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Abstract We examined whether the e�ects of elevated
CO2 on growth of 1-year old Populus deltoides saplings
was a function of the assimilation responses of particular
leaf developmental stages. Saplings were grown for
100 days at ambient (approximately 350 ppm) and ele-
vated (ambient + 200 ppm) CO2 in forced-air green-
houses. Biomass, biomass distribution, growth rates, and
leaf initiation and expansion rates were una�ected by
elevated CO2. Leaf nitrogen (N), the leaf C:N ratio, and
leaf lignin concentrations were also una�ected. Carbon
gain was signi®cantly greater in expanding leaves of
saplings grown at elevated compared to ambient CO2.
The Rubisco content in expanding leaves was not a�ected
by CO2 concentration. Carbon gain and Rubisco content
were signi®cantly lower in fully expanded leaves of sap-
lings grown at elevated compared to ambient CO2, indi-
cating CO2-induced down-regulation in fully expanded
leaves. Elevated CO2 likely had no overall e�ect on bio-
mass accumulation due to the more rapid decline in car-
bon gain as leaves matured in saplings grown at elevated
compared to ambient CO2. This decline in carbon gain
has been documented in other species and shown to be
related to a balance between sink/source balance and
acclimation. Our data suggest that variation in growth
responses to elevated CO2 can result from di�erences in
leaf assimilation responses in expanding versus expanded
leaves as they develop under elevated CO2.
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Introduction

Although many C3 plants show enhanced growth and
net CO2 assimilation (assimilation) when grown at ele-
vated concentrations of atmospheric CO2, these
responses vary substantially within and between species
(Kimball 1983; Eamus and Jarvis 1989; Hunt et al. 1991;
Bazzaz et al. 1990; Poorter 1993; Ceulemans and Mo-
usseau 1994; Curtis 1996; Curtis and Wang 1998). Curtis
and Wang (1998), in their meta-analysis of 508 reports
on the e�ects of elevated CO2 on woody biomass,
showed that, on average, biomass under conditions of
high resource availability (i.e., high light, water, and
nutrients) increased by 31%, while assimilation in-
creased by 54%. However, responses of total biomass to
elevated CO2 ranged from approximately )10% (inhi-
bition) to +150% (stimulation) (Curtis and Wang
1998), while relative assimilation e�ects (elevated/am-
bient assimilation rate) ranged from approximately
)50% to +450% (Curtis 1996). In some species, in-
creases in growth rates reasonably match increased leaf
carbon (C) gain (Norby and O'Neill 1989). In others,
leaf C gain and growth rates may increase initially, but
then decline (Tolly and Strain 1984). In yet other species,
growth increases are small or negligible relative to
observed increases in C gain (Norby et al. 1992). For
example, the biomass of Euramerican poplar cuttings
grown in open-top chambers was not signi®cantly
greater under elevated CO2 after 200 days compared to
ambient CO2, while photosynthetic rates were enhanced
by 121% (see Ceulemans and Mousseau 1994). Biomass
of Populus grandidentata cuttings grown in open-top
chambers under elevated CO2 for 47 days was 34%
greater than that of ambient-CO2-grown cuttings, while
photosynthetic rates were enhanced by 84% (Zak et al.
1993). Biomass of Salix dasyclados cuttings grown in a
greenhouse under elevated CO2 for 120 days was 46%
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greater than ambient-CO2-grown cuttings, while pho-
tosynthetic rates were enhanced by 131%. Ceulemans
and Mousseau's (1994) literature survey of various
coniferous and deciduous broad-leaved tree species
provides numerous examples of di�erences in biomass
versus photosynthesis responses within species. While
di�erent growth conditions, di�erences in storage, or
di�erences in the rate of utilization and accumulation of
carbohydrates account for some of the variation in plant
responses to CO2 enrichment (Stitt 1991; Poorter 1993;
Ceulemans and Mousseau 1994; Loehle 1995), the e�ect
of leaf development on the response of plants to CO2

enrichment is less well understood (Reekie 1996; and see
Miller et al. 1997).

