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a  b  s  t  r  a  c  t

Predicting  the future  distribution  of  plants  requires  a mechanistic  understanding  of how  plants  cope
with  their  new  environmental  conditions  under  a changed  climate.  We  examined  the effects  of elevated
carbon  concentration  ([CO2])  and elevated  Tsoil on  the  physiological  responses  to light  of  a  shade-tolerant
woody  species,  mountain  maple  (Acer spicatum  L.). Seedlings  were  exposed  to ambient  and  elevated
[CO2] (392  �mol  mol−1 vs.  784  �mol  mol−1),  current  and  elevated  soil temperatures  (Tsoil 17  vs.  22 ◦C)
at high  and  low  (100%  vs. 30%)  light  conditions  for one  growing  season.  It was  found  that  elevated  Tsoil

stimulated  net photosynthesis  (A)  by 18%  in  the  low-light  treatment  but  tended  to  reduce  A  in  the  high-
light  treatment.  Elevated  [CO2]  increased  A  by  100%  under  the  elevated  Tsoil and  by 48%  at  the  current
Tsoil.  The  effect  of  elevated  Tsoil also  varied  with  [CO2]: it increased  A by  13%  under  the elevated  [CO2]  but
reduced  A  by  17% under  the  ambient  [CO2]. We  observed  a significant  increase  in  the instantaneous  water-
use efficiency  of  photosynthesis  (IWUE)  in  response  to the high-light  treatment  under  the  elevated  [CO2]

but  not  under  the  ambient  [CO2]. Our data  indicate  that  the elevated  [CO2]  markedly  increased  nitrogen
(N)  allocation  to  the  photochemical  apparatus  of A in  seedlings  grown  under  the high-light  condition.
These  results  suggest  that  the  predicted  increases  in  atmospheric  [CO2] will  likely  enhance  the  growth
of  mountain  maple  in  canopy  gaps  in the  forest,  while  the  predicted  elevated  Tsoil will  negate  the  benefit
of  high-light  conditions.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

The ability of shade-tolerant species to utilize increased light
upply for net photosynthesis (A) is an important determinant of
egeneration (Kubiske and Pregitzer, 1997). However, the phys-
ological responses of shade-tolerant tree seedlings to increased
ight levels may  be limited by other stress factors, e.g., the mid-
ay depression of A associated with stomatal closure (Krause et al.,
006; Zotz et al., 1995). Leaf-water deficit and the photoinhibition
f A have also been observed under high-light conditions (Bazzaz
nd Wayne, 1994; Krause et al., 2012; Osmond et al., 1999; Pearcy,
990). However, some shade tolerant species can compensate for
he costs associated with continuous high-light exposures (Krause

t al., 2006). While the prevailing light regime is often thought to be
he major determinant of plant physiological responses to changes
n light conditions, the responses may  vary with changes in other

∗ Corresponding author. Tel.: +1 8073438519.
E-mail address: gdery@lakeheadu.ca (G. Danyagri).

ttp://dx.doi.org/10.1016/j.envexpbot.2014.05.010
098-8472/© 2014 Elsevier B.V. All rights reserved.
factors, such as carbon dioxide concentration ([CO2]) and soil tem-
perature (Tsoil). However, there are currently little quantitative data
on how elevated [CO2] and elevated Tsoil may interactively affect
the physiological responses of shade-tolerant species to changes in
light conditions. This makes it difficult to include these factors in
models for predicting the physiological adaptation and acclimation
of shade tolerant species to climate changes.

Increases in the atmospheric [CO2] can substantially enhance
A in C3 plants (Ellsworth et al., 2004; Norby et al., 1999; Nowak
et al., 2004; Onoda et al., 2007, 2009; Sefcik et al., 2006; Takeuchi
et al., 2001) because the present [CO2] does not saturate the major
photosynthetic enzyme, Rubisco (Drake et al., 1997; Lambers et al.,
2008). Furthermore, elevated [CO2] reduces the rate of photores-
piration, resulting in increased quantum yield and decreased light
compensation point of A (Osborne et al., 1997; Saxe et al., 1998).
Therefore, elevated [CO2] can potentially enhance the carbon acqui-
sition under both low and high-light conditions. However, the
majority of studies on CO2 and light typically focussed on the effects

of elevated [CO2] on plants grown under low-light environments
(Hättenschwiler and Körner, 2000; Liang et al., 2001; Takeuchi et al.,
2001). Hence, there is a general lack of understanding on how

dx.doi.org/10.1016/j.envexpbot.2014.05.010
http://www.sciencedirect.com/science/journal/00988472
http://www.elsevier.com/locate/envexpbot
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levated [CO2] and high-light interact to affect the physiological
raits of shade-tolerant plants.

