strategy. New Phytologist 135, 361-367.

197

Pleijel, H, Danielsson, H, Gelang, J, Sild, E, Selldén, G (1998). Growth stage dependence of the grain
yield response to ozone in spring wheat (Triticum aestivum L.). Agriculture, Ecosystems and
Environment 70, 61-68.
Reich, PB (1987). Quantifying plant responses to ozone: a unifying theory. Tree Physiology. 3: 63-91.
Reiling, K, Davison, AW (1992a). Effects of a short ozone exposure given at different stages in the
development of Plantago major L. New Phytologist 121, 643-647.
Reiling, K, Davison, AW (1992b). Spatial variation in ozone resistance of British populations of
Plantago major L. New Phytologist 122, 699-708.
Reiling, K, Davison, AW (1992c). The response of native, herbaceous species to ozone: growth and
fluorescence screening. New Phytologist 120, 29-37.
Reiling, K, Davison, AW (1995). Effects of ozone on stomatal conductance and photosynthesis in
populations of Plantago major L. New Phytologist 129, 587-594.
Richards, AJ, Fletcher, A (2002). The effects of altitude, aspect, grazing and time on the proportion of
cynogenics in neighbouring populations of Trifolium repens L. (white clover). Heredity 88: 432436.
Samuelson, LJ, Kelly, JM (1997). Ozone uptake in Prunus serotina, Acer rubrum and Quercus rubra
forest trees of different sizes. New Phytologist 136, 255-264.
Skelly, JM, Fredricksen, TS, Savage, JE, Snyder, KR (1996). Vertical gradients of ozone and carbon
dioxide within a deciduous forest in central Pennsylvania. Environmental Pollution 92, 235-240.
Smeulders, SM, Gorissen, A, Joosten, NN, Van Veen, JA (1995). Effects of short-term ozone exposure on the carbon economy of mature and juvenile Douglas fir (Pseudotsuga menziesii [Mirb.]
Franco). New Phytologist 129, 45-53.
Soja, G (1996). Growth stage as a modifier of ozone response in winter wheat. In: Knoflacher, M,
Schneider, J, Soja, G, eds., Exceedence of Critical Loads and Levels. Conference Papers Vol.
15. Federal Environment Agency, Vienna, Austria. pp 155-163.
Soja, G, Barnes, JD, Posch, M, Vandermeiren, K, Pleijel, H, Mills, G (2000). Phenological weighting
of ozone exposures in the calculation of critical levels for wheat, bean and plantain.
Environmental Pollution 109, 517-524.
Topa, MA, Vanderklein, DW, Corbin, A (2001). Effects of elevated ozone and low light on diurnal and
seasonal carbon gain in sugar maple. Plant, Cell and Environment 24, 663-677.
Thwaites, RH (1996). The effects of tropospheric ozone on calcareous grassland communities. PhD
Thesis, University of London.
Vandermieren K, De Temmerman L, Hookham N, De Temmerman L. (1995). Ozone sensitivity of
Phaseolus vulgaris in relation to cultivar differences, growth stage and growing conditions.
Water, Air and Soil Pollution 85, 1455-1460.
Warwick, KR, Taylor, G (1995). Contrasting effects of tropospheric ozone on 5 native herbs which
coexist in calcareous grassland. Global Change Biology 1, 143-151.
Whitfield, C, Davison, AW, Ashenden, TW (1997). Artificial selection and heritability of ozone resistance in two populations of P. major L. New Phytologist 137, 645-655.
Wolff, K, Morgan-Richards, M, Davison, AW (2000). Patterns of molecular genetic variation in
Plantago major and P. intermedia in relation to ozone resistance. New Phytologist 145, 501-509.
Younglove, T, McCool, PM, Musselman, RC, Kahl, ME (1994). Growth-stage dependent crop yield
response to ozone exposure. Environmental Pollution 86, 287-295.

198

In Establishing Ozone Critical Levels II (Karlsson, P.E., Selldén, G., Pleijel, H., eds.). 2003. UNECE Workshop Report. IVL
report B 1523. IVL Swedish Environmental Research Institute, Gothenburg, Sweden.

Lower Threshold Ozone Exposures for Effects on Roots than Shoots
in Wetland Species
K Batty and M.R.Ashmore
Departmental of Environmental Science, University of Bradford, West Yorkshire BD7 1DP, U.K.
e-mail: m.r.ashmore@bradford.ac.uk

Abstract
Sixteen wetland and damp woodland species were fumigated with 70ppb O3 using
closed chambers, with an exposure period of 8hr day-1, 5 days week-1 for 21 days.
Eleven of the 16 species were negatively affected by ozone in terms of either visible
injury or effects on growth. Eight of the more sensitive species were further
investigated using two concentrations of ozone (55 and 80ppb). Dose-response
relationships for the two most sensitive species (Epilobium hirsutum and Filipendula
ulmaria) showed a 10% reduction in total biomass RGR at AOT40 values close to
3000 ppb.h, while two species (E. hirsutum and Digitalis purpurea) showed a 10%
reduction in below-ground biomass RGR at AOT40 values below 2000 ppb.h. Ozone
sensitivity was positively correlated to stomatal conductance (P<0.05), and weakly
positively correlated to specific leaf area, but was not significantly associated with
Ellenberg indices or C-S-R strategies.
Introduction
There is a vast literature concerning the effects of ozone on crops and forest trees,
whereas the effects on natural and semi-natural vegetation have been given less
attention (Davison & Barnes, 1998). Ozone impacts on wetland species may be large
because they grow in environments where high stomatal conductance values can be
maintained in summer months when ozone concentrations are high. Also, many
wetland plants have high relative growth rates, which some studies suggest are
associated with high sensitivity to ozone (e.g. Reiling & Davison, 1992).
Current critical levels of ozone for semi-natural vegetation (AOT40 of 3000ppb.h
over 3 months for annuals and 7000 ppb.h over 6 months for perennials) need to be
based on response variables which are of relevance (Ashmore & Franzaring, 1999).
Below-ground competition for resources is of major significance in many seminatural communities, but few studies have aimed to test whether the threshold AOT40
value for effects on roots might differ from that for shoots.
The experimental studies to date of wild plants have only considered a small
proportion of the vast range of European species with different physiological and
ecological characteristics. It is therefore of considerable importance to establish
whether associations exist between ozone sensitivity and species characteristics which
could be used to predict which species or communities might be sensitive.
Given this background, this study aimed to compare the root and shoot responses to
ozone, at exposures close to the critical level, of a range of species typical of wetland
and damp woodland habitats, and to examine the relationship between ozone
sensitivity and both physiological characteristics and ecological ranges. The
experiments were carried out under controlled conditions of temperature and humidity
to allow comparison of data between different experiments.
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Methods
The species used in these experiments were initially selected as being characteristic of
tall herb fen, fen meadow, water edge or damp woodland communities within the UK.
Seed availability and germination success were additional factors in the final selection
for fumigation. The following sixteen species were investigated: Phragmitis australis,
Myosotis scorpioides, Lynchnis flos-cucculi, Stachys palustris, Potentilla palustris,
Geum urbanum, Viola riviniana, Geranium robertianum, Epilobium hirsutum,
Filipendula ulmaria, Scrophularia auriculata, Eupatorium cannabinum, Geum rivale,
Typha latifolia, Valeriana officionalis and Digitalis purpurea. All plants were grown
from commercial seed except Typha latifolia and Phragmitis australis, which were
grown from rhizomes obtained locally. Plants for fumigation were aged 3-4 weeks.
Plants were fumigated using a system comprising of eight perspex closed chambers
0.8m x 0.8m x 0.8m, arranged in pairs. Ambient air was firstly drawn through an air
conditioning unit that controlled the temperature and relative humidity (20oC, 50%
RH daytime; 10oC, 40% RH night), and then through purafil and activated charcoal
ILOWHUV$KUGD\OLJKWF\FOHZDVXVHGZLWK3)'OHYHOVUDQJLQJIURP PRO
m-2 s-1. Ozone was generated by electric discharge from pure oxygen. The
concentration of ozone entering each chamber was regulated by fine metering needle
valves. Air in the ozone and filtered air (FA) chambers was sampled sequentially on a
5-minute cycle every 30 minutes, with a M400A ozone analyser which measured
ozone concentrations by UV photometry.
In all studies, exposure to ozone was for 8 hours per day, 5 days per week over a 3
week fumigation period. For Experiment 1, ozone was supplied to four chambers
(one of each pair) at a target concentration of 70ppb whilst the remaining four
chambers received charcoal filtered air. Four, or occasionally two, replicate pots of
each species were placed in each chamber. Five separate experiments were conducted
to study 12 wetland and 4 woodland plant species. For the dose-response studies
(Experiment 2), two chambers received ozone at a target concentration of 80ppb,
three received ozone at 55ppb and the remaining three received charcoal filtered air.
Eight replicate pots were used for each species per chamber. Three experiments were
carried out to examine 8 species, 7 of which were wetland species
Initial growth measurements were conducted immediately prior to fumigation. Initial
biomass was estimated from regression equations fitted between leaf area and above
ground, below ground and total biomass on a sub-sample of plants (n=10-20). At the
end of each experiment, plant height, leaf area, and biomass were determined. The
harvest data were used to calculate RGR (relative growth rate), SLA (specific leaf
area) and RSR (root:shoot ratio). In Experiment 1, each chamber pair was represented
as a separate block in all analyses (i.e. 4 blocks in total). Ozone treatment effects
were tested with and without the block effect using ANOVA. In Experiment 2, all
harvest parameters were subjected to a one-way ANOVA using the ozone treatment
as a factor with 3 levels (FA, 55ppb, 80ppb). The data were also subjected to linear
regression between each harvest parameter and the ozone exposure (AOT40 value).
Results
Visible injury
Ozone injury was observed on two plant species - Eupatorium cannabinum and
Stachys palustris. Injury appeared within the first week of the fumigation, and for
Eupatorium cannabinum, at 55ppb, as well as 80ppb. In both cases, injury appeared
on the upper surfaces only, and was greater on older leaves that had been exposed to

200

ozone for longer. Extensive leaf curling was found in Epilobium hirsutum in O3. This
species also showed a 20% increase in plant height (p<0.01) in ozone.
Plant Growth
In Experiment 1, plants were exposed to AOT40 values of between 3439 and 3605
ppb h. Six of the species tested in Experiment 1 showed significant reductions in
RGR (total biomass). These reductions ranged from 7% in S. auriculata to 16% in V.
riviniana. Five of the six species showing reductions in total RGR also showed
reductions in above ground RGR, while three of the six species (E. hirsutum, E.
cannabinum and Stachys palustris) also showed significant reductions in below
ground RGR. Reductions in below ground RGR ranged from 6.6% in S. palustris to
18.9% in E. hirsutum. Plants of E. cannabinum and Digitalis purpurea showed a
significant increase in SLA when exposed to ozone, of 6% and 21.6% respectively.
Table 1. Linear regressions for the relationship between plant biomass RGR and ozone dose
(AOT40 ppm h) for the six species showing significant effects of ozone in Experiment 2. The
critical AOT40 values (ppb.h) derived from a 10% reduction in above- and below-ground
RGR are also shown.
Species
Epilobium
hirsutum
Scrophularia
auriculata
Filipendula
ulmaria
Geum rivale
Eupatorium
cannabinum
Digitalis
purpurea

RGR (above)
y=-0.0055x + 0.163
r2 = 0.86**
y=-0.002x + 0.195
r2 = 0.74**
y=-0.004x + 0.129
r2 = 0.50*
y=-0.0023x + 0.116
r2 = 0.48*
y=-0.0025x + 0.124
r2 = 0.596*
y=-0.0016x + 0.102
r2 = 0.34

AOT40
3262
9730
3213
5780
5041
5085

RGR (below)
y=-0.0068x + 0.106
r2 = 0.79**
y=-0.0013x + 0.170
r2 = 0.22
y = 9E-5x + 0.092
r2 = 0.00
y=-0.0032x + 0.094
r2 = 0.31
y=-0.0044x + 0.126
r2 = 0.41
y=-0.0057x + 0.066
r2 = 0.70*

AOT40
1519
17040
102000
3120
2888
1097

In Experiment 2, six of the species tested showed a significant negative relationship
between either above- or below-ground RGR and AOT40. Table 1 summarises the
regression equations derived, and the critical AOT40 values for a 10% reduction in
RGR estimated from the regression equations for each species. Two of the seven
species (Epilobium hirsutum and Filipendula ulmaria) showed a 10% reduction in
total biomass RGR at AOT40 values close to 3000 ppb.h, while two species (E.
hirsutum and D.purpurea) showed a 10% reduction in below-ground biomass RGR at
AOT40 values below 3000 ppb.h.. For four of the five species with a critical AOT40
below 6000 ppb.h for above-ground biomass RGR, the critical AOT40 for effects on
above-ground RGR was substantially greater than the critical AOT40 for effects on
below-ground RGR. The exception was Filipendula auriculata, which showed no
response to ozone in terms of below-ground RGR.
Factors associated with sensitivity
A significant positive correlation was found between stomatal conductance and
reduction in total RGR (r=0.613; P<0.05) for individual species in ozone in
Experiment 1. There was also a positive (r=0.500), but non-significant, association
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between SLA and reduction in total RGR. However, the total RGR in FA was only
weakly correlated with the reduction in total RGR when exposed to O3 (r=0.335).
Ecological indicator values (Ellenberg indices) were used to investigate links between
ecological niche and ozone sensitivity. No significant correlations were found with
values for light, moisture, reaction (acidity) and nitrogen. Links between C-S-R
functional types and ozone sensitivity were also explored. Relationships for the C, S
and R co-ordinates, regressed independently against the reduction in RGR in ozone,
were not significant (P<0.05).
Discussion
The results from Experiment 1 showed significant effects on total RGR for several
species at AOT40 values just above the current critical level of 3,000 ppb.h for seminatural annual species. In the dose response studies, the AOT40 value corresponding
to a decrease in above-ground RGR of 10% in the species with a significant exposureresponse relationship varied from 3213 - 9730 ppb.h above ground. These results
indicate that effects on the most sensitive wetland species can be found at ozone
exposures close to the critical level, although over an exposure period of only three
weeks, rather than the three months for which the critical level is applied.
Two previous studies have examined the effects of ozone on wetland plant species
(Franzaring et al., 2000; Power & Ashmore, in press), both of which were longer-term
studies using open-top chambers. Franzaring et al. (2000) fumigated 10 wet grassland
species, including Lychnis flos-cuculi and Eupatorium cannabinum. The results were
consistent with those of the present study, with L. flos-cuculi showing no adverse
effects of ozone treatment, whereas E. cannabinum showed both visible injury and
effects on biomass. Power & Ashmore (in press) present evidence of a high sensitivity
to ozone in wet grassland species.
Below ground, only two species (Epilobium hirsutum and Digitalis purpurea) showed
a significant relationship with AOT40. For these two species, a 10% reduction in
RGR was predicted at AOT40 values well below those for above-ground RGR (1097
and 1519 ppb.h respectively). Two other species (Geum rivale and Eupatorium
cannabinum) also had critical AOT40 values, of about 3000 ppb.h, which were lower
than those for above-ground RGR. These lower threshold AOT40 values in four of the
six species indicate the importance of assessing critical level values based on
responses below, as well as above, ground. A number of studies on crops have shown
that ozone tends to reduce resource allocation to the roots. However, studies on wild
plants have shown mixed responses. For the species fumigated in these experiments,
above ground competition is probably more important and redirection of resources
under ozone stress from roots to repair ozone damage in the leaves is unlikely to limit
plant nutrient and water supply. In contrast, in a study of calcareous grassland species,
for which competition for below ground resources is likely to be more important,
Warwick and Taylor (1995) found that some, but not all, species increased allocation
to roots under ozone stress.
A significant relationship was found between the ozone sensitivity of individual
species and their stomatal conductance. The greater ozone flux into plants may
explain this increased sensitivity. Becker et al (1989) working on clover varieties
found a similar positive correlation using visible injury as the test parameter, although
Reiling & Davison (1995) found no correlation between stomatal conductance in
clean air and ozone sensitivity in studies investigating the effects of ozone on
different populations of Plantago major. Power & Ashmore (in press) recently
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reported a significant positive correlation between stomatal conductance and effects
of ozone on below-ground biomass in a range of wet grassland species. The positive
relationship between SLA and ozone sensitivity in this study was not significant (r =
0.500), which is consistent with the findings of Franzaring et al. (1999), using
secondary data collected for 95 species from a range of habitats, that SLA is only
weakly positively correlated with ozone sensitivity. No significant correlation was
found between plant RGR and the % reduction in RGR when exposed to ozone, a
result which is consistent with the analysis of Franzaring et al. (1999). However,
Reiling and Davison (1992) reported a significant positive association between RGR
and the effect of ozone. The lack of significant correlation between ozone and the
Ellenberg indices for light, acidity and nitrogen is also consistent with the findings of
Franzaring et al (1999).
In summary, our results clearly demonstrate the potential for significant impacts of
ozone at ambient concentrations on wetland plant species. They also provide support
for the current critical level for ozone, indicate the importance of root responses in
setting critical levels for semi-natural species, and suggest that high ozone sensitivity
in wetland species may be associated with a higher stomatal conductance. However,
the wider significance of these results from short-term experiments for longer-term
effects under field conditions will depend on a whole range of additional factors both
at species at community levels.
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Brown knapweed (Centaurea jacea L.) as a potential bioindicator
native plant species for ambient ozone in Europe
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Group, CH-8046 Zürich, Switzerland

1. Introduction
The western part (canton of Geneva) and the southern region of Switzerland (canton
of Ticino) (Figure 1) together with the upper Po Plain industrial area in northern Italy,
are regularly exposed to high peaks of O3 levels during the summer months (Geneva
Air Quality Bulletin; Staffelbach et al., 1997). Previous field surveys in these areas
have shown that a common grassland species native of these regions -the brown
knapweed (Centaurea jacea L.)- had severe acute O3 leaf injury with a large
intraspecific difference within a same population (Bungener et al., 1999a), and that
the foliar symptom was identical to that previously observed in open-top chamber
experiments (see Bungener et al., 1999b). This leads to this question whether C. jacea
may be used as a bioindicator for ozone.
Bioindicator species may be useful to assess the condition of the environment or to
provide an early warning signal of changes in the environment (Dale and Beyeler,
2001). They may be useful for surveillance of permissible ambient O3 concentrations
and to identify areas at risk from O3 pollution within the framework of the abatement
policy to reduce the photochemical pollution in Europe. The establishment of
indicator plants to detect ambient levels of O3 in Europe have been carried out for a
long time with some agricultural plants (e.g. tobacco (Nicotiana tabacum) and clover
(Trifolium sp.)) (Heggestad, 1991; Karlsson et al., 1995). However, there are some
limitations to indicator sytems using crops because these plants are sensitive to low
temperatures and wind. Their use at many sites across Europe may be difficult
because the occurrence of various types of climate. No native herbaceous plant
species widely distributed in Europe has been recorded yet as ozone bioindicator in
ambient air.
This paper examines the cumulative ozone concentrations in relation to the onset and
development of visible foliar injury on Centaurea jacea populations exposed to
ambient ozone at two sites in Switzerland. It reports also findings of open-top
chamber studies dealing with the intraspecific differences observed in O3 tolerance in
the field in this species. It finally discusses its potential use as an experimental plant
within the United Nations/Economic Commission for Europe International
Cooperative Programme (UN/ECE ICP Vegetation).
2. Materials and methods
2.1 Field observations
Observations of foliar ozone injury in Centaurea jacea were carried out in one
extensive grassland (’Chouilly’ field) in the canton of Geneva during the growing
season in 2002. The observed field had a mean density of 1 plant/m2. Surveys to
record the first occurrence of leaves with symptoms attributed to O3 damage were
conducted at least twice a week in the whole field. In order to estimate the percentage
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of plants injured in the field, 12 plots of 9 m2 were selected randomly. Periodically,
injured and non injured plants were counted in each area and the mean percentage of
injured plants was calculated. Ozone concentrations and climatic conditions in
ambient air were continuously recorded by nearby automatic measurement stations
(ROPAG Geneva Atmospheric Pollution Observatory Network, Geneva
Environmental Scientific Service).
2.2 Experimental O3-exposures
Two different types of experimental exposures to O3 were included in the present
study.
Experiment A
20 plants were grown in pots from seeds of C. jacea (F1 generation) collected during
the summer 1998 from O3 injured (type S) and not injured plants (type R) growing in
an extensive grassland in the canton of Geneva (’Passeiry’ field). They were exposed
to ambient air in a rural area near Cadenazzo (Canton of Ticino) from 16 May until 23
July 2001, according to the ICP-Vegetation Protocol (UN/ECE, 2001). The plants
were examined daily for the first occurrence of O3 leaf symptoms. Periodically,
injured and non injured plants were counted and the percentage of plants injured was
calculated. The extent of damage was also assessed by using a relative scale from 0
(no injury) to 5 (90-100% of injured leaves): 1 (occurrence of the first symptoms), 2
(5-25% of injured leaves), 3 (5-25% of injured leaves), 4 (>25% of the leaves
injured)). Concentrations of O3 and climatic conditions were continuously registered
during exposure of plants by an adjacent automatic measurement station of the Swiss
Air Pollution Network (NABEL).
Experiment B
In a second experiment, seven plants with strong injury (type S) and seven plants
without injury (type R) of C. jacea of similar size were randomly selected and
excavated at ’Passeiry’ and ’Chouilly’ during the summer 1998. The plants were cut,
placed in pots, and were then exposed to O3 in pairs (R with S) in open-top chambers
(OTC). No nutrients were supplied to the plants. In the course of the exposure period,
the date of first appearance of O3 injured leaves was recorded for each plant of the
type R and S. Further details on the open-top chambers, fumigation techniques and
monitoring of pollutant gases were presented elsewhere (Nussbaum et al., 2000).
3. Results
3.1 Onset of foliar injury
In all plants exposed to ozone, the visible injuries developed as light brown flecks to
large reddish brown stipple on the upper leaf surface and were identical to those
observed earlier in fumigation studies with this species (see Bungener et al., 1999b).
The AOT40 that had accumulated prior to the onset of the first visible symptoms, the
daily maximum 1-h concentrations of O3 in ambient air and the percentage of injured
plants recorded are presented in relation to date in Figure 2 and in Figure 3,
respectively, for the Geneva and the Ticino experiments (Experiment A). At both
sites, the most sensitive plants did not differ significantly in terms of their sensitivity.
The onset of first symptoms was recorded after a total AOT40 of 2245 ppb.h in
Geneva and 2610 ppb.h in Ticino. At both sites a strong increase of the percent of O3
injured plants occurred shortly after period with O3-maxima of above 60-80 ppb. In
Ticino, two consecutive daily O3-maxima peaks of above 80 ppb were enough to
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double the percentage of injured plants within a few days between 19 June and 24
June (Figure 3). In Geneva, the many daily O3-maxima peaks observed over 60 ppb
from 31 May until 30 June caused a strong increase in the amount of injured plants
from 2% to 75% (Figure 2). From 31 May and 11 June, a daily maximum AOT40 of
270 ppb.h during two consecutive days was enough to increase the fraction of injured
plants from 2% to 20%.
3.2 Development of foliar injury in relation to ozone exposure
The box plot in Figure 4 highlights the extensive variation in the degree of visible
injury in C. jacea in relation to different total AOT40 cumulative ozone exposures
(Experiment A). It shows that the degree of leaf injury in C. jacea increases when the
ozone exposure increases. Symptoms rapidly advanced over ca. 25% to 90-100% of
the total plant leaf surfaces in the major portion of the plants after an O3 exposure of
7000 ppb.h (AOT40).
3.3 Intraspecific difference in O3 tolerance
No statistical difference was observed in the O3 tolerance between the individuals of
type R and type S in Experiment A.
In Experiment B the individuals of type S were found less O3 tolerant than the
individuals of type R in C. jacea in 70% of the R/S pairs tested in OTC. The two
types R and S differed significantly (P<0.01) in terms of the accumulated AOT40
exposure mean recorded before the onset of the first symptoms (Figure 5).
4. Discussion
Field observations and experimental exposures of plants of Centaurea jacea revealed
that: (i) first symptoms of ozone foliar injury in O3 sensitive plants occurred shortly
after periods of moderate to elevated O3 in ambient air; (ii) large differences in O3
tolerance between plants from a same population existed; (iii) O3 sensitive and O3
tolerant plants observed in the field did not result solely from variation in
environmental conditions and (iv) F1 populations developed from seeds of O3
sensitive and O3 tolerant plants in the field did not present a difference in the O3
tolerance.
To our knowledge, this is one of the first reports on visible O3 damage recorded in
ambient air with an important perennial herb widely distributed in Europe (Hardy et
al., 2000). However this species may form an extremely polymorphic complex with
the forb Centaurea nigra (Hardy et al., 2001) which has already been reported as an
O3 sensitive native plant in Central Europe (Manning et al., 2002).
Althought the levels of O3 associated with visible injury in C. jacea cannot exactly be
determined on the basis of the data in this paper, the present results suggest that the
first foliar symptoms may develop in ambient air after an AOT40 between 1300 and
2600 ppb.h. Compared to other O3 sensitive native plant species, this ozone threshold
for visible injury is lower than that recorded for the tree Prunus serotina
(VanderHeyden et al., 2001) and for a range of common grassland species tested for
their O3 sensitivity in screening experiments (Nebel and Fuhrer, 1994; Bungener et
al., 1999b), but it is higher than the threshold recorded in Cirsium arvense and
Sonchus asper (Bergmann et al., 1999). Thus the sensitivity of this species may be
classified as intermediate according to the results of Bergmann et al. (1999) for the
critical ozone threshold doses for the incidence of visible injury in wild plant species.

206

The importance of peak values appear to be critical for the onset of visible injury in C.
jacea. Most individuals of the studied population showed O3 injury within a few days
after short periods with maximum concentrations of more than 60 to 80 ppb. A daily
maximum AOT40 of 270 ppb.h during two consecutive days appears especially to be
critical for the onset of visible injury in this species. Again, according to Bergmann et
al. (1999), C. jacea might be classified of intermediate sensitivity in taking account of
this exposure criteria.
In the Ticino experiment (Experiment A), the extent of leaf injury was dependent on
the total accumulated ozone dose (AOT40), and the percentage of variability
explained by ozone was high (Figure 3). In clover, exposure-response functions
relating the extent of visible injury to AOT40 has been found to be linear (Tonneijck
and Van Dijk, 2002) or non-linear (Karlsson et al., 1995). In wild plants, this
relationship has been established non-linear in the herbaceous plant species
Matricaria sp. and Plantago major (Bergmann et al., 1999) or linear in the forb
Rumex obtusifolius, the shrubs Viburnum lantana and Rhamnus cathartica, and in the
trees Prunus sp. and Sambucus racemosa (VanderHeyden et al., 2001). Maximum
injury amounted to ca. 90-100% in C. jacea after an exposure of 8000 ppb.h
indicating again the relative O3 sensitivity of this species in ambient air. Ozone injury
was also detected in this species in ambient air at an few other sites across Europe
during the growing season (Bungener et al., 1999a; UN/ECE, 2001). However, it is
important to note that this species showed no significant ozone effect on growth in
previous studies (Bungener et al., 1999c), and that further research is needed to
understand which environmental factors may influence the development of the injury.
The present study establishes that the variation in ozone injury within a population of
C. jacea is large and may be independant of the environmental conditions. The large
variability in expression of clear visible symptoms to low and moderate ambient O3
exposure, the close relationship between leaf injury and O3 exposure and the high
representation in the European flora suggest to use this species for biomonitoring
within the framework of the UN/ECE ICP-Vegetation. This programme investigates
effects of air pollution and other stresses on crops and non woody plants and supports
the critical levels of ozone for non-woody vegetation. However, the development of
O3 sensitive and tolerant C. jacea line for this programme is difficult to be achieved
from seeds collected in the field as the crosses between plants in this species cannot
be controlled in open condition. For this reason, the use of micropropagation
procedure to develop genetically uniform and massive amounts of plants in vitro,
avoiding the hybrid material, would facilitate the rapid establishment of O3 sensitive
and tolerant clones from original plant material collected in the field.
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Figure 1: Map of Switzerland with location of sites exposed to high O3 peaks during the
summer months.
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Multi-year experiments on ozone effects on semi-natural vegetation:
implications for the development of critical levels
J. Bender, E. Bergmann & H.J. Weigel
Institute of Agroecology, FAL, Bundesallee 50, 38116 Braunschweig, Germany

Introduction
In contrast to the amount of existent information about effects of ozone (O3) on
agricultural plants, much less is known about effects on semi-natural vegetation. The
few studies that have been performed under more or less realistic experimental
conditions in terms of duration and concentrations provide evidence of wide variation
in the O3 sensitivity between species of semi-natural communities (Ashmore et al.
1996; Barnes et al. 1999), but they also suggest that many wild plant species are as
sensitive as the most sensitive crops (Davison & Barnes 1998; Bergmann et al. 1999).
The evaluation of the relative sensitivity of O3 was mostly made on the basis of
visible symptoms of injury, however, this may not be the criterion that provides a
direct evidence for an ecological impact of O3, particularly because many studies
show that symptoms of injury are not necessarily associated with growth reductions
(Bergmann et al. 1996; Davison & Barnes 1998).
The most important impact of O3 on semi-natural plant communities may be through
effects on growth and productivity of individual species, resulting in shifts in species
composition, changes in genetic composition, and loss of biodiversity. Though a
number of species from various European vegetation types has been tested for their
sensitivity to O3 exposure, varying O3 treatments were mostly not included in these
studies, so O3 exposure–response patterns for visible injury or growth exist only for a
small number of species (Bergmann et al. 1996; 1999; Pleijel & Danielsson 1997;
Bungener et al. 1999; Franzaring et al. 2000). Research of O3 effects on the
reproduction of plant species is even more limited (Bergmann et al. 1996; Bergweiler
& Manning 1998; Black et al. 2000), although adverse effects on seed output, for
example, could have serious consequences for the survival and competitive vigor of
species. This leads to a fundamental question in assessing O3 effects on semi-natural
vegetation: What could be a suitable end point or, in other words, what aspects of
performance or key responses to O3 should be considered in risk assessments ?
Another important question concerns the extrapolation of single-species experiments
to field conditions, i.e. how species or populations respond in real communities where
competition between species for e.g. below-ground resources is important. However,
despite the lack of consistent information of relevance to field conditions, provisional
critical levels for O3 have also been established for natural vegetation at the last
critical level workshop in Gerzensee (Fuhrer & Achermann 1999). Although a
number of uncertainties associated with the development of single critical levels for
this type of vegetation were already identified during the Gerzensee workshop, this
paper describes some of the problems and limitations in assessing O3 effects on seminatural vegetation that were recognized in two multi-year experiments with about 40
plant species from contrasting habitats. The implications of the results for the
development of critical levels with regard to their relevance for field plant
communities are discussed.
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Experimental approaches
The data used in this paper were obtained from two multi-year experiments conducted
in open-top chambers at the FAL in Braunschweig with about 40 plant species
representing common species of the European flora with different life-forms and
different families. The first study was performed over three growing seasons (19941996) and included wild plant species which typically grow on disturbed habitats
including arable land and field margins. In this experiment, all plants were grown on
natural soils and were exposed in open-top chambers over the whole season where
they received charcoal-filtered (CF) air to which different amounts of O3 were added
constantly or proportional to O3 concentrations in ambient air. The experimental
design is described in detail by Bergmann et al. (1999). An overall goal of this study
was to assess the relative O3 sensitivity of species on the basis of visible injury,
growth and reproductive capacity. Experimentally, this can normally be achieved by a
direct comparions of species or cultivars, respectively, in parallel exposures.
However, this already points to a first complication when working with a large
number of wild plant species with contrasting life-forms and life-cycles. The relevant
periods of O3 exposure for individual species are quite different during the season due
to differences in their respective life-cycles. Consequently, different times for
experimental exposures for different species are required. Although we decided to
expose species until comparable developmental stages (e.g. senescence, seed
maturity), exposure levels and duration, respectively, differed considerably between
species (Fig.1). Based on this general difficulty in screening species sensitivity we
further have conducted replicated open-top chamber exposures that comprised a range
of different O3 exposure regimes in order to describe exposure-response functions for
individual species.
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Fig. 1: Distribution of the different exposure durations and exposure levels (as AOT40s)
employed in season-long O3 fumigation experiments with wild plant species differing in their
life-cycles

In the second experiment performed during 2000 and 2002 the long-term effect of O3
stress on plant-plant interactions were investigated in grassland mesocosms as part of
the EU BIOSTRESS (Biodiversity in herbaceous semi-natural ecosystems under
stress by global change components) project. A phytometer-based approach was
chosen for testing the comparative competitive abilities of different perennials typical
for extensively managed permanent grassland, in which each test species competed
with a phytometer (Poa pratensis). In order to simulate an early-season O3 stress, all
mesocosms were exposed in open-top chambers for five weeks in spring each year to
non-filtered (NF) air to which different amounts of O3 were added. A description of
the experimental design can be found in Bender et al. (2002).
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Visibile injury and vegetative growth
Our experiments indicated that species exhibited very contrasting patterns of
symptom expression under O3 stress, with either O3-specific symptoms or O3enhanced foliar pigmentation and senescence. A simplified summary of the observed
effects is shown in Table 1. From this overview, one may conclude that perennials
respond more specifically to O3, while symptoms of enhanced senescence, if any,
predominated in annuals. However, a more detailed analysis has shown that
classifications of species according to their O3 susceptibility vary depending on
whether measurement was of the total extent of visible injury, O3 threshold doses for
the incidence of symptoms, or modelled exposure-response relationships (Bergmann
et al. 1999).
Table 1: A simplified summary of observed O3 effects on symptoms of visible injury in wild
plant species

perennials
no symptoms
4
acc. senescence
1
reddening
4
ozone-specific
7
16
*) one species with both symptoms

annuals
8
5
2*)
3*)
18*)

total
12
6
6
10
34*)

Exposure-response functions relating the extent of both visible injury or reductions in
biomass were established for a number of species. Functions were based mainly on
several O3 exposure experiments that were carried out independently throughout
different growing seasons. Close relationships between O3 exposure and leaf injury,
for example, were found for some species such as Trifolium arvense (Fig.2).
However, for other species, relative good relationships were only obtained when CF
air treatments are considered. Replicated O3 exposures with the same species in
chambers receiving NF air resulted in quite contrasting responses; an inclusion of the
plant responses observed in NF treatment chambers into an overall exposure-response
model shows that they were clearly outside the fitted curve for CF treatments (e.g.
Sonchus asper, Fig.2).’
Figure 3 illustrates the same problem arising from growth-response curves. Although
we found relative good growth response-exposure relationships for a number of
species when comparisons were made on the basis of O3 exposures in chambers
receiving CF air, replicated experiments under NF air conditions resulted in complete
different response patterns, as shown in Fig.3 for Chamomilla recutita and Malva
sylvestris. For these and several other species the best fit to O3-induced changes in
leaf biomass was achieved when the 8-h seasonal mean was used as exposure index
rather than the AOT40. However, the reasons for the different plant responses in NF
treatments compared to CF treatments remain unclear.
These data suggest that an evaluation of the sensitivity based on single experiments
may be insufficient, as responses obviously change due to different experimental
treatments or different O3-exposure profiles. We therefore concluded that the best
measure of relative O3 sensitivity of species is obtained by combining different
sensitivity criteria, which considers extent of injury, threshold values for the incidence
of injury, and exposure-response relationships (Bergmann et al. 1999). This allows to
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distinguish between short and long-term responses to O3, e.g. whether single peak
values or accumulated O3 exposure are responsible e.g. for the incidence and the
extent of visible symptoms or for reductions in growth. In general, reduction in
growth is more an integrated measure of long-term effects, and the response time to
O3 is usually much slower than for foliar injury. In this context, it is important to note
that our studies confirmed other findings (Davison & Barnes 1998) in showing that
species which were particular sensitive in terms of visible symptoms of injury showed
little or no O3 effect on growth (Bergmann et al. 1999). However, the ecolological
significance of both visible injury and reduced biomass of individual species in
natural plant communities is unknown.
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Fig. 2: Exposure-response relationships between the percentage change of injured leaves
relative to the control and the AOT40 ozone dose for Sonchus asper and Trifolium arvense in
CF treatments compared to NF treatments.
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Reproductive development
In contrast to visible leaf injury or changes in vegetative growth, any alteration in
reproduction may have significant consequences for the productivity and survival of
species in semi-natural plant communities. Seed output, for example, is definetely an
important parameter of ecological significance at least for annuals, because they
particularly depend on regular seed production. Results from our studies indicated a
negative impact of elevated O3 concentrations on reproduction parameters (seed mass,
number of inflorescences, germination rate) for most of the investigated species,
however, what is remarkable is the large variation between the species and the extent
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of the reduction in reproductive capacity for some of the species (Fig. 4). The relative
sensitivity of the different species in terms of effects on reproduction were different
from those inferred from growth responses or visible injury (Bergmann et al. 1996).
Such reductions in the reproductive ability must be regarded as a considerable adverse
effect for the annual species, but perennials follow different strategies to maintain
their population in the field, i.e. other parameters (e.g. root response) may have a
greater ecological importance for long-lived species (Davison et al. 1999).
Fig. 4: Sensitivity ranking of wild plant
species according to their O3 responses on
reproduction parameters (seed mass, number
of
inflorescences,
germination
rate).
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Competition
The aforementionend problems with studies using single plants or monocultures point
to the need for ecologically-orientated longer-term experiments with plant
communities. Very little is known about O3 effects on plant communities where O3
may affect individuals both directly or indirectly through effects on competition for
resources. One example from the EU-BIOSTRESS project may illustrate the complex
interactions that may occur in plant communities exposed to O3 stress (Fig. 5).
Experiments with the model community Veronica chamaedrys/Poa pratensis during
three growing seasons revealed no O3 effects on the total above-ground biomass of
the species when grown in monoculture. In contrast, O3 had a significant effect on the
competitive response of Veronica chamaedrys in competition with the phytometer,
and this effect occurred independently in two separate
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Fig. 5: Effects of different early season O3 treatments on above-ground biomass (g dry matter) of Poa
pratensis in mixed culture with Veronica chamaedrys (open circles) and in monoculture (closed
circles). Plants from exp. 1 were harvested 433 days after emergence (d.a.e.) and from exp. 2 at 127
d.a.e.
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experiments (Fig.5). Above-ground biomass of the phytometer in mixed cultures with
Veronica from the control treatments (CF+) was significantly lower compared with
the phytometer biomass in monocultures (Poa pratensis without Veronica), i.e. that
Veronica depressed the phytometer growth under non-stressed conditions. However,
this competitive advantage of Veronica chamaedrys disappeared with increasing O3
stress (Fig.5), suggesting a negetative impact of O3 on the competitive ability of
Veronica against the grass. This case demonstrates that plants growing in
communities can respond quite differently to O3 than plants growing individually or
in monoculture.
Implications for the development of critical levels
The emphasis of this paper is on identifying some of the problems and difficulties
occurring in the experimentation of O3 effects on species from semi-natural plant
communities. The major uncertainties for applying the available data from
experimental work to critical level approaches include: (i) the existent limitations in
studying species exhibiting a wide variation in life-forms, life-cycles and ecological
strategies, (ii) the considerable influence of the experimental treatments itself, (iii) the
evaluation of O3 sensitivity when based solely on single sensitivity criteria, and (iv)
the extrapolation of single-species experiments to complex field plant communities.
Within the UN-ECE there is now a general agreement to develop a flux-based
approach as a biologically relevant estimate of O3 risks for vegetation. While this
approach might be suitable for monocultures (e.g. crops), it is problematic when
applied to semi-natural vegetation, because of a number of uncertainties and
methodological problems in measuring O3 flux within a canopy of plant communities
where many different species with different growth (e.g. height) and life-forms live
together. At present, there are no model validation studies for a derivation of fluxresponse relationships for receptors of semi-natural vegetation, so that an adequate
database for the development of realistic critical O3 fluxes does not exist. Therefore,
the available data from experimental work can presently only be used for qualitative
rather than for quantitative risk evaluations. The German VDI’s Maximum
Permissible O3 Concentrations (MPOC) is such a qualitative risk assessment concept,
in which peer-reviewed European work of the last 10 years was considered, but, more
important, MPOC is a flux-based approach that addresses the O3 concentrations at the
top of the canopy (Grünhage et al. 2001). However, the MPOC approach needs also to
be updated and validated.
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OZONE AND COMPETITION ADVERSELY AFFECT THE
REPRODUCTIVE ABILITY OF THREE CLOVER SPECIES
FROM IBERIAN RANGELANDS
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José M. Gil
Ecotoxicology of Air Pollution. CIEMAT (Ed. 70). Avda. Complutense 22. 28040. Madrid. Spain

