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Acquisition and within-plant allocation of C and **N in CO,-
enriched Quercus robur plants

Philippe Vivin, Francis Martin and Jean-Marc Guehl

Introduction

Vivin, P., Martin, F. and Guehl, J.-M., 1996. Acquisition and within-plant allocation of
C and "N in CO,-enriched Quercus robur plants. — Physiol. Plant. 98: 89-96.

We assessed the effects of doubling atmospheric CO, concentration, [CO,], on C and
N allocation within pedunculate oak plants (Quercus robur L.) grown in containers
under optimal water supply. A short-term dual *CO, and ""NOj labelling experiment
was carried out when the plants had formed their third growing flush. The 22-week ex-
posure to 700 ul I' [CO,] stimulated plant growth and biomass accumulation (+53% as
compared with the 350 pl I"! [CO,] treatment) but decreased the root/shoot biomass ra-
tio (-23%) and specific leaf area (—18%). Moreover, there was an increase in net CO,
assimilation rate (+37% on a leaf dry weight basis; +71% on a leaf area basis), and a
decrease in both above- and below-ground CO, respiration rates (~32 and —26%, re-
spectively, on a dry mass basis) under elevated [CO]. Be acquisition, expressed on a
plant mass basis or on a plant leaf area basis, was also markedly stimulated under ele-
vated [CO,] both after the 12-h '*CO, pulse phase and after the 60-h chase phase. Plant
N content was increased under elevated CO, (+36%}), but not enough to compensate
for the increase in plant C content (+53%). Thus, the plant C/N ratio was increased
(+13%) and plant N concentration was decreased (-~11%). There was no effect of ele-
vated [CO,] on fine root-specific '*N uptake (amount of recently assimilated N per
unit fine root dry mass), suggesting that modifications of plant N pools were merely
linked to root size and not to root function. N concentration was decreased in the
leaves of the first and second growing flushes and in the coarse roots, whereas it was
unaffected by [CO,] in the stem and in the actively growing organs (fine roots and
leaves of the third growth flush). Furthermore, leaf N content per unit area was unaf-
fected by [CO,]. These results are consistent with the short-term optimization of N
distribution within the plants with respect to growth and photosynthesis. Such an opti-
mization might be achieved at the expense of the N pools in storage compartments
(coarse roots, leaves of the first and second growth flushes). After the 60-h BC chase
phase, leaves of the first and second growth flushes were almost completely depleted
in recent *C under ambient [CO,], whereas these leaves retained important amounts
of recently assimilated *C (carbohydrate reserves?) under elevated [CO].

Key words — Allocation, °C, elevated CO,, gas exchange, growth, “N, oak, Quercus
robur, stable isotope.

P. Vivin and J.-M. Guehl (corresponding author, e-mail guehl@nancy.inra.fr}, Equipe
de Bioclimatologie et Ecophysiologie Forestiéres, INRA Nancy, F-54280 Champe-
noux, France; F. Martin, Equipe de Microbiologie Forestiere, INRA Nancy, F-54280
Champenoux, France.

within-plant allocation of C and N may be modified by
environmental parameters, but are closely related in all

In C; plants, which are limited in photosynthesis by the
ambient CO, concentration ([CO,]), doubling atmo-
spheric [CO,] stimulates net CO, assimilation rates and
whole plant carbon supply (Jarvis 1989, Sttt 1991,
Ceulemans and Mousseau 1994). The metabolism and
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phases of plant development (Dickson 1989). Most of
the knowledge substantiating functional models on C/N
balance (Davidson 1969, Reynolds and Thornley 1982,
Ingestad and Agren 1991, Thorley 1995) has been ob-
tained under stable present-day [CO,]; only N availabil-
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ity in the soil was considered a variable factor. In the
context of rising atmospheric [CO,], the extent to which
the plant C/N balance and the within-plant allocation of
C and N will be modified by the greater plant C supply,
remains largely undetermined (Kirschbaum et al. 1994,
Luo et al. 1994).

Nitrogen absorption by trees and their associated ec-
tomycorrhizal symbionts is affected not only by pH,
temperature and mineral composition of the soil solution
but also by carbohydrate supply to the roots (Bernardo et
al. 1984). Nitrogen assimilation in trees, which occurs
almost entirely in root tips (Martin and Botton 1993), is
carbon- and energy-consuming (Salsac et al. 1987). En-
ergy costs for NO3 reduction to NH; by nitrate reductase
and nitrite reductase and transport or storage of assimi-
lated nitrogen compounds (Dickson 1989) are met by the
supply of reduced cofactors, ATP and carbon com-
pounds. However, in fine roots, growth and metabolic
processes compete for carbon. It could therefore be ex-
pected that the increased availability of photo-assimi-
lates in fine roots brought about by elevated [CO,]
(Vivin et al. 1995) would stimulate N acquisition and as-
similation, leading to increased N availability for plant
growth (Luxmoore et al. 1986, Thomas et al. 1991,
Billes et al. 1993, Rouhier et al. 1994),

The use of heavy stable isotopes is a powerful ap-
proach to assess C and N interactions (Deléens et al.
1994, Maillard et al. 1994), especially in the below-
ground compartment. To our knowledge, such an ap-
proach has not been used so far in elevated CO, studies.
In the present study, we investigated the effects of dou-
bling atmospheric [CO,] on the plant C and N allocation
within oak seedlings (Quercus robur L.) grown in con-
tainers under optimal watering conditions. Dual “CO,
and “NOj labelling was used to follow C and N acquisi-
tion and distribution within the plant. Results were ana-
lyzed with respect to functional models on C/N balance
at the plant level.

