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Abstract - Live oak (Quercus virginiana Mill.) seedlings were exposed at two concentrations of atmospheric carbon dioxide ([CO2],
370 or 520 &mu;mol·mol-1) in combination with two soil nitrogen (N) treatments (20 and 90 &mu;mol·mol-1 total N) in open-top chambers
for 6 months. Seedlings were harvested at 5-7 weeks interval. CO2 treatment had a positive effect on seedling growth. Differences in
biomass between elevated and ambient CO2-treated plants increased over the experimental period. Soil N availability did not signifi-
cantly affect growth. Nevertheless, growth in elevated [CO2] in combination with high N levels led to a consistently higher accumu-
lation of total biomass by the end of the experiment (30-40 %). Biomass allocation between plant parts was similar for seedlings in
all treatments, but was significantly different between harvests. The N regimes did not result in different relative growth rate (RGR)
and net assimilation rate (NAR), while CO2 treatment had an overall significant effect. Across all [CO2] and N levels, there was a
positive relationship between plant mass and subsequent RGR, and this relationship did not differ between treatments. Overall, spe-
cific leaf area (SLA) decreased in CO2-enriched air. Fine root-foliage mass ratio was increased by elevated [CO2] and decreased by
high N. High CO2- and high N-treated plants had the greatest height and basal stem diameter. The allometric relationships between
shoot and root dry weight and between height and basal stem diameter were not significantly affected by elevated [CO2]. Leaf N con-
centrations were reduced by low soil N. Plant N concentrations decreased with time. Elevated [CO,] increased the C/N ratio of all
plant compartments, as a result of decreasing N concentrations. High CO2-grown plants reduced N concentrations relative to ambient
CO2-grown plants when compared at a common time, but similar when compared at a common size. (&copy; Inra/Elsevier, Paris.)
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Résumé - Croissance, répartition de l’azote et du carbone chez des semis de Quercus virginiana Mill. en réponse à une
concentration élevée de CO2. Interaction avec l’alimentation en azote. Des semis de Quercus virginiana Mill. ont été exposés
pendant six mois à deux concentrations en CO2 atmosphérique (370 &mu;mol mol-1 ou 520 &mu;mol mol-1) en combinaison avec deux trai-
tements d’alimentation en azote (20 et 90 &mu;mol mol-1 N total) du sol dans des chambres à ciel ouvert. Des semis ont été récoltés à
intervalle de 5-7 semaines. Le traitement CO2 a eu un effet positif sur la croissance des semis. Les différences observées dans le

* Correspondence and reprints
tognetti@sunserver.iata.fi.cnr.it
** Present address: Intensive Forestry Program, Washington State University, 7612 Pioneer Way E., Puyallup, WA 98371-4998,
USA



poids de la biomasse entre les deux traitements CO2 ont augmenté au cours de la période d’expérimentation. La disponibilité du sol
en azote n’a pas affecté la croissance de manière significative. Néanmoins, la croissance en CO, élevée, en combinaison avec des
niveaux élevés d’azote, amène une accumulation uniformément plus élevée de biomasse totale en fin d’expérience (30-40 %).
L’allocation de biomasse entre les différentes parties a été semblable dans tous les traitements, mais était sensiblement différente
entre les récoltes. Les régimes azotés n’ont pas entraîné de différence dans les taux de croissance relative (RGR) et les taux d’assimi-
lation nette (NAR), alors que le traitement de CO2 avait un effet significatif. A travers toutes les concentrations en CO2 et les niveaux

d’apport azoté, il a été mis en évidence une relation positive entre la masse des plantes et RGR, et cette relation n’a pas différé entre
les traitements. La surface spécifique de feuille (SLA) a diminué en concentration élevée de CO2. Le rapport de la masse de racine
fine et de la masse de feuillage a été augmenté en forte concentration en CO, et a diminué avec les fortes concentrations en azote. Les
semis traités avec une forte concentration en azote en CO, ont eu la plus grande croissance en hauteur et en diamètre. Les rapports
allométriques entre la biomasse de tige et de la racine et entre la croissance en hauteur et en diamètre n’ont pas été sensiblement
affectés par une concentration élevée. Les concentrations du feuillage en azote ont été réduites par les basses concentrations en azote
du sol. La concentration en azote des semis diminue avec le temps. La concentration élevée en CO2 a augmenté le rapport C/N de
tous les compartiments des semis, en raison de la diminution des concentrations en azote. Les semis soumis à une concentration éle-
vée en CO2 ont réduit les concentrations en azote comparativement au traitement CO2 en concentration actuelle, si la comparaison se
fait sur une base temporelle, mais sont semblables si l’on compare des semis de hauteurs identiques. (&copy; Inra/Elsevier, Paris.)
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1. INTRODUCTION