INTRODUCTION
Grasslands ecosystems are particularly endangered by the interaction of global change
components such as alterations in land-use changes, climate, nitrogen deposition,
biotic exchange or atmospheric carbon dioxide (Sala et al., 2000). Tropospheric O3 is
also a global change element that might harm these ecosystems at the European scale
since it reaches phytotoxic levels in rural areas (EMEP, 2002). Ozone-induced
detrimental effects on grassland species from Northern and Central Europe have been
reported (see Davison & Barnes, 1998), involving the induction of visible injury,
reductions in growth related-parameters or alterations in plant competitive ability.
However there is scarce information regarding O3 impacts on Mediterranean
grasslands although they present a remarkable plant diversity, as is the case for
dehesa-type grasslands (Pineda et al., 1981).
The dehesas are typically formed by a mixture of trees and grasslands and represent
an example of sustainable management of natural resources in the Iberian Peninsula,
covering agricultural, timber and extensive livestock exploitation. The herbaceous
species composition of these ecosystems vary according to soil pH, water and nutrient
availability. The most characteristic species of therophytic dehesa grasslands on
acidic soils belong to the Papilionaceae or Poacea families; several studies have
reported the great sensitivity to O3 of Papilionaceae plants in opposition to most of
Poaceae species (see review carried out by Davison & Barnes, 1998). Both taxa have
different roles in ecosystem function, mainly in nitrogen cycling, and they also have
dissimilar nutritive implications for the livestock grazing on them. Therefore, the
assessment of the O3 sensitivity of the plants from these communities is quite
appealing since this pollutant might have an impact on the structure, diversity,
function and human-utility of these ecosystems belonging to the Mediterranean basin,
an area that has been considered as an “hyper-hot” candidate for conservation support
(Myers et al., 2000).
In a former experiment a screening study was conducted to assess the O3 relative
sensitivity of 22 therophytes from acidic dehesa grasslands based on the induction of
foliar visible injury (Bermejo et al., 2003) or the effects on growth-related parameters
(Gimeno et al., 2003). The results of this experiment indicated that forbs were more
sensitive to O3 than grasses regarding both types of responses. These findings indicate
that these ecosystems might be experiencing changes in plant composition induced by
O3 exposure that would have implications form conservation and grazing
perspectives. However, it is still uncertain whether O3 might affect the production of
flowers and seeds, the most important parameters related with plant species survival
(see review by Black et al., 2000), especially for therophytes. Also, the results from
that experiment might be biased since the plants were grown individually and plant
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competition may alter the response of individual species. Ozone phytotoxicity levels
are reached in these ecosystems during both the vegetative and reproductive stages of
dehesa therophytes. Their exposure during the vegetative period might induce a
reduction in flower production thus affecting the reproductive ability of O3-sensitive
plants. The aims of the present work were to determine whether O3 exposure during
the vegetative stages of forb therophytes from dehesa acidic grasslands might have an
impact on their reproductive ability and to ascertain if inter-specific plant competence
modulates this impact.
MATERIALS AND METHODS
Plant material
Three O3-sensitive clover species (Trifolium cherleri, T. subterraneum and T.
striatum) from dehesa acidic grasslands were grown in monoculture or in competence
with a resistant-grass species from the same ecosystems (Briza maxima). The O3
sensitivity of these species was assessed in a former experiment (Bermejo et al., 2003;
Gimeno et al., 2003). The germoplasm bank of the Research and Development
Institute of Extremadura supplied the clover seeds, while Briza maxima seeds were
collected at the Moncalvillo dehesa in Guadalix de la Sierra, Madrid.
The clover seeds of the different species were immersed during 24 hours in a
Germinator© solution (Agro-Orgánicos Mediterráneos S.L., Spain) to ensure a
homogeneous germination. When seeds were swollen they were sown in a 50%
neutral peat and 50% vermiculite substrate. The B. maxima seeds did not experience
any pre-treatment and were sown using the same substrate. After emergence, plants
were transplanted to 6 l pots using a 50% neutral peat, 25% vermiculite and 25%
perlite substrate supplemented with 2 kg m-3 of a slow-release fertiliser/10-12
months, NPK:15/15/15. To simulate plant competence in the field the phytometer
approach was followed, three mesoscosm types were defined: a) Four-plant
monocultures of T. cherleri (A4), T. striatum (D4) and T. subterraneum (F4); b)
mixtures of 3 B. maxima plants growing with a central plant of T. cherleri (3B1A), of
T. striatum (3B1D) or of T. subterraneum (3B1F) and c) mixtures of 1 B. maxima
plant growing with 3 plants of T. cherleri (3A1B) or with 3 T. striatum (3D1B). A
droplet system was used to ensure an homogeneous irrigation within mesocosms.
Ozone treatments and experimental protocol
The same day the plants were transplanted into pots they were exposed in slightly
modified NCLAN-type open-top chambers (OTCs) to 3 O3 treatments: charcoalfiltered air (CFA) presenting subphytotoxic O3 levels, non-filtered air (NFA), and
non-filtered air supplemented with 40 nl l-1 O3 from 07:00 to 17:00 (GMT) 5 days
week-1 (NFA+). Ozone fumigation started a week later from the introduction of plant
material in the chambers to enable their adaptation to the new environmental
conditions. Three chambers per treatment were used and 3 replicates of each
mesocosm-type were introduced in each chamber per harvest. A complete description
of the chambers and the operation of the fumigation and air-quality monitoring
systems is provided in Pujadas et al. (1997).
The different mesocosms were exposed during 45 days to the different O3 treatments,
then the chamber plastics were removed and all plant material remained exposed to
ambient O3 levels. Flower collection was carried out following their formation and
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maturation, which was both species and time-dependent. Blossoming was first
recorded in T. striatum, the first evaluation of flower production was carried out once
the plant material was already exposed for 45 days in the OTCs. At this stage flowers
were not developed in T. subterraneum and T. cherleri. A second assessment of
flower dry weight was carried out again in this species the following month,
coinciding with the single assessment of flower dry weight that was performed for T.
subterraneum and T. cherleri. Details on the dates the plants were introduced in the
chambers, the length of O3 exposure in the different treatments, the experimental
protocol, the dates were flower assessments were carried out for the different species
and the AOT40 values corresponding to the different dates can be found in Table 1.
Table 1
Experimental protocol
Sowing Start of O3
dates treatments
T.cherleri
T.striatum

23/04
23/04
23/04

28/05
30/05
30/05

8/08
13/07
13/08

Exposure
length
(days)
72
44
75

T.subterraneum

25/04

31/05

18/08

79

Flower
evaluation

AOT40 (ppb.h)
CFA

NFA

NFA+

1518
0
1684

4956
2404
4822

17118
13390
16958

1863

4842

16972

CFA, Charcoal filtered air; NFA, non-filtered air; NFA+, non-filtered air plus 40 nl l-1 O3.

Statistical analyses
A two-way ANOVA analysis was carried out, with O3 and mesocosm-type as factors.
When significant differences between treatments were found (p<0.05), mean
differences were assessed using the Tukey honest significant difference test (HSD) for
unequal sample sizes. The global analyses of the effect of these two factors on the
flower biomass production of the 3 Trifolium species involved in the experiment was
also performed. The validation process and the assumptions of analyses of variance
followed using Shappiro-Wilk’s W and Levenne tests to check the normal distribution
and homogeneous variance respectively. When non-compliance with ANOVA
assumptions was appreciated data transformation followed, using log transformations.
RESULTS AND DISCUSSION
Ozone and B. maxima competence effects on the 3 clover species assessed in this
experiment was carried out using a two-way ANOVA for each species. Since plant
response was consistently related with ists early exposures to O3 for 45 days in the
OTCs, the AOT40 values presented in the text correspond to that particular period.
Both O3 and mesocosm-type had a significant impact (p<0.01 in both cases) on the
flower production of T. cherleri, although no significant interaction between them
was appreciated. Flower output in CFA chambers was 52% greater than in NFA
(AOT40 = 2661 nl l-1) or NFA+ treatments (13203 nl l-1); no differences were found
for the latter two treatments. Regarding competence, the flower output of T. cherleri
was 48% greater when grown in monoculture than when growing with 1 or 3 B.
maxima plants (Fig. 1a).
A similar response was found for T. subterraneum (Fig. 1b); O3 induced a 60%
reduction in the flower production of this species, when NFA (AOT40 = 2228 nl l-1)
or NFA+ treated (14161 nl l-1) plants were compared with those grown under CFA
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conditions (p<0.05). It tended (p<0.1) to show a lower flower production when grown
with B. maxima than in monoculture.
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Figure 1.- Flower production (g dw plant-1) of the different mesocosms exposed to the
charcoal filtered air (CFA), non-filtered air (NFA) or non-filtered air supplemented with 40 nl
l-1 O3: a) Trifolium cherleri, b) T. subterraneum , c) T. striatum, 1st flower harvest, d) T.
striatum, 2nd flower harvest. A = Trifolium cherleri; D= T. striatum, F= T. subterraneum, B=
Briza maxima.

The flower production of T. striatum was studied in two periods, when plants were
kept in the open for one and two months respectively following their exposure to the
different O3 treatments in the chambers. 45 days after the experiment was initiated
(Fig. 1c) its flower output was affected by both O3 (p<0.05) and by its competence
with B. maxima (p<0.0001); no interaction between these factors was found. Flower
production in T. cherleri plants from the CFA treatment was 29% greater than in the
remaining 2 O3 treatments; non significant effects were appreciated between NFA
(AOT40 = 2403 nl l-1) and NFA+ plants (13389 nl l-1). The greater flower
production was appreciated when T. striatum was grown in monoculture, followed by
its competence with a single B. maxima plant (45% reduction compared with
monoculture), its least flower output (69% compared with monoculture) was observed
when competing with 3 B. maxima plants. Therefore an attenuation of O3 effects
found in the previous harvest was observed once the plants remained in the open for a
month (see Fig. 1d).
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Since a similar pattern was appreciated in the 3 Trifolium species, a global analysis
was carried out (see Fig. 2). Ozone determined a significant reduction (p<0.01) in
their flower biomass, being 29% and 37% greater in the CFA treatment than in the
NFA and NFA+ treatments, respectively. Their competence with B. maxima also
induced a reduction in its flower output since flower production was 21% or 64%
lower when competing with 1 or 3 B. maxima plants when compared with its flower
biomass when growing in monoculture (p<0.0001).
2
1,8

CFA

1,6

NFA

1,4

NFA+

(gdw)

1,2
1
0,8
0,6
0,4
0,2
0
MONOCULTURE

MIX 3T1B

MIX 1T3B

MESOCOSMS

Figure 2.- Overall flower production of the 3 clover species involved in the experiment
exposed when to the different O3 treatments and when growing in monoculture or competing
with 1 (Mix 3T1B) or 3 plants (Mix 1T3B) of B. maxima. CFA, charcoal-filtered air; NFA,
Non-filtered air; NFA+, non-filtered air supplemented with 40 nl l-1 O3.

The results of this experiment confirm the great O3 sensitivity of the 3 Trifolium
species assessed in this study as previously reported by Bermejo et al. (2002) and
Gimeno et al. (2002) when foliar visible injury or growth-related parameters were
assessed. When plants were protected from ambient or above-ambient O3 levels
during their vegetative stages, a beneficial effect on their flower output was
appreciated suggesting that no threshold or cut-off could be considered in this regard.
Detrimental effects in their flower production (13-59%) were recorded following their
exposure to O3 AOT40 values in the 2200-2700 nl l-1 range. Therefore these
populations appear to be rather sensitive. When separate analyses were carried out for
the 3 species no significant differences were found between NFA and NFA+ plants;
the overall response of the 3 species to O3 exposure indicated a small (7%) but
significant difference between flower biomass of the 2 treatments. This finding would
imply a non-linear response of flower output regarding the exposure of Trifolium
plants to O3 during the vegetative period. When the relative flower production was
regressed against the O3 exposure the plants experienced during their early vegetative
period, expressed as AOT40 values, the following equation was obtained y = -0.0025
AOT40 + 90.32 (r2 = 0.45; p<0.05).
The results of this study have important ecological implications. A great
correspondence between the seed pool and the plants actually present in
Mediterranean rangelands has been reported (Peco et al., 1998) since they are
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dominated by therophytes. Therefore seed output of therophytes and their inclusion in
the soil seed pool is crucial for their survival. As a result, any effect that might affect
the seed production of therophytes will have an adverse impact on the species
richness of these ecosystems and in the long-term may alter their species composition
and forage quality. Ozone exposure appears to interfere with this process by affecting
flower production even at rather low O3 levels during a single month of exposure.
Further research will concentrate in the assessment of O3 effects on seed viability and
the interactive effects of this pollutant and other environmental stresses on plant
fitness.
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Response of two wet grassland species to ozone and water stress
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Rationale
Multiple stresses are known to govern the response of plants to a changing climate
often more than one single factor (Jackson & Black 1993). For example, the plant’s
water status - especially with respect to air pollution - requires special attention as it
passively controls the uptake of phytotoxic components by regulating stomatal
movements in order to control transpiration. The inherent coupling between gas
exchange and the uptake of the air pollutant ozone, first addressed by Reich (1987),
can result in unfavourable changes in plant water relations by direct or indirect
physiological mechanisms (Mansfield 1998). Ozone-water relations are thus one of
the important critical level II- factors, which will need to be accounted for in the
future. Generally, a slight drought is believed to ameliorate the phytotoxic effects of
ozone, which has been demonstrated in several crop species (cf. Chevone et al. 1990).
If wild plants responded similar, adverse effects on the natural vegetation should thus
be strongest in regions with high ozone levels in those habitats retaining an optimal
water-status throughout the summer. In these moist environments plants can maintain
higher transpiration rates and might thus take up significantly more ozone than
species from dry habitats. A compilation of literature data confirmed that wild species
injured by ozone tend to have more hygromorphic leaves, i.e. higher specific leaf
areas, SLA, than uninjured species (Franzaring 2000). However, the natural habitat of
species injured in controlled fumigation studies is often on drier soils than that of the
tested undamaged species, indicating that plants from moist habitats do not
necessarily show a higher frequency of ozone damage.
Changes during the past decades in management practices and water table levels have
already had devastating effects on ecosystems (Joyce & Wade 1998) and climate
change scenarios predict a higher frequency of summer droughts and rising levels of
tropospheric ozone, threatening the few remnants of wet grasslands. The aim of our
study was to discover whether ozone-water-interactions were present, and how they
might affect the two characteristic species from the Cirsio-Molienetum grassland
association.
Material and methods
Plant species. Two species characteristic of North-Western European fen meadows,
Cirsium dissectum (L.) Hill and Molinia caerulea (L.) Moench, were chosen for the
experiments. According to Ellenberg et al. (1991), the grass species Molinia is a better
drought tolerator (F-index, 7), while the hygromorphous Cirsium dissectum is
restricted to moist soils (F-index, 8). Franzaring et al. (2000) showed that the two
species have comparable relative growth rates (RGR) of 0.09 g g-1 d-1 but M. caerulea
has a higher specific leaf area (SLA), 200 cm2 g-1 compared to 160 cm2 g-1 in C.
dissectum.
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While the biomass of C. dissectum was reduced by 19% in high O3 relative to that in
O3-free air, M. caerulea showed a biomass increase of 15% (Franzaring et al. 2000).
Cultivation and water treatments. Plants were grown from seeds originating from
wet grasslands in the Eastern Netherlands. Seedlings were transplanted into 5 L pots
filled with 5.6 kg of a homogenous sand:potting mixture (1:1). Well-watered (WW)
and water-stressed (WS) treatments were applied. Soil moisture in the WW-treatment
was maintained above field-capacity (-10 cbar), corresponding to a water content of
16 vol.%. Soil in the WS-treatments was kept below FC and allowed to dry out to a
water content of 4 vol.%, which corresponded to a water pressure of -80 cbar. Even at
these drought levels neither C. dissectum nor M. caerulea showed symptoms of
wilting. In order to control the soil water content, pots were covered with white plastic
caps and weighed twice a week. Water was added to maintain the WW treatment
above FC and the WS treatment between FC and 4 vol.%. By weighing the pots twice
a week, the total amount of water transpired was calculated. Shoot weights were
determined at the harvest, but roots were not harvested.
Ozone fumigation and harvest. Four ozone concentrations were replicated in OpenTop chambers (OTCs): charcoal-filtered air (CF), non-filtered air (NF), non-filtered
air +25 ppb (NF+25) and +50 ppb (NF+50). Five replicates per species per OTC were
placed in the OTCs (160 pots) on May 25, 1998 and fumigations commenced one
month later. Shoots were harvested on August 27, weighed, dried at 80°C and
weighed again. The area of green leaves in C. dissectum was measured with a LiCor
area meter.
Statistics. Untransformed data were subjected to split-plot ANOVA with ozone-treatment on the main plot and water-treatment on the sub-plot. Analyses were performed
separately for each of the two species. For the regression analyses, data from plants
fumigated with two levels of ozone, NF+25 and NF+50, was combined (+O3) and also
the data from non-fumigated plants, CF and NF, was pooled (-O3).
Table 1. Results of split-plot ANOVAs testing the main effects of ozone and water treatment and their
interactions on each of Cirsium dissectum and Molinia caerulea. P-values of <0.05 are included in the
table, nd = not determined, ns = not significant.
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Results
The mean ambient ozone concentration was 27 ppb during the experimental period
(May 20 – August 27) and the exposure levels ranged from 0 ppb.h in the CF
treatments to an AOT40 of 14 500 ppb.h in the NF+50 treatments. Hourly peak ozone
concentrations in the NF+50 treatments exceeded 120 ppb five times with an absolute
maximum of 160 ppb on 11 August 1998. ANOVAs performed for the two species
showed that the water treatment had strong effects, while ozone had no significant
effect on foliar injury or any of the other studied parameters (Tab. 1). However, shoot
weights tended to decrease in both species in the water-stressed plants, while
responses were highly variable in the well-watered plants (Fig. 2).
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Figure 2. Shoot weights (g dm plant-1) and amounts of transpired water (ml plant-1 and ml g dm-1) of
Cirsium dissectum (left) and Molinia caerulea (right) exposed to two water levels and four ozone
treatments. Well-watered plants (WW): open bars and water-stressed plants (WS): black bars. Ozone
levels on x-axis. Error bars represent standard deviation.
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Figure 3. Relationship between shoot biomass (g dm plant-1) and transpired water (ml plant-1) in
Cirsium dissectum (left) and Molinia caerulea (right). O3 treated well-watered plants (WW+): black
circles and untreated well-watered plants (WW-): open circles. O3 treated water-stressed plants (WS+):
black triangles and untreated water-stressed plants (WS-): open triangles. Dotted lines refer to plants
not fumigated with O3, full lines refer to plants fumigated with ozone. Inserts give the linear regression
statistics.

C. dissectum appeared to be more sensitive to water deficiency than M. caerulea.
Along with lower P-levels for C. dissectum this was also reflected by the water
contents of the two species in the WW treatments: in the rather scleromorphous M.
caerulea these ranged from only 55-67% fw and in the more hygromorphous C.
dissectum from 75-85% fw. Leaf parameters of C. dissectum were significantly
affected by the water treatments, with total and mean leaf area decreased and degree
of senescence increased in the WS treatments. While leaf area of M. caerulea was not
determined, stem and flower weights and flower numbers were reduced in this species
in the WS treatments. Water treatments also had a highly significant effect on the total
amount per plant of transpired water in both species (Fig. 2). In Molinia transpiration
per plant decreased somewhat with increasing ozone in the WS plants, while
transpiration per g dw increased along with rising levels of ozone.
Regression analyses were performed on pooled data between dry weights produced
per plant and transpired water per plant (Fig. 3). In Cirsium slopes of the regression
lines are somewhat steeper in the ozone fumigated plants, suggesting that plants
utilise more water when exposed to ozone. Contrasting effects, however, were found
in Molinia, with a slightly reduced transpiration in the well-watered, ozone-exposed
plants. Still, neither water nor ozone treatment had a significant effect on water use
per unit dry biomass (WU) when four levels of ozone were assessed in the ANOVAs.
Discussion
Our experiment succeeded well in applying two distinct soil water levels, with significant effects of water treatments found on most of the studied growth parameters.
However, neither significant ozone x water interactions nor ozone main effects were
observed in our study, which might be due to the fact that plants were only exposed to
ozone for two months.
It may be argued that quantifying gas exchange rates and calculating ozone fluxes
might help to derive the dose of air pollutants absorbed by plants. However, as with
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Molinia, a large degree of variability in the gas-exchange measurements has been
observed (Pitcairn & Grace 1984), suggesting that measuring whole-season transpiration by gravimetry is more expressive than (sporadical) gas-exchange measurements performed on single leaves. This is supported by Mansfield (1998), who stated
that air pollution and drought interactions "will only be adequately understood when
the behaviour of the plant as a whole is monitored".
Although not confirmed by ultrastructural analyses, the change in transpiration in
ozone-exposed plants might be caused by stomatal closure. Effects of ozone on
stomatal resistance in relation to water status were also reported by Mansfield et al.
(1993), who also predicted interferences between carbon acquisition and photosynthesis followed by stomatal malfunction. In our experiments, however, the reduced
transpiration in ozone exposed plants of Molinia was not paralleled by a reduced
growth.
Generally, Molinia caerulea has a lower transpiration rate compared to Cirsium
dissectum. In the well-watered treatments, Molinia produced 10 g dry biomass while
transpiring 5000 ml water, while 7000 ml water was transpired for the production of
10 g in Cirsium. In the field this might not only result in a different water use but also
in a different microclimate rendering C. dissectum potentially more susceptible to
ozone than M. caerulea because the thistle will create a moister microclimate than the
grass species. Different micro-climates were investigated by Stoutjesdijk (1980), who
measured air temperatures and VPDs 1 cm above C. dissectum and M. caerulea and at
1.5 m height. Above the species temperatures were 0.8°C higher than at 1.5 m height
and VPD was reduced by 0.5 kPa above Molinia and 0.8 kPa above Cirsium as a
consequence of its higher transpiration rates. Despite the slight differences between
the two, the micro-climate of these species can still be characterized as humid, which
might favour ozone uptake compared to other grassland species (e.g. Agrostis or
Corynophorus) above whose surfaces temperatures and VPDs may strongly rise
compared to the ambient air.
Conclusion
Effects of drought were more pronounced in the two studied species than the effects
of ozone. Ozone appeared to reduce shoot weights only in the water stressed
treatments while well-watered plants did not show growth reductions. The results
conflict with previous findings in crops indicating that a slight drought stress reduces
negative effects of ozone. Our experiments thus suggest that natural vegetation may
respond differently from crops, which are selected and bred for drought tolerance.
While effects of ozone on growth were not detected, ozone fumigation tended to
reduce transpiration in well-watered Molinia caerulea. As growth, i.e. carbon
allocation in photosynthesis, tended to be unaffected by ozone, it may be concluded
that there must be a direct effect of ozone on stomatal functioning in this species.
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Introduction
As a reaction of the widespread concern that air pollution is of major cause for the
decline of forests in various parts of Europe, the International Co-operative
Programme on Assessment and Monitoring of Air Pollution Effects on Forests (ICPForests) was established under the UN-ECE Convention on Long-Range
Transboundary Air Pollution (CLRTAP) in 1985. Major objectives are
½ to provide a periodic overview on the spatial and temporal variation in forest
conditions in relation to anthropogenic as well as natural stress factors on an
European and national large-scale systematic network (Level I) and
½ to contribute to a better understanding of the relationships between the condition
of forest ecosystems and anthropogenic (in particular air pollution) as well as
natural stress factors through intensive monitoring on a number of selected
permanent observation plots spread over Europe (Level II) and to study the
development of important forest ecosystems in Europe.
In order to follow possible air pollution induced reactions in forest ecosystems, the
development of stress factors and the state of ecosystems is monitored on an annual
basis.
Photooxidants with ozone (O3) as the major compound have been a concern for
vegetation in Europe for a long time. It is, however, only during the last decade that
impacts of ozone have become an issue of concern in Europe. There is evidence that
the ambient O3 concentrations found in Europe can cause a range of effects to
vegetation, including visible leaf injury, growth and yield reductions, and altered
sensitivity to biotic and additional abiotic stresses. Long-term effects on trees may
impair the function of forest ecosystems, i.e. their role with respect to water and
energy balances, soil protection against erosion, vegetation cover in dry areas as well
as the aesthetic appearance of the landscape. Some of the most important impacts on
plant communities may be through shifts in species composition and loss of
biodiversity particularly in areas with large numbers of endemic plant species with
unknown sensitivity to O3. Since troposheric O3 concentrations have not changed a
great deal over Europe for the last decade, and so far, no realistic risk evaluation
procedure for forest ecosystems has been established.
As discussed by Grünhage and Jäger (2002) it seems advisable to derive and provide
approaches for risk assessments on different scales. While the European scale risk
assessments in the frame of the UN-ECE Convention of Long-Range Transboundary
Air Pollution are based on modelled ozone concentrations and meteorological
parameters, risk evaluation procedures for forests at site or local (km) scale, i.e. for
ICP-Forests plots, have to be based on measured data (Figure 1).
The big-leaf module developed for use within the EMEP (Co-operative Programme
for Monitoring and Evaluation of the Long-Range Transmission of Air Pollutants in
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Europe) photochemical model can not be applied for site or local scale risk
evaluations because the input parameters necessary are normally not measured above
forest stands. Because the EMEP big-leaf module is based on leaf-level estimates
which have to be up-scaled to canopy level (bottom-up approach), the estimated O3
fluxes are more or less biased until e.g. the representativeness of the leaf/needle, twig
or branch estimates is not reflected in the model.
local scale *)

European scale **)

measured concentrations
and meteorological parameters

modelled concentrations
and meteorological parameters

regional or national scale ***)
measured, interpolated or modelled
concentrations and
meteorological parameters
*)
**)
***)

Council Directive 96/62/EC on ambient air quality assessment and management
UNECE Convention on Long-Range Transboundary Air Pollution
Council Directive 96/62/EC on ambient air quality assessment and management
UNECE Convention on Long-Range Transboundary Air Pollution

Figure 1: Levels of risk assessment, data used and legal basis (Grünhage et al., 2002)

Concept of local risk evaluation within ICP-Forests
The present concept of local risk evaluation for forest trees in the frame of the 3rd
daughter guideline (Directive 2002/3/EC of the European Parliament and the Council
of 12 February 2002 relating to ozone in ambient air) of the Council Directive
96/62/EC on the Assessment and Management of Ambient-Air Quality is based on the
AOT40 Index, referring to a very limited number of open-top-chamber experiments
(only 3 experiments with beech (Fagus sylvatica) in seedling age). However, the
application of this concept under field conditions implies a saturated field capacity
and the knowledge of the O3 concentrations at the top of the canopy (the upper
surface boundary of the (quasi)-laminar layer; (Fuhrer and Achermann, 1994;
Kärenlampi and Skärby, 1996). The application of the AOT40 index in the frame of
the 3rd daughter guideline disregards this definition "ozone concentration = ozone
concentration in canopy height" leading in general to an overestimation of possible
effects and are hence no basis for a realistic risk evaluations scenario, despite several
other uncertainties.
Due to the above mentioned uncertainties with the current AOT40 indices the
working group "Effects of Ozone on Plants" of the Commission on Air Pollution
Prevention (KRdL) of the Association of German Engineers (VDI) and the German
Institute of Standardisation (DIN) reanalysed the recent literature on O3 effects on
European plants species, subdivided in the groups agricultural species, semi-natural
vegetation and forest species. In the following the alternative concept, and the
derivation of maximum permissible O3 concentrations to protect vegetation (Figure 2,
Table 1) was elucidated as the basis for the revision of the German guideline VDI
2310 part 6 (1989, 2002). For the first time, the concept follows a flux related
approach, since the guideline requires explicitly the transformation of ozone
concentrations from ambient air monitoring stations measured in reference height
(e.g. 3.5 m a.g.l.) [ O3(zref)] to the concentrations at the top of the canopy [ O3(d+z0m]
(the upper surface boundary of the quasi-laminar layer, applying the
micrometeorological big-leaf approach; Grünhage et al., 2000).
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In a second step a risk evaluation concept was developed (VDI 2310 part 6, 2002;
Grünhage et al, 2001). All single 1-hour means of a given ozone monitoring station
are transformed to canopy height for the time span 1. April – 30. September, which
has been defined as growing season, applying an appropriate big-leaf model and
sorted in descending order (y= concentration in ppb, x= running number). By
aggregation of a given number of hourly means, indices can be derived for e.g. 1h, 8h,
1-, 7-, 14-, 28-, 48- and 90-days as well as the mean for the whole time period (Fig.
3). Indices derived by this method are conservative, since they imply that all high O3
concentrations at the plant surface coincide within the chosen time for the describing
index as well as that all O3 concentrations at the plant surface are toxicologically
effective, thus representing a worst-case-scenario.

ozone concentration (ppb)

300
250
200

}8h mean

}24h mean

150

xh mean

100
50
0
running from highest 1h value to lowest 1h value

Figure 3: Illustration of the aggregation procedure for the ozone concentrations at the top of
the canopy

Since in forest stands the necessary input parameters (O3 concentrations, horizontal
wind velocity, radiation, temperature, humidity) to model ozone fluxes at a reference
height above the forest canopy are generally not available, a two case approach has
been derived, giving realistic possibilities for a risk evaluation using the above
mentioned VDI concept.
Case 1: If assumed
½ that O3 concentrations measured at an air quality monitoring station at the top of a
hill, free for the approaching air flow, represent the upper limit of O3
concentrations at the surface of the foliage of the surrounding forest canopies
below
and
½ the diurnal variation of the O3 concentrations is unincisive
O3 concentrations can be approximated in such cases by proper selection of an air
quality monitoring station. Table 2 gives an example of local risk evaluations for a
forest transect in Germany matching case 1. The air quality monitoring stations
chosen are representative for the forested areas with the highest O3 burden in North
Rhine-Westphalia, Hesse and Baden-Wuerttemberg.
Comparisons of Table 2 and 1 show that short-term, high O3 concentrations cannot be
considered to have a persistent negative effect on forests according to the defined time
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period of 1 year (VDI 2310, part 6). Even though the long-term averages in Hesse and
Baden-Wuerttemberg exceed the MPOCs, the compliance of which ensures
substantial protection of forest trees is still given, but the development of symptoms
can be expected. However, the closer the calculated value of the MPOC “Compliance
ensures substantial protection” is reaching the MPOC “Exceedance leads to
permanent damage” for the long term indices (>30 days) the greater the potential risk
for adverse O3 effects; thus applies only for long term means (e.g. >3 years), since
with increasing time other influencing stress factors gain importance due to the
predisposition by ozone. Therefore, values representing such a smooth transition are
accordingly coloured.
Case 2: If automatic monitoring stations like described in case 1 are not available, or
the O3 concentration at Level II sites is monitored by passive samplers, exposed in
open areas with a 14 or 28 day exposure period at the reference height of 3.5 m a.g.l.,
local risk assessments can also be done using data from passive samplers. "Open area"
concentrations have to be transformed into the concentrations at the top of the forest
canopies. Such a transformation factor was derived from data of a 3 year, EU cofinanced experiment, carried out at the Egge Monitoring Station in North Rhine
Westphalia, Germany, where ambient air concentration measurements were carried
out on an hourly basis in open field at reference height (z = 1.5 m a.g.l.), as well as
within and above the canopy of a forest stand (z = 12 m a.g.l., z = 18 m a.g.l) (Thiele
et al., 1990; Prinz, 1991). In the vicinity of the experimental site (200 m) an automatic
measuring station, fulfilling case 1 conditions, belonging to the North Rhine
Westphalia air quality network was operated during the same time. Using these data, a
mean transformation factor of 1.1 was derived, in order to approximate the O3
concentrations at canopy level (z = d+zom within the big-leaf approach). Calculations
are given in Table 3. Risk evaluations can then be done in a similar way as above
described.
Table 3: Ratio of O3 concentrations at forest canopy height (12 m) and at 1.5 m (MEXFO) or 3.5 m (North
Rhine Westphalia air quality network)

mean
standard deviation
median

12 m / 1.5 m
1.4 – 30.9.1987
1.4 – 30.9.1988
1.07
1.07
0.21
0.19
1.04
1.03

12 m / 3.5 m
1.4 – 30.9.1987
1.4 – 30.9.1988
1.10
1.09
0.33
0.14
1.05
1.09

Considerations for future risk assessments at different geographic scales
Risk estimations for forests using the described approach still have uncertainties of
course, however, a great step forward is taken in deriving more realistic scenarios,
since the developed dose-response relationship, is based on peer reviewed European
experimental work of the last 10 years, and uses only (i) integrative parameters, (ii)
European tree species and takes in account (iii) experiments from the open field as
well as (iv) experiments carried out in open top and (v) closed chambers.
However, the MPOC approach (local scale, low-cost risk assessment) as well as the
flux approach within EMEP (European scale) need a validation for the different
climatic zones in Europe with their specific species varieties. Therefore, a network of
O3 flux-monitoring sites have to be established over Europe, at which at the same
time the MPOC approach have to be validated. For Germany 3 or 4 sites seems to be
adequate (e.g. Egge Monitoring Site in North Rhine-Westphalia, Fuerth im Odenwald
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in Hesse, Schauinsland in the Black Forests in Baden-Wuerttemberg and a station in
East Germany).
Local, regional and national assessment of present O3 risk potential can be realised
with the help of the results from ICP Forests Level II sites (e.g. passive samplers,
foliar injury). On the European scale, the O3 concentrations at top of the canopy can
be deduced by means of the EMEP photo-oxidant model. Risk assessment with
MPOC values can be performed by means of an environmental quality target: e.g.
"protection as far as possible" (green area) must be reached at n stations until 20??.
For a risk assement for forest ecosystems with MPOC values the following steps are
proposed:
½ Modelling of ozone uptake/ozone flux with the EMEP photo-oxidant model.
½ Calculation of ozone concentrations at top of the canopy by means of the
estimated fluxes.
½ Risk assessment with MPOC values according to target setting for integrated
assessment on the local, regional and national scale
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Figure 2: Dose-response relationship for ozone effects (effects are based on the integrative
parameters: growth, yield, photosynthesis) for European coniferous and deciduous tree
species (22 peer reviewed publications with 50 single relationships; see VDI Guideline 2310
part 6).
Table 1: Maximum permissible O3 concentrations (MPOC) at the top of the
canopy to protect European conifer and deciduous tree species
(Grünhage et al., 2001; VDI 2310 part 6, 2002)
exposure

MPOC (ppb) at the plant surface

Compliance ensures
(April −
September) maximum possible
protection

Compliance ensures
substantial
protection *)

Exceedance
leads to
permanent damage

8h

92

164

295

24 h

74

130
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7 days

50

86

148

30 days

37

63

108

90 days

29

50

86

Apr – Sep

25

43

74

*)

forest functions: e.g. growth, productivity, biodiversity, recreation

Table 2: Local O3 risk evaluation for forests in Germany
exposure

Eggegebirge

Fuerth im Odenwald

Schauinsland

(April −
September)

North Rhine-Westphalia

Hesse

Baden-Wuerttemberg

1999

2000

2001

1999 2000 2001 1999
O3 concentration (ppb)

2000

2001

8h

76

91

89

93

97

107

80

102

109

24 h

74

86

85

89

91

100

79

94

97

7 days

66

72

70

76

77

86

73

79

84

30 days

56

56

56

66

64

70

66

68

71

90 days

45

42

44

55

52

55

57

58

59

Apr – Sep

36

32

34

43

39

41

49

49

48

maximum possible protection of forest functions is expected
substantial protection of forest functions is expected
potential risk for adverse effects increase with time (e.g. >3 years)
permanent damages are expected
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Introduction
It is widely recognised that only the ozone molecules that enter the leaves through the
stomata are harmful to plants (Fuhrer, 2000). The development of a physiologically
based cause-effect relationship for ozone requires that the ozone exposure should be
described as leaf cumulative uptake of ozone (CUO), based on ozone flux estimates
(Fuhrer, 2000, Karlsson et al., 2003d). Furthermore, the current critical level,
expressed as AOT40, is based upon data from experiments on seedlings of a single
species, Fagus sylvatica (Kärenlampi and Skärby, 1996), and thus may not be fully
representative. Additional data-sets covering a range of species and environmental
conditions are thus required in order to develop a more robust basis for critical level
exceedance mapping under United Nations Economic Commission for Europe
Convention on Long Range Transboundary Air Pollution (UNECE CLRTAP).
In comparison with research into the impacts of ozone on agricultural crops, fewer
data-sets are available for deriving ozone uptake – response relationships for trees,
particularly in mature forest stands. Important data will be generated during the
course of an experiment where an open release system has been used to expose a
mature stand of beech and Norway spruce to elevated ozone levels in the Kranzberg
Forest (Nunn et al., 2002). An alternative approach to elucidating the impacts of
ozone on adult trees is the statistical analysis of temporal and spatial relationships
between growth, meteorological variables, soil moisture availability and ozone
exposure (McLaughlin and Downing 1995, Braun et al., 1999, Karlsson et al., 2003c).
Still, the availability of these data-sets is limited and thus an additional, staged
procedure is proposed in order to provide quantitative relationships between ozone
dose and negative impacts on forests (Figure 1). Establishing leaf ozone uptake –
biomass response relationships from experimental data for young trees represents one
of the first steps.
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1. Generating stomatal conductance and ozone uptake simulation models
with parameterisation for different tree species

2. Generating ozone uptake - biomass response relationships from
experimental data with young trees.

3. Scaling ozone dose; leaf ozone uptake of juvenile vs. mature trees.

4. Scaling tree response to interior ozone dose; juvenile vs. mature trees.

5. Simplification; to provide the large-scale modellers with a simple,
but scientifically robust, methodology.

Figure 1. An illustration of a proposed staged procedure to provide quantitative relationships between
ozone dose and negative impacts on forests.

