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Abstract

Twelve-year-old Norway spruce (Picea abies [L.] Karst.) trees were exposed to
ambient (AC) or elevated (EC) [ambient + 350 pmol(CO,) mol-!] CO, concentra-
tions in open-top-chamber (OTC) experiment under the field conditions of a
mountain stand. Short-term (4 weeks, beginning of the vegetation season) and long-
term (4 growing seasons, end of the vegetation season) effects of this treatment on
biochemical parameters of CO, assimilation were evaluated. A combination of gas
exchange, fluorescence of chlorophyll a, and application of a mathematical model of
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBPCO) activity was used. The
analysis showed that the depression of photosynthetic activity by long-term impact of
elevated CO, was mainly caused by decreased RuBPCO carboxylation rate. The
electron transport rate as well as the rate of ribulose-1,5-bisphosphate (RuBP)
formation were also modified. These modifications to photosynthetic assimilation
depended on time during the growing season. Changes in the spring were caused
mainly by local deficiency of nitrogen in the assimilating tissue. However, the strong
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Abbreviations: T* - compensation CO, concentration in absence of photorespiration [pmol(CO,)
mol1]; AC (EC) - treatment exposed to ambient (elevated) CO, concentration; ATP - adenosine
triphosphate; C, (C,, C_) - ambient (internal, chloroplastic) CO, concentration [umol(CO,) mol'l}; G,
— transition CO, concentration from RuBPCO to RuBP regeneration limitation [pmol(CO,) mol];
Chl - chlorophyll; J,.x — maxirnal electron transport rate [pumol m?2 s-']; OTC — open-top-chamber;
Py, - net rate of CO, assimilation [pmol(CO,) m2s™']; Pyg (Py)) — CO, assimilation rate lirnited by
RuBPCO activity (RuBP regeneration) [umol(COz) m? s°']; Ry" - rate of non-photorespiratory CO,
efflux in the light [pmol(CO,) m2 s'!]; RuBPCO - ribulose-1,5-bisphosphate carboxylase/oxygenase;
S” - the apparent specificity factor of RuBPCO in vivo [mol mol'']; Ve, .. (V. — maximal rate of
RuBPCO carboxylation (oxygenation) [umol(CO,)(0;) m? s71]; Vi, pp - rate of RuBP consumption
and formation {pmol m2 s°1].
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depression of assimilation observed in the autumn months was the result of insuffi-
cient carbon sink capacity.

Additional key words: acclimation depression; carbon sink; CO, assimilation; elevated CO,
concentration; electron transport; Picea abies, ribulose-1,5-bisphosphate carboxylase/oxygenase.

Introduction

Many previous papers and reviews discussed how the photosynthetic apparatus
acclimates to rising atmospheric CO, concentrations in time and spatial scale. Plants
change their net photosynthetic rate (Py) in response to an increase of CO,
concentration (Eamus and Jarvis 1989, Ceulemans and Mousseau 1994, Webber et
al. 1994, Ceulemans 1997); the degree of this reaction is very variable, and depends
on species, growing conditions, mineral nutrition status, and duration of CO,
enrichment.

Short-term exposure (period of days or weeks) of higher plants to elevated CO,
often increases photosynthetic CO, uptake for two reasons: (/) suppressing of the
photorespiration, and (2) insufficiency to saturate RuBPCO activity by the current
atmospheric CO, concentration (Stitt 1991, Long and Drake 1992). However, after a
long-term period (months or years) of exposure to elevated CO, some species reduce
the Py as a result of acclimation depression, referred also as a downward regulation
(Kramer 1981, Marek et al. 1995).