It is predicted that the increase in the atmospheric [CO2] will
ead to increases in air and soil temperatures (IPCC, 2007). Ele-
ated Tsoil can induce changes in leaf physiology and morphology
Ambebe et al., 2010; King et al., 1999; Stoneman and Dell, 1993),
oot growth and biomass allocation (Boucher et al., 2001). Elevated
soil enhances A through improving nutrients and water uptake
Fitter et al., 1998; Long and Woodward, 1998; Wan  et al., 1999) and
ncreasing sink strength (Boucher et al., 2001; Lyr and Garbe, 1995).
levated Tsoil can also influence the physiological responses of plant
o other environmental factors. For example, Ambebe et al. (2010)
emonstrate that elevated Tsoil enhances the stimulatory effects of
levated [CO2] on A in Betula papyrifera M.  seedlings. Boucher et al.
2001) also report that the physiological processes of Pinus strobus
. seedlings are more responsive to light conditions in elevated
oils. The influence of elevated Tsoil on photosynthetic responses
o elevated [CO2] and increased light availability has been ascribed
o changes in sink strength or nutrients uptake. Increased sink
trength or carbohydrates utilization (TPU) at elevated [CO2] and
armer soils should help maintain higher photosynthetic rates in
igh-light conditions. Thus, we hypothesize that elevated [CO2] and
levated Tsoil would increase A under high-light conditions.

In this study, we investigated the effects of elevated [CO2] and
levated Tsoil on the physiological responses of mountain maple
eedlings to light supply. Mountain maple is an aggressive under-
tory shrub species in mixed-species boreal forests (Archambault
t al., 1998). It colonizes the understory of dense multi-layered for-
st stands but gains dominance upon release from shading (Aubin
t al., 2005; Rook, 2002; Sullivan, 1993). Once established, moun-
ain maple often forms a dense canopy that reduces the amount
f light reaching the forest floor (Aubin et al., 2000, 2005; Lei and
echowicz, 1990). Therefore, mountain maple generally impedes
he recruitment of commercial tree species and the growth of
dvanced regeneration once it dominates following disturbance
Archambault et al., 1998; Aubin et al., 2005; Post, 1970). How

ountain maple will respond to changes in light conditions associ-
ted with canopy gaps under changed climate conditions may  have
mportant ecological implications on the species composition and
istribution of boreal forests in the future. We  tested the hypothe-
es that: (i) elevated [CO2] would lead to a greater photosynthetic
nhancement in mountain maple seedlings at elevated Tsoil and (ii)
he beneficial effect of elevated Tsoil on A would be greater at a
igher light level.

. Materials and methods

.1. Plant material

Mountain maple seeds were collected from the Lakehead Uni-
ersity Jack Haggerty Forest. The forest is located approximately
7 km north of Thunder Bay, ON (48◦22′56′′ N, 89◦14′46′′ W).  The
eeds were soaked in 1000 �mol  mol−1 giberellic acid (GA) solution
or 24 h and then stratified at 4 ◦C for 2 months in germination trays
overed with moist paper towels. Following the stratification, seed
oats were cracked open to facilitate germination. The seeds were
lanted in a mixture of peat moss and vermiculite (2:1, v/v). Three
eeks after the completion of germination, 160 seedlings (10 per

reatment combination) with relatively uniform height were trans-
lanted into plastic containers (31.5 cm tall, 11 cm top diameter and
.5 cm bottom diameter) for treatments.
.2. Experimental design

