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ABSTRACT

We measured leaf photosynthetic traits in shade-grown seedlings of four tree species native to
northern Japan raised under an elevated CO, condition to investigate the effects of elevated CO,
on shade tolerance of deciduous broadleaf tree species with different successional traits. We
considered Betula platyphylla var. japonica and Betula maximowicziana as pioneer species,
Quercus mongolica var. crispula as a mid-successional species, and Acer mono as a climax
species. The plants were grown under a shade condition (10% of full sunlight) in a
CO,-regulated phytotron. Light compensation points (LCPs) decreased in all tree species when
they were grown under elevated CO, (720 pumol mol™), which were accompanied by higher
apparent quantum yields but no photosynthetic downregulation. LCPs in Q. mongolica and A.
mono grown under elevated CO, were lower than those in the two pioneer birch species. The
LCP in Q. mongolica seedlings was not different from that of A. mono in each CO, treatment.
However, lower dark respiration rates were observed in A. mono than those in Q. mongolica,
suggesting greater shade tolerance in A. mono as a climax species in relation to carbon loss
during nighttime. Thus, elevated CO, may have enhanced shade tolerance by lowering the LCPs
in all species but the ranking of shade tolerance related to successional traits did not change
among species under elevated CO,, i.e., the highest shade tolerance was observed in the climax
species (A. mono), followed by a gap-dependent species (Q. mongolica), and lower shade

tolerance was observed in the pioneer species (B. platyphylla and B. maximowicziana).



INTRODUCTION

Atmospheric CO, concentration is predicted to double during the next century (IPCC, 2001,
2007). Although elevated CO, has been linked to increased plant growth via enhanced
photosynthetic carbon assimilation (Tissue et al. 1997; Ainsworth & Long 2005; Norby & Zak
2011), few studies have investigated light-limited photosynthesis under elevated CO, conditions
despite the importance of light-limited photosynthesis in seedlings growing in the forest
understory (Hattenschwiler 2001; Norby & Zak 2011).

The deciduous broadleaf forests of northern Japan consist of various tree species with
different successional traits. The Japanese white birch (Betula platyphylla var. japonica) and
monarch birch (Betula maximowicziana) are typical pioneer species broadly distributed across
northern Japan (Koike & Sakagami 1985). Japanese oak (Quercus mongolica var. crispula) is a
gap dependent mid-successional species (Hayashi 1985; Higo 1987, 1994). Japanese maple
(Acer mono) is a typical shade-tolerant species in northern Japan. It is relatively more
shade-tolerant than Q. mongolica, as indicated by higher survival rates in intact forest
understory (Higo 1994).

Elevated CO; increases leaf area index (LAI) after canopy closure in tree stands with a
relatively low LAI (Norby & Zak 2011), as simulated by an empirical model (Oikawa 1986). An
increase in the LAI results in decreased transmittance of incident light flux through the forest
canopy to the forest floor. Shade tolerance is important for the survival of forest understory
when growing under elevated CO,.

A key factor for the survival of seedlings grown under limiting light conditions is the
light compensation point (LCP). A lower LCP promises a positive carbon gain, particularly in a
limited light environment. The LCP is determined by apparent quantum yield based on incident
light (®,) and leaf dark respiration (R,) (Larcher 2003). @, in C; plants increases with
increasing CO, concentration due to an increase in the partitioning of electron flow to

photosynthetic carbon assimilation (Long & Bernacchi 2003). If the dark respiration rate in tree



seedlings is unaffected by elevated CO, (Gonzalez-Meler et al. 2004), enhanced @, results in a
lower LCP under elevated CO..

