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Abstract: This study attempted to detect the impact of ozone
on adult trees of Norway spruce (Picea abies [L.] Karst.) and Eu-
ropean beech (Fagus sylvatica L.) in an experimental mixed stand
in Southern Bavaria, Germany. The aim was to examine whether
there is a decrease in growth when trees are exposed to higher
than atmospheric concentrations of ozone. This exposure was
put into effect using a free-air fumigation system at tree crown
level. Growth analysis was carried out on a group of 47 spruce
and 36 beech trees, where radial stem increment at breast
height – a sensitive index for stress – was measured. The ozone
monitoring system allowed values to be obtained for the accu-
mulated ozone exposure (SUM00) of each individual tree, so that
their radial increment over three years could be correlated with
the corresponding ozone exposure for the same time period.
Correlation and regression analysis were then carried out to test
the influence of ozone on diameter increment. In both spruce
and beech, the initial stem diameter was the most influential
factor on radial increment in the following year. A linear model
was applied, including the diameter of the preceding year and
the ozone exposure of the current year as predicting factors.
For spruce trees, a significant negative influence of ozone expo-
sure was found. In contrast, no significant ozone effect on diam-
eter increment of beech was detected. The effect of ozone stress
on a large spruce tree can lead to a decrease in potential radial
increment of 22%. The results are discussed in relation to other
stress factors such as drought and lack of light.

Key words: Ozone, free-air ozone fumigation, stem diameter in-
crement, permanent increment tapes, increment decrease, Nor-
way spruce, European beech.

Introduction

Few results on the impact of ozone on plants have been gained
from field experiments. Most results have come from chamber
experiments, although there are several field experiments in
which ozone stress was estimated with low spatial resolution
or radial increment was related to visible ozone damage (Som-

ers et al., 1998; Vollenweider et al., 2003; McLaughlin and
Dowing, 1995). Because of the enormous financial and person-
nel outlay, field experiments with controlled ozone exposure
of tree species are rare (Karnosky et al., 2003) or have been
limited to seedlings and young plants (Bäck, 1999; Samuelson,
2001; Oksanen and Saalem, 1999). In addition, such studies
have mainly dealt with chemical, physiological, and anatomi-
cal aspects of stress and not growth reactions as a result of bio-
chemical processes at lower hierarchic levels.

Considering the global aspect of increasing ozone concentra-
tions in the atmosphere, reactions of forest stands – as impor-
tant carbon sinks and natural resources – are crucial for eco-
logical and economical prognoses (Ashmore, 2005). According
to Broadmeadow (1998), transferring results obtained from
chamber experiments to forest stands leads to high levels of
uncertainty.

The most promising approach to detect growth reactions of
trees on ozone exposure should be analysis of stem increment
of the lower end of a tree trunk. Compared to the formation of
new buds, leaves, shoots, and fine roots, carbon allocation to
stem wood has a relatively low priority (Waring and Schlesing-
er, 1985). Allocation to stem wood only becomes essential if
new sapwood is required for water supply to leaves or for
maintenance of mechanical integrity of the stem. Due to its
low priority in the allocation hierarchy, diameter increment
in breast height is particularly sensitive – even though unspe-
cific – in terms of a tree’s resource availability.

In trees of equal size, a high diameter increment indicates a
reasonable balance in carbon allocation, whereas a low in-
crement indicates shortage of building materials, and a limi-
tation on carbohydrates for storage or defence (Waring and
Schlesinger, 1985). Kramer (1986), Pretzsch (1985), and Sterba
(1996) have shown that Norway spruce, Scots pine, and silver
fir reduce radial increment during stress, particularly in the
lower third of the stem. Somers et al. (1998) found symptoms
of ozone pressure in basal area increment of yellow poplar,
contrary to findings for other variables such as height or rela-
tive crown length. Although the crowns of silver fir, Scots pine,
and Norway spruce did not always show unambiguous stress
symptoms, Elling (1993), Pretzsch (1998), and Schweingruber
et al. (1983), using tree ring analysis, detected up to 20 missing
tree rings at breast height. Therefore, increment at stem base is
appropriate for early detection of stress and decline in tree
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vitality, however, increment decrease at stem base is not rep-
resentative of the whole stem and least of all for the whole
tree. Under stress, tree rings in the lower part of the stem can
be missing or rather narrow, whereas rings in the stem’s up-
per part and branches are still normal, i.e., trees become top-
heavier. Therefore, use of a particular increment decrease at
breast height with reference to the whole stem or even tree
would result in an overestimation of growth decrease.