Acclimation depression of photosynthesis may be a response to three main factors:
(/) Reduction of carboxylation efficiency because of decrease of RuBPCO amount
and/or activity (Sage er al. 1989) mainly associated with changes in nitrogen
reallocation (Lloyd et al. 1995), RuBPCO gene expression (Winder ef al. 1992), and
carbonic anhydrase activity (Porter and Grodzinski 1984). (2) Increasing starch accu-
mulation in chloroplasts which can lead to chloroplast disruption (Sasek et al. 1985,
Marek et al. 1995). Also, an increase in content of phosphorylated intermediates that
decreases cytosolic and subsequently chloroplast P; pools may lead to inhibition of
ATP synthesis, RuBP regeneration, and CO, assimilation (Besford 1990, Stitt 1991).
The decrease in capacity to use absorbed radiant energy as a result of P; limitation
may lead to photoinhibion (Spunda ez al. 1998) and, in the long-term, to damage and
loss of specific membrane proteins (Besford et al. 1998). (3) Insufficient sinks for the
increased amount of produced assimilates. When source synthesis of saccharides
exceeds sink requirements, decreased investment of N into photosynthetic proteins
may be expected (Webber et al. 1994). Moreover, increased investment into the non-
photosynthetic organs, e.g., root system, that increases the sink capacity has been
observed (Eamus and Jarvis 1989, Stitt 1991, Oplustilova and Dvoirak 1997).

Some differences in acclimation amongst different species may be explained by
different degrees of intercellular limitation to CO, diffusion (Ceulemans 1997). For
species such as Norway spruce, where photosynthesis is strongly limited by
chloroplastic CO, concentration (Priwitzer et al. 1998), sensitive responses to
elevated CO, concentration have been observed in absorption of radiant energy
(Spunda et al. 1998), Py (Marek er al. 1995, 1997), and in biomass allocation
(Oplustilova and Dvorak 1997).
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The aim of this paper is to demonstrate new characteristics of the photosynthetic
apparatus in trees exposed to elevated double CO, concentration (EC) based on a
combination of gas exchange and fluorescence measurement techniques and on a
mathematical model, to enhance the interpretation of some results presented earlier
by Marek et al. (1995), and to further explain changes of the reasons of acclimation
depresston for Norway spruce trees acclimated to EC during the vegetation season.

Materials and methods

Plants and experiment design: Impact of EC on physiological parameters of Norway
spruce (Picea abies [L.] Karst.) trees (age 12 years, average height 2.5 m) treated in
open-top-chambers (OTCs) (Janou§ ef al. 1996) was investigated at the Experimental
Research Site Bily KiiZ in the Beskydy Mts. (Czech Republic, 49° 30'N, 18° 32E,
908 m a.s.l.). Four OTCs contained air with AC [ca. 350 umol(CO,) mol-1], four
OTCs were supplied with EC [ca. 700 umol(CO,) mol-!] from the spring 1992 to
autumn 1995, except during the winter dormancy period (see Marek ef al. 1995 for
details).

Gas exchange measurements: A closed portable photosynthetic system with infra-red
gas analyser Li-6200 (LI-COR, USA) was used for measurement of the relationship
between the rate of CO, assimilation and intercellular CO, concentrations (Py-Cj)
under saturating irradiance (1300 pmol m-2 s-1). Estimation of the input biochemical
model parameters was based on the analysis of the initial linear part of P\-C;
relationship measured at two low irradiances (ca. 100 and 250 pmol m2sT)
(Farquhar er al. 1980). Microclimatic conditions inside the assimilation chamber
were kept constant during all the measurements (temperature of needles 20+2 °C,
relative air humidity 5543 %). Marek et al. (1995, 1997) gave detailed information
about the measuring protocols.

Modulated chlorophyll (Chl) a fluorescence: The electron transport rate, required for
PN-C, estimation, was calculated from the Chl a fluorescence (Genty et al. 1989).
Chl a fluorescence was measured using portable chlorophyll fluorometers PAM 101,
102, and 103 (H. Walz, Germany). Identical shoots were used for the measurements
during the whole growing season. After the dark adaptation of needles (30 min) the
original fluorescence value (Fp) was estimated. Following the period of 10 min
continuous actinic irradiation (1300 pmol m-2 s-1), a saturating pulse of "white light"
(0.6 s, 3500 pmol m2 s-1) was applied for the estimation of the maximal level of
fluorescence (Fy). Electron transport rate was determined according to Genty et al.
(1989) using an absorption coefficient of 0.87 for Norway spruce needles (Spunda ez
al. 1993).

