
PHOTOSYNTHETICA 41 (2): 167-175, 2003

167

Modifications in photosynthetic pigments and chlorophyll fluorescence
in 20-year-old pine trees after a four-year exposure
to carbon dioxide and temperature elevation
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Abstract

Changes in pigment composition and chlorophyll (Chl) fluorescence parameters were studied in 20 year-old Scots pine
(Pinus sylvestris L.) trees grown in environment-controlled chambers and subjected to ambient conditions (CON),
doubled ambient CO2 concentration (EC), elevated temperature (ambient +2–6 oC, ET), or a combination of EC and ET
(ECT) for four years. EC did not significantly alter the optimal photochemical efficiency of photosystem 2 (PS2; Fv/Fm),
or Chl a+b content during the main growth season (days 150–240) but it reduced Fv/Fm and the Chl a+b content and
increased the ratio of total carotenoids to Chl a+b during the 'off season'. By contrast, ET significantly enhanced the
efficiency of PS2 in terms of increases in Fv/Fm and Chl a+b content throughout the year, but with more pronounced
enhancement in the 'off season'. The reduction in Fv/Fm during autumn could be associated with the CO2-induced earlier
yellowing of the leaves, whereas the temperature-stimulated increase in the photochemical efficiency of PS2 during the
'off season' could be attributed to the maintenance of a high sink capacity. The pigment and fluorescence responses in
the case of ECT showed a similar pattern to that for ET, implying the importance of the temperature factor in future
climate changes in the boreal zone.

Additional key words: carotenoids; diurnal course; environment chambers; irradiance; leaf temperature; photosynthetic photon flux
density; photosystem 2; Pinus sylvestris; seasonal course; specific leaf area.

Introduction

Rising atmospheric CO2 concentration [CO2], elevated air
temperature, and their interaction on trees have been the
most intensively studied environmental problems in
recent times, while changes in CO2 exchange and its
underlying biochemical regulation are at the core of the
effects of CO2 on plants. Research in past decades has
been focused on tree growth, photosynthesis, biomass
production, and allocation under these conditions, the
main emphasis with regard to photosynthesis being placed

on net carbon uptake, altered ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBPCO) activity, and the
production of primary assimilates during the growth
season. Little attention in global climate studies has been
paid to the functioning of light-harvesting complexes,
either photosystems or electron carriers in the thylakoid
membranes of trees growing under long-term conditions
that simulate global change.

Under the boreal climatic conditions, most of the
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needles on confers must literally survive years of
fluctuat-ing temperatures (varying from +35 to –40 oC in
Finland, Wang 1996) and temperature (Hansen et al.
2002), implying two important things that we must face
when studying the responses of trees to CO2: acclimation
of the photosynthetic apparatus to the prevailing
temperature, and the response of trees to CO2 at different
base-line temperatures. A low temperature, often
accompanied by high irradiance in spring and autumn,
can lead to cold acclimation in trees, which could involve
changes in membrane composition and RuBPCO content,
so that photosynthesis is depressed (Strand and Öquist
1985, 1988, Leverenz and Öquist 1987). Elevated
temperatures may therefore greatly reduce the period
during which natural acclimation results in depression of
photosynthetic capacity and allow trees to utilise photons
intercepted during the spring and autumn with greater
efficiency (Long and Hutchin 1991). In contrast, too little
is known about interactions between elevated [CO2] and
low tem-perature. In view of the dependence of elevated
[CO2] on the base-line temperature, models for the
biochemistry of C3 photosynthesis predict much larger
CO2 stimulation of photosynthesis at higher temperatures
and little benefit from CO2 enrichment at low
temperatures (<15 oC) (Long 1991). This implies that
increased [CO2] will have diffe-rent impacts on
photosynthesis during the growing season and during the
'off season'. Some long-term field experi-ments have
indeed supported these predictions, but there are
exceptions and considerable variations in the respon-ses.
In Pinus taeda, for example, the relative stimulation of
photosynthetic rate over several seasons was correlated
with temperature in one study (Tissue et al. 1997) but not
in another (Teskey 1997). The information available
concerning the interaction of elevated [CO2] with the
base-line temperature is still rather limited. Nevertheless,
the influence of the CO2 and temperature factors individu-
ally on trees is superimposed on the seasonal variations,
so that it is difficult to predict what the resultant changes
in annual photosynthesis will be under future conditions
of climate change.