Although species vary in leaf developmental rates,
across development, assimilation changes in more or less
the same way in all species: photosynthetic capacity in-
creases as leaves develop, becoming maximal at or
around full expansion, and then declines later in matu-
rity (Kozlowski et al. 1991). Young leaves are typically
strong sinks for photosynthate, whereas mature leaves
are typically strong sources (Vogelmann et al. 1982).
Because most studies have been conducted on a limited
number of leaf developmental stages, we do not know in
general if elevated CO2 di�erentially a�ects photosyn-
thetic capacity as leaves develop. If there is no change in
photosynthetic capacity at any developmental stage, or
if the magnitude of change is uniform at all stages, then
the e�ects of elevated CO2 on leaf lifetime C gain and
plant biomass should generally be predictable from as-
similation measures made at any developmental stage.
However, instantaneous measures of assimilation are
unlikely to estimate leaf lifetime C gain and plant bio-
mass accurately if elevated CO2 has di�erent e�ects at
di�erent leaf developmental stages. Here, the net e�ect
on leaf lifetime C gain relative to ambient CO2 would
depend on both the degree of change in assimilation at a
given developmental stage and the duration of that
developmental stage. To our knowledge, assimilation
responses at speci®c leaf developmental ages have not
been speci®cally invoked as an explanation for variation
in plant biomass responses to CO2 enrichment.

Recent data suggest that assimilation responses to
CO2 enrichment may be related to leaf development in
many species (e.g., Porter and Grodzinski 1984; Besford
et al. 1990; Kelly et al. 1991; Norby and O'Neill 1991;
Pearson and Brooks 1995; Van Oosten and Besford 1995;
Hikosaka 1996; Miller et al. 1997). For example, Van
Oosten and Besford (1995) found that after an initial
increase in assimilation during early expansion, there was
an accelerated ontogenetic decline in assimilation of to-
mato leaves grown at elevated compared to ambient
CO2. They concluded that the e�ects of CO2 enrichment
on tomato assimilation rates, assimilation responses to
intracellular CO2 concentration, Rubisco activity, vari-
ous chloroplast proteins, mRNA, and carbohydrate
content all changed as leaves developed. Pearson and
Brooks (1995) showed that assimilation declined in
Rumex obstusifolius leaves at a faster rate as leaves

matured in elevated than in ambient CO2. In mature
leaves, assimilation rates were actually lower under ele-
vated than in ambient CO2. In their study, total and
aboveground biomass, leaf expansion rates, the average
area of leaves, and duration of leaf retention did not
di�er between elevated and ambient CO2 treatments.
They concluded that the e�ects of CO2 enrichment on
whole-plant C gain depended on the degree of photo-
synthetic down-regulation of individual leaves. Leadley
and Reynolds (1989) demonstrated close correlations
between leaf growth dynamics and photosynthesis in
soybean. In this case, leaf size did not change with CO2

enrichment, but initial rates of leaf expansion were more
rapid and the period of expansion declined with in-
creasing CO2. Miller et al. (1997) found a signi®cant re-
lationship between rapid initial leaf expansion and higher
photosynthetic rate with CO2 enrichment in tobacco,
similar to the results found with tomato (Besford et al.
1990). Gunderson et al. (1993) observed no e�ects of
CO2 on timing of leaf senescence in Lirodendron tulipifera
and Quercus alba over a period of 3 years of CO2 en-
richment, and found that the two species maintained
photosynthetic enhancement under CO2 enrichment.

Here we present data from studies on the e�ects of
elevated CO2 on 1-year-old saplings of a fast-growing,
indeterminate-¯ushing species (P. deltoides, clone ST-
109) grown for 100 days under conditions of unlimited
nutrients and water in large pots. Growth and physiol-
ogy of other Populus species have been shown to be
sensitive to elevated CO2 via both increased leaf area
and assimilation per unit leaf area (Gaudillere and
Mousseau 1989; Radoglou and Jarvis 1990; Van Vol-
kenburgh and Taylor 1996; and see Ceulemans and
Mousseau 1994). For example, Gaudillere and Mouss-
eau (1989) found that whole-plant CO2 exchange, leaf
photosynthesis, and leaf area were signi®cantly in-
creased by CO2 enrichment, but that the photosynthetic
activity in mature leaves was inhibited by CO2 enrich-
ment. They concluded that an increase in photosynthetic
activity probably occurred when the plant had active
sinks. Ceulemans et al. (1997) have shown that CO2

enrichment leads to increases in both leaf size and ex-
pansion rate in a number of di�erent poplar hybrids,
with no downward acclimation over one growing sea-
son. In addition, Ceulemans et al. (1995) found that
interactions with leaf age and/or leaf position signi®-
cantly confound the CO2 treatment e�ects on stomatal
and epidermal cell densities. Finally, growth, leaf de-
velopment, and assimilation of the Populus clone used in
this study are known to be sensitive to resource avail-
ability and damage (e.g., Jones and Coleman 1988; Wait
et al. 1996, 1998), but leaf developmental stage re-
sponses to CO2 have not been studied.

