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Abstract

We examined the effect of elevated CO, on photosynthesis and the allocation of leaf nitrogen to photosynthetic

and non-photosynthetic pools in two poplar species (Populus alba, genotype 2AS11 and P. nigra, genotype Jean Pourtet)
at the POP-EUROFACE site. In P. alba, the light-saturated photosynthetic rate at growth CO, concentration (A ) over
two years was significantly higher (by 42%) in trees exposed to CO, enrichment. In P. nigra, there was no significant
difference, though on average A was 29% higher in the CO, enrichment treatment. Stomatal conductance was significantly
reduced by CO, enrichment in both species: by 22% in P. alba and by 18% in P. nigra. Neither maximum carboxylation
rate (V) nor maximum rate of electron transport (J .~ was reduced by CO, enrichment. A change in the partitioning
of leaf nitrogen between photosynthetic and non-photosynthetic pools was detected in P. nigra: partitioning into non-
photosynthetic nitrogen increased by 15% in elevated CO, conditions. No differences were detected between the sun and
shade leaves of either studied species in terms of their photosynthetic responses to elevated CO,. The greater allocation
of leaf nitrogen into the non-photosynthetic pool in elevated CO, conditions displayed by P. nigra in comparison with

P. alba may explain the non-significant photosynthetic stimulation in the former.

Key words: net CO, assimilation, nitrogen partitioning, non-photosynthetic nitrogen, photosynthetic down-

regulation, Populus, stomatal conductance

Introduction

Plants generally respond to rising CO, concentra-
tion via reduced stomatal conductance and increased
photosynthesis. The magnitude and persistence of
photosynthetic stimulation is important in determin-
ing the resulting increment in biomass accumulation.
However, photosynthetic down-regulation (acclima-
tion) has also been reported in many experiments
(Medlyn et al. 1999, Norby et al. 1999): plants grown
in high CO, may exhibit a lower photosynthetic rate
compared with plants grown in ambient CO, when both
groups are measured at a common CO, concentration.
Down-regulation in leaves grown in elevated CO, may
be associated with adjustments at the biochemical lev-
el, which is evidence of a reduction in maximum car-

boxylation rate (V__ ; see Table 1 for abbreviations)
or maximum rate of electron transport (J_ ) (Medlyn
et al. 1999, Ellsworth et al. 2004). Reduced leaf nitro-
gen (N) concentration and a downward shift in the
relationships between photosynthetic capacity (V
and J ) and leaf N may also be involved in biochem-
ical down-regulation in elevated CO, (Medlyn et al.
1999, Ellsworth et al. 2004). In addition, sink limitation
and accumulation of carbohydrates have been asso-
ciated with photosynthetic acclimation (Drake et al.
1997, Moore et al. 1999). Thus, as concluded by Med-
lyn et al. (1999), multiple factors appear to be involved
in the down-regulation of photosynthesis in elevated
CO, conditions.

Not all leaf N is directly involved in photosyn-
thesis; it is also present in non-photosynthetic pro-
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Table 1. List of symbols and abbreviations

Symbol Definition

Asat Light-saturated net CO, assimilation at growth c,
(umol m? s™)

Adoo Light-satugated net 2CO assimilation at ca of 400
pmol mol (umol m” s™) )

Ca Ambient CO2 concentration (umol mol™)

C Leaf intercellular CO2 concentration (umol moI'1)

Ds number of stomata per unit leaf area (mm'z)

FACE Free-air CO; enrichment

Os Stomatal conductance (mmol m? s'1)

ISF Indirect site factor

Jmax Maximum rate of electron transport (umol
electronsm” s™) )

LMA Leaf mass per area (gm™)

Na Leaf area-based nitrogen content (g m~)

Nwm Leaf mass-based nitrogen concentration (%)

PPFD Ph20t01$ynthetic photon flux density (umol photons
m-s)

pl stomatal pore length (um)

Ps Partitioning of leaf N into bioenergetics
associated with electron transport

P. Partitioning of leaf N into light harvesting

Pron Partitioning of leaf N into non-photosynthetic
nitrogen pools

Pr Partitioning of leaf N into carboxylation

SPAD Index of relative chlorophyll content

Vemax Maximum carboxylation rate (umol CO m? s'1)

teins, leaf structural components, nucleic and amino
acids and secondary compounds. This non-photosyn-
thetic N fraction accounts for 50-60% of total leaf N
(Evans 1989, Onoda et al. 2004, Takashima et al. 2004,
Eichelmann et al. 2005). If the proportion of non-pho-
tosynthetic N increases in elevated CO, concentra-
tions, as has been shown for Eucalyptus cladocalyx
(Gleadow et al. 1998), photosynthesis may be biochem-
ically down-regulated even if there is no reduction in
total leaf N. Niinemets and Tenhunen (1997) proposed
a model to calculate the partitioning of leaf N into
different photosynthetic functions. Using this model,
the non-photosynthetic N portion (P ) is the residu-
al of the photosynthetic N budget.