Atmospheric carbon dioxide concentration [CO2] is
currently increasing at a rate of about 1.5 mmol·mol-1
annually [52] as a result of increasing fossil fuel con-
sumption and deforestation. Models of future global
change are in general agreement predicting levels reach-
ing 600-800 &mu;mol·mol-1 by the end of the next century
from present levels ranging from 340-360 &mu;mol·mol-1
[14].

Elevated [CO2] promoted growth stimulation varies
with plant species and growth conditions [1, 10]. The
impact of increased [CO2] on plant growth is modified
by the nutrient level (e.g. [3, 5, 19]). Ceulemans and
Mousseau [10] reported that in short-term (< 6 months)
studies of elevated [CO2] and varying resource availabil-
ity, whole-plant biomass increased 38 % for conifers (12 
species) and 63 % for broadleaved trees (52 species).
Growth may be decreased at higher [CO2] due to nutrient
stress [29, 36]. Indeed, enhanced growth may increase
plant nutrient requirement, but most temperate and bore-
al sites are considered to have low nitrogen (N) avail-
ability [24]. On the other hand, it has been proposed that
plants adjust physiologically to low nutrient availability
by reducing growth rate and accumulating a high con-
centration of C-based secondary metabolites [9] due to
increases in carbon (C) relative to N. Numerous studies
have shown decreases in N concentrations for plant
grown under elevated [CO2] at various N availabilities
(e.g. [12, 29]). Changes in N concentrations and C/N

ratios in plant tissues will likely affect plant-herbivore
interactions and litter decomposition rates [15, 30].

The immediate effects of CO2 on leaf photosynthesis
can lead to changes in allocation patterns and other prop-
erties at whole-plant level (e.g. [21]). Patterns of bio-
mass partitioning and resource allocation to roots and
shoots are critical in determining the growth perfor-
mance of plants. Changing allocation patterns may be
one of the most effective means by which plants deal
with environmental stresses [11, 41].

There have been no studies of the response of live oak
to [CO2], despite its importance in natural ecosystems in
the southeastern United States, often on soils with low N
availability. The objectives of the project were to investi-
gate how CO2 availability alters whole-plant tissue N
concentration in live oak seedlings examined both at a
common time and size, to examine the effects of
increased [CO2] on C partitioning to assess the produc-
tion of biomass and its allocation.

This study was performed on seedlings on a 6-month
exposure basis to test the null hypothesis that elevated
CO2 and interactions of CO2 with soil resource limita-
tions (N) would have no effect on biomass productivity
and partitioning, and tissue N content. Obviously, exper-
iments on seedlings cannot substitute for forest longer-
term experiments, but the physiological mechanism of
response to CO2 of trees during the regeneration phase
may still be addressed [10, 35]. Indeed, a small increase
in relative growth at the early stage of development may
result in a large size difference of individuals in succes-
sive years [5].



2. MATERIALS AND METHODS

2.1. Plant material and growth conditions

Acorns of live oak (Quercus virginiana Mill.) were
collected in late November from three adult (open-polli-
nated) trees growing in the campus gardens of the
University of Florida (29°43’ N and 82°12’ W;
Gainesville, FL, USA). Seeds of each tree were broadcast
in individual trays filled with growing medium (mixture
of peat, vermiculite, perlite and bark) and moistened reg-
ularly. The containers subsequently were placed in a
growth chamber (day/night temperature, 25 °C; day/night
relative humidity [RH], 80 %; photosynthetic photon flux
density (PPFD), 800 &mu;mol·m-2·s-1; photoperiod, 16 h).
Germination took place at ambient [CO2] in the contain-
ers. Seedlings emerged in all trays after 10 days.