Elevated CO, temporally enhances the photosynthetic rate but eventually results in
“photosynthetic acclimation” in many cases due to photosynthetic downregulation, which is
typically indicated by a decrease in the maximum Rubisco carboxylation rate (Vm) and a
decrease in the maximum electron transport rate (Jnax) (Rogers & Ellsworth 2002; Ainsworth &
Long 2005). If elevated CO, induces photosynthetic acclimation in shade-grown seedlings, less
of a decrease in the LCP would be expected even under elevated CO,, which would be a
disadvantage for shade acclimation under the higher LAI environment in the future forest
understory (Norby & Zak 2011). In contrast, photosynthetic acclimation is mediated by changes
in the source: sink balance under elevated CO,; for example, photosynthetic acclimation is
observed significantly when the sink capacity is minimal during flowering (Lewis et al. 2002).

We hypothesized that photosynthetic acclimation would not occur in seedlings grown
in the forest understory even under elevated CO, because of the low source strength relative to
sink capacity under the limited light condition, leading to enhanced shade tolerance with a lower
LCP in shade-grown seedlings raised under elevated CO,. To test this hypothesis, we measured
photosynthetic traits in shade-grown seedlings of four deciduous broadleaf tree species native to
northern Japan and raised under elevated CO,. We also investigated the differences in shade
tolerance enhanced by elevated CO, among deciduous broadleaf tree species across wide
ecological groups with different successional traits (cf. Hattenschwiler 2001; within

late-successional species).

MATERIALS AND METHODS
Plant materials

Two-year-old seedlings were obtained from a commercial nursery (Oji Forest & Products Co.,



Kuriyama, Japan). We used four deciduous broadleaf tree species; two early-successional
(Betula platyphylla Sukatchev var. japonica Hara and B. maximowicziana), one
mid-successional [Quercus mongolica Fisch. ex Turcz. var. crispula (Blume) Ohashi], and one
late-successional species [Acer mono Maxim. var. glabrum (Lév. et Van’t) Hara]. The
seedlings were transplanted to vinyl pots filled with a 1: 1 (v/v) mixture of Kanuma pumice soil
and clay soil in May 2005. The pots were large enough (volume, 5 1) to allow unrestricted root
growth during the experiment, as seedling growth was limited under the shade condition. The
seedlings were placed in a phytotron containing six natural-daylight growth cabinets (KG type,
Koito, Yokohama, Japan) at the Hokkaido Research Center, Forestry and Forest Products
Research Institute, Sapporo, Japan (42°59°N, 141°23°E). Each of the two CO, treatments, i.e.,
ambient CO, treatment (ca. 380 umol mol %) and the elevated CO, treatment (regulated to 720
pumol mol %), was replicated in three chambers. CO, concentrations in the three chambers for
each CO, treatment were monitored at 6-min intervals during the growing season. The means of
averaged daytime CO, concentrations (6:00 — 18:00) during the period across chambers were
379 + 16 and 710 * 0.8 pmol mol™ (mean * standard deviation, n = 3) in the ambient and
elevated CO, treatments, respectively. Day/night temperatures were maintained at optimal
values (26/16°C) (Koike et al. 1995; Koike et al. 2000). The seedlings were grown under a
shade condition; relative light intensity at 10% of full sunlight through shade cloth was used in
the ambient and elevated CO, treatments. Liquid fertilizer (Hyponex 5: 10: 5, N: P: K; O.M.
Scott and Sons, Marysville, OH, USA) was applied once monthly (200 ml of 0.1% liquid
fertilizer). The treatments commenced in May 2005 and finished in October 2006, for a total of
513 days. The seedlings were placed outside under natural conditions during winter from leaf

shedding to budbreak the next spring.

Gas exchange measurements

All gas exchange experiments were conducted using an open system with infrared gas analyzers



(L1-6400; Li-Cor, Lincoln, NE, USA). The temperature in the leaf chamber was maintained at
25°C, and the water vapor deficit in the leaf chamber was about 1.2 kPa. Measurements were
conducted from July 24 to August 10, 2006. Third or fourth fully expanded mature leaves from
the top were used for the measurements in the successive leaf development species, B.
platyphylla and B. maximowicziana. The other two species flushed all leaves once in the spring.
To assess the light compensation point (LCP) and apparent quantum yield based on incident
light (@,), the dark-respiration rate (R,) and net photosynthetic rate (A) were measured stepwise
at each growth CO, concentration with increasing incident photon flux density (PFD) from 0 to

