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Abstract – Microclimate and tree age have been suggested to be factors influencing the defense capacity against oxidative stress. Therefore,
5-year-old Fagus sylvatica seedlings were grown on a scaffolding in the sun and shade crown of 55-year-old trees throughout one growing
season. Independent of tree age sun leaves had a lower specific leaf area, lower pigment contents and a more capacitive antioxidative system
than shade leaves. In addition, in the sun crown leaves of seedlings displayed a higher specific leaf area than leaves of adult trees. Age dependent
changes in leaf morphology were related to changes in the defense capacity against oxidative stress, with area based concentrations of
antioxidants and pigments increasing with tree age. Thus our results suggest that differences in the response to oxidative stress may be attributed
to age and crown position related differences in the specific leaf area, the latter influencing the biochemical and physiological performance of
Fagus sylvatica leaves.
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Résumé – L’influence du microclimat et de l’âge de l’arbre sur la capacité défensive du hêtre européen (Fagus sylvatica L.) contre le
stress oxidatif. Le microclimat et l’âge de l’arbre sont considerés comme des facteurs qui influencent la capacité défensive contre le stress
oxidatif. Par conséquent, des plants de Fagus sylvatica de cinq ans ont grandi sur un échafaudage à la couronne des arbres âgés de 55 ans, une
fois au soleil, une autre fois à l’ombre pendant une période de croissance. Indépendamment de l’âge de l’arbre, le feuillage exposé au soleil
avait une surface spécifique de la feuille inférieure, un contenu de pigment inférieur et un système antioxidatif plus puissant que le feuillage à
l’ombre. De plus, au niveau de la couronne la plus haute, le feuillage des plants a développé une surface spécifique plus élevée que celui des
arbres adultes. Des transformations de morphologie du feuillage, qui dépendent de l’âge des feuilles, ont été comparées avec des transformations
de la capacité contre le stress oxidatif. À cela la teneur en substances antioxidatives relative à la surface de la feuille a augmenté avec l’âge de
l’arbre. Donc nos résultats suggèrent que les différences de réaction au stress oxidatif peuvent être attribuées aux différences de la surface
spécifique de la feuille – dépendant de l’âge et de la position à la couronne – ce qui influence la performance biochimique et physiologique des
feuilles du Fagus sylvatica.
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1. INTRODUCTION
European beech (Fagus sylvativa L.) is the most important
broadleaf tree species in Central and Western Europe,
covering about 12 million ha forest in this region. For the last
two decades distinct deterioration of forest conditions have
been reported for most of the European countries [18, 23] and
[37] claimed that less than 38% of Fagus sylvatica trees in
Western Europe are healthy today. The health and growth of
forest trees however, is determined by a variety of natural and

anthropogenic site factors. Several physiological and
biochemical characteristics may be used as tools for detecting
early injury preceding visible symptoms [34].
Protective pigments and antioxidants are important markers
of stress to plants [30, 31]. Stress factors such as high
irradiance, low temperatures, drought or air pollution are
known to increase the production of reactive oxygen species
[8] because of the overexcitation of the photosynthetic
apparatus [9]. To counteract adverse effects of reactive
oxygen species (ROS) plants possess photoprotective
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Table I. Specific leaf area (SLA), apparent net photosynthesis (Pn), stomatal conductance to water vapour (gH2O), and CO2 concentration in
the mesophyll internal air spaces (Ci) in leaves of seedlings (located in the sun and shade crown of adult trees) and adult Fagus sylvatica trees
in response to canopy location. Data are means of 5 trees ± SD. Values with different letters indicate significant differences at P < 0.05. Gas
exchange data were measured in situ by means of a portable gas exchange system (LCA3; ADC, Hoddesdon, UK) and related to projected
surface area.
Sun crown

SLA

[cm2 g–1]

Pn [µmol

m–2 s–1]

gH2O [mmol m–2 s–1]
Ci [µmol–mol–1]