After 2 weeks of growth in the trays, 40 seedlings per
family were transplanted into black PVC containers
(Deepots&reg;; 25 cm height x 5.5 cm averaged internal
diameter, 600 cm3) and maintained in the growth cham-
ber. The tubes were filled with a mixture (v/v) of 90 %
sand and 10 % peat; a layer of stones was placed in the
base of each tube. Seedlings in the growth chamber were
watered daily. While plants were growing in the growth
chamber, the first stage of growth was supported by
adding commercial slow-release Osmocote (18/18/18,
N/P/K); the nutrient additions were given in two pulses
of 3 g each, applying the first after 1 week of growth in
the tubes and the second after 6 weeks. Soil nutrients in
terrestrial systems suggest that N mineralization is some-
times limited to short periods early in the growing sea-
son; furthermore, by giving an initial pulse of nutrients,
we created a situation in which plant requirements for
nutrients were increasing (due to growth) while supply
was decreasing (due to uptake) [12], a phenomenon that
may occur in natural systems poor in N such as the
sandy soil of Florida. Before moving the seedlings to the
open-top chambers, the superficial layer of Osmocote
was removed from the tubes and the latter flushed

repeatedly for 1 week with deionized water in order to
remove accumulated salts and nutrients. During the 1st
month of growth the seedlings were fumigated twice
with a commercial fungicide.

Four months after germination (17 March), the
seedlings were moved to six open-top chambers. Each
chamber received one of two CO2 treatments: ambient
[CO2] or 150 &mu;mol·mol-1 exceeding ambient [CO2]. The
chambers were 4.3 m tall and 4.6 m in diameter, covered
with clear polyvinylchloride film and fitted with rain-
exclusion tops. Details of the chamber characteristics

may be found in Heagle et al. [20]. CO2, supplied in liq-

uid form that vaporized along the copper supply tubes,
was delivered through metering valves to the fan boxes
of three chambers. The CO2 treatment was applied dur-
ing the 12 h (daytime) the fans were running with deliv-
ery being controlled by a solenoid valve connected to a
timer. The CO2 was delivered for about 15 min after the
fans were turned off in the evenings in order to maintain
higher concentrations in the chambers. [CO2] was mea-
sured continuously in both the ambient and elevated
[CO2] chambers using a manifold system in conjunction
with a bank of solenoid valves that would step through
the six chamber sample lines every 18 min. Overall
mean [CO2] for these treatments was 370 or 520
&mu;mol·mol-1 at present or elevated CO2 concentrations,
respectively [25].

Ten days after transferring the plants to the open-top
chambers, two different nutrient solution treatments
were initiated and seedlings of each family were ran-
domly assigned to a CO2 x nutrient solution treatment
combination. Thus, the two CO2 treatments were repli-
cated three times, with the two nutrient solution treat-
ments replicated twice within each CO2 treatment. The
seedling containers were assembled in racks and
wrapped in aluminum foil to avoid root system overheat-
ing, and set in trays constantly containing a layer of
nutrient solution to avoid desiccation and minimize
nutrient loss, thus limiting nutrient disequilibrium ([22]).

Plants were fertilized every 5 days to saturation with
one of the two nutrient solutions obtained by modifying
a water soluble Peters fertilizer (Hydro-Sol&reg;, Grace-
Sierra Co., Yosemite Drive Milpitas, CA, USA): com-
plete nutrient solution containing high N (90 &mu;mol·mol-1
NH4NO3), or a nutrient solution with low N

(20 &mu;mol·mol-1 NH4NO3). Both nutrient solutions con-
tained [in mmol·mol-1]: PO4 (20.6), K (42.2), Ca (37.8),
Mg (6), SO4 (23.5), Fe (0.6), Mn (0.1), Zn (0.03), Cu
(0.03), B (0.1) and Mo (0.02), and were adjusted to pH
5.5; every 5 weeks supplementary Peters (S.T.E.M.)
micronutrient elements (0.05 g·L-1) were added.
Deionized water was added to saturation every other day
in order to prevent salt accumulation. Plant containers
were moved frequently in the chambers to avoid posi-
tional effects.