-2 Sfl

120 pmol m . CO; leak between the leaf chamber gasket and the leaf surface results in false
R, values (Jahnke 2001), which increase with an increase in the difference between the CO,
concentration inside and outside the leaf chamber (Amthor 2000). The measurements were done
inside the growth cabinets to reduce the difference in CO, concentration between the leaf
chamber and outside to minimize such errors. In contrast, light-saturated net photosynthetic
rates were measured at a light intensity of 1200 pmol m? s* PFD and various CO,
concentrations in the laboratory (ambient CO, was approximately 400 pmol mol™) for both the
ambient- and elevated-CO,-grown seedlings transferred from the growth cabinets. The CO,
concentration inside the chamber was reduced in five steps from 720 to 0 pumol mol™. The
maximum Rubisco carboxylation rate (V.max) Was calculated based on the light-saturated net
photosynthetic rates measured at CO, concentrations below 300 pmol mol™ (Farquhar et al.
1980; Long & Bernacchi 2003). The maximum electron transport rate was determined after
Willson et al. (2000). Leaf chlorophyll content was assessed by the indexed chlorophyll content

reading (SPAD reading) using a SPAD chlorophyll meter (SPAD 502; Minolta, Osaka, Japan)

(Uddling et al. 2007).

Statistical analysis

All statistics were based on the mean values of the individual chambers (two-sample replicates



for each species) as the sample unit for each CO, treatment (n = 3). These values were averaged
to provide the sample estimate for that replicate. A split-plot analysis of variance (CO, x
species) was used to examine the effects of CO,, species, and their interaction on total dry mass,
shoot to root (S:R) ratio, light-saturated net photosynthetic rate measured at each growing CO,
concentration (Agowtn), Vemax Jmax LCP, @4, Ry, and SPAD reading (R Development Core Team
2014). We conducted post-hoc multiple comparisons to investigate the species ranking for each
variable. As main single effects are misleading when the interaction is significant (Sokal &
Rohlf 1995), the differences in means among the combinations of CO, and species were tested
using Holm’s pairwise comparisons if the interaction between CO, and species was significant.
The differences in their means across the CO, treatments for each species were tested when the
effect of species was significant but the interaction between CO, and species was not

significant.

RESULTS
No significant differences were detected for total dry mass or the S:R ratio of the shade-grown
seedlings between the CO, treatments, although differences among species were significant
(Table 1, Fig. 1). The ranking of total dry mass averaged across the CO, treatments for each
species was B. platyphylla: 9.7* > B. maximowicziana: 9.7* > Q. mongolica: 9.5* > A. mono:
2.6° g; the ranking of S:R ratio was B. platyphylla: 2.3* > B. maximowicziana: 2.3* > A. mono:
1.1% > Q. mongolica: 0.54° (different letters indicate significant differences at P < 0.05, Table 1,
Fig. 1).

The light-saturated net photosynthetic rate measured at the respective growth under
CO, condition (Agown) Was significantly higher in the elevated-CO,-grown seedlings than in the
ambient-CO,-grown seedlings (Table 1, Fig. 2). Agown OFf Q. mongolica was higher than that of

B. platyphylla and B. mongolica, regardless of CO, treatment. The CO, treatments showed no



significant effects on V¢ max OF Jmax (Table 1, Fig. 2). The Vmax ranking averaged across the CO,
treatments was Q. mongolica: 38.7* > A. mono: 31.9° > B. platyphylla: 21.2° > B.
maximowicziana: 17.9° umol m2 s™; the Jn. ranking was Q. mongolica: 82.7* > A. mono:
69.3% > B. platyphylla: 46.8° > B. maximowicziana: 38.4° umol m? s (different letters
indicate significant differences at P < 0.05, Fig. 2).