Our data indicate that the net e�ect of CO2 enrich-
ment on P. deltoides biomass resulted from di�erences in
leaf photosynthetic capacity between expanding and
expanded leaves under elevated compared to ambient
CO2. This e�ect may be an important cause of the ap-
parent variation between growth and photosynthetic
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responses to CO2 enrichment in other species. Finally,
we present a simple graphical model that shows how
gross patterns of total plant biomass can vary depending
on how photosynthetic capacity changes with leaf de-
velopment under CO2 enrichment.

Materials and methods

Growth

One-year-old P. deltoides Bartr. saplings (clone ST-109, developed
in Stoneville, Miss.) were grown for 100 days in three separate
forced-air greenhouses at the University of She�eld, UK. Each
greenhouse was divided into two halves, one with ambient
(350 ppm) and one with elevated (ambient plus 200 ppm) CO2.
Saplings were propagated vegetatively at the Institute of Ecosystem
Studies (IES), Millbrook, N.Y., USA, planted in tree tubes, and
shipped dormant to She�eld. Saplings were grown in 6-l pots using
John Innes no. 2 soil medium. Roots were not pot bound in these
pots after 100 days. Saplings that had between three to ®ve leaves
and were 10±12 cm tall were used in the experiment; therefore,
saplings of uniform age and mass (see Wait et al. 1998) were se-
lected before being randomly assigned to treatments and chambers.
Fifteen saplings were placed randomly into each half of the three
greenhouses and rotated within the greenhouse once a week. Sap-
lings were well watered and fertilized once weekly from day 21 to
100 with a N:P:K fertilizer added in the ratio of 20:5:10 at an
application rate of 5 g N m)2. Temperature and light (PAR) were
recorded continuously throughout the experiment, but not con-
trolled. Thus, they varied with ambient conditions. Mean daily
PAR ranged between 90±380 lmol m)2 s)1. Mean daylight tem-
peratures in glasshouses ranged between 14±21°C with a minimum
temperature of 13 and maximum temperature of 34°C. Mean
nighttime temperatures in glasshouses ranged between 9±18°C with
a minimum temperature of 8 and maximum temperature of 25°C.
We calculated Pearson product moment correlations between rel-
ative height growth rates (RHGRs) and mean daily PAR, mean
daily temperature, and mean nightly temperature. We found that
both ambient- and elevated-CO2-grown sapling RHGRs were sig-
ni®cantly (P < 0.05) and positively correlated with daily PAR and
temperatures.

Continuous measurements of height growth, leaf initiation
rates, and the leaf position at full expansion were measured on nine
saplings per CO2 treatment and greenhouse half from day 50 until
harvest on day 100 as described in Wait et al. (1998). Measure-
ments were made on 18 di�erent days at intervals varying between
1±5 days. Sapling height was measured from an acrylic paint mark
at the stem base to the tip of the primary node (stem apex). Leaf
initiation rate and time to full expansion were determined as fol-
lows. On day 50, every leaf on a plant was numbered starting at the
base. Every leaf subsequently initiated was numbered and the
length of that leaf was measured until it ceased expanding. A new
leaf was recorded as having been initiated when it was greater than
2 cm in length. At that length, the lamina had unrolled to its
midpoint and exponential growth had started (Larson and Ise-
brands 1971; Wait et al. 1998). The leaf at full expansion (i.e., the
leaf closest to the stem apex that had not expanded between two
measurement intervals) was marked with ¯agging tape at each
measurement. From these continuous leaf length measurements,
leaves were categorized into two leaf developmental stage classes as
described by Wait et al. (1998). Expanding leaves were leaves that
were one to two leaf positions above the leaf at full expansion.
Fully expanded leaves were those that were one to two leaf posi-
tions below the leaf at full expansion.

Plants were harvested on day 100. Leaf area by leaf position and
leaf developmental stage was measured using a Delta-T leaf area
meter (Delta-T Devices, Cambridge, UK). Leaf, stem, petiole, and
root fresh weight were recorded for each plant. Dry weights were
obtained for all plant parts after drying to constant weight at 80°C.

Gas exchange

Measurements of the response of photosynthesis (net CO2 assimi-
lation rate, lmol m)2 s)1) to intercellular CO2 concentration (A/Ci
response, Amax) were made between days 55±65 on three saplings
per CO2 treatment on both an expanding and a fully expanded leaf.
Measurements were made in the laboratory using an LCA-3 por-
table IRGA (Analytical Development Company, Hoddesdon, UK)
attached to a Parkinson leaf chamber. A range of CO2 concen-
trations from 0 to 1000 ppm was supplied from cylinders, mixed
and regulated by a mass ¯ow meter. Actinic light at 1200 lmol
m)2 s)1 was supplied by a Schott KL 1500-T lamp. In addition, the
maximum net CO2 assimilation rate of expanding leaves was
measured in the greenhouses 30 min after the transfer of four
saplings per treatment from ambient to elevated CO2, and from
elevated to ambient CO2. Measurements were made using the same
apparatus at the same PAR. Monitoring of CO2 in greenhouses
showed that the air¯ow in chambers and limited time spent in
chambers was su�cient to keep CO2 within the range of day-to-day
variation while working in the greenhouses.