The experiment was setup as a split–split-plot design with [CO2]
s the whole-plot (392 vs. 784 �mol  mol−1 [CO2], two replications
xperimental Botany 107 (2014) 64–70 65

for each), Tsoil as the split plot nested within [CO2] (17 vs. 22 ◦C)
and light as the split–split-plot nested within Tsoil (30% vs. 100%).
The CO2 control was  achieved using Argus CO2 generators (Argus
systems Ltd, Vancouver, BC, Canada). The Tsoil of 17 ◦C represents
the mean growing season Tsoil in the boreal forest zone (Domisch
et al., 2001) while the 22 ◦C Tsoil reflects the prediction that the
average Tsoil for the region would increase by about 5 ◦C by 2100
(Christensen et al., 2007; IPCC, 2007). Tsoil was regulated by circu-
lating temperature-controlled water around the pots in a control
box (see Cheng et al., 2000 for a detailed description). Half of the
seedlings in each Tsoil treatment were shaded using neutral density
shading material to reduce the photosynthetic photon flux den-
sity (PAR) by 70%. We  used high-pressure sodium lamps (Model
LR48877, P.L. Systems, Grimspy, ON, Canada) to supplement the
natural light in the greenhouse on cloudy days, and to lengthen the
photoperiod to 16 h (maximum summer photoperiod for the Thun-
der Bay region according to Environment Canada Weather Report,
2010).

Other environmental conditions in each greenhouse were
22/16 ◦C day/night air temperature and 50% relative humidity. All
the environmental conditions were controlled and monitored using
an Argus environmental control system (Argus Systems Ltd., Van-
couver, BC, Canada). Nutrients were added to the irrigation water
twice a week at concentration 100, 15, 57, 6, 6 and 11 mg/L concen-
trations for N, P, K, Ca, Mg  and S, respectively (Canham et al., 1996;
Ingestad, 1981). The seedlings were watered daily.

2.3. Photosynthetic light response

After 4 months of treatments, five seedlings per treatment com-
bination in each CO2 replicate were randomly selected for the
measurement. The measurement was done between 10 and 15 h
with an open gas exchange system (LI-6400, LI-COR, Inc., Lin-
coln, NE, USA) at 1100, 800, 400, 100, 60, 10 and 0 �mol m−2 s−1

PAR (supplied from red LED) on a mature leaf randomly selected
from the top 4th–6th leaf. The measurements were taken at
400 �mol  mol−1 CO2 for the ambient CO2 treatment and at
800 �mol  mol−1 CO2 for the elevated [CO2] treatment. Leaf tem-
perature and relative humidity in the leaf chamber were set at
22 ◦C and 50%, respectively. The light compensation points (LCP)
and apparent quantum efficiency of photosynthesis were deter-
mined using the Photosyn Assistant software (Dundee Scientific,
Scotland, UK).

2.4. Photosynthetic CO2 response

Photosynthetic responses to [CO2] (A/Ci curves) were measured
on the same seedlings and leaves used for the light response mea-
surement. The measurements were taken at seven [CO2] levels:
50, 100, 200, 400, 800, 1000 and 1500 �mol mol−1. The PAR, leaf
temperature and relative humidity in the leaf chamber were set at
600 �mol  m−2 s−1, 22 ◦C and 50%, respectively. The instantaneous
water use efficiency of photosynthesis (IWUE) was determined by
dividing A by transpiration rate (E). The ratio of intercellular [CO2]
(Ci) to external [CO2] (Ca) was calculated. Ci/Ca indicates the relative
limitation by stomatal and non-stomatal factors to photosynthetic
CO2 assimilation.

The A/Ci curves were analyzed using the A/Ci curve fitting
utility version 1.1 developed by Sharkey et al. (2007). The max-
imum rate of ribulose-1,5-bisphosphate (RuBP) carboxylation
(Vcmax,�mol  m−2 s−1), maximum rate of photosynthetic electron
transport (J, �mol  m−2 s−1), the rate of triose phosphate utilization