2.2. Growth analysis

Heights and root-collar diameters were measured with
a caliper on all the plants from day 4 of exposure and
continued at regular intervals. Groups of six different
plants were harvested (day 7) from each treatment for
growth measurements, at the start of CO2 and nutrient

treatments; harvests continued every 5-7 weeks until



September. Total leaf area of each seedling was mea-
sured with an area meter (DT Devices Ltd., Cambridge,
England). Seedlings were separated into leaves, stem and
roots (for the last harvest, roots were divided in tap
roots, > 2 mm, and fine roots, < 2 mm) and dried at
65 °C to constant weight, and dry weight (DW) measure-
ments were made. Leaf area ratio (LAR; m2·g-1) was cal-
culated as the ratio of total leaf area to plant dry weight;
specific leaf area (SLA; m2·g-1) was calculated as the
ratio of total leaf area to leaf dry weight; partitioning of
total plant biomass - LWR, SWR and RWR (g·g-1) -
was determined as the fraction of plant dry weight
belonging to leaves (L), stem (S) and roots (R), respec-
tively; and the root-shoot dry weight ratio (RSR; g·g-1)
and fine root-foliage mass ratio (g·g-1) were determined.
Relative growth rate (RGR; g·g-1·day-1) of seedlings was
calculated as Ln(W2) - Ln(W1) / (t2 - t1), in which W is
plant mass and t is time. First harvest date RGR was cal-
culated using seed mass for W1. Net assimilation rate
(NAR; g·m-2·day-1) of seedlings was calculated as (W2 -
W1) [(Ln(l1) - Ln(l2)] / (l2-l1) (t2 - t1), in which l is total
leaf area at the respective time.

2.3. Carbon and nitrogen analysis

Previously dried plant materials were separated and
ground in a Wiley mill fitted with a 20-mesh screen.
Total C and N concentrations (mg·g-1 DW) were deter-
mined by catharometric measurements using an elemen-
tal analyser (CHNS 2500, Carlo Erba, Milan, Italy) on
5-9 mg of powder of dried samples.

2.4. Statistical analysis

Three-way analysis of variance (ANOVA) with har-
vest time, [CO2] and N availability as the main effects
was conducted for all parameters except for those rela-
tive to the last harvest date only which were tested by
two-way ANOVA. Two- and/or three-way interaction
was included in the model. Proportions were transformed
using the arcsine of the square root prior to analysis.

The relationships between whole-plant dry biomass
and plant age, between RGR and Ln whole-plant bio-
mass and between whole-plant % N and Ln whole-plant
biomass were examined using non-linear regression
techniques separately for each [CO2] and nutrient treat-
ment. The relationships between height and basal stem
diameter were examined with linear regression analysis
using Ln-transformed data in order to linearize the rela-
tionship. Allometric relationships between shoots and
roots DW were also analyzed. The allometric relation-
ships were calculated by linear regression based on Ln-

transformed data [Ln(y) = a + k Ln(x)] with the previous
mentioned variables as y and x and the allometric coeffi-
cient as the slope. Analysis of covariance (ANCOVA)
was used to test for equality of regression coefficients.

3. RESULTS

3.1. Growth and biomass partitioning 

CO2 treatment had a positive effect on live oak
seedlings growth (figure 1, tables I and II). Differences
in biomass between elevated and ambient CO2-treated
plants increased during the experimental period and
reached a maximum by the end of the study. In particu-
lar, roots and total biomass showed a significant interac-
tion between CO2 treatment and harvest day, respective-
ly, P < 0.01 and P < 0.05, CO2 effect increasing over
time. CO2 treatment had a strong effect (P = 0.01) on tap
roots and fine roots (table III). Overall, soil N availabili-
ty, did not affect growth (all DW) significantly, although
the interaction between harvest date and N was signifi-
cant (P < 0.05, P < 0.1 for roots), N effect increasing
over time. Interaction between CO2 treatment and N

availability was not significant overall. Nevertheless,
growth in elevated [CO2] in combination with high N led
to a consistently higher accumulation of total biomass
(30-40 % higher than other treatments by the end of the
experiment, day 178 of exposure).

Biomass allocation among plant components (foliage,
stem and roots) was similar for seedlings in all treat-
ments, but was significantly different (P &le; 0.0001)
between harvests (data not shown). In all treatments, the
proportion of foliage (and roots) biomass declined (or
remained constant) and stem biomass increased during
the course of the experiment.

The N regimes did not affect RGR, while CO2 treat-

ment had an overall significant positive effect (P < 0.05),
particularly in high N and elevated [CO2] during the first
2 months from exposure, high N and elevated [CO2]
(HE) plants showing higher values than other treatments
at the final harvest date (figure 2, upper panel, and
table II). Across all CO2 and N levels, there was a posi-
tive relationship between plant mass and subsequent
RGR (figure 2, lower panel), and this relationship did
not differ between treatments. NAR was only marginally
(P = 0.08) affected by CO2 treatment and not influenced

by N regime (figure 3, table II). Nevertheless, NAR was
higher initially in HE plants and kept growing (also in
high N and ambient [CO2] [HA] plants) by the end of the
experiment whereas in low N and ambient [CO2] (LA)



and low N and elevated [CO2] (LE) plants stabilized on
pretreatment values after an initial increase.