Instantaneous measures of assimilation were determined in
greenhouses between 1000 and 1400 hours on days 60±62 on two
expanding and two fully expanded leaves on nine saplings per CO2

treatment. Measurements were obtained at ambient temperature,
relative humidity, and PAR. Only measurements at a PAR above
light saturation (800 lmol m)2 s)1; Wait 1992) were used for
analysis. Measurements were made with a Li-Cor 6200 portable
photosynthesis system (Li-Cor, Lincoln, Neb.).

Leaf chemistry

Leaf nitrogen, carbon, and lignin concentrations were determined
on dried (80°C) green leaf tissue harvested on days 56 and 100 from
three plants per harvest date per CO2 treatment. All leaves from an
individual were pooled for chemical analysis; therefore, leaf de-
velopmental-age e�ects were not examined for these variables.
Nitrogen and carbon were determined by combustion in a Carlo
Erba NA 1500 N/C analyzer, and lignin was determined by the
permanganate method (Van Soest and Wine 1968), by Natural
Resource Management Ltd, Berkshire, UK.

Rubisco content

The ribulose-1,5-bisphosphate carboxylase oxygenase (Rubisco)
content of leaves was determined on day 100 on two expanding
leaves and one fully expanded leaf from four saplings per CO2

treatment. Leaf discs were removed at midday and frozen in liquid
nitrogen. Extracts were prepared for determination of Rubisco
content as described in Quick et al. (1991). The extract was pre-
pared for measurement by adding 150 ll of sample to 50 ll of
preheated bu�er containing 0.8 g SDS, 15.26 ml glycerol, 2 ml
mercaptoethanol, and 80 ll bromophenol blue (5% in ethanol)
made up to 20 ml with 1.88 M Tris-HCL (pH 6.8).

Proteins were then separated at 25 mA for 1 h using 10% SDS-
PAGE as a running gel and 3% SDS-PAGE as a stacking gel.
Samples were loaded on an equal-area basis. Puri®ed oilseed rape
Rubisco extract was used as a standard. Gels were stained for 1 h
with Coomassie blue (5% in ethanol) and ®xed in 45% ethanol.
The optical density of the Rubisco band was measured using a
video imaging system, and the amount of Rubisco was calculated
by comparison with the optical density of the standards.

Statistical analyses

Biomass data were analyzed by one-way ANOVA. Tissue compo-
sition data were analyzed by two-way ANOVA with CO2 and time
as main factors. Height growth rate and leaf development data
were analyzed using repeated-measures ANOVA. Instantaneous
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assimilation rates and leaf Rubisco were analyzed by two-way
ANOVA with CO2 concentration and leaf developmental stage as
main factors. All ANOVA models initially considered the e�ect of
chamber within CO2 concentration, but chamber was never found
to be signi®cant (P > 0.18); therefore, data were pooled across
chambers.

Data from A/Ci curves were analyzed with non-linear regres-
sion (SAS-proc nonlin). Data were ®t to the following model
(Potvin et al. 1990):

NAR � Amax�1ÿ eÿWc�xÿC ��
where NAR is the net CO2 assimilation rate, Amax is the asymptote
or maximum rate of CO2 assimilation, Wc is the slope corre-
sponding to the carboxylation e�ciency, and G is the x-intercept or
CO2 compensation point. The estimated regression parameters
Amax, Wc, and G, derived from curves for individual leaves, were
analyzed for e�ects of CO2 concentration and leaf developmental
stage using ANOVA.

Results

Growth and leaf chemistry

Total biomass, root biomass, root:shoot ratio, expand-
ing and expanded leaf area, RHGR, leaf initiation rate
and leaf position at full expansion were not signi®cantly
di�erent between saplings grown at 350 and 550 ppm
CO2 for 100 days (Table 1). In addition, leaf N and
lignin concentration and C:N ratio were not signi®cantly
di�erent between saplings grown at 350 and 550 ppm
CO2 for 100 days (Table 1). Therefore, elevated CO2 did
not result in greater growth or a change in gross leaf
chemical composition in these 1-year-old P. deltoides
saplings. Gregg (1998) obtained similar results with
1-year-old saplings of the same clone in a growth cham-
ber study where light and temperature were controlled.