The subsequent evaluation is based on a free-air ozone fumiga-
tion experiment in an adult mixed stand of Norway spruce (Pi-
cea abies [L.] Karst.) and European beech (Fagus sylvatica L.),
which has been described by Grote and Pretzsch (1998). Nor-
way spruce and European beech are the most important tree
species in Middle Europe. Norway spruce and European beech
account for nearly 75% of the harvested timber in Germany
(BWI, 2005). Forests dominated by European beech cover
14.8%, while Norway spruce-dominated forests cover 28.2% of
absolute forest land in Germany. There is also a considerable
area containing mixed stands, with 84.7% beech and 32.7%
spruce.

In this study, recordings of ozone exposure and annual diam-
eter increment from 2002 to 2004 are used to test the follow-
ing hypotheses:
– H I: Exposure to ozone has no effect on the stem diameter

increment of Norway spruce and European beech. In case
of H1’s falsification we pose H2.

– H II: Both considered species react similarly to ozone expo-
sure in terms of radial increment of the stem.

Materials and Methods

Kranzberg Forest

The growth response to ozone fumigation of adult Norway
spruce and European beech trees was analyzed at the experi-
mental site “Kranzberger Forst” (Grote and Pretzsch, 1998),
where a group of trees was fumigated with ozone in a unique
free-air O3 experiment (Häberle et al., 1999; Werner and Fa-
bian, 2002; Nunn et al., 2002). Every eight weeks, diameter at
breast height (1.3 m) was measured to examine a potential in-
fluence of ozone on diameter growth.

The experimental site was established in 1994, based on an ex-
isting mixed stand of Norway spruce and European beech with
other tree species of less importance. The experimental site

“Kranzberger Forst” is located 35 km northeast of Munich in
the “Tertiäres Hügelland” (Tertiary Hill Region) in southern Ba-
varia, Germany. The site conditions are summarized in Table 1.
The plot is rectangular, with a size of 50 × 100 m. Most of the
beech trees are situated in two groups, where one group forms
the centre of the ozone fumigation experiment.

In spring 2004 the age of the trees in the experimental plot
was approximately 52 ± 2 years for spruce and 62 ± 4 years for
beech. Both species grow in a balanced competitive situation.
While spruce shows prominent height growth, beech typical-
ly tends to expand more horizontally and effectively closes
crown gaps. Table 2 illustrates the characteristics of the whole
stand for spring 2000, just before ozone fumigation started.

Ozone fumigation experiment in Kranzberg Forest

To gain knowledge of the reaction of adult trees to chronic
ozone exposure, the “Kranzberg Ozone Fumigation Experi-
ment” (KROFEX) was established. This system provides contin-
uous and controlled free-air fumigation of adult tree canopies
with twice ambient ozone concentration (Werner and Fabian,
2004; Nunn et al., 2002).

The ambient ozone concentraton is measured by an O3 ana-
lyzer (MONITOR LABS, 8810) positioned above the canopy,
away from the fumigated area, thus providing a background
control. The maintenance of double ozone concentration with
respect to ambient ozone concentration is controlled by eight

Table 1 Site characteristics of the experimental plot “Kranzberg
Forest”

Parameter Value Reference

Altitude 490 m above sea level

Mean annual tem-
perature

7.0 – 7.5�C

Precipitation 730 – 890 mm

Temperature during
vegetation period

14.0 – 15.0�C

Soil luvisol derived from loess
over tertiary sediments

Grote and
Pretzsch, 1998

Natural vegetation Galio-odorati-Fagetum Walentowski
et al., 2004

Table 2 Stand characteristics of the experimental plot “Kranzberg Forest” for spring 2000

Species Age Number
of trees

Average
height of
100 domi-
nant trees

Average
diameter of
the 100 domi-
nant trees

Height
of mean
basal area
tree

Diameter
of mean
basal area
tree

Basal area Volume Annual
volume
increment

Norway spruce 47 506 27.9 41.4 25.5 28.4 32.1 398 14.4

Scots pine 47 14 27.6 38.9 25.9 30.0 1.0 12 0.3

European larch 47 2 24.2 24.0 0.1 1 –

European beech 57 297 25.2 36.7 24.0 23.4 12.8 156 4.7

Pedunculate oak 57 10 24.4 27.1 24.0 23.8 0.4 5 0.2

Total 829 46.4 572 19.6
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O3 analyzers at different heights and positions. Maximum
ozone levels were limited to 150 ppb. The ozone is generated
from 90% oxygen to avoid uncontrolled NOX production. The
ozone is transported by means of 120 PTFE tubes hanging from
a grid (120 m2) above the canopy.