Abbreviations — CER, carbon exchange rate; GE, growth effi-
ciency; LAR, leaf area ratio; LMR, leaf mass ratio; RMR, root
mass ratio; R/S, root/shoot ratio; SLA, specific leaf area; SMR,
stem mass ratio.

Materials and methods
Plant culture

Acorns of pedunculate oak (Quercus robur L., prove-
nance Manoncourt) were collected in Autumn 1993 in a
parent stand close to Nancy (Lorraine, north-eastern
France), soaked in fungicide (Rhodiasan, Rhone Pou-
lenc, Paris, France) and overwintered at —1°C in a plastic
bag.

In March 1994, the acorns were peeled, soaked in water
and sown in 5-1 cylindrical plastic containers (20 cm
deep) filled with a sphagnum peat-sand mixture (1:1, v/v).
The substrate was fertilized with delayed release Nutri-
cote 100 (NPK 13:13:13, + trace elements, NH,:NO; 1:1;
5 kg m™). Thirty containers were randomly placed in two
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transparent 50 pm thick polypropylene mini-greenhouses
(30 m?®) located at INRA, Champenoux. Irradiance was
about 60% of the outside conditions. Immediately after
sowing, containers were exposed to either ambient (350 il
1Y) or elevated (700 pl ") [CO,] and were watered twice
a week to compensate for evapotranspiration. The CO,
control and monitoring system as well as the growth con-
ditions have been previously described by Guehl et al.
(1994) and Vivin et al. (1995). Maximum irradiance at the
plant level was about 1 200 pmol m™ s™. Average daily
temperatures were 26°C (maximum) and 11°C (mini-
mum), and relative air humidity ranged between 40 and
70%.

Plant CO, exchange and labelling experiment

At the end of August (week 22 after sowing), 8 plants
were randomly selected within each CO, treatment.
These plants were placed in a semi-closed climatized
chamber (23°C, 70% RH) and submitted to a short-term
dual ®*C and "N labelling. The semi-closed labelling
system, described in detail by Vivin et al. (1995), was
designed (1) to measure carbon dioxide exchange in
both above- and below-ground compartments of the
plant-soil system and (2) to supply a constant *C-en-
riched CO, pulse to the shoots.

Carbon dioxide concentrations in these compartments
were separately measured by two infrared gas analysers
and monitored by a homemade regulation system (Vivin
et al. 1995). Carbon dioxide was either added from an
industrial CO, cyclinder to compensate for the shoot
photosynthetic activity, or eliminated in a soda lime trap
to compensate for the shoot dark respiration (night) and
the below-ground CO, efflux. Three high-pressure so-
dium lamps (Philips SONT) provided a photosynthetic
photon flux density of 350 pmol m™s™ at the plant level,
which was close to the mean irradiance level received by
the plants in the mini-greenhouses. Gas exchange rates
were calculated from the time course of [CO,] as previ-
ously described (Vivin et al. 1995). The proportion of
the below-ground respiration due to microbial respira-
tion could not be assessed in this study.

The “CO, enrichment of the aboveground compart-
ment was obtained by the injection of *CO, from a cyl-
inder containing a >*CO, and N, mixture (1:99, v/v; Eu-
risotop, Saint-Aubin, France) in the main CO, supply
flow (cylinder with industrial CO, at 1.08 atom% “C).
The mixing ratio of the flows from the two cylinders
was set so as to provide a labelling air with 1.5 atom%
BC, that is ca 0.4% over the ambient atmospheric level.
This labelling level was a good compromise between the
precision in the determination of new and pre-existing C
pools in the plants and the risk of contamination of the
mass spectrometer (Deléens et al. 1994). In the above-
ground plant compartment, *CO, was supplied for 8 h
from the beginning of the light period and its injection
was stopped 4 h before the light was switched off, in or-
der to eliminate possible interference with plant isotope
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discrimination and to ensure a complete assimilation of
BCO, (Deléens et al. 1994),

Each plant received 100 ml of a 1 mM K"NO; solu-
tion (Eurisotop, Saint-Aubin, France) at the beginning of
the *CO, labelling period, so that isotopic enrichment
was about 2 atom% "N in the soil. Contrarily to the C
labelling, no distinct chase phase was applied for the N
labelling since the '*N load could not be interrupted si-
multaneously to the cessation of the >C load.