The aim of this study was to derive ozone uptake – biomass response relationships for
young trees from existing experiments for a number of deciduous and conifer species,
to compare these relationships with those based on daylight AOTx and to use the
relationships to suggest new ozone critical levels for trees.
Definitions and strategies
Target leaves and needles for the ozone flux estimates

At present, information about the stomatal behaviour in shade leaves is scarce and the
application of the stomatal conductance simulation component of the EMEP model
deposition module is generally to the upper, sunlit canopy, an approach that has been
adopted also in this study. However, methods have been developed to scale
conductances relating to individual leaves/needles of the upper sunlit canopy to whole
canopy conductance (Emberson et al. 2000b).
The basis for ozone uptake estimates

To maintain compatibility with descriptions of canopy structure and also to enable
whole tree-based estimates to be made as described above, the leaf and needle
projected area is used as the basis for leaf ozone uptake estimates in this study.
Choice of conductance simulation model
The multiplicative stomatal conductance model developed by Emberson et al.
(2000a), based on that proposed by Jarvis (1976), is that currently used in the EMEP
deposition module and is currently regarded as the most appropriate for estimating
ozone flux to leaves and needles (Ashmore, 2003). The basic concepts for the model
have been tested for Norway spruce in open-top chambers (Karlsson et al., 2000) as
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well as for branch chamber measurements on mature conifer trees (Emberson et al.,
2000c) and for conductance measurements on mature and young birch (Uddling et al.,
unpublished). Some information on the modelling of ozone flux for the different data
sets can be found in Table 1.
Choice of data sets and response parameter

Elevated levels of ozone frequently induce more or less reversible changes in the
carbon allocation, growth pattern and physiology of trees (e.g. Miller et al., 1997).
The response parameters used as indicators of ozone-related injury should therefore
be representative of the growth of the whole plant. In this analysis only total and
above ground biomass were used as response parameters. Data sets were only
included where both daylight AOTx and cumulative ozone uptake could be estimated.
Choice of data resolution

Each data point represents one harvest occasion for each separate plant material, for
each treatment and experiment. In some cases, where the variation was high and the
number of individuals representing each data point was low, the data were aggregated.
The number of individual plants that form the basis for each data point is given in
Tables 2 and 3.
Methods
Estimates of the leaf ozone flux and daylight AOTx

The basic approach of the multiplicative stomatal conductance simulation model
(Emberson et al., 2000a,b) was used to estimate ozone flux. Complete local
parameterisations of the stomatal conductance modifying functions were used for
estimating ozone uptake for Norway spruce and birch at Ostad, Sweden, for Aleppo
pine at Ebro, Spain and for birch at Kuopio, Finland. For the remaining experiments,
the current parameterisation of the ozone deposition module of the EMEP model was
used (Emberson, personal communication).
However, three modifications were made for the EMEP model parameterisation. The
function describing temperature limitation of stomatal conductance, gtemp, in beech,
with an optimum of 24oC and declining to a minimum at 13oC, was replaced by a
new, linear gtemp function for the low temperature range, based on the temperature
dependency of photosynthesis in beech (Larcher, 1969). This function had an
optimum at 20 oC and a minimum conductance at –5 oC. Maximum conductance was
assumed between 20oC and 24oC, with the original EMEP gtemp function retained
above 24oC. The default EMEP gSWP function, describing the soil water availability
limitation of stomatal conductance, assumes no limitation to conductance from 0 to –
1.0 MPa, and a linear decrease from –1.0 MPa to a minimum conductance at –1.9
MPa, was replaced by a new function based on conventional soil physics theory. It
was assumed that water is freely available from 0 to -0.05 MPa and that there is a
linear reduction in availability from –0.05 to a minimum at –1.5 MPa. (Hall et al.,
1977). This new gSWP function was adopted for all species in experiments for which
local parameterisations were not available. Finally, the default EMEP values of
maximum conductance, gmax, were substituted by those given in Table 4, based upon
direct measurement or published values. Daylight AOTx was calculated according to
Kärenlampi and Skärby (1996), for the same periods as used for estimates of
cumulative ozone uptake.
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Table 1. Methodology applied for the ozone flux simulation. gmax, maximum stomatal
conductance.

Data set

Parameterisation,
EMEP or local

gmax , mmol m-2 s-1,
proj. area

Ozone index
accumulation period

Picea abies,
Ostad, SE
P.abies,
Vosges, FR
P. abies, Schön.
/Zug., CH
Pinus sylvestris,
Headley, UK
Pinus
halepensis,
Vosges, FR
P.halepensis
Ebro, ES

Local, Emberson
functions
EMEP (spruce)

75 – 155, depending
on plant age
155

20 Apr – 30 Sep

EMEP (spruce)

155

May-October

EMEP (spruce)

150

April-September

EMEP (Aleppo pine) 300

April-September

Fagus sylvatica,
Schön. /Zug., CH

Quercus sp
Headley, UK
Quercus sp
Vosges, FR
Betula pendula,
Östad,,SE +
Kuopio, FI

April-September

Continuously

EMEP (Beech)

240 - 400,
depending on season
220

EMEP (Beech)

310

April-September

EMEP (Beech)

310

April-September

Local, Emberson
functions.

220

June - September

Local, Emberson
functions

April-September

Statistics.
The approach suggested by Fuhrer (1994) was applied to data-sets which included
control treatments with an AOTx or CUO above zero. For each experiment, the
hypothetical biomass at zero ozone exposure was calculated as the y-axis intercept,
using extrapolation or linear regression of biomass versus AOTx or CUO. In the next
step the reduction in biomass for each treatment was calculated relative to the
hypothetical biomass at zero AOTx or CUO. The experimental data include multiyear experiments from one to five growing seasons. In order to obtain a common time
basis for the dose - response relationships for all experiments, both the ozone
exposure index, as well as the effect parameter, had to be recalculated based on the
number of growing seasons over which the individual experiments were conducted.
The ozone exposure indices were divided by the number of growing seasons. The
effect parameter (% biomass reduction) was calculated according to the formula:
RByear = RBtot(1/yr)
where RByear is the relative biomass per growing season (a value between 0 and 1,
relative to the control at zero ozone exposure); RBtot is the relative biomass at the time
of harvest; yr is the number of growing seasons from the start of the experiment until
the time of harvest. The % biomass reduction relates to the relative biomass.Thus,

239

both exposure and effects were expressed on the basis of a single growing season. The
biomass reductions from all experiments were combined separately for conifer and
deciduous species and relationships with a number of different exposure indices were
fitted by simple regression. The analysis in this study was restricted to daylight
AOT20,30,40,50 and CUO with thresholds of 0, 1.6, 3.2 and 4.8 nmol m-2 s-1. The
threshold of 3.2 nmol m-2 s-1 corresponds to the ozone flux at an ozone concentration
of 40 nl l-1 and maximum stomatal conductance for Norway spruce (155 mmol H2O
m-2 s-1).
Table 2. Description of the coniferous tree species data sets. OTC, open-top chambers; CF,
charcoal filtered air; NF, non-filtered air; NF+, non-filtered air with extra ozone added;
NF++, non-filtered air with more extra ozone added

Experimental
period
Species
Plant age
Growth
system
Exposure
system,
replicats
Response
parameter
Min no
plants per
data point
Water
supply

Ostad,
SE

Schönenbuch/
Zugerb.,
CH

4 years,
Apr-Sep

1-3 years,
Jun-Oct

Ebro, ES

Headley,
UK

Vosges, FR

Vosges, FR

3 years,
Continuous
exposure
Picea
Pinus
Picea
abies
halepensis
abies,
3 years
Seedling
2 years
120 l
Pots.
18 l pots.
pots.
Forest/co
Peat, sand,
Sand.
mpost soil. vermiculite
OTC, CF OTC, CF
OTC CF,
and NF+, and NF. 2- NF, NF+, 3
6 repl.
4 repl.
repl.
Total
Total
Total
biomass biomass
biomass

2 years,
Apr-Nov

2 years,
Apr-Oct

3-5 years
exposure

Pinus
sylvestris
In the
ground

Pinus
halepensis
2 years
23 l pots.
Peat and
sand.
OTC, CF,
NF, NF+, 2
repl.
Total
biomass

Picea abies,

12 - 36

14-30

18

24

32

12

Wellwatered,
drought

Wellwatered

Wellwatered,
drought

Wellwatered,
drought

Wellwatered,
drought

Well-watered,
drought.
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OTC, NF,
NF+, 2-4
repl.
Above
ground
biomass

5 years
In the ground.

OTC, CF, NF,
NF+, NF++, 2
repl.
Above ground
biomass

Table 3. Description of the deciduous tree species data sets. OTC, open-top chambers; CF,
charcoal filtered air; NF, non-filtered air; NF+, non-filtered air with extra ozone added;
NF++, non-filtered air with more extra ozone added

Experimental
period
Species
Plant
initial age
Growth
system
Exposures
ystem,
replicates
Response
parameter
Min. no.
plants per
data point
Water
supply

Schönenbuch/
Zugerb.,CH

Headley, UK

Vosges, FR

Ostad, SE

Kuopio, FI

1-3 years.
May- Oct

2-3 years AprNov

2 years, AprOct.

2 years May –
Oct

1-5 years,
May-Oct

Fagus
sylvatica
Seedlings

Quercus. robur,
Q. petraea
1 year old

Quercus robur, Betula pendula
Q. petraea,
2 years old
5 months

Betula
pendula
1 year

23 l pots

120 l pots

OTC. CF,
NF+, 2 repl.

OTC, NF,
NF+, NF++ , 4
repl.
Perennial
biomass
24

7 and 20 l
pots
Open field
exposure, 2
repl. plots
Total
biomass
10

Well-watered

Well-watered

Pots. Forest, In the ground
comp. soil
OTC, CF,
OTC, NF, NF+ ,
NF, 2 repl.
2-4 repl.

Total biomass

Total
biomass
15

Above ground
biomass
40

16

Wellwatered

Well- watered,
drought

Well- watered,
drought

Description of data sets

The Norway spruce (Picea abies) data-sets from Ostad, Sweden, have been described
in detail by Wallin et al. (2002), Karlsson et al. (2002), Ottosson et al. (2003) and
Karlsson et al. (2003a). The ozone flux was estimated using the stomatal conductance
simulation model published by Karlsson et al. (2000), which includes an entirely local
parameterisation. The stomatal conductance simulation was applied to the entire
duration of the experiment (Karlsson et al., submitted). The birch (Betula pendula)
data-set from Ostad, Sweden, has previously been described in detail (Karlsson et al.,
2003a,b). The ozone flux was estimated with a locally parameterised stomatal
conductance simulation model (Uddling et al., submitted).
The data-sets from Vosges, France, represent ten years of research carried out in
open-top chambers at Col du Donon in the Vosges mountains of north-east of France,
close to Nancy. In all experiments, the effects of elevated ozone concentrations were
compared with a charcoal-filtered control treatment. A more detailed description of
the facility is given in Dixon et al. (1998). The first experiment assessed the effects of
ozone on two clones of Norway spruce (Picea abies) planted in the ground, over a
period of five years duration. The plants were exposed to ozone in combination with
two water supply treatments. However, due to the relatively few spruce saplings used
for each clone and water supply treatment, data from the two water supply treatments
were aggregated. In the second experiment, plants of Aleppo pine (Pinus halepensis)
planted in 23 litre pots were exposed to ozone for two years. Finally a two-year
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experiment was performed on oak (Quercus robur and Q. petrea) planted in 23 litre
pots. Ozone flux to Aleppo pine and Norway spruce was estimated using the
appropriate EMEP model parameterisations, while the EMEP beech parameterisation
was used for the oak species. The values of gmax for Aleppo pine (300 mmol m-2 s-1)
and oak (310 mmol m-2 s-1) were based on measurements made at Ebro and Headley,
respectively (see Table 1).
The experiment in Ebro, Spain, was performed in an open-top chamber (OTC) facility
located in the Ebro Delta, Spain. Two-year-old Aleppo pine (Pinus halepensis)
seedlings were continuously exposed throughout the three-year experimental period to
three different ozone levels, with charcoal filtered air as the control. The ozone flux
was estimated with an entirely locally parameterised stomatal conductance simulation
model. Different parameterisations and values of gmax were applied during summer
and winter.
The three data-sets for birch (Betula pendula) from Kuopio, Finland, are from
different open-field experiments conducted with a free-air ozone exposure facility at
Kuopio in central Finland, as described by Oksanen (2003). The birch saplings were
exposed to ambient and approximately 1.5 times ambient ozone levels. In the first
experiment, two potted clones (sensitive and tolerant) were exposed over one growing
season (Oksanen and Saleem, 1999). In the second experiment ten birch clones were
planted in the ground and exposed over five growing seasons (Oksanen, 2001). In the
final experiment, the same two clones as was used in the first experiment were
exposed over the course of two growing seasons. In all experiments, the plants were
irrigated, and ambient air was used as the control. Ozone flux was estimated using the
same stomatal conductance simulation model as was used for the Ostad experimental
data. The data for the different clones were aggregated, thus representing all clones
included in each experiment.
The experiments underlying the data-sets from Schönenbuch and Zugerberg,
Switzerland, have been described by Braun & Flückiger (1995). There were data from
two different sites, with five different experiments with beech seedlings and five
experiments with Norway spruce seedlings, lasting from a few months up to 3 years.
All experiments involved the exposure of tree seedlings to ambient or charcoalfiltered air. Estimates of ozone flux were obtained as described by Braun et al. (2003),
using the default EMEP parameterisation for beech and Norway spruce.
The data from Headley, UK, were sub-sets from two factorial CO2 – O3 experiments
carried out in open-top chambers (Broadmeadow and Jackson, 2000, Medlyn et al.,
1999). In the first, three-year experiment with Quercus petrea and Pinus sylvestris,
water supply was an additional treatment in the last two years of the experiment, with
target soil water potentials of –0.01 and –0.2 MPa for the irrigated and droughted
treatments, respectively. In a second, two-year experiment plants of Quercus petrea
and Quercus robur were exposed to ozone in combination with two levels of
irrigation. In both experiments two levels of ozone were used, non-filtered air
(control) and non-filtered air with elevated ozone. The ozone flux for the two oak
species and for Scots pine was estimated with the EMEP model, using the beech and
Norway spruce parameterisations, respectively.
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Result and discussion
Dose – response relationships based on daylight AOT40 and cumulative ozone
uptake.
Initially, the regression analysis was performed on separate, pooled data for all
deciduous and coniferous species, respectively. However, when using these pooled
data-sets the highest correlation coefficients were obtained using a square-root (x)
function (Tables 4 and 5, Figures 2 and 3). This would conflict with the procedure
used both to derive the hypothetical yield at zero ozone exposure and also to
standardise the results of multi-year experiments, which assumes linear dose –
response relationships. Linear regression analysis of the pooled data-sets generally
resulted in significant, negative intercepts, thus precluding any assessment of critical
levels. Consequently, both the conifer and deciduous species pooled data-sets were
subdivided into sensitive (Norway spruce, Scots pine and birch, beech) and less
sensitive (Aleppo pine and oak) categories. An analysis of the threshold applied to
CUO estimates indicated that 1.6 nmol m-2 s-1 was the most appropriate threshold
value for the sensitive deciduous tree species, birch and beech (Table 5). For the less
sensitive deciduous tree species, oak, as well as for the sensitive coniferous trees
species, slightly higher correlation coefficients were found for the threshold of 3.2
nmol m-2 s-1. However at higher thresholds, an undesirable clustering of the residuals
was evident at low values of CUO (data not shown). For all CUO thresholds and all
target receptors tested in this analysis, the daylight AOT40 index always had a higher
correlation coefficient, compared to the cumulative uptake of ozone index, although
the difference was relatively small between AOT40 and CYUO>1.6. Furthermore, a
separate comparison of AOT20, AOT30, AOT40 and AOT50, showed that AOT40
performed best among the AOTx indices (Table 6).
Although only three conifer tree species and four deciduous species are included in
this study, these seven species are all native to large areas of Europe, and most have
also been widely planted. Together, they represent 70% of the trees assessed in the
UN-ECE/EC European Forest Condition Survey. Norway spruce and Scots pine are
both important to the forest industry of north and central Europe, while the third
conifer species, Aleppo pine, is native to and widely planted throughout the
Mediterranean basin, particularly for erosion control projects. The deciduous species
are equally important across Europe, both in terms of their biodiversity and their
contribution to the timber industry.
New ozone critical levels

In the present analysis, critical levels were derived as the exposure index where the
99% confidence limit of the dose-response relationship indicated a significant
reduction in biomass (i.e. the zero response x-axis intercept of the 99% confidence
interval in the dose-response graph). On this basis, new critical levels of daylight
AOT40 and CUO assuming a threshold of 1.6 nmol m-2 s-1 (CUO>1.6) are presented
in Table 7 (also see Figures 2 and 3). The new critical levels were relatively similar
for the sensitive deciduous and sensitive coniferous species categories, with proposed
values for daylight AOT40 of 2-5 ppm h, corresponding to CUO>1.6 values of 2-4
mmol m-2. The critical levels for the less sensitive deciduous tree species category
(oak) were substantially higher, with values of 18 ppm h and 12 mmol m-2 proposed
for AOT40 and CUO>1.6, respectively. Table 7 indicates the level of response, which
constitutes a significant effect, and thus critical level, in this analysis. For both
deciduous species categories, the critical level indicates a 3-6% reduction in biomass,
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while for the sensitive coniferous species, an approximate 1% reduction in biomass is
implied.

% reduction

Deciduous

Deciduous

0

F.sylvatica, CH

-10

B. pendula,
Ostad, SE

-20

Q.petrea W,
Vosges, FR

-30

Q. petrea D,
Vosges, FR
Q. robur W,
Vosges, FR

-40

Birch, beech

Birch, beech

% reduction

0

Q. robur D,
Vosges, FR

-10
-20

B. pendula,
Kuopio1, FI

-30

B. pendula,
Kuopio2, FI
B. pendula,
Kuopio3, FI
Q. petrea D,
Headley, UK

-40

% reduction

Oak

Oak

0
-10

Q. petrea W,
Headley, UK

-20

Q.robur W,
Headley, UK

-30

Q.petrea W,
Headley, UK

-40
0

20

40

60

80

100

0

20

40

60

80

CUO>1.6 (mmol m-2 , proj area)

Daylight AOT40 (ppm h)

Figure 2. The relationships between % reduction in biomass and ozone exposure, on a yearly
basis, for different deciduous tree species and experiments, divided into different categories.
The ozone exposure was expressed as AOT40 or as cumulative uptake of ozone above a
threshold 1.6 nmol m-2 s-1. The relationships were analysed as simple regressions with 99%
confidence intervals, either using a square root (x) function (two upper panels) or as linear
regression. The two upper panels include all deciduous tree species, the middle panels include
the sensitive deciduous species (birch, beech) and the two lower panels show the less
sensitive deciduous species, represented by two oak species. W, well-watered; D, drought
treatment.

The effective ozone dose, based on stomatal uptake of ozone, represents the most
appropriate approach for setting future ozone Critical Levels for forest trees (Karlsson
et al., 2003d). However, uncertainties in the development and application of fluxbased approaches to setting level II Critical Levels for forest trees are at present too
large to justify their application as a standard risk assessment method at a European
scale (Karlsson et al., 2003d). The analyses performed in this study suggest that new
ozone critical levels can be proposed to protect forest trees in Europe at Level I, i.e. to
protect the most sensitive species under most sensitive conditions.
New ozone critical levels for trees, at Level I and cumulated over one growing
season, can be suggested as an AOT40 of 5 ppmh or, alternatively, as a CUO>1.6
of 4 mmol m-2, based on projected leaf area.
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Conifers

% reduction

Conifers

0

P. abies D, Ostad,
SE

-10

P. abies OPT2,
Ostad, SE

-20

P. abies LP,
Ostad, SE

% reduction

Norway spruce, Scots pine

Norway spruce, Scots pine

0

P. abies, Vosges,
FR
P.abies, CH

-10

P.sylvestris D,
Headley, UK

-20

P.sylvestris W,
Headley, UK

Aleppo pine

Aleppo pine
% reduction

P. abies OPT1,
Ostad, SE

0

P.halepensis,
Ebro, ES
P.halepensis W,
Vosges, FR

-10

P.halepensis D,
Voges, FR

-20
-30
0

20

40

60

80

100

120

0

Daylight AOT40 (ppm h)

20
40
60
CUO>1.6 (mmol m-2, proj area)

80

Figure 3. The relationships between % reduction in biomass and ozone exposure, on a yearly
basis, for different conifer tree species and experiments, divided into different categories. The
ozone exposure was expressed as AOT40 or as cumulative uptake of ozone above a threshold
1.6 nmol m-2 s-1. The relationships were analyzed as simple regressions with 99% confidence
intervals, either using a square root (x) function (two upper panels) or as linear regression.
The two upper panels include all conifer tree species, the middle panels include the sensitive
conifer species (Norway spruce, Scots pine) and the two lower panels show the less sensitive
conifer species, represented by Aleppo pine. The regressions with Aleppo pine were not
significant and they were therefore omitted. W, well-watered; D, drought treatment. OPT1,
optimal water and nutrient supply experiment 1; OPT2, optimal water and nutrient supply
experiment 2; LP, low phosphorous supply.
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Table 4. Statistical data for regression analysis of the relations between ozone exposure
indeces and % reduction of biomass for deciduous tree species. Deciduous, all deciduous tree
species; *, p<0.05; **, p<0.01; ***, p<0.001; ns, p>0.05; CUO>t, cumulative leaf uptake of
ozone over a threshold t nmol m-2 s-1; AOT40, accumulated exposure of ozone over a
threshold 40 ppb.
Ozone index/ plant
category

Sqrt(x) regression

Linear regression
r2

p,
slope

p, intercept

slope

intercept

r2

p,
slope

p, intercept

0.45
0.62
0.65

***
***
***

*
ns
ns

-0.198
-0.732
-0.214

-2.76
-

0.52
0.64
0.60

***

ns

0.18
0.43
0.49

**
**
***

*
ns
ns

-0.254
-1.01
-0.348

-8.28
-

0.22
0.41
0.45

**

ns

0.28
0.50
0.49

***
***
***

**
ns
ns

-0.332
-1.31
-0.348

-4.80
-

0.35
0.47
0.45

***

ns

0.33
0.41
0.54

***
***
***

**
ns
ns

-0.406
-1.96
-0.384

-2.03
-

0.40
0.45
0.50

***

ns

0.30
0.18
0.54

***
**
***

**
*
ns

-0.511
-3.39
-0.567

-4.17
-3.56
-

0.43
0.30
0.56

***

ns

AOT40
Deciduous
Birch, beech
Oak

CUO>0
Deciduous
Birch, beech
Oak

CUO>1.6
Deciduous
Birch, beech
Oak

CUO>3.2
Deciduous
Birch, beech
Oak

CUO>4.8
Deciduous
Birch, beech
Oak
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Table 5. Statistical data for regression analysis of the relations between ozone exposure
indeces and % reduction of biomass for coniferous trees species. Conifers, all coniferous tree
species. Sqrt(x), a square-root (x) function; *, p<0.05; **, p<0.01; ***, p<0.001; ns, p>0.05;
CUO>t, cumulative leaf uptake of ozone over a threshold t nmol m-2 s-1; AOT40,
accumulated exposure of ozone over a threshold 40 ppb.
Ozone index/ plant
Linear regression
Sqrt(x) regression
category
2
p,
p,
slope
inter- r2
p, slope p,
r
slope
intercept
cept
intercept

AOT40
Conifers
Norway spruce, Scots
pine
Aleppo pine

0.54
0.79

***
***

ns
ns

-0.099
-0.154

-

0.54
0.66

0.35

ns

ns

-

-

0.33

0.44
0.70

***
***

ns
ns

-0.203
-0.366

-

0.45
0.58

0.34

ns

ns

-

-

0.31

0.40
0.77

***
***

ns
ns

-0.217
-0.571

-

0.47
0.58

0.41

ns

ns

-

-

0.37

0.29
0.78

***
***

*
ns

-0.257
-1.28

-1.33
-

0.45
0.71

0.42

ns

ns

-

-

0.39

0.22
0.65

***
***

**
**

-0.304
-2.87

-1.47
-0.93

0.36
0.75

0.43

ns

ns

-

-

0.39

***

ns

***

*

***

ns

***

ns

***

ns

CUO>0
Conifers
Norway spruce, Scots
pine
Aleppo pine

CUO>1.6
Conifers
Norway spruce, Scots
pine
Aleppo pine

CUO>3.2
Conifers
Norway spruce, Scots
pine
Aleppo pine

CUO>4.8
Conifers
Norway spruce, Scots
pine
Aleppo pine
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Table 6. Statistical data for regression analysis of the relations between AOTx ozone
exposure indices (in ppm h) and % reduction of biomass for different tree species categories.
*, p<0.05; **, p<0.01; ***, p<0.001; ns, p>0.05;
Ozone index/
category

plant

Linear regression
r2

p, slope

p, intercept

slope

intercept

0.52
0.57
0.73

0.0000
0.0000
0.0000

0.70
0.73
0.31

- 0.356727
- 0.142534
- 0.086132

-

0.61
0.61
0.76

0.0000
0.0000
0.0000

0.63
0.79
0.61

- 0.494434
- 0.169949
- 0.109617

-

0.62
0.65
0.79

0.0000
0.0000
0.0000

0.31
0.73
0.86

- 0.732309
- 0.215783
- 0.153597

-

0.53
0.62
0.76

0.0000
0.0000
0.0000

0.053
0.82
0.16

- 1.03297
- 0.248186
- 0.187618

-2.5
-

AOT20
Birch, beech
Oak
Norway spruce, Scots
pine

AOT30
Birch, beech
Oak
Norway spruce, Scots
pine

AOT40
Birch, beech
Oak
Norway spruce, Scots
pine

AOT50
Birch, beech
Oak
Norway spruce, Scots
pine

Table 7. Suggested new ozone critical levels based on daylight AOT40 and CUO>1.6, for
different tree categories, expressed as the value accumulated over one growing season. The
values represent when the regression line 99% confidence intervals deviate from zero
response. CUO>1.6, cumulative leaf uptake of ozone over a threshold 1.6 nmol m-2 s-1;
AOT40, accumulated exposure of ozone over a threshold 40 ppb.
Species category

Critical levels based on when the regression
line 99% confidence intervals deviate from
zero response
daylight AOT40
CUO>1,6 (mmol m(ppm h)
2, proj. area )

% biomass reduction per
growing season at the
suggested critical level
based on
based on
AOT40
CUO>1.6

Birch, beech

2

3.4

3

5

Oak

18

12

4.5

5.7

Norway spruce,
Scots pine

5

2

0.8

0.9
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Abstract
Sixteen different European studies were used to test the relative growth of Norway
spruce in relation to the AOT40 index. A significant negative relationship between
relative growth and AOT40 was obtained. The predicted reduction in growth for the
most sensitive trees in the European data set was 6% at the present ozone critical level
for forest trees in Europe, daylight AOT40 of 10 µl l-1 h.
1. Introduction
Norway spruce is the economically most important forest tree species in southern
Sweden, where the ozone levels often exceed the present critical level for forest trees
(Kindbom and Pleijel, 1999). Many experiments with ozone and Norway spruce have
been conducted and the main part is concerned with physiological and biochemical
effects (Langebartels et al., 1997; Selldén et al., 1997). Considerably less is known
about the effects of ozone on biomass growth. For example, Landolt et al. (2000) and
Braun and Flückiger (1997) found decreased biomass, however non-significant, in
Norway spruce seedlings after one or two seasons of ozone exposure in open top
chambers (OTCs). Significant decreases in biomass growth in one clone of Norway
spruce of 8 % and 5 %, respectively, were obtained in the Göteborg Ozone-Spruce
Project (GOSP), after four seasons of ozone exposure in OTCs (Open-top chambers)
(Karlsson et al., 2002; Ottosson et al., submitted). These results are further explored in
this investigation. The aim of this study was to test the results from the clone used in
GOSP together with other published European data concerning ozone effects on
growth of Norway spruce, in relation to the present ozone critical level (AOT40) set
for forest trees (Fuhrer et al., 1997).
2. Materials and Methods
Data from peer-reviewed, published papers were collected. In order to be included
in the test of the AOT40 index for Norway spruce the following selection criteria
were used: Exposure system: closed environmental chambers, open-top chambers,
open field fumigation systems; Growth parameter: total biomass, shoot or stem
biomass, stem volume; Exposure duration: at least 50 days; Growing conditions: pot
size that does not limit growth; Modifying factors: acid mist, drought and nutrient
deficiency; Data availability: possibility to obtain and/or calculate daylight AOT40.
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2.1 Calculations
In a few cases the European data set presented CF treatments with an AOT40 above
0 µl l-1 h. In these cases the theoretical absolute growth at an exposure of 0 µl l-1 h
was determined at the y-intercept, using a linear regression of growth versus AOT40.
In the next step the theoretical absolute growth at 0 µl l-1 h was used as the reference
(=1) to calculate the relative growth for each treatment as described by Fuhrer (1994).
The relative growth from all experiments were combined and fitted again by using
linear regression and define confidence limits. The linear regression model is based
on the assumption that y (relative biomass) is normally distributed and that the
variance of y is not dependent on x (AOT or SUM). In order to investigate if these
assumptions were satisfied the residuals were studied with respect to normal
distribution, if the residuals had a sum of zero and if their variance was independent
of x (Underwood, 1997).
Two linear regression analyses were performed: 1) using all data points or 2) using
only those data points where the ozone effects were statistically significant in the
individual experiments. In order to try to reveal possible weaknesses, such as
systematic bias hidden in the model, further tests were performed. For each original
data set the relative growth at 10 and 50 µl l-1 h was taken out from the dose-response
curve. This particular relative growth for each experiment was plotted versus seedling
age and versus number of seasons of exposure, respectively, in order to test for
systematic bias in the data set due to these factors.
3. Results
Data from sixteen independent European experiments, published between 1990
and 2002, including the two data sets from GOSP, were used to test the relationship
between relative growth and AOT40 (Table 1). Based on type of exposure system,
each selection criteria is examined in the following:
3.1 Closed chambers
Five clones of 3-year-old Norway spruce saplings were grown in two different soil
types and exposed to an AOT40 of 64 µl l-1 h ozone and acid mist in closed
environmental chambers (Payer et al., 1990). After two growing seasons the stem
volume was measured. Stem volume of three out of the five clones was reduced by
ozone and acid mist in the neutral soil and a fourth clone was affected in the acidic
soil only. In another study, where the same chamber system was used, the shoot
biomass of Norway spruce was not changed significantly after one season of an
AOT40 of 110 µl l-1 h (Polle et al., 1993). Information about light regimes and ozone
exposure in these two studies was received from H.D. Payer (personal
communication) and from Blank et al. (1990). Similarly, Lippert et al. (1996) found a
non-significant 3% decrease in total biomass of Norway spruce after 8 months and an
AOT40 of 22 µl l-1 h, using the same chambers. Mortensen (1990) found that an
AOT40 of 42 µl l-1 h caused an 8 % significant decrease (mean of 4 clones) after 105
days and an AOT40 of 18.5 µl l-1 h caused a significant 22 % decrease (mean of 4
clones) after 55 days. Skre and Mortensen (1990) reported a significant decrease in
total biomass of 18% and 30%, respectively, in two different clones after an AOT40
of 80 µl l-1 h during 60 days. Lucas and Diggle (1997) found a non-significant 9%
increase in stem volume in 3-year old saplings after three growing seasons and an
AOT40 of 30 µl l-1 h in Solardomes.
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3.2 Open-top chambers
Braun and Flückiger (1995) exposed Norway spruce seedlings to filtered and nonfiltered air and found no significant effects, even though there was a tendency for a
negative impact (-15%) on growth by the non-filtered treatment. Stem biomass was
decreased by 12% (non-significant) after an AOT40 of 76 µl l-1 h during 4-seasons
(Skärby et al., 1995). One growing season of ozone exposure in open-top chambers
decreased root biomass and delayed the biomass increase, especially of the current
year shoots, of one clone of Norway spruce while it stimulated the biomass growth of
another clone (Karlsson et al., 1997). An experiment covering one season with
current-year seedlings of Norway spruce resulted in a 6% non-significant decrease per
10 µl l-1 h ozone (AOT40) (Landolt et al., 2000). Dixon et al. (1998) reported a
significant decrease (-77%) in growth in one out of two clones of nine-year-old
Norway spruce tested, after three growing seasons and an AOT40 of 381 µl l-1 h and
two seasons of drought. A significant biomass decrease of 8% and 5%, respectively,
was detected after four growing seasons and an AOT40 of 76 and 78 µl l-1 h in these
two studies (Karlsson et al., 2002; Ottosson et al., submitted). These two experiments
also tested drought and low phosphorus levels, respectively, and found no
interactions.
3.3 Open-release systems
Three long-term studies have been performed in Finland, using open-release
fumigation systems. None of these studies resulted in any significant effects.
Rantanen et al. (1994) found that total seedling dry weight tended to increase
compared to the control seedlings. Wulff et al. (1996) found that seedlings from a
northern provenance behaved different from a southern provenance of Norway
spruce, where the northern appeared to be more ozone sensitive, after transplantation
to a more southern location. Similarly, Utriainen and Holopainen (2001) found
negative effects of ozone in combination with nutrient stress (nitrogen and
phosphorus), however non-significant, on total biomass of Norway spruce after two
seasons.
3.4 Pot size
The majority of the experiments in Table 5 used pots. The size of the pot in relation
to the final dry mass of the individual tree is critical in order to avoid uncontrolled
growth limitations. In all experiments the description of how the plans were grown
gave a general insight whether there was a risk for pot limitation. In no case the dry
mass was larger than approximately 50 g per liter at the final harvest and, which was
considered to be within the limit for free growth of a tree seedling, according to
nursery cultural practices (Grossnickle, 2000).
3.5 The relation between relative growth and the AOT40 index
Both the regressions shown in Figure 1 and 2 were significant and had residuals
with a normal distribution. The regression using all data-points had a low correlation
coefficient (r2=0.2) and an AOT40 of 40 µl l-1 h corresponded to approximately 3%
decrease in biomass. At the current critical level, an AOT40 of 10 µl l-1 h, no effect
on the biomass was predicted. In the other regression model (Figure 2) the data-points
represent only significant ozone effects, reported from individual experiments. These
were taken from six out of the sixteen publications in Table 1. The relative growth
was predicted to decrease by 6% and 13%, respectively, at an AOT40 of 10 µl l-1 h
and 40 µl l-1 h, with a coefficient of determination of 0.80. To test whether the data
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points originating from Dixon et al. (1998), with much higher exposure dose than any
other experiment (Table 1), dominated the slope of the relationship, shown in Figures
1 and 2, in an inadequate way, this data set was excluded from the regressions. The
regressions were, however, practically the same as in Figures 1 and 2 and still
significant (y= -0.0017x+1.0278 and y= -0.0023x+0.9695), while the r2 values were
much lower (0.079 and 0.38).
Seedling age and exposure duration was the two most important factors that varied
between different experiments. The effect of these factors was tested for on the data
used in Figure 3 (all data), in order to find systematic bias in the model. No significant
correlations were obtained, however, indicating that these factors had minor influence
on the model and that the model assumptions were valid (Table 2). Figure 2 contained
too few data pairs to be able to make a reliable test of the risk for systematic bias.
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Figure 3. The relationship between relative growth of Norway spruce and ozone exposure
(AOT40 µl l-1 h). Data originate from the references in Table 5. y= - 0.0011x+1.01; r2=0.21;
P<0.001. The regression line is shown with the 95% confidence intervals.
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Figure 4. The relationship between relative growth and. ozone exposure (AOT40 µl l-1 h).
Data originate from the references showing significant differences (in bold) in Table 5.
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4. Discussion
Figure 1 shows a weak correlation, which is still significant, when all data were
included. The plot, in addition to a variation in experimental procedures, most likely
demonstrates a range of individual responses of spruce trees of different genetic origin
and a potentially large pool of genetic variation. Several studies of loblolly pine report
family and genotype as a source of variation in governing the response of this species
to ozone (Taylor Jr., 1994; McLaughlin et al., 1994). Taylor Jr. (1994) calculated this
factor to explain between 50 and 75% of the variation in ozone sensitivity. A general
conclusion for all studies of loblolly pine was that ozone can affect growth, but the
response will be strongly dependent on genetic variation associated with family
origin. This statement is probably valid also for Norway spruce. It is hard to explain
the very strong stimulation of growth by ozone in some of the experiments. The
rationale for also using growth data presented as shoot biomass only (Skärby et al.,
1995; Polle et al., 1993) or calculated stem volume (Payer et al., 1990; Lucas and
Diggle, 1997), based on diameter and height, is that these parameters for Norway
spruce typically correlate well with total biomass (unpublished observations).
However, this could be another source of variation.
When only the data showing statistically significant effects were included, the
regression had a much stronger correlation (r2=0.80). It could be debated which
regression model to use for the European data, the one including all data or the one
with statistically significant data only. Studies with small sample sizes, as is often the
case in the studies presented in Table 1, are less likely to have significant results
compared to studies with large sample sizes, even if both have effects of the same
magnitude. This is a strong reason for using Figure 1 representing all data. Another
argument is that by including also "no effect" studies, a dose-response relationship is
generated that is more representative for populations of Norway spruce trees, i.e.
Norway spruce forests, still ignoring all other problems with scaling the effects from
young to mature trees. On the other hand using Figure 2, with data where the effects
were statistically significant is sensible, according to the Level I approach, since it
obviously includes the most sensitive Norway spruce clones and the most clear-cut
experimental results. The results, using only significant data, suggest that the critical
level for forest trees does not fully protect the most sensitive spruce trees at an
AOT40 of 10 µl l-1 h since the relative growth was reduced by 6% at this exposure. At
an AOT40 of 40 µl l-1 h a reduction in relative growth of 13% can be theoretically
expected, based on the regression in Figure 4. When dealing with trees, multi-year
exposures and cumulative effects have to be taken into account. The linear regression
models presented in Figure 1 and 2 take the time dimension into account more or less
indirectly only, via the cumulated dose. This can be questioned, since both short term
(50 days) and long term exposures (4 growing seasons) were included in the same
plot. Equally important to consider is the age of the seedlings used in the different
experiments. If these aspects have an influence on the result, the model can be
questioned. However, neither age nor exposure duration seemed to have a significant
influence at an AOT40 of 10 or 50 µl l-1 h when this was tested for the regression
model in Figure 1.
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-28% (clone 133, stem volume)

-22% (clone 16, stem volume)

parameter vs. control

Max. effect on growth

Table 1. Publications used for testing the AOT40 index for Norway spruce (Picea abies). CIC, Closed indoor chambers; COC, Closed outdoor chambers; OTC,
Open-top chambers; ORS, Open release system; nm, not measured; DL, daylight. The AOT40 exposure dose corresponds to the % maximum effect presented in each
study. Statistically significant effects are printed in bold.