Recent reviews have concluded that long-term pho-
tosynthetic enhancement in elevated CO, conditions is
greater in woody than in herbaceous species (Nowak
et al. 2004, Ainsworth and Long 2005, Ainsworth and
Rogers 2007). The poplar free-air CO, enrichment exper-
iment (POP-EUROFACE) was initiated in Italy in 1999
to investigate the effect of elevated CO, on Populus
alba, P. x euramericana and P. nigra (Miglietta et al.
2001). Poplars are productive species with indeterminate

growth patterns and high sink strength, and are used
for biomass production in short rotation forestry. Dur-
ing the second rotation, trees planted at the EUROFACE
site produced significantly more above-ground biomass
at elevated compared with ambient CO, levels (< 31 Mg
ha'y! and <26 Mg ha' y'!, respectively; Liberloo et
al. 2006). Published EUROFACE results concerning the
magnitude and persistence of photosynthetic responses
have generally reported high and sustained stimulation
(Liberloo et al. 2007) with only occasional down-regu-
lation detected during re-growth after the first coppice
(Bernacchi et al. 2003) or in shade leaves at the end of
the growing season (Calfapietra et al. 2005).

The present study aimed to examine the vertical
profile of photosynthetic responses to elevated CO,.
Such information could assist attempts to model the
responses of foliage in vertical profile of the canopy
to elevated CO,. The following specific questions were
asked: 1) Is photosynthetic stimulation in elevated CO,
sustained in all canopy layers with no evidence of
down-regulation? 2) Does elevated CO, affect the
partitioning of leaf N between photosynthetic and non-
photosynthetic pools? 3) Does a correlation exist
between photosynthetic response and changes in leaf
N partitioning?

Materials and Methods

Experimental site

The experimental site, located in Tuscania, Cen-
tral Italy (N 42°22°, E 11°48’), contained six circular
plots (diameter 22 m): three plots for an elevated CO,
treatment (daytime target CO, concentration of 550
wmol mol') and three for an ambient CO, treatment
(CO, concentration 380 wmol mol™). Each plot was
divided into six equal sectors and planted with three
poplar species (planting density 10,000 trees ha'), two
sectors per species: P. alba L. (genotype 2AS11), P.
nigra L. (genotype Jean Pourtet) and P. x eurameri-
cana (Dode) Guinier (genotype 1-214). Details of the
FACE design have been described by Miglietta et al.
(2001), and the plantation layout and the clonal prop-
erties have been characterized by Calfapietra et al.
(2001). The study was performed during the second
and third growth years of the second rotation: 2003
and 2004. During the second rotation, additional fer-
tilization was added to three sectors of each experi-
mental plot through the drip irrigation system. The
total amount of N supplied was 212-290 kg ha! y.
High N fertilization was used to counterbalance the
large amounts of N removed from the soil after the first
coppice (Calfapietra et al. 2007). Only the results for
P. alba and P. nigra are presented in this paper.
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Gas exchange measurements

Gas exchange measurements were made between
September 5th — 13th, 2003 and September 8th — 22nd,
2004 using CIRAS-2 portable equipment (PP Systems,
Hitchin, UK) with a halogen light source. In 2003, pho-
tosynthesis measurements were performed on the leaves
from the uppermost quarter of the crown (hereafter re-
ferred to as sun leaves) and from the lowest quarter
(shade leaves). In 2004, a middle canopy layer was
added. Average ISF (indirect site factor) values were
over 0.50 and below 0.25 for the uppermost and lower
layers, respectively, being between 0.25 and 0.50 for the
middle layer. For each species x CO, level x fertiliza-
tion level X canopy layer combination, three leaves were
cut at comparable positions along the branches under
degassed water and inserted into the gas exchange
system. Leaf temperature was held at 25°C and photo-
synthetic photon flux density (PPFD) was maintained
at 1,000 mol m? s during the measurement of A/c,
curves (net CO, assimilation rate, A, versus internal CO,
concentration, ¢.). PPFD of 1000 mol m~ s was cho-
sen to maintain a standard procedure throughout the
experiment while avoiding photodamage of shade
leaves. Measurements of A were performed starting at
growth CO, concentration, decreasing stepwise to 50
umol mol! and then increasing stepwise to 1200 wmol
mol . Photosynthetic rates reached a steady state with-
in 2-3 min following a change in ambient CO, concen-
tration (c ). Light-saturated photosynthetic rate (A_)
was taken as the value of photosynthesis at growth CO,
concentration and PPFD=1000 umol ms! (i.e. the first
datapoint of the A/c. curve). In order to detect photo-
synthetic down-regulation, photosynthesis at ambient
CO, concentration was calculated for the elevated CO,
treatment as the value of the net assimilation rate at a
CO, concentration of 400 wmol mol™ in the leaf cuvette
(A,,)- The light-saturated carboxylation rate (V__ ) and
the maximum rate of electron transport (J ) were cal-
culated according to von Caemmerer and Farquhar
(1981). The values of parameters K, K (Michaelis-
Menten coefficients of Rubisco activity for CO, and O,,
respectively) and I'* (CO, compensation point in the
absence of mitochondrial respiration) at 25 °C were used
to calculate V__andJ  as in McMurtrie and Wang
(1993).

In situ stomatal conductance (g) was measured
with an AP-4 porometer (Delta-T Devices, UK). The
leaves (n=6) selected from two (in 2003) or three (in
2004) canopy layers were measured several times be-
tween 10 AM and 5 PM. In 2003, only abaxial leaf sur-
faces were measured for stomatal conductance, but in
2004, both leaf surfaces were measured, and total sto-
matal conductance was calculated as the sum of adax-
ial and abaxial conductances. In P. alba, stomata are

only present on the abaxial leaf side, so the abaxial data
represented total gs in both 2003 and 2004. P. nigra,
however, is amphistomatous. In 2003, an extra set of
measurements on 28 leaves revealed that the ratio of
adaxial to abaxial g_for P. nigra was 0.46 (+0.033). The
value of total leaf conductance for P. nigra was thus
calculated as 1.46 times abaxial conductance in 2003.