Gas exchange and Rubisco content

There was no detectable e�ect of CO2 concentration on
photosynthetic capacity in expanding leaves, based on
A/Ci analysis (Fig. 1, Table 2). Assimilation rates of
expanding leaves measured at a common CO2 concen-
tration con®rmed these ®ndings (Fig. 2). In contrast,
A/Ci analysis indicated that there was a reduction in
photosynthetic capacity in fully expanded leaves on
saplings grown at elevated CO2, compared to fully ex-
panded leaves on saplings grown at ambient CO2

(Fig. 1, Table 2).
Assimilation rates measured in situ were signi®cantly

a�ected by leaf developmental stage (P < 0.0001).
More importantly, there was a signi®cant interaction
between CO2 concentration and leaf developmental
stage (Fig. 3), indicating that the e�ects of CO2 were
dependent on leaf developmental stage. Expanding
leaves of saplings grown at elevated CO2 had 18%
higher assimilation rates than expanding leaves in am-
bient CO2. However, fully expanded leaves at elevated
CO2 had 21% lower assimilation rates than fully ex-
panded leaves in ambient CO2 (Fig. 3). This translated T
a
b
le

1
B
io
m
a
ss
,
g
ro
w
th

ra
te
,
le
a
f
d
ev
el
o
p
m
en
t,
a
n
d
le
a
f
ch
em

is
tr
y
o
f
P
o
p
u
lu
s
d
el
to
id
es

sa
p
li
n
g
s
g
ro
w
n
a
t
3
5
0
a
n
d
5
5
0
p
p
m

C
O

2
.
A
ll
v
a
lu
es

a
re

m
ea
n
s
w
it
h
S
E
s
in

p
a
re
n
th
es
es
.
T
h
e

P
-v
a
lu
es

o
f
m
a
in

fa
ct
o
rs

a
n
d
in
te
ra
ct
io
n
s
d
et
er
m
in
ed

b
y
A
N
O
V
A

(s
ee

te
x
t
fo
r
d
et
a
il
s)

a
re

sh
o
w
n
a
t
th
e
b
o
tt
o
m

o
f
th
e
ta
b
le

(D
W

d
ry

w
ei
g
h
t,
N
D

n
o
t
d
et
er
m
in
ed
,
N
A

n
o
t
a
p
p
li
ca
b
le
,

R
H
G
R

re
la
ti
v
e
h
ei
g
h
t
g
ro
w
th

ra
te
)

C
O

2

co
n
ce
n
tr
a
ti
o
n

(p
p
m
)

T
im

e
(d
a
y
s)

T
o
ta
l

b
io
m
a
ss

(g
D
W
)

R
o
o
t

b
io
m
a
ss

(g
D
W
)

R
o
o
t:
sh
o
o
t

ra
ti
o

E
x
p
a
n
d
in
g
-

le
a
f

a
re
a
(c
m

2
)

E
x
p
a
n
d
ed
-

le
a
f

a
re
a
(c
m

2
)

R
H
G
R

a

(c
m

cm
)
1

d
a
y
)
1
)

L
ea
f

in
it
ia
ti
o
n

ra
te

a

(l
ea
v
es

d
a
y

)
1
)

L
ea
f

p
o
si
ti
o
n
a
t

fu
ll

ex
p
a
n
si
o
n
a

L
ea
f

n
it
ro
g
en

(%
D
W
)

L
ea
f

C
:N

ra
ti
o

L
ea
f

li
g
n
in

(%
D
W
)

3
5
0

5
6

N
D

N
D

N
D

N
D

N
D

N
A

N
A

N
A

3
.1
8
(0
.0
8
)

1
3
.9

(0
.3
0
)

5
.2
7
(0
.7
0
)

5
5
0

5
6

N
D

N
D

N
D

N
D

N
D

N
A

N
A

N
A

3
.2
4
(0
.1
1
)

1
3
.8

(0
.4
0
)

5
.7
8
(0
.0
5
)

3
5
0

1
0
0

2
9
.6

(3
.2
)

9
.5

(1
.5
)

0
.4
5
(0
.0
4
)

5
1
1
(2
8
)

1
1
6
5
(1
2
9
)

0
.0
2
4
(0
.0
0
3
)

0
.3
1
(0
.0
2
)

5
.9

(0
.2
3
)

3
.6
3
(0
.3
4
)

1
3
.3

(1
.9
4
)

6
.8
8
(0
.4
0
)

5
5
0

1
0
0

3
3
.6

(3
.6
)

1
2
.0

(1
.7
)

0
.5
3
(0
.0
4
)

5
7
9
(1
2
5
)

1
3
4
2
(1
4
0
)

0
.0
2
3
(0
.0
0
3
)