In Establishing Ozone Critical Levels II (Karlsson, P.E., Selldén, G., Pleijel, H., eds.). 2003. UNECE Workshop Report. IVL
report B 1523. IVL Swedish Environmental Research Institute, Gothenburg, Sweden.
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Abstract
The current AOT40 concept for inferring risks in forest trees by ozone (O3) injury is
based on an accumulated external O3 exposure rather than an internal O3 dose or
uptake rate. AOT40 assumes O3 concentrations below 40 nl l-1 and night-time
exposure to be negligible. Hence, this concept is rather inconsistent with observed
forest conditions. In contrast, the flux concept of cumulative O3 uptake into the leaves
has the potential of reflecting a physiologically meaningful internal O3 dose
experienced by trees. In this paper, were relate the exposure-based AOT40 index to
cumulative O3 uptake rates into European beech (Fagus sylvatica), Norway spruce
(Picea abies), European larch (Larix decidua) and cembran pine (Pinus cembra) trees
that differ in size, age and site conditions. We demonstrate that the flux concept can
be extended to the tree and the stand level, making use of sap flow measurements
through tree trunks. Although in both seedlings and adult trees AOT40 may show
some linearity in correlations with average cumulative O3 uptake, cumulative O3
uptake can vary, at given AOT40, by 25 +\- 11 % within and between species. This is
because O3 uptake is primarily influenced by stomatal aperture, the latter being
affected by climate, canopy position, leaf and tree age while varying between species.
Therefore, we suggest O3 flux or uptake related air quality indices to be promoted
towards ecologically meaningful standards in forest protection, overcoming the
shortcomings of exposure concepts. As O3 injury results from the balance between O3
uptake and detoxification in the leaf mesophyll, the flux concept, when combined
with measures of biochemical defence, has the capacity for predicting tree response to
O3 stress.
1. Introduction
During the nineties, the concept of ‘Critical Levels for Ozone’ was introduced by UNECE (Fuhrer, 1994; Kärenlampi and Skärby, 1996) and defined as the AOT40
exposure index (i.e. the “accumulated exposure to ozone above a threshold of 40 nl O3
l-1”). It was assumed that the exceedance of a critical level of such an exposure index
(i.e. an “external O3 dose”) would cause the biomass production of plants to decline
by more than 10% relative to that under pre-industrial O3 regimes. This definition was
aimed at predicting risks by O3 exposure rather than validating actual, O3-related
cause-effect relationships in plants. Regarding forest trees, the critical level of AOT40
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has been set as 10 µl O3 l-1 h (irrespective of species and region), assuming O3
exposure below 40 nl l-1 and at night to be negligible. Such assumptions need to be
regarded preliminary (Fuhrer et al., 1997), given their derivation from few
experiments with young trees grown in exposure chambers and the fact that –
contrasting with actual O3 uptake – exposure to ozone per se (as represented by
AOT40) does not necessarily become effective in the trees’ performance. Therefore, it
is not surprising that the regional distribution of AOT40 is rather inconsistent with
forest condition, as the AOT40 concept does not cover the different kinds of tree
species, genotypes, forest types and site conditions (Matyssek and Innes, 1999;
Vanderheyden et al., 2001). On the long term, AOT40 should be replaced, therefore,
with flux concepts of actual O3 uptake into leaves (Fuhrer and Achermann, 1999;
Emberson et al., 2000), as this latter approach has the potential of providing
physiologically meaningful O3 doses that are of relevance for the actual O3 stress
experienced by trees (Fuhrer and Achermann, 1999; Musselmann and Massmann,
1999; Massmann et al., 2000; Wieser, 1997; Wieser and Havranek 1993a, Wieser et
al., 2000, 2002c; Zeller and Nikolov, 2000).
The following account examines the differential sensitivities of AOT40 and O3 flux
into leaves in reflecting time courses of O3 regimes and their relevance for tree
performance. Is the flux concept with its linkage to stomatal regulation advantageous
in assuring the influences of tree species, age, foliage type and site conditions on O3
uptake as compared to AOT40 which intrinsically neglects this kind of ‘fineresolution’ in the O3 sensitivity of trees? How does AOT40 as based by definition on
daylight hours compare with O3 uptake that also takes into account nightly O3 flux to
the extent stomata are open? Comparisons will be presented for European beech
(Fagus sylvatica), Norway spruce (Picea abies), European larch (Larix decidua) and
cembran pine (Pinus cembra). The analysis comprises trees of contrasting age, foliage
differentiation and habitats, regarding elevation, field or phytotron conditions and
competition in stands. The assessment will examine the extent to which O3 uptake at
the stand level may be derived from sap flow measurements in tree trunks.
2 . Materials and Methods
2.1. Sites, plants and experiments
For characterising the relationships between AOT40 and O3 flux at the leaf and the
tree level, we obtained data from several experiments with adult trees and seedlings of
the four European forest tree species European beech (Fagus sylvatica), Norway
spruce (Picea abies), European larch (Larix decidua) and cembran pine (Pinus
cembra). Detailed information on the design and site conditions of each experiment is
presented in the individual references given in Table 1.
Exposure to above-ambient O3 concentrations was facilitated through either the freeair O3 exposure approach employed within a forest canopy (Nunn et al., 2002; Werner
and Fabian, 2002), twig chambers (Havranek and Wieser, 1994), phytotrons (Payer et
al., 1993; Thiel et al., 1996) or growth chambers (Kronfuß, 1996). In the free-air O3
exposure experiment, adult beech trees (i.e. entire crowns as part of the fumigated
canopy) are being exposed to an experimentally enhanced “2 x ambient” O3 regime
(2xO3) and compared with individuals in ambient air (1xO3 = ‘control’). At 2xO3,
maximum O3 concentrations are restricted to below 150 nl O3 l-1, by this reducing the
risk of acute O3 injury. In field experiments with adult spruce, pine and larch trees,
twigs from the upper crown were sealed into transparent fumigation cuvettes (Wieser
and Havranek, 1996; Wieser et al., 2001) throughout one or two growing seasons. The
system enabled the control of ambient climatic conditions and O3 concentrations by
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tracking their diurnal and seasonal fluctuations inside the cuvettes. Several replicates
per treatment were operated in parallel, with O3 exposure regimes of charcoal-filtered
air, 1xO3 and up to 3xO3. In the phytotrons of the GSF National Research Center for
Health & Environment (Munich/Germany), beech seedlings were grown in 70-l
containers (20 seedlings per container) filled with forest soil, either as monocultures,
or as mixed cultures in alternate arrangement with Norway spruce plants of similar
age. The plantations were kept, from mid-April through September during 1999 and
2000 each, under 1xO3 or 2xO3 (150 nl l-1 at maximum) regimes. In 1999 and 2000,
the climate and O3 levels of “Kranzberg Forest” were reproduced as occurring during
1998 and 1999, respectively, on an hourly basis throughout the seasonal courses.
In the growth chambers of the “Klimahaus” (Austrian Timberline Research Station,
Mt. Patscherkofel Austria), spruce and larch seedlings were grown in 3-l pots filled
with nursery soil and peat and were exposed continuously (day and night) to either
charcoal filtered air or O3 concentrations of up to 100 nl l-1.
Table 1. Experiments on ozone uptake
Location (Country)

Age

O3 uptake

O3 uptake

(years)

Leaf/tree

(model/calc)

Species

and approach

Reference

Free air O3 exposure
Fagus sylvatica

60

Leaf

Modelled

Nunn et al., 2002

Tyrol (A) low altitude

Picea abies

60-65

Leaf

Calculated

Wieser and Havranek, 1996

Tyrol (A) high altitude

Picea abies

60-65

Leaf

Calculated

Wieser and Havranek ,1996

Tyrol (A) high altitude

Pinus cembra

65

Leaf

Calculated

Wieser et al., 2001

Tyrol (A) low altitude

Larix decidua

33

Leaf

Calculated

Havranek and Wieser, 1993

Tyrol (A) high altitude

Larix decidua

30

Leaf

Calculated

Volgger, 1995

Fagus sylvatica

4

Leaf

Modelled

Grams et al., 2002

Picea abies

4

Leaf

Calculated

Kronfuß et al., 1998

Picea abies

5

Leaf

Calculated

Wieser et al., 1998

Larix decidua

3

Leaf

Calculated

Wieser, 1995

Bavarian forest (GER)

Fagus sylvatica

90-120

Leaf

Modelled

Baumgarten et al., 2000

Tyrol (A) high altitude

Picea abies

50

Tree

Calculated

Pinus cembra

50

Tree

Calculated

Larix decidua

50

Tree

Calculated

Wieser et al. 2002d
Wieser et al. 2002d
Wieser et al. 2002d

Kranzberg Forest
(GER)

Twig chamber

Phytotrons at GSF
Growth chamber

Exposure to prevailing
O3 regime at the site

2.2. Measurements and calculations
In the studies addressed in this paper (Table 1), AOT40 was calculated according to
Kärenlampi and Skärby (1996) and Fuhrer et al. (1997). While AOT40 is restricted to
daylight hours, O3 uptake was calculated on a 24-hour basis throughout seasonal
courses, accounting for O3 flux (FO3) whenever stomata were open. Although the
“water vapour surrogate approach” (Matyssek et al., 1995a) formed the basis for
calculating the ozone flux (FO3) and cumulative O3 uptake (CU = FO3 integrated
across exposure periods and regarded as the internal, physiologically effective O3
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dose (Wieser and Havranek, 1993a), the assessment of FO3 differed between the
experiments given in Table 1.
FO3 into beech leaves was calculated according to a stomatal conductance-based
model by Emberson et al. (2000). At Kranzberg Forest, the analysis was performed
separately each for sun and shade branches of beech, irrespective of the presence of
visual O3 symptoms (Nunn et al. 2002). FO3 was calculated for up to four sections
along each branch axis, as based on separate light measurements in each section.
Photosynthetic photon flux density (PPFD) was recorded with a novel approach of
using glass fibre cables. Their upper ends being covered by ball-shaped diffusors
served as the sensors and were mounted to the respective branch sections (Reitmeyer
et al., 2002). Stomatal conductance was derived from gas exchange measurements by
porometry (LICOR 6400/USA at Kranzberg Forest; and CQP130 Walz/Germany in
the phytotrons). Minimum stomatal conductance during daytime (gH2Omin) was set to
13% of the maximum level, gH2Omax, according to Emberson et. al (2000).
Measurements revealed the night-time minimum conductance, gH2Onight, however, to
be 1.25 mmol m-2s-1 on a total leaf area basis. This latter level was set constant during
nights throughout the growing season. At Kranzberg Forest as well as in the phytotron
study on beech saplings, calculations of O3 uptake and AOT40 were restricted to the
actual length of growing seasons in each O3 regime or plantation type, i.e. the
presence of foliation on the plants. In the phytotrons, modelling also took into account
different maximum stomatal conductance in each treatment. Otherwise, modelling
was performed in a way similar to the assessment at Kranzberg Forest, including the
settings of gH2Omin and gH2Onight. The aboveground biomass of the non-green organs of
beech saplings was derived from a volumetric relationship as based on diameter and
length assessments of shoot axes and biomass harvests at the end of the growing
season (Grams et al., 2002).
Modelled time courses of stomatal conductance were compared with such
continuously assessed – in addition to porometry – by a stationary, climate-controlled
gas exchange cuvette system at Kranzberg Forest (Walz Effeltrich/Germany; Götz,
1996). The modelled gO3 values well predicted the actually recorded time courses in
stomatal conductance, as exemplified for a week in August 1999 (Fig. 1). The
rectangular changes in the modelled time course between night-time conditions and
dawn or dusk reflect the settings in gO3min and gO3night.
In the twig and growth chamber experiments with spruce, pine, and larch (Table 1),
measurements of microclimatic factors, O3 concentrations and leaf gas exchange were
used to calculate FO3 at the needle level (cf. Wieser and Havranek, 1993a,1995;
Wieser et al., 1998, 2002c), according to the flux equation:
FO3 = (Oa - Oi) * gH2O * 0.613,
where FO3 (nmol m-2 s-1) is the flux or uptake rate of O3 into the needles; Oa and Oi
are the concentrations of O3 (nl l-1) outside and inside the needles, respectively, gH2O
is the stomatal conductance for H2O (mmol m-2 s-1). and 0.613 is the conversion factor
to account for the lower diffusivity of O3 than water vapour in air.
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Fig. 1 Comparison between recorded and modelled (Emberson et al., 2000) time courses of stomatal
conductance for ozone, gO3, in sun leaves of beech at Kranzberg Forest, exemplifying one week in
August 1999 at 1xO3.

In addition to the estimation of FO3 at the needle level, O3 uptake was also determined
at the whole-tree level by combining sap flow measurements and ambient O3 data. A
detailed description of this novel approach is given by Wieser et al. (2002d).
3. Results
In beech the relationship between AOT40 and cumulative O3 uptake (CU) appeared to
depend on the elevation of the forest sites. At the highest site (Bavarian Forest, 1150
m a.s.l.; Fig. 2A), AOT40 tended to continuously increase, while CU approached
maximum levels towards the end of growing seasons. This trend was consistent at
1150 m a.s.l. during years of macroscopic leaf injury in the sun foliage (Baumgarten
et al., 2000). At 825 m a.s.l., however, AOT40 tended to be less sensitive in relation
to increasing CU, which was the case, in particular, during 1997. The initiation of leaf
injury during the growing seasons was more closely related to CU of about 3 mmol
m-2 at both sites than to AOT40 (Fig. 2A, arrow) which varied substantially between 1
and 7 µl l-1 h at this leaf-phenological stage. The kind of relationship between AOT40
and CU at the lower site of the Bavarian Forest tended to be reflected also in beech at
Kranzberg Forest (415 m a.s.l.) in that, under both the 1xO3 and 2xO3 regime, AOT40
either almost linearly increased with CU or became less sensitive relative to further
increase in CU towards the end of the growing season (Fig. 2B). Such a latter trend
was most pronounced under 1xO3, however, the depicted relationships did not relate
to the initiation of foliar injury. The annual stem production did not differ between the
trees of the two O3 regimes at the Kranzberg site (not shown).
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Figure 2. Relationship between AOT40 and cumulative O3 uptake (CU) in beech at (A) two highaltitudinal sites in the Bavarian Forest (redrawn from Baumgarten et al., 2000) and (B) one lowaltitudinal site at Kranzberg Forest. In A, only these two years are depicted from the 3-year study
during which sun leaves had developed macroscopic O3 injury; arrows mark the initiation of leaf
injury. In B, the two functions at each O3 regime represent highest and lowest CU along the axis of one
individual branch each. CU was calculated according to Emberson et al. (2000), taking into account the
actual length (i.e. foliated period) of the growing season.

The two functions shown in Fig. 2B for each of the two O3 regimes give the extrema
of slopes at axis positions along beech branches in sun crowns. This variation is
predominantly driven by the increasing light availability from proximal (i.e. stemnear) towards distal branch positions, and from shade towards sun branches: Fig. 3
gives the full range of variation for all crown positions as assessed on a total of 20
beech branches during 1999 (all branches at 1xO3) and 2000, when the free-air O3
fumigation was set into operation (10 branches under the 1xO3 or 2xO3 regime each)
within the forest canopy. The stable, insensitive levels of AOT40 in relation to the
variation in CU is conspicuous.
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Figure 3. Relationship between AOT40 and cumulative O3 uptake (CU) in beech at Kranzberg Forest
at several positions of sun and shade branches during 1999 (all 20 branches depicted under 1xO3) and
2000 (the first year of “free-air” O3 fumigation; 10 branches depicted at 1xO3 and 2xO3 each). Each
symbol represents AOT40 and CU at the end of growing seasons at positions along branch axes where
PPFD was recorded continuously throughout the growing seasons. There were up to four such positions
on each of the depicted branches. CU was calculated according to Emberson et al. (2000), taking into
account the actual length (i.e. foliated period) of growing seasons.

In beech saplings of the phytotron study, AOT40 almost linearly correlated with CU
during the growing season under 1xO3, and only minor differences existed in the slope
of this relationship between plants of different plantation type (Fig. 4A). The findings
were similar, independent of employing the model by Emberson et al. (2000) with the
standard parameterisation or with the specific gO3max in each treatment as actually
obtained from porometry (Table 2). This latter kind of calculation also accounted for
the actual length of the growing season in each treatment (Table 2).
Table 2. Maximum stomatal conductance for ozone (gO3max; mmol m-2 s-1), date of leaf flush and
length of growing season of beech saplings (Fagus sylvatica) under phytotron conditions as depending
on O3 regime and plantation type (definition of O3 regimes see Materials & Methods).
Plantation type

Ozone Regime

gO3max from
measurements
(total leaf area basis)

Date of leaf flush

Length of growing
season
(days)

Monoculture
Mixed culture
(with spruce)
Monoculture
Mixed culture
(with spruce)

1xO3
1xO3

72.0
61.8

May 2
May 6

149
138

2xO3
2xO3

37.1
16.9

May 2
June 2

131
105

Given the distinctly shorter growing season and lower gO3max at 2xO3 under mixed
culture, the slope between AOT40 and CU was much steeper, therefore, in beech of
this latter plantation type and O3 regime than for plants in monoculture (Fig. 4B).
Employing the standard parameterisation (gO3max = 66 mmol m-2 s-1) at 2xO3, CU
was substantially overestimated, and the slope between AOT40 and CU did not differ
between the plantation types (Fig. 4B). At the time of injury initiation in the leaves,
AOT40 varied by a factor of 10 between the two O3 regimes (see arrows in Fig. 4A
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and B, but note different ordinate scales). When the assessment of O3 uptake was
based on the actual gO3max and length of growing season, CU ranged between 1 and
2 mmol m-2, irrespective of O3 exposure and plantation type (Fig. 4A, B).

Figure 4. Relationship between AOT40 and cumulative O3 uptake (CU) in beech saplings of the
phytotron study under, A, the 1xO3, and B, the 2xO3 regime in 1999. In each O3 regime, beech growing
in monoculture is compared with beech in mixed culture (Picea abies as competitor; cf. Grams et al.,
2002). CU was calculated according to Emberson et al. (2000) either by employing the standard
parameterisation for beech or gO3max as actually derived from porometry in each treatment; in addition,
calculation accounted for the actual lengths of the growing season, i.e. time span of foliation (see Table
3). Arrows mark the initiation of leaf injury.

The aboveground biomass of the non-green organs (i.e. shoot axes) hardly differed
between the O3 regimes and plantation types during the first growing season in the
phytotrons (Fig. 5A). After the second year of O3 exposure (i.e. the year for which O3
regimes were analysed in Fig. 4), the biomass of beech in monoculture was much
higher, however, than in mixed culture, irrespective of the O3 regime; the effect of
2xO3 on production was inconsistent across the plantation types. The relative
increment in production across the second of the two years of exposure, declined from
1xO3 to 2xO3 in monoculture towards mixed culture, where again 2xO3 was more
limiting than 1xO3 (Fig. 5B). Thus, the plantation type appeared to be more important
for tree performance than the O3 regime. This conclusion was consistent with findings
from a parallel experiment, where beech saplings of same plantation types and O3
regimes were cultivated under elevated CO2 concentration of about 700 µl l-1 (not
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shown). Spruce growing in mixed culture with beech did not show growth reduction
under the two O3 regimes (not shown).

Figure 5. A, Biomass production of the shoot axes of beech saplings in the phytotron study as achieved
in each treatment at the end of 1999 (black bars, Kranzberg climate of 1998) and 2000 (white bars,
Kranzberg climate of 1999; year of analysis in Fig. 4). B, Same plants as in A, but biomass increment
(growth) relative to initial biomass at the beginning of the growing season in 2000 (means ± standard
deviation for n = 6 - 12).

In adult trees and seedlings of Picea abies, Pinus cembra, and Larix deciduas, AOT40
linearly correlated with average CU (Fig. 6). However, at a given AOT40 value CU
varied by 25 +/- 11 % in both adult trees and seedlings (Fig. 6). Furthermore,
although adult trees and seedlings were exposed to different O3 regimes, only mean O3
concentrations higher than 100 nl l-1 induced a statistically significant decline in
photosynthesis when compared to O3-free controls (Wieser et al., 2002c), and no
correlation between injury (in terms of reduced net photosynthesis) and AOT40 could
be observed.
Given the variation presented in Figs. 2-6 in the relationship between AOT40 and CU
as caused by growth conditions, tree species and tree age, CU appears to be the
appropriate choice for the risk assessment of O3 injury, because O3 influx into leaves
rather than an external O3 exposure index (i.e. AOT40) represents a measure of a
physiologically meaningful O3 dose.
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Figure 6. AOT40 in relation to cumulative ozone uptake (CU) of Picea abies, Pinus cembra and Larix
decidua adult trees (circles) and seedlings (squares) after 11 to 253 days of exposure to mean ozone
concentrations ranging from 37 to 137 nl l-1. Each value represents the mean of 4 to 20 twigs. Values
were fitted by linear regression: y = 4.85x – 15.0, r² = 0.91. Solid symbols: mean O3 concentrations
eliciting statistically significant reductions on photosynthetic capacity when compared to O3-free
controls (P<0.05) were as follows: adult trees (1) 115 nl l-1, (2) 121 nl l-1, (3) 127 nl l-1, (4) 132 nl l-1,
(5) 137 nl l-1, (6) 150 nl l-1, (7) 200 nl l-1, and seedlings (6) 100 nl l-1; open, symbols no statistically
significant effects (P>0.05).

Validation of modelled O3 flux and CU into the foliage might be based on
measurements of xylem sap flow through tree trunks at breast height, resolving, by
this, the prevalent logistic problem of performing measurements of leaf gas exchange
in tree crowns. Starting point is the common observation that leaf transpiration begins
at the time of sunrise and (more or less) ceases at sunset, and that the water flow
through the trunk equals the daily transpiration of the crown (Schulze et al., 1985).
However, there might be an offset between the time courses of crown transpiration
rate and xylem water flow in the trunk in that the sap flow is initiated with some
delay, as exemplified for hybrid larch (Fig. 7). This delay relates to the capacitance
for water storage in the tree but can be accounted for by shifting the onset in the time
course of sap flow to the instant of sunrise (Fig. 7, arrows). In employing this time
correction, the sap flow becomes an estimate of the crown transpiration rate at the due
time during the daily course and can be related to the co-occurring vapour pressure
deficit of the air within the canopy. By this, the pre-requisite is provided for assessing
the average stomatal conductance at the crown level (gt) and the canopy O3 uptake
scaled to ground area.
The above concept underlies Fig. 8, where the relationship is depicted between
AOT40 and the ground area scaled cumulative O3 uptake (CU) in adult Picea abies,
Pinus cembra, and Larix decidua trees growing at the alpine timberline. The variation
between the tree species is mainly driven by species-dependent differences in
stomatal behaviour with respect to ambient climatic conditions (Wieser, 1999),
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Figure 7. Time course of (A) PPFD and needle temperature, (B) stomatal conductance for water
vapour, gH2O, and needle/air mole fraction difference in water vapour, and (C) crown transpiration rate
(dots) and xylem sap flow through the trunk at breast height (lines) of hybrid larch during one summer
day. Arrows indicate the time correction in order to estimate crown transpiration from sap flow at the
due time during the daily course (see text). The data depicted are part of a study reported in Schulze et
al. (1985) and redrawn from Matyssek (1985) and Willert et al. (1995).

observed differences in leaf area index (LAI), and canopy structure with respect to
projected crown area and crown depth (Wieser et al., 2002d). These structural stand
properties influenced the micro-climate within the tree crowns. When LAI and stand
density data are available, ground area scaled O3 uptake per tree can be calculated at
the stand level.
4. Discussion
O3 effects on forest trees can be related to both exposure to ambient O3 levels (as
mediated by the AOT40 exposure index) and to cumulative O3 uptake (as a measure
of the physiologically effective, internal O3 dose). Since the AOT40 concept does not
consider differences between tree species, genotypes, site conditions and contrasting
tree age (Matyssek and Innes, 1999; Wieser et al., 2002c), we compared AOT40 and
CU at the leaf and the whole-tree level. Often, but not necessarily, the relationship
between AOT40 and CU indicated, in deciduous and evergreen forest trees, some
degree of linearity, both at the leaf (Figs. 2-6) and the whole-tree level (Fig. 8).
However, at a given AOT40 CU was highly variable within and between species.
These observed differences can mainly be attributed to differences in maximum
stomatal conductance, light environment, tree age, canopy position, competition as
well as nutrient and water availability (Maurer et al., 1997; Kolb and Matyssek, 2001;
Grams et al., 2002; Wieser et al., 2002c).
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Figure 8. Relationship between AOT40 and ground area scaled cumulative O3 uptake (CU) in Picea
abies (solid line), Pinus cembra (hatched line) and Larix decidua (dotted line) at the alpine timberline
during the growing season of 1998. Each line represents one individual tree. (Modified after data from
Wieser et al. 2002d).

Based on total leaf surface area, stomatal conductance varies between species and
even between individual leaves of a tree. Conifers, with the exception of larch, have
lower stomatal conductances than deciduous and hardwood trees (Körner et al., 1979;
Matyssek, 1986; Reich et al., 1992), which results in lower O3 uptake rates at same
AOT40. Larix decidua displayed a higher maximum stomatal conductance as
compared to Picea abies and Pinus cembra (Wieser, 1999). On the other hand,
stomatal narrowing in response to increasing leaf-air vapour pressure difference was
more pronounced in larch than in the evergreen conifers. Different microclimatic
conditions in the sun and shade crown of a tree influence leaf morphology and the
physiology of stomata and, hence, O3 uptake. Sun-exposed needles of spruce and
larch are known to possess higher stomatal conductances than shade needles
(Matyssek, 1985; Wieser, 1999). Furthermore, stomatal narrowing as caused by
increasing leaf-air vapour pressure difference limited, in spruce and larch, O3 uptake
into the foliage earlier in the shade than in the sun crown (Wieser and Havranek,
1993a, 1995). Besides species-related differences, stomatal conductance also is a
function of ontogenetic factors such as tree and leaf age (Kolb et al., 1997; Leverenz
et al., 1982; Reich et al., 1992; Wieser et al., 2000). Needles of fertilised trees show a
tendency of a higher stomatal conductance than needles of trees grown under nutrient
deficiency (Wieser and Havranek, 1993b; Werther and Havranek, 2000), although
contrasting findings do exist (Maurer et al., 1997). Soil moisture deficits causing mild
drought stress significantly decreased the O3 flux into needles of spruce and larch
(Kronfuß et al., 1998; Wieser and Havranek, 1993a, 1995; Havranek and Wieser,
1993), however, stomatal sluggishness as induced by ozone did increase O3 uptake in
spruce under such moisture conditions (Götz, 1996).
It is widely acknowledged that the impacts of O3 are more closely related to ozone
uptake than to O3 exposure in the ambient air (Fuhrer and Achermann, 1999;
Musselmann and Massmann, 1999; Massmann et al., 2000; Wieser, 1997; Wieser and
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Havranek, 1993; Wieser et al., 2000, 2002; Zeller and Nikolov, 2000). FO3 into
conifer needles during night can reach up to 75 and 25% of daytime maximum levels
in seedlings (Kronfuß et al. 1998) and adult spruce trees (Havranek and Wieser,
1993a), respectively. Considerable O3 uptake during night and subsequent injury has
been reported for Betula pendula, Populus x euramericana and Alnus glutinosa
(Günthardt-Goerg et al., 1997). Furthermore, birch plants under night-time O3
exposure showed greater reductions in growth and alterations in allometry than did
plants exposed to O3 during daylight hours (Matyssek et al., 1995b). Thus, night-time
exposure appears to be a critical component in determining vegetation response to O3
(Matyssek et al., 1995a; Kolb and Matyssek, 2001) - a fact that is not taken into
account when restricting AOT40 assessment to daylight hours.
Although O3 uptake rather than AOT40 has relevance for the tree response to O3
stress, FO3 and CU tend to reflect a potential maximum of O3 influx into leaves, when
assessments are based on gas exchange measurements: Under such conditions,
boundary layers around leaves impeding gas diffusion typically are minimised
(Willert et al., 1995). The sap flow-based assessment of FO3 and CU proposed in this
paper and by Wieser et al. (2002d) represents an alternative, as this approach makes
use of the actual crown transpiration and average crown conductance for water vapour
as occurring under the influence of the prevailing canopy boundary layer that is of
relevance for O3 uptake.
Trees respond to O3-induced stess by mechanisms of avoidance (such as restriction of
O3 uptake by stomatal closure) and defense (i.e. tolerance, as mediated through
detoxification by biochemical reactions). There is evidence that O3-induced injury
relates to the ratio between leaf area-based concentrations of antioxidants and O3
influx (Wieser et al., 2002a, b, c). Ratios of O3 uptake versus photosynthetic
performance appear to be of similar bioindicative relevance (Kolb and Matyssek,
2001). Photosynthesis is required for enabling the detoxification system to maintain
antioxidants in a reduced, active state (Esterbauer et al., 1980; Schupp and
Rennenberg, 1988; Wildi and Lütz, 1996).
Overall, the susceptibility of trees to O3 stress depends on both the peculiarities in
stomatal behaviour and biochemical defense which are affected by a complex of
internal and external factors. These interrelationships cannot be covered by the
AOT40 concept which neither takes into account the actual O3 uptake nor defense
capacities. The O3 flux concept, in particular when related to measures of stress
tolerance, is the ultimate choice, therefore, for creating a physiologically and
ecologically meaningful basis of O3-related risk assessments in trees and forests.
5. Conclusions
In addition to the external O3 exposure, FO3 is primarily influenced by stomatal
conductance. Seasonal changes in external O3 concentration as well as in stomatal
conductance are strongly dependent on climatic conditions. This dependency is based
on species and site characteristics, the position of leaves within the canopy as well as
leaf and tree age. Since all these factors are not taken into account when using
external air quality standards such as AOT40, we suggest flux-related assessments for
developing future air quality standards. However, reassurance is needed that O3
uptake, usually estimated for individual leaves or shoots, are representative for the
canopy as a whole. Hence, whole-tree approaches must be promoted for estimating O3
uptake rates at the tree and the stand level in order to determine canopy sink strengths
for O3. Compared to the eddy-flux technique and its difficulties with uses in steep
forest slopes or in terrains of scattered vegetation types (e.g. along the alpine
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timberline), sap flow measurements are a useful „low-cost“ tool for estimating O3
uptake at the tree and canopy level and for validating O3 flux models.
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Ozone deposition to a temperate coniferous forest in Norway:
measurements and modelling with the EMEP deposition module
L.R. Hole
Norwegian Institute for Air Research (NILU). P.O. Box 100, N-2027 Kjeller. lrh@nilu.no

Abstract: Estimates of diurnal and seasonal variation of ozone deposition to a temperate
coniferous forest in Southern Norway are presented. The estimates are based on the gradient
method. Ozone deposition velocities are also produced by the EMEP deposition module for
the same site with measured meteorology as input. There is good correspondence for diurnal
cycles in summer and winter, suggesting that the module is able to provide characteristic
results for this site. On the other hand, there is a discrepancy in the diurnal average data that
needs to be investigated further. Annual average deposition velocity estimated by the gradient
method is 1.3 mm/s while average deposition velocity calculated by the deposition module is
1.8 mm/s.

Introduction
Establishing level II critical ozone levels for forest trees requires long term
monitoring of ozone deposition at a variety of locations in Europe. Knowledge about
characteristic seasonal and diurnal cycles of deposition velocities and resistances will
be crucial when developing a new generation of complex modelling tools with the
ability to provide detailed deposition maps1-2. Such tools are required to improve
estimation of vegetation exposure to ozone. Wesely and Hicks (2000)3 have recently
described dry deposition processes and the current status of knowledge in an
extensive review. An overview of dry deposition of ozone studies in particular with
emphasis on European conditions and policy applications is in preparation by
Tuovinen et al (2002)4. Several authors have reported measured and modelled ozone
deposition to coniferous forests in Europe5-10 and comparisons with the EMEP1
deposition module results have also been presented11. In this paper we report winter
and summer diurnal cycles of ozone deposition velocities above a coniferous forest in
Southern Norway. Deposition velocities at 25 m above ground estimated by the
gradient method are compared with those produced by the EMEP deposition
module1,2.
Site description and methods
Since 1 July 2000 monitoring of ozone deposition has been undertaken by the
Norwegian Institute for Air Research (NILU) in a Norway spruce forest (Picea abies)
in Hurdal, South-East Norway (60o 22’ N, 11o 4’ E) . The area is relatively
homogeneous in tree height and topography and was clear cut about 35 years ago.
Average tree height is now around 13 m. The climate in the area is continental with
winter January normal temperature of –7.2 oC and July normal temperature of +15.2
o
C. Wind and temperature profiles are measured using a 25 m tower. Temperature
difference between 15 and 25 m, wind speed and direction at 25 m, and relative
humidity at 25 m is averaged and sampled every hour by standard procedures. Ozone
concentrations at 15 and 25 m above ground is measured by a UV absorption probe
(API 400 O3 analyser) switching from intakes at the two heights in 5 minute cycles.
All data are stored as 1 hour averages.
1

Co-operative Programme for Monitoring and Evaluation of the Long-Range Transmission of Air Pollutants in
Europe.
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Ozone deposition velocity at 25 m above ground (i.e. 12 m above tree the tops),
Vd(25m), is presented here because the flux at this height will be less influenced by
Roughness Surface Layer (RSL) effects13 than the flux at 15 m. In this paper no
correction for RSL effects is implemented. Thus these data are more suitable for
comparison with model output, but the presented velocities will be somewhat smaller
than some of those previously reported. Vd has been estimated by the gradient method,
Fc = ÷

k u* (c( z 2 ) − c( z1 ) )

 (z − d ) 
 + ψ h  ( z1 − d )  − ψ h  ( z 2 − d ) 
ln 2
L
L
z
−
d


(
)
 1


Vd (z ) = ÷

Fc

c( z )

(1)

(2)

where Fc is vertical ozone flux, k is von Kármáns constant c is ozone concentration, d
is displacement height, L is the Monin-Oboukhov length and h is the integral form of
the Monin-Obukhov stability function for heat. The stability functions are calculated
with profile parameterisations from Holtslag14. The roughness length is estimated
from the wind profiles and previous measurements to be 0.5 m, and the displacement
height for the dense forest is set to 10 m. Figure 1 shows the ozone concentrations a
25 m in 2001. Due to instrument failure there was a significant loss of data (46 %) in
the summer (June-August).

Figure 1: Ozone concentration at 25 m at the Hurdal site in 2001.

EMEP deposition module
Since the EMEP deposition module1,2 has only been available for about one week
before preparing this paper, a rather limited analysis has been carried out so far.
Meteorological input to the model has been provided by the measurements described
above. The code has been run as provided by the EMEP MSC-W15 except that
parameters such as calculation height for Vd, tree height, latitude/longitude and
seasonal snow cover has been set appropriate for the Hurdal site. Also the relative
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humidity has been measured directly instead of calculated from the absolute humidity.
Model output is provided for every hour.
Results
Previous analysis12 has shown that there is a pronounced diurnal cycle in ozone
deposition velocity in summer (June-August), a much smaller amplitude in spring and
autumn and no diurnal cycle in winter (December-February). In this paper the
summer and winter diurnal cycles for 2001 are compared with modelled cycles. In
winter the ground is snow covered continuously and the trees will be covered with
snow and rime in long periods. Figure 2 shows that Vd(25m) estimated from Eq. 1 in
winter varies only between 0.3 and 0.5 mm/s. The model shows a weak diurnal cycle
with a peak of almost 1.1 mm/s.
Figure 3 shows the summer diurnal cycle for 2001. In this case the modelled
values are somewhat higher than those estimated by the gradient method. The
nocturnal minima also correspond well.

Figure 2: Winter (January, February and December)
diurnal cycle of ozone deposition velocity at 25 m. above
ground in Hurdal 2001.

Figure 3: Summer (June, July and August) diurnal
cycle of ozone deposition velocity at 25 m. above
ground in Hurdal 2001.

Although seasonal diurnal cycles seem to correspond rather well and that the model
provides characteristic results for the site, a closer analysis of the data reveals a day to
day variation in the results (Figure 4). In this figure the diurnal average deposition
velocity for 2001 are presented. Yearly average deposition velocity estimated by the
gradient method for the whole year is 1.3 mm/s while average deposition velocity
form the EMEP deposition module is 1.8 mm/s.