LAR and LWR decreased (P &le; 0.0001) during the
experiment but were unaffected by both CO2 and N lev-
els (figure 4, table II), although interaction between
treatments was significant (P < 0.01 ) for LAR and
inspection of figure 4 suggests that elevated [CO2] con-

sistently decreased LAR at the last three harvest dates in
both N treatments. Similarly, SLA (figure 4) decreased
(P &le; 0.0001) throughout the experiment, and overall CO2
effect was significant (P < 0.05), as well as the interac-
tion between CO2 and N (P < 0.001), and plants in ele-
vated [CO2] had lower values, particularly by the end of
experiment.
SWR, RWR and RSR (figure 5, table II) were unaf-

fected by both CO2 and N treatment (although the inter-
action was significant, P &le; 0.05 for RSR and RWR,
P = 0.07 for SWR). While RSR and RWR remained rela-
tively constant, SWR increased during the experiment.
CO2 and N treatments did not result in significantly dif-
ferent slopes for the relationship between shoot and
roots, although high [CO2] (particularly in conjunction
with low N) treatment resulted in moderately lower allo-
metric coefficient (figure 6), indicating a preferential
shift in dry-matter allocation from above- to below-
ground components. Fine root-foliage mass ratio was
affected significantly by both CO2 (P < 0.05) and N
(P < 0.01) treatments; fine root-foliage mass ratio was
particularly high in LE plants (table III).

There was no large difference in the initial rate of leaf
area development between treatments (figure 7), but by
the end of the experiment the high N treatment in combi-
nation with elevated CO2 showed an increase more

rapidly than other treatments. Overall, both treatments
had relevant effects (table II), respectively P < 0.05 for
N and P = 0.06 for [CO2] treatment. Leaf area per leaf
and number of leaves were unaffected by all treatments
(table II). Height was largely affected by both treatments
(P < 0.0005), particularly by the end of experiment (fig-
ure 7, table II). Basal stem diameter was similarly affect-
ed (P = 0.02, N, and P &le; 0.0001, CO2) (figure 7,
table II). High CO2- and high N-treated plants showed
the greatest heights and basal stem diameters at the final
harvest date. There was a tendency in the relationship
between height and basal stem diameter (figure 8) for a
shift towards a higher diameter relative to height in high
CO2-grown plants with respect to ambient CO2-grown
plants.

3.2. Carbon and nitrogen analysis

Leaf N concentrations were significantly (P &le; 0.0001)
decreased by low N level at all harvests (tables I and II).
They were also significantly (P < 0.05) lowered by CO2
treatment, at both N levels except at the first three har-
vest dates where leaf N concentrations were not modi-
fied by CO2; the interaction between harvest date and
CO2 treatment was significant (P < 0.05). Overall, stem
and root N concentrations were significantly (P < 0.05)





decreased by CO2 treatment but less by low N levels
(tables I and II). Leaf, stem and root N concentrations
significantly (P &le; 0.0001) decreased with time in all
treatments. Whole plant % N as a function of plant size
is reported in Figure 9; plants of any given size, whether
grown at elevated or ambient [CO2], had similar N con-
centrations within a given nutrient supply. N availability
affected patterns of tissue N concentration as a function
of plant size. Both CO2 and N treatments had small
effects on leaf, stem and root C concentrations (tables I
and II). CO2 enrichment had significant effects on C/N
ratios (tables I and II) of stem and roots (P < 0.005) and
small but significant (P = 0.05) on those of leaves. The
C/N ratios of plant material increased for plants grown at
elevated [CO2] compared with ambient conditions. In
addition, the greater N supply significantly (P < 0.005)

decreased the C/N ratios of leaf, stem and roots due to an
increase in the N concentration. The effects of CO2 and
N treatment increased with time; the interaction between
harvest date and CO2 or N treatment was significant (P &le;
0.01).