0
.3
0
(0
.0
2
)

5
.7

(0
.2
3
)

3
.7
7
(0
.0
7
)

1
2
.2

(0
.2
5
)

6
.2
3
(0
.3
5
)

C
O

2
(P

)
0
.4
2

0
.2
9

0
.1
4

0
.1
1

0
.4
0

0
.4
7

0
.6
5

0
.9
8

0
.7
0

0
.5
2

0
.0
9

T
im

e
(P

)
0
.0
8

0
.6
2

0
.4
6

0
.0
2

0
.3
1

0
.0
6

C
O

2
´
ti
m
e
(P
)

0
.8
3

0
.9
6

0
.9
9

0
.9
1

0
.6
4

0
.2
7

a
A
t
d
a
y
s
5
0
±
1
0
0

196



into a 51% decline in C gain between expanding and
fully expanded leaves for saplings grown at elevated
CO2, but only a 21% decline for saplings grown at
ambient CO2.

Leaf Rubisco content was a�ected by CO2 concen-
tration (P� 0.038) and leaf developmental stage
(P� 0.031) (Fig. 4). An indication of an interaction be-
tween CO2 and leaf developmental stage (P� 0.11)
suggested that Rubisco content was dependent on leaf
developmental age. There was no signi®cant di�erence
in Rubisco content in expanding leaves on saplings
grown at elevated compared to ambient CO2, but there
was a 59% lower Rubisco content in fully expanded
leaves on saplings grown at elevated compared to am-
bient CO2 (Fig. 4). This translated into a 58% decline in
Rubisco content between expanding and fully expanded
leaves for saplings grown at elevated CO2, but only a 6%
decline for saplings grown at ambient CO2. These data
indicate that the larger decline in photosynthetic ca-
pacity and C gain as leaves developed on saplings grown
at elevated compared to ambient CO2 was due to the
greater reduction in Rubisco concentration.

The gas exchange and Rubisco data can be summa-
rized as follows: carbon gain was signi®cantly greater in

expanding leaves on saplings grown at elevated com-
pared to ambient CO2 (Figs. 1, 2, Table 2). Carbon gain
and photosynthetic capacity were signi®cantly lower in
fully expanded leaves on saplings grown at elevated
compared to ambient CO2 (Figs. 1, 3). Carbon gain and
photosynthetic capacity declined more rapidly as leaves
developed on saplings grown at elevated compared to
leaves in ambient CO2 (Fig. 3).

Discussion

Total biomass and biomass distribution of 1-year-old
P. deltoides saplings were not a�ected by a 200-ppm
increase in the concentration of atmospheric CO2 over a
100-day period. Because leaf initiation and expansion,
leaf area, and leaf N were also una�ected, it is unlikely
that the lack of any biomass e�ect was due to a decline
in nutrient status (Brown 1991) or accelerated rates of
self-shading (Poorter et al. 1988). Ceulemans et al.
(1997) have shown for di�erent poplar hybrids that CO2

enrichment did not result in downward acclimation of

Fig. 1 Response of photosynthesis to internal CO2 concentration for
leaves at two developmental stages grown in 350 and 550 ppm CO2.
An expanding leaf is two leaf positions from being fully expanded, a
fully expanded leaf is two leaf positions past full expansion. Values are
means, error bars are SEs. Curves are best-®t third-order polynomials.
Gas exchange characteristics derived from non-linear regression
analysis are shown in Table 2

350 ppm CO2 550 ppm CO2 Statistical signi®cance

Expanding leaf Expanded leaf Expanding leaf Expanded leaf CO2 Leaf stage

Wc 41.2a (4.1) 47.7b (4.7) 45.7b (4.7) 36.3a (4.7) 0.0331 0.0162
Amax 24.24a (1.10) 21.15a (1.27) 21.95a (1.27) 12.96b (1.27) 0.0021 0.0008
G 67.03a (4.29) 41.79b (4.96) 53.55a,b (4.96) 57.18a, b (4.96) 0.8474 0.0508

Table 2 Gas exchange characteristics [Wc carboxylation e�ciency
(lmol m)2 s)1), Amax maximum rate of CO2 assimilation
(lmol m)2 s)1), G CO2 compensation point (lmol mol)1)] for dif-
ferent leaf developmental stages of P. deltoides grown at 350 and
550 ppm CO2. All values are means with SEs in parentheses. The

P-values of main factors determined by ANOVA are shown in the
right portion of the table. In a row, numbers in a row with a
matching letter are not signi®cantly di�erent from each other
(Tukey test, P > 0.05)