Figure 4: Comparison of modelled and gradient method diurnal average ozone deposition
velocities for 2001.
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Table 1 is the seasonal average values for most of the resistances that are calculated
by the deposition module. Due to dynamically stable atmospheric conditions, the
aerodynamic resistance, Ra, has an occurrence of infinite values of 65 % in winter and
19 % in summer. Also, in winter the soil resistance is infinite in 47% of the cases.
Table 1: Seasonal average resistances for the Hurdal site. Average values for Ra in summer
and winter and Rgs in winter are not provided because of the occurrence of infinite values.
Aerodynamic
Ra (s/m)
Summer
Winter

-

Boundary
layer
Rb (s/m)
161
396

Exterior plant
parts
Rext (s/m)
465
525

Stomatal
Rsto (s/m)
407
448

Soil
Rgs
(s/m)
200
-

Surface
Rsur
(s/m)
228
411

Concluding remarks
A limited comparison of measured and modelled ozone deposition velocities above a
coniferous forest in Norway has been presented. The average diurnal cycles for the
winter and summer seasons of 2001 correspond satisfactorily while there is a
significant day to day variation in the results. The reasons for these discrepancies will
be investigated further in the near future and a more thorough analysis of the seasonal
variation of resistance factors will be carried out. The instrumentation at the Hurdal
site will be significantly extended and improved in the autumn of 2002 with a sonic
anemometer to provide stability parameters and better resolution of the wind profiles.
This will allow for a more detailed analysis of the different resistances and ozone
pathways in the future.
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1. INTRODUCTION
Analysis of the impact of ozone (O3) on forest trees requires knowledge of O3
formation, transport and deposition (i.e. adsorption onto external surfaces and
absorption or flux through the stomata into the leaf mesophyll). Within the canopy,
the leaves are the primary site of O3 deposition, with the stomata representing the
interface between the external O3 concentration and the internal O3 dose. The ability
to quantify this absorbed O3 dose is crucial to our understanding and predicting the
potential for O3 to damage vegetation since it is now widely recognised that O3
induced injury is more closely related to cumulative O3 uptake than to external O3
concentrations (e.g. Fuhrer and Achermann, 1999, Musselmann and Massmann 1999,
Massmann et al. 2000, Wieser 1997, Wieser et al. 2000, 2002, Zeller and Nikolov
2000).
On a European scale, the application of an uptake based approach to assessing the
possible risk of O3 causing damage to vegetation requires the availability of models
capable of calculating the seasonal and diurnal courses of O3 flux to vegetated
surfaces (Emberson et al.; 2000a, 2000b, 2001). Such models must be capable of
differentiating between the stomatal and non-stomatal components of O3 deposition
and should be developed in such a way as to be able to utilise predictions of panEuropean O3 concentrations from regional photo-oxidant models. Such regional scale
models will tend to give estimates of O3 concentrations at the planetary boundary
layer. As such, models should include formulations that can transform concentrations
to the canopy height, i.e. include atmospheric and boundary layer resistances to O3
transfer; as well as differentiate between stomatal and non-stomatal deposition. Only
by applying such models regionally can consistent estimates of absorbed O3 dose be
obtained, the intention being that on consideration of the absorbed dose response,
such information can be used to inform the policy making process on European
emission reductions.
Within O3 deposition models, stomatal conductance (gs) is a key variable since it
determines the amount of O3 absorbed by the canopy, which forms a significant part
of O3 deposition to vegetated surfaces especially during the height of the growing
season. In addition, O3 uptake via the stomata is the primary means of entry of the
phytotoxic O3 dose, O3 uptake via the cuticle is negligible (e.g. Kersteins and
Lendzian 1989) and hence not considered important in causing vegetation damage. A
model has been developed to estimate vegetation type specific O3 deposition and
stomatal flux (Emberson et al. 2000b). This model (which shall be referred to
hereafter as the EMEP O3 deposition model) has been designed for application across
Europe in conjunction with the EMEP photo-oxidant model. Model parameterisation
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has been established on consideration of published data describing a number of
species gs responses to both phenology and certain environmental variables. This
paper aims to investigate the suitability of the existing model parameterisation and
formulation. Firstly, the appropriateness of the existing model parameterisation
(derived from data collected across Europe) for local conditions, here represented by
stomatal responses to the environment determined from field measurements on Picea
abies. Secondly, the limitations of the current model design on consideration of data
describing additional environmental and other parameters that have been found to
influence the maximum gs of Picea abies (i.e needle position within the canopy,
needle- and tree age, nutrient deficiency and gaseous pollutants such as O3). Where
appropriate, the possibility of alterations to the model will be discussed in relation to
data availability at a regional scale.
2. MODEL DESCRIPTION
2.1
Ozone (O3) deposition
The EMEP O3 deposition model differentiates between stomatal and non-stomatal
deposition components and estimates O3 deposition according to vegetation-specific
parameterisation. Total O3 deposition velocity is calculated according to a standard 3resistance formulation incorporating atmospheric resistance (Ra), boundary layer (Rb)
and surface resistance (Rsur). The atmospheric resistance term estimates the resistance
to mass transfer of O3 between approximately 50 m above surface, at which O3
concentrations are modelled by the EMEP photo-oxidant model, and the top of the
canopy. The surface resistance (Rsur) comprises the plant canopy (described using a
“big leaf” formulation) and the underlying soil. Rsur resistances are calculated as a
simple multiple resistance: Rsur

=

1
LAI SAI
1
+
+
Rsto Rext Rinc + Rgs

[1]

Where Rsto is the land-cover specific leaf/needle stomatal resistance to O3 uptake; Rext
is the resistance of the external plant parts to uptake or destruction of O3; Rinc is the
land-cover specific in-canopy aerodynamic resistance to transport of O3 towards the
soil and lower parts of the canopy; Rgs is the soil resistance to destruction or
absorption at the ground surface (e.g. soil, litter, moss, etc.). SAI and LAI are
respectively the surface and leaf area indices, SAI is set equal to LAI in the growing
season and 1 outside the growing season for those cover-types with external plant
parts present in the absence of leaf material.
Non-stomatal O3 deposition both to external plant surfaces and to the soil underlying
vegetation uses constant values selected on consideration of published data. However,
it is acknowledged that there is much uncertainty within the published literature as to
what these values should be, and whether other factors such as light, temperature and
surface wetness affect deposition rates. In addition chemical reactions occurring
within the canopy may also influence O3 deposition. As such it is crucial that further
experiments are performed, or existing data revisited that can help in answering some
of these questions so that appropriate values for these deposition sinks can be used for
specific conditions (i.e. forest and soil types as well as prevailing environmental
conditions).

281

Evidence of the occurrence of O3 deposition to external surfaces has been obtained
from studies that were originally designed to compare calculated and measured O3
uptake rates for a range of tree species. These studies found good agreement between
calculated and measured O3 uptake rates (measured as the difference between the O3
concentrations of the air entering and leaving the chamber as shown for Larix decidua
in Figure 1.) Similar results were obtained from experiments with Picea abies
(Dobson et al. 1990, Polle et al. 1995, Wieser and Havranek 1993) and Populus
(Wang et al. 1995). However, the results show that the measured data for O3 uptake
were higher than the calculated values by a constant of about 0.25 nmol m-2 s-1. This
can be attributed to an adsorption of O3 on external surfaces of needles and twigs.
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Figure 1: Correlation between calculated and measured O3 uptake rates in needles of European larch
(Larix decidua). Each point represents a half-hour mean value taken from 13 diurnal courses of shoot
gas exchange measured continuously during the growing season 1996. (G. Wieser unpubl.). The points
were fitted by linear regression: y = 0.85 * x + 0.24, r² = 0.86.

2.2

Stomatal and canopy conductance to ozone (O3)

The EMEP O3 deposition model is novel in that it uses species / vegetation type
specific parameterisation to estimate the canopy conductance to O3 (Gsto; where Gsto is
the inverse of the Rsto term used in equation 1). Although there are several approaches
that can be used to predict gs in the field (e.g. Panek et al. in press) the EMEP model
uses a mutiplicative model developed from that described by Jarvis (1976). This
approach uses boundary-line analysis to approximate the gs response to environmental
conditions when no other factor is limiting. Relationships obtained from such analyses
can then be combined to calculate gs with respect to phenological changes,
temperature, irradiance, vapour pressure deficit and soil water availability according
to equation [2].
gact = gmax * gpot * gPFD * max {gmin, (gTair * gVPD * gψ)}

[2]

where gact is the actual gs under a site-specific climatic constellation and gmax is the
maximum gs occurring during the growing season under optimum conditions of
temperature, irradiance, vapour pressure deficit and soil water availability. The factors
gpot, gPFD, gTair, gVPD, and gψ represent the modification of gmax due to phenological
changes, irradiance, air temperature, vapour pressure deficit and predawn water
potential, respectively. gmin represents the minimum daytime gs for plant not subject to
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lethal soil moisture stress. All these individual functions are expressed in relative
terms between 0 and 1.
An alternative model formulation (shown in equation 3) is suggested for Picea abies
since studies have found that the stomata of Picea abies are not completely closed in
the dark (Wieser and Havranek, 1993a). As such, the gPFD function should also be
limited by the gmin value in order to ensure consistency with field observations of
Picea abies gs performance.
gact = gmax * gpot * max {gmin, (gPFD * gTair * gVPD * gψ)}

[3]

The above calculations give estimates of gs for individual leaves or needles. To
estimate whole canopy gs, scaling from the individual leaf or needle can be achieved
by scaling using LAI values (as shown in equation 1). The variability in irradiance
within the canopy is estimated using a simple canopy extinction co-efficient model
(e.g. Norman, 1982) that enables calculation of sunlit and shaded LAI portions of the
canopy. However, for coniferous forest species the estimation of the canopy
component of surface resistance is further complicated by the need to calculate
canopy gs for what in effect are quite complex canopies. This added complexity is
due to the presence of needles of different ages within the canopy that will have
different maximum gs values. In addition, the proportion of needles of different ages
will vary over the course of the year according to the phenological stage of the tree.
The model is currently being updated to include estimations of the start and end of the
growing season based on vegetation type specific effective temperature sum models
(e.g. Leemans and van den Born, 1994). This will enable variability in growing
seasons to be mapped across Europe, information that can be used to more accurately
estimate the change in LAI, proportion of new canopy leaves within the canopy and
variation in potential gs (gpot) in relation to temperature determined phenology.
3. STOMATAL RESPONSE TO THE ENVIRONMENT
Field measurements have been performed that illustrate the typical seasonal variations
in meteorological factors and gs of current-year Picea abies needles. These are shown
for a low and a high elevation site in Figure 2.
During the summer maximum rates of gs were recorded, which decreased in fall as a
consequence of shorter days, lower irradiance, and near freezing temperatures, and
reached minimum values during the winter (Wieser and Havranek 1993a, Häsler et al.
1991, Koch 1993, Koch and Lautenschlager 1988, Götz 1996). Recovery of stomatal
aperture began in spring in response to the diminishing occurrence of frost and higher
temperatures (Figure 2).
For the cold season, changes in gs were correlated with ambient light, vapour pressure
deficit, and temperature conditions. Of all the environmental variables examined daily
maximum gs was best correlated with the minimum air temperature of the previous
night. Daily maximum gs showed a significant linear relationship between –4 to +4°C
and approached minimum values at air temperatures of the preceding night less than –
4°C (Körner and Perterer 1988) in both spring and fall (Figure 3). Under such
conditions gas exchange is limited to diffusion through the cuticles, which are known
to be highly impermeable to O3 (Kerstiens and Lendzian 1989).
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Figure 2. Seasonal courses of daily mean photon flux density (PFD), air temperature (T), vapour
pressure deficit (VPD), and the daily maximum stomatal conductance (Relative g) of current-year
needles in the sun crown of an adult Norway spruce (Picea abies) tree at a low (left) and a high (right)
elevation site. (Modified after Wieser et al 2000 and Häsler and Wieser unpubl.). The dotted lines
indicate the seasonal course of the daily maximum stomatal conductance under optimum PFD, T, and
VPD as a function of the day of the year: low altitude: y = ((-0.0000000594 * x + 0.0000094) * x +
0.004) * x + 0.20, r² = 0.77; high altitude: y = ((0.0000000518 * x – 0.0000736) * x + 0.024) * x –1.31,
r² = 0.79.

Figure 3. Daily maximum stomatal conductance (Relative g) of current-year needles in the sun crown
of adult Norway spruce (Picea abies) trees in relation to the previous night minimum air temperature
(Tair). For the temperature range between –4 to +4°C the points were fit by linear regression: y = 0.025
2
* x + 0.76, r = 0.76. (Modified after Körner and Perterer 1988).

During the growing season, when stomatal aperture is not hindered by low
temperatures, the degree of stomatal opening is mainly influenced by irradiance,
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vapour pressure deficit, and air temperature (Wieser and Havranek 1993a). Typical
response functions under non-limiting soil water availability are shown in Figure 4.
Surprisingly, even during the night stomata are not completely closed and nocturnal
values range from 5 to 10% of the daily maximum aperture (Häsler et al., 1991, Koch
and Lautenschlager 1988, Koch 1993, Götz 1996). During the final part of the
growing season however, forest trees of the temperate zone are often also faced with
conditions of increasing soil drought. Soil moisture deficits causing mild drought
stress significantly decreased gs in field grown Picea abies trees (Wieser and
Havranek 1993a, Götz 1996) and potted seedlings (Kronfuß et al., 1998). This is
because the primary physiological response to water limitation, expressed in terms of
predawn leaf water potential is stomatal closure (Figure 5; Kronfuß et al.1998,
Hinckley et al. 1978, Reich and Hinckley 1989). Diurnal changes in needle water
potential however, seem not to exert a pronounced influence on stomatal aperture and
no feedback control on gs occurs at values higher than –2.0 MPa (Körner 1994).

Figure 4. Boundary line analysis representing the relationship between stomatal conductance (Relative
g) of current-year needles in the sun crown of an adult Norway spruce (Picea abies) tree and photon
flux density (PFD), vapour pressure deficit (VPD), and air temperature (Tair), respectively. The
boundary lines were fitted by the following functions: PFD: y = 1 - exp-0.007 * x; VPD > 10 hPa: y =
(0.0011* x – 0.079) * x+1.68; Tair: y = ((0.00013 * x –0.012) * x +0 .27) * x –0.83. (Wieser and
Havranek unpubl.).

285

Figure 5. Left: Boundary line analysis for the relationship between daily maximum stomatal
conductance (Relative g) of current-year needles of Norway spruce (Picea abies) seedlings and
predawn needle water potential (ψ). Linear regression for ψ values < -0.15 MPa: y = 1.28 * x + 01.40.
Right: Since ψ correlates with soil water content (SWC) this regression holds also for SWC. SWC =
2
(186.2 * ψ + 189.8) * ψ + 111.2, r = 0.89. (Modified after Wieser and Kronfuß 1987and Kronfuß et
al. 1998).

4. MODELLING STOMATAL RESPONSE TO THE ENVIRONMENT
The current parameterisation that is used in the EMEP O3 deposition model for
coniferous forest tree species (the vegetation category that includes Picea abies) is
summarised in Table 1. Full details of the published data from which these parameters
have been derived and the functions used to relate gs to environmental variables are
given in Emberson et al. 2000b. Table 1 presents the minimum (min), maximum,
(max) and optimum (opt) values for each relationship along with a brief description of
the shape of the function to enable comparison of these EMEP relationships with the
relationships detailed above describing field measurements made on Picea abies in the
Austrian mountains.
Table 1. Current EMEP model formulation for Picea abies. (For full details of Emberson et al. 2000b)
Variable

Value

Function

Maximum stomatal conductance
(gmax)

44 mmol O3 m-2 s-1

-

Minimum stomatal conductance
(gmin)

0.1

-

Potential maximum stomatal
conductance (gpot)

Max = 1

Asymmetrical parabola with
maximum mid-way through the
growing season

gs relationship with light (gPFD)

nr. sat. at 450 µmol m-2
s-1

Exponential

gs relationship with temperature
(gTair)

Min = 1oC

Symmetrical parabola

Min = 0.5

o

Opt = 19 C

gs relationship with vapour
pressure deficit (gVPD)

Max = 0.6 kPa

gs relationship with soil water
potential (gΨ)

Max = -0.66 MPa

Min = 3.5 kPa

Min = -1.0 MPa
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Straight line relationship with
minimum and maximum
thresholds
Straight line relationship with
minimum and maximum
thresholds

The model gpot function is defined as an asymmetrical parabola with a maximum
(where gpot = gmax) occurring approximately mid-way through the growing season.
This function could be expected to predict reasonably well the seasonal course of the
daily maximum gs for current year needles of the sun crown at the low altitude (as
shown in Figure 2). However, the seasonal course of this parameter at the high
altitude site is rather different and the model would have difficulty in accurately
predicting gs at this location. This is primarily due to the fact that the model assumes
a gpot minimum of 0.5 relative g. However, measured data clearly shows that the
stomata “shut down” completely during the cold season. The model would need to be
re-formulated to enable the cold season changes in gs associated with minimum air
temperature of the previous night to be incorporated.
The differences caused by altitude highlight another problem with the current
modelling approach. At present the meteorological input data to the model are
obtained from a Numerical Weather Prediction model that estimates meteorological
data at a 50 x 50 km grid resolution. The coarseness of this grid scale mean that the
significant within grid variability that can occur in meteorological parameters,
especially in association with variation in altitude, will not be identified by this
regional scale model.
The EMEP gPFD model function appears rather dissimilar to the relationship that
would be derived from measured values with near saturation values being 450 and
750 µmol m-2 s-1 respectively. This brings attention to the method used to derive the
boundary line relationships shown in Figure 4. For the gPFD relationship if all points in
the scatter plot were included within the boundary line the EMEP model and
measured saturation points would be very similar – close to 450 µmol m-2 s-1. The
derivation of the boundary line relationship needs to be clearly defined and could use
statistical methods to fit the boundary line so as to include, for example, 95% of the
data.
The measured gVPD boundary line relationship is similar to the EMEP model
parameterisation although the measured relationship has a higher maximum threshold
(maintaining maximum gs at higher VPD values). The relationship towards the
minimum threshold is curvelinear with gs response to VPD being more sensitive
initially after exceedance of the maximum threshold and tailing off in sensitivity as
the minimum threshold is reached. The EMEP gTair and measured relationships are
again similar with optimum and minimum values being broadly consistent. However,
the EMEP model parameterisation assumes that this relationship is symmetrical
around the temperature optimum. Figure 4 would suggest that the gs response is more
sensitive to increasing rather than decreasing temperature around this optimum value.
Such asymmetric relationships have also been found in other species. A full
sensitivity analysis should be performed using the EMEP model to assess the
consequences of using simplified relationships for both gVPD (straight-line versus
curve-linear) and gTair (symmetrical versus asymmetrical) to estimate gs and
subsequent O3 stomatal flux. Finally, the data presented in Figure 5 showing the
measured gs relationship with predawn leaf water potential would indicate that the
current EMEP model parameterisation is far to insensitive to soil moisture content.
Studies performed by Karlsson et al. (2000) also suggest that a more sensitive
response to pre-dawn needle or soil water potential is required, as such alteration of
the EMEP parameterisation for this relationship should be considered. The difficulty
in deriving actual values for soil water potential across Europe should also be noted.
Soil moisture has been modelled as a function of precipitation and temperature but is
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also dependent upon soil texture (which determines the water holding capacity of the
soil) and plant cover (which determines the rate of evopotranspiration. The
complexity of the derivation of this parameter and the variability of the determining
factors within each 50 x 50 km grid mean it may be best to view any modelling that
includes soil moisture as providing only an indication of relative differences on a
regional scale.
5. FACTORS AFFECTING MAXIMUM STOMATAL CONDUCTANCE
Maximum gs is mainly dependent on tree age (Kolb et al.1997, Samuelson and Kelly
2001), needle age (Reich et al. 1995), needle position within the crown (Leverenz et
al. 1982, Iacobelli and McCaughery 1993, Dang et al. 1997). In sun exposed needles,
maximum gs to water vapour (gH2Omax) decreased from 116 mmol m-2 s-1 in four year
old seedlings (Kronfuß et al. 1998) to 50 mmol m-2 s-1 in 60-65 year old trees (Wieser
and Havranek 1993a). Maximum gs also declines with increasing needle age. In the
sun crown of adult trees gH2Omax decreases from 50 mmol m-2 s-1 in the current flush, to
30 mmol m-2 s-1 in 1-year old needles to values lower than 20 mmol m-2 s-1 in older
needle age classes (Häsler et al. 1991, Havranek and Wieser 1994). Furthermore, even
within one needle age class more sun-exposed needles (as reflected in a lower specific
leaf area; cf. Perterer and Körner 1990) are known to posses a higher gH2Omax than
more shade type needles even after exposure to the same light level (Wieser and
Havranek 1993b, Havranek and Wieser 1994).
Beside canopy position nutrition also affects gH2Omax. Needles of fertilised adult trees
(Wieser and Havranek 1993a) and seedlings (Werther and Havranek 2000) show a
higher gH2Omax and a more pronounced stomatal response to changes in vapour
pressure deficit and irradiance than needles from nutrient deficient trees.
Finally, exposure to pollutants such as O3 can affect maximum gs. In exposure
experiments only mean O3 concentrations above 120 nl l-1 induced a statistical
significant decline in gH2Omax (Wieser 1999). Thresholds based on cumulative O3
uptake can be derived from the plot shown in Figure 6. The boundary line represents
the threshold below which the combination of exposure duration and cumulative O3
uptake did not cause statistically significant reductions in gH2Omax in shoots of adult
trees when compared to O3-free controls. Statistically significant effects only occurred
when cumulative O3 uptake exceeded 21 mmol m-2 of total needle surface area after
an exposure duration > 70 days on both gH2Omax (Figure 6) and net photosynthesis
(Wieser et al. 2002). This threshold is about 45% higher than the cumulative O3
uptake determined over one growing season for evergreen conifers growing in Central
Europe under ambient O3 regimes (Wieser et al. 2000).

288

Figure 6. Boundary line analysis characterising the relationship between minimum O3 exposure and
incipient effects on maximum stomatal conductance to water vapour (gH2Omax) in adult Picea abies
trees. The boundary line defines the threshold below which the combination of exposure duration and
cumulative O3 uptake caused no statistically significant reduction in gH2Omax (P > 0.05). Each value
represents the mean of 4 to 8 twigs. Open symbols: not statistically significant from O3 free controls
(mean O3 concentrations < 120 nl l-1); solid symbols: statistically significant from O3 free controls at
mean O3 concentrations > 120 nl l-1.. (Modified after Wieser 1999).

6. MODELLING FACTORS AFFECTING MAXIMUM STOMATAL
CONDUCTANCE.
The EMEP model assigns a single value for maximum gs (gmax). As is evident from
the preceding text, selecting an inappropriate value could seriously affect the
predictive abilities of the model. In support of this, the identification of an appropriate
gmax value is generally found to be one of the most important factors in determining
the predictive abilities of the model when tested under site-specific conditions (e.g.
Emberson et al. 2000c). It is evident that for forest trees, gmax will be dependent upon
such factors as soil nutritional status, tree / stand age and possibly in some cases the
prevailing pollution climate. Currently, our limited understanding of how these factors
affect gmax mean that it is unlikely, at least for modelling on a regional scale, to
introduce variability in gmax according to these factors. However, application of the
model on a more local scale should start to investigate differences in gmax that could
be attributed to these and other factors with a view to regional model inclusion in the
future. A primary limitation to such future modelling is the availability of appropriate
land-cover data that, for example, can classify forests stands into different age classes
(or at least distinguish plantation from semi-natural forest to estimate the potential
range in ages of different forest stands).
Variability in gmax for needles within the tree crown has also been emphasised. To
some extent the EMEP O3 deposition model allows for such variability in the
estimation of canopy gs since this is currently required to estimate the stomatal
component of total O3 deposition to vegetated surfaces. However, it is now apparent
that some of the assumptions used to calculate canopy conductance might produce
inaccurate estimates, at least for Picea abies. For example, the model assumes that
one-year or older needles have a gmax 0.5 that of the gmax of current year needles. The
information detailed above clearly indicates that this gmax value continues to decrease
with needle age past the time that the needle is one year old. In addition, within the
model, no differentiation is made between the gPFD response of sunlit or shaded
needles in the crown whilst evidence presented in this paper would suggest that the gs
response to irradiance does indeed differ for sun and shade needles. Once again,
sensitivity analysis of the EMEP model needs to be performed to investigate the effect
of the existing model assumptions on evaluations of overall canopy conductance and
subsequent calculations of O3 canopy flux.

289

A further point for consideration is whether tree response to O3 uptake should be
assessed with regards to O3 uptake to individual leaves / needles or to the whole
canopy uptake. This will no doubt be largely determined by the availability of data
describing O3 flux-responses. Whole plant fumigation experiments have tended to
assess the affect of O3 exposures on seedlings or saplings and there are many
difficulties associated with using these data to predict the effects of similar O3
exposures on mature forest tree species (e.g. Samuelson and Kelly, 2001). As such, it
may also be appropriate to utilise a “bottom up” approach that would use fumigation
data collected from mature forest tree species (where only a part of the tree is
fumigated and response is assessed at the leaf level (e.g. by measuring photosynthetic
functioning)). The derivation of leaf-level flux response data could be up-scaled to
provide canopy flux-response relationships that could then be utilised in physiological
tree growth models such as TREGRO (Weinstein et al., 1991). This could enable
estimations of whole tree responses to O3 injury, with the possibility of including the
influence of O3 effects on physiological functioning to both above and below ground
processes.
In summary, this paper has identified those factors important in controlling gs and
hence the stomatal component of O3 deposition to Picea abies. These factors are
considered in relation to the current formulation and parameterisation used within the
EMEP deposition and stomatal flux model. This exercise has identified possible areas
for EMEP model development whilst recognising that, at least on a regional scale,
alterations of the EMEP model need to be made on consideration of the spatial scales
of available input data (i.e. O3 concentration, meteorological and land-cover data).
However, this should not preclude model refinement for purposes of assessing O3 flux
on a local scale for local conditions. Such modelling and mapping will surely be
necessary in the future if flux models are to be applied to inform national emission
reduction policies.
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Introduction
Plant responses to ozone, O3 are dependent on the concentration, the length of the
exposure, the stage of plant development and conditions that affect stomatal
conductance (Schmieden and Wild 1995). Norway spruce (Picea abies (L.) Karst.) is
generally regarded to be rather O3-tolerant tree (Chappelka and Chevone 1992). But
there is substantial evidence that O3 plays a role as a stress factor for trees in Europe
(Fuhrer et al. 1997). Norway spruce is the most important tree species to the Swedish
forestry sector, and comprising about 45% of the total growing stock (Selldén et al.
1997).
The amount of O3 taken up into the leaf, and the consequent risk that O3 poses for leaf
metabolism, is determined by stomatal regulation (Matyssek et al. 1997). Elevated O3
concentrations can reduce the chlorophyll content, especially in older needles (2- to 4year-old needles) and alter the ultrastructure of spruce needles (Skärby et al. 1995;
Sutinen et al. 1990; Wallin et al. 2002; Wallin et al. 1990). The reduction in the
chlorophyll content of older needles suggests that O3 could cause abnormal ageing of
needles. Effects on growth been demonstrated only in few cases for conifers (Payer et
al. 1990; Skärby et al. 1998). Because of technical and economic considerations, most
studies of the O3 effects on forest trees have been restricted to seedlings and young
trees grown under laboratory conditions (climate chambers) or in outdoor chamber
systems. But relative few studies have been made in the field and with mature trees
(Matyssek et al. 1997). Up-scaling physiological processes in time and space is a
major scientific challenge (Ehleringer and Field 1993). Scaling from shoot to tree is
greatly affected by problems to nonlinearity between processes and variables, and
heterogeneity in the properties that determine the processes, whereas scaling from tree
to stand is mainly affected by stand heterogeneity (Jarvis 1995; Wallin et al. 2001).
The aim with Karlstad Large Norway spruce Tree Ozone Uptake Project is to
quantify O3 exposure indices for mature Norway spruce trees in Värmland, a county
typical for the temperate/boreal forested landscape. A stomatal conductance
simulation model will be adopted for mature Norway spruce trees. A methodology
will be developed to combine the O3 monitoring with the stomatal conductance model
in order to estimate the uptake into needles (ozone flux). This is a short presentation
about measurements made at the field station, Niklasdam Field Station during 2001
and 2002.

Materials and methods
Site description
The research site, Niklasdam Field Station is performed at Niklasdam country manor,
situated 10 km north of Kristinehamn, Sweden, 59°24’30´N, 13°35’14´E, at an
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altitude of 115 m above sea level, a county typical for the temperate/boreal forested
landscape The study site is a Norway spruce (Picea abies (L.) Karst.) forest spruce
trees with mixed ages from young to mature tree stands. Stand density is about 1000
trees ha-1.

Soil at the site is a podozolic, sandy, post-glacial till. The thickness of the humus layer
varies between 10-15 cm, the zone of leaching is very small (0-5 cm), and the subsoil
layer varies from 40 to 50 cm. Mean annual air temperature is 6.4°C and, monthly
mean air temperatures vary from – 4.7°C in February to 18.6°C in July (2001). Mean
annual precipitation is 696 mm. The growing season, with threshold 5°C (Morén and
Perttu 1994; Widén 2002) normally last from mid-April to the second half of October.
The meteorological station, a cabin containing loggers and computers, is placed right
next to a 25 m high scaffold, situated between the three experimental trees (Fig.2).
The physiological studies are concentrated to three mature trees of Norway spruce
(Picea abies L. Karst), ages between 60 and 80 year and height between 22 to 25 m.
Climate parameters are measured at two levels, about 10 and 20 m above ground.
Climate measurements

Climate variables are recorded in hourly means during the whole season and saved by
a Campbell logger (Campbell CR10X, Campbell Scientific, Inc., USA). The probes
and sensors are placed in two heights, 12 m and 20 m (depending on selected
measurement). Air temperature and relative humidity are measured with a hygrometer
(Rotronic Instrument, N.Y.), wind velocity, global radiation are measured at two
levels. Photosynthetic active radiation (PAR), wind direction and precipitation are
only measured at 20 m. Ozone concentrations are measured at two levels (12 and 20
m) and saved every half-hour means in the logger.
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Figure 2. Niklasdam Field Station is performed at Niklasdam country manor, situated 10 km north of
Kristinehamn, Sweden, 59°24’30´N, 13°35’14´E, at an altitude of 115 m above sea level. The site is
situated in Värmland, a county typical for the temperate/boreal forested landscape. Three Norway
spruce (Picea abies (L.) Karst.) trees are studied. Climate, ozone and soil parameters are measured and
saved by loggers in hourly means.

Gas exchange measurements and leaf water potential
Gas exchange measurements were made on two levels (12 and 20 m), which represent
shade respectively sun needles. Two shoots, one current-year needles and one 1-yearold needles, on three different branches on each of the three trees were selected.
Stomatal conductance and photosynthesis was measured with a portable infrared gas
analyser, Ciras-1 (PP Systems, UK.). No artificial light were used, only sunlight. The
shoots were illuminated into the cuvette from the top and provided the light for the
PRPHQWDPELHQW7KHSKRWRQIOX[GHQVLW\YDULHGDORWEHWZHHQWR PROP-2 s1
. Relative humidity was kept at about 50-60 % for all measurements. Cuvette air
temperatures during measurements were kept about ambient temperature ±2 °C. After
completion of the stomatal conductance measurements, projected leaf area was
measured with a leaf-area instrument (Regent instruments Inc.). All rates of gas
exchange are based on projected needle area. Leaf water potential was measured
using a Scholander pressure chamber (Skye Instruments, UK, model SKPM 1400) on
one shoot per branch for each treatment.
Soil measurements
At the experimental site, soil temperature (TS), soil water content and soil water
SRWHQWLDOV S), were measured at three different areas and at three soil depths; 10, 30
50 cm. The soil water content were measured with TDR probes (Water Content
Reflectometers, Campbell Scientific, Inc., USA, model CS615) and soil water
potentials with tensiometers (Soil moisture, Santa Barbara, CA, USA).
Results
Measured stomatal conductance (gs) in sun and shade needles are shown in Fig. 3.
Differences between current-year needles and 1-year-old needles are shown in Fig 4.
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Figure 3. Measured stomatal conductance (gs) and leaf water potential in current-year (C+0) sun
needles (canopy) and shade needles (within the forest) at Niklasdam June to August 2001. Projected
needle area.

Figure 4. Measured stomatal conductance (gs) in current-year (left) and 1-year-old (right) sun needles
(canopy) at Niklasdam July 2002. Projected needle area.

Air temperature and vapour pressure deficit (VPD) within the forest compared with
measurements above canopy are shown in Fig 5.
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Figure 5. Differences in air temperature and VPDleaf-air within the forest and above canopy.

Conclusions
- The maximum conductance for current-year, sun exposed needles in the upper
canopy of mature Norway spruce trees in this study was approximately 150-200
mmol m-2 s-1 on a projected needle area basis
-

The maximum conductance for current-year shade needles in the lower canopy
was approximately 100-150 mmol m-2 s-1 on a projected needle area basis.

-

The maximum conductance for one-year- old, sun exposed needles in the upper
canopy was similar to that of current-year needles.

-

The needle conductance of mature Norway spruce showed low night-time
conductance (<10% of max), rapid stomatal opening in the early morning and an
afternoon stomatal closure which depended mainly on the air VPD.