Mathematical model of photosynthesis: Photosynthetic gas exchange parameters can
be identified with those obtained from biochemical assay by a biochemically based
photosynthetic model (Farquhar ef al. 1980, Caemmerer and Farquhar 1981). This
model is based on the stochiometry of the carboxylation and electron transport
processes and their relationship with CO, assimilation. The model predicts a change
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in the PN-C; curve as the limitation to photosynthesis changes from RuBPCO (1) to
RuBP regeneration (2):

(Ci - F*) VCmax
P NR =

-Ry* (M
C,+Ko(1+ OK)

(Ci- T Jax :
Py =—— - Ry’ (2)
45(C;+1731™)
where Pyg (Pyy) is the rate of CO, assimilation limited by RuBPCO activity (RuBP
regeneration), C; (O) intercellular CO, (O,) concentration, K¢ (Kg) Michaelis-
Menten constants for CO, and O, at 20 °C, respectively, Vemax (Jmax) Maximal rates
of carboxylation (electron transport) estimated by fitting of initial linear (saturated)
part of Py-C; relationship, I'* (Ry*) compensation CO, concentration (rate of CO,
efflux in the light) in the absence of photorespiration (measured input parameters).
The CO; concentration (Cj,) at the transition from RuBPCO activity to RuBP
regeneration limitation occurs at Pyg = Pyj.

A combination of fluorescence and leaf gas exchange techniques allows the
calculation of CO, concentration at the catalytic site of RuBPCO (C.) and
subsequently the estimation of the dependence of the CO, assimilation rate on the
CO, concentration at the catalytic site of RuBPCO (P\-C.) (Epron et al. 1995,
Priwitzer et al. 1998). The model is based on the estimation of the apparent
specificity factor of RuBPCO in vivo (S*) from the stoichiometry of electron
consumption for carboxylation and oxygenation cycles. The apparent specificity
factor of RuBPCO in vivo at 20 °C was estimated following Lloyd et al. (1995).

Statistics: The Pn-C; and Pn-C, curves were fitted using the FOTOS programme
(e.g., Marek et al. 1995). For each treatment a set of 12 curves and related
parameters were obtained and statistically processed. The statistical significance of
differences of these parameters between the AC and EC variants were based on the
F- and r-tests of the mean values. The analysis was carried out using the analytical
tools in the EXCEL programme package.

Results

All the presented results were obtained from one-year-old shoots located in the S/SW
parts of the crowns, because of their importance to the photosynthetic production and
to minimise the effects of needle development during the vegetation season. An
effect of EC on photosynthetic characteristics of Norway spruce shoots was
investigated during the beginning of the second growing season (May 1993) and
during the end of the fourth growing season (September 1995) of the CO, enrichment
experiment.

536



SEASONAL CHANGES IN CO, FIXATION OF NORWAY SPRUCE

May 1993-beginning of the growing season: The differences in Pn-C relationships
between AC and EC variants (Fig. 1) correspond in detail to the earlier presented Py-
C; response curves (Marek et al. 1995). Lower carboxylation efficiency (initial slope
of the P\-C, curve) and higher rate of electron transport (RuBP regeneration-limited
asymptote of the P-C, curve) were estimated for the EC treatment shoots. Stomatal
and intercellular limitations were derived from C,, C;, and C. values (Epron et al.
1995) (Table 1). Slightly higher stomatal limitation of assimilation (20 %) and
significantly lower intercellular limitation (56.7 %) to CO, diffusion were observed
for the EC variant compared to the AC treatment (18.8 and 78.0 %, respectively).
The supply function for the EC variant was lower by 42 % in comparison with the
AC treatment (Table 1). ['* and Ry* in the absence of photorespiration were signifi-
cantly different for the AC and EC variants (Table 2). These changes depended on
the duration of CO, enrichment. Short-term EC exposure significantly decreased I'*
(16.6 %), while the Ry* value was not changed. Maximal rates of carboxylation
(Vemay) and electron transport (Ji,.) were lower for the AC variant by 14 and 9 %,
respectively. Further, short-term exposure to EC caused a decrease of the maximal
oxygenation rate, Vomax. by 46 %, an increase of the RuBP regeneration rate, Vg, pp,
by 29 %, and an increase of the value of the RuBPCO specificity factor in vivo, S*,
by 64 % (Table 3).
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Fig. |. The relationship between CO, concentration at the catalytic site of RuBPCO (C,) and the rate
of CO, assimilation uptake (Py) under saturating irradiance (1300 umol m2 s!). AC - control open-
top-chambers supplied with ambient CO,; EC — open-top-chambers with ambient + 350 £mol(CO)
mol'!. The whisker bars represent + SD; n = 12.
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Table 1. Calculated mean values of CO, assimilation rate, Py [umol(CO,) m-2 s'1] at internal (C;) and
chloroplastic (C.) CO, concentration [umol(CO;) mol!]. SF - supply function [dimensionless]. AC —
control open-top-chambers supplied with ambient CO,; EC - open-top-chambers with ambient + 350
4mol(CO,) mol L.