(TPU, �mol  m−2 s−1) and dark respiration (Rd, �mol  m−2 s−1) were
obtained from the analyses. Vcmax, J and TPU values were adjusted
to the set leaf temperature, to correct for temperature variations
during the measurement (Sharkey et al., 2007). Vcmax, J and TPU
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Table 1
Summary of ANOVA (P values) on net photosynthesis (A), stomatal conductance (gs), instantaneous water-use efficiency (IWUE), the ratio of internal to external partial
CO2 pressure (Ci/Ca), maximum carboxylation rate (Vcmax), maximum electron transport rate (J), J/Vcmax ratio, triose phosphate utilization (TPU), day respiration (Rd), pho-
tosynthetic light compensation point (LCP) and apparent quantum efficiency in mountain maple seedlings. Seedlings were grown at ambient (392 �mol mol−1) or elevated
(784  �mol  mol−1) [CO2], current (17 ◦C) or elevated (22 ◦C) Tsoil and high (100%) or low (30%) light (L) for one growing season. Significant (P ≤ 0.05) treatment effects are
highlighted in bold.

Source of variation C T C × T L C × L T × L C × T × L

A 0.0065 0.8071 0.0114 0.0004 0.6714 0.0143 0.9382
gs 0.7402 0.2021 0.5550 0.2525 0.9746 0.0694 0.2424
IWUE  0.0121 0.1924 0.4097 0.0794 0.0345 0.8345 0.9473
Ci/Ca 0.0403 0.1465 0.3492 0.1207 0.6408 0.7688 0.3681
Vcmax 0.0088 0.0808 0.9589 0.7091 0.0078 0.4507 0.4737
J  0.2312 0.4288 0.4622 0.2529 0.0331 0.0180 0.4658
J/Vcmax 0.0563 0.1814 0.4841 0.0515 0.0274 0.8490 0.6140
TPU  0.112 0.3119 0.9186 0.0134 0.1854 0.0744 0.4364
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LCP  0.0239 0.9425 0.9227
� 0.0045 0.9652 0.6799 

ndicate the rate-limiting reactions of photosynthesis. Vcmax and J
imit A at low and high [CO2], respectively, while TPU limitation
ccurs when there is a higher rate of production than the capac-
ty to use RuBP (Lambers et al., 2008; Onoda et al., 2005; Sharkey
t al., 2007). Nitrogen partitioning between rubisco carboxylation
nd ribulose bisphosphate (RuBP) regeneration (Hikosaka, 2005;
noda et al., 2009) was estimated using the J/Vcmax ratio.

.5. Statistical analysis

Analysis of variance (ANOVA) was used to test the main and
nteractive effects of [CO2], Tsoil and light. The normality of distri-
ution and homogeneity of variance were examined graphically
sing probability plots and histograms, respectively. All the data
et  those two assumptions of ANOVA. The Scheffé’s post hoc

est was performed when ANOVA showed a significant interaction
P ≤ 0.05). The Data Desk 6.01 statistical software (Data Description
996) was used for the analyses.

. Results

There were significant interactive effects between Tsoil and light,
nd between [CO2] and light on A (Table 1). The high-light treat-
ent increased A by 41% at the current Tsoil but had no significant

ffect on A at the elevated Tsoil (Fig. 1A). In the low-light treatment,
levated Tsoil increased A by 18% (Fig. 1A). No significant effect of
levated Tsoil on A was found in the high-light treatment although A
ppeared to have decreased (Fig. 1A). Under the ambient [CO2], the
levated Tsoil reduced A by 17% (Fig. 1B). In contrast, elevated Tsoil
ncreased A by 13% under the elevated [CO2] (Fig. 1B). Furthermore,
he elevated [CO2] increased A by 48% and 100% at the current and
levated Tsoil, respectively (Fig. 1B).

There was a significant interactive effect of [CO2] and light on
WUE (Table 1). While the light levels had no significant effect on
WUE under the ambient [CO2], the high-light treatment increased
WUE by 18% under the elevated [CO2] (Fig. 1C). The elevated [CO2]
ncreased IWUE by 79% and 125% in the low- and high-light treat-

ent, respectively (Fig. 1C). No interactions among light, Tsoil and
CO2] or between Tsoil and light or [CO2] were significant (Table 1).
he elevated [CO2] significantly reduced Ci/Ca ratio (0.65 at ambi-
nt vs. 0.63 at the elevated [CO2]) but no other factors or their
nteractions significantly affected Ci/Ca (Table 1).