Sampling and analysis

For each [CO,], 3 plants were harvested at the end of the
labelling phase (12 h); the 5 remaining plants within each
[CO,] treatment were harvested after a 60-h chase period
(3 nights and 2 days). In addition, 3 unlabelled plants
were harvested to obtain natural baseline *C abundances.
Plants were separated into leaves, stems, coarse roots
(comprising mainly the tap root) and fine roots (< 2 mm
diameter). The leaf material from the 3 aerial growth
flushes produced (flush 1 denotes the oldest flush) was
separated. Leaf area was measured using a planimeter
(AT Devices, UK). Plant organs were then oven dried at
60°C for 48 h, and ground to a fine homogeneous powder
in a vibrating mill. Biomass partitioning among the plant
components was assessed by determining the leaf mass
ratio (LMR), the stem mass ratio (SMR), the root mass
ratio (RMR) and the root/shoot ratio (R/S). Plant specific
leaf area (SLA) and leaf area ratio (LAR) were calculated
as the ratio leaf area/leaf dry weight and the ratio leaf
area/plant dry weight, respectively. Growth efficiency
(GE) was defined as stem dry weight divided by leaf area
at harvest (Norby and O’Neill 1989).

Powdered plant tissues were combusted (3% O, + He,
1 050°C) and their C and N concentrations and isotope
ratios of °C and N (i.e. the molar ratios '*C/**)C and
N/“N) were measured using an elemental analyser
coupled with an isotope ratio mass spectrometer (Delta
S, Finnigan-Mat, Bremen, Germany).

Calculations and statistical analysis

Absolute molar proportions (A) of the heavy isotope per
100 atoms, also called abundances, were calculated from
the isotope ratios (R) as (Deléens et al. 1994):

R
=— X
R+1 100
In order to estimate the recently incorporated pools of
heavy isotope relative to the pre-existing pools, A% re-
sults were converted into abundance excess according to
the formula:

A% =

A% excess = (A% — A%.)
where subscripts 1 and ¢ refer to samples from labelled

and control plants, respectively. Moreover, recently as-
similated "*C and "N pools were calculated for the dif-
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ferent plant components according to their dry masses
and C and N concentrations:

New *C (or N) content =

A% excess

100 X dry mass X C (or N) concentration

The partitioning of new *C and "’N among plant compo-
nents was determined as:

Partitioning (%) =

New "°C (or *N) in the component
New “C (or N) in the plant

Data were analyzed as a completely randomized design
including two CO, treatments (350 or 700 ul ' [CO,])
and 3 different labelling conditions (unlabelled controls,
labelled plants at the end of the 12-h *CO, pulse phase,
labelled plants at the end of the 72-h labelling experi-
ment) with 3 to 5 replicates. Statistical tests were carried
out by using one-way or two-way analysis of variance.

x 100

Results
Growth, biomass partitioning, N concentration and C/N ratio

Doubling atmospheric [CO,] modified the aerial growth
dynamics of the plants. Growth periods, especially the
third flush, were initiated earlier in plants grown under
elevated [CO,] (Fig. 1). Moreover, CO, enrichment sig-
nificantly increased stem height, root collar diameter,
the number of leaves per plant, leaf area of the third
growing flush, but decreased SLA (Fig. 1, Tab. 1). The
area of a single leaf was unaffected by CO, enrichment.
Plant dry weight was 1.54-fold higher under elevated
[CO,] than under ambient [CO,]. LMR and SMR were
increased under elevated [CO,], whereas RMR and R/S
were decreased. Leaf area ratio was unaffected by [CO,]
and growth efficiency was increased by 32% under ele-
vated [CO,].

Elevated [CO,] significantly decreased N concentra-
tions and increased the C/N ratio in the oldest leaves
(first and second flushes), coarse roots and whole-plant,
but not in the stem, fine roots and expanding leaves
(third flush) (Tab. 2). Leaves from the different flushes
did not display differences in N content per unit area be-
tween the two [CO;] (Tab. 2).

Carbon dioxide exchange

Diurnal CER of the above- and below-ground compart-
ments was measured during the labelling period (week
22 after sowing). In the aboveground compartment, the
daily mean value of net CER expressed per unit aerial
dry mass was 1.37-fold higher under elevated [CO,] than
under ambient [CO,] (Fig. 2). This stimulating effect of
elevated [CO,] on net CO, assimilation was even higher
on a leaf area basis (+71%, data not shown). In contrast,
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Fig. 1. (a) Time course of aerial elongation dynamics and (b)
mean stem height (x SE) in Q. robur plants grown under two
CO; concentrations. In (a) the proportion of plants elongating in
a given flush is shown (n=13 to 16). Asterisks denote significant
differences (P<0.05) among [CO,] treatments for a given date;
ns, non-significant.

nocturnal CER of the aerial compartment, as well as
CER of the below-ground compartment, expressed on a
mass basis, were about 30% lower under elevated [CO,]
than under ambient [CO,] (Fig. 2).

On a whole-plant basis, diurnal CO, assimilation rate
was 2.2 times higher under elevated than under ambient
[CO,] (data not shown). Nocturnal respiration of the
whole acrial component was 1.2 times higher under ele-
vated [CO,] conditions than under ambient [CO,]. The
respiration rate of the below-ground component (root
and microbial respiration) expressed on a plant basis, or
on a soil area (or volume) basis, was also 1.3 times
higher under elevated [CO,] than under ambient [CO,]
(data not shown).