Significant interactions between CO, and species were observed for the LCP and @,
(Table 1). Based on Holm’s pairwise comparisons, the LCP decreased in the elevated CO,
treatment, and lower LCPs were observed in Q. mongolica and A. mono than those in B.
platyphylla and B. maximowicziana, regardless of CO, treatment (Fig. 3). Among seedlings
grown under ambient CO,, ®, of Q. mongolica was significantly higher than those of B.
platyphylla and B. maximowicziana, whereas @, of Q. mongolica was higher than those of the
other three species grown under elevated CO, (Fig. 3). Elevated CO, significantly decreased R,
(Table 1, Fig. 3). The extent of the decrease in R, at elevated CO, for each species was as
follows: B. platyphylla: —1.8% (actual increase), B. maximowicziana: 8.3%, Q. mongolica: 0.1%,
and A. mono: 7.1%, respectively. Assuming that R, was unaffected by elevated CO,, the LCPs at
elevated CO, estimated from @, at elevated CO, and R, at ambient CO, increased by 2.3 and
1.1 pmol m2 s in B. maximowicziana and A. mono, respectively from the actually measured
LCP at elevated CO,. Thus, the decrease in R, at elevated CO, appeared to have only a minor
contribution to lowering the LCP. The ranking of R, averaged across the CO, treatments was B.
maximowicziana: 0.96" > B. platyphylla: 0.89% > Q. mongolica: 0.71° > A. mono: 0.62° pmol
m % s ! (different letters indicate significant differences at P < 0.05, Fig. 3). The SPAD reading
was not different between the CO, treatments (Table 1); the ranking was Q. mongolica: 47.3* >
A. mono: 42.0° > B. platyphylla: 23.4° > B. maximowicziana: 23.3¢ (different letters indicate

significant differences at P < 0.05, Fig. 3).



DISCUSSION

Elevated CO, has been reported to enhance growth when plants are grown under natural
daylight (Tissue et al. 1997; Ainsworth & Long 2005; Norby & Zak 2011). No significant
difference was found in total dry mass between seedlings grown under ambient and elevated
CO, (Fig. 1), although photosynthetic capacity was significantly enhanced by elevated CO,, as
indicated by the increases in Agouwin and @, (Figs. 2 and 3). The lack of a significant difference in
total dry mass may be attributed to an increase in root exudates under the elevated CO,
condition (Phillips et al. 2006; Phillips et al. 2009, 2011). Furthermore, the increase in
photosynthetic carbon gain under elevated CO, may be too small to detect using total dry mass
in seedlings grown under a limited light condition (10% of full sunlight) during our
experimental period.

The effects of elevated CO, on biomass allocation are relatively unresponsive but
dependent on growth conditions; for example, elevated CO, suppresses shoot growth relative to
that of roots by the nitrogen depletion in a whole plant due to enhanced plant growth under
limited nitrogen availability (Rogers et al. 1996; Poorter & Nagal 2000). Elevated CO, had no
significant effect on the S:R ratio of the four deciduous broadleaf tree species, suggesting that
nutrient status in the elevated-CO,-grown seedlings was not different from that in the
ambient-grown seedlings. This observation is supported by the finding that no photosynthetic
downregulation, as indicated by decreases in V¢ max and Jmax, Was observed in the seedlings
grown under elevated CO, (Fig. 2), as elevated CO,-induced photosynthetic downregulation is
frequently observed under limited nitrogen availability (Rogers & Ellsworth 2002; Ainsworth &
Long 2005; Bernacchi et al. 2005; Kitao et al. 2005).