The in vivo chlorophyll (Chl) fluorescence signatures
provide basic information on the functioning of the
photo-synthetic apparatus and on the capacity and
performance of photosynthesis, whereas leaf pigments,
including Chl and Cars, are directly related to light
harvesting in photo-synthesis, excess energy dissipation,
and the inactivation of stress-related toxic products

(Havaux 1998, Taiz and Zeiger 1998). Consequently,
pigment and fluorescence analyses have been used to
evaluate plant responses to environmental stresses
(Mohammed et al. 1995). Epron et al. (1996) found that
the Chl content per unit N decreased with time in beech
saplings grown under [CO2] enrich-ment, suggesting that
less N may be invested in the light harvesting complex.
In Eucalyptus tetrodonta, however, the Chl content was
reduced by elevated [CO2], although the rates of light-
saturated photosynthesis remained higher (Eamus et al.
1995). In most ECOCRAFT (likely impact of elevated
[CO2] and temperature on European forests) studies,
elevated [CO2] failed to affect the optimal photochemical
efficiency of photosystem 2 (PS2; Fv/Fm) (Besford et al.
1996), but either a significant in-crease (Ceulemans et al.
1995) or a decrease (Roden and Ball 1996, Scarascia-
Mugnozza et al. 1996) have been reported. By
comparison with elevated [CO2], the effects of long-term
temperature elevation on the pigment con-tent and
functioning of PS2 with rising growth tempera-tures have
less often been reported in tree species. Studies of
Douglas fir seedlings pointed to a positive relationship of
enhanced contents of needle pigments and increased
[CO2] uptake to elevated temperature (Lewis et al. 1999,
Ormrod et al. 1999). This was consistent with findings in
an evergreen arctic dwarf shrub (Cassiope tetragona)
(Michelsen et al. 1996), but in contrast to the situation in
winter wheat (Triticum aestivum) due to the temperature-
induced enhancement of leaf senescence (Delgado et al.
1994). Aiken and Smucker (1996) suggest in their review
that under more favourable temperature conditions the
roots would synthesise and export more cytokinin to the
foliage to promote pigment synthesis. Thus the responses
of photochemical processes to elevated [CO2] or tempera-
ture probably reflect other feedback regulation mecha-
nisms in whole-tree growth and sink/source capacity as
well as differences in species, genotype, and experimental
conditions.

Individual Scots pine, Pinus sylvestris L., trees grown
in environment-controlled chambers were subjected here to
two [CO2] and two temperature levels. The Chl a fluo-
rescence and pigment compositions of 1-year-old needles
were measured in the fifth year of exposure (2001). Speci-
fic objectives were to determine whether naturally growing
trees of Scots pine adjust, over time, their photosynthetic
activity to elevated [CO2] and temperature, and to analyse
the effect of possible interactions between treatments and
naturally occurring weather stresses on these trees.

Materials and methods

Tree growth conditions: The experiments were done in a
naturally-seeded stand of Scots pine located near the
Mekrijärvi Research Station (62º47′N, 30º58′E, 145 m
a.s.l.), University of Joensuu, Finland. The trees were
approximately 20 years old, with a mean height of 3.5 m.

Soil is a sandy loam with a water-retention value of
40 mm at field capacity and 20 mm at the wilting point
for the top of 30 cm.

Sixteen trees of approximately the same crown size
and height were chosen and enclosed individually in
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closed-top chambers in the field in 1996. Four treatments
of combinations of [CO2] and temperature were con-
ducted: (1) ambient temperature and [CO2] (CON); (2)
elevated [CO2] (EC); (3) elevated temperature (ET); (4)
elevated [CO2] and temperature (ECT). Each treatment
had four replicates.