The eight O3 analyzers (logging interval 10 s) and 101 rope-
mounted passive samplers (changing interval 1 week) are
positioned at four levels whose heights are adjusted to reflect
the stand’s properties. These heights are 6 m (stems), 14 m
(shade crowns), 21 m (sun crowns), and 26 m (above canopy).
The isoplots are based on 25 passive sampler points (level 6 m,
14 m, and 21 m) and 18 samplers at the 26-m level (Fig. 1).
Eight samplers are mounted as near as possible to the contin-
uous ozone analyzers, for calibration purposes. The plots show
a clear concentration of ozone in the fumigation area. Further,
the decreasing ozone concentration with increasing distance
from the fumigation area is quite obvious.

For this study the SUM00 value of defined periods, as shown in
Table 2, was calculated. SUM00 is the sum of all hourly average
ozone concentrations above 0 ppb expressed in ppb · h. SUM00

was used instead of a threshold value such as AOT40, which
needs hourly values of ozone concentrations. AOT40 (accumu-
lated dose over a threshold of 40 ppb) is the sum of the differ-
ences between the hourly mean ozone concentration (in ppb
or μl/l) and 40 ppb (or μl/l) for each hour when the concentra-
tion exceeds 40 ppb, accumulated during the time of day when
global clear sky radiation is above 50 W/m2. Fumigation start-
ed in the year 2000. The newly developed passive sampler de-
ployed in this research was only available in spring 2002. For
calculation of the influence of ozone on radial stem growth,
SUM00 values were taken from the 21-m aboveground level,
to cover ozone exposure of the biologically efficient sun crown
of the stand.

Table 3 shows the variability of the ozone sum between the
study years. These differences are related to two factors: vary-
ing length of the vegetation period and different environmen-
tal conditions. In the exceptional drought year of 2003, with its
high radiation during the summer months, the ambient ozone
level and therefore also the ozone level maintained by the fu-
migation system was higher than in other years.

Fig. 1 Ozone distribution in “Kranzberg Forest”. Sun crown = 20 m above ground exposed from 2. 9. – 9. 9. 2003.

Table 3 Ozone exposure to trees in “Kranzberg Forest” during the years 2002– 2004. The minimum values can be regarded as ambient ozone
concentration

Year Period of ozone fumigation All samplers SUM00 (ppbh) on the plot
Begin End Days Mean (ppbh) Min. (ppbh) Max. (ppbh)

2002 2002-24-04 2002-29-10 185 146.293 101.733 255.047

2003 2003-04-04 2003-04-11 210 242.200 184.417 393.428

2004 2004-18-05 2004-03-11 165 160.978 126.355 223.214
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The selection process for the sample trees

The sample trees were selected according to their distance
from the ozone passive samplers to ensure that these trees
were exposed to defined ozone concentrations. The distance
between each tree and the samplers was calculated. The pro-
jected crown area was estimated for each tree as a regression
function from stem diameter based on measured crown pro-
jection. A tree was selected if the crown was less than 3 m
away from the next sampler.

The applied permanent girth tapes are made of temperature-
insensitive plastic and were successfully tested by Spelsberg
(1986), Franz et al. (1990), and Nüsslein (1995). Compared with
repeated measurements by calliper or girthing tape, the per-
manent installation ensures a considerably higher accuracy of
diameter increment recordings (Prodan,1965; Pretzsch, 2002).
Accuracy is additionally increased by using a vernier scale. On
the experimental plot, FRE 813/1 tapes were installed on 330
Norway spruces and 196 European beeches at 1.30 m height
and read from 1997 to 2004 at 2-month intervals with a preci-
sion of 1 mm. Recordings of annual diameter increment from
2002 to 2004 are used for this study.