In 2004, some leaves used for in situ gs measure-
ments were collected to study stomatal morphology
(4 leaves from every species x CO, level x fertiliza-
tion level x canopy layer combination). Leaves were
coated with clear nail varnish and an imprint was made
by pressing adhesive clear tape onto the varnish.
Images of the impressions were captured at 400 mag-
nification using a Nikon E50i microscope and a Nikon
DS-Fil camera (Nikon Instruments Inc., Japan). All
morphological measurements were taken half-way from
the leaf tip to the base and half-way from the mid-rib
to the margin. The number of stomata per unit leaf area
(Ds) and stomatal pore length (pl) were determined
within three microscope fields of view (0.097 mm?)
using Imagel software version 1.36b (National Insti-
tutes of Health, USA).

Light conditions for each sampled leaf were de-
termined from photographs taken with a Nikon CoolPix
950 digital camera equipped with hemispheric lens. The
ratio of diffuse light at leaf level to that above the
canopy (ISF) was measured with WinSCANOPY soft-
ware (Regent Instruments Inc., Canada), assuming a
uniform overcast sky.

Analysis of leaf N and chlorophyll

In 2003, chlorophyll concentrations (SPAD values)
were measured in leaves subjected to photosynthesis
analysis using a Minolta SPAD-502 chlorophyll meter.
Leaf mass per area (LMA) and nitrogen per unit leaf
mass and area (N,,, % and N,, g m?, respectively) were
also determined in these leaves. LMA was calculated
as the ratio of leaf dry mass (weight of leaves dried at
70°C for 48 hours) to leaf area. Leaf area was deter-
mined using a Li-Cor 3100A leaf area meter (Li-Cor Inc.,
NE, USA). NM was measured using a PE 2400 Series
IT element analyser (Perkin Elmer, USA). SPAD values
were calibrated against a wet-extraction of chlorophyll
from a sub-sample of leaves used for stomatal meas-
urements. Wet-extraction of chlorophyll has been de-
scribed by Calfapietra et al. (2005). Chlorophyll con-
centration in all leaves used for photosynthetic meas-
urements was then calculated from SPAD values us-
ing species- and treatment-specific linear regressions
between SPAD and chlorophyll concentration. In 2004,
circular disks of 10 mm were cut from the leaves used
for photosynthesis measurements in order to wet-ex-
tract the chlorophyll (as described by Calfapietra et
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al. 2005), while the remainder of the leaves was used
to determine LMA and NM as described above. Chlo-
rophyll concentrations were used to calculate P, (see
below).

Partitioning of leaf N into carboxylation (P ),
bioenergetics associated with electron transport (P )
and thylakoid light-harvesting (P ) components was
calculated according to Niinemets and Tenhunen (1997)
using values of V__ ., J and leaf chlorophyll con-
centration. The fraction of non-photosynthetic N in
leaves (P ) was calculated as:

Pnonzl-PR_PB_PL (1)

Statistical analysis

Analysis of variance (GLM procedure) was used
to assess the effects of CO, level, fertilization level and
canopy layer on the studied leaf characteristics. Since
the effect of N fertilization on leaf characteristics was
always non-significant (owing to high background
nutrient availability in the study site, Liberloo et al.
2009), the two N levels were pooled, resulting in six
measurements for every species x CO, x canopy layer
combination. Severe chlorosis was observed in plots
5 (elevated CO,) and 6 (ambient CO,) in September
2004 and therefore the data from these plots were ex-
cluded from further calculations. The effects were
considered significant at P<0.05. All statistical analy-
ses were performed with Statistica, version 7.0 (StatSoft
Inc., Tulsa, OK, USA).

Results

September 2003

Light availability (ISF) was not significantly in-
fluenced by elevated CO,, indicating that correspond-
ing leaves in ambient and elevated CO, treatments were
compared under similar light conditions (Table 2). NM
was significantly lower in the P. alba sun leaves and
the P. nigra shade leaves grown in elevated CO, con-
ditions compared with the corresponding leaves from
the ambient CO, treatment (Fig. 1, Table 2). The sig-
nificant interaction between CO, treatment and cano-
py layer for NM and NA in P. nigra resulted from op-
posite responses to elevated CO, in sun and shade
leaves. A significant positive effect of elevated CO,
on Asat was only detected in P. alba (Fig. 2, Table 2).
The effects of CO, enrichment on LMA, N,, A400,
V... @and J  were non-significant in both species
(Table 2). Canopy layer strongly influenced LMA, N, ,
N A Aupy Viwae Joa and g, with higher values
detected in sun than in corresponding shade leaves
(Table 2, Figs 1-2). Expressing photosynthetic charac-
teristics (A_, V J ) as a function of leaf mass
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Figure 1. Leaf mass-based nitrogen concentration, NM, (%;
average and SE) in leaves from different treatments and can-
opy layers. Numbers 1-3 on the vertical axis refer to verti-
cal canopy layers: 1=uppermost; 2=middle (in 2004 only);
3=lowest. CO, treatments: E=elevated CO_; A=ambient CO,.
Star (*) refers to a significant difference between correspond-
ing ambient and elevated CO, treatment

Table 2. ANOVA results of the effects of CO, concentration
and canopy layer on leaf characteristics in 2003-2004. ns=not
significant. All effects were considered significant at P<0.05