Shade crown

Adult

Seedling

Adult

Seedling

100.0±18.9 a

243.6±21.0 b

300.2±45.7 c

328.5±35.5 c

2.63±0.9 a

6.32±1.4 b

0.002±0.001 c

0.33±0.6 c

115.5±36.8 a

123.4±22.5 a

36.0±8.8 b

69.3±14.6 b

313±11 a

269±10 a

350±0 bc

343±12 b

pigments and antioxidative defense systems. The former
quenches excess light energy and avoid an overreduction of
the photosystem [6], while the latter directly detoxifies ROS
chemically or enzymatically [3, 9, 24, 31]. However, despite
the economic importance of Fagus sylvatica only a few
studies focused on seasonal and spatial changes of
antioxidants and pigments [11, 12, 19, 29, 30]. Differences in
the content of antioxidants and pigments of sun and shade
leaves of Fagus sylvatica can be attributed to microclimatic
differences within the canopy, the latter known to affect the
specific leaf area [2, 12, 20, 41]. Moreover, little information
on age-related differences in leaf morphology and oxidative
defense is available. Age related changes in leaf morphology
might also affect the interpretation of measured antioxidant
contents as recently shown in Picea abies, where leaf-area
based concentrations of antioxidants differed significantly
from mass-based antioxidant concentrations, both in the sun
[39, 46] and in the shade crown [47].
Therefore, it was the aim of this study to characterise
morphological and biochemical parameters in sun and shade
leaves of seedlings and adult Fagus sylvatica trees. For this
purpose 4-year-old seedlings were grown in the upper and
lower canopy of a 55-year-old forest stand [32] throughout
one growing season. The contents of protective pigments and
antioxidants of seedling and adult tree leaves were examined
in response to crown position in order to evaluate whether
possible alterations can contribute to explain differences in the
response to oxidative stress.

2. MATERIALS AND METHODS
The study was conducted at the “free-air ozone fumigation plot”
of Kranzberg Forest (485 m a.s.l., 48° N 11° E) near Munich,
Germany [14, 16, 42]. In 1998 four-year-old European beech (Fagus
sylvatica L.) seedlings were planted into 70 L containers
(20 seedlings per container) containing forest soil [13]. In order to
ensure that the seedlings received the same microclimatic conditions
as the leaves of 55-year-old canopy trees, five containers each were
transferred into the upper sun (20 m height) and shade crown (15 m
height) in spring 1999. Throughout the growing season, the seedlings
were watered regularly in order to avoid drought stress. Although the
leaves studied differed significantly with respect to specific leaf area
(table I), the values were within the range found in previous studies
for sun and shade exposed leaves of adult canopy trees [5, 12, 20] and
seedlings [2, 26, 41].

Accompanying measurements performed on neighbouring leaves
immediately before harvest indicated that there were no significant
differences in leaf water potential between seedlings and adult trees,
neither in the shade, nor in the sun crown. Corresponding means were
–2.4 ± 0.3 MPa and –1.3 ± 0.2 MPa for the sun and the shade crown,
respectively. Pre-dawn measurements assessed in seedling and adult
trees one day after harvest (04:00 to 05:00 solar time) averaged
–0.12 ± 0.02 MPa in the sun crown and –0.11 ± 0.01 MPa in the shade
crown. Apparent gas exchange however, differed significantly within
the leaf cohorts investigated (table I).
For the assessment of pigments and antioxidants, leaves were
sampled under uniform light conditions at both canopy positions
from five trees per age class (in the case of seedlings 1 per container)
in September 1999 between 12:00 and 14:30, solar time.
Corresponding Photosynthetic Photon Flux Densities in the sun and
shade crown were 1500 ± 200 µmol m–2 s–1 and < 50 µmol m–2 s–1,
respectively. Leaves were removed from the twigs, immediately
frozen in liquid nitrogen, and stored at –80 °C. The material was
lyophilised and ground in a microdismembrator (Braun, Germany),
and the powder was stored in humidity-proof plastic vials at –80 °C
until further biochemical analysis.
Acetone extracts were prepared to determine a-tocopherol, using
an isocratic HPLC method with fluorometric detection [43]. Reduced
ascorbate and dehydroascorbate were quantified simultaneously in
m-phosphoric acid extracts after derivatisation with o-phenylenediamine [38]. Glutathione was determined in its reduced and oxidised
form after labelling of thiol groups with monobromobimane [17].
Pigments were determined in acetone extracts of the leaves’ dry
powder, according to the HPLC gradient method described by [27].
Biochemical parameters were related to leaf dry weight and to
projected leaf area, respectively. The latter has been chosen, because
the external leaf surface represents the interface for the interactions
between the leaf and the environment (e.g. radiation interception, gas
exchange, pollutant uptake). Projected leaf area was estimated from
adjacent leaves used for the biochemical analysis by means of an
image analysing system, and the specific leaf area (cm2 of projected
leaf area per g leaf dry weight) was used to transform dry weight
based data to surface area related values.
Differences in specific leaf area and biochemical parameters with
respect to crown position and tree age were evaluated by analysis of
variance (ANOVA) followed by post-hoc comparisons according to
Duncan’s LSD-test and was regarded significant at P < 0.05.

3. RESULTS
In the present study we focused on the effects of crown
position and tree age on antioxidants and photosynthetic
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Figure 1. Total ascorbate (tot ASC), total glutathione (tot GSH) and
a-tocopherol concentrations expressed on leaf dry mass basis (left)
and on leaf area basis (right) in Fagus sylvatica leaves of adult trees
(closed bars) and seedling (open bars) in the sun (open area) and the
shade crown (hatched area). Data are means of 5 trees ± SD. Values
with different letters indicate significant differences at P < 0.05.