As the electron flow partitioned into photosynthesis increases under elevated CO,
(Long & Bernacchi 2003), shade tolerance of tree species is expected to be enhanced under
elevated CO, without photosynthetic downregulation (Hattenschwiler 2001). In fact, all tree

species in the present study showed enhanced shade tolerance, as indicated by the lower LCPs



(Fig. 3). The mid- and late-successional species Q. mongolica and A. mono showed higher
apparent quantum vyield (®;) among species, despite the CO, treatment, which may have
resulted from higher leaf absorbance with higher leaf chlorophyll content shown by the SPAD
readings (Fig. 3, Bauerle et al. 2004; Uddling et al. 2007). Although we observed a decrease in
the dark respiration rate (R,) in the seedlings grown under elevated CO, (Table 1, Fig. 3, cf.
Gonzalez-Meler et al. 2004), the contribution of decreased R, to lowering the LCP was minor.
Among the species, the LCPs in Q. mongolica and A. mono grown under elevated CO,
were lower than those in the two pioneer birch species (Fig. 3), suggesting that mid- and
late-successional species with an inherent ability to survive in the forest understory attain
further shade-tolerance under elevated CO, (Hattenschwiler 2001; Norby & Zak 2011).
Although no difference in the LCP was observed between Q. mongolica and A. mono when
compared under each CO, treatment (Fig. 3), the lower dark respiration rate observed in A.
mono than in Q. mongolica suggests greater shade tolerance in A. mono as a climax species in
relation to carbon loss during nighttime (Higo 1994; Kitao et al. 2006). Thus, elevated CO, may
enhance shade tolerance in tree seedlings by lowering the LCP but the ranking related to
successional traits did not change among species in response to the rising atmospheric CO,

concentrations (Fig. 4).

ACKNOWLEDGEMENTS

Financial support was provided, in part, by a Grant-in-Aid of the JSPS (Innovation Research:
21114008, Type B: 26 292075, Type B: 25 292092). We thank Professor Ch. Kdrner of The
University of Basel and Professor W.C. Oechel of San Diego State University for providing us

the frame idea for the phytotron studies.

10



REFERENCES

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

Amthor J.S. (2000) Direct effect of elevated CO, on nocturnal in situ leaf respiration in nine
temperate deciduous tree species is small. Tree Physiology, 20, 139-144.

Bauerle WL, Weston DJ, Bowden JD, Dudley JB, Toler JE (2004) Leaf absorptance of
photosynthetically active radiation in relation to chlorophyll meter estimates among
woody plant species. Scientia Horticulturae, 101, 169-178.

Bernacchi C.J., Morgan P.B., Ort D.R., Long S.P. (2005) The growth of soybean under free air
[CO,] enrichment (FACE) stimulates photosynthesis while decreasing in vivo Rubisco
capacity. Planta, 220, 434-446.

Farquhar G.D, Caemmerer S.V., Berry J.A. (1980) A biochemical Model of photosynthetic CO,
assimilation in leaves of C; species. Planta, 149, 78-80.

Gonzalez-Meler M.A., Taneva L., Trueman R.J. (2004) Plant respiration and elevated
atmospheric CO, concentration: Cellular responses and global significance. Annals of
Botany, 94, 647-656.

Héttenschwiler S. (2001) Tree seedling growth in natural deep shade: functional traits related to
interspecific variation in response to elevated CO,. Oecologia, 129: 31-42

Hayashi K. (1985) Growth characteristics and silviculture in Quercus mongolica var. crispula
Blume. In: Sakaguchi K. (Ed), Handbook for Hardwood. Association for Promotion of
Forest Science, Tokyo: 122-128.

Higo M. (1987) Growth characteristics of Quercus mongolica var. grosseserrata, Tilia japonica
and Acer mono seedlings. Research Bulletins of College Experiment Forests Hokkaido

University, 44, 139-152.

11



Higo M. (1994) Regeneration behaviors of tree species of secondary stands regenerated on sites
disturbed by Typhoon 15: Based on the proportion of advanced regeneration, growth rate,
and seedling density in closed mature stands. Journal of Japanese Forestry Society, 76,
531-539.

IPCC (2001) Climate Change 2001: The Scientific Basis. Contribution of Working Group | to
the Third Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge.

IPCC (2007) Climate Change 2007: The Physical Science Basis. Contribution of Working
Group | to the Fourth Assessment Report of the Intergovernmental Panel on Climate
Change. Cambridge University Press, Cambridge.