The chambers are approximately cylindrical, with
eight walls, an internal volume of approximately 26.5 m3

and a ground area of 5.9 m2. The four walls facing south
and west are constructed of special heating glass with a
thin resistance element converting electricity into heat
(K-glass + AS Green, Eglas Oy, Imatra, Finland) and the
four north and east-facing walls of dual-layer acrylic
sheets. A fan blower through a duct fed unfiltered air into
the chamber approximately 3.5 m above the ground, and
the airflow was determined periodically with a hot wire
anemometer and adjusted with a butterfly valve. A com-
puter-controlled heat exchanger linked to a refrigeration
unit (CAJ-4511YHR, L’Unite-Hermetique, Barentin,
France) was installed in the top of each chamber. The
computer-controlled heating and cooling system, together
with a set of magnetoelectric valves (controlling the pure
CO2 supply), enabled temperature and [CO2] inside the
chambers to be adjusted automatically to follow ambient
conditions, or to achieve a specified enrichment in CO2
(+350 µmol mol-1) and/or rise in temperature (+2 ºC
during the ‘main growth season’, i.e. days 150–240 and
+6 ºC during the ‘off season’). The [CO2] was enriched
all day throughout the year. Performance of the chamber
system has been detailed in Kellomäki et al. (2000).

Measurements of fluorescence and pigment contents:
Chl a fluorescence was measured in attached one-year-old
needles on the shoot in a secondary whorl at the top of the
crown using a portable Chl fluorometer (MINI-PARM,
H. Walz, Effeltrich, Germany). Two groups of measure-
ments were made in the year 2001, measurements on dark-
adapted needles monthly throughout the year to estimate
the optimal photochemical efficiency of PS2 (Fv/Fm) and
PPFD-response curves, and a total of five natural daily
courses under contrasting weather conditions monitored in
the summer of 2001 for each treatment. For all the
measure-ments, the three needles in the middle of the shoot
were fastened side by side on a strip of transparent tape,
attached to a "Distance Clip", and oriented so that their
curved surfaces were fully exposed to irradiation during
the day. Care was also taken to avoid shading of the leaf
surface, and the PPFD close to the leaf surface was

measured with a micro-quantum sensor calibrated against a
quantum sensor (LI-190SB, LI-COR, Lincoln, NE, USA)
during the daily course of measurements. The fibre-optic
tip, with a 2 mm active diameter (MINI-PAM/F1) was
maintained at a distance of 6 mm from the needle surface
at an angle of 60o by means of the "Distance Clip", and
fluorescence was excited with a modulated red radiation of
ca. 2 µmol m-2 s-1 by setting a pulse-width of 3 µs and a
frequency of 20 kHz. A saturating radiation pulse (0.8 s) of
ca. 8 000 µmol m-2 s-1 was provided by an 8 V/20 W
halogen lamp (Bellaphot, Osram). The initial (F0) and
maximal (Fm) fluorescence of the needles after 20 min of
dark acclimation were recorded. The fluorescence at the
steady state (Fs) and at the delivery of the saturation pulse
(F'm) were determined after pro-longed irradiation. The
measurements were then used to calculate the optimal
photochemical efficiency of PS2 (Butler 1978), Fv/Fm =
(Fm – F0)/Fm and its effective photochemical efficiency
(Genty et al. 1989), ∆F/F'm = (F'm – Fs )/F'm.

After the fluorescence measurement, a total of twelve
needles were collected from the shoot adjacent to the one
used for the fluorescence measurements, enclosed in
plastic bags, and immediately stored on ice. Six of these
needles were used to determine the relationships between
fresh mass, dry mass (80 oC for 48 h), and projected area
(WinRHIZOTM, Regent Instruments, Quebec, Canada),
and the remaining ones for pigment analysis. The fresh
needles were extracted with a constant volume of 10 cm3

of 100 % methanol in a mortar with pestle, some of the
crude extract being transferred to 2 cm3 Eppendorf tubes
for centrifugation at 600 rps for 10 min to clarify the
extract. The absorbance was determined with a recording
spectro-photometer (U3200, Hitachi, Ibaraki, Japan). The
concentrations of Chl a and b and total Cars were calcu-
lated per fresh mass using the equations and absorption
coefficients of Lichtenthaler (1987).

Statistical analyses: It was assumed that any significant
responses to the treatments were the result of the growth
temperatures and [CO2] and not to unknown chamber
effects. Repeated-measures analysis of variance (Moser et
al. 1990) was used to test the effects of the growth
conditions (CON, EC, ET, and ECT) and date of measure-
ment on pigments and fluorescence parameters during the
season. One-way ANOVA was used to test differences in
the parameters between the control and enriched treatments
on any specific date using the means of the four replicate
chambers.