-

The air temperature and the VPD (leaf to air) was very similar within the forest as
compared with measurements above the canopy.
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1. INTRODUCTION
Global atmospheric ozone concentrations have risen 36% since pre-industrial times,
and nearly 30% of global forests are currently exposed to damaging tropospheric
ozone concentrations (Fowler et al. 1999, IPCC 2001). Although ozone
concentrations and the number of ozone episodes in Scandinavian countries are lower
than in central Europe, the results from controlled experiments indicate that the
concentrations are sufficiently high to reduce growth of field-grown forest trees
(Selldén et al. 1997). The plants in northern latitudes are more susceptible to ozone
damage than in southern Europe, because the nights in summertime become too short
to recover from ozone injury through repair processes driven by dark respiration (De
Temmerman et al. 2002). Field-based investigations on the impact of ozone have
recently become feasible with the development of free air enrichment technologies
(Karnosky et al. 2001). However, long-term field experiments with soil-grown trees
are still rare, and we have inadequate knowledge concerning changes in ozone
responses during tree ontogeny (Kolb & Matyssek 2001).
Numerous chamber and open-field experiments have been conducted during the last
decade to provide insights into the physiological and structural mechanisms of ozone
impact on European white birch (Betula pendula Roth), the most important hardwood
species in Finland (e.g. Pääkkönen et al. 1993; 1995, 1996, 1998a,b; Oksanen &
Saleem 1999; Oksanen & Holopainen 2001). The two most interesting genotypes that
have been compared for their ozone sensitivity are clones V5952 (denoted as clone 2)
and 36 (denoted as clone 5), originating from southern and central Finland,
respectively. Previous short-term chamber studies conducted with young potted
saplings have indisputably indicated the high ozone sensitivity of clone 5: Ozonecaused growth reductions were 4-46% for shoot and 58% for roots in ozone
fumigations ranging from 70 to 200 ppb (Pääkkönen et al. 1993; Oksanen &
Holopainen 2001). Open-field experiments conducted for one to three growing
seasons, using ozone concentrations 1.2-1.8 times higher than the ambient level,
decreased shoot growth by 11-38 % (Pääkkönen et al. 1993, 1996, 1998a,b; Saleem et
al. 2001), and root growth by 8-75% (Pääkkönen et al. 1996; Saleem et al. 2001). In
addition, activity of Rubisco was decreased by 18% (Pääkkönen et al. 1998a), and net
photosynthesis by 3-18% (Pääkkönen et al. 1996, 1998a), whereas visible foliar
injuries, leaf senescence (Pääkkönen et al. 1995) and shoot to root ratio (Pääkkönen et
al. 1998b; Saleem et al. 2001) were significantly increased due to ozone. A change in
carbon allocation towards defensive foliar phenolic compounds at the expense of
growth (root growth in particular) was reported for this clone after three year’s
exposure (Saleem et al. 2001). Moreover, ozone had many long-term carry-over
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effects, including 8% lower shoot dry mass, 15% lower root dry mass and 23%
smaller foliage area, as determined one growing season after the removal from
exposure (Oksanen & Saleem 1999).
Contrary to sensitive clone 5, young saplings of clone 2 have been characterised as
tolerant to ozone, as evidenced by unaffected shoot growth and net photosynthesis as
well as only a minor amount of visible foliar injuries, even after high ozone
concentrations (Pääkkönen et al. 1993, 1996, 1998b; Oksanen & Saleem 1999).
Despite the high ozone tolerance of clone 2 in regard to growth, open-field
experiments have revealed variable ozone-caused changes in stomatal function
(Pääkkönen et al. 1993, 1998a). The greater ozone tolerance of clone 2 saplings is
most likely due to a higher investment in foliage growth, leading to a higher leaf area
ratio (LAR = foliage area per total dry mass of plant) and a more active
photosynthetic compensation, rather than preferential investment in stem wood
growth, as found for sensitive clone 5 (Pääkkönen et al. 1996; Oksanen & Holopainen
2001). Furthermore, tolerant clone 2 was found to have a more complete night-time
closure of stomata, thus enabling the plant to avoid ozone flux during the dark period
(Oksanen & Holopainen 2001), a lower volume of intercellular air space in leaf
mesophyll, thicker palisade mesophyll layer, and thicker leaves and mesophyll cell
walls (Pääkkönen et al. 1995, 1998b), providing a better detoxification capacity
through apoplastic ascorbate (Kollist et al. 2001).
The aim of this experiment was to study differences in physiological response to
ozone between potted saplings in a single growing season and soil-grown birch trees
in a multi-year exposure using a free air ozone exposure facility. Measurements were
made on above-ground growth, net photosynthesis, stomatal conductance, and starch
and nitrogen content of leaves. Clones 2 and 5 were chosen for the experiment due to
their contrasting sensitivity to ozone.
2. MATERIALS AND METHODS
Plant material
Soil-grown trees. In May 1996, forty micropropagated one-year-old propagules of
Betula pendula Roth clone 2 (V5952, originating from Valkeakoski in southern
Finland) and clone 5 (36, originating from Ristiina, central Finland) were planted at
1.0-m spacing in randomised block design into four exposure rings (ten plants per
clone per exposure ring). The trees were grown in soil under either ambient air
(control plants) or elevated ozone (1.3-1.6 x ambient ozone) since May 1996. In this
paper, the term ‘trees’ is used to refer to these six-year-old soil-grown saplings, as
most of them reached 4 m in height by the end of the season in 2001.
Potted saplings. Thirty-two saplings of the same micropropagated origin of tolerant
clone 2 were raised in control conditions in pots filled with a homogenized mixture of
native soil (same soil as for larger trees) and in May 2001 they were transplanted in 5
l pots before the budbreak (eight plants per ring). Thereafter, the potted saplings were
grown under the same exposure conditions as the larger soil-planted trees throughout
the entire growing season 2001.
Open field ozone exposure
The trees were exposed to ambient and elevated ozone using an open field exposure
system situated at the Kuopio University Research Garden (62o13' N, 27o35' E). The
system is located in submesic heath forest area, and contains four individual treatment
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rings. The experiment is a full-factorial design with two control rings (no added
ozone) and two ozone rings. Ozone was produced from pure oxygen (Fisher OZ 500,
Meckenheim, Bonn, Germany), and ozone-enriched air was injected into exposure
rings at the vertical vent pipes from upwind direction. Ozone concentrations were
continuously monitored with a Dasibi 1008-RS (Dasibi Environmental Corp.,
Glendale, CA, US) analyser from four sampling points within the canopy in each
exposure ring. The fumigations were carried out diurnally except during very low or
high wind speeds or rain. Wind speed and direction was measured at the center of
each exposure ring, at the top of the canopy. The target set for elevated ozone
concentrations was 1.5 times the ambient ozone level, based on predicted near-future
concentrations for Finland. The cumulative ozone exposures AOT00 and AOT40
(ppm.h, Accumulated Over a Threshold of 0 ppb and 40 ppb, when clear sky global
radiation > 50 Wm-2), and the average 24h and 7h (11.00 am - 6.00 pm)
concentrations (ppb) for seasons 1996 - 2001 are given in Table 1. To eliminate any
potential interactive effects of soil water stress with ozone exposure, volumetric soil
moisture content was monitored 0.2 m below the soil surface using a Theta Probe soil
moisture sensor (Delta-T Devices, Cambridge, UK) and supplemental water was
added whenever the soil water content was < 20%. To minimise soil-related
differences between the trees and exposure rings, organic matter content, texture of
soil, pH and nutrient concentrations for Ca, P, K and Mg were analysed by
Viljavuuspalvelu Oy (a commercial company, Mikkeli, Finland) separately for humus
and mineral layers using four soil samples per each ring at the beginning and end of
each growing season. The analyses were used to modify the fertilizing regimen. In
addition, the plants were fertilised weekly with 0.2% Superex-9 (19:5:20 N:P:K,
Kekkilä, Finland) until mid July, corresponding to an nitrogen supply of 78 kg
N/ha/year. The fertiliser was distributed around each tree in an area 40 cm in
diameter.
Growth, nitrogen and starch content, visible injuries
All the trees and saplings were measured for total stem height, and stem diameter at
ground level and at breast height (1.3 m) five times during the season 2001. Each tree
was divided vertically into three segments (lower, middle and upper) and one
representative sample branch from southern side was selected from each segment for
growth analyses. The sample branches were measured for length, number of leaves,
and mean individual leaf size. The number of over-wintering buds was counted for
each sample branch when the bud set was completed on 14 September. Destructive
sampling was kept to a minimum, as it was intended that the same trees would
continue to be intensively monitored for many years to provide a risk assessment of
chronic ozone stress in forest ecosystems. To evaluate the carbohydrate status of
leaves, samples were collected for starch determination on 29 August from the three
sample branches from each tree. The starch samples were analysed with a
spectrophotometer using standard enzymatic techniques (Boehringer Kit for Food
analysis). Nitrogen content was analysed by standard Kjeldahl method, collected from
the three sample branches (pooled sample per plant) throughout the season 2001.
Visible leaf injury caused by ozone was regularly monitored. Ozone-induced
symptoms were pigmented or necrotic spots appearing in the adaxial leaf side, as
described in Pääkkönen et al. (1995). Due to relatively low ozone concentrations,
visible injuries were not found before the first week of August. Thereby, the number
of leaves showing visible ozone injury was counted for each biomass branch in
relation to total number of leaves on 7 August.
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Gas exchange
Net photosynthesis was measured six times for potted saplings and eight times for
larger soil-grown trees (due to slower autumn senescence of the latter) from three
branches per plant and 8-10 plants per exposure ring between 1000 and 1600 h. A CI510 Portable Photosynthesis System (CID, Inc., Vancouver, USA) with four-cell nondispersive infrared gas analyser was used. One fully expanded short shoot sun leaf per
each biomass branch was measured at CO2 concentration of 360 ± 21 (S.D.) ppm in
saturating light conditions with average light intensity of 750 ± 60 µmol m-2 s-1 after
determining light-response curves (between 0-2200 µmol m-2 s-1) and steady-state
levels of photosynthesis. Stomatal conductance was determined 15 times using the
same sample branches and leaves as used for biomass and photosynthesis study. In
addition to data derived from photosynthesis measurements with CI-510 device,
stomatal conductance was measured also using LI-1600 Steady State Porometer (LiCor Inc., NE, US).
3. RESULTS AND DISCUSSION
Growth conditions
There were no statistically significant differences in soil characteristics, pH, or
nutrient properties between the exposure rings. The mean organic matter content was
3.3 ± 0.5 %, and the main size of particles was 0.002 – 0.6 mm (fine sandy soil) in all
rings. Mean values for the growing season were 6.1 ± 0.2 for pH, 3.7 ± 0.6 % (of soil
dry weight) for N, 1345.1 ± 298.9 mg/l for Ca, 99.8 ± 14.5 mg/l for K, 5.6 ±1.5 mg/l
for P and 270.8 ± 37.2 mg/l for Mg, suggesting that pH and nutrient status was
optimal for birch growth.
Climatic (temperature, wind, precipitation) and ozone conditions were the same for
saplings and soil-grown trees throughout the growing season 2001, since both plant
groups were grown within the same exposure ring. Light intensity data derived from
stomatal conductance and net photosynthesis measurements indicated that average
leaf-level PAR was 725 ± 198 (SD) µmol m-2 s-1 for potted saplings and 652 ± 265
µmol m-2 s-1 for soil-grown larger trees (no significant difference). Average soil
moisture content was 39 ± 6% for potted saplings and 30 ± 8% for soil-grown trees
(no significant difference). AOT40 value was 34.8 ppm.h for elevated-ozone exposed
soil-grown trees over six growing seasons, resulting in an average AOT40 exposure
of 5.8 ppm.h per season (range from 2.0 to 9.4 ppm.h). For potted saplings of clone 2,
AOT40 exposure was 8.7 ppm.h for growing season 2001 (Table 1).
Growth, nitrogen and starch content, visible injuries
Elevated ozone (AOT40 value of 34.8 ppm.h over six growing seasons) caused a 1446% reduction in above-ground growth in soil-grown clone 5 trees as compared to
control plants (Table 2). In more tolerant clone 2, ozone caused reductions in shoot
growth were 3-32% in trees, whereas potted saplings were unaffected by ozone
(AOT40 value of 8.7 ppm.h) or showed compensatory stress responses through
increased leaf production (Table 2). Thereby, the growth results of this long-term
ozone experiment with soil-grown young trees and potted saplings indicated
unquestionably that the ozone sensitivity of tolerant clone 2 was increasing with
exposure period. The magnitude of growth reductions in the sensitive clone 5
remained mostly similar to that reported for shorter exposures using smaller plants.
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However, clone 5 also showed a slightly increasing negative impact, particularly on
foliage growth, with increasing exposure period. Foliar nitrogen and starch contents in
senescing leaves were 12% and 25% (respectively) decreased in elevated ozone trees
of clone 5. Ozone caused reductions in nitrogen and starch contents were 20% and
30% (respectively) for soil-grown trees of clone 2, and 2% and 19% for potted
saplings of clone 2. Amount of ozone caused visible injuries was similar in both
clones of soil-planted trees, whereas in clone 2, three times less injuries were found in
potted saplings as compared to trees (Table 2).
Gas exchange
In soil-grown clone 5, the ozone-induced reduction in photosynthesis was significant
at the first (day 166) and last (days 255 and 264) measuring points, whereas
significant increases were observed at midsummer (days 191 and 207) (Fig 1).
Similarly, in soil-grown trees of clone 2, the ozone-induced increase was significant
between days 191 and 207, while significantly lower photosynthesis was found on
day 264. The ozone-induced reduction in photosynthesis of senescing leaves (days
241 through 264) was 32-78% for soil-grown trees of clone 5 and 26-65% for clone 2.
Foliar senescence (indicated by foliar nitrogen content) and decline in photosynthetic
activity was slower in soil-grown trees as compared to potted saplings, which lost
their short shoot leaves in mid of September (days 250-265). Leaf-level net
photosynthesis of potted saplings of clone 2 was not affected by elevated ozone
except in the last sampling date (day 241), when a significant decline was observed
(Fig 1).
In soil-grown trees of clone 5, the ozone-induced decrease in stomatal conductance in
the early season was found to be significant in June (days 169 and 174), which was
followed by a significant and consistent increase. Similarly, in soil-grown trees of
clone 2, significant ozone-caused decreases in stomatal conductance were recorded at
the second and third measuring points at the beginning of the season, followed by
significant increases for the rest of the summer. After 3 July (day 184), ozone induced
increase in stomatal conductance rates was 10-62% for soil-grown clone 5 and 1069% for clone 2. Stomatal conductance of potted saplings of clone 2 was unaffected
by elevated ozone.
The relationship between net photosynthesis and stomatal conductance was calculated
from values measured by CI-510 device (Fig 2), because that ratio gives the amount
of available energy against ozone load. The results indicated that the highest
photosynthesis to stomatal conductance ratio was found in mid June (day 166) and at
the end of August (day 241) for both clones. During August and September, the ratio
was significantly higher in the soil-grown control trees as compared to ozone trees in
both clones. The lowest ratio was found for ozone-exposed trees of clone 2 at the end
of season. In potted saplings of clone 2, there was no significant difference between
the treatments (Fig 2).
4. CONCLUSIONS
Although the critical ozone exposure AOT40 of 10 ppm.h was not exceeded in any
single growing season, this multi-year ozone experiment resulted in significant
growth reductions, especially in stem volume, both in sensitive and more tolerant
birch clone. The increased ozone sensitivity of larger trees after the multi-year
exposure compared to smaller saplings after one growing season of exposure could be
explained by several related reasons: (1) low net photosynthesis to stomatal
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conductance ratio in the late season leading to (2) lower carbohydrate gain (indicated
by reduced starch content), (3) cumulative carry-over effects of the multi-year
exposure mediated by impaired bud formation, which is expected to negatively affect
the early growth of foliage in the next year, and (4) reduced capacity for
photosynthetic compensation and repair for ozone damage as indicated by onset of
foliar injuries under high ozone uptake. In addition, (5) the life-span of short shoot
leaves in soil-grown trees was longer as compared to potted saplings resulting in a
greater leaf-level ozone load, and (6) increasing sensitivity was most evident in the
tolerant clone 2 due to a change in growth form, which was manifested in reduced leaf
size, leading to relatively smaller photosynthetic biomass. Overall, the results suggest
that in addition to responses in ozone uptake and net photosynthesis, plant-level
allometric shifts are important factors determining genotype-specific changes in
ozone sensitivity during prolonged exposure. Our results provided evidence that
short-term ozone exposure studies of young seedlings or saplings may underestimate
the sensitivity of larger and more physiologically mature forest trees to longer term
ozone exposure. Therefore, a lower critical level for ozone is needed to protect the
birch trees in northern forests. This six-year study suggests that the average AOT40
value should not exceed 5.8 ppm.h per growing season.
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Table 1. Ozone data from May 1996 until September 2001, calculated for each growing season. Values
are mean concentrations for the two ambient-air (control) and the two elevated-ozone rings. The
cumulative ozone exposures AOT00 and AOT40 (ppm.h) were calculated for daylight hours. The
increase in total ozone exposure as compared to ambient air is given as a factor in parenthesis.

___________________________________________________________________
Year Treatment
AOT00
AOT40
7-h mean 24-h mean
(ppm.h)
(ppm.h)
(ppb)
(ppb)
_____________________________________________________________________
1996 Ambient
23.7
0.6
30.2
24.1
Elevated
36.3 (1.5x)
9.4
45.8
36.3
1997 Ambient
22.2
0.5
27.5
22.4
Elevated
35.6 (1.5x)
6.9
42.0
35.5
1998 Ambient
30.2
0.1
26.1
21.8
Elevated
39.7 (1.3x)
2.8
33.9
30.4
1999 Ambient
25.5
0.2
27.2
22.2
Elevated
33.4 (1.3x)
2.0
37.5
32.0
2000 Ambient
27.1
0.1
27.1
22.0
Elevated
41.3 (1.5x)
5.0
39.5
38.5
2001 Ambient
36.2
0.2
28.2
23.1
Elevated
56.5 (1.6x)
8.7
42.0
37.5
Total Ambient
164.9
1.7
Elevated
242.8 (1.5x)
34.8
_____________________________________________________________________
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Clone 2
_____________________________________________________________________________
Soil-grown trees in six-year exposure
Potted saplings in single-season exposure
Control
Ozone
P
Control
Ozone
P
___________
___________
__________
___________
___________
____
406.3 ± 34.8
394.9 ± 39.2
0.575 (-3%)
218.0 ± 12.3
215.0 ± 13.0
0.513
4.66 ± 0.68
3.88 ± 0.52
0.067 (-17%)
1.85 ± 0.13
1.81 ± 0.11
0.403
9.02 ± 3.05
6.13 ± 2.19
0.082 (-32%)
0.75 ± 0.12
0.71 ± 0.10
0.303
13.2 ± 1.5
12.1 ± 1.4
0.160 (-8%)
11.9 ± 2.3
12.8 ± 1.7
0.258
963 ± 295
652 ± 230
0.046 (-32%)
249 ± 106
360 ± 129
0.015
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Response
_________________
Stem height, cm
Base diameter, cm
Stem volume, dm3
Mean leaf size, cm2
Foliage area cm2
Number of overwintering buds
66 ± 10
47 ± 12
0.008 (-29%)
72 ± 13
56 ± 15
0.018 (-22%)
27 ± 7
25 ± 6
0.133
Nitrogen concentration,
mg/g dwt
17.1 ± 1.3
15.0 ± 2.2
0.080
18.1 ± 2.6
14.5 ± 2.3
0.028
10.0 ± 0.8
9.8 ± 0.9
0.674
Starch, mg/g dwt
13.7 ± 1.6
10.3 ± 1.1
0.047
14.5 ± 1.9
10.1 ± 1.2
0.038
13.5 ± 2.2
11.0 ± 1.3
0.272
Visible injuries,
% of all leaves
n.f.
64 ± 5
n.f.
68 ± 3
n.f.
23 ± 7
_______________________________________________________________________________________________________________________________________
n.f. = not found

Clone 5
_______________________________________
Soil-grown trees in six-year exposure
Control
Ozone
P
___________
___________
__________
405.0 ± 45.7
349.1 ± 44.6
0.150 (-14%)
4.60 ± 0.41
3.59 ± 0.51
0.001 (-22%)
8.70 ± 2.30
4.69 ± 1.93
0.006 (-46%)
17.2 ± 1.8
14.6 ± 1.2
0.003 (-15%)
1140 ± 540
613 ± 242
0.017 (-46%)

Table 2. Summary of growth and leaf responses in soil-grown birch (Betula pendula Roth) trees after a six-year ozone exposure, and in potted saplings after a single growing
season 2001. Values for stem height, base diameter and stem volume are presented for final harvest in September 2001. Values for mean leaf size and foliage area per sample
branch are presented for 19 July 2001, before the start of leaf loss. Number of over-wintering buds per sample branch was determined after the completed bud set on 14
September 2001. Foliar nitrogen and starch content are given for senescing leaves (29 August – 13 September, 2001). Visible leaf injuries (% of all leaves per sample branch)
were counted on 7 August 2001. Anova, n = 2. Ozone caused growth reductions in soil-grown trees are given in parenthesis after P value.
______________________________________________________________________________________________________________________________________________
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Figure 1. Net photosynthesis (µmol m-2 s-1) rates for soil-grown trees and potted saplings of clones 5
and 2 of Betula pendula grown under ambient and elevated ozone. Symbols: (open squares) = soilgrown trees of clone 5 under ambient ozone (control); (closed sqares) = soil-grown trees of clone 5
under elevated ozone; (open triangles) = soil-grown trees of clone 2 under ambient ozone (control);
(closed triangles) = soil-grown trees of clone 2 under elevated ozone; (open diamonds) = potted
saplings of clone 2 under ambient air (control); (closed diamonds) = potted saplings of clone 2 under
elevated ozone.
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Figure 2. Ratio of net photosynthesis to stomatal conductance for soil-grown trees and potted saplings
of clones 5 and 2 of Betula pendula grown under ambient and elevated ozone For symbols, see Figure
1.
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Introduction
This paper aims to briefly describe the experimental conditions, as well as the most
important results, from two different, multi-year experiments that have performed at
the Östad open-top chamber field station, 45 km NE Gothenburg, Sweden. In the first
experiment, Norway spruce (Picea abies) saplings were exposed during four years to
three different ozone levels in combination with phosphorous deficiency as well as
water deficiency treatments. In a second experiment well-watered birch saplings
(Betula pendula) under optimised nutrient conditions were exposed during two years
to three different ozone levels. We also make some comparisons of the responses to
ozone exposures by Norway spruce and Silver birch.
Experimental conditions
The Göteborg Ozone- Spruce Project (GOSP), 1992 – 1996
The GOSP experimental design has been described in Skärby et al., 1999, Wallin et
al., 2002 and Karlsson et al., 2002. The GOSP project consisted of two parallel,
physically and statistically separate experiments, the Main Experiment and the
Drought Experiment. From the Main experiment, we used five treatments, with three
levels of ozone (CF, NF and NF+) and with and without a combined low phosphorous
supply treatment (Table 1). There were six replicate plots within each treatment. From
the Drought experiment, we used four treatments, distributed over six CF and six NF+
plots. Half of the Norway spruce saplings within each plot were randomly selected
and exposed to 8-week drought periods in the late summers 1993, 1994 and 1995,
while the remaining saplings were always kept well watered. Altogether the GOSP
used 42 open-top chambers. There were initially 18 trees per plot in the Main
Experiment and 24 trees per plot in the Drought Experiment. The different ozone
treatments are illustrated in Figure 1. The plant material was one commercially used
clone (C77-0068 Minsk) of Norway spruce. The trees were grafted in the autumn
1989 and planted at Östad in July 1991. The saplings were planted in sand in
individual pots (0.12 m3), buried in the ground. Nutrients and water was added to each
pot daily aiming at a N concentration in the needles of 18-20 mg/g (dry weight). The
PD-treatment started 1993 and the nutrient solution in the PD-treatment had a P
supply in percent of N (by weight) of 4.5, 0 and 4.5 in 1993, 1994 and 1995,
respectively.
The total biomass, including roots, was harvested. In the Main experiment the trees in
each plot were divided into 3 statistical blocks with 6 trees in each block (Ottosson et
al., submitted). One tree from each plot was harvested at each harvest occasion and
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there were six harvests per block, distributed over the growing season, i.e. a total of
18 harvest occasions (Table 2). In the Drought experiment, the trees in each plot were
divided into three statistical blocks with eight saplings in each block (Karlsson et al.,
2002). Within each block and water regime, two saplings were randomly assigned for
harvests in April and September each year 1993, 1994 and 1995. Thus, there were two
harvests per block in the Drought experiment., i.e. a total of 6 harvest occasions.
Thus, a total of 540 trees were harvested in the Main Experiment and 144 trees in the
Drought Experiment.
Table 1. An overview of the treatments. NF+
= non-filtered air with extra ozone; NF = nonfiltered air; CF = charcoal filtered air; PD =
phosphorous deficiency; D = drought stress; W
= well watered; N = normal; L = low, H =
high.
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Figure 1. Mean diurnal ozone concentrations,
1 Apr – 30 Sep 1994, in the different GOSP
ozone treatments. NF+ = non-filtered air with
extra ozone; NF = non-filtered air; CF =
charcoal filtered air; AA, ambient air, 1 m
above ground; AA/5M, ambient air, 5 m above
ground.
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Table 2. The distribution of harvest occations in the Main Experiment. Circle, Block 1; Squares, Block
2; Diamonds, Block 3.
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The mean dry weight of the six harvested replicate plants (one plant per chamber per
treatment) was calculated for each harvest occasion and this value was then
transformed by natural logarithm. A block mean weight was calculated, based on the
logarithmic harvest means within each block. This block mean was then retransformed to the geometric mean weight. The value for the cumulative ozone index
per treatment per block was calculated as the arithmetric mean of the values for
cumulative ozone uptake at the harvest occasions that occurred within the respective
blocks.
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The total biomass at zero cumulated ozone AOT40 or uptake was estimated by linear
regression, according to the methodology described by Fuhrer et al. (1994). It was
made separately for each block, for each cumulative ozone uptake index and for each
of the following treatment categories; the well-watered saplings in the Drought
experiment; the drought treated saplings in the Drought experiment; the high
phosphorous saplings in the Main experiment; and, finally, the high phosphorous
saplings in the Main experiment. In the next step, the yield at zero cumulated ozone
uptake was used as a reference (=100% relative biomass) to calculate relative biomass
for each treatment. The data from all blocks and treatments from both experiments
were then, finally, used to perform linear regression analyses and define confidence
limits, with relative biomass versus different cumulative ozone uptake indices.
The simulation model used to estimate the stomatal conductance and the rate of ozone
uptake has been described by Karlsson et al. (2000). This simulation model was
applied to the entire experimental period and to all treatments (Karlsson et al,
manuscript).
The Birch Experiment, 1997 – 1998
The birch experiment has been described by Karlsson et al. (submitted). The same
experimental system, as was described for GOSP above, was used for a two-year
experiment with birch. This experiment used three different ozone treatments
distributed over 12 open-top chambers: NF, non-filtered air, NF+, non-filtered air +
extra ozone (ambient ozone + 10-20 nl l-1) and NF++, non-filtered air + extra ozone
(ambient ozone + 50-60 nl l-1) (Figure 2). The NF was used as the control treatment.
Thus the plot replication was 4. The birch saplings were kept well-watered and well
nutrified at all times
The plant material consisted of a half-sib family of Silver birch, Betula pendula Roth.,
obtained from the commercially used clone S21K883060 (SkogForsk, Ekebo,
Sweden). Seeds were sawn in January 1997. 12 pots per plot were used in this
experiment, 6 pots from each of two of the three blocks that existed per plot, as
described in the GOSP above. On 3 June 1997, birch saplings, with a total dry weight
of about 7 g and 60 cm high, were planted, one in each pot. Thus, there were 12
saplings per plot. Water and a balanced nutrient supply were added to each pot daily
during the growing season. When expressed on a nitrogen basis, 2.5 g N per plant
were added during 1997 and 20 g N per plant during 1998.
The birch saplings were harvested 22 May 1997 before the start of the experiment, 7
November 1997 and 13 November 1998. 4-6 saplings per plot were harvested each
time. For the exposure - response relationships, data from the two years were
normalised for each harvest occasion by the method developed by Fuhrer (1994), as
described above. The response parameter was always the total plant biomass,
including roots. The ozone exposure was expressed as daylight AOT40. The birch
saplings were on the average 1.8 m high after the 1997 growing season and 3.5 m
high after the 1998 growing season.
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Figure 2. Mean diurnal ozone concentrations, 11 July - 30 September 1997, in the different ozone
treatments in the birch experiment. Diamonds, NF = non-filtered air; Squares, NF+ = non-filtered air
with extra ozone; NF++ = non-filtered air with more extra ozone.
Table 3. Characteristics of the Norway spruce saplings during the Göteborg Ozone-spruce project.
1993

1994

1995

Age (years) and number of whorls

4

5

6

Approximate stem height in November
(meters)

0.9

1.4

2.0

Approximate dry weight in Sept/Nov (g)

300

800-900

2000-3000

Shoots used for conductance
measurements (whorl number from the
top) used for calibrating the stomatal
conductance simulation model

1

average 1&2

3

Results
The Göteborg Ozone- Spruce Project (GOSP), 1992 – 1996
The general characteristics of the Norway spruce saplings during the course of the
experiment are shown in Table 3. In the Main Experiment the ozone-induced decrease
in biomass of the whole tree (NF+ relative to CF) was 5% during the fourth growing
season (Ottosson et al., submitted). No interaction was found between the ozone and
phosphorous deficiency stress. In the Drought Experiment the ozone impact (NF+
relative to CF) after four years of exposure was an 8 % reduction of the total plant
biomass and a 1.5 % reduction of the RGR (Karlsson et al., 2002). No interaction
between ozone and reduced water supply could be detected. The reductions in total
plant biomass are plotted in Figure 3, versus daylight AOT40 (Skärby et al.,
manuscript), cumulative needle uptake of ozone and time (Karlsson et al.,
manuscript). The reductions in relative growth rates (RGR) are plotted in Figure 4,
versus daylight AOT40 and cumulative needle uptake of ozone, either for the period
simultaneous with the period used for RGR calculations or as the cumulated exposure
from the start of the experiment until the end of the RGR calculation period. The
ozone impact on RGR seemed more closely related to the ozone exposure cumulated
from the start of the experiment as compared to the ozone exposure during the RGR
calculation period. Thus, these results indicated that the ozone impact on RGR during
a certain period depended also on ozone exposure prior to the period.
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Figure 3. The reductions in total plant biomass of Norway spruce saplings in relation to different,
cumulated ozone exposure indices, as well as time. The data are from both the MAIN and DROUGHT
experiments and each datapoint represents the harvest results from one statistical block within each
treatment. The slopes of the linear regression analysis is shown together with the 95% confidence
intervals. CUO, Cumulative needle Uptake of Ozone. A, Relative biomass vs daylight AOT40., y = 0.0799x + 99.7, r2=0.47, p=0.0001 (Skärby et al., manuscript); B, Relative biomass vs CUO, no
threshold., y = -0.1129x + 99.8, r2=0.42, p=0.0003 ; C, Relative biomass vs CUO >3.2 nmol m-2 s-1, y
= -1.36x + 99.8, r2=0.48, p=0.0001.; D, Relative biomass vs time (in EXCEL format), y = -0.004149x
+ 239, r2=0.15, p=0.21. (B, C and D, all Karlsson et al., manuscript)
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Figure 4. The reductions in relative growth rate (RGR) of Norway spruce saplings in relation to
different, cumulated and simulteneous ozone exposure indices. Relative growth rates were calculated
from the aggregated block values within each experiment, i.e. CF/W and CF/D were aggregated into
one CF value for the drought experiment etc. Only the CF and NF+ treatments were used. RGRs were
calculated for the growth from block 1 to block 2 and for block 2 to block 3. The ozone exposure
values (daylight AOT40 and CUO were either calculated for the same period as RGR (called e.g.
simultaneous CUO) or as the cumulated exposure from the start of the experiment until the end of the
RGR calculation period (called e.g. cumulated CUO).
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Figure 4. The accumulation of cumulative needle ozone uptake (CUO, no threshold) during the course
of the GOSP experiment for three different ozone treatments, plotted versus the accumulation of
daylight AOT40 during the same period and for the same treatments. NF+/W, the well-watered
Norway spruce saplings in the NF+ treatments, Drought Experiment; NF+/D, the drought treated
Norway spruce saplings in the NF+ treatments, Drought Experiment; NF, the NF treatment in the Main
Experiment. (Karlsson et al., manuscript).

Why were the AOT-response and CUO-response so similar for Norway spruce in the
present experiment? 1. The AOT-indices and the CUO indices accumulated similarly
with time over longer time periods, (Figure 4). 2. The occurrence of “delayed effects”
on growth, i.e. that the tree responses to ozone were slow and that ozone exposure
during one year still influenced the growth next year. 3. The method that was used to
aggregate the results from several harvests during the year tended to “smooth”
differences over time.
The Birch Experiment, 1997 – 1998
After the first growing season, the NF++ treatment reduced the total biomass,
excluding leaves, by 22%, relative to the NF treatment (Karlsson et al, submitted).
The root biomass was even more reduced, -30%. The shoot/root ratio was increased
by ozone during both years. The ozone impact on the relative total plant biomass and
relative growth rate is shown in Figure 5.
Comparison of the ozone impact on young Norway spruce and young birch saplings
The dose-response relationship, using AOT40 as the dose index and % biomass
reduction as the response, was steeper for birch, compared to spruce. There could be
two explanations for this. One is that the stomatal conductance and thus ozone uptake
by unit leaf area is higher for birch compared to spruce. A gmax between 75 and 155
mmol m-2 projected needle area s-1, depending on shoot position and plant age, was
used for Norway spruce saplings (Karlsson et al., 2000), while a gmax of 220 - 520
mmol m-2 projected leaf area s-1 was used for birch saplings (Uddling et al.,
unpublished).
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Figure 5. The reduction of total plant biomass and relative growth rate (RGR) plotted versus the
accumulated daylight AOT40. In the upper panel (Biomass) the AOT40 is accumulated over both
experimental years. In the lower panel (RGR) the AOT40 is accumulated separately for each
experimental year, as the RGR is calculated separately for each growing season..

Another explanation for the difference in the % biomass response to ozone could be
that birch is a faster growing species than spruce, i.e. it has a higher relative growth
rate (RGR). If it is assumed that ozone affects the RGR, then a given % reduction in
RGR of Norway spruce and birch will results in a higher value of % biomass
reduction for the fast growing birch as compared to the slower growing spruce.
Conclusions
• Significant correlations were found between the reduction of biomass of young
Norway spruce saplings and ozone exposure, expressed as daylight AOT40 as
well as cumulative needle ozone uptake (CUO). These correlations did not vary to
a large extent when different thresholds were applied.
•

The AOT-indices and the CUO indices accumulated similarly with time over
longer time periods

•

The results indicated that the ozone impact on the RGR for the Norway spruce
saplings during a certain growth period depended also on ozone exposure prior to
the growth period.

•

Significant correlations were found between reduction of biomass, as well as
reductions of RGR, of young birch saplings and ozone exposure, expressed as
daylight AOT40. In the case of birch, the reductions of RGR correlated well with
the daylight AOT40 coinciding with the RGR growth periods.
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Abstract
The growth of beech seedlings in open-top chambers with filtered and ambient air has
previ-ously been shown to be related to the ozone dose (AOT40) during the exposure.
The recalcu-lation of the data with cumulative ozone fluxes does not show an
advantage over AOT40. It is suggested that both uncertainties associated with
modelling of meteorological data and with the design and parametrisation of currently
available ozone flux models are responsible for this.
Introduction
Ozone is an air pollutant which at current levels may impair tree health in Europe
(Skärby et al., 1998). In order to predict risks by current ozone concentrations, a
critical ozone dose has been defined which sums up all hourly averages over 40 ppb
during daylight hours over one season (AOT40, Fuhrer et al., 1997). This critical dose
entirely bases on external ozone concentrations. However, it has been suggested that
ozone effects are controlled by stomatal uptake (Reich, 1987). Therefore it would be
more desirable to calculate stomatal fluxes instead (Fuhrer and Achermann, 1999).
The aim of the present paper was to recalculate experimental data which were used to
set the critical AOT40 in order to test the hypothesis if flux would be a better measure
for ozone risk.
Materials and methods
Open top chamber experiments
Beech seedlings were exposed in open top chambers for one to several seasons at the
sites Zugerberg (altitude 990m) and Schönenbuch (altitude 400m). The experimental
details are described by Braun and Flückiger ( 1995) where also the results are
presented using AOT40 as a measure for ozone exposure. As meteorological parameters were not measured permanently on Zugerberg, they had to be derived from
five nearby automatic stations of the Swiss Meteorological Institute. The sta-tions
were at a distance of 15-47 km and an altitude difference of 20-1116 m. The
calculations were done using multiple regression based on a one year time series with
permanent moni-toring data. In the case of temperature, day and night were calculated
separately, in the case of the radiation morning and afternoon. The precision of the
modelled data was tested by inter-polating data for the input stations; whereas the
average deviation was zero, the standard de-viations were 1.7° for temperature, 71
W/m2 for global radiation and 14% for relative humi-dity. For the site Schönenbuch,
permanent meteorological data were available.Soil moisture was assumed to be nonlimiting as the pots were kept well watered. Also, wind speed in the chambers caused
by the blowers led to low boundary layer resistances which therefore were also
neglected; a wind speed of 1 m s-1 was used for the calculations. A chamber temperature increase of maximum 2°C at a radiation of 1000 W/m2 was added to the
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modelled ambient temperature and the vapour pressure deficit was adjusted
accordingly. For the experiments on Zugerberg, radiation was multiplied by 0.5
because the chambers were covered by a shading cloth, for Schönenbuch by 0.8 to
compensate for the light absorption by the plastic.The correlation between changes in
total biomass and the various ozone measures was calcu-lated using the Robust MM
Linear Regression procedure of SPLUS (Version 2000).
Calculation of ozone dose and flux
Ozone dose above 40 ppb (AOT40) was calculated for daylight hours according to
Fuhrer et al. (1997). For ozone flux calculations, the model of Emberson et al. (2000)
was used, with modifications of the stomatal response functions introduced after the
ozone workshop in Gothenborg (Karlsson et al. 2003; this volume). Both total
cumulative uptake values and uptake values above a threshold flux of 1.6 nmol O3 m-2
s-1 were calculated.
Results
Figure 1 shows the change in total biomass of the beech seedlings in relation to three
different ozone measures: AOT40, cumulative ozone flux and threshold cumulative
ozone flux. The regression with AOT40 has one outlier but the robust calculation
shows the strongest correla-tion with growth change (p<0.001). The correlation with
flux is not significant; neither with nor without a threshold.

Figure 1: Relation between % change in total biomass of beech seedlings and AOT40 (left),
cumulative ozone flux (center) and cumulative ozone flux with a threshold of 1.6 nmol O3 m-2
s-1 (right). Filled symbols: Significant difference to filtered air control. Duration of
experiment: Circles 1 season, Triangles: 2 seasons, Squares: 3 seasons. For statistics see
Table 1.
Table 1: Variance explained by the robust regression model (MM) for the correlation between
change in biomass and ozone
Ozone measure
AOT40 daylight
Cumulative ozone flux
Threshold cumulative ozone flux

Slope

Std. Error of slope

-0.6794
-0.3211
-0.6106

0.0959
1.5726
0.3276
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variance explained
by robust MM regression
0.88
0.54
0.59

p
0.0009
0.846.
0.121.

Discussion
For the beech experiments, the calculation of ozone flux did not represent an
advantage over AOT40 in explaining growth responses although it is widely accepted
that only ozone entering the stomata is damaging. This may have several reasons:
First, the modelling of the meteorological data and the assumptions on chamber
climate introduces uncertainty. However, in the case of an ozone gradient and
observed carbohydrate concentrations in roots, where meteorological parameters were
measured on site, cumulative ozone uptake also did not give better correlations than
AOT40 (Braun et al., 2002). Second, the parameters used in the flux calculation
themselves are derived from a few studies and may not be of universal validity.
Maximum stomatal conductances may e.g. depend on tree age (Fredericksen et al.,
1995; Samuelson and Kelly, 2001) or on the season (Hanson et al., 1994). In addition,
the response to climatic parameters may depend on site conditions: in Pinus
ponderosa, stomatal conduc-tance of watered trees was relatively insensitive to
vapour pressure deficit (VPD), whereas gas exchange of control trees varied with
changes in soil water, VPD and temperature (Panek and Goldstein, 2001). Kärenlampi
et al. (1998), as well, found environmental effects on the stomatal response. Patterson
et al. (2000) were able to explain only up to 30% of the variation in stomatal
conductance by photosynthetic active radiation and VPD in overstory trees of Prunus
serotina, Acer rubrum and Quercus rubra. Because of these difficulties in flux
calculation, it is suggested that flux calculation is used as a research tool to be further
developed and not to set a critical level for policy purposes at this stage.
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Abstract
In Southern Germany mature forest stands of Common beech (Fagus sylvatica L.)
were investigated using dendroecological methods. In higher altitude sites strong
growth depressions in the last decades were found. Because of its intensity and
duration they document a new kind of beech damage in Southern Germany, which is
in accordance with current findings from other Central European regions.
Additionally, also at lower altitude sites a decreasing growth trend after around 1990
is obvious. The temporal and regional pattern of both findings give evidence that
tropospheric ozone is directly or indirectly involved in this new kind of damage
process. It is pointed to the need for ozone flux models, which allow the application
of dendroecological analyses for the estimation of dose-response relationships.
1. Introduction
Common beech (Fagus sylvatica L.) is considered to be an O3-sensitive tree species
(Smidt et al. 1991). Relations between ozone doses and increment loss of young (0-3
yr) beech trees were used to establish the AOT40 of 10 ppm.h as critical level for
forest trees (Kärenlampi and Skärby 1996). Presently however, only a few and limited
data are available to study possible influences of elevated troposheric ozone on the
growth and stability of mature beech stands. Only Braun et al. (1999) reported
reductions of diameter increment in mature beech stands over a four year observation
period in Switzerland, which are statistically related to ozone dose. In Central and
Southern Europe critical levels are exceeded in most of the years, sometimes several
times over it. The aim of the study presented in this paper is to investigate long-term
and short-term growth variations of beech stands in a region with high tropospheric
ozone pollution. Because of its high ozone pollution (see Ashmore et al. 1985),
Southern Germany and the northern border of the Alps was chosen as study area. Tree
ring widths of Common beech are known as very sensitive indicators clearly
reflecting the signal of environmental influences (Dittmar et al. 2002). Hence,
dendroecological methods are selected as main tools for this investigation, which first
results are presented in this paper.
2. Materials and Methods
In Southern Germany, in different altitudes between Munich and the northern border
of the Alps, closed and mature beech stands were selected and sampled for
dendroecological analyses according to Dittmar and Elling (1999). The wide range of
altitudes (from about 300 to 1450 m a.s.l) includes sites with very different climatic
conditions. All sites were selected on calcareous soils to avoid influences of various
soil chemistry and nutrition properties. The distribution of the selected sites and its
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description are given in Figure 1 and Table 1, respectively. In Northern Bavaria, a
beech stand growing on a very dry site (low precipitation and low soil water capacity)
was added (WZGV) in order to study influences of drought. For the tree ring width
measurement the device of Aniol in connection with the software programme
CATRAS was used (Aniol 1983, 1987). After measuring radial series, the series of
each tree and stand were crossdated visually and statistically (for details see Dittmar
et al. 2002). In this way measurement errors can be avoided and missing rings are
detected. By careful synchronisation missing rings can be dated exactly and with a
precision of +\- 1 year, respectively. Missing rings are due to the failure of cambial
activity and therefore are documenting a strong disturbance of vitality in a certain
year. For presentation and interpretation radial series of each stand were plotted in
semi-logarithmic diagrams and missing rings are especially signed.
3. Results
At beech trees growing on higher altitude sites (above 1000 m a.s.l.) we found a
distinct change of growth behaviour in the last decades (Fig. 2a-e). Before 1970
growth is strongly reduced in single years, mainly caused by stress due to late frost
events and/or cool and wet weather conditions during the vegetation period (see
Dittmar and Elling 1999). Recovery after this depressions however, took place
immediately and completely in the years following. Not so after 1970: Growth
depressions are stronger, often accompanied by missing rings and the recovery is
distinctly delayed or insufficient. Growth depressions in the last decades may be
induced by the same natural stress factors as in earlier times. Their intensity and
duration however, cannot be enough explained by this influences. In order to prove,
whether the age of trees –some of the trees at TZHS are partly more than 200 years
old – could be the reason for a changed cambial activity, also distinct younger trees
where investigated growing on the same site conditions (TZEI, Fig. 2b). This younger
trees show corresponding reactions, which are at some of them even more pronounced
than at older trees in their neighbourhood.
Beside of a new kind of growth depressions after 1970 in higher altitude sites we
found decreasing growth trends since the beginning of the 1990s in several stands also
at lower altitudes in Southern Germany (Fig. 1e-h). Even at “Höglwald” (AITA),
where a high growth potential is obvious, single trees show strong reductions of radial
increment in the last years (Fig. 2h). Because of the criteria we used to select sample
trees (tree class 1-2 according to Kraft 1884) competition effects cannot be
responsible for this currently reduced growth potential.
4. Conclusion
Both findings – growth depressions and reduced growth trends in the younger past –
indicate the presence of new environmental influences affecting the sensitivity and
vitality of Common beech. Dittmar et al. (2002) found similar growth reactions in
different beech stands in Central Europe. Climate-growth relations demonstrate that
beech growth in higher altitudes is mainly restricted by late frost events, temperature
and radiation. Warm years with high radiation favour growth at these sites, where
water availability is sufficient in most of the years. With respect to impacts caused by
elevated tropospheric ozone, this stands at high altitude sites are most at risk, because
two important factors are to be considered: 1) Tropospheric ozone concentrations are
increasing with altitude and 2) because of humid climate conditions O3-uptake is not
effectively limited by water deficiency during summer month.
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The investigated beech stands in higher altitude sites of Southern Germany especially
show strong growth depressions after years with above-average warmth and radiation
(e.g. 1977/78 following 1975/1976 and 1996/97 following 1994). Drought as
explanation can be excluded, because beech trees on very dry sites show only
moderate growth reductions in dry years (e.g. 1934, 1976) and no after-effects in the
following years (see WZGV, Fig. 2i). It is known that ozone can affect the
metabolism and carbon storage of trees (Seufert and Arndt 1989, Matyssek 1998).
Carbon storage metabolism at the end of the vegetation period plays an important rule
for frost resistance and for the growth potential in the following year (Eschrich 1995).
The temporal and regional pattern of the detected growth disturbances is a strong
evidence that ozone is directly or indirectly involved in processes leading to a
destabilisation of beech stands in Southern Germany. To prove this assumption in
detail however, as well as for the characterisation of interactions and the derivation of
dose-response relationships, we need suitable models which allow a retrospective
estimation of potential ozone fluxes for a specific forest site. For this an adaptation
and further development of current flux models are necessary. Then however,
together with dendroecological methods the ozone impact on the growth of forest
trees and stands can be estimated and new flux based critical levels can be quickly
proved in different environmental conditions.
5. Summary
1. In high altitude sites of Southern Germany beech trees show several strong growth
depressions in the last decades, beginning in the late 1970s. Because of their intensity
and duration, they are not corresponding with growth reductions in earlier times.
2. In several stands also at lower and higher altitude sites growth potential is
decreasing since around 1990.
3. The regional and temporal pattern of the detected growth disturbances leads to the
assumption that tropospheric ozone is directly or indirectly involved in this new kind
of damage processes.
4. If suitable flux models with the potential for retrospective analyses are available,
dendroecological analyses could be used as powerful tool to establish dose-response
relationships and to prove new flux-based critical levels for ozone.
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nWSpot WReff [mm] 110
125
130
79
134
73
age of trees [years]
200 – 250
150 - 200
210 – 240
140 – 160
ca. 120
ca. 150
T14(year) [°C]
4.8
6.5
7.2
8.2
9.0
10.2
10.5
11.2
12.3
T14 (May-August)
[°C]
11.9
13.6
14.3
15.2
15.9
17.3
18.5
19.3
20.4
1900
1870
1980
1740
1590
1600
960
950
630
Prec (year) [mm]
970
950
880
820
790
770
470
450
240
Prec (May-August)
[mm]
with:
nWSpot WReff = soil water capacity until root depth (estimated according to AG Boden 1994); T14 = mean temperature at 2 p.m. and Prec = sum of precipitation
(estimated with data from different climatic stations and regional specific geographical gradients)

altitude [m a.s.l.]
exposition
soil type (FAO)

forest administration
site

Table 1. Description of the investigated forest sites under study

WZGV

Bavaria

AITA

STKG

TZWF
FUNS

TZEI

TZGG

SLSB
map from RÖTZER et al., 1997

TZHS

Figure 1. Location of Common beech (Fagus sylvatica L.) stands under study in
Southern Germany.
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a
Missing rings:
can be dated exactly

TZHS 1425 m a.s.l.

can be dated with ± 1 year

c

b

TZEI 1330 m a.s.l.