Fig. 2 Photosynthetic rates of expanding leaves (two leaf positions
past full expansion) grown at 350 or 550 ppm CO2 measured at a
common CO2 concentration. Values are means, error bars are SEs.
Bars with matching letters were found not to be signi®cantly di�erent
from each other by Tukey's test (P > 0.05). ANOVA indicated that
CO2 concentration (P� 0.595) and the interaction between CO2

concentration and measurement CO2 (P� 0.249) did not, but that
measurement CO2 (P < 0.001) did signi®cantly a�ect photosynthetic
rates
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photosynthesis over one growing season (4 months).
However, one of the clones showed downward accli-
mation over a longer period (17 months) of exposure.
Unlike the responses recorded here, however, CO2

enrichment led to increases in both leaf size and leaf
expansion rates (Ceulemans et al. 1995). It seems that
genetic di�erences, rather than growth environment
di�erences, would account for these di�erences in
growth between our clone and poplars studied by
Ceulemans et al., as the responses they observed were
seen in both open-top chambers and glasshouse cabi-
nets.

Our results indicate that leaf developmental-stage-
related changes in gas exchange, similar to those
reported by Porter and Grodzinski (1984), Kelly et al.

(1991), Pearson and Brooks (1995), Van Oosten and
Besford (1995), and Miller et al. (1997), were most likely
responsible for the lack of an e�ect of elevated CO2 on
biomass. For saplings grown at elevated compared to
ambient CO2, increases in C gain in expanding leaves
(+18%) were more or less o�set by decreases in C gain
in expanded leaves ()21%) (Fig. 3). The lower Rubisco
concentrations in fully expanded leaves on saplings
grown at elevated CO2 compared to ambient CO2

(Fig. 4) indicated leaf-age-dependent CO2-induced
down-regulation (see Bowes 1991; Pearson and Brooks
1995), and is consistent with the observed decrease in
photosynthetic capacity and C gain measured between
days 55±65 (Table 2, Figs. 1, 2, and 3). Thus, compared
to ambient CO2, expanding leaves showed increased C
gain under elevated CO2, whereas expanded leaves had
lower C gain. These changes may have o�set each other,
so that across the leaf lifetime, C gain and resulting plant
biomass were una�ected by elevated CO2.

Our gas exchange and Rubisco data are consistent
with those of Miller et al. (1997), who showed that the
photosynthetic pattern in elevated-CO2-grown tobacco
is shifted temporally to an earlier maximum and subse-
quent decline, and that leaf developmental age may play
a role in the interaction between source/sink balance and
acclimation. Therefore, our data support their model
that lowered photosynthetic rates observed during ac-
climation may result from a shift in the timing of the
normal photosynthetic stages of leaf ontogeny to an
earlier onset of the natural decline in photosynthetic
rates.

Reekie (1996) has suggested that di�erences in de-
velopmental patterns have the potential to alter sub-
stantially the growth responses of plants to CO2

enrichment, which would have important consequences
for predictions on the e�ects of CO2 enrichment on
plant-plant interactions. Our study illustrates that the
e�ects of CO2 enrichment are not necessarily manifested
through measurable changes in leaf initiation and ex-
pansion, but rather through the e�ects of CO2 enrich-
ment on leaf developmental age assimilation capacities.
Loehle (1995) has suggested that studies with seedlings
alone can be misleading with respect to adult growth.
Our study suggests that some, but certainly not all, of
the variation between seedlings and adults may be re-
lated to the proportion of expanding to expanded leaf
area and leaf developmental-age-speci®c responses to
CO2 enrichment.

To illustrate the magnitude of C gain that would have
occurred in our study without developmental di�erences
in assimilation, measured assimilation rates (Fig. 3) of
expanding and expanded leaves (Table 1) were multi-
plied by their respective leaf area to estimate whole-plant
C gain (lmol s)1). We estimate that saplings grown at
elevated CO2 had a 10.6% greater C gain compared to
ambient-CO2-grown saplings (24.24 vs 21.65 mmol s)1).
We estimate that saplings grown at elevated CO2 would
have had a 31% greater C gain compared to ambient
CO2 if assimilation of expanding leaves had declined at

Fig. 3 Photosynthetic rates of expanding and fully expanded leaves
(see legend to Fig. 1 for de®nition) as a function of CO2 concentra-
tion. Values are means, error bars are SEs. Bars with matching letters
were found not to be signi®cantly di�erent from each other by
Tukey's test (P > 0.05). ANOVA indicated that leaf stage
(P < 0.001) and the interaction between CO2 concentration and leaf
stage (P� 0.028) did, but that CO2 concentration (P� 0.550) did not
signi®cantly a�ect photosynthetic rates

