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Young beech (Fagus sylvatica L.) and spruce (Picea abies [L,] Karst.) trees, each from two
different provenances, were grown in competition in model ecosystems in open-top
chambers for four years. The treatments consisted of elevated concentrations of CO, (370
pL L lversus 590 pL L“1), increased wet deposition of nitrogen (7 versus 70 kg N ha~'
y ")* and two different forest soils (acidic versus calcareous). Chloroplast pigments in
dark- and light-adapted leaf material sampled in the last year of the experiment were ana-
lysed. Differences in pigment composition between provenances were observed only in
beech trees. Soil type significantly affected the pigment composition in both species.
Trees grown under calcareous conditions had higher contents of chlorophylls, whereas
acidic soil conditions caused significantly enhanced levels of [3-carotene and xanthophylls
as well as increased values of the xanthophyll de-epoxidation status. For both tree species
light-adapted samples had higher carotenoid concentrations and de-epoxidation state val-
ues than dark-adapted foliage, whereas neither C 02nor N-treatment affected these param-
eters. Elevated CO, application induced decreased concentrations of total chlorophyll
contents in both species. Nitrogen deposition had no effects on pigment composition nei-
ther for spruce nor for beech trees. Interactions between CO, and nitrogen application
were not observed for both tree species.
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Introduction

Atmospheric carbon dioxide (CCU) concentrations have been increasing for the past
150 years from a level of about 270 pL L“1to the present concentration of nearly 365 pL It 1
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(Drake et al. 1998). Because of their prominent role in the global carbon balance, trees are
very important organisms in relation to global changes. Presently much attention is paid to
the effects of increasing CO2 on physiological processes in plants and ecosystems
(Ceulemans and Mousseau 1994). Complex interactions of multiple factors highlight the
need for studies which examine the effects of elevated CCF in concert with multiple envi-
ronmental conditions (Pritchard et al. 1997). At the physiological level, elevated CO2en-
hances photosynthesis, growth, and belowground allocation of assimilates (Bazzaz 1990).
Plants vary widely, however, in the exact nature of their responses to elevated CCA, within
as well as among species. The responses also depend on the availability of other resources,
in particular light, water, and nutrients (Idso and ldso 1994).

Changes in photosynthetic pigment composition reflect alterations in plant vitality
(Lichtenthaler 1993) which may occur due to various environmental factors in the field,
among them nutritional disorder, air pollutants, water parameters or others (Tausz et al.
19983, b). In plant cells, especially in chloroplasts, stressful environmental conditions (e.g.
nutritional disorder, insufficient water supply, high irradiation etc.) promote the formation
of harmful reactive oxygen species (ROS) due to an inadequate exploitation of light energy.
These ROS can initiate destructive oxidative processes such as protein oxidation, lipid and
pigment degradations, etc (E1stner and Obwald 1994). Since these reactions are driven by
light energy, photoprotective energy dissipation in the thylakoids is the first line of bio-
chemical defence (Foyer 1997). The xanthophylls and carotenes play important roles in
the protection of the chloroplast from photo-oxidative stress (Demming-Adams and Ad-
ams 1994). A higher de-epoxidation status of the xanthophylls cycle indicates a higher
need for photoprotection under unfavourable environmental conditions (Demming-Adams
and Adams 1994). Pigment loss (reflected in decreased total chlorophyll contents) or shifts
of pigment ratios are possible consequences of adverse environmental influences (Tausz et
al. 1998a., Wonisch et al. 1999)

The present paper aims at the characterization of the effects of elevated CO2and nitro-
gen deposition on the pigment composition of two provenances of spruce and beech grow-
ing under near-natural conditions. Investigations were performed in the frame of the pro-
ject ICAT (Impact of elevated CO2levels and air pollutants on tree physiology), conducted
at the Swiss Federal Research Institute WSL in Birmensdorf, Switzerland. The experimen-
tal design of the ICAT project is aimed at complex interactions between elevated CCB and
various environmental conditions and its effects on the photosynthetic and photoprotective
pigments.