CO2 enrichment had a significant effect (P < 0.05) on
N concentrations of fine roots (table III), measured at the
final harvest, with decreases of 10 and 25 % in low N
and high N grown plants, respectively; N concentrations
of tap root were not affected significantly by CO2 enrich-
ment. Increasing the N supply significantly increased
(20-45 %, P < 0.005) the N concentrations of tap and
fine roots. No significant differences were found
between treatment effects on the C concentrations of tap
and fine roots. The decrease of N concentrations resulted
in an increase of the C/N ratio (P < 0.05) of both tap





(15-20 %) and fine roots (15-25 %) at elevated [CO2].
In addition, increasing the N supply significantly
decreased the C/N ratio of both tap (35-40 %) and fine
roots (20-30 %) due to an increase (P < 0.001) in the N
concentration.



4. DISCUSSION

Live oak seedlings exhibited increased biomass in
response to elevated [CO2] (27-33 %, depending on the
specific treatment combination). The responses we
observed were in line with responses of many other tree

species to elevated [CO2]. Luxmoore et al. [32], review-
ing 58 studies with 73 tree species, found that the growth
enhancement most frequently observed was 20-25 %
and that the stimulation of growth was more or less
equally partitioned to foliage, stem and roots biomass,
whereas leaf area increased only marginally. Live oak
seedlings responded to elevated [CO2] by increasing
foliage and stem biomass particularly when N availabili-
ty was high. Conversely, roots (both tap and fine roots)
responded positively to elevated [CO2] irrespective of N
availability. Several studies indicate that the responsive-
ness to CO2 by woody seedlings is often conditional on
the adequate availability of other resources, despite other
reports that this is not the case [2, 13, 19, 29, 32, 34, 37,
46].

Greater total leaf area per plant, height and basal stem
diameter (with a tendency for relatively more diameter
than height growth in high-CO2) were particularly evi-
dent in elevated CO2- and high N-grown plants with
respect to ambient CO2- and high N-grown plants, while
low N-grown plants did not differ regardless of CO2
treatment. The absence of any large treatment effect on



number of leaves and leaf area per leaf may partly be
related to the duration of the experiment. Contrasting
results have been reported in the literature [38, 42, 45].

Partitioning of biomass between plant parts was simi-
lar for seedlings in all treatments regardless of differ-
ences in total biomass. SLA was significantly reduced in
high CO2-grown plants. Most studies with CO2 enrich-
ment report decreases in SLA (e.g. [16, 38]), and an
increased allocation to roots (cf. [4, 44]). A reduction in
SLA with elevated [CO2] may be the result of changes in
leaf anatomy and/or accumulation of carbohydrates [38].
Total plant leaf area increased in response to elevated

[CO2] (and to high N) and LAR (and secondarily LWR)
decreased over time in response to elevated [CO2] in
both N treatments, even if the overall CO2 effect was not

significant, suggesting that canopy-level adjustment in C
assimilation might occur but that total plant leaf area
increased mainly as a result of accelerated ontogeny
[48]. With time, it would be expected that the advantage
of overall higher RGR at elevated [CO2] would offset a
disadvantage of lower LAR in contributing to an eventu-
ally more rapid development of total leaf area in elevated



CO2- and high N-grown plants with respect to other
treatments.

CO2 treatment increased the fine root-foliage mass
ratio while N treatment had the opposite effect. Pregitzer
et al. ([40]), studying Pinus ponderosa, also observed
that N fertilization decreased the fine root-foliage mass
ratio but the same authors found that elevated [CO2] had
no effect. The change in allocation might represent a
substitution between potential C assimilation and nutri-

ent acquisition [37]. Contrasting results are reported in
the literature [28, 37, 40, 47] and this may reflect
species-specific responses to CO2.
RSR response to elevated [CO2] has been found to be