13C uptake and within-plant allocation

The acquisition of '>C, expressed either on a plant basis
or on a whole-plant leaf area basis, was markedly stimu-
lated under elevated [CO,] (Tab. 3). The pools of re-
cently photoassimilated “C, expressed per unit dry
mass, considered either immediatly after the labelling, or
after the 60-h chase phase, were significantly higher un-
der elevated than under ambient [CO,] in all plant com-
ponents (Fig. 3). During the 60-h chase period, the re-
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Tab. 1. Growth parameters in Q. robur plants grown under 350 or
700 pl1”' CO, concentration for 22 weeks. The significance of CO,
treatments is indicated for the different parameters ; NS, non-signif-
icant ; *, P<0.05 (n=13to 16).

Parameter CO, (ui I P
350 700
Root collar diameter (mm) 9.3 10.7 *
Stem height (mm) 619 775 *
Number of leaves per plant 34.0 399 *
Leaf area (dm®)
Ist flush 2.1 2.0 NS
2nd flush 4.8 53 NS
3rd flush 2.6 59 *
Plant 9.5 13.2 *
Plant dry mass (g) 26.8 40.8 *
LMR (g g™) 0.22 024 *
SMR (gg™) 0.24 0.28 *
RMR (g g“) 0.54 048 *
RS (gg™ 1.25 0.96 *
Fine root mass:plant mass (g g”') 0.18 0.18 NS
SLA (dm*g™)
1st flush 1.50 1.25 *
2nd flush 1.55 1.26 *
3rd flush 1.86 1.40 *
Plant 1.61 1.32 *
LAR (dm*g™) 0.36 0.32 NS
Growth efficiency (g dm™) 66.9 88.3 *

cently photoassimilated °C was translocated from the
leaves, in which the proportion of new C decreased, to

Tab. 2. Nitrogen concentration, C/N ratio and whole plant C and N
content in Q. robur plants grown under 350 or 700 ul 1" CO, con-
centration for 22 weeks. The significance of CO, treatments is indi-
cated for the different variables; NS, non significant; *, P<0.05
(n=13 to 16).

Parameter CO, (I P
350 700
N concentration (mg g™')
Leaves 1st flush 377 29.5 *
Leaves 2nd flush 33.1 28.1 *
Leaves 3rd flush 26.5 24.5 NS
Stem 9.8 9.5 NS
Coarse roots 16.3 14.3 *
Fine roots (< 2 mm) 17.5 16.8 NS
Plant 18.6 16.5 *
Leaf N content (g m™)
1st flush 251 2.36 NS
2nd flush 2.14 223 NS
3rd flush 1.42 1.75 NS
Plant 2.02 2.07 NS
C/N ratio (g g™)
Leaves 1st flush 11.6 14.7 *
Leaves 2nd flush 14.1 15.9 *
Leaves 3rd flush 17.9 19.5 NS
Stem 45.1 469 NS
Coarse roots 26.5 30.5 *
Fine roots (<2 mm) 233 25.0 NS
Plant 234 26.5 *
Plant C content (g plant™) 11.6 17.9 *
Plant N content (g plant™) 0.50 0.68 *

Physiol. Plant. 98, 1996
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Fig. 2. Daily course of (a) net CO, assimilation, (b) aerial respi-
ration and (c) below-ground respiration rates, expressed on a dry
weight basis, in Q. robur plants grown under two CO, concen-
trations for 22 weeks. Data represent a single measurement on a
set of 8 plants.

the stem and roots, in which this proportion increased.
Under ambient [CO,], the proportion of new BC was
practically annulled after the 60-h chase phase in the
leaves of the first and second flushes whereas the
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Fig. 3. Recently assimilated *C and '*N proportions expressed
on a dry mass basis, at the whole-plant level and in the different
components of Q. robur plants grown under two CO, concentra-
tions for 22 weeks. A short-term (total duration 72 h) dual label-
ling experiment was carried out. The different parameters were
assessed at the end of the 12-h "*CO, pulse phase (0 h) and at the
end of the °C chase phase (60 h). The "N load was not inter-
rupted over the 72-h period. (#), 350 pl I'' CO,; (&), 700 pt 1!
CO,. Asterisks denote significant differences (P<0.05) among
[CO,] treatments for a given date (n=3 to 5).

amount of new *C remained high under elevated [CO,].
The increase in new °C during the chase phase was par-
ticularly pronounced in the fine roots under elevated
[CO,]. Elevated [CO,] led to a decrease in the short-term

Tab. 3. Plant *C and "N acquisition parameters in Q. robur plants grown under 350 or 700 ul I"' CO, concentration for 22 weeks. A short-
term (total duration 72 h) dual labellin%experiment was carried out. The different parameters were assessed at the end of the 12-h Bco,

pulse phase (0 h) and at the end of the

'C chase phase (60 h). The *N load was not interrupted over the 72-h period. The significance of

CO, treatments and of time effects is indicated for the different variables; NS, non significant; *, P<0.05 (n=3 to 5).