Sample of trees

The group of trees studied consists of 47 spruces and 35 beech-
es (Table 4). Both species have a wide diameter range. The
spruce group consists of trees from 8.8 cm to 51.8 cm diameter
at breast height (dbh), with a mean diameter of nearly 30.0 cm.
The distribution maximum is between the 25-cm and 40-cm
diameter class, with 19 trees. The maximum height of spruce
is 30 m. These trees are thus among the highest on the experi-
mental plot. The smallest tree is 13 m high and is probably un-
der strong competitive pressure. The diameter of beech trees
varies from 14.3 cm to nearly 40 cm, with an average of 24 cm.
The dominant diameter class here is about 20 cm, comprising
12 trees. The average height, as well as the maximum height,
of spruce is considerably higher than that of beech, whereas
the average dbh of both species hardly differs. Considering
the tendency of beech to spread its crown rather than to grow
in height, it can be assumed that, despite the presence of small
spruce, every plant is represented in the canopy of the stand.
Due to the wide range of tree sizes, competition effects cannot
be excluded. The crown lengths of trees are 13 m and 12 m, re-
spectively, and therefore about half the total tree height.

To identify the role of dbh and SUM00, a partial correlation
analysis was performed. Any coincidental correlation between
diameter and ozone exposure was tested with a correlation
analysis. To test the interrelation between the diameter incre-
ment and ozone exposure, a regression analysis based on a lin-
ear model was used, which included the diameter as an addi-
tional factor. The statistical software SPSS 12.0 was used for all
analyses.

Results

The aim of this study is to identify the role of ozone in the pro-
cess of diameter increment of two tree species and to quantify
and correlate this with other factors. The most influential fac-
tor is the absolute size of the tree, represented by diameter at
breast height. Because the sample groups of the two species, as
a result of the selection process, do not necessarily correspond
to each other in size, nor represent the stand’s size distribu-
tion, diameter should be used as a covariate to account for dif-
ferent competitive situations of the trees.

Fig. 2 shows the diameter increment in relation to diameter
and ozone exposure, the latter being the main object of inter-
est. The considerably higher diameter increment of spruce
compared to that of beech corresponds well with its higher ini-
tial average diameter. In contrast, the exposure to ozone is very
similar for the sample groups representing the two species.
This finding allows us to use diameter as covariate when study-
ing the influence of ozone to account for differences in the ab-
solute level of diameter increment between trees, which is
mainly a result of different competition and growth history.

The correlation between the ozone exposure as SUM00 value of
three years and the diameter increment for the same period
was tested with dbh (2001) as covariate. The test was highly
significant for spruce, with a negative value indicating an obvi-
ously depressing influence of ozone on the stem diameter in-
crement of the sample trees (Table 5). The coefficient for beech
is nearly zero and not significant. Thus, an influence of ozone
on the growth of beech trees was not detected.

The findings of the correlation analysis were resumed in a
regression model for the diameter increment (id) over a peri-
od of three years. The model included ozone exposure as ac-
cumulated SUM00 values over three years, the diameter as a
known important factor, and an intercept term resulting in
id = a + b · d + c · SUM00 with id = diameter increment at breast

Table 4 Properties of sample trees

Quantity Mean
diameter

Mean
height

Mean crown
length

Minimum
diameter

Maximum
diameter

Minimum
height

Maximum
height

Norway spruce
47 30.2 24.5 12.3 8.8 51.8 13.0 30.0

Standard deviation 8.2 3.1 3.1

European beech
35 23.9 23.3 13.7 14.3 38.3 21.8 25.8

Standard deviation 7.2 1.1 2.7
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height (cm), d = diameter at breast height at the beginning of
the period (cm), and SUM00 = ozone exposure (ppb).

A competition index was used to check the residuals of the
model for any additional influence of competition which was
not accounted for by the diameter. The application of the index
KKL (Pretzsch, 1992) showed no correlation. Also, the insertion
of the KKL as an independent variable in the regression
showed no significant additional influence. Consequently, the
models with diameter and ozone as independent variables
were applied for spruce and beech and proved to be statisti-
cally significant (Table 6). The model reveals that diameter
has the strongest influence on growth. In the case of Norway
spruce, the coefficient for ozone has a negative value and is
significant, while no significant effect of ozone was found on
stem diameter increment of beech.

Fig. 3 shows the model. The slope on the diameter scale
demonstrates that diameter increment is mostly determined
by the diameter itself. Spruce, therefore, needs a minimum
stem diameter of 10 cm to achieve a minimal diameter incre-
ment in the experimental stand, whereas spruce of about
60 cm diameter can increase approximately 2 cm in diame-
ter in three years. Diameter increment of spruce is also influ-
enced by ozone exposure, as indicated by the slope over the
SUM00 axis. According to the model, a difference in ozone ex-
posure of 300 000 ppbh can cause a difference of 0.3 cm in di-
ameter growth in three years.