Materials and Methods

Experimental design

This study was part of a model forest ecosystem experiment (Egti and Korner 1997,
Gunthardt-Goerg 1997, Egti et al. 1998, Maurer etal. 1999, Egti et al. 2000, Sonnleitner
et al. 2001) conducted at the Swiss Federal Research Institute WSL in Birmensdorf, Switzer-
land described in detail by Landott et al. (1997). Young beech (Fagus sylvatica L.) and
spruce trees (Picea abies [L.] Karst.) from two different Swiss provenances were grown un-
der near-natural conditions in model-ecosystem chambers (sixteen open-top chambers, each
divided into two parts containing either nutrient rich calcareous or nutrient poor acidic soil)
during four years. CO2and nitrogen treatments applied in the last experimental year (1998)
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were four combinations with 4 replications each: control [370 pLL 1C02 7 kg N ha 1y 1,
CO02[590pL L-1C02 7kg N ha”1y”], N[370pL L"1C02 70 kg N ha”1y”Jand C02x N
[590 pL L"1CO2 70 kg N ha1y”1. N treatment was NH4NO3 addition by irrigation.

Plant Material

Light- and dark-adapted foliage (sampled at midday and before dawn, respectively) was
sampled from the two different populations (spruce: provenance Maschwanden, 460 m asl.
and Bremgarten, 425 m asl., tree age 8 years - beech: provenance Hirschtal and Sihlwald,
600 m asl., tree age 6 and 7 years) at the end of the four-years fumigation period (in July
1998). Needle material of spruce trees were current-year needles, beech samples were taken
from leaves of comparable developmental stage (youngest fully developed age).

Sample preparation

Foliage was removed from the branches and frozen in liquid nitrogen, transported under
liquid nitrogen to Graz and lyophilised in a Hetosic CD4 lyophilizer (Heto, AllerOd, Den-
mark). The lyophilised material was powderized under liquid nitrogen in a dismembrator
(Braun Mikro-Dismembrator II, Braun, Maria Enzersdorf, Austria). The resulting powder
was stored in humidity proof plastic vials at -25 °C until required for extraction.

Chloroplast pigments

Pigments were determined using the high-performance liquid chromatography (HPLC)
gradient method described by Pfeifhofer (1989). This method permits the separation of all
important chloroplast pigments in one step: Column Sperisorb S5 ODS 2 250x4.6 mm
with pre-column S5 ODS2 50 x 4.6 mm. Solvent A: acetonitrile : methanol: water = 100 :
10 : 5 (v/viv), solvent B: acetone : ethylacetate = 2:1 (v/v), linear gradient from 10 % sol-
vent B to 70 % solvent B in 18 min, run time 30 min, flow = 1ml min”1, photometric detec-
tion at 440 nm. Plant material (50 mg lyophilized powder) was extracted two times in ace-
tone (L ml, Imin. on a Vortex-mixer) and after centrifugation (17500 g at 4 °C) the
supernatants were combined and adjusted to a final volume of 3 ml. These acetone extracts
were injected (20 pi) using a cooled (4 °C) autosampler.

Statistical analyses

The effects of the factors tree provenance, soil type, sample time (dark-adapted and
light-adapted), C02and N treatment were evaluated. Each combination of factors con-
tained n=4 trees. Due to the small sample size a non-parametric analysis of variance (an en-
hanced Kruskal-Wallis test with data-alignment according to Hildebrandt given in Bortz
et al. (1990)) was applied (Tab. 1). P < 0.01 was regarded significant.

Results

Effects of provenance, soil type, sampling time, C02and N treatment on pigment com-
position of spruce and beech foliage were investigated. Total chlorophyll contents are ex-
pressed on a leaf dry weight basis. Since the protective and light harvesting capacity of ca-
rotenoids is important in relation to the amount of absorbed quanta of light, carotenoids are
presented per unit chlorophyll.
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Results on beech

Elevated CO? treatment decreased the total chlorophyll concentrations in beech leaves
(Fig. 1, Tab. 1). The provenance significantly affected the total chlorophyll, (3-carotene, and
xanthophyll cycle concentration of beech trees (Tab. 1). Foliage sampled from trees of the
provenance ,,Hirschtal« had more chlorophylls (Fig. 1) and less (3-carotene and xanthophyl|
cycle pigments (Tab. 1, Tab. 2) than that from the provenance ,,Sihlwald«. The two prove-
nances also differed significantly in the de-epoxidation status of the xanthophylls cycle un-
der the same illumination conditions (Tab. 1). The soil type had neither significant effects
on the total chlorophyll content (Tab. 1, Fig. 1) nor on the de-epoxidation status (Tab. 1,
Fig. 2) of beech leaves, but only on some carotenoids (Tab. 1). Significant interaction ef-
fects between the factors provenance, soil type, sampling time, CO? and N treatment on
pigment composition were not found for beech.