Parameter Oh 60h ANOVA (P<0.05)
350 700 350 700 CO, Time
Newly assimilated °C per plant (mg) 043 1.55 0.34 1.90 * NS
Newly assimilated *C per unit leaf area (mg m ™) 54 133 3.5 15.5 * NS
Newly assimilated N per plant (ug) 4.01 4.77 17.7 27.1 * *
Newly assimilated '*N per unit fine root mass (g g™) 0.94 0.94 3.81 3.77 NS *
93
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"C partitioning to the roots while the *C partitioning to
leaves and the stem was increased (Fig. 4). Using bio-
mass and C concentration measures to assess the long-
term C partitioning to the different plant components,
we also found lower values for the roots under elevated
than under ambient [CO,] (Fig. 4). Elevated [CO,] did
not significantly affect plant C concentrations (average
value 43.3%).

'“N uptake and within-plant allocation

There was no [CO,] effect on specific "N uptake calcu-
lated as the pool of "N recently assimilated by the plant
divided by the mass of fine roots (Tab. 3). The pools of
receunaffected by [CO;] in all plant components but the
fine roots (Fig. 3). In this latter component a transitory
(12 h after the beginning of "N labelling) enhancement
in the proportion of new "N was observed under ele-
vated [CO,]. Elevated [CO,] slightly increased the N
partitioning to the aerial plant component both at the
short-term ("N data) and time-integrated (final biomass)
scales (Fig. 4).

Discussion

At the end of the third aerial growing flush, the Q. robur
plants still had markedly stimulated net CO, uptake rates
under elevated [CO,] as shown by both the aerial CER
(Fig. 2) and short-term "C acquisition data (Tab. 3).

100
% 80 E\_\l?
@ 5
A
£, :
g4 g
= 20 g

0

100
~ 80 ~
) S
g 6 g
£ 0 2
2 ;
: .
v 20 z

350 700 350
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Fig. 4. (a) Short-term “C and "N partitioning values in the dif-
ferent components of Q. robur plants grown under two CO, con-
centrations for 22 weeks. A short-term (total duration 72 h) dual
labelling experiment was carried out. Plants were harvested af-
tera 12-h *CO, pulse phase followed by a 60-h "*C chase period
(see Materials and methods). The "*N load was not interrupted
over the 72-h peried. (b) Long-term biomass C and N partition-
ing. The significance of CO, treatments is indicated for the dif-
ferent variables; (ns) non-significant; (¥) P<0.05 (n=3 to 12).
(H) Leaf; (B) stem; (&) rool.
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These results are consistent with previous findings in
Quercus species (Norby and O’Neill 1989, Sharkey et
al. 1991, Gunderson et al. 1993, Picon et al. 1996) point-
ing to an absence of photosynthetic down-regulation
during the aerial growth phase. Photosynthetic acclima-
tion responses under elevated [CO,| have mainly been
attributed to modifications in C source-sink relationships
(Stitt 1991, Vivin et al. 1995 ) and have been related to
the genetic capacity of plants Lo increase the size or the
number of C sink organs in response to increasing [CO,]
(Kaushal et al. 1989, Ceulemans and Mousscau 1994).
The morphogenic plasticity vs [CO,] observed in the Q.
robur plants (Fig. 1, Tab. 1) could be a crucial feature for
the sustained stimulation of CO, assimilation rates.
However long-term down-regulation of photosynthetic
capacity induced by doubling [CO,] has also been re-
ported in Quercus species (Bunce 1992) such as in Q.
robur at the end of the growing season (Vivin et al.
1995, 1996).

Elevated [CQ,] decreased both nocturnal shoot and
below-ground respiration rates expressed on a dry mass
basis, suggesting that apart from effects on photosynthe-
sis, decreased respiration at high CO, may contribute to
increased biomass accumulation of CO,-enriched plants
(Gifford et al. 1985). Microbial and plant components of
below-ground respiration could not be disentangled
here. Several studies have pointed to a stimulation of mi-
crobial respiration under elevated [CO,] due to increased
C inputs in the soil (Kérner and Arnone 1992, Norby et
al. 1992). There is no general trend for the plant respira-
tory response to [CO,] (Amthor 1991, Poorter et al.
1992, Ziska and Bunce 1993, Bunce 1994, Wullschleger
et al. 1994). Decreased shoot dark respiration has been
related to lower maintenance respiration (Norby et al.
1986), especially when nitrogen concentration was de-
creased (Ryan 1991). The decreases in respiration rates
we found could only be partly related to plant N status,
since the decrease in shoot dark respiration rates, ex-
pressed on a N content basis, remained lower under 700
than under 350 ul I'' [CO,] (data not shown). Griffin et
al. (1995) reached similar conclusions in North Ameri-
can pines. A direct inhibition of respiration by elevated
[CO,] has been reported both for herbaceous (Azcon-Bi-
eto et al. 1994) and woody (El Kohen et al. 1991) spe-
cies. This inhibition has been attributed to a CO,-in-
duced regulation of the concentration and activity of
some enzyme in the mitochondrial electron transport
chain (Azcon-Bieto et al. 1994).