Results

Contents of Chl and Cars: The Chl a+b content in the
one-year-old needles showed a clear dependence on season,
with its lowest value in early April, and remained almost
constant during the main growth season (days 150-240)

independent of the treatments (right panels in Fig. 1). By
comparison, Cars showed slight variations over the year.
The treatments significantly affected both the Chl a+b and
carotenoid (Car) content, but did not alter the ratio of
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Chl a/b (Table 1). In view of the seasonal differences in
photosynthetic pigments, the treatments might have a more
pronounced impact on pigment content in the 'off season'
than in the main growth season. In terms of the seasonal
average, ET increased Chl a+b by 8.8 % (p = 0.044) and
21.6 % (p = 0.001) in the growth season and the off season,
respectively, but reduced Cars by 4.2 % (p = 0.058) and
11.3 % (p = 0.034), respectively. By contrast, EC signi-
ficantly reduced Chl a+b by 14.7 % (p = 0.022) but
increased Cars by 10.1 % (p = 0.036) during the off

season, whereas it produced only a marginal reduction in
Chl a+b (–1.4 %, p = 0.070) and Cars (2.6 %, p = 0.075)
during the growing season. In addition, specific leaf area
values (SLA in Table 1) were lower in EC during the off
season, whereas ET led to no significant change in SLA at
any time in the year. Even so, statistics indicated that the
treatment-induced changes in pigment content relative to
area were not significantly different from those calculated
relative to dry mass.

Table 1. Seasonal means (MGS = main growing season, days 150-240) of photosynthetic pigment ratios and specific leaf area (SLA)
[cm2 kg-1(dry mass)] in one-year-old needles of Scots pine trees grown in different environments (CON, EC, ET, and ECT), and their sta-
tistical significance. The effects of the treatments on the variables were analysed by multi-factor ANOVA. Different letters within a column
indicate statistically different from each other value at p = 0.05. Means of measurements from four sample trees represent the same
treatment, and the standard error is given in parentheses.

Treatment Chl a/b Cars/Chl a+b SLA
MGS Off season MGS Off season MGS Off season

CON 4.25 (0.18)a 5.34 (0.26)a 0.284 (0.005)a 0.312(0.009)a 41.2 (1.01)a 40.7(0.82)a
EC 4.39 (0.21)a 5.52 (0.31)a 0.307 (0.010)a 0.359 (0.011)b 40.3 (1.03)a 38.1(1.01)b
ET 4.18 (0.16)a 5.11 (0.17)a 0.266 (0.006)a 0.276 (0.008)c 42.4 (0.96)a 39.9(0.98)ab
ECT 4.21 (0.22)a 5.19 (0.27)a 0.257 (0.008)a 0.280 (0.013)c 42.1 (1.04)a 40.1(0.75)ab

Fig. 1. Annual course of (A) mean daily air temperature (Ta) and the optimal photochemical efficiency of PS2 for dark-adapted needles
(Fv/Fm), (B) differences (treatment – CON) in Fv/Fm relative to CON, (C) differences in Ta relative to those in the control chambers, (D)
mean contents of chlorophyll (Chl) a+b and carotenoids (Car), (E) differences in Chl a+b relative to CON, and (F) differences in content
of Cars relative to CON. The plots are based on measurements made on four trees (chambers) for each treatment.

Optimal photochemical efficiency of PS2: The annual
course of optimal photochemical efficiency of PS2 (Fv/Fm)
was related to some extent to that of the daily means of air
temperature (Fig. 1A). In the case of EC, Fv/Fm averaged
0.78 during the growing season and 0.36 during the off
season, gained its lowest value, 0.21, at the end of March,

began to recover in early May, and reached full recovery in
late June. The factor-enhanced treatments led to following
changes in Fv/Fm relative to CON: (1) the recovery of Fv/Fm
began earlier (around the end of April) in the temperature-
elevated chambers, but showed no change in the EC
chambers; (2) the treatments did not significantly alter the
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values of Fv/Fm during the growing season, although EC
slightly reduced Fv/Fm (–1.4 %; p = 0.073) and ET
increased it (4.8 %; p = 0.061) (Fig. 1B); (3) ET-induced
increases in Fv/Fm during the off season (41 %, p = 0.023)
coincided very well with the increases in growth tempera-
ture in the chambers (Fig. 1C); (4) EC depressed Fv/Fm in
general (–8.7 %, p = 0.042), but this was especially pro-
nounced in September and October (–31 %, p = 0.001); (5)
regardless of the treatment, significant changes in Fv/Fm
were due more to modification in the maximum fluores-
cence (Fm) than of the initial fluorescence (F0); (6) ECT-
induced modification of Fv/Fm was similar to that observed
with ET.