Results on spruce

The soil type and the C 02treatment had significant effects on pigmentation of spruce
needles, whereas the provenance did not affect the measured variables (Tab. 1). The nitro-
gen treatment had only significant effects on the (3-carotene content (Tab. 1). The acidic, nu-
tritionally poor soil type caused significantly decreased contents of chlorophyll (Fig. 1) and

Tab. 1. Non-parametric analysis of variance (enhanced Kruskal-Wallis test) regarding the effects of
the factors tree provenance, soil type, sample time (light- and dark-adapted), C02and N
treatment on pigment composition of spruce and beech foliage. Each combination of factors
contained n = 4 trees. Significant interactive effects were only found in one case (see legend
of Fig. 2). ns = not significant, *** = p< 0.001. V+A+Z = xanthophyll cycle pool
(violaxanthin + antheraxanthin + zeaxanthin).

bogus sylvatim

Provenance Soil type Sampling time co, N
Chlorophyll [mg g-" dw] o ns ns o ns
kg ok
De-epoxidation status ns ns ns
*gt P
p-Corotene[pig mg-' chi] o M ! ns ns
ok ok
ot-Carotene[pig mg-' chi] ns ns ns
. .
Lutein [jag mg* 1chi] ns ns ns
o ok
V+A+Z[pig mg-'chi] ns ns ns
ok
a-/p-Carotene ns ns ns ns
.
Xanthophyllv'caiotenes e o ns ns
**, ok *k
Chlorophylic/carotenoids M o ns
Picea ahies
Provenance Soil type Sampling time co, N
Chlorophyll [mg g-1 dw] ns o ns ns
) ok - ok
De-epoxidation status ns ns
. ok . o
P-Carofene[|ag mg-1chi] ns ns
*kk *kk
a-Carotene[pcg mg~' chi] ns ns ns
ok xk e
Lutein [pig mg-' chi] ns ns
e
V+A+Zfpig mg-' chi] ns ns ns ns
a-/p-Carotene ns o ns ns ns
ki *kk
Xonthophyl¥carotenes ns ns ns
Chlorophylls/carotenoids ns i - ns ns
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increased carotenoid concentrations per unit chlorophyll (Tab. 3). Furthermore, the de-epo-
xidation state of the xanthophylls-cycle was higher in needles of spruce trees grown on the
acidic soil type compared to fertile calcareous growth conditions (Fig. 2). On the nutritionally

Fig. 1.

Tab. 2.

P-Carotene
ct-Carotene

Lutein

V-i-Z

The effects of elevated CO,, prove-
nances. soil type on total chlorophyll
contents of spruce (current year nee-
dles) and beech. Data are medians + 80
percentile ranges of 16 individuals (da-
ta of the different N treatments and
sampling times were pooled).

Fig. 2. The effects of elevated CO, sampling

time, and soil type on the de-epoxida-
tion status of the xanthophylls cycle of
spruce (current year needles) and beech.
Data arc medians + 80%ile ranges of 16
individuals (data of different N treat-
ments anti provenances were pooled).
The interaction CO, xsoil type was sig-
nificant for spruce trees (p = 0.006).

Chloroplast pigments of beech leaves from trees of two different provenances growing in
micro-ecosystems with spruce in nutrient rich, calcareous (»Rich«) or nutrient poor, acidic
soil (»Poor«) treated with elevated CO,. Concentrations in [pg mg*1chlorophyll]. Data are
medians (half 20-80 percentile range) of n=16 samples. Data of two N-treatments were
pooled because the effect of N-treatment was not significant (Tab. 1) and for the sampling
time (morning/midday) which reflects normal diurnal courses no interactions with treat-
ments were found. V+A+Z = xanthophyll cycle pool (violaxanthin + antheraxanthin + zea-

xanthin).
provenance »Hirschtal«

370pLb €02 590 g L Ll CO;
Rich Poor Rich Poor
39(9) 46 (8) 42(11) 48(3)
3(1) 6(4) 4(2) 6(3)
81(8) 76(12) 91 (8) (1)
32 (9) 34(6) 35(6) 28(6)
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Provenance »Sihlwald«