Populus alba Populus nigra

CO, Canopy CO, CO, Canopy CO,

layer *layer layer *layer

Ny 2003 0.033 0.004 ns ns 0.000 0.009
2004 ns 0.006 ns ns 0.000 ns

Na 2003 ns 0.000 ns ns 0.000 0.028
2004 ns 0.000 ns ns 0.000 ns
LMA 2003 ns 0.000 ns ns 0.000 ns
2004 ns 0.000 ns ns 0.001 ns

Aa 2003 0.036 0.001 ns ns 0.000 ns
2004 0.006 0.000 ns ns 0.001 ns

Ay 2003 ns 0.000 ns ns 0.001 ns
2004 ns 0.000 ns ns 0.001 ns
Vemax 2003 ns 0.000 ns ns 0.000 ns
2004 ns 0.000 ns ns 0.000 ns
Jmax 2003 ns 0.000 ns ns 0.000 ns
2004 ns 0.001 ns ns 0.000 ns
ISF 2003 ns 0.000 0.036 ns 0.000 ns
2004 ns 0.000 ns ns 0.000 ns

Js 2003 0.021 0.000 ns 0.008 0.000 0.042
2004 0.049 0.000 ns ns 0.000 ns

Ds 2004 ns 0.000 ns ns 0.000 ns
pl 2004 ns 0.006 0.010 ns 0.000 ns
Pr 2003 ns 0.027 ns ns ns ns
2004 ns ns 0.031 0.016 ns ns

Ps 2003 ns ns ns ns ns ns
2004 ns ns 0.016 ns ns ns

P 2003 ns 0.000 ns ns 0.000 ns
2004 ns 0.002 ns ns 0.000 ns
Pon 2003 ns ns ns ns ns ns
2004 ns ns 0.011 0.029 0.012 ns
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Figure 2. Light-saturated net CO, assimilation at growth CO, concentration, Asat, (umol m~s™') and in
situ stomatal conductance (g, wmol m? s') in leaves from different treatments and canopy levels.

Otherwise as in Figure 1

did not qualitatively affect the results (data not
shown).

Stomatal conductance (g ) was significantly re-
duced by CO, enrichment (Table 2, Fig. 2). In P. alba,
elevated CO, resulted in reductions of in situ abaxial
gs in sun and shade leaves of 13% and 28%, respec-
tively. The corresponding reductions for P. nigra were
20% and 9%.

Leaf N partitioning within the photosynthetic
system was influenced by canopy layer (Table 2, Fig.
3): shade leaves had higher P , but lower P, and P
than corresponding sun leaves. Partitioning between
photosynthetic and non-photosynthetic N pools was
not significantly influenced by either canopy layer or
CO, enrichment.

September 2004

A significant positive effect of CO, enrichment on
A was detected in P. alba (Table 2, Fig. 2), while the
stimulative effect in P. nigra was insignificant as was
in 2003. The effects of CO, enrichment on the values
of A, V. andJ (expressed either per unit leaf

400 cmax

area or per unit mass) were insignificant (Table 2).

Stomatal conductance was significantly reduced by
CO, enrichment in P. alba (4-44% in the different can-
opy layers), whereas this reduction (14-30%) was in-
significant in P. nigra (Table 2, Fig. 2). Stomatal den-
sity did not change in response to CO, enrichment in
either of the studied species (Table 2). The significant
interaction between CO, treatment and canopy layer
for stomatal pl in P. alba resulted from a considerable
reduction in pl in response to elevated CO, in the upper
and middle canopy layers, but a small increase in the
lower canopy layer. When all canopy layers were
pooled, stomatal pl decreased considerably in elevat-
ed CO, conditions in P. alba, but not in P. nigra.

Elevated CO, significantly affected the pattern of
N partitioning in P. nigra: compared with leaves grown
in ambient CO, conditions, less leaf N was partitioned
into Rubisco and more into non-photosynthetic N (Ta-
ble 2, Fig. 3). The effect of canopy layer was also strong
in 2004, with higher values of LMA, N,, N, A , A

sat” © 74007

Vi e & and D, but lower values of stomatal pl,
detected in the upper canopy layers (Table 2).

When data from the two years were combined,

there was a strong (42%) significant effect of elevat-
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Figure 3. Leaf nitrogen partitioning. The vertical axis presents combinations of CO, treatment (E=elevated CO,; A=ambient
CO,) and canopy layer (1=uppermost; 2=middle (in 2004 only); 3=lowest). P =partitioning of leaf nitrogen into carboxylation,
P _=partitioning into bioenergetics associated with electron transport, P, =partitioning into thylakoid light-harvesting components
and P =partitioning into non-photosynthetic pool. The standard error of P__is the propagated error of P, P, and P

ed CO,on A_ in P. alba (Table 3). In P. nigra, photo-
synthetic stimulation in response to CO, enrichment
was on average 29%, but this was not significant.
Stomatal conductance was considerably reduced by
elevated CO, in both species. The partitioning between
photosynthetic and non-photosynthetic N pools was
not affected by CO, enrichment in P. alba; by con-
trast, in P. nigra, the negative effect of elevated CO,
on P and its positive effect on P were significant.
The plants grown in elevated CO, tended to have lower
photosynthetic rate when measured at ambient CO,
(A,,,) compared with plants grown and measured in
ambient CO,, but this difference was not significant,

as also lower V__and higher J _ under elevated CO,
(Table 3).