Diurnal course of fluorescence: Four examples of the
diurnal course of fluorescence parameters represent similar
weather conditions but different treatments (Fig. 2). In
general, they referred to typical sunny days in summer with
temperature and irradiation stress. The morning records of
Fs and F'm fluorescence were very similar for trees growing
in CON and EC (Fig. 2C,D). Regardless of the treatment, a
sharp diurnal decline in F'm coinciding with increase in
PPFD was always observed on sunny days. Recovery
began at the end of the afternoon, levels close to the
morning values being reached after sunset, and transient
decreases in PPFD caused by clouds being accompanied
by rapid increases in F'm. Fs displayed less marked trends
than F'm, although there was a slight diurnal decrease.
Since the depressions in F'm were more pronounced than
those in Fs, the effective photochemical efficiencies of PS2
(∆F/F'm) showed parallel patterns with F'm (Fig. 2D,E,I,J).
The temperature-elevated treatments significantly
increased ∆F/F'm throughout the day relative to CON (p =
0.042),
whereas EC significantly enhanced the decreases in ∆F/F'm
in the afternoon (p = 0.039).

To quantify the responses of fluorescence parameters to
irradiation and water stresses, we selected data with
VPD>1.5 kPa from 5-d-series of measurements made in
summer 2001 and plotted the relationship between PPFD
and Fs, F'm, and ∆F/F'm for each treatment (Fig. 3). There
were a few points in the figures where PPFD was lower
than 400 µmol m-2 s-1 (for CON and EC) or 600 µmol
m-2 s-1 (for ET and ECT), because of the demand for the

critical VPD. The regressions indicated that a linear fitting
was significant for Fs, with r2 varying from 0.74 to 0.86
and p<0.05 (Fig. 3A,D), and exponential relations were
significant for F'm and ∆F/F'm, with r2 varying from 0.69 to
0.77 and p<0.05 (Fig. 3B,C,E,F). An interesting finding
was that the treatment-induced differences in fluorescence
parameters appeared to be almost constant when PPFD
was over 600 µmol m-2 s-1. Based on the average of data
with PPFD from 600 to 1 400 µmol m-2 s-1, EC reduced Fs,
F'm, and ∆F/F'm by 2.6, 24.8, and 17.6 %, respectively,
while ET increased Fs, F'm, and ∆F/F'm by 6.1, 32.2, and
28.3 %, respectively.

Fig. 2. Four examples of the diurnal time course of (A, F) PPFD
[µmol m-2 s-1], (B, G) leaf temperature, Tl [oC], (C, H) relative
steady-state fluorescence (Fs), (D, I) maximum fluorescence (F'm),
and (E, J) effective photochemical efficiency of PS2 (F/F'm) as
measured in situ on sunlit needles of Scots pine on 21st (CON),
24th (EC), 16th (ET), and 19th (ECT) July 2001.

Discussion

The seasonal variations of the Chl a+b and fluorescence
parameters correlated well with earlier reports in the
photosynthetic performance for Scots pine or other pine
trees (Linder 1972, Martin et al. 1978, Leverenz and
Öquist 1987, Wang 1996, Lundmark et al. 1998). They
exhibited a gradual decline during late summer and
autumn, marked inhibition during the winter, and a rapid
recovery in early spring. A new finding was that elevated
[CO2] or elevated temperature resulted in marked diffe-

rences in PS2 photochemical efficiency between treat-
ments and that these were superimposed on the seasonal
variations (Fig. 1).