The [CO2]-light interaction significantly influenced the maxi-
um  rate of carboxylation (Vcmax), maximum rate of photosyn-
hetic electron transport and J/Vcmax ratio (Table 1). In the high-light
reatment, Vcmax and J were significantly lower, while J/Vcmax was
ignificantly greater, in seedlings grown in the elevated [CO2] than
hose grown in the ambient [CO2] (Fig. 2A–C). In contrast, [CO2] did
0.0022 0.4190 0.9431 0.9800
≤0.0001 0.6894 0.7512 0.5888

0.8678 0.2262 0.5753 0.3722

not significantly affect Vcmax, J or J/Vcmax in the low-light treatment.
Under the ambient [CO2], Vcmax and J were significantly greater in
the high-light treatment than the low-light treatment, but light
had no significant effect on the J/Vcmax ratio (Fig. 2A–C). Under
the elevated [CO2], the high-light treatment significantly decreased
Vcmax but increased J/Vcmax while it had no significant effect on J
(Fig. 2A–C).

The maximum rate of photosynthetic electron transport (J) was
significantly affected by the light-Tsoil interaction (Table 1). In the
elevated Tsoil treatment, light levels did not affect J significantly. In
the current Tsoil, however, J was 16% greater in the high than the
low-light treatment (Fig. 2D). At the low-light level, J was signifi-
cantly greater in the elevated Tsoil than in the current Tsoil treatment
(Fig. 2D). In the high-light treatment, J did not significantly dif-
fer between the current and elevated Tsoil treatments, although
J appeared to be lower in seedlings grown at the elevated Tsoil
(Fig. 2D). TPU was significantly greater in the high than the low-
light treatment (13.08 vs. 11.82 �mol  m−2 s−1, Table 1). [CO2] and
Tsoil had no significant effects on TPU (Table 1).

Light levels significantly affected the rate of dark respiration (Rd)
(Table 1). Rd was 24% higher in the high than in the low-light treat-
ment (1.36 at the low-light vs. 1.69 �mol  m−2 s−1 at the high-light).
The elevated [CO2] reduced the LCP of A by 21% (14.9 at the ambient
vs. 11.7 �mol  m−2 s−1 at the elevated [CO2], Table 1). Furthermore,
the high-light treatment increased LCP by 133% (8.0 at low-light
vs. 18.6 �mol  m−2 s−1 at high-light) (Table 1). The apparent quan-
tum efficiency increased significantly in response to the elevated
[CO2] (0.045 at the ambient vs. 0.050 mol  CO2 mol−1 at the elevated
[CO2]) (Table 1).

4. Discussion

The elevated [CO2] enhanced the elevated Tsoil stimulation of A
but reduced the responsiveness of A, J and TPU to light. We  found
that the elevated [CO2] increased A of mountain maple by 100%
at the elevated Tsoil but only 48% at the current Tsoil. Because CO2
is a substrate for A, an increase in [CO2] stimulates A in C3 plants
(Norby et al., 1999; Sefcik et al., 2006). Elevated [CO2] also increases
the photosynthetic enzyme activity in well-fertilized seedlings of
other boreal woody species (Zhang and Dang, 2006). The stimula-
tion of A by the elevated Tsoil could be attributed to increased sink
capacity for A. Furthermore, water viscosity decreases while root
growth increases with elevated Tsoil, leading to enhanced water
and nutrient uptake by the roots (Boucher et al., 2001; King et al.,

1999). Several other studies have reported that elevated Tsoil up to
a threshold Tsoil increases water and nutrients absorption (Dawes
et al., 2011; Weih and Karlsson, 2002), which in turn increases
A. Efficient nutrients absorption coupled with increased substrate
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Fig. 1. Net photosynthesis (A) (A and B) and instantaneous water-use efficiency (IWUE) (C) of mountain maple (Acer spicatum L.) seedlings grown at high-light or low-light,
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mbient (392 �mol mol ) or elevated (784 �mol  mol ) [CO2], and current (17 C)
ata  are pooled across [CO2] treatments for Fig. 1A, light treatments for Fig. 1B and

ignificant differences between treatments (P ≤ 0.05) determined by ANOVA. Signifi

CO2) availability and enhanced photosynthetic enzyme activity
ould have led to the greater stimulation of A by elevated [CO2] at
he elevated Tsoil in this study. Ambebe et al. (2010) have reported
imilar results for white birch (B. papyrifera M.).