Discussion and conclusions

FACE reviews have reported average stimulation
of leaf carbon assimilation due to elevated CO, con-
centrations in the range 26-31% (Nowak et al. 2004,
Ainsworth and Rogers 2007), with woody species more
responsive than herbaceous ones. Trees have also

Table 3. The effect of el-

. P. alba P. nigra
evated CQZ on studied leaf VA 108 109
characteristics, expressed Ny 092 1.00
as the ratios of values in Na 101 111
elevated CO, to those in Acat 1.42* 1.29
ambient CO,. Data are Vemax 0.95 0.92
combined across years and Jmax 1.06 1.09
canopy layers. Significance Aso00 0.89 0.84
is indicated as * P<0.05 ISF 0.89 0.90
Os 0.78* 0.82*
Pr 0.96 0.82*
Pg 1.10 1.00
PL 1.02 0.91
Pron 1.01 1.15*

been found to show the least changes in V__ andJ_
under the FACE regime (Ainsworth and Rogers 2007).
In EUROFACE, significant photosynthetic stimulation
has generally been found in elevated CO, treatments
(Liberloo et al. 2007, Liberloo et al. 2009). Overall, we
detected a significant positive effect (42%) of elevat-
ed CO,on A in P. alba, but insignificant photosyn-
thetic stimulation (29%) in P. nigra. Thus, during the
second rotation, the photosynthetic stimulation of
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poplars under CO, enrichment varied from no stimula-
tion (all three species; Bernacchi et al. 2003) to 54%
in P. x euramericana (Liberloo et al. 2007). The stim-
ulation of total biomass production under elevated CO,
conditions during the second rotation was, however,
highest in P. nigra (Liberloo et al. 2006). Elevated CO,
increased the leaf area index (LAI) of all species in
2003, with P. nigra most responsive (Liberloo et al.
2005). The high biomass production of P. nigra in el-
evated CO, is probably associated with high LAI and
possibly also with significantly increased leaf photo-
synthesis during at least some periods of the second
rotation.

Meta-analyses have identified photosynthetic
down-regulation as a recurring phenomenon in elevat-
ed CO, experiments (Medlyn et al. 1999, Ainsworth and
Long 2005, Ainsworth and Rogers 2007). However,
recent EUROFACE articles have claimed that photo-
synthetic down-regulation does not occur in poplars
under EUROFACE, because their sink capacity is large
and N is not limiting (Liberloo et al. 2006, Liberloo et
al. 2007). Davey et al. (2006) concluded that any down-
regulation of photosynthetic capacity in poplars is
short-term and transient, and is more likely to be as-
sociated with decreased activity than with decreased
levels of photosynthetic enzymes. In accordance with
this view, our results revealed no significant evidence
of photosynthetic down-regulation in P. alba or P. ni-
gra during 2003-2004. Nevertheless, we cannot be
entirely certain that photosynthetic down-regulation
did not occur, since several insignificant trends indi-
cated that some responses may have remained unde-
tected because of relatively small sample sizes. For
example, plants grown in elevated CO, had lower
V... and lower photosynthetic rate when measured
at ambient CO, compared with plants grown and meas-
ured in ambient CO, concentration.

Stomatal conductance was significantly reduced
by CO, enrichment in both species. This appears to
be a fairly general response to elevated CO, (Medlyn
et al. 2001) and has also been found in EUROFACE
experiments (Calfapietra et al. 2005, Tricker et al. 2005;
though with some exceptions, Bernacchi et al. 2003).
Reduction in stomatal conductance in response to CO,
enrichment is generally believed to occur because of
a reduction in stomatal apertures (controlled by the
guard cells) and is therefore likely to be transient.
However, Tricker et al. (2005) found that both the sto-
matal index and stomatal density were reduced by el-
evated CO, in the first 2 years of the first rotation. Our
results from 2004 revealed no significant changes in
stomatal density, but a tendency for stomatal pl in P.
alba to decrease in elevated CO, conditions. If sto-
matal pl decreases, the reduction in stomatal conduct-

ance due to elevated CO, may be, at least partly, a long-
term and persistent response.

N re-allocation between photosynthetic and non-
photosynthetic leaf N pools was detected in P. nigra:
more N was partitioned into the non-photosynthetic
fraction as a result of growth in elevated CO,. This
re-allocation was significant in 2004 and in the com-
bined data set, while a similar non-significant trend was
observed in 2003. Greater allocation of leaf N into the
non-photosynthetic pool is associated with downward
shifts in the relationships between photosynthetic
capacity (V__andJ ) and leaf N (Medlyn et al. 1999).
Such downward shifts were not evident in either 2003
(data not shown) or 2004 (Liberloo et al. 2007). An
increase in non-photosynthetic N occurs during leaf
senescence, when N is cycled from leaves to perenni-
al plant tissues in the form of N-rich amino acids and
other mobile nutrients (Cooke and Weih 2005). How-
ever, we found no evidence (lower chlorophyll con-
centrations, V__ . J ) to suggest that leaves grown
in elevated CO, conditions were physiologically older
compared with those grown in ambient CO, conditions.
In fact, delayed autumnal senescence has been found
in EUROFACE in elevated CO, conditions (Taylor et
al. 2008). Thus, neither the higher proportion of non-
photosynthetic N in the leaves of P. nigra nor the in-
significant photosynthetic stimulation in P. nigra that
we observed in elevated CO, conditions can be ex-
plained by accelerated leaf senescence.