quite variable [44]. In the present experiment, RSR was
found to be higher in elevated CO2-grown plants by the
end of the experiment when RWR and SWR tended to
increase and decrease, respectively. This, however, was
more evident for low N-treated plants [18]. King et al.
[27] concluded that Pinus taeda and Pinus ponderosa
had the potential to increase substantially belowground
biomass in response to rising [CO2], and this response is
sensitive to N; an allometric analysis indicated that mod-
ulation of the secondary root fraction was the main
response of the seedlings to altered environmental condi-
tions, although neither species exhibited shifts in C accu-
mulation in response to elevated [CO2]. In the present
experiment the observed shifts in C accumulation were
not large, and the moderately lower allometric coeffi-
cients in elevated CO2-grown live oak seedlings (particu-
larly in low N), overall, were weakly indicative of parti-
tioning toward roots. Farrar and Williams [18] found no
change in the allometric constant due to elevated [CO2]
for Sitka spruce. However, in Quercus robur RSR was
decreased at the end of the growing season by elevated
[CO2] [50]. It is not clear if, on a longer period, RSR
could be altered by elevated [CO2] and then if the invest-
ment of additional photosynthate into root growth for
improved acquisition of nutrients is necessary for elevat-
ed CO2-grown live oak plants in nutrient-rich soil (cf.
[39, 48]). Many results support the concept that biomass
partitioning in plants is related to C and N substrate lev-
els (e.g. [31, 36, 43]).
RGRs of live oak seedlings exposed to elevated [CO2]

and high N nutrition in the first 2 months of exposure
increased in association with the increased NAR of these

plants more than other treatments and then converged,
although differences were again detected between elevat-
ed CO2- and high N-grown seedlings and other treat-
ments by the end of the experiment (mean RGRs of ele-
vated CO2- and high N-grown seedlings were at that
time approximately 15 % higher than those of other
treatments and showed a stimulated NAR).
McConnaughay et al. [33] found that doubling the
amount of nutrients within a constant soil volume may
increase the relative growth response to CO2. Many
experiments have indicated that CO2-induced growth
increases were greatest shortly after seedling emergence,
and this was followed by a transition stage where RGRs
of CO2 treatments converged (e.g. [4, 6-8, 23]). On the
other hand, Pettersson and McDonald [38], studying
birch at optimal nutrition, found that although RGR was
only moderately greater at elevated [CO2], the difference



in RGR persisted and resulted in much larger plants in
elevated [CO2] by the end of the experiment (about
40 days of treatment). Where sink sizes are adequate (eg,
large tap roots of live oak seedlings, despite the limited
pot volume), C assimilation [49] can be maintained at
high rates in elevated [CO2]. If optimal nutrition is main-
tained, larger sapling might be attained more rapidly at
elevated [CO2]. Conversely, where nutrient uptake is
insufficient for the maintenance of optimal nutrition, the
potential for increased dry matter productivity at elevat-
ed [CO2] may not be realised. Across all CO2 and N
treatments there was a positive relationship between
plant mass and subsequent RGR.

The reduction in the % N at elevated [CO2] agrees
with previous studies on several tree species (eg, [17],
see [10] for a review). Coleman et al. [ 12] suggested that
the decrease in plant % N as a result of exposure to ele-
vated [CO2] might be a size-dependent phenomenon
resulting from accelerated plant growth, rather than
increased N use efficiency. According to these authors,
an analysis of tissue N concentrations as a function of
total plant biomass showed that live oak seedlings of any
given size, whether grown under ambient or elevated
[CO2], had similar N concentrations within a given nutri-
ent supply. Nevertheless, plants grown with different N
availability showed different patterns of tissue N concen-
tration as a function of plant size. Low N plants had
mean N content lower than high N plants, but this was
evident at the end of the experiment and overall signifi-
cant only for leaves. The decline in foliage N content
with plant age is consistent with the partial declining
stimulation of growth and at later harvests.

The effects of elevated [CO2] on % C of plant tissue
were very small [26]. The effect of CO2 in stimulating
growth and increasing C/N ratios might affect C storage
and nutrient cycling in this as in other Quercus species
[5 1 ]. An increase in the C/N ratios, due to a decrease of
N content, may led to increases in concentrations of C
based compounds such as phenolics [30, 49].

In summary, an early and positive response to elevat-
ed [CO2] rapidly and substantially increased total plant
biomass in live oak seedlings, particularly at high soil
nutrient conditions. Dry matter allocation might be
altered in low nutrient soil conditions but probably not at
optimal nutrition, and the form coefficient (height/diam-
eter ratio) might vary considerably. In this context, it

may be of considerable relevance to nutrient acquisition
that fine root-foliage mass ratio in our study was greater
at elevated [CO2] by the end of the experiment. Elevated
[CO2] increased the C/N ratio of all plant compartments
as a result of decreasing N concentrations. High CO2-
grown plants had reduced N concentrations relative to

ambient CO2-grown plants when compared at a common
time, but similar when compared at a common size.
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