Jahnke S. (2001) Atmospheric CO, concentration does not directly affect leaf respiration in
bean or poplar. Plant, Cell and Environment, 24, 1139-1151.

Kitao M., Koike T., Tobita H., Maruyama Y. (2005) Elevated CO, and limited nitrogen nutrition
can restrict excitation energy dissipation in photosystem 1l of Japanese white birch
(Betula platyphylla var. japonica) leaves. Physiologia Plantarum 125, 64-73.

Kitao M., Lei T.T., Koike T., Tobita H., Maruyama Y. (2006) Tradeoff between shade adaptation
and mitigation of photoinhibition in leaves of Quercus mongolica and Acer mono
acclimated to deep shade. Tree Physiology, 26, 441-448.

Koike T., Kitao M., Maruyama Y., Mori S., Lei T.T. (2000) Leaf morphology and
photosynthetic adjustments among deciduous broad-leaved trees within the vertical
canopy profile. Tree Physiology, 21: 951-958.

Koike T., Kohda H., Mori S., Takahashi K., Inoue M.T., Lei T.T. (1995) Growth responses of
the cuttings of two willow species to elevated CO, and temperature. Plant Species

Biology, 10, 95-101.

12



Koike T., Sakagami Y. (1985) Comparison of the photosynthetic responses to temperature and
light of Betula maximowicziana and Betula platyphylla var. japonica. Canadian Journal
of Forest Research, 15, 631-635.

Larcher W. (2003) Physiological plant ecology: Ecophysiology and stress physiology of
functional groups. 4™ edition. Springer-Verlag, Berlin, 513p.

Lewis J.D., Wang X.Z., Griffin K.L., Tissue D.T. (2002) Effects of age and ontogeny on
photosynthetic responses of a determinate annual plant to elevated CO, concentrations.
Plant, Cell and Environment, 25, 359-368

Long S.P., Bernacchi C.J. (2003) Gas exchange measurements, what can they tell us about the
underlying limitations to photosynthesis? Procedures and sources of error. Journal of
Experimental Botany, 54, 2393-2401.
Norby R.J., Zak D.R. (2011) Ecological lessons from free-air CO, enrichment (FACE)
experiments. Annual Review of Ecology, Evolution, and Systematics, 42, 181-203.
Oikawa T. (1986) Simulation of forest carbon dynamics based on a dry-matter production model.
I11. Effects of increasing CO, upon a tropical rain forest ecosystem. Botanical Magazine
Tokyo, 99, 419-430.

Phillips, D.A., Fox T.C., Six J. (2006) Rood exudation (net efflux of amino acids) may increase
rhizodeposition under elevated CO,. Global Change Biology, 12, 561-567.

Phillips, R.P., Bernhardt E.S., Schlesinger W.H. (2009) Elevated CO, increases root exudation
from loblolly pine (Pinus taeda) seedlings as an N-mediated response. Tree Physiology,
29, 1513-1523.

Phillips, R.P., Finzi, A.C., Bernhardt E.S. (2011) Enhanced root exudation induces microbial
feedbacks to N cycling in a pine forest under long-term CO, fumigation. Ecology Letters,

14, 187-194.

13



Poorter H., Nagel O. (2000) The role of biomass allocation in the growth response of plants to
different levels of light, CO,, nutrients and water: a quantitative review. Australian
Journal of Plant Physiology, 27, 595-607.

R Core Team (2014) R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria

Rogers A., Ellsworth D.S. (2002) Photosynthetic acclimation of Pinus taeda (loblolly pine) to
long-term growth in elevated pCO, (FACE). Plant, Cell and Environment, 25, 851-858.

Rogers H.H., Prior S.A, Brett Runion G., Mitchell R.J. (1996) Root to shoot ratio of crops as
influenced by CO,. Plant and Soil, 187, 229-248.

Sokal R.R., RohlIf F.J. (1995) Biometry: the principles and practice of statistics in biological
research. 3" Edition. W.H. Freeman and Company. New York. 887 p.