Elevated [CO2] did not significantly reduce the maxi-
mum photochemical efficiency of PS2 (Fv/Fm) during the
growing season (Fig. 1). This gives some support to
earlier finding that, even in a resource-limited environ-
ment, trees are capable of fixing more carbon in a dou-
bled ambient [CO2] environment, at least during a few
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years following the initiation of [CO2] treatment (Idso
and Kimball 1991, Scarascia-Mugnozza et al. 1996,
Marek et al. 1997, Wang and Kellomäki 1997). The
maintenance of high photosynthetic capacity in the Scots
pine after four years of exposure may be related to the
CO2-induced enhancement in the active sink such as leaf
area and root absorption (Wang and Kellomäki 1997,
Kellomäki and Wang 2001). Nevertheless, the above
explanation does not fully preclude a response of Scots
pine to [CO2]. For example, lower minimum daily values
of the photochemical efficiency of PS2 (∆F/F'm in Fig. 2)
were observed on most days in summer in the case of EC,
while a reduction in Fv/Fm relative to CON was also
evident in the 'off season', particularly in September and
October (Fig. 1). This implies that the effect of elevated
[CO2] on photosynthetic performance of Scots pines
depends greatly on season.

EC reduced the mean of Fv/Fm by 31 % for the dark-
adapted needles in August and September and by 12 % in
other months of the year (Fig. 1). As reported in the
literature, a reduction in Fv/Fm can be related to two diffe-
rent processes: enhanced non-radiative energy loss and/or
the occurrence of damage to PS2 reaction centres. The first
process reduces both F0 and Fm (Butler 1978), while the
second one would cause a marked decrease only in Fm

(Powles and Björkman 1978). The needles used for our
measurements of Fv /Fm were dark-adapted for 20 min, and
the measuring radiation was applied in the “burst mode”.
Thus all the reaction centres in PS2 should be open. A very
brief but strong saturation-irradiance pulse was used to
induce Fm. It would thus seem to be impossible for a 38 %
depression in Fm to be fully attributed to the enhanced non-
radiative energy loss, or to inactivation in the PS2 reaction
centre complex, as found in the enhanced O3 experiment
(Chang and Heggested 1974). An alternative interpretation
for the simultaneous decrease in F0 and Fm is that it is due to
the CO2-induced changes in photosynthetic pigment content
(Fig. 1), i.e. Chl a+b decreased by 24 % in August and
September whereas the ratio of Cars/Chl a+b increased
significantly. Although decreases in photosynthetic pig-
ments in response to elevated [CO2] have been observed in
many tree species (Mousseau and Enoch 1989,
Wullschleger et al. 1992, Marek et al. 1997, Ormrod et al.
1999), the mechanisms are unclear. Surano et al. (1986)
reported that ponderosa pines growing in an elevated [CO2]
had accelerated needle abscission and chlorosis, while
Pritchard et al. (1997) found that Pinus palustris chloro-
plasts exhibited under elevated [CO2] stress symptoms,
increased amount of plastoglobuli, and shorter grana. In
potato and tobacco plants the whole-plant development was

Fig. 3. Irradiance response of relative steady-state (Fs), maximum fluorescence (F'm), and effective photochemical efficiency of PS2
(∆F/F'm) as a function of treatment (CON, EC, ET, and ECT). Each symbol represents values with VPD>1.5 kPa for 5-d measurements in
summer 2001 for each treatment (see Fig. 2). Lines are fitted by a linear function for Fs (A, D) and an exponential function for F'm (B, E)
and ∆F/F'm (C, F).
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faster in elevated [CO2] than in normal [CO2] and there
was an earlier onset of the natural decline in photosynthetic
rates associated with plant senescence (Miller et al. 1997).
Our earlier gas exchange measurements on a shoot of Scots
pine showed that elevated [CO2] enhanced the photo-
synthetic capacity in the main growth season but slightly
decreased it in late autumn (Kellomäki and Wang 1988).
Such changes in both structural and functional components
of chloroplasts are similar to those observed during senes-
cence of leaves (Woolhouse 1984). Consequently, there are
reasons to speculate that the acclimation of Fv/Fm to
elevated [CO2] during late autumn may be the result of
accelerated leaf development.