A surprising observation in this study was the reduction of A
n response to elevated Tsoil in seedlings grown under the ambient
CO2]. A and Tsoil are generally positively correlated (Boucher et al.,
001; Day et al., 1991; King et al., 1999). It is possible that the carbo-
ydrate production under the ambient [CO2] could not satisfy the

ncreased demand by the stimulated root respiration under the ele-
ated Tsoil, leading to reduced water and nutrient uptake by roots
nd subsequent stresses in the leaves (Atkin et al., 2000; Chmura

t al., 2011; Pregitzer et al., 2000). This argument is supported by
he greater stimulation of A by the elevated [CO2] at the elevated
han at the current Tsoil. Similar findings are reported by other
esearchers (Chmura et al., 2011; Long, 1991; Saxe et al., 1998).
vated (22 C) Tsoil treatments. Measurements were taken after one growing season.
r Fig. 1C because of the lack of a significant effect (P > 0.05). Different letters depict
ffects are marked as: ***P ≤ 0.01, **P  ≤ 0.05.

For example, Ambebe and Dang (2009) find that A of B. papyrifera
M. seedlings increases with an increase in Tsoil under elevated [CO2]
but not ambient [CO2]. Our observation indicates that as the atmo-
spheric [CO2] increases, A of mountain maple will respond strongly
to elevated Tsoil across a range of light conditions.

In this study, the A response to elevated Tsoil was similar in
seedlings in the low-light and high-light treatments. This is in con-
trast to our prediction that elevated Tsoil would stimulate A to a
greater extent under the high-light than the low-light treatment.
The lack of significant difference in the response between the two
light treatments suggests that the light conditions did not influ-
ence the ability of the species to respond to elevated Tsoil. In other

word, Elevated Tsoil would be equally beneficial to mountain maple
growing under different light conditions. Therefore, the predicted
increases in Tsoil will not likely influence the colonization of moun-
tain maple in forest canopy gaps.
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ig. 2. Maximum carboxylation rate (Vcmax) (A), maximum electron transport rate (
reatments for Figs. 2A–2C and [CO2] treatments for Fig. 2D because of the lack of a

The elevated [CO2] enhanced the light stimulation of IWUE. The
igh-light treatment increased IWUE by 18% under the elevated
CO2] but appeared to have decreased IWUE under the ambient
CO2] (not significant statistically). It is interesting to note that
either A nor gs was significantly affected by the [CO] × light inter-

ction in this study. Generally, an increase in IWUE under elevated
CO2] is the result of increased A and/or decreased gs (Onoda et al.,
009; Saxe et al., 1998). Whole-plant morphological acclimation to
levated [CO2] may  also have contributed to the increase in IWUE
nd D) and J/Vcmax ratio (C) of mountain maple seedlings. Data are pooled across Tsoil

cant effect (P > 0.05). Refer to Fig. 1 for other descriptions.

in seedlings in the high-light treatment. Elevated [CO2] tends to
decrease the leaf area to root mass ratio (LARMAR) so that plants
growing under elevated [CO2] have greater IWUE than those under
ambient [CO2] (Norby and O’Neill, 1991). Poorter (1999) has also
reported that decreases in LARMR enhance IWUE  in the seedlings

of 15 rain-forest tree species grown in high-light conditions. The
LARMR also decreased under the elevated [CO2] in the high-light
treatment in this study (Danyagri and Dang, 2013). Thus, it is rea-
sonable to conclude that increased biomass investment in the root
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ystem under the elevated [CO2] had a greater influence on IWUE
han did gas exchange parameters in mountain maple. The elevated
O2-mediated increase in IWUE may  be particularly important

or improving the drought tolerance of mountain maple seedlings
rowing in canopy gaps under future climate conditions.