pigments in leaves of Fagus sylvatica trees. In general, most
of the biochemical parameters investigated were more
affected by crown position than by tree age (figures 1 and 2).
On a dry mass basis sun exposed leaves of seedlings and adult
canopy trees displayed significantly higher amounts of total
ascorbate and a-tocopherol (figure 1) and lower
concentrations of photosynthetic pigments (figure 2) than
leaves in the shade crown. Only the contents of total
glutathione did not differ with respect to crown position
(figure 1). Crown position also significantly affected the area
based antioxidant (figure 1) and a-carotene contents
(figure 2). Area based contents of the other pigments by
contrast, were not significantly affected by crown position
(figure 2). Sun exposed leaves had a more de-epoxidised
xanthophyll-cycle pool than leaves in the shade crown.
Corresponding values for leaves of adult trees and seedlings
were 47 ± 7 and 46 ± 26% in the sun-and 7 ± 4 and 6 ± 2% in
the shade-crown, respectively.
When related to surface area, most biochemical parameters
were also significantly affected by tree age, a fact that could
not be observed, when dry weight based values were used. In
the sun crown the amounts of total ascorbate, total glutathione,
and a-tocopherol (figure 1) as well as total chlorophyll,
b-carotene, neoxanthin, lutein, and V+A+Z (figure 2) were
significantly lower in seedlings than in adult trees. Similar age
dependent differences were also found for lutein, and V+A+Z
in the shade crown (figure 2).
The redox state of the ascorbate and glutathione pools
however, were not affected neither by crown position, nor
by tree age. In all the leaves investigated, 25 ± 13% of the
total needle ascorbate were found to be dehydroascorbate, and
25 ± 6% of the total amount of glutathione was found in its
oxidised state.

Figure 2. Photosynthetic pigments expressed on leaf dry mass basis
(left) and on leaf area basis (right) in Fagus sylvatica leaves of adult
trees (closed bars) and seedling (open bars) in the sun (open area) and
the shade crown (hatched area). Data are means of 5 trees±SD.
Values with different letters indicate significant differences at
P < 0.05. V = violaxanthin, A = antheraxanthin, Z = zeaxanthin.

4. DISCUSSION
Dry weight based contents of antioxidants and
photosynthetic pigments are widely used as markers for
oxidative stress [28, 31]. In addition, leaves of beech trees
with an increasing level of defoliation (or damage) showed a
progressive reduction in photosynthetic pigments and
antioxidants [12]. However, when focusing on environmental
interactions, such as interception of radiation or uptake of air
pollutants, the leaf surface is the interface between the tree and
the environment. Consequently, area based values of
antioxidants and photoprotective pigments are of potential
importance, to relate defense capacity to environmental
impacts [46], especially when tree ageing coincides with
alterations in leaf morphology [39, 46, 47].
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In coincidence with previous studies in seedling and adult
Fagus sylvatica trees [12, 15, 20, 22, 26, 29, 30, 41] there were
clear differences in antioxidant and pigment contents with
respect to crown position. The higher dry weight and area
based contents of ascorbate and a-tocopherol in sun exposed
leaves are consistent with their greater need for antioxidant
protection [10]. On the other hand, dry weight based pigment
contents were significantly lower in sun leaves than in shade
leaves in both seedlings and adult trees. Especially the
presence of a-carotene and its much lower amounts or even
loss under high light has also been described for beech [11, 12]
and other species [1, 7, 40]. Furthermore, the smaller pool of
the xanthophyll cycle pigments in sun leaves was
accompanied by a higher de-epoxidation state and thus
providing more photoprotection [6].
The present dry-weight related data did not show any tree
age dependent differences in the composition of the
biochemical parameters investigated, neither in the sun nor in
the shade crown. By contrast, in the sun crown the leaf-area
based concentrations of antioxidants and pigments were
significantly higher in leaves of adult trees when compared to
seedlings, as also obtained for Picea abies at the same study
site [47]. Similar age dependent changes in antioxidant
concentrations were also observed in sun-exposed needles of
seedling, sapling, and adult Picea abies trees [39, 46].
Age related differences in the plant’s defense capacity
between area-based and dry-mass based values can be
attributed to differences in leaf morphology. In the sun crown
leaves of seedlings had a significantly higher specific leaf area
than leaves of adult trees. Changes in specific leaf area with
increasing tree age and size may indicate a change from a kind
of more shade-type foliage towards a more sun type foliage,
being consistent with findings from [12, 20] on sun and shade
leaves of Fagus sylvatica. This is further corroborated by gas
exchange measurements (table I) because a lower specific leaf
area involves an increase in net photosynthesis when related to
leaf area of Fagus sylvatica [20, 35, 36, 41] and other tree
species [4, 21, 25, 33, 44, 45].
In conclusion, the present results indicate a higher
photoprotective capacity in leaves of older Fagus sylvativa
trees against leaf surface based impacts of oxidative stress
such as light mediated processes or pollutant uptake. For
example, differences in the O3 susceptibility of Picea abies
seedlings and adult canopy trees were related to age and size
dependent contrasts in the amount area based antioxidants
[46]. Area-based antioxidants and pigment concentrations
may help to explain differences in the response of seedling and
adult trees.
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