Original insights into within-plant C-N interactions in
response to doubling [CO;] were provided by the dual
"C- and ""N- labelling approach. The proportion of re-
cently assimilated °C was increased in all plant compo-
nents under elevated [CO,] and particularly in fine roots.
However this increased availability in C did not bring
about a stimulation in "N acquisition as shown by the
constancy among the two [CO,] of fine root specific "N
uptake (Tab. 3) and of the proportion of new "N in the
different plant components (Fig. 3). In the present study,
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fertilization was determined theoretically so as to pro-
vide optimal N supply over the experimental period.
However, we do not have measurements substantiating
the absence of N supply limitations, particularly under
elevated [CO,]. Therefore it is not possible here to deter-
mine whether the absence of stimulation of *N acquisi-
tion is due to limiting N availability in the soil or to the
absence of modulation of N assimilation by the C avail-
ability for metabolism. Further dual labelling experi-
ments under controlled N supply conditions could pro-
vide decisive information to elucidate this question.
Whatever the underlying mechanism, the uncoupling be-
tween °C and "N acquisition by the plant was in accord
with the decrease in C/N ratio and N concentration at the
plant and time integrated level (Tab. 2) as observed in
other tree species (El Kohen et al. 1992, Billes et al.
1993, Conroy and Hocking 1993, Overdieck 1993).

Both short-term C labelling and biomass results
(Fig. 4) point to a decreased C partitioning to roots under
elevated [CO,], resulting in a decrease in the R/S ratio,
although plant N concentration was significantly lower
under elevated CO, concentration.

A similar result was observed in Q. petraea (Guehl et
al. 1994) and Q. alba (Norby and O’Neill 1989), although
in many studies with Quercus species (Sharkey et al.
1991, Bunce 1992, Bazzaz and Miao 1993, Gunderson et
al. 1993, Lindroth et al. 1993), dry weight partitioning
among the different plant components was not affected by
the CO, concentration, under non-limiting nutrient avail-
ability.

The effects of [CO,] on R/S are not in accord with the
functional balance hypothesis of Davidson (1969) which
predicts that increased shoot activity (photosynthesis)
should always be balanced by increased relative C allo-
cation to roots when the plant N concentration is de-
creased. However according to the model proposed by
Luo et al. (1994), modifications in the R/S balance are
determined by a number of adaptation mechanisms not
necessarily involving a higher C partitioning to roots.
No decrease in N concentration was observed in stems
and in the metabolically active organs (i.e. growing fine
roots or expanding leaves of the third growing flush) as
already reported in Castanea sativa (Rouhier et al.
1994). Furthermore, in accord with the marked stimula-
tion of CO, assimilation, there was no decrease in N
content per unit leaf area under elevated [CO,]. Thus,
our results could reflect an optimization of the N distri-
bution within the plant with respect to growth and pho-
tosynthetic capacity. This could be realized at the ex-
pense of the N pools in storage plant tissues as suggested
by the lower N concentrations found in coarse roots and
in leaves of the first and second growth flushes under el-
evated [CO,] (Tab. 2). Furthermore, these leaves re-
tained considerably higher amounts of recently assimi-
lated C under elevated than under ambient [CO,]. Al-
though no biochemical analyzes were performed, one
may speculate that non-stuctural carbohydrates, espe-
cially starch, accumulated in these fully expanded leaves
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(Stitt 1991, Thomas and Strain 1991). Further investiga-
tions will be needed to assess plant responses over a
longer period, particularly to determine changes in N vs
C storage pools and their remobilization within the plant
(Millard and Proe 1993). An altered C-N balance in the
reserve pools accumulated in a given year might have
consequences on plant growth in the following year.

Reduced N concentration in plant tissue induced by
elevated [CO,] have been suggested to result in lowered
energetic construction costs (Griffin et al. 1993) or
changes in chemical composition of the tissues (Lin-
droth et al. 1993). Our data do not support these conclu-
sions, since N concentrations in growing organs were
not affected.

Acknowledgments — The technical skills in the design and con-
struction of the 13C-labclling experiment (Patrick Gross, INRA,
Nancy), in plant sampling (Bernard Clerc and Frangois Willm,
INRA Nancy) and in isotope analyses (Hervé Casabianca,
CNRS, Vemaison) are acknowledged. We thank Pascale Mail-
lard (INRA, Nancy) for critically reading a draft version of the
paper. This work was financialy supported by the European
Union through the project ‘Water-use efficiency and mecha-
nisms of drought tolerance in woody plants in relation to climate
change and elevated CO,’ (project EV5V-CT92-0093), by the
Region Lorraine and the French Ministry of Environment.

References

Amthor, J. S. 1991. Respiration in a future higher CO, world. —
Plant Cell Environ. 14: 13-20.

Azcon-Bieto, J., Gonzalez-Meler, M. A., Doherty, W. & Drake,
B. G. 1994. Acclimation of respiratory O, uptake in green
tissues of field-grown native species after long-term expo-
sure to elevated atmospheric CO,. — Plant Physiol. 106:
1163-1168.

Bazzaz, F. A. & Miao, S. L. 1993. Successional status, seed size,
and responses of tree seedlings to CO,, light and nutrients. —
Ecology 74: 104-112.

Bernardo, L.. M., Clark, R. B. & Maranville, J. W. 1984. Nitrate/
ammonium ratio effects on nutrient solution pH, dry matter
yield, and nitrogen uptake of sorghum. — J. Plant. Nutr. 7:
1389-1400.