SLSB 1190 m a.s.l.

d

TZGG 1015 m a.s.l.

e

FUNS 1010 m a.s.l.

TZWF 730 m a.s.l.

f

STKG 710 m a.s.l.

g

AITA 530 m a.s.l.

h

WZGV 295 m a.s.l.

i

Figure 2. Radial increment series of the investigated beech stands. For each site radial
series (two radii per tree) of 20 trees (with exception of TZEI: 7 trees) are plotted in
semi-logarithmic diagrams.
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Verifying the Impact of Tropospheric Ozone on Mature Norway
Spruce Trees - A statistical analysis of stem growth of Norway spruce
trees in relation to climate and ozone exposure
P. E. Karlsson a ∗, Göran Örlanderb, J. Uddlingc, Magnus Petersond, Ola Langvalld,
Peringe Grennfelt a
a

Swedish Environmental Research Institute (IVL), P. O. Box 47086, S-402 58 Göteborg, Sweden
b Dept. of Forestry and Wood Technology, Växjö University, SE-351 95 Växjö, Sweden.
c
Göteborg University, Botanical Institute, Box 461, S-405 30, Göteborg, Sweden
d
Asa Experimental Forest, Swedish University of Agricultural Sciences, Sweden

Abstract
Stem circumferences have been measured at approximately weekly intervals during
the growing seasons 1993 - 1999, with dendrometer bands on five Norway spruce
trees on each of 10 different plots at Asa Experimental Forest in south Sweden. The
relative yearly increments in stem basal area were correlated to measurements of soil
moisture at the plots and ozone concentrations as well as weather parameters
measured at a nearby weather station. A multiple regression analysis demonstrated
highly significant negative impacts of average daylight ozone concentrations, as well
as daylight AOT40, on the yearly basal area increment of mature Norway spruce
trees. The magnitude of the effects was obscured by colinearity between the ozone
indices and several environmental parameters and thus remains to be established.
Stem size, soil water potential, and global radiation also showed highly significant
impacts on the yearly stem growth.
1. Introduction
Evidence for negative effects of ozone on the biomass production of young trees have
been provided by several experiments (reviewed by Skärby et al., 1998). However,
the impact of ozone on natural forests has been difficult to establish (Sandermann et
al., 1997), although the ozone-induced degradation of the forests in the San Bernadino
Mountains in southern California is well documented (Miller et al., 1997). In the
establishment of ozone critical levels II for forest in Europe, a main difficulty will be
to determine the ozone impact on mature trees under field conditions. As a first step it
is very important to establish if mature trees in stands are affected by prevailing ozone
exposures in ambient air.Statistical studies have indicated correlation between ozone
exposure and reductions in stem growth for Loblolly pine, Pinus taeda (McLaughlin
& Downing 1995, 1996). Furthermore, a recent study from Switzerland has indicated
a statistical correlation between ozone exposure and reduced stem growth for beech,
Fagus sylvatica (Braun et al. 1999). In this study we report the statistical correlations
between ozone exposure and reductions of yearly stem growth of mature Norway
spruce trees in stands in south Sweden.
2. Materials and methods
2.1 Measurements
Stem circumferences have been measured at approximately weekly intervals during
the growing season, with dendrometer bands on five Norway spruce trees (Picea
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abies) on each of 10 different plots since 1993. The selected plots were within 3 km
from the Asa research station. Data on the different plots are presented in Table 1.
Table 1. Properties of the different plots selected for this study. The data are from 1990.
Plot

1

2

3

4

5

6

7

8

9

10

Silt, 30
cm
peat

Silt

Sand
- silt

Sand silt

Glacial
till

Glacial
till

Glacial
till

Glacial
till

Glacial
till

Glacial
till

35

26

32

32

32

31

19

19

29

29

-

10

5

5

5-10

?

10

10

10

10

Thinning:

Yes

No

Yes1980

Yes1980

Yes-1990

No

No

No

Yes1987

Yes1987

M3sk/ha

135

105

135

135

150

140

17

17

147

147

Tree
density/ha

1250

1900

1650

1650

1200

2100

2450

2450

1440

1440

m3sk/ha

9.2

9.5

7.5

11

11.8

9.3

13.7

13.7

17.8

14.7

m2/ha

0.5

1

0.6

0.9

1

0.8

2.2

2.2

1.7

1.3

Soil
texture:
Stand age
humus
(cm):

Growth 9296:

Special

irrigation
treatment

limed

In the present study the stem growth was analysed on a yearly basis over the growing
season, from mid-May until the end of September. Stem growth was calculated as
absolute (1) and relative (2) basal area increment:
(1)
absolute stem growth = (ba2 – ba1)
(2)
relative stem growth = ((ba2 – ba1) / ba1)
where ba = basal area
Data on air temperature and relative humidity, global radiation, precipitation and
ozone concentrations were provided on an hourly basis from the measurements at the
weather station, situated at Asa experimental forest. Ozone concentrations were
measured at 5m above ground with an ozone analyser (Model 49, Thermo
Environmental Instruments Inc. Franklin, MA, USA). The ozone analyser was
calibrated twice a year using a Dasibi 1008-PC ozone generator (Dasibi
Environmental Inc. Glendale, CA, USA), which in turn was calibrated once per year
against a NBS standard (ITM, Stockholm, Sweden).
In addition, soil water potentials were measured at 10 and 40 cm depth, with 5
gypsum blocks (SoilMoisture, CA, USA) at each depth, at each plot. Readings were
made at the same time as the stem circumferences were recorded. The parameters are
described in Table 2.
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Table 2. List of independent parameters tested in the multiple linear regression analysis of
yearly relative stem growth. CV, coefficient of variation (s.d. / average *100).
parameters
Dependent
variables
stgroabs

unit

average

s.d

CV, %

max

min

interpretation

(mm2)
year-1
0/00
year-1

779.7

402.6

51.6

2271.4

90.2

49.1

36.8

74.9

204.4

8.0

absolute basal stem area increment
during the growing season
relative basal stem area increment
during the growing season

-

-

-

-

-

Plot
Tree number within the plot
year of the measurements

stemsize

1 - 10
1-5
1993 1999
mm2

19249

9329

48.5

50675

4057

ozdayavg

ppb

32.8

2.96

9.0

37.2

27.4

AOT40day

ppb h

4978

2042

41.0

8660

1521

soilWP10

MPa

-0.164

0.180

109.7

-0.028

-0.687

soilWP40

MPa

-0.142

0.138

97.2

-0.027

-0.576

soilWPav

MPa

-0.153

0.150

-98.0

-0.027

-0.565

temp24av

C

13.16

0.92

7.0

14.49

11.90

VPD24av

mbar

1.80

0.49

27.2

2.50

1.19

glob24av

W m-2

173.1

14.5

8.4

191.9

144.9

prec24av

mm h-1

0.0999

0.0085

8.5

0.1157

0.0901

stem basal area at the beginning of
the yearly measuring period
average daylight ozone
concentration during the growing
season
daylight accumulated ozone
exposure over a threshold 40 ppb,
for the yearly measuring period
24h average soil water potential at
10 cm depth during the growing
season
24h average soil water potential at
40 cm depth during the growing
season
soil water potential, 24h average for
10 and 40 cm depth, during the
growing season
24h average air temperature during
the growing season
24h average air water vapour
pressure deficit during the growing
season(a function of air temperature
and relative humidity)
24h average global radiation during
the growing season
24h average precipitation during the
growing season

stgrorel
Independent
variables
Plot
Tree
year

2.2 Data processing
Stem growth data was scrutinised and obvious outliers were treated as missing values.
The output from the gypsum blocks, that measures the soil water potentials, have a
logarithmic nature so that at very dry soils they give very high negative values. To
partly compensate for this, soil water potentials were set to –2 MPa when the values
were <2 MPa. All missing ozone and weather data were filled out. When the
consecutive data loss was <5 hours, then data were filled out with interpolation. When
data loss was > 5 hours, then data were filled out for each hour using the mean value
for the specific hour calculated from the last day before and from the first day after
the data loss period. However, there was a four-week period in the beginning of the
1995 growing season with no ozone data and this period was omitted from the
analysis.
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2.3 Statistics
The statistical methods used were similar to what is used in epidemiological studies in
human medicine. The correlation between stem basal area increment and
environmental parameters on a yearly basis was analysed with multiple regression
analysis. Individual growth data from all trees were included in the analysis. The
growth data was checked and found to have a normal distribution. The data were
analysed with a combination of SAS and STATGRAPHICS for Windows software.
3. Results
3.1 The data set
An over-all analysis of the dataset is shown in Table 2. The extent of colinearity
between the independent variables is shown in Table 3. The ozone indices ozdayavg
and AOT40day showed colinearity with air temperature (temp24av), air VPD
(VPD24av) and global radiation (Glob24av). Air temperature and ozone, as well as
global radiation and ozone, is expected to affect stemgrowth in opposite directions.
Air VPD could be expected to affect stemgrowth negatively in the short term as high
transpiration rates could make the stem shrink. However, stem growth calculated over
the entire growing season is not expected to be negatively affected by high VPD.
3.2 General aspects of stem growth
There was a considerable variation in the stem growth between the plots but the
between year variation was similar (Figure 1). The stem growth varied considerably
between individual trees within the plots (data not shown). There were no parameters
measured in this study that could account for this variation between individual trees.
Thus, the statistical model could not be expected to show very high correlation
coeficients (see below).
3.3 Correlations between stem growth and the independent parameters
In general, using relative stem basal increment as the dependent variable resulted in
higher correlations coefficients, compared to absolute stem basal increment (data not
shown). Therefore, relative stem basal increment was used as the response parameter
in the following analyses.Two different multiple regression analyses between relative
stem basal area increment and environmental parameters were made, using an ozone
index of average daylight ozone concentration (ozdayavg, Table 4) and Accumulated
Ozone dose over a Threshold 40 ppb during daylight hours (AOT40day, Table 5),
respectively. The models created by the multiple regression procedure explained
approximately 31% of the total variance in relative stem basal area increment
(hereafter called relative stem growth) (Table 4 & 5). As stated above, it is to be
expected that we did not obtain higher correlation coefficients, as there was a
variation between individual trees within the plots that could not be accounted for by
the regression model. The model to predict relative stem growth was: relative stem
basal area increment = 25.1724 + (-0.0016157*stemsize) + ( 89.622*soilWPav) + (6.6096*ozdayavg) + (0.1710*temp24av) + (-8.2247*VPD24av) + (2.074*glob24av)
+ (-614.9*Prec24av), when ozdayavg was used as the ozone index (Table 4).
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stem basal area increment (mm2)

1600

plot1

1400

plot2

1200

plot3

1000

plot4

800

plot5
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plot6
plot7

400

plot8

200
0
1992

plot9
1994

1996

1998

2000

plot10

Figure 1. Yearly basal area increments, mean values per plot.

Both ozdayavg and AOT40day had a highly statistically significant negative impact
on the yearly relative stem growth. Stem size (stemsize, negative), soil humidity
(soilWPav, positive, note that soil water potential has a negative value), and global
radiation (glob24av, positive) also had highly significant impacts on the relative stem
growth. Of the three soil humidity indices tested, the soil WPav gave the highest
regression coefficient for the model, but soilWP10 was almost as good. Precipitation
had a less significant impact and it was negative, probably reflecting cold and cloudy
weather conditions. The significance for that the coefficients for the different
parameters were different from zero were generally quite high, except for
precipitation. The correlations betwen relative stem growth and air temperature and
humidity were not significant. This was unexpected for air temperature, but could
probably be explain by the small span in the growing season mean values for this
parameter (Table 2).
Figure 2 shows the relative effects of the different significant independent variables
together with the relative residuals of the model. From the residuals, it can be clearly
seen that the correlation between relative stem growth and stem size is non-linear,
with higher relative stem growth at small stem sizes. Thus, the statistical model might
be improved by using a non-linear relationship between relative stem growth and stem
size. The statistical models predict substantial impacts of ozone in the ranges 27 - 38
ppb mean daylight ozone concentrations and 1 - 9 ppm h daylight AOT40 during one
growing season. However, the quantitative estimation of the impact of ozone on the
relative stem growth is complicated by the existing colinearities between the ozone
exposure indices and air temperature, air VPD and global radiation (Glob24av) and
must be treated with caution.
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Table 3. The Pearson correlation coefficients for the independent variables.

stemsize
stemsize
soilWPav
ozdayavg
AOT40day
temp24av
VPD24av
Glob24av
Prec24av

0.046
-0.009
-0.018
0.107
0.069
-0.079
-0.089

soilWP
av
0.039
-0.063
-0.205
-0.053
-0.418
-0.143

ozday
avg

AOT40
day

0.948
0.589
0.721
0.785
-0.072

0.537
0.656
0.85
0.067

temp
24av

0.852
0.532
-0.215

VPD
24av

0.639
-0.375

Glob
24av

0.132

Table 4. The results of fitting a multiple linear regression model to describe the relationship between
the relative yearly stem basal area increment (stgrorel) and sevel independent parameters. The ozone
index was average daylight ozone concentration (ozdayavg). The p-value for the ANOVA of the model
was <0.0000. The model explained 31.2% of the variability in stgrorel.

parameter
intercept
stemsize
soilWPav
ozdayavg
Glob24av
Prec24av
temp24av
VPD24av

parameter
estimate
25.17
-0.001616
89.62
-6.610
2.074
-614.9
0.17
-8,224

Std
error
48.12
0.000181
17.08
1.256
0.313
261.7
3.94
9.457

t-value
0.52
-8.92
5.25
-5.26
6.617
-2.35
0.043
-0.870

p-value
0.60
0.0000
0.0000
0.0000
0.0000
0.019
0.97
0.385

Table 5. The results of fitting a multiple linear regression model to describe the relationship between
the relative yearly stem basal area increment (stgrorel) and sevel independent parameters. The ozone
index was daylight AOT40 (AOT40day). The p-value for the ANOVA of the model was <0.0000. The
model explained 30.7% of the variability in stgrorel.

parameter

parameter
estimate

intercept
stemsize
soilWPav
AOT40day
Glob24av
Prec24av
temp24av
VPD24av

-210.6
-0.001610
92.83
-0.01067
2.412
-465.2
-0.0271
-14.43

Std
error

t-value

69.1
0.000181
17.83
0.00212
0.375
258.3
4.157
9.61

-3.05
-8.856
5.21
-5.029
6.43
-1.801
-0.0065
-1.50
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p-value
0.0025
0.0000
0.0000
0.0000
0.0000
0.073
0.99
0.134

Prec
24av

-

component effect

150
100
50
0
-50
-100
0

1

2

3

4

5

6
(X 10000)

component effect

stemsize
150
100
50
0
-50
-100
25

27

29

31

33

35

37

39

41

component effect

ozdayavg
150
100
50
0
-50
-100
-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

component effect

soilWPav
150
100
50
0
-50
-100
100

120

140

160

180

200

Glob24av
Figure 2. A Component-plus-Residuals Plot. The plot shows the residuals around a line that is defined
by Bj (Xij - Xj), that multiplies the centered value of the independent variable Xj by the associated
value of its regression coefficient Bj. It illustrates the relative magnitude of the residuals with respect to
the explanatory power of the variable.
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4. Conclusions
•

The statistical analysis demonstrated highly significant negative impacts of
average daylight ozone concentrations, as well as daylight AOT40, on the yearly basal
area increment of mature Norway spruce trees.

•

The magnitude of the effects is obscured by colinearity between the ozone indices
and several environmental parameters and thus remains to be established.

•

Stem size, soil water potential, and global radiation also shown highly significant
impacts on the yearly stem growth.
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Abstract
Three Mediterranean shrubs, namely Phillyrea latifolia L., Arbutus unedo L.
(strawberry tree), and Laurus nobilis L. (laurel), were exposed for 90 days to 0 or 110
nmol mol-1 O3 for 5 h each day. At the end of the exposure period, net photosynthesis
was reduced in the leaves of A. unedo, and especially so in L. nobilis, but not in P.
latifolia. The activity of superoxide dismutase and the content of reduced glutathione
were remarkably increased in the ozonated leaves of A. unedo, and especially so in P.
latifolia, but not in L. nobilis. An increased antioxidant status might therefore
contribute to ozone tolerance in Mediterranean evergreen broadleaves.
Introduction
Tropospheric ozone (O3) measurements suggest that surface O3 concentrations have
more than doubled during the past century (Fowler et al., 1999). Elevated levels are
found in urban areas, but also in rural and remote regions due to the transport of O3
and of its precursors. Ozone concentrations may exceed the thresholds for effects on
sensitive tree species throughout Europe (SAEFL, 1999). On the basis of the existing
data sets, critical levels for O3 (CL), i.e. the pollutant dose (concentration x exposure
duration) above which significant negative effects occur on plant biology, have been
calculated from experiments performed in northern and central Europe (SAEFL,
1999). In order to take into account the climatic, geographical, ad vegetational
peculiarities of the Mediterranean basin, dose-response curves describing the effects
of O3 on representative Mediterranean species are required (Badiani et al., 1996). This
would form the scientific basis for an effective environmental policy in the
Mediterranean region. Conceivably, O3 damage on plants is correlated to the pollutant
fraction actually entering the leaves, rather than to its concentration in ambient air
(Broadmeadow, 1999; SAEFL, 1999). Evergreen broadleaved forest is the climax
vegetation in Mediterranean environments (De Lillis 1991). At a Mediterranean rural
site in Tuscany (Gabbro, central Italy), mean hourly O3 concentrations of 55 nmol
mol-1 (11:00-15:00 h GMT), with peak up to 90 nmol mol-1 have been recorded in
spring (March to May) in 1999, 2000 and 2001 (M. Chini, personal communication).
We exposed evergreen woody species, chosen as representative of the Mediterranean
Macchia, namely Laurus nobilis L. (laurel), Arbutus unedo L. (strawberry tree) and
Phillyrea latifolia L., to zero and doubled (0 and 110 nmol mol-1) O3 concentrations.
The species were chosen following a gradient of xerotolerance, i.e. P. latifolia > A.
unedo > L. nobilis. As O3 injury depends on the dose of O3 entering the leaves and on
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the presence and efficiency of defence mechanisms inside the tissues, gas exchange
and antioxidant contents were measured.
Materials and methods
Plant material and O3 exposure
Two-years-old seedlings of L. nobilis, A. unedo and P. latifolia, purchased from a
local commercial nursery and selected by phenotypical homogeneity, were preadapted to greenhouse conditions two weeks before O3 exposure. They were watered
until field capacity throughout the experiment. Exposure to O3 was carried out from
March to May 2002 in a greenhouse fumigation apparatus, ventilated with charcoalfiltered air. Ozone was generated by a Model 500 O3-generator (Fischer, Zurich,
Switzerland) supplied with pure O2. Ozone concentration was continuously monitored
with a PC-controlled photometric analyzer (Monitor Labs mod. 8810, San Diego, CA
USA). Additional details about the experimental set up are reported elsewhere
(Lorenzini et al., 1994). The exposure regime was a square wave of 110 nmol mol-1
from 09:00 to 14:00 (GMT). Control plants were maintained in charcoal-filtered air,
ceteris paribus. Analyses were performed after 0, 45 and 90 days of exposure.
Gas exchange measurements
Net photosynthesis (A) and stomatal conductance (gs) were measured at noon, using
O3-free air, with an infra-red gas analyzer (CIRAS-1 PP-Systems, Herts UK)
equipped with a Parkinson leaf chamber that controlled leaf temperature (25°C), leafto-air vapour pressure difference (2.0 ±  N3D  OLJKW  PRO P-2 s-1 PAR) and
CO2 FRQFHQWUDWLRQ  PRO PRO-1). Measurements were made on three mature
leaves per plant, seven plants per species and per treatment.
Photosynthetic capacity of leaves at ambient CO2 concentration (i.e. maximum
photosynthetic rate, Amax; Larcher, 1995) was measured on one leaf per plant, three
plants per species and per treatment, under standard conditions and saturating light
 PROP-2 s-1 PAR).
Calculation of O3 uptake
The potential O3 flux (FO3) into the leaves was calculated from gs and the O3
concentration, according to the first Fick’s law. Ozone concentration inside the leaf
was assumed to be zero (Laisk at al., 1989). The conductance for O3 was completely
ascribed to the stomatal component, which was calculated multiplying gs by 0.612,
the ratio of the binary diffusivities of water vapour and O3 (Polle et al., 1995). Uptake
through the cuticle was ignored, because the cuticle is considered highly impermeable
to O3 when compared to open stomata (Kerstiens and Lendzian, 1989). Boundary
layer resistance was neglected, as the leaves were kept slightly fluttering by air
circulation during the entire fumigation time. Cumulative O3 uptake (CU) for the
fumigation period was calculated by integration.
Analysis of antioxidants
Sampling of leaves was carried out between 11:00 and 12:00 (GMT). Two plants per
species and per treatment were completely defoliated, broken or otherwise damaged
leaves discarded, the current year’s vegetation separated from the previous year’s one,
and finally aliquoted into two 3 g-subsamples per plant, which were immediately
frozen in liquid nitrogen and then stored at –80 °C until needed.
Antioxidant metabolites and enzymes were measured in total crude leaf extracts
obtained as reported by Marabottini et al. (2001). The antioxidant systems studied
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included total superoxide dismutase (SOD, EC 1.15.1.1), ascorbic acid (AsA) and
glutathione (GSH), which were analysed according to the respective assay methods as
reported by Marabottini et al. (2001). Each measurement was replicated twice. Total
leaf protein was calculated from the total leaf nitrogen content measured by the
Kjeldhal method. The dry weight of the leaves was determined after drying in an oven
for 72 h at 80 °C.
Statistical analysis
Student’s t test was applied for estimating statistical significance of the differences
between ozonated and control leaves (Systat v. 8.0 software package, SPSS, Inc.,
Chicago, IL). Changes in Amax were calculated as percentage of ozonated values
relative to control ones. Linear correlation between percent changes and CU or FO3
was applied on data from all the species.
Results and discussion
The Mediterranean evergreen broadleaves studied here were O3-tolerant, as a 45-day
H[SRVXUH  PRO PRO-1*h of accumulated O3 threshold above 40 nmol mol-1,
AOT40; SAEFL, 1999) did not modify gas exchange (Fig. 1). Comparatively, in
Fagus sylvatica, the forest species chosen for modelling stomatal O3 flux across
(XURSH (PEHUVRQ HW DO   D  PRO PRO-1*h AOT40 depressed net
photosynthesis, probably by mesophyllic limitation rather than by stomatal closure
3DROHWWLHWDO $IWHUGD\V  PROPRO-1*h AOT40), ozonated leaves of
L. nobilis and A. unedo reduced net assimilation with respect to charcoal-filtered
leaves, while P. latifolia did not (Fig. 1). The tolerance of the present species is likely
to further increase under field conditions, when other factors, especially water stress,
limit gas exchanges and then O3 flux into leaves (Emberson et al., 2000).
Plants may acclimate to the presence of O3 either by closing stomata or by inducing
additional free radical- and oxidant-scavenging capacity, or both (reviewed in Podila
et al., 2001). Our data suggest that calculated O3 fluxes are not reliable predictors of
O3 responsiveness in Mediterranean evergreen broadleaves. In the present work,
indeed, the reduction in photosynthetic capacity with increasing cumulative O3 uptake
was not significant (Fig. 2A), and the maximum Amax reduction (-22%) was
associated in L. nobilis leaves to the minimum O3 flux (Fig. 2B). This means that gs by which O3 flux is calculated - and assimilation were still significantly coupled,
adversely to what reported for deciduous broadleaves under O3 (Matyssek et al., 1991;
Clark et al., 1996; Paoletti et al., 2002).
The endogenous metabolism of polyamines, AsA, GSH, and *-tocopherol have been
found to be responsive to O3 in natural woody plants, and correlations between the
levels of these antioxidants and the resistance of plants to exposure to ambient levels
of air pollution in the field have been reported (reviewed in Podila et al., 2001). All
these changes have been suggested to be cellular repair processes, which alleviate the
initial oxidative damage caused by O3. However, the involvement of these antioxidant
metabolites in protecting leaves against toxic reactions induced by O3 is still
controversial (see Moldau et al. 1998; Lyons et al. 1999). As an example, difficulty
remains in demonstrating that the O3 taken up by needles or leaves actually reacts
directly with apoplastic AsA (Foyer et al. 1997; Bérczi and Møller, 1998). However,
AsA must be among the primary plant defence compounds against O3 toxicity, since
in a semi-dominant monogenic mutant of Arabidopsis thaliana (L.) Heynh., Conklin
et al. (1997) showed that at least one of the genes involved in determining O3
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mol m-2 s-1

resistance is connected to the biosynthesis of AsA. Changes in the levels of SOD after
exposure to O3 are also difficult to
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Fig. 1. Net photosynthesis after 0, 45 and 90 days of exposure to 0 (open bars) or 110 (filled
bars) nmol mol-1 O3. Each value is the mean ± sd (n = 21). One or three asterisks denote
significant differences between ozonated and not-ozonated leaves at the levels P<0.1 and
P<0.01, respectively.

interpret. Increased, decreased, and unaltered levels of SOD activity have been
reported in woody plant species fumigated with O3 (reviewed in Podila et al., 2001),
although it was initially suggested that SOD may be a protective enzyme against O3.
To the best of our knowledge, there is no previous study in which antioxidant
metabolites and enzyme have been measured in L. nobilis, A. unedo and P. latifolia.
On the basis of the limited data set in our hands at this stage, the involvement of AsA
in the differential sensitivity to O3 exhibited by the tested species appears unlikely.
Indeed, the most (L. nobilis) and the least (P. latifolia) sensitive to O3, at least in
terms of effect on net photosynthesis, showed comparable constitutive levels of such
an antioxidant metabolite (Fig. 3). Moreover, no difference among control and
ozonated leaves was observed at the end of the fumigation period (Fig. 3).
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Keeping in mind the different experimental context,our results are at variance with
those obtained by Polle et al (1995) and by Wieser et al. (2002) on Norway spruce
(Picea abies L., Karst).
In contrast, both the interspecific distribution of costitutive total SOD activity before
O3 fumigation, as well as the changes of such activity in ozonated leaves, appeared to
be well in accordance with the range of O3 sensitivity observed at the physiological
level (Fig. 3). Infact, the species which behaved as the most sensitive had the least
constitutive SOD level. Moreover, the already low SOD of L. nobilis leaves was
further depressed upon exposure to O3, whereas it was remarkably increased both in
A. unedo and in P. latifolia, more in the latter than in the former in relative terms,
after 90 days of fumigation. This species-specific trend reflect the assimilatory
response to O3, going from the most sensitive laurophyllic L. nobilis to the most
tolerant sclerophyllic P. latifolia, with A. unedo showing intermediate morphological
adaptations and ecology (De Lillis, 1991) and response to ozone (Fig. 1). Interestingly
enough, an increased activity of SOD and of other antioxidant enzymes has been
often, even if not always, associated to an increased tolerance to water stress both in
herbs and in trees (Foyer et al., 1997; Podila et al., 2001). So that, it could be worthy
to compare the present tree species under exposure to multiple oxidative stress, such
as water stress and ozone.
Another antioxidant which could appear of use in interpreting and predicting O3
effects on photosynthesis is reduced glutathione (Fig. 3). Interestingly enough, in the
case of GSH, unlike SOD, the foliar levels were inherently much higher in L. nobilis,
and even tended to increase along the vegetative season. However, no effect of O3 on
the GSH content was observed in this species (Fig. 3). In the other two species, on the
contrary, GSH levels increased only transiently (A. unedo) or even decreased (P.
latifolia) during the vegetative season, but it was nonetheless significantly higher in
ozonated leaves than in control ones at the end of the exposure period (Day 90, Fig.
3). So that, not only the absolute level (SOD), but also the capacity to enhance
antioxidant levels in response to O3 (SOD and GSH) might have contributed, in
certain of the tested species, to protect the photosynthetic machinery from deleterious
oxidative effects.
The preliminary data set presented here is intended to contribute at calculating CL
(Level I, SAEFL, 1999) for endemic Mediterranean species of ecological relevance.
More detailed dose-response curves need to be produced and many other factors
needs to be taken into account in order to understand the basis of O3 responsiveness in
the species considered here. Among such factors, leaf morphology and anatomy, as
packed mesophyll cells, hairs, sunken stomata and other scleromorphic features
typical for evergreen broadleaves (De Lillis 1991) may degrade O3 before uptake or
favour its even distribution inside the leaf; variables that influence the species-specific
ability of stomatal control, such as opening/closure ability, stomatal density and
patchiness (Beyschlag and Eckstein 1998); species-specific emission of volatile
organic compounds, able to protect plant membranes against O3 oxidation (Loreto et
al. 2001).
Nonetheless, the present data suggest that Mediterranean evergreen broadleaves might
be rather tolerant to realistic O3 levels. One factor contributing to such tolerance
might be the ability to rise antioxidant defense to preserve cellular structure and
functions from the oxidative action of the pollutant.
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Carbohydrate concentrations in roots of young beech and spruce
along an ozone pollution gradient
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Abstract
Young beech and spruce were exposed in pots along an ozone pollution gradient in
Switzerland. Spruce was harvested after one and beech after two seasons and
carbohydrate concen-trations were measured in different plant fractions. Ozone was
calculated as cumulative flux, cumulative flux with thresholds of 1.6 or 3.2 nmol m-2
s-1, respectively, or AOT40. With increasing ozone load, the concentration of starch,
monosaccharides and the sum of di- and trisaccharides tended to decrease in beech. In
spruce, decreases of starch were observed in roots (especially Ø 1-5 and >5 mm) and
stems, whereas starch concentrations in needles increased. AOT40 was a better
predictor for the observed changes than any flux measure. The results suggest that
carbohydrate concentrations may be used as an indicator for ozone impact.
Introduction
Ozone is a widespread air pollutant of which the significance is expected to increase
in future (Fowler et al. 1999). Growth and photosynthesis of young forest trees have
been affected at ambient levels (Fuhrer et al. 1997). In order to quantify the risk by
ozone, a critical ozone dose was defined as the daylight sum of all hourly ozone
values exceeding 40 ppb (Fuhrer et al. 1997). This ozone dose, however, does not
consider the fact that for damaging the plants, ozone has to be taken up via the
stomata (Reich 1987), and hence the calculation of stomatal flux would better
describe the ozone risk. In addition, most of the experimental studies have been
conducted with seedlings or young trees in chambers. The upscaling of these results to
mature trees in the outside environment is a challenge to future ozone research
(Fredericksen et al. 1995; Samuelson & Kelly 2001). For this, biochemical indicators
are useful.
Carbon allocation has been shown to be very sensitive to ozone (Spence et al. 1990;
Lux et al. 1997). The aim of the present study was, therefore, to test the usefulness of
carbohydrate concentrations in different plant parts as indicator for ozone effects
beyond experimental chambers – with their micrometeorological and physical
limitations –, thus enabling to investigate also mature forests.
Materials and methods
One year old seedlings of beech and two year old spruce were potted in forest soil and
exposed to six sites with varying ozone concentrations. Two of the sites are situated in
a highly polluted region where visible ozone injury in native vegetation is frequently
observed (VanderHeyden et al. 2001), one (with only spruce exposed) is an alpine site
near the tree line. The soil was a strong acidic silty loam (pH(CaCl2) 4.3, actual base
saturation 83%) The pots were watered in periods of dry weather. All sites were
equipped with a meteorological station consisting of a Campbell CR10X data logger,
air temperature and humidity (Hygromer Rotronic) in a ventilated sheath, wind speed
at 1.5 m height (Vector Instruments AR100), solar radiation (Licor LI-200SA
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Pyranometer), a rain gauge (Licor 1000-20 with 0.2 mm resolution) and soil moisture
(Equitensiometer EQ1). Ozone was measured using a Monitor Labs 8810 monitor
calibrated annually with a transfer standard. The humidity sensor was calibrated once
a year against salt solutions.
Table 1: Description of exposure sites. Meteorological data are given for 1998, ozone
(daylight AOT40) as an average of 1997 and 1998.
Site name
Schönenbuch
Muri
Zugerberg
Wengernalp1)
Monte Sciss
Sagno
1)
only spruce

Altitude
(m)
380
470
990
1990
850
600

Long./Lat. Temperature
°C
7.5/ 47.5 10.3
8.3/ 47.3 8.7
8.5/ 47.1 7.4
7.9/46.6
2.8
9.0/ 46.1 9.5
9.1/ 45.9 10.2

Radiation
(W m-2)
137
99
130
109
122
143

Rainfall (mm)
807
1000
1284
1445
1437
1480

AOT40
(ppm*h)
16.2
8.2
17.1
28.4
26.8
37.4

After one season the spruce and after two seasons the beech plants were harvested and
sepa-rated into fine (Ø <1 mm), medium sized (Ø ±PP FRDUVHURRWV !PP 
stems and – in the case of spruce – also needles. The fractions were frozen in liquid
nitrogen and freeze-dried. The soluble carbohydrates were extracted using 80%
methanol (v/v) and measured by gas chromatography (GC) as silyl derivates as
described by Lux et al. (1997) except that a Perkin Elmer GC was used, equipped
with a capillary column (Optima Delta 3 30 m * 0.25 mm, Macherey Nagel). Starch
was digested from the pellet remaining after methanol extraction with
dimethylsulfoxide/ 8 M HCl 4:1 (v/v) and analyzed enzymatically according to
Boehringer-Mannheim (1989). In the case of beech only fine and coarse root
fractions were analyzed.
Daylight ozone dose was calculated after Fuhrer et al. (1997) and flux after Emberson
et al. (2000) with modifications of maximum stomatal conductance (Emberson, pers.
comm.) and of stomatal functions of temperature and soil water potential (Karlsson,
pers. comm.). Threshold ozone flux included only hours with a flux of >1.6 or >3.2
nmol m-2 s-1 respectively (Karlsson et al. 2002).
Statistical calculations were made using the mixed linear model of SPLUS (Version
2000) with site as grouping variable. Dependent variables were root transformed
where residual plots indicated a deviation from normality. The box plots were
prepared using SYSTAT (Ver-sion 10), with the median as horizontal line, the box
extending from the 25- to the 75-percent quantile and outliers marked with an
asterisks or (far outliers) with a circle.
Results
Beech
Starch, monosaccharides as well as di- and trisaccharides show decreasing trends in
beech roots with increasing ozone dose (Figure 1 - Figure 3). The results are rather
similar for the different ozone measures, with AOT40 yielding slightly lower p-values
in most cases (Table 2). In fine roots, the trends were clearer than in coarse roots.
Because of the small number of sites, the mixed linear model applied for data analysis
did not yield p-values below 0.05; some are, however, below or around 0.1. No trends
were found for sugar alcohols. Starch concentrations in fine roots were much lower
than in coarse roots.
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Figure 1: Starch concentration in fine roots (left) and coarse roots (right) of young potted
beech vs. daylight ozone dose (AOT40, average of two years). For statistics see Table 2.

Figure 2: Concentration of monosaccharides in fine roots (left) and coarse roots (right) of
young potted beech vs. daylight ozone dose (AOT40, average of two years). For statistics see
Table 2.

Figure 3: Concentration of disaccharides in fine roots (left) and coarse roots (right) of young
potted beech vs. daylight ozone dose (AOT40, average of two years). For statistics see Table
2.

Norway spruce
In Norway spruce, only starch showed trends with ozone. AOT40 was a better
predictor for starch concentrations except in the fine root fraction (Table 3). In the
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roots as well as in the stem starch concentrations decreased with increasing ozone flux
whereas in the needles it increased (Figure 4). Significant results (at p<0.05) were
found for all fractions except fine roots, but almost exclusively with AOT40.

Figure 4: Starch concentrations in different fractions of spruce in relation to daylight ozone
dose (AOT40). For statistics see Table 3.