Due to the high spread of the observed values, the model fit for
beech is not satisfying, although it is significant. Results for
beech must therefore be interpreted carefully. However, beech
obviously shows a dependence of radial increment on absolute
diameter. Because of the low value of the stability index, quan-
tifiable conclusions would be inappropriate. An influence of
ozone could not be detected.

To evaluate the adjustment of the model to the observed val-
ues, the residuals of the predicted values and the observed
values were plotted (Fig. 4). The predicted and the observed
growth values show no tendency in any direction. This can be
interpreted as the fact that no other important influential fac-
tor was left out of the model.

On the basis of these results Hypothesis I is rejected for Nor-
way spruce and accepted for European beech. As a conse-
quence of the difference between these species, Hypothesis II
has to be rejected.

Discussion

With the background of global change and increasing exposure
of plants to air pollutants, ozone research has become an es-
sential part of contemporary botany. The reactions of plants

Fig. 2 Growth of spruce and beech in relation to diameter and ozone exposure. Error bars show standard deviation.

Table 5 Correlation between radial increment over 3 years and ozone
exposure, with diameter in the year 2001 as covariate

Degrees of
freedom

Value of the
coefficient

Degree of
significance

Norway spruce 45 – 0.306 0.036
European beech 33 0.032 0.853

Table 6 Significance and parameters of the model id = a + b · d +
c · SUM00 with id = diameter increment at breast height (cm), d = diam-
eter breast height at the beginning of the period (cm), and SUM00 =
ozone exposure (ppbh)

F R2 Significance df

Norway spruce
Model 34.939 0.591 0.000 47

Parameter Standard error
a 0.112 0.281 0.693
b (diameter) 0.041 0.005 0.000
c (ozone) 0.000 0.000 0.036

European beech
Model 4.223 0.156 0.023 35

Parameter Standard error
a – 0.213 0.359 0.556
b (diameter) 0.024 0.008 0.007
c (ozone) 0.000 0.000 0.853
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to changing environmental factors are of crucial interest in re-
spect to social, economic, and ecological questions. The Kranz-
berg Forest Experiment is among a small number of experi-
ments which test the reaction of adult Norway spruce and
European beech trees under field conditions.

The diameter increment of sample trees was analyzed in rela-
tion to their initial diameter and ozone exposure. No influence
of ozone on diameter growth of European beech could be
found, either by applying a partial correlation analysis, or by
means of linear regression. Thus, we reject Hypothesis I with
respect to European beech. The correlation coefficient was
hardly above zero and, furthermore, was not significant. Also,
the model derived from the regression analysis, which was sig-
nificant, displayed no slope on the SUM00 axis. In contrast, we
accept Hypothesis I for Norway spruce, where both correlation
analysis and regression analysis displayed a significant nega-
tive coefficient for ozone exposure. According to the regression

analysis, stem diameter growth of spruce is lowered by ozone
by 0.42 cm in three years compared to trees without added
ozone. For example, a spruce tree of 50 cm stem diameter
would lose 24% of its potential stem growth, a smaller tree of
20 cm stem diameter would lose about 77%. These significant
differences between spruce and beech lead to rejection of Hy-
pothesis II, which states that the reactions to ozone of spruce
and beech are similar.

The response of adult trees to ozone has been observed pre-
viously, especially in coniferous trees (Vollenweider et al.,
2003; Karnosky et al., 2003; Somers et al., 1998). As mentioned
above, stem diameter increment can be considered a stress-
sensitive variable. The decrease in carbon allocation of a whole
tree must not be deduced from the decrease in stem growth.

Fig. 3 The growth of Norway spruce (left) and European beech (right) in relation to diameter and ozone, according to the model.

Fig. 4 Residuals between predicted and observed diameter increment (id).
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To estimate the role of ozone in the growth process of plants, it
is necessary to understand its interaction with other environ-
mental factors. Ozone has been described as a “major second-
ary air pollutant” (Ashmore, 2005) and a “secondary stress fac-
tor” (Muzika, 2004). Ozone has also been considered to predis-
pose trees to further stress (Matyssek, 2003). Its main impact
on trees appears to be the lowering of resilience towards other
stress factors (Skärby et al., 1998).