Billes, G., Rouhier, H. & Bottner, P. 1993. Modifications of the
carbon and nitrogen allocations in the plant (Triticum aesti-
vum L.) soil system in response to increased atmospheric
CO, concentration. — Plant Soil 157: 215-225.

Bunce, J. A. 1992. Stomatal conductance, photosynthesis and
respiration of temperate deciduous tree seedlings grown out-
doors at an elevated concentration of carbon dioxide. — Plant
Cell Environ. 15: 541-549.

— 1994. Responses of respiration to increasing atmospheric
carbon dioxide concentrations. — Physiol. Plant. 90: 427-430.

Ceulemans, R. & Mousseau, M. 1994, Effects of elevated atmo-
spheric CO, on woody plants: A review. — New Phytol. 127:
425-446.

Conroy, J. P. & Hocking, P. 1993. Nitrogen nutrition of C; plants
at elevated atmospheric CO, concentrations. — Physiol.
Plant. 89: 570-576.

Davidson, R. L. 1969. Effect of root:leaf temperature differen-
tials on root:shoot ratios in some pasture grasses and clover.
— Ann. Bot. 33: 561-569.

Deléens, E., Cliquet, J.-B. & Prioul, J.-L. 1994. Use of B3C and
N plant label near natural abundance for monitoring carbon
and nitrogen partitioning. — Aust. J. Plant. Physiol. 21: 133~
146.

Dickson, R. E. 1989. Carbon and nitrogen allocation in trees. —
Ann. Sci. For. 46: 631-647.

95



El Kohen, A., Pontailler, J. Y. & Mousseau, M. 1991. Effet d’un
doublement du CO, atmosphérique sur la respiration a 1°ob-
scurité des parties aériennes de jeunes chitaigniers (Casta-
nea sativa Mill.). — C. R. Acad. Sci. Paris 312: 477-481.

— , Rouhier, H. & Mousseau, M. 1992. Changes in dry weight
and nitrogen partitioning induced by elevated CO, depend
on soil nutrient availability in sweet chestnut (Castanea sa-
tiva Mill.). — Ann. Sci. For. 49; 8§3-90.

Gifford, R. M., Lambers, H. & Morison, J. I. L. 1985. Respira-
tion of crop species under CO, enrichment. — Physiol. Plant.
63: 351-356.

Griffin, K. L., Thomas, R. B. & Strain, B. R. 1993. Effects of ni-
trogen supply and elevated carbon dioxide on construction
cost of leaves of Pinus taeda L seedlings. — Oecologia 95:
575-580:

— , Winner, W. E. & Strain, B. R. 1995. Growth and dry matter
partitioning in loblolly and Ponderosa pine seedlings in re-
sponse to carbon and nitrogen availability. — New Phytol.
129: 547-556.

Guehl, J.-M., Picon, C., Aussenac, G. & Gross, P. 1994 Interac-
tive effects of elevated CO, and soil drought on growth and
transpiration efficiency and its determinants in two Euro-
pean forest tree species. — Tree Physiol. 14: 707-724.

Gunderson, C. A., Norby, R. J. & Wullschleger, S. D. 1993, Fo-
liar gas exchange responses of two deciduous hardwoods
during 3 years of growth in elevated CO,: No loss of photo-
synthetic enhancement. — Plant Cell Environ. 16: 797-807.

Ingestad, T. & Agren, G. L. 1991. The influence of plant nutri-
tion on biomass atlocation. — Ecol. Appl. 1: 168-175.

Jarvis, P. G. 1989. Atmospheric carbon dioxide and forests. —
Phil. Trans. R. Soc. Lond. B 324: 369-392.

Kaushal, P, Guehl, J. M. & Aussenac, G. 1989. Differential
growth response to atmospheric carbon dioxide enrichment
in seedlings of Cedrus atlantica and Pinus nigra ssp. Laricio
var. Corsicana. — Can. J. For. Res. 19: 1351-1358.

Kirschbaum, M. U. F, King, D. A., Comins, H. N., McMurtrie,
R. E., Medlyn, B. E., Pongracic, S., Murty, D., Keith, H.,
Raison, R. J., Khanna, P. K. & Sheriff, D. W. 1994, Model-
ling forest response to increasing CO, concentration under
nutrient limited conditions. — Plant Cell Environ. 17: 1081—
1099.

Koémer, C. & Arnone, J. A. 1992. Responses of elevated carbon
dioxide in artificial tropical ecosystems. — Science 257:
1672-1675.

Lindroth, R. L., Kinney, K. K. & Platz, C. L. 1993. Response of
deciduous trees to elevated atmospheric CO,: Productivity,
phytochemistry and insect performance. — Ecology 74: 763—
771.

Luo, Y., Field, C. B. & Mooney, H. A. 1994, Predicting re-
sponses of photosynthesis and root fraction to elevated
[CO,],: Interactions among carbon, nitrogen, and growth. —
Plant Cell Environ. 17: 1195-1204.