370 ji.L L co; 590 g LL'CO;
Rich Poor Rich Poor
48(11) 51(11) 50(19) 53(8)
5(5) 5(5) 5(2) 5(2)
88(13) 74(14) 90(12) 82(13)
35(3) 37(8) 38(5) 47(13)
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Tab. 3. Chloroplast pigments of spruce needles growing in micro-ecosystems with beech in nutrient
rich (»Rich«), calcareous or nutrient poor, acidic soil (»Poor«) treated with additional N and
elevated C 02 Concentrations in [pg mg~* clorophyll]. Data are medians (half 20-80 percen-
tile range) of n=16 samples. Data of two provenances were pooled because the effect of
provenances was not significant (Tab. 1) and for the sampling time (light- and dark adapted)
which reflects normal diurnal courses and no interactions with treatments were found.
V+A+Z=xanthophyll cycle pool (violaxanthin+antheraxanthin+zeaxanthin).

No additional N fertilisation NH ,NO3treotment
(7 kg N ho-"a-1 (70 kg N ha-"a“)
370ul F CO, 590ul F CO, 370ul F CO, 590n LF 1CO,

Rich Poor Rich Poor Rich Poor Rich Poor
R-Corotene 35(4) 45(9) 34(8) 51(5) 34(6) 42(7) 32(12) 48(7)
a-Corotene 34(10) 29(7) 40 (9) 30 (8) 36(8) 28(6) 36(6) 32(8)
Lutein 78(17) 91 (10) 88(19) 102(15) 79(6) 85(15) 86(12) 99(12)
ViA+Z 15(5) 17(3) 17(4) 21(5) 18(2) 19(4) 16(3) 19(4)

poor soil elevated C02caused a higher de-epoxidation state of the xanthophylls cycle in
spruce needles (Fig. 2, significant interaction soil type x C02). Comparable to data of
beech trees C 02treatment caused a reduction of total chlorophyll contents in needles (Tab.
1, Fig. 1). All other interactive effects were not significant.

Discussion

The investigation of the effects of elevated C 02and nitrogen deposition on the pigment
composition and the de-epoxidation status of two provenances of spruce and beech on two
forest soils resulted in different responses of the tree species. While pigmentation of beech
leaves was more influenced by provenance, pigment concentrations of spruce needles were
affected by soil type (Tab. 1). Pigment patterns and photoprotective xanthophylls of both
tree species were not affected by the additional application of nitrogen, but elevated C02
decreased the total chlorophyll contents in beech and spruce foliage, respectively. An ele-
vated C02induced decrease in pigment content, mainly in that of chlorophyll, has also
been observed in other studies (Surano et al. 1986, Tausz et al. 1996). These decreased
contents of total chlorophyll contents could indicate a lower light harvesting capacity, pos-
sibly because of the luxury supply of C02as a substrate for photosynthesis. This is sup-
ported by data of the carbon assimilation, where increases were found for both spruce and
beech trees in the present experiment (Gunthardt-Goerg et al. 1999). While spruce trees
allocated the assimilated carbon to the increased production of biomass, beech leaves
showed strong starch accumulations in chloroplasts. Spruce trees showed increased values
of the de-epoxidation state and increased concentrations of the photoprotective pigment
(3-carotene when grown on acidic soil type, an effect that was significantly amplified by ele-
vated C02 The de-epoxidation of violaxanthin via antheraxanthin to zeaxanthin is an im-
portant process in the dissipation of excess energy and protection of the photosynthetic
membranes from injury (Siefermann-Flarms 1977). A higher de-epoxidation state indi-
cates less light harvesting capacity and more energy dissipation in the pigment bed
(Demming-Adams and Adams 1994). For spruce, the elevated C 02may be an additionally
environmental stress factor under sub-optimal soil conditions, a fact that is emphasized by
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need of spruces for photoprotective mechanisms indicated by the higher de-epoxidation
state (Fig. 2). However, because spruce was able to induce these potoprotective mecha-
nism, it finally profited from elevated C02by increased biomass production in contrast to
beech.

Soil effects on total chlorophyll contents and the de-epoxidation status were absent for
beech trees, while provenances showed pronounced differences between these parameters.
Trees from the provenance »Hirschtal« could be characterized by more vitality (more chlo-
rophyll) and less need for photoprotection (e. g. shown by lower contents of (3-carotene)
compared to trees from »Sihlwald«.

The present results emphasize the complex responses of forest trees to global change
factors at the physiological level. The observed differences between species and prove-
nances, and the additional effect of soil and nutrition factors mediate physiological re-
sponses and, eventually, can change the competitive behaviour in the ecosystem.
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