(‘ﬂ Ci at Ca PN(Ci) CC at Ci PN(CC) SF

1993 AC 350 284 13.7 62 20.0 0.0706
EC 700 562 18.5 175 229 0.0408
1995 AC 350 263 93 110 16.7 0.0636
EC 700 492 9.9 243 12.7 0.0258

September 1995-end of the growing season: P\-C, curves (Fig. 1) showed a strong
acclimation depression of photosynthesis in the EC treatment (24 %), although the C,
concentration was higher (119 %) than in the AC variant (Table 1). This depression
was caused by both decreased carboxylation and decreased electron transport rate
(Table 3). Stomatal limitation of assimilation was again higher for the EC treatment
(29.7 %) compared to the AC variant (24.9 %). The estimated value of intercellular
limitation (64.4 %) was higher by 13.5 % than the intercellular limitation value after
short-term EC exposure in May 1993. The long-term EC treatment caused significant
increase of I'* and decrease of Ry* (45 and 17 %, respectively) in comparison with
the AC variant. Significant depression of Vegax (60 %), Jiax (49 %), Vomax (71 %),
and Vg,gp (12 %), as well as increase of the Jy,a/Vemax ratio (25 %) were observed
for the EC variant compared to the AC one (Table 3). The value of RuBPCO specifi-
city factor decreased by 6.2 % for the EC treatment compared to AC (Table 3).

Calculated values of Py limited by RuBPCO and RuBP regeneration (Fig. 2)
showed distinct limitation to electron transport. Transition CO, concentrations (Cjp)
were 197 and 548 umol(CO,) mol-!, respectively, for the AC and EC variants at the
beginning of the experiment in 1993. Significant shifts of these values were observed
after the long-term exposure at the end of the 1995 growing season: 513 (AC) and
622 (EC) umol(CO,) mol-!, respectively.

Table 2. Input parameters of the biochemical model of RuBPCO activity. I™* - compensation CO,
concentration in absence of photorespiration [umol(CO,) mol'']; Ry* - rate of non-photorespiratory
CO, efflux in the light [umol(CO,) m2 s'!]; AC - control open-top-chambers supplied with ambient
CO,; EC - open-top-chambers with ambient + 350 xmol(CO;) mol!. Means + SD; the same letters
indicate significant differences (at the level of 95 %); * highly significant difference (at the level of
99 %), n=12.

rr Ry

1993 AC 450+18a" 0.65+009e
EC 380%23a'¢" 067+001f

1995 AC 47.0+3.1b° 0.52+0.06d", e
EC 68.0+3.5b%c" 043+0.044d" f
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Table 3. Calculated parameters of the biochemical model of RuBPCO activity. Vemax - maximal rate
of RuBPCO carboxylation [pmol(CO,) m2 s1]; Jyax - maximal rate of electron transport [umol(CO»)
M2 §; Vomax - maximal rate of RUBPCO oxygenation [umol(0;) m2 s7]; Vg,pp - rate of ribulose-
1,5-bisphosphate consumption and formation [pmol m?2 s!]; S* - apparent specifity factor of
RuBPCO in vivo [mol mol!]; AC - control open-top-chambers supplied with ambient CO,; EC -
open-top-chambers with ambient + 350 £mol(COz) mol-!.

vaax Jmax VOmax vRuBP Jmaxlv Cmax St
1993 AC 838 1016 216 18.2 1.04 552.9
EC 979 111.8 11.6 235 1.33 907.1
1995 AC 579 1149 156 18.7 1.98 613.3
EC 234 58.6 4.6 16.4 2.47 5753

Discussion

Trees are characterised by their enormous potential for acclimation and adaptation,
so it must be emphasised that "short-" and "long-term” are relative terms in relation
to the life duration of a tree (Ceulemans and Mousseau 1994).