Luxmoore, R. J., O’Neill, E. G., Ells, J. M. & Rogers, J. M., 1986.
Nutrient uptake and growth responses of Virginia pine to ele-
vated atmospheric CO,. — J. Environ. Qual. 15: 244-251.

Maillard, P., Deleens, E., Daudet, F. A., Lacointe, A. &
Frossard, J. S. 1994, Carbon and nitrogen partitioning in
walnut seedlings during the acquisition of autotrophy
through simultaneous *CO, and '"NO; long-term labelling.
—J. Exp. Bot. 45: 203-210.

Martin, F. & Botton, B. 1993. Nitrogen metabolism of ectomy-
corrhizal fungi and ectomycorrhizas. — Adv. Plant Pathol. 9:
83-102.

Millard, P. & Proe M. F. 1993. Nitrogen uptake, partitioning and
internal cycling in Picea sitchensis (Bong.) Carr. as influ-
enced by nitrogen supply. — New Phytol. 125: 113-119.

Edited by J. K. Schjgrring

96

Norby, R. J. & O’Neill, E. G. 1989. Growth dynamics and water
use of seedlings of Quercus alba L. in CO, enriched atmo-
spheres. — New Phytol. 111: 491-500.

— , O’Neill, E. G. & Luxmoore, R. I. 1986. Effects of atmo-
spheric CO, enrichment on the growth and mineral nutrition
of Quercus alba seedlings in nutrient-poor soil. — Plant
Physiol. 82: 83-89.

— , Gunderson, C. A., Wullschleger, S. D., O’Neill, E. G. &
McCracken, M. K. 1992. Productivity and compensatory re-
sponses of yellow-poplar trees in elevated CO,. — Nature
357: 322-324.

Picon, C., Guehl, J. M. & Aussenac, G. 1996. Growth dynamics,
transpiration and water-use efficiency in Quercus robur
plants submitted to elevated CO, and drought. — Ann. Sci.
For. 53: 431-446.

Poorter, H., Gifford, R. M., Kriedemann, P. E. & Wong, S. C.
1992. A quantitative analysis of dark respiration and carbon
content as factors in the growth response of plants to ele-
vated CO,. — Aust. J. Bot. 40: 501-513.

Overdieck, D. 1993. Elevated CO, and the mineral content of
herbaceous and woody plants. — Vegetatio 104/105: 403—
411.

Reynolds, J. F. & Thornley, J. H. M. 1982. A shoot:root parti-
tioning model. — Ann. Bot. 49: 585-597.

Rouhier, H., Billes, G., El Kohen, A., Mousseau, M. & Bottner,
P. 1994. Effect of elevated CO, on carbon and nitrogen dis-
tribution within a tree (Castanea sativa Mill.)-soil system. —
Plant Soil 162: 281-292.

Ryan, M. G. 1991. Effects of climate change on plant respira-
tion. — Ecol. Appl. 1: 157-167.

Salsac, L., Chaillou, S., Morot-Gaudry, J.-F.,, Lesaint, C. & Jol-
ivet, E. 1987. Nitrate and ammonium nutrition in plants. —
Plant Physiol. Biochem. 25: 805-812.

Sharkey, T. D., Loreto, F. & Delwiche, C. F. 1991. High carbon
dioxide and sun/shade effects on isoprene emission from oak
and aspen tree leaves. — Plant Cell Environ. 14: 333-338.

Stitt, M. 1991. Rising CO, levels and their potential significance
for carbon flow in photosynthetic cells. — Plant Cell Envi-
ron. 14: 741-762.

Thomas, R. B. & Strain, B. R. 1991. Root restriction as a factor
in photosynthetic acclimation of cotton seedlings in elevated
carbon dioxide. — Plant Physiol. 96: 627-634.

— , Richter, D. D,, Ye, H,, Heine, P. R. & Strain, B. R. 1991.
Nitrogen dynamics and growth of seedlings of an N-fixing
tree (Gliricidia sepium [Jacq.] Walp.) exposed to elevated
atmospheric carbon dioxide. — Oecologia 88: 415421.

Thornley, J. H. M. 1995. Shoot:root allocation with respect to C,
N and P: An investigation and comparison of resistance and
teleonomic models. — Ann. Bot. 75: 391-405.

Vivin, P., Gross, P., Aussenac, G. & Guehl, J.-M. 1995. Whole-
plant CO, exchange, carbon partitioning and growth in
Quercus robur seedlings exposed to elevated CO,. — Plant
Physiol. Biochem. 33: 201-211.

~ , Clément, A., Aussenac, G. & Guehl, J. M. 1996. The ef-
fects of elevated CO, and water stress on whole plant CO,
exchange, carbon allocation and osmoregulation in Quercus
robur seedlings. — Ann. Sci. For. 53: 447-459.

Waullschleger, S. D., Ziska, L. H. & Bunce, J. A. 1994. Respira-
tory responses of higher plants to atmospheric CO, enrich-
ment. — Physiol. Plant. 90: 221-229.

Ziska, L. H. & Bunce, J. A. 1993. Inhibition of whole plant res-
piration by elevated CO, as modified by growth tempera-
ture. — Physiol. Plant. 87: 459-466.

Physiol. Plant. 98, 1996