We  found a strong down-regulation of A in mountain maple
eedlings in responses to the elevated [CO2] and high-light treat-
ent. Our results indicate that the elevated [CO2] significantly

educed Vcmax and J in seedlings in the high-light treatment.
onsequently, A in seedlings under the elevated [CO2] was  not sig-
ificantly different from that under the ambient [CO2] across the

ight treatments. Reductions in Vcmax and J under elevated [CO2]
re generally accompanied by a decline in foliar N concentration
Ellsworth et al., 2004; Medlyn et al., 1999; Nowak et al., 2004).
ncreased sink strength due to the close proximity of upper canopy
eaves to rapidly growing tissues can lead a lack of photosyn-
hetic down-regulation in the upper canopy (Kubiske et al., 1997;
akeuchi et al., 2001). Although seedlings in this study were regu-
arly fertilized, the faster growth rates under the elevated [CO2] in
he high-light treatment could have diluted foliar N concentration
Coleman et al., 1993; Kubiske and Pregitzer, 1997), leading to the
eductions in Vcmax and J. Because upper canopy leaves were used
or the gas exchange measurements, reduced foliar N rather than
ink limitation may  be the primary cause of the declines in Vcmax

nd J in this study.
Elevated [CO2] increased stomatal limitation to A but positively

ffected light response parameters of A. Both Ci/Ca ratio and LCP
ecreased while the apparent quantum yield increased in response
o the elevated [CO2]. A reduction in the Ci/Ca ratio is generally
bserved when A is more limited by the stomata than by non-
tomata factors (Ambebe and Dang, 2009; Flexas et al., 2004). The
ccumulation of carbohydrates in leaves due to higher photosyn-
hetic rate under elevated [CO2] has been found to restrict CO2
iffusion (Stitt, 1991). Although there was no significant reduc-
ion of gs in response to the elevated [CO2] in this study, our result
ndicates that stomatal limitation to A still reduced the potential
timulation of A by the elevated [CO2]. Increased quantum yield
nd lower LCP resulting from higher RuBP carboxylation (inhibi-
ion of photosynthetic carbon oxidation, PCO) and lower respiration
ates have been reported in C3 plants grown under elevated [CO2]
Kubiske and Pregitzer, 1996; Osborne et al., 1997). More effi-
ient photosynthetic light use and decreased respiratory carbon
oss increase A in elevated [CO2] (Drake et al., 1997; Kubiske and
regitzer, 1996). The elevated CO2-induced decreases in LCP and
ncreases in quantum yield may  compensate for the increased sto-

atal limitation to A, and improve plant carbon gain (Kubiske and
regitzer, 1996; Liang et al., 2001).

We  acknowledge the limitations in the model used to estimat-
ng the Vcmax and J in this study. However, since our biochemical
arameters are within the range of published data estimated from
ther photosynthetic models (Ambebe et al., 2010; Takeuchi et al.,
001), we believe that our values of these parameters are reason-
ble. This study was restricted to short-term responses of mountain
aple seedlings that may  differ from mature trees growing in the

eld (Cavender-Bares and Bazzaz, 2000; Zotz et al., 2005). There-
ore, considerable precautions should be taken in extrapolating
he physiological response of mountain maple seedlings to light,
levated [CO2] and elevated Tsoil. Further long-term experiments
ith mature mountain maple trees are needed to determine future

esponse patterns.
In conclusion, we found that A responded positively to the com-

ination of elevated [CO2] and high-light regardless of Tsoil. The

tudy demonstrated that elevated [CO2] alleviated the elevated
soil-induced stress on photosynthesis. These results suggest that,
or this species and potentially other light-foraging shade-tolerant
pecies, increases in [CO2] may  stimulate A, whereas elevated
xperimental Botany 107 (2014) 64–70 69

Tsoil may  reduce A in high-light environments under the current
[CO2]. The results of this study also demonstrate the importance of
whole-plant morphological acclimation in influencing the physio-
logical responses of plants, such as IWUE, to environmental factors,
e.g. light and [CO2]. A balance between water-losing and water-
absorbing organs is likely to be the deciding factor influencing IWUE
in mountain maple seedlings under elevated [CO2] and high-light
environments.
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