What other stress factors, beside ozone, are the trees of the
Kranzberg Forest exposed to? The site provides growing condi-
tions without climatic extremes, as well as a good nutrient and
water supply. In 2003, however, the stand suffered an excep-
tional drought period during the summer. In that year, we ob-
served a general decrease in growth, especially of spruce trees.
Is it likely that the higher sensitivity of spruce is related to its
higher sensitivity towards drought stress? Both limiting and
promoting effects of ozone on trees under drought stress have
been reported. Partial stomatal closure caused by moisture
deficits can limit the uptake of ozone and therefore moderate
its impact. However, ozone seems to affect stomatal closure
during moisture deficits. In fact, stomatal conductance in
2003, and therefore the ozone taken up by the trees under
heavy ozone exposure may not have been that much higher
than that of those trees which were less exposed to ozone
(Nunn, 2005). Unlike mild drought stress, severe drought is as-
sumed to “protect” trees from ozone by reducing stomatal con-
ductance (Matyssek, 2003; Karlsson et al., 1997).

The interaction of radiation and ozone is also ambiguous. With
seedlings, Bäck (1999) found more senescence under low light
treatment. Assuming that this is also valid for adult trees, it
corresponds well with the model presented here. The larger
decrease in diameter increment of small trees could therefore
be explained by a stronger ozone impact enforced by low light
conditions. This interrelation, however, is still to be tested ex-
perimentally.

In stands of competing trees, light is considered as the deter-
mining factor for growth. Therefore, the ability to occupy space
despite ozone stress will be decisive for survival of individual
trees and species. Thus, the elongation of shoots and increased
height growth, rather than enhanced stem diameter growth,
are important factors. Though stem growth may indicate gen-
eral biomass growth of the whole tree, crown development
cannot be deduced from stem growth. It must be tested wheth-
er allometric functions, which work quite well under known
conditions, change under abiotic stress. Corresponding studies
are still to be conducted.

The model of initial stem diameter and ozone exposure proved
to be sufficient and free of additional influence from competi-
tion effects. This is true for the unthinned sample stand. In re-
cently thinned stands the competitive status of a tree may con-
tribute to its diameter increment. The removal of competitors
creates newly available growing space which would not yet
seriously effect the initial diameter while it would already ef-
fect the current increment. So our results may be restricted to
stands under self-thinning conditions.

Results from a field experiment cannot consider all possible
influencing factors. It is nevertheless important to test stress
factors during “ceteris paribus” conditions, especially in long

living creatures and over long time periods. We chose a 3-year
period to detect the chronic impact of ozone rather than acute
effects. This is in line with other experiments dealing with
ozone (Karnosky, 2003; Schmieden and Wild, 1995).

Because of the technical limitations of the ozone monitoring
system, no hourly values of the ozone concentration were
available. Thus, no threshold value considering a biological rel-
evant ozone level like AOT40 could be used. The ozone expo-
sures applied to the sample trees range from ambient concen-
tration to nearly double ambient concentration of ozone. Some
models do in fact suggest future ozone concentrations of more
than 60 ppb in some regions, including Middle Europe (Ember-
son et al., 2003).

For statistical analysis a linear model was chosen because of
its plausible results and ease of interpretation. Nevertheless,
there are still limitations. First, the model predicts negative
stem diameter change for small spruce trees under high ozone
exposure, which is not possible and results from the specific
parameterization of the experimental site. Moreover, a linear
model does not allow a proportional increase in growth per ad-
ditional unit ozone exposure, which would be more plausible
than just a linear increase. Furthermore, the model does not al-
low different slopes in the growth scale at the high diameter
and the low diameter end of the diameter scale. Therefore,
small trees suffer a higher percentage of increment decrease
in the model results. To avoid this calculation effect, a term de-
scribing the interrelation between ozone and size (dbh) was
tested as an additional parameter, but it was not found signifi-
cant. It must be noted that a class of high diameter of beech,
though it was included in the model, was not represented in
the sample group. This model, even though it is useful to illus-
trate the findings of this specific study, is not suitable for esti-
mation of ozone damage in general.

Acknowledgements

The authors wish to thank the German Research Foundation
(DFG) for providing funds for forest growth and yield research
as part of the Sonderforschungsbereich 607 “Growth and Para-
site Defence” and the Bavarian State Ministry for Agriculture
and Forestry for permanent support of the Forest Yield Science
Project W 07. Additionally, they wish to express their gratitude
to H. Schlager and P. Stock, DLR, for controlling the ozone con-
centrations and to G. Schütze for the valuable support in the
measurements of tree dimensions.

References

Ashmore, M. R. (2005) Assessing the future global impacts of ozone
on vegetation. Plant, Cell and Environment 28, 1 – 16.