Fig. 4 Rubisco content of expanding and fully expanded leaves (see
legend to Fig. 1 for de®nition) as a function of CO2 concentration.
Values are means, error bars are SEs. Bars with matching letters were
found not to be signi®cantly di�erent from each other by Tukey's test
(P > 0.05). ANOVA indicated that CO2 concentration (P� 0.038)
and leaf stage (P� 0.031) did, but that the interaction between CO2

concentration and leaf stage (P� 0.110) did not signi®cantly a�ect
Rubisco content
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the same rate as that in ambient CO2 (28.36 vs
21.65 mmol s)1). Since our data suggest that there was a
good correspondence between estimated whole-plant C
gain (24.24 vs 21.65 mmol s)1 in elevated vs ambient
CO2) and biomass accumulation (33.6 vs 29.6 g in ele-
vated vs ambient CO2), a 31% greater C gain would
presumably have resulted in signi®cantly greater bio-
mass. Our data also suggest that while expanded leaves
had over twice the leaf area of expanding leaves
(Table 1), and thus potentially have twice the control
over total C gain, this was only apparently so in am-
bient-CO2-grown saplings. We estimate from ®nal har-
vest data that by the end of the experiment, expanded
leaves contributed 45% (13.98 mmol s)1) more to total
C gain (21.65 mmol s)1) than expanding leaves in am-
bient-CO2-grown saplings, while expanded leaves con-
tributed 17% (13.24 mmol s)1) more to total C gain
(24.24 mmol s)1) than expanding leaves in elevated-
CO2-grown saplings.

We conclude that there was no net e�ect of elevated
CO2 on biomass in this study because net increases in C
gain in expanding leaves of elevated-CO2-grown sap-
lings were o�set by net decreases in C gain in their fully
expanded leaves. We further suggest that changes in the
e�ects of elevated CO2 on C gain throughout the de-
velopment of a leaf, and the distribution of leaf devel-
opmental stages during an entire experiment, may
determine whether elevated CO2 results in greater, the
same, or less biomass than plants grown at ambient
CO2. A simple graphical model can be used to illustrate
how gross patterns of total plant biomass could vary
depending on how photosynthetic capacity changes with
leaf development under elevated CO2 (Fig. 5). In the
model we assume that the distribution of leaf area and
biomass across leaf developmental stages are not
a�ected by elevated CO2, and that carbon gain is pro-
portional to biomass accumulation. If leaf assimilation
rates are enhanced by elevated CO2 at all leaf develop-
mental stages, leaf lifetime C gain and biomass would be
substantially greater under elevated than ambient CO2

(Fig. 5A). If leaf assimilation rates are enhanced by
elevated CO2 at early developmental stages, but then
decline to the level found in leaves on plants grown at
ambient CO2, leaf lifetime C gain and biomass would
still be somewhat greater under elevated than ambient
CO2 (Fig. 5A). Suppose, however, that leaf assimilation
responses to elevated CO2 are not uniform with respect
to leaf development, as seen in our study. For example,
if there were no acclimation (sensu Curtis and Wang
1998) early in development, but greater acclimation at
later developmental stages, then leaf lifetime C gain and
resulting biomass may not di�er (Fig. 5B), or may even
be less (Fig. 5C) under elevated than ambient CO2. We
performed a simple ``run'' of the model by multiplying
end point leaf area data for ambient-CO2-grown sap-
lings (Table 1) and assimilation rates from Fig. 3. We
calculated that daily whole-plant C gain would be from
28±50% greater assuming the relationship in Fig. 5A,
7.1% greater assuming the relationship in Fig. 5B, and

23% lower assuming the relationship in Fig. 5C in ele-
vated- compared to ambient-CO2-grown saplings. A
more realistic run of the model (i.e., through time)
would require leaf area ´ developmental age ´ assimi-
lation data through time. Although the model is ap-
pealing for its simplicity and potential use (e.g., see
Reekie 1996), it is a speculation. We clearly need data
on the e�ects of elevated CO2 on assimilation across leaf
developmental stages, leaf lifetime C gain, and resulting
plant biomass in other species (Reekie 1996).
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Fig. 5A±C A simple graphical model of the relative e�ects of an
elevated concentration of CO2 on net CO2 assimilation rates (elevated/
ambient assimilation rate) as a function of leaf developmental stage.
Predicted relative biomass responses are given. The model assumes
that the distribution of leaf area and mass across leaf developmental
stages are not a�ected by elevated CO2, and that carbon gain is
proportional to biomass accumulation. Assimilation rates are
enhanced independent of leaf developmental stage, or only when
leaves are rapidly expanding (A). Assimilation rates are enhanced
when leaves are expanding, but decline faster as leaves mature (B±C)
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