Tissue D.T., Thomas R.B., Strain B.R. (1997) Atmospheric CO, enrichment increases growth
and photosynthesis of Pinus taeda: a 4 year experiment in the field. Plant, Cell and
Environment, 20, 1123-1134.

Uddling J., Gelang-Alfredsson J., Piikki K., Pleijel H. (2007) Evaluating the relationship
between SPAD-502 chlorophyll meter readings and leaf chlorophyll concentration.
Photosynthesis Research, 91, 37-46.

Wilson K.B., Baldocchi D.D., Hanson P.J. (2000) Spatial and seasonal variability of
photosynthetic parameters and their relationship to leaf nitrogen in a deciduous forest.

Tree Physiology, 20, 565-578.

14



Table 1. Summary of the split-plot ANOVA to test the effects of CO2 treatment (#1.4),
species (F512) and their interaction (#'s;12) on total dry mass, shoot to root (S:R) ratio,
light-saturated net photosynthetic rate at each growing CO2 concentration (Agrowtn), the
maximum Rubisco carboxylation rate (Vemax), the maximum electron transport rate
(Jmax), light compensate point (LCP), apparent quantum yield (®.), dark respiration rate
(Rn) and SPAD reading in shade-grown seedlings of the four deciduous broadleaf tree
species. *Denotes significance at < 0.05, **P< .01 and ***P< 0.001.

Frstatistics
COg treatment Species CO2 x Species
Total dry mass 0.34 13.1%** 1.48
S:R ratio 1.24 59.1%** 2.18
Agrowth 53.1*** 32.T*** 3.03
Ve,max 5.54 145%** 2.51
Jmax 1.57 116%** 0.41
LCP 148*** 228%** 4,52*
D 159*** 76.9%** 13.1%**
R, 11.9* 87.2%** 1.75
SPAD reading 2.68 728%** 0.26
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Figure 1. Total dry mass and shoot to root (S: R) ratio in shade-grown seedlings of Betula
platyphylla (Bp), B. maximowicziana (Bm), Quercus mongolica (Qm), and Acer mono (Am)
under ambient (white bars) and elevated CO, (gray bars). Values are means + standard errors (n
= 3). Different capital letters indicate significant differences in means across CO, treatments

among species (P < 0.05).
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Figure 2. Light-saturated net photosynthetic rate measured at the growth CO, concentration
(Agrowtn), the maximum Rubisco carboxylation rate (V¢ max), and the maximum electron transport
rate (Jmax) in shade-grown seedlings of Betula platyphylla (Bp), B. maximowicziana (Bm),
Quercus mongolica (Qm), and Acer mono (Am) under ambient (white bars) and elevated CO,
(gray bars). Values are means + standard errors (n = 3). Different capital letters indicate

significant differences in means across CO, treatments among species (P < 0.05).
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Figure 3. Light compensation point (LCP), apparent quantum yield (d,), dark respiration rate
(Ry), and SPAD reading in shade-grown seedlings of Betula platyphylla (Bp), B.
maximowicziana (Bm), Quercus mongolica (Qm), and Acer mono (Am) under ambient (white
bars) and elevated CO, (gray bars). Values are means + standard errors (n = 3). Different capital
letters indicate significant differences in means across CO, treatments among species (P < 0.05).
Different lower case letters indicate significant differences among the combinations of CO, x

species (P < 0.05).
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Shade tolerance under elevated CO,

Shade tolerance increased in all species under elevated CO, as the LCP decreased.

Climax species

Gap-dependent species
Pioneer species
A. mono
Q. mongolica

Higher shade tolerance

Lower LCP + lowest R
‘ Intermediate shade tolerance n

Lower LCP + lower R,

B. platyphylla  B. maximowicziana

The ranking of shade tolerance
according to the successional traits
Higher LCP + higher R, remained unchanged by elevated CO,.

Lower shade tolerance ‘

Figure 4. Summary of shade tolerance in seedlings of the four deciduous broadleaf tree species

grown under elevated CO,.
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