Px-C. relationship: The most convincing evidence for acclimation of photosynthesis
in elevated CO, concentration comes from study of the in situ Py-C’; response curve
(Long 1991, Marek et al. 1995). Our Py\-C, response curves also document and
support ideas about acclimation depression of photosynthesis (Fig. 1). Slower
increase of the initial part of the PN-C, curve for the EC variant in 1993 (Fig. 1), the
document of RuBPCO kinetic changes, is mainly caused by inhibited
photorespiration (Long and Drake 1992). Because short-term exposure to EC only
slightly reduced stomatal conductance of Norway spruce trees (Marek 1998), C;
(Table 1) increased above the transition point (Cjp) of RuBPCO activity and capacity
for RuBP regeneration co-limitation. Thus, on transfer of leaves from ambient to
double CO, concentration, there will be an excess of RuBPCO activity (Long 1991).
If control mechanisms allow optimisation of all steps of photosynthesis, a decline of
RuBPCO activity would be expected. Decreased RuBPCO activity in relation to CO,
influence was estimated by gas-exchange measurements from Py-(7; (Marek et al.
1995) and Py-C, response curves (Fig. 1), as well as by direct isotope measurement
of RuBPCO activity (Besford et al. 1990). RuBPCO activity decreased (Table 4)
with the duration of CO, treatment (Marek 1998). Results of the measurements at the
end of growing seasons showed that RuBPCO activity decreased by 12 % in 1993 for
the EC variant, while it was 40 % lower in 1995 (Table 4). The loss of RuBPCO
activity is often associated with nitrogen and phosphorus depletion in the
photosynthetic tissue, which was also observed for Norway spruce needles (Table 4).
The decreased requirement for RuBPCO in an elevated CO, atmosphere allows
transfer of N investment from RuBPCO into RuBP regeneration, i.e., into enzymes of
the Calvin cycle and chloroplast membrane proteins of electron transport (Webber e?
al. 1994). The result of this was higher saturated CO, assimilation rate in comparison
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to trees planted at AC (Fig. 1, solid lines) in the spring 1993. Increased redistribution
of nitrogen to the RuBP regeneration processes was supported by recalculation of the
CO, assimilation rate per needle dry mass [umol(CO,) kg1 s-!] using specific leaf
area (SLA) values (not shown). Smaller differences between the AC and EC variants
were estimated for the RuBPCO limited phase and larger differences in the RuBP
regeneration limited phase of CO, assimilation curves. Thus, the type of acclimation
response observed in spring 1993 can be defined as strictly N-supply limited
acclimation.

A different type of CO, uptake limitation was observed in autumn 1995 (Fig. 1,
dashed lines). The end-product inhibition of photosynthetic metabolism by both P;
(31.8%) and N (13.6 %) limitation (Table 4) together with decreased RuBPCO
activation energy by elevated CO, concentration (Sage et al. 1989) indicates an
excess of some components of the photosynthetic apparatus (Stitt 1991). This allows
investment of assimilates to non-photosynthetic plant organs, such as the root system
(Oplustilova and Dvotak 1997), and thus to increase the sink capacity. Because the
Py was decreased over the whole C, interval (Fig. 1) for EC trees, both RuBPCO
activity and capacity for RuBP regeneration were decreased. Thus, photosynthesis
was strictly limited by insufficient sinks in this case (Webber ef al. 1994). Long and
Drake (1992) gave evidence for higher photosynthetic acclimation to elevated CO,
concentration for plants that were least able to use additional saccharides in
respiration, growth, and storage, i.¢., in sink-limited plants. From this point of view,
the mentioned physiological reactions class Norway spruce as a strong sink-limited
tree species (Marek er al. 1995, 1997, Oplustilova and Dvoiak 1997, Spunda et al.
1998).

Moreover, complete data sets of Py-C; and Py-C relationships obtained during
three subsequent growing seasons (1993, 1994, 1995) in spring and autumn,
presented by Marek (1998), show seasonal periodicity of downward regulation of
photosynthesis caused by a deficiency of nitrogen (spring) and by lack of active sinks
for increased production of assimilates (autumn). However, a small number of long-
term exposure values (over three-years) in the literature show no similar trend for
other coniferous or broadleaved tree species (Ceulemans and Mousseau 1994).