Light conditions strongly affected several leaf
parameters (LMA, NM, NA, Asat, A400, chax, Jmax, g,
D_and stomatal pl), as is typical of shade-intolerant
species (Kubiske et al. 2002). In addition, P, was con-
sistently higher in shade leaves, indicating that in low-
light conditions more N was partitioned into chloro-
phyll. Differences in stomatal and photosynthetic re-
sponses to high CO, concentration between leaves
from various canopy positions have been found in
some previous studies (Kubiske et al. 1997, Kubiske
et al. 2002), but not in others (Herrick and Thomas
2001, Herrick et al. 2004). In our study, differences in
responses to CO, between the leaves from different
canopy layers (Table 2, interaction CO_ xcanopy lay-
er) were associated with leaves from different layers
responding to elevated CO, either in a similar direc-
tion but with a different magnitude, or in opposite
directions. These few significant interactions between
CO, treatment and canopy layer did not lead to differ-
ences in photosynthetic CO, responses between sun
and shade leaves.

To conclude, the response of P. alba to elevated
CO, was typical of trees with indeterminate growth in
fertile soil conditions. Photosynthetic stimulation
caused by growth in elevated CO, was considerable and
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was sustained over two seasons with no significant
biochemical down-regulation. Stomatal conductance in
P. alba was significantly reduced in the elevated CO,
treatment. In P. nigra, photosynthetic stimulation was
non-significant. Greater allocation of leaf N into the
non-photosynthetic fraction may be one reason for the
non-significant photosynthetic stimulation in elevated
CO, conditions exhibited by P. nigra.

Acknowledgements

Funding was provided by the EC Fifth Frame-
work Program, Environment and Climate RTD Pro-
gramme, research contract EVRI-CT-2002-40027
(EUROFACE) and by the Centre of Excellence "For-
est and Climate" of the Italian Ministry of Universi-
ty and Research. The study was also supported by the
Estonian Science Foundation (Grants 5466, 6462 and
7016) and the Estonian Ministry of Education and
Science (Grant SF0182732s506). We thank all people
involved in the management of the field site and Lem-
bit Eensalu for constructing a leaf mill. John Davi-
son helped with language editing.

References

Ainsworth, E.A. and Long, S.P. 2005. What have we learned
from 15 years of free-air CO, enrichment (FACE)? A
meta-analytic review of the responses of photosynthe-
sis, canopy properties and plant production to rising CO2.
New Phytologist 165: 351-372.

Ainsworth, E.A. and Rogers, A. 2007. The response of pho-
tosynthesis and stomatal conductance to rising [CO,]:
mechanisms and environmental interactions. Plant Cell
Environment 30: 258-270.

Bernacchi, C.J., Calfapietra, C., Davey, P.A., Wittig, V.E.,
Scarascia-Mugnozza, G.E., Raines C.A. and Long,
S.P. 2003. Photosynthesis and stomatal conductance re-
sponses of poplars to free-air CO, enrichment (PopFACE)
during the first growth cycle and immediately following
coppice. New Phytologist 159: 609-621.

Calfapietra, C., Gielen, B., Sabatti, M., de Angelis, P.,
Scarascia-Mugnozza, G. and Ceulemans, R. 2001.
Growth performance of Populus exposed to "Free Air
Carbon dioxide Enrichment" during the first growing sea-
son in the POPFACE experiment. Annals of Forest Sci-
ence 58: 819-828.

Calfapietra, C., Tulva, 1., Eensalu, E., Perez, M., de An-
gelis, P., Scarascia-Mugnozza, G. and Kull, O. 2005.
Canopy profiles of photosynthetic parameters under el-
evated CO, and N fertilization in a poplar plantation. En-
vironmental Pollution 137: 525-535.

Calfapietra, C., de Angelis, P., Gielen, B., Lukac, M., Mo-
scatelli, M.C., Avino, G., Lagomarsino, A., Polle, A.,
Ceulemans, C., Scarascia-Mugnozza, G., Hoosbeek,
M.R. and Cotrufo, M. 2007. Increased nitrogen-use ef-
ficiency of a short-rotation poplar plantation in elevat-
ed CO, concentration. Tree Physiology 27: 1153-1163.

von Caemmerer, S. and Farquhar, G.D. 1981. Some rela-
tionships between the biochemistry of photosynthesis and
the gas exchange of leaves. Planta 153: 376-387.

Cooke, J.E.K. and Weih, M. 2005. Nitrogen storage and sea-
sonal nitrogen cycling in Populus: bridging molecular
physiology and ecophysiology. New Phytologist 167: 19-
30.

Davey, P.A., Olcer, H., Zakhleniuk, O., Bernacchi, C.J.,
Calfapietra, C., Long, S.P. and Raines, C.A. 2006.
Can fast-growing plantation trees escape biochemical
down-regulation of photosynthesis when grown through-
out their complete production cycle in the open air un-
der elevated carbon dioxide? Plant Cell Environment 29:
1235-1244.

Drake, B.G., Gonzales-Meler, M.A. and Long, S.P. 1997.
More efficient plants: a consequence of rising atmospheric
CO,? Annual Review of Plant Physiology and Plant Mo-
lecular Biology 48: 609-639.

Eichelmann, H., Oja, V., Rasulov, B., Padu, E., Bichele,
1., Pettai, H., Ménd, P., Kull, O. and Laisk, A. 2005.
Adjustment of leaf photosynthesis to shade in a natural
canopy: reallocation of nitrogen. Plant Cell Environment
28: 389-401.

Ellsworth, D.S., Reich, P.B., Naumburg, E.S., Koch, G.W.,
Kubiske, M.A. and Smith, S.D. 2004. Photosynthesis,
carboxylation and leaf nitrogen responses of 16 species
to elevated pCO, across four free-air CO, enrichment
experiments in forest, grassland and desert. Global
Change Biology 10: 1-18.