Bäck, J., Vanderklein, D. W., and Topa, M. A. (1999) Effects of elevated
ozone on CO2 uptake and leaf structure in sugar maple under two
light environments. Plant, Cell and Environment 22, 137 – 147.

Broadmeadow, M. (1998) Ozone and forest trees. New Phytologist
139, 123 – 125.

BWI (2005) Die zweite Bundeswaldinventur – Das Wichtigste in
Kürze. Brochure published by the German Ministry for Consumer
Protection, Nutrition and Agriculture, Bonn, pp.87.

Elling, W. (1993) Immissionen im Ursachenkomplex von Tannen-
schädigung und Tannensterben. Allgemeine Forst- und Jagdzei-
tung 48, 87 – 95.

Growth of Adult Norway Spruce and European Beech Under Free-Air Ozone Fumigation Plant Biology 7 (2005) 617



Emberson, L. D., Ashmore, M. R., and Murray, F. (2003) Air Pollution
Impacts on Crops and Forests – A Global Assessment. London: Im-
perial College Press.

Franz, F., Pretzsch, H., and Foerster, W. (1990) Untersuchungen zum
Jahreszuwachsgang geschädigter Fichten in Südbayern. Forst und
Holz 45, 461 – 466.

Grote, R. and Pretzsch, H. (1998) Die Fichten-Buchen-Mischbestände
des Sonderforschungsbereiches “Wachstum oder Parasitenab-
wehr?” im Kranzberger Forst. Forstwissenschaftliches Centralblatt
117, 241 – 257.

Häberle, K., Werner, H., Fabian, P., Pretzsch, H., Reiter, I., and Matys-
sek, R. (1999) “Free-air” ozone fumigation of mature forest trees: a
concept for validating AOT40 under stand conditions. In Critical
Levels for Ozone B Level II (Fuhrer, J. and Achermann, B., eds.), En-
vironmental Documentation 115, Bern, Switzerland: Swiss Agency
for the Environment, Forests and Landscape, 133 – 137.

Karlsson, P. E., Medin, E. L., Wallin, G., Selldén, G., and Skärby, L.
(1997) Effects of ozone and drought stress on the physiology and
growth of two clones of Norway spruce (Picea abies). New Phytol-
ogist 136, 265 – 275.

Karnosky, D. F., Zak, D. R., Pregitzer, K. S., Awmack, C. S., Bockheim, J.
G., Dickson, R. E., Hendrey, G. E., Host, G. E., King, J. S., Kopper, B. J.,
Kruger, E. L., Kubiske, M. E., Lindroth, R. L., Mattson, W. J., McDon-
ald, E. P., Noormets, A., Oksanen, E., Parsons, F. J., Percy, K. E., Podila,
G. K., Riemenschneider, D. E., Sharma, P., Thakur, R., Sober, A., So-
ber, J., Jones, W. S., Anttonen, S., Vapaavuori, E., Mankovska, B.,
Heilman, W., and Isebrands, J. G. (2003) Tropospheric O3 moder-
ates responses of temperate hardwood forests to elevated CO2: a
synthesis of molecular to ecosystem results from the Aspen FACE
project. Functional Ecology 17, 289 – 304.

Kramer, H. (1986) Beziehungen zwischen Kronenschadbild und Volu-
menzuwachs bei erkrankten Fichten. Allgemeine Forst- und Jagd-
zeitung 157, 22 – 27.

Matyssek, R. and Sandermann, H. (2003) Impact of ozone on trees:
an ecophysiological perspective. Progress in Botany 64, 349 – 404.

McLaughlin, S. B. and Dowing, J. D. (1995) Interactive effects of ambi-
ent ozone and climate measured on growth of mature forest trees.
Letters of Nature, 374.

Muzika, R. M., Guyette, R. P., Zielonka, T., and Liebhold, A. M. (2004)
The influence of O3, NO2 and SO2 on growth of Picea abies and Fa-
gus sylvatica in the Carpathian Mountains. Environmental Pollu-
tion 130, 65 – 71

Nüsslein, S. (1995) Erfahrungen bei der Permanentzuwachsmessung
mit okularer Ablesung. In Methoden der Permanent-Zuwachsmes-
sung (Preuhsler, T., ed.), München: Forstliche Forschungsberichte
153, pp.112.

Nunn, A. J., Reiter, I., Häberle, K., Werner, H., Langebartels, C., Sander-
mann, H., Heerdt, C., Fabian, P., and Matyssek, R. (2002) “Free-air”
ozone canopy fumigation in an old-growth mixed forest: concept
and observations in beech. Phyton 42, 105 – 119.