Biochemical photosynthesis model: Maximal rates of carboxylation (Vcpm,) and
electron transport (¥,,,,) were calculated from the initial linear slope and saturated
part of the Py-C; response curves (Egs. 1 and 2). Results presented earlier by Marek
et al. (1995) did not discriminate separate parts of the Pn-C; curves and thus must be
interpreted as the actual rate values (Caemmerer and Farquhar 1981, Brooks and
Farquhar 1985).

Results obtained in spring 1993 show differences in co-limitation of
photosynthesis by RuBPCO activity and RuBP regeneration between the AC and EC
variants (Fig. 2). The AC variant was characterised by larger limitation to the
electron transport because Py; was saturated at lower Cj, in the AC treatment
compared to the EC treatment.

By contrast, short-term EC exposure caused larger limitation to RuBPCO: Py; at
saturating (; concentration represents 75 % of the Pyg value for the EC variant,
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while Pyj represents only 46 % of Pyr for the AC treatment. This result again
supports ideas about nitrogen reallocation from RuBPCO to enzyme systems
connected with the utilisation of assimilates. Long-term EC treatment (autumn 1995)
decreased differences of co-limitation by RuBP regeneration and RuBPCO activity:
the Py; value at saturated C; represented 84 % of Pyg value for the EC and 70 % for
the AC variant.
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Fig. 2. Relationship between intenal CO, concentration (C;) and the rate of CO, assimilation limited
by RuBPCO activity (Pnr) and RuBP regeneration (Py;) under saturating irradiance (1300 umol m2
s'1). The curves correspond to the mean Pn-C, curves. AC - control open-top-chambers supplied with
ambient CO,; EC — open-top-chambers with ambient + 350 gmol(CO,) mol!.
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The biochemical parameters (Table 3) showed significant time-depending seasonal
decrease of Vgmay. The in vivo apparent specificity factor of RuBPCO (S*) defines
the relative rates of photosynthesis and photorespiration (Epron et al. 1995). Signifi-
cantly higher S* for the EC variant after short-term exposure supports the idea of
strong depression of photorespiration at the RuBPCO level, and thus reduced N flux
and amino acid synthesis in needles via decreased glycollate formation resulting from
low RuBPCO oxygenase activity (Ceulemans and Mousseau 1994). Long-term EC
exposure (four growing seasons) lead to decrease of the specificity factor S* to the
primary value in spring 1993 (Table 3). This decrease was mainly caused by the ex-
pressively decreased Py (Table 2). It can be presumed that continuing EC treatment
may lead to further decline in the value of S*. Reduced Py may reflect a lower N flux
and larger reallocation of N (Table 4) from RuBPCO and other Calvin cycle enzy-
mes, such as 3-phosphoglycerate kinase and NADP-3-phosphate-glyceraldehyde-
dehydrogenase (Besford 1990). Local phosphorus deficiency in needles is associated
with excess of production of assimilates (Table 4) and corresponds to RuBPCO
decarboxylation owing to reduced activity of RuBPCO activase (Portis 1990).

Long-term exposure of trees to EC influenced the ratios between C,, C;, and C,
(Table 1). The significant increase of intercellular limitation to CO, diffusion for the
EC variant may be caused by decrease in carbonic anhydrase activity that catalyzes
the interconversion of CO, to HCO;", and may facilitate diffusion of CO, from the
mtercellular air space to RuBPCO (Porter and Grodzinski 1984, Webber et al. 1994).

Trees growing in a forest stand are characterized by differentially formed
assimilation apparatus induced by the distribution of photosynthetically active
radiation within the canopy layer (Norman and Jarvis 1975). The RuBPCO synthesis
(Winder et al. 1992, Webber et al. 1994), nitrogen distribution (Lloyd et al. 1995),
and chloroplastic CO, concentration (Priwitzer ¢t al. 1998) are related to the position
within the canopy layer. Thus, different acclimation reactions for the sun and shade
foliage under the influence of EC are presumable. It means that seasonal acclimation
could be influenced by vertical distribution of some differences of the relations
between assimilation function and EC effects. These circumstances should be entered
to the models of forest carbon capacity destination.
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