Evans, J.R. 1989. Photosynthesis and nitrogen relationships
in leaves of C3 plants. Oecologia 78: 9-19.

Gleadow, R.M., Foley, W.J. and Woodrow, I.LE. 1998. En-
hanced CO, alters the relationship between photosynthe-
sis and defence in cyanogenic Eucalyptus cladocalyx F.
Muell. Plant Cell Environment 21: 12-22.

Herrick, J.D. and Thomas, R.B. 2001. No photosynthetic
down-regulation in sweetgum trees (Liquidambar styraci-
flua L.) after three years of CO, enrichment at the Duke
Forest FACE experiment. Plant Cell Environment 24: 53-
64.

Herrick, J.D., Maherali, H. and Thomas, R.B. 2004. Re-
duced stomatal conductance in sweetgum (Liquidambar
styraciflua) sustained over long-term CO, enrichment.
New Phytologist 162: 387-396.

Kubiske, M.E., Pregitzer, K.S., Mikan, C.J., Zak, D.R.,
Maziasz, J.L. and Teeri, J.A. 1997. Populus tremuloides
photosynthesis and crown architecture in response to ele-
vated CO, and soil N availability. Oecologia 110: 328-336.

Kubiske, M.E., Zak, D.R., Pregitzer, K.S. and Takeuchi,
Y. 2002. Photosynthetic acclimation of overstory Pop-
ulus tremuloides and understory Acer saccharum to ele-
vated atmospheric CO, concentration: interactions with
shade and soil nitrogen. Tree Physiology 22: 321-329.

Liberloo, M., Dillen, S.Y., Calfapietra, C., Marinari, S.,
Luo, Z-B., de Angelis, P. and Ceulemans, R. 2005.
Elevated CO, concentration, fertilization and their inter-
action: growth stimulation in a short-rotation poplar
coppice (EUROFACE). Tree Physiology 25: 179-189.

Liberloo, M., Calfapietra, C, Lukac, M., Godbold, D.,
Luo, Z-B., Polle, A., Hoosbeek, M.R., Kull, O.,
Marek, M., Raines, C., Rubino, M., Taylor, G., Scar-
ascia-Mugnozza, G. and Ceulemans, R. 2006. Woody
biomass production during the second rotation of a bio-
energy Populus plantation increases in a future high CO,
world. Global Change Biology 12: 1094-1106.

Liberloo, M., Tulva, I., Ridim, O., Kull, O. and Ceule-
mans, R. 2007. Photosynthetic stimulation under long-
term CO, enrichment and fertilization is sustained across
a closed Populus canopy profile (EUROFACE). New Phy-
tologist 173: 537-549.

I 2010, Vol. 16, No. 2 (31) I (SsN 1392-1355

169



BALTIC FORESTRY

I PHOTOSYNTHETIC RESPONSE TO ELEVATED CO, IN POPLAR /.../ I = \/ERILO ET AL. I

Liberloo, M., Lukac, M., Calfapietra, C., Hoosbeek, M.R.,
Gielen, B., Miglietta, F., Scarascia-Mugnozza, G.E.
and Ceulemans, R. 2009. Coppicing shifts CO, stim-
ulation of poplar productivity to above-ground pools: a
synthesis of leaf to stand level results from the POP/EU-
ROFACE. New Phytologist 182: 331-346.

McMurtrie, R.E. and Wang, Y-P. 1993. Mathematical mod-
els of the photosynthetic response of tree stands to ris-
ing CO, concentrations and temperatures. Plant Cell En-
vironment 16: 1-13

Medlyn, B.E., Badeck, F.-W., de Pury, D.G.G., Barton,
C.V.M., Broadmeadow, M., Ceulemans, R., de Ange-
lis, P., Forstreuter, M., Jach, M.E., Kellomiki, S.,
Laitat, E., Marek, M., Philippot, S., Rey, A., Strasse-
meyer, J., Laitinen, K., Liozon, R., Portier, B., Rob-
erntz, P., Wang, K. and Jarvis, P.G. 1999. Effects of
elevated [CO,] on photosynthesis in European forest spe-
cies: a meta-analysis of model parameters. Plant Cell
Environment 22: 1475-1495.

Medlyn, B.E., Barton, C.V.M., Broadmeadow, M.S.J., Ceu-
lemans, R., de Angelis, P., Forstreuter, M., Freeman,
M., Jackson, S.B., Kellomiki, S., Laitat, E., Rey, A.,
Roberntz, P., Sigurdsson, B.D., Strassemeyer, J.,
Wang, K., Curtis, P.S. and Jarvis, P.G. 2001. Stomat-
al conductance of forest species after long-term expo-
sure to elevated CO, concentration: a synthesis. New
Phytologist 149: 247-264.

Miglietta, F., Peressotti, A., Vaccari, F.P., Zaldei, A., de
Angelis, P. and Scarascia-Mugnozza, G. 2001. Free-
air CO, enrichment (FACE) of a poplar plantation: the
POPFACE fumigation system. New Phytologist 150: 465-
476.

Moore, B.D., Cheng, S.-H., Sims, D. and Seemann, J.R.
1999. The biochemical and molecular basis for photosyn-

thetic acclimation to elevated atmospheric CO,. Plant Cell
Environment 22: 567-582.

Niinemets, U. and Tenhunen, J.D. 1997. A model separat-
ing leaf structural and physiological effects on carbon gain
along light gradients for the shade-intolerant species Acer
saccharum. Plant Cell Environment 20: 845-866.