Discussion
Although a large proportion of the results presented is not significant in a strict sense,
the similarity of the reaction between beech and spruce as well as the agreement with
published results suggest that carbohydrate concentrations in different plant
compartments, especially starch concentrations, are useful indicators for ozone
impact. The potential of ambient ozone pollution to affect carbohydrate
concentrations had previously been shown by fumigation experiments with ambient
and filtered air at three of the six sites of the present study. In beech and spruce exposed to ambient and filtered air chambers in Schönenbuch and on Wengernalp, Lux
(1997) found ozone effects on the carbon allocation measured with 13C and on
carbohydrate concentrations in different plant fractions. At Zugerberg, the starch
concentration in the roots of beech seedlings grown in ambient air was decreased
compared with filtered air (Braun & Flückiger 1995). Carbohydrates in roots along
pollution gradients have been measured by Grulke et al. (2001) and by Thomas et al.
(2002). The first study describes decreased monosaccharide and starch concentrations
in fine roots of Pinus ponderosa of different age classes (including mature trees) at
the site with the highest ozone concentrations and the highest N deposition. Thomas et
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al. (2002) found decreased starch concentrations in the roots of mature beech with
increasing ozone concentrations quantified as AOT40, together with an (antago-nistic)
interaction with nitrogen deposition.
The present results suggest slightly higher sensitivity of spruce against ozone
compared with beech. At first sight, this is surprising because in fumigation studies
growth of spruce was less affected than growth of beech (Braun & Flückiger 1995). In
the present study, spruce has even been exposed for only one and beech for two
seasons. However, carbon allocation seems to behave different from growth, at least
for young trees, as also Lux et al. (1997) did not find substantial differences between
beech and spruce. For mature trees, an increased sensitivity of deciduous trees and a
decreased sensitivity of coniferous trees towards ozone may be expected (Samuelson
& Kelly 2001). Thomas et al. (2002) found in their gradient study a correlation
between ozone and root starch concentrations in mature beech but not in spruce
(unpublished results).
The starch distribution within different compartments of spruce, especially the
increase in the needles, is consistent with an inhibition of carbon allocation by ozone
(Spence et al. 1990). By light microscopy, Wellburn & Wellburn (1994) as well found
starch enrichment in Aleppo pine needles after fumigation with O3, Günthardt-Goerg
et al. (1993) in birch leaves. In the case of Pinus halepensis, the enrichment
disappeared by November which is different from the current results based on a
harvest after the end of the season.
The fact that AOT40 behaved similarly (in beech) or even better (in spruce) than
cumulative ozone uptake suggests that stomatal ozone uptake cannot yet be predicted
with the required accuracy. A problem with input data seems less probable as all
necessary input data for the flux calculation were measured on site.
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0.368
0.062
0.288
0.297
0.665
0.273

-0.042 ± 0.039
-0.024 ± 0.008
-0.100 ± 0.078

-0.070 ± 0.056
-0.008 ± 0.016
-0.192 ± 0.144

-0.093 ± 0.066
-0.008 ± 0.020
-0.240 ± 0.180

-0.060 ± 0.046
-0.031 ± 0.010
-0.140 ± 0.090
0.256
0.724
0.275

0.281
0.052
0.217

Cumulative ozone uptake
with threshold 1.6 nmol
m-2 s-1 (mmol m-2 yr-1)
Slope SE
p

-0.121 ± 0.088
-0.011 ± 0.026
-0.315 ± 0.234

-0.077 ± 0.060
-0.040 ± 0.013
-0.181 ± 0.119
0.264
0.709
0.272

0.291
0.054
0.225

Cumulative ozone uptake
with threshold 3.2 nmol
m-2 s-1 (mmol m-2 yr-1)
Slope SE
p

-0.049 ± 0.036
-0.006 ± 0.011
-0.143 ± 0.090

-0.034 ± 0.024
-0.016 ± 0.005
-0.079 ± 0.047

Slope SE

p

0.265
0.590
0.211

0.249
0.056
0.191

AOT40 (ppm*h)

medium roots
coarse roots
stems and branches
needles

0.190
0.198
0.172
0.067

-1.262
-0.894
-0.415
0.425

fine roots

± 0.801
± 0.580
± 0.250
± 0.170

Cumulative ozone uptake
without threshold (mmol
m-2 yr-1)
Slope SE
p
-1.350 ± 0.605 0.089
-2.198
-1.542
-0.729
0.716

± 1.105
± 0.794
± 0.330
± 0.200

0.118
0.124
0.092
0.023

Cumulative ozone uptake
with threshold 1.6 nmol
m-2 s-1 (mmol m-2 yr-1)
Slope SE
p
-1.831 ± 1.029 0.150
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-4.189
-2.876
-1.379
1.289

± 1.805
± 1.316
± 0.525
± 0.313

0.081
0.094
0.058
0.015

Cumulative ozone uptake
with threshold 3.2 nmol
m-2 s-1 (mmol m-2 yr-1)
Slope SE
p
-2.889 ± 1.954 0.213

-1.108
-0.799
-0.370
0.318

± 0.454
± 0.333
± 0.124
± 0.097

Slope SE
-0.200 ± 0.621

0.019
0.021
0.041
0.002

p
0.749

AOT40 (ppm*h)

Table 3: Coefficients and standard errors (SE) of the regression between ozone and starch concentrations in different compartments of spruce.

Fine roots:
starch
monosaccharides
di- and trisaccharides
Coarse roots:
starch
monosaccharides
di- and trisaccharides

Cumulative ozone uptake
without threshold (mmol
m-2 yr-1)
Slope SE
p

Table 2: Coefficients and standard errors (SE) of the regression between ozoneand carbohydrate concentrations in beech roots.
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Abstract – Ozone (O3) exposure and effects on forest vegetation in Italy are being
investigated by a study based on the national intensive forest monitoring sites. The
aims of the study include (i) the characterization of O3 concentrations level at the sites
and their relationship with meteorological data; (ii) the estimation of AOT40 values
on 1-to-5 year basis; (iii) the consideration of factors that may affect O3 uptake by
plants; and (iv) the estimation of O3 effects on a number of response indicators (tree
condition, growth, and nutrient status). The paper reports about the study design, the
operational steps undertaken and the results obtained up to date, and the limitation
that observational studies carried out under routine monitoring programmes may
encounter to carry out a sound risk assessment of the exposure and effects of O3 on
forest ecosystems.
1. Introduction
European forest are being intensively monitored by a network including more than
850 forest plots, so-called Level II plots (EC and UN/ECE, 2002). Although relatively
recent, the set-up of the network was strongly driven by the early concern about
acidification/eutrophication effects on forests and ozone (O3) received a limited
attention: indeed “..especially the lack of ozone data is a serious limitation for the EU
Intensive Monitoring (Level II) database” (DE VRIES, 2000, p. 27). Since O3 is
probably the most dangerous gaseous pollutants for forest vegetation (e.g., FOWLER
et al., 1999; MATYSSEK and INNES, 1999), the above lack is a considerable
scientific and political shortcoming for a program aimed to investigate air pollution
effects on forests. Currently, there are attempts to fill this gap, and attempts to cover
O3 measurements as well as assessment of O3 – like foliar symptoms are currenlty
being promoted by the EC and UN/ECE ad-hoc group on Ambient Air Quality.
Italy contributes to the Pan-European Level II network with the national programme
CON.ECO.FOR that collect data from 28 monitoring sites spread throughout Italy
(Fig. 1) (ALLAVENA et al., 2001). Twenty of these sites are active since 1995-96,
while 8 sites were incorporated at a later stage. O3 has been acknowledged as a
priority issue for the CONECOFOR programme since its beginning and
measurements by passive sampling were undertaken at all the original 20 sites since
1996 (BUFFONI and TITA, 2000). In the year 1998, a Task Force was established to
develop and implement an Integrated and Combined (I&C) evaluation strategy of the
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Italian Level II data (FERRETTI, 2000). In the year 2000, the I&C Task Force
decided its 2001-2005 working plan, within which a Risk Analysis (RA) of actual and
potential O3 effects on forests received the highest priority. This paper reports about
the concept of the study, the data considered, the operational steps undertaken up to
date, and the limitation that observational studies carried out under routine monitoring
programme may encounter to carry out a full and sound assessment of the exposure
and effects of O3 on forest ecosystems.
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Fig. 1 - The location of the Permanent Monitoring Plots (PMPs) of the CONECOFOR programme.
Circles: PMPs operational since 1995; squares: PMPs that have joined the programme at a later stage.
Map prepared by D. Rocchini, Dept. Environmental Sciences, the University of Siena. (after
FERRETTI et al., in press).

2. Concept of the study
The study is based on the fact that site related Risk Analysis cannot be done on the
basis of estimates obtained by large-scale modelling. Therefore, the study is based on
data collected at the site level.
2.1 Network design and monitoring set-up
The Italian programme for the monitoring of forests ecosystems (Italian acronym:
CONECOFOR) started in 1995 within the framework of the intensive forest
monitoring programme launched by the European Commission (Regulation EC n.
1091/94) and carried out under the auspices of the United Nation Economic
Commission for Europe (UN/ECE) (ALLAVENA et al., 2001) (Fig. 1). In all cases
the locations of the PMPs were selected on a preferential basis: this implies that the
results obtained through the programme do not allow for formal statistical inferences,
e.g. findings cannot be extrapolated to sites other than those being monitored.
However, it is reasonable to suggest that consistency of results from different sites
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spread throughout Italy can provide circumstantial evidence of trends that may occur
also to other sites.
The investigations carried out at the PMPs include crown condition assessment,
chemical content of soil and leaves/needles, deposition chemistry, gaseous air
pollutants (mostly O3), tree growth, meteorological measurements, ground vegetation
and remote sensing. Soil solution, streamflow chemistry, Leaf Area Index and
litterfall are also investigated in several PMPs. Details about the set up of the different
investigations, data collection and first results are in ALLAVENA et al. (2001); an
overview of the results obtained over the 1995-1999 period is reported by FERRETTI
(2000).
2.2 Steps
A full Risk Analysis in relation to O3 implies covering the following steps:
♣ estimating O3 exposure (measurement of O3 concentration at a given site and
calculation of exposure indices). This investigation can be supplemented by
analyses aimed to understand the relationships between O3 and environmental
variables;
♣ estimating O3 uptake (measurement/estimation of the portion of atmospheric O3
that enters the plant), or correct properly exposure values, and
♣ estimating the actual O3 effects (the quantification of the detrimental effects of O3
on a given indicator of plant performance and/or health condition after having
removed the effects due to other factors).
Each of these steps contains several sources of uncertainty and is further complicated
by the fact that responses to O3 vary in relation to the species being considered and to
a number of environmental variables (HOGSETT et al., 1997). In addition, the RA to
be undertaken is based on observational studies carried out on a network of sites that
was not designed for investigating O3 effects. This means that (i) sites were not
selected and installed according to an ad hoc experimental design and (ii) the data
collected by the programme may not cover all the data requirements called for by e.g.
the Level II RA.
2.3 Data input
The study focusses on the 1996-2000 five years period. Within this period, the
following data were (and are being) considered.
OZONE DATA
O3 measurements were carried out at all the permanent monitoring plots (PMPs) of
the CON.ECO.FOR. programme. Measurement sites were identified near (generally
200-300 m apart) the PMPs during spring 1996. The sites are characterised by free air
circulation and absence of obstacles in the proximity of the measurement devices. The
O3 measurements were carried out using passive samplers (placed at 2 m height)
developed at the University of Munich, Department of Forest Bioclimatology and
Immission Research (WERNER 1992; HANGARTNER et al 1996). These diffusive
tube type samplers rely on the reaction of indigo with ozone to isatin which can be
determined spectrophometrically. A detailed description of the device is given in
WERNER (1992) and BUFFONI and TITA (2000). The selected samplers were tested
in the framework of two projects (KIRCHNER et al. 1994) and are currently used in
several forest health studies (WERNER 1999). Samplers were exposed weekly (168
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hours) to ambient air. At one site correlation of passive samplers with continuous
measurements was checked by simple regression procedure to fit a linear model.
O3-data from external datasets were also used. They include (i) a series of
measurement by real time O3 analysers provided by the National Environmental
Protection Agency (ANPA) used for validating AOT40 estimates; (ii) a series of O3
measurements by passive sampling undertaken in openfield, below canopy and at top
of the canopy in three Level II plots in the UK (Broadmeadow, pers. com.); (iii) a
series of O3 measurements by passive sampling undertaken in openfield, below
canopy and at top of the canopy in other forest sites in Italy (GEROSA et al., 2002).
METEOROLOGICAL DATA
Meteorological data were collected at 11 of the CONECOFOR PMPs. Data are
collected in the open field (generally at no more than 2 km from the plot) and below
the forest canopy in the actual plot. For the purposes of this paper, only open field
data are considered. With minimum exceptions, the measured parameters include: Air
Temperature (AT) at 10, 2 and 0.1 m, respectively; Relative Humidity (RH) at 10, 2
and 0.1 m, respectively; Soil Temperature (ST) at 0.2 m; Solar Radiation (SR) at 2 m;
Precipitation (PR) at 2 m; Snow Depth (SD) at 5 m; Wind Speed (WS) at 10 and 2 m;
Wind Direction (WD) at 10 m. Details about the technical apparatus and the routine
procedures are provided by AMORIELLO et al. (2000).
VEGETATION DATA
Data about vegetation characteristics were collected at almost all the plots. Data
include species composition, coverage and frequency; maximum Leaf Area Index
measurement; DBH (all trees in the plots) and tree height (measured on a proportion
of trees according to DBH classes). Details about measurement methods are provided
by FABBIO and AMORINI (2000), CUTINI (2000) and CAMPETELLA and
CANULLO (2000).
DEPOSITION DATA
The chemistry of atmospheric deposition was measured in 16 of the 25 permanent
plots active in the network.Sampling was performed weekly from January 1998 to
December 2000 in open field (OF) and in the plot (throughfall and stemflow): detailed
procedure is reported by MOSELLO and MARCHETTO (2000). Chemical analyses
considered all major anions and cations, pH, conductivity and total nitrogen.
FOLIAR NUTRIENTS DATA
Foliar analysis (N, P, Ca, Mg, K) were carried out for all the PMPs at three sampling
occasions: 1995, 1997 and 1999. Leaves and needles have been collected from upper
part of the crown of five trees per plot. The applied protocols of collection,
preparation and analysis of leaves and needles for the 1999 sampling were among
those recommended by the annex V to the EC Regulation 1091/94. Details about
analytical techniques are provided by MATTEUCCI et al. (2000).
SOIL DATA
Soil sampling and analysis were carried out in all the 20 PMPs according to the ICPForests manual, edition 1994. Sampling was carried out in 5 replicates on the organic
horizon and on 4 layers (0-10cm; >10-20; 20-40; 40-80) of the mineral horizon. The 5
replicates were mixed together to obtain a pooled sample.The determinations carried
out were: pH (CaCl2), total Carbon, total Nitrogen, CaCO3 (if pH in CaCl2>6) (all the
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layers); total Phosphorus, total Potassium, total Calcium, total Magnesium, amount of
the organic layer (organic layers only); exchangeable acidity, exchangeable cations;
Cationic Exchange Capacity; base saturation (mineral layers only). FAO classification
was determined on all the soils (ALIANIELLO et al., 2000).
RESPONSE INDICATORS DATA
To investigate the effects of O3 on the forest vegetation at the PMPs the following
response indicators are being considered:
♣ indicators of tree condition: crown transparency, unexplained discoloration and
leaf malformations of the dominant storey (main tree species). These data area
available for all the 20 PMPs;
♣ indicators of tree growth: 1995-1999 change in basal area of the dominant storey
(main tree species). These data area available for all the 20 PMPs;
♣ O3-like foliar symptoms on the main tree species and on the vegetation at ad-hoc
selected Light Exposed Sampling Site (LESS) close to the main plot. These data
are available for PMPs with beech as main tree species for the year 2001;
♣ nutrient leaching from the foliage estimated according to a canopy exchange
model;
♣ foliar nutrient content.
Most of the above indicators are unspecific and were chosen between those available
within the routine investigations carried out within the CONECOFOR programme.
They are subjected to a number of influences, and can only be considered in relation
to other potential predictors. For example, it is of little meaning comparing crown
transparency and O3 levels if other factors like e.g. age, stem density, nutritional
status are not taken into account.

3. Implementation
3.1 Relationship between O3 and meteorological variables
Two multivariate statistical approaches (Principal Component Analysis and Multiple
Regression) were adopted to explore the relationships between O3 and meteo data
(AMORIELLO et al., submitted). Both approaches identify the importance of solar
radiation and wind as factors associated to O3 levels. In addition, the role of a third
component (whose effect changes site by site and year by year) was found important,
especially when O3 concentration remains high during the late season (AMORIELLO
et al., submitted).
3.2 Correction of O3 concentration for measurement height
Although oftenly neglected, the measurement height is important even for a Level I
Risk Analysis. In addition, the measurement height is essential in order to properly
take into account the various resistance terms of the flux equation (e.g. Simpson et al.,
2000), particularly the surface (canopy) resistance to O3. The problem of estimating
O3 concentration at the canopy level starting from measurements carried out above the
canopy is well known (e.g. GRÜNHAGE et al., 2001; TUOVINEN, 2000; PLEIJEL,
1998) and it is generally solved for crops because O3 measurements are usually
carried out at a height of 2-4 m (i.e. above the crop canopy). Things change
considerably when measurements are taken from a point located at a height below the
canopy height, because the resistances occurring due to canopy roughness and
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physiological activity are not fully accounted for. The value of these resistances
determines the O3 profile above the canopy. For these reasons it is important to have
O3 concentrations above the canopy layer as well as the parameters of atmospheric
turbulence and stability (e.g., friction velocity u*; Monin Obukhov L) which are
indispensable to calculations of aerodynamic resistance Ra and quasi-laminar sublayer
resistance Rb. Unfortunately, the CONECOFOR database does not always allows the
calculations of such parameters: an empirical correction factors determined on the
basis of external datasets and references (GEROSA et al., 2001, BROADMEADOW,
com. pers.; KRAUSE et al., 2002) is currently being considered.
3.3 Estimates of AOT40 from passive sampling
An empirical method was developed to estimate AOT40 Level I values from passive
sampling (GEROSA et al., in press). The method is based on the following data and
steps: (i) the weekly mean O3 concentration ([O3]) data obtained from passive
samplers collected at all the sites since 1996 (BUFFONI and TITA, in press); (ii) the
modelling of daily [O3] profile. This has been carried out on the basis of a function
(hereafter referred to as the Loibl fuction, LOIBL and SMIDT, 1996) which describes
the O3 daily profile as a function of relative altitude (the difference between the
altitude of the site and the lowest altitude within a 5 km radius); (iii) calculation of
estimated AOT40 (AOT40e) and validation against the measured AOT40 (AOT40m).
When the theoretical daily profile for the site is known, then the hourly exceedance of
40 ppb can be computed.
Results shows that the method can provide acceptable estimates of AOT40 values
(n=22; R2=0.93; P<0.01; median absolute difference estimated-modelled for
rural/remore sites: 5-6%). Mean 1996-2000 AOT40 exceeds the critical level of 10
ppm*h-1 at many sites (Fig. 2) (GEROSA et al., in press). These results are to be
considered as conservative in that they refers to the period June-September only (i.e.
2/3 of the usual computational period) and are based on concentrations at the
measurement height, not at the canopy level. Therefore, it is very likely that the
critical level is exceeded at a higher number of PMPs.
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Fig. 2 – Mean June-September AOT40 values for the period 1996-2000 at the various PMPs of the
CONECOFOR programme in Italy. See Fig. 1 for the location of the PMPs.
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3.4 Consideration of possible modifying factors
DROUGHT STRESS INDICES
Drough stress indices were calculated for the PMPs and years with meteo data. Three
indices were considered: the relative transpiration (the ratio between the actual
transpiration and the potential transpiration); the difference between precipitation and
potential evapotranspiration; the relative evapotranspiration index. Given the data
requirements and the actual data avaialability, the relative evapotranspiration index
RET was adopted as a compromise. It was calculated according to the following
(Amoriello et al., 2000):
RET = 100 ⋅ ∑ E w / ∑ E w *
w

w

where E*= potential weekly evapotranspiration; Ew = actual
evapotranspiration. Ew has been defined by the following approximation:

E *
Ew =  w
 Pw

if
if

weekly

E w * < Pw
E w * > Pw

This index is a simple indicator of drought stress, although, in this way, soil water
reserve is not considered. It represents the maximum limit of possible water deficit.
VAPOUR PRESSURE DEFICIT
Under the condition typical of southern Europe, high O3 concentration can occur
simultaneosuly with high values of Vapour Pressure Deficit (VPD). For this reason,
VPD is considered a strong driver of O3 uptake (e.g. EMBERSON, 2002;
EMBERSON et al., 2000, 2002). As a first attempt to take into account modifying
factors, VPD has been calculated for those PMPs equipped with meteorological
devices. A preliminary adjustment of AOT40 by weighing according to weekly values
of VPD calculated over the time window 08.00-18.00 was done on the basis of the
data collected in the year 2000 (Fig. 3). With the exceptions of two sites, differences
are limited. Further development on the basis of hourly values are being carried out.
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Fig. 3 - Comparison between AOT40 values (June-September 2000) before and after the correction by
VPD. See Fig. 1 for the location of the PMPs.
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3.5 Assessment of actual and potential effects on vegetation
VEGETATION VULNERABILITY TO O3
To assess the potential vulnerability of vegetation to O3 effects, the number (Fig. 4),
cover and frequency of species sensitive to O3 were considered. A species was
considered sensitive according to its inclusion in the lists of sensitive species currently
being available from several sources. Attempts are currently being made to integrate
number, cover and frequency into an individual score and for each vegetation layer
(trees, shrubs and herbs). This will allow a ranking of the PMPs according to the
expected vulnerability of the plant community.
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Fig. 4 – Proportion of species sensitive to O3 and AOT40 at the Italian PMPs.

ESTIMATION OF O3 EFFECTS ON TREE CONDITION, GROWTH AND
NUTRITION
Usually, obervational field studies consider multivariate statistical techniques (e.g.,
multiple regression models) as a tool to identify relationships between predictors
(independent variables) and response (dependent variables) and to calculate the
proportion of variance explained by the various predictors. Within the CONECOFOR
programme, a major problem in this respect is that the number of predictors is high
and this may cause an unfavourable ratio between cases and variables. For example,
the 20 PMPs of the plot have different main tree species, different age, and stem
density, are located at different elevations, on different soil types, under different N
deposition regimes and nutritional status. This situation may cause some problems for
investigating the effects, especially when considering that a 1:4 – 1:5 ratio between
cases and variables is essential for multivariate statistics. For this reason, the actual
chances to investigate relationships between exposure to O3 and response indicators is
currently being considered.
O3-LIKE FOLIAR SYMPTOMS
Beside the statistical evaluations, O3 effects were investigated by means of an ad-hoc
survey on O3-like foliar symptoms in the year 2001. The survey was limited to those
PMPs with beech as main tree species. Symptoms were assessed both on foliage
collected from the upper portion of the canopy and on the vegetation at the LESS. A
limitation is that no estimate of AOT40 values has been carried out for the year 2001.
However, in general the relationships between the mean AOT40 1996-2000 and the
annual values are good (mean R2=0.69 when comparing individual years with the
overall average; mean R2=0.54 when comparing the individual years with the average
obtained from the remaining years) (Fig. 5) so it is reasonable that sites with average
high AOT40 values continue to have high values also in the year 2001.
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Fig. 5 – Relationships between mean AOT40 and values for individual years. Left: mean 1996-2000
AOT40 and values for the year 2000; bottom: right 1996-1999 AOT40 and values for the year 2000.

Table 1 reports the results of the O3-like foliar symptoms survey in 2001. Foliar
symptoms has occurred at the PMP VEN1, i.e. the PMP with the minimum average
1996-2000 AOT40 value.
Table 1 - Survey 2001 on O3-like foliar symptoms on MTS (Main Tree Species) and LESS (Light
Exposed Sampling Site) in Italy.

PMP

Assessment Date

MTS

MTS
Symptomatic

ABR1

21/08/2001

Fagus
sylvatica

No

CAL1

20/8/2001

Fagus
sylvatica

No

CAM1

30/8/2001

Fagus
sylvatica

No

EMI2

Fagus
sylvatica
Fagus
sylvatica

No

PIE1

MTS: 23/8/2001
LESS: 1/8/2001
26/8/2001

VEN1

28/8/2001

Fagus
sylvatica

Yes

No

Species in LESS

Symptomatic
Species in LESS

AOT40
1996-2000

Fagus sylvatica, Digitalis
micrantha,Verbascum
thapsus
Fagus sylvatica, Crataegus
monogyna, Rubus
ulmifolius, Pteridium
aquilinum, Euphorbia
amygdaloides, Vinca minor
Hedera helix, Cytisus
scoparius
Fagus sylvatica, Rubus
ulmifolius, Digitalis
micrantha,
Pteridium aquilinum,
Daphne laureola
Prunus spinosa, Crataegus
oxycantha
Fagus sylvatica, Vaccinium
vitis idaea, Pteridium
aquilinum, Picea abies,
Gentiana kochiana
Fagus sylvatica,Rubus spp.
Sambucus nigra, Lamium
spp., Dactylis glomerata
Picea abies, Daphne
laureola, Petasites spp.,
Salix capraea, Fragaria
vesca, Cirsium spp.

None

6546

None

4389

None

17291

None

17887

None

8686

Rubus spp.
Lamium spp.

4004

4. Conclusions
Within the framework of a broader strategy of Integrated and Combined (I&C)
evaluation of intensive monitoring data, an O3 Risk Analysis (RA) is currently being
implemented in Italy. The RA has started with a Level I approach, based on
estimation of AOT40 levels. The RA is based on observational field studies carried
out within a routine monitoring programme, which was not designed for such a
specific objective. Yet, the RA seems able to provide a valuable insight in the actual
and potential O3-related risk as well as on the major weakness of present forest
monitoring programmes in the perspective of risk assessment.
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In particular, while it was possible to achieve a reasonable estimates of forest plots
exposure to O3, and of the potential vulnerability of forest vegetation to O3, the
progress towards a Level II approach is constrained by the data requirements which
cannot be always properly satisfied. While at the large-scale modelled data are a valid
option, at the plot scale this approach is questionable. In addition, there is an inherent
difficulty of evaluating the actual effects of O3 on forest vegetation, either because
response indicators are unspecific and because - under field conditions - the high
number of potential predictors requires a large amount of cases in order to properly
apply multivariate statistics. This seems difficult to be done within national
monitoring programmes, where stratification may lead to a too low ratio between
cases and variables.
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INTRODUCTION
The impact of troposheric ozone (O3) is of major concern in the Mediterranean area
since exceedances of the critical levels of this pollutant have been reported and its
phytotoxic effects on many plant receptors have been widely appreciated through
passive or active bioindication (Fumagalli et al., 2001) or by experimental work in
controlled or semi-controlled conditions. Most of the experimental work has
concentrated in the impact of O3 on horticultural and arable crops, assessing its effects
on the external appearance, the yield or physiology of different species.
However a limited data base exists regarding ozone effects on Mediterranean woody
plants. The most studied species was Aleppo pine (Pinus halepensis) were O3 effects
on biomass, needle nutrient (Elvira et al., 1995) and photosynthetic pigment content
(Elvira et al., 1998), antioxidant molecules (Alonso et al., 2001) and their interactive
effects with water stress (Inclán et al., 1998) were assessed (see review by Barnes et
al., 2000). The study carried out by Inclán et al. (1999) indicated the differential
sensitivity to O3 of five woody species and the weak relationship between the
appearance of foliar O3 injury and the induction of adverse effects on plant growth.
However, difficulties in ranking the O3 sensitivity of different species may arise since
intraspecific variations have been reported in several plant species such as poplar
(Ranieri et al., 2001), olive trees (Minnocci et al., 1999), holm oak (Inclán et al.,
1999) and loblolly pine (Taylor, 1994). These variations in population response are
usually explained by intrinsic genetic variability although other authors have related
them with the existence of spatial gradients in O3 concentrations or other
environmental stresses (Reiling & Davison, 1992). These variations in population
responsiveness to O3 should be taken into account when the potential impact of this
pollutant on specific areas is assessed or when Level II critical levels for the
protection of forest tree species are defined.
Quercus coccifera is an evergreen plant species present in a wide range of
Mediterranean environments, from very humid to semi-arid areas. As a result several
ecotypes exist with varying plant architectures, from the size of small trees to less
than 2-m shrubs. Balaguer et al. (2000) has described two different populations of this
species from in-land Iberian Peninsula presenting distinct morphological attributes
and also dissimilar physiological behaviour regarding chlorophyll fluorescence,
stomatal conductance and assimilation rates in response to the extreme environmental
conditions they face during warm dry summers and cold winters. These two ecotypes
grow in quite different environments, the garrigue ecotype is taller and grows in deep
soils while the rock ecotype grows in a south-oriented rocky area and presents a
height of less than 2m. These differences in physiological and morphological traits
might determine differences in their sensitivity to O3 exposure.
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The aim of this work is to assess whether these two populations of Q. coccifera
respond differently to long-term O3 exposure by evaluating gas-exchange and
biomass-related parameters. The implication of the results for the determination of O3
critical levels (level II) is discussed.
MATERIALS AND METHODS
Plant material
Acorns of two Q. coccifera ecotypes were collected at two different sites, the rock
ecotype acorns were collected in a rocky area at the Cañada de Verich (40o52’ N,
00o07’ W, Teruel, Spain) while the garrigue ecotype acorns were collected at Mata de
los Olmos (40o51’ N, 00o32’W, Teruel, Spain). The acorns of both ecotypes were
sown in a greenhouse using a 75% peat (pH 6) and 25% vermiculite substrate
supplemented with 2.5 kg of Osmocote plus (NPK: 9/11/18 plus 1.5 MgO) and
Triabon (NPK:16/8712 plus 4 MgO) per substrate m3.
The seedlings of both ecotypes were transplanted to the open-top chamber (OTC)
experimental field on the 26th of June 1998. Five days later they were transplanted to
3 l pots with the following substrate: peat and pine bark (Universal substrate, TMA)
with 34% OM (pH=6) supplemented with 9 g/pot of a slow-release fertiliser
(Osmocote, NPK:15/8/11). The following day 16 plants of each ecotype were
introduced in each OTC. A droplet system was used to ensure an homogeneous
irrigation of plant material.
Ozone exposure
Plant material was exposed in NCLAN-type OTCs to charcoal filtered air (CFA),
non-filtered air (NFA) or non-filtered supplemented with O3 from 9:00 to 18:00 GMT
for 5 days per week from July 1998 until July 2000. Three replicated OTCs were used
per each O3 treatment. Further details of the OTC experimental field can be found in
Pujadas et al. (1997).
Growth measurements
Shoot height and plant above ground and below ground biomass was determined prior
to plant entrance in the OTCs. Plant height was also assessed in eight plants per
chamber once every season during the two years the experiment lasted . The relative
growth rate (RGR, mm week-1) was calculated as Lnh2-Lnh1/t2-t1 with h2 and h1
representing the height (mm) at times t2 and t1 (in weeks). Plant above and below
ground biomass was also determined at the end of the experiment and the biomass
RGR was calculated using a similar approach than for height RGR.
Gas exchange-related parameters
Photosynthesis (A), stomatal conductance (gs) were measured using LI-COR 6200
and LI-COR 6400 portable gas exchange systems (LI-COR, Lincoln, NE, USA).
Daily calibrations of the instruments were carried out at the beginning of each
sampling date according to supplier’s recommendations. Measurements were made on
the fully developed leaves of plant canopy. The projected area of the leaves was
determined using an area meter (Delta-T Devices Ltd., England). Seasonal
determinations of these parameters were performed, involving 2-3 days per season.
Several measurements were carried out each day, from 1-2 hours after sun rise until 1
hour before sun set. The measurements were carried out in both ecotypes involving 8
plants per ecotype in each chamber.
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Statistical analyses
Differences among treatments and provenances were tested using a multiple analysis
of variance with O3, provenance and season as independent factors. Data were
checked for their normal distribution and homogeneous variance. Post-hoc
comparisons were tested using the least significant difference test (LSD), calculated at
the 5% level. Regression analyses were carried out to assess long-term effects of O3
exposure on the assimilation rates of both ecotypes. All the analyses were performed
using Statistica v 5.1 software package (StatSoft Inc., Tulsa, OK, USA).
RESULTS AND DISCUSSION
No significant differences in height, aboveground, belowground or total biomass RGR
were found between both ecotypes or between O3 treatments, although a 6% reduction
in the total biomass of both ecotypes was appreciated following their exposure to
above-ambient O3 levels. No significant ecotype-O3 interactions were detected.
Both ecotypes presented similar magnitudes of gas exchange-related parameters when
grown in the CFA treatments. Maximum A and gsOHYHOVUDQJHG PROP–2 s-1and
150-200 mmol m-2 s-1, respectively, throughout the experiment (see Table 1).
Table 1
Seasonal variations in photosyntetic rates (A, µmo m-2 s-1) and stomatal conductance
(gs, mmol m-2 s-1) of both ecotypes
GARRIGUE

ROCK

A (µmol m-2s-1)

CFA

NFA+40

CFA

NFA+40

98 summer
99 winter
99 spring
99 summer
99 autumn
00 winter
00 spring
00 summer

5,69±0,75
9,66±0,50a
8,29±0,62a
7,75±0,91ab
8,19±1,54ab
7,74±0,29a
11,49±0,62a
9,36±0,48a

6,89±0,90
9,47±0,54a
10,96±0,57b
9,59±0,68a
7,45±0,98a
6,40±0,38b
7,41±0,89b
7,42±0,53b

7,16±0,78
9,6±0,65a
8,16±0,70a
8,51±0,66ab
10,48±0,61b
7,06±0,32ab
8,88±0,82b
9±0,57a
ROCK

6,73±0,67
7,97±0,37b
8,42±0,75ª
6,13±0,86b
7,70±0,34a
6,36±0,32b
9,16±0,83b
8,73±0,56ab

GARRIGUE
-2 -1

gs (mmol m s )

CFA

NFA+40

CFA

98 summer
99 winter
99 spring
99 summer
99 autumn
00 winter
00 spring
00 summer

198±25a
199±14a
151±14ac
117±16ab
220±25ab
106±5
199±17a
165±11a

245±30ab
191±14a
217±15b
147±12a
182±20a
89±5
139±20b
127±11b

251±29b
207±20a
134±15a
129±14ab
250±22b
92±5
155±17ab
153±12ab

NFA+40
244±22ab
153±10b
175±19c
70±5b
195±14a
87±4
154±15ab
139±9ab

CFA= Charcoal-filtered air, NFA+40= non-filtered air supplemented with 40 nl l-1 O3.Different letters
indicate statistical significant differences as derived from a multiple ANOVA analysis with O3
treatment, ecotype and season as factors.

Significant differences were found in the response of gas exchange rates of both
ecotypes. During the first year of exposure, reductions in A and gs were appreciated in
winter (17 and 30% respectively), and autumn (18 and 45% respectively) in the
NFA+ plants of the rock ecotype when compared with CFA plants. During the second
year O3 exposure did not determine any difference in the gas exchange rates of this
ecotype (see Table 1). In contrast, no differences and even increases of gs and A
values were found in the plants of the garrigue ecotype that grew in the NFA+
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chambers when compared to those grown in CFA OTCs (Table 1). Therefore plant
uptake under NFA+ conditions would be greater during the first year of exposure in
the garrigue ecotype than in the rock population.
Both ecotypes also responded differently to long-term O3 exposure regarding A and
gs, as was appreciated when their NFA+ levels relative to CFA values were regressed
against increasing accumulated O3 exposures associated with time length (see Figs.
1a and 1b).
a)

b)

GARRIGUE y = -0,0003x + 130,15 R2=0,5328

GARRIGUE y = -0,0003x +131,13 R2=0,5387

2

ROCK y = -3E-05x + 93,067 R2 = 0,0056

140

GARRIGUE

130

ROCK
gs reduction (%)

A reduction (%)

ROCK y = 2E-05x + 86,981 R =0,0138

120
110
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Figure 1.- Reduction in photosynthetic activity (a) and stomatal conductance (b) of the NFA+
plants relative to charcoal filtered values in response to accumulative ozone AOT40 levels
(ppb.h) in both Quercus coccifera ecotypes. Open squares, garrigue ecotype; Closed squares,
rock ecotype.

The rock ecotype was not affected by O3 although accumulated exposures of 200
ppm.h were reached. On the other hand, the garrigue ecotype showed increased
reductions in both A and gs following its continuous exposure to O3 (r2=0.54,
p<0.05), that might imply future reductions in biomass or other growth-related
parameters. The different response to O3 of both Q. coccifera ecotypes could be
explained by maternal effects associated with their parental environment (Balaguer et
al., 2001). Since the rock ecotype faces extreme environmental conditions at its
original location it would be more resistant to oxidative stress and therefore to O3
exposure than the garrigue ecotype. One of the resistance mechanisms that would be
implied is a reduction of gs induced by early O3 exposure.
Recently, Emberson et al. (2001) proposed a methodology to derive O3 critical levels
based on plant O3 uptake rather than on O3 exposure. The gs values relative to the
maximum gs levels reached in the rock or garrigue ecotype were plotted against O3
exposure in an attempt to derive gs-O3 functions that would be applicable to that
approach (see Fig. 2). The rock ecotype showed a reduction in gs when seasonal
exposures (expressed as AOT40 values) above 9 ppm.h were recorded. A similar
pattern was appreciated in the garrigue ecotype but the O3 exposure needed to trigger
a reduction in gs was much higher, above 30 ppm.h. As a result, the boundary-line
function that was used to fit the data presented a greater slope for the rock ecotype
than for the garrigue ecotype.
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Figure 2.- Boundary line analysis representing the stomatal conductance(Relative gs) of each
ecotype and seasonal accumulated O3 exposure expressed as AOT40 levels.

In summary, the two Q. coccifera populations presented a different response to longterm O3 exposure. The garrigue ecotype was more sensitive to O3 than the rock
ecotype, presenting reductions in both A and gs values in the long-term. However, the
gs values of the rock ecotype were reduced by seasonal accumulated O3 exposure, an
effect that was not appreciated in the garrigue ecotype. This effect would determine a
reduction in the O3 uptake of the rock ecotype and therefore O3 phytotoxicity would
be lower in this ecotype than in the garrigue ecotype.
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Abstract
Ozone is an air pollutant of great consequence for a sustainable development of
forests in Mid-Europe. Although the evaluation of ozone data showed frequently high
exceedances of the critical level standard ("AOT40") a corresponding reduction in the
biomass increment of forests was not reported for many regions of Mid–Europe.
Therefore modifications of the AOT40 concept are under permanent discussion.
For forest areas in Austria the ozone load was primarily assessed by modelling the
AOT40. The resulting "ozone risk" was thought to be a higher probability of visible
injuries of leaves and needles combined with a reduced productivity. As these
predictions were rarely approved by forest inventories, the paper aims to modify the
AOT40 standard by three approaches to meet better the reality.
A 1st approach to model a realistic ozone impact was based on the likley assumption
that forest have adapted over years to so-called “pre-industrial” average ozone
concentration levels, which were shown to increase with altitude as documented in
historical monitoring records. The 2nd approach was based on meteorological factors
affecting stomatal uptake of gases in general (solar radiation, water vapour pressure
deficit). The 3rd approach combines both approaches: the pre-industrial ozone level
exposure was applied for autochthonous forest areas (based on a forest hemeroby
map), for non-autochthonous forest stands the ozone-uptake approach was applied.
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