Nunn, A. J. (2005) Risiko-Einschätzung der chronisch erhöhten
Ozonbelastung mittels “Free-Air”-Begasung von Buchen (Fagus
sylvatica) und Fichten (Picea abies) eines forstlich begründeten
Mischbestandes. Dissertation, Life Science Center Weihenstephan,
Freising.

Oksanen, E. and Saalem, A. (1999) Ozone exposure results in various
carry-over effects and prolonged reduction in biomass in birch
(Betula pendula Roth). Plant, Cell and Environment 22, 1401 – 1411.

Pretzsch, H. (1985) Wachstumsmerkmale süddeutscher Kiefernbe-
stände in den letzten 25 Jahren. München: Forstliche Forschungs-
berichte 65, pp.183.

Pretzsch, H. (1992) Konzeption und Konstruktion von Wuchsmodel-
len für Rein- und Mischbestände. München: Forstliche Forschungs-
berichte 115, pp.332.

Pretzsch, H., Kahn, M., and Grote, R. (1998) Die Fichten-Buchen-
Mischbestände des Sonderforschungsbereiches “Wachstum oder
Parasitenabwehr?” im Kranzberger Forst. Forstwissenschaftliches
Centralblatt 117, 241 – 257.

Pretzsch, H. (2002) Grundlagen der Waldwachstumsforschung. Ber-
lin: Blackwell Verlag, pp. 414.

Prodan, M. (1965) Holzmeßlehre. Frankfurt a. Main: J. D. Sauer-
länder’s Verlag, pp.644.

Samuelson, L. and Kelly, J. M. (2001) Scaling ozone effects from seed-
lings to forest trees. New Phytologist 149, 21 – 41.

Schmieden U. and Wild, A. (1995) The contribution of ozone to forest
decline. Physiologia Plantarum 94, 371 – 378

Schweingruber, F. H., Kontic, R., and Winkler-Seifert, A. (1983) Eine
jahrringanalytische Studie zum Nadelbaumsterben in der Schweiz.
Bericht der Eidgenössischen Anstalt für das forstliche Versuchs-
wesen 253, pp. 29.

Skärby, L., Ro-Poulsen, H., Wellburn, F. A. M., and Sheppard, L. J.
(1998) Impacts of ozone on forests: a European perspective. New
Phytologist 139, 109 – 122.

Somers, G. L., Chappelka, A. H., Rosseau, P., and Renfo, J. R. (1998) Em-
pirical evidence of growth decline related to visible ozone injury.
Forest Ecology and Management 104, 129 – 137.

Spelsberg, G. (1986) Grundflächenzuwachs in Fichten-Dauerbe-
obachtungsflächen im Jahr 1985. Forst- und Holzwesen 41, 329 –
331.

Sterba, H. (1996) Forest decline and growth trends in Central Europe.
In Growth Trends in European Forests (Spiecker, H., Mielikäinen,
K., Köhl, M., and Skovsgaard, J. P., eds.), Berlin: Springer-Verlag,
pp.149 – 165.

Vollenweider, P., Woodcock, H., Keltry, M. J., and Hofer, R. M. (2003)
Reduction of stem growth and site dependency of leaf injury in
Massachusetts black cherries exhibiting ozone symptoms. Envi-
ronmental Pollution 125, 467 – 480.

Walentowski, H., Ewald, J., Fischer, A., Kölling, C. H., and Türk, W.
(2004) Handbuch der natürlichen Waldgesellschaften Bayerns.
Freising: Verlag Geobotanica, pp.441.

Waring, R. H. and Schlesinger, W. H. (1985) Forest Ecosystems. Con-
cepts and Management. Orlando: Academic press, Inc., Hartcourt
Brace Jovanovich Publishers, pp. 340.

Werner, H. and Fabian, P. (2004) Free-air fumigation of mature trees –
a novel system for controlled ozone enrichment in grown-up
beech and spruce canopies. Environmental Science and Pollution
Research 9, 117 – 121.

H. Pretzsch

Lehrstuhl für Waldwachstumskunde
Faculty of Forest Science and Resource Management
Technische Universität München
Am Hochanger 13
85354 Freising-Weihenstephan
Germany

E-mail: hans.pretzsch@lrz.tum.de

Guest Editor: R. Matyssek

Plant Biology 7 (2005) P. Wipfler et al.618