The fluorescence parameter ∆F/F'm depends on the
relative change in steady-state fluorescence (Fs) and the
maximum fluorescence at the steady state (F'm). As the
values of Fs were not affected significantly by the treat-
ments at all PPFD levels, the CO2-induced decreases
in ∆F/F'm must have resulted from the reduction in F'm
(Fig. 3). This suggests that Fs may be relatively independent
of environmental variations, whereas F'm is more sensitive
to growing conditions (Havaux et al. 1991). Transient di-
urnal decreases in ∆F/F'm in response to increasing
irradiance are a general feature of photosynthesis in natural
environments (see review by Demmig-Adams and Adams
1992). The depression is much greater on days with
marked water stress, as observed in several tree species
(Epron and Dreyer 1993, Epron et al. 1994, Valentini et al.
1995). Such changes are often related to thermal de-
excitation of PS2 (Strand and Öquist 1985), and maintain a
balance between light-driven linear electron flow and
requirements of reducing power for both carboxylation and
oxygenation of RuBP (Krause and Weis 1991). The CO2-
induced decrease in the efficiency of open PS2 centres can
thus make an important contribution to the greater CO2-
induced depression of ∆F/F'm at high VPD.

The temperature-induced enhancement of Fv/Fm in the
main growth season arose mainly from the greater increase
in Fm than in F0, and was coupled with a corresponding
increase in photosynthetic pigments (Fig. 1). This suggests
that elevated temperature enhanced the functioning of PS2,
by promoting a high absorption rate in the needles that
affects F0, and stimulating energy cycling between the
reaction centre and the Chl pool that affects Fm (Havaux et
al. 1991).

Given the weather conditions prevailing in Finland, the
autumn and winter-induced depression in PS2 observed
in Scots pines growing under natural conditions was most
related to low-temperature-induced photoinhibition of
PS2, accompanied by a loss of the reaction centre (Strand
and Öquist 1985, 1988, Leverenz and Öquist 1987). In the
'off season', therefore, elevated temperature could reduce
the period during which natural acclimation results in the
depression of photoinhibition. This would lead to an

increase in the ability of leaves to respond to irradiance
during the early spring and autumn, and apparently to an
increase in Fv/Fm (Fig. 1). Similarly, the increased Chl a+b
content and decreased ratio of Cars/Chl a+b during the 'off
season' might imply that the elevation in growth tempera-
ture provided nearer optimal conditions for pigment
biosynthesis (Aiken and Smucker 1996). Our earlier mea-
surements on the same experimental trees showed that
elevated temperature increased photon-saturated net photo-
synthetic rates in the early spring and late autumn
(Kellomäki and Wang 1988), validating a positive relation-
ship between enhanced needle pigments and increased
[CO2] uptake or maximum efficiency of PS2 under
elevated temperature.

The responses to the combined treatment of elevated
[CO2] and temperature in terms of ∆F/F'm, Fv/Fm, and
photosynthetic pigments were almost the same as those
brought about by elevated temperature alone (Fig. 1 and
Table 1). No interactive effects of [CO2] and temperature
on pigments were also observed in Douglas fir needles, but
a significant decrease in pigment contents was found in the
experiment of Ormrod et al. (1999). The diversity in the
results could be related to species differences or differences
in the availability of soil water and nutrient, exposure time,
etc. However, it must be recognised that (1) the temperature
elevation used in this experiment was markedly high in
winter (a mean increase of 6 oC); this may have important
consequences for processes other than water loss, e.g. leaf
development, whole-tree sink activity, root absorption, etc.;
and (2) the lower ambient temperatures in this experimental
site than in other study sites may imply that an equal rise in
growth ambient temperature will have greater physiological
and ecological consequences for plants in the boreal zone
than in other zones.

In conclusion, acclimation of pigments and fluorescence
features in the needles of Scots pine to elevated [CO2] or
temperature under boreal conditions depended greatly on
the season. Elevated [CO2] did not significantly modify the
optimal photochemical efficiency of PS2 during the main
growing season, but it did reduce during the 'off season'
and increase the sensitivity of PS2 to high VPD during the
main growing season. A mean increase of 2–6 oC in growth
temperature significantly enhanced the efficiency of PS2 in
terms of increases in Fv/Fm, ∆F/F'm, and Chl a+b content
throughout the year, but with a greater increase in the 'off
season' than the main growing season. Increased Chl
content may be advantageous for the efficient usage of
radiation energy, and this could be an important reason
why trees had a higher potential for photosynthetic
capacity during growing season. The results suggest that
any interpretation for responses in photochemical reactions
to elevated [CO2] or temperature should combine seasonal
acclimation of the trees to particular climate conditions with
changes in the sink and sources of whole tree.
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