Norby, R.J., Wullschleger, S.D., Gunderson, C.A., John-
son, D.W. and Ceulemans, R. 1999. Tree responses
to rising CO, in field experiments: implications for the
future forest. Plant Cell Environment 22: 683-714.

Nowak, R.S., Ellsworth, D.S. and Smith, S.D. 2004. Func-
tional responses of plants to elevated atmospheric CO, -
do photosynthetic and productivity data from FACE ex-
periments support early predictions? New Phytologist
162: 253-280.

Onoda, Y., Hikosaka, K. and Hirose, T. 2004. Allocation
of nitrogen to cell walls decreases photosynthetic nitro-
gen-use efficiency. Functional Ecology 18: 419-425

Takashima, T., Hikosaka, K. and Hirose, T. 2004. Photo-
synthesis or persistence: nitrogen allocation in leaves of
evergreen and deciduous Quercus species. Plant Cell En-
vironment 27: 1047-1054.

Taylor, G., Tallis, M.J., Giardina, C.P., Percy, K.E., Migli-
etta, F., Gupta, P.S., Gioli, B., Calfapietra, C., Gie-
len, B., Kubiske, M.E., Scarascia-Mugnozza, G.E.,
Kets, K., Long, S.P. and Karnosky, D.F. 2008. Future
atmospheric CO, leads to delayed autumnal senescence.
Global Change Biology 14: 264-275.

Tricker, P.J., Trewin, H., Kull, O., Clarkson, G.J.J., Een-
salu, E., Tallis, M.J., Colella, A., Doncaster, C.P.,
Sabatti, M. and Taylor, G. 2005. Stomatal conductance
and not stomatal density determines the long-term re-
duction in leaf transpiration of poplar in elevated CO,.
Oecologia 143: 652-660.

Received 08 March 2010
Accepted 18 June 2010

I 2010, Vol. 16, No. 2(31) NN (SsN 1392-1355 [

170



BALTIC FORESTRY
I PHOTOSYNTHETIC RESPONSE TO ELEVATED CO, IN POPLAR /.../ I = \/=RILO ET AL I

PEAKIIUA ®OTOCUHTE3A HA IMOBBIIMEHUE KOHOEHTPAIIMA CO, TOIIOJIS
(OKCIHHEPUMEHT ,,POP-EUROFACE”) B 3ABUCUMOCTH OT PACIIPEAEJIEHUSA
A30TA B JIUCTE

3. Mepuiao, J. Jencany, U. Tynsa, O. Paiim, K. Kaasdanuerpa u O. Kyna

Pestome

B sxcnepumente POP-EUROFACE mb1 usy4anu 3G(ekTsl BIMAHMSA MOBLIIEHHONH koHuenTpanuu CO, Ha
MHTEHCHBHOCTH ()OTOCHHTE3a U pacHpeIeIeHNs 3aI1acoB a30Ta, CBSI3aHHBIX U HE CBA3aHHBIX C (DOTOCHHTE30M B JIUCTBSX JABYX
BunoB Tononst (Populus alba, renorun 2AS11 u Populus nigra, renorun Jean Pourtet). Y P. alba nipu moiHOM OCBeLIeHHN
CKOPOCTh (JOTOCHHTE3A NPH yBenu4eHn: KoHnenTparmu CO, A, B TEYEHUH JIBYX JIET ObUIA 3HAYUTENBHO (42%) BhimIE. V P
nigra Npy NOBBIIIEHHON KOHIEHTpanui CO, He OBLIO TAKOrO PE3KOro YBENMYEHHA A | U B CpEHEM A YBEIUYHIOCH Ha 29%.
[IpoBOAMMOCTE YCTLUII IPU MOBbIIIEHHOH KoHIeHTparuu CO, Oblia 3HAYUTENHHO MEHBbIIE Y 000uX BUI0B: 22% y P. alba u
18% y P. nigra.

[oerrmennas kounenTpanus CO, He CHIKAlIa MAKCHMATTBHOM CKOPOCTH KapOokcriipoBanus (V) U MAKCHMATBHOM
CKOPOCTH SIIEKTPOHHOTO Tpancmopta (J ). Y P. nigra 6b110 00HAPYEHO H3MEHEHHE OTHOCHTENBHOIO 3anaca (KolMIecTBa)
a30Ta CBA3aHHOTO C (POTOCHHTETUIECKMMH M HE(OTOCHHTETUYECKMMH TIPOLIECCAMM: TIPU TOBBIIEHHON KoHueHTpamun CO,
nepepacnpe/eneHue Ha JJ0JIH He(OTOCHHTETHYECKOTO a30Ta yBesqnuuBanack Ha 15%. He oOHapykeHa pa3zHHIa peaknuH
OCBEIEHHBIX M TEHEBBIX JIUCTHEB MO (POTOCHHTETHYECKHM IapameTpaM. [loBeIIIeHHAs ayltokanus a3oTa B He(OTO-
CHHTE3MPYIOIMX CTPYKTypax JHCTA MPU MOBBINIEHHEIX KoHIEHTpanuax CO, BEPOATHO OOBACHAET HE3HAYUTENBHYIO
CTHMYJIANMIO (POTOCHHTE3A PH NOBbINIEHMH KoHUeHTpamun CO, y P. nigra.

KiroueBrble ciioBa: ckopocTh (OTOCHHTE3, pacipeeieHne a30Ta, a30Ta B HeOTOCHHTE3UPYIOIINX CTPYKTypax JINCTa,
Populus, ananraiys GOTOCHHTETHYECKOTO anapara, MPOBOUMOCTh YCTBHUI]
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