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Abstract 1 

The purpose of this study was to obtain basic information on acclimation 2 

capacity of photosynthesis of Siebold’s beech seedlings to increasing light intensity 3 

under future elevated CO2 condition. We monitored leaf photosynthetic traits of 4 

Siebold’s beech seedlings in changing light conditions (before the removal of 5 

shading trees, next year after the removal of shading trees and after acclimation to 6 

open conditions) in a 10-year free air CO2 enrichment experiment in northern Japan. 7 

Elevated CO2 did not affect the photosynthetic traits such as leaf mass per area, 8 

nitrogen content and biochemical photosynthetic capacity of chloroplast (i.e. 9 

maximum rate of carboxylation and maximum rate of electron transport) before the 10 

removal of shading trees and after acclimation to open conditions; in fact, a higher 11 

net photosynthetic rate was maintained under elevated CO2. However, in next year 12 

after the removal of the shading trees, there was no increase in photosynthetic rate 13 

under elevated CO2 conditions. This was not due to photoinhibition. In ambient 14 

CO2 conditions, leaf mass per area and nitrogen content were higher in next year 15 

after the removal of shading trees than before, whereas there was no increase under 16 

elevated CO2 conditions. These results indicate that elevated CO2 delays the 17 

acclimation of photosynthetic traits of Siebold’s beech seedlings to increasing light 18 

intensity.   19 

 20 

Key words 21 

change of light condition, elevated CO2, Fagus crenata, leaf nitrogen, 22 

photoinhibition, photosynthesis 23 

 24 
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Introduction 26 

Atmospheric CO2 levels have increased dramatically since the industrial 27 

revolution and have reached 400 μmol mol
-1

 (Monastersky 2013). This increase is 28 

predicted to continue throughout this century (Stocker et al. 2013). Increases in 29 

CO2 concentration generally enhance the leaf photosynthetic rate, as CO2 is the 30 

primary substrate for photosynthesis (Ainsworth & Rogers 2007). Higher net 31 

photosynthetic rates were observed under elevated CO2 in canopy pine and 32 

sub-canopy deciduous trees in the Duke forest Free Air CO2 Enrichment (FACE) 33 

experiment (Ellsworth et al. 2012), and in five deciduous tree species in the Swiss 34 

Canopy Crane project (Bader et al. 2010). Four understory tree species grown in 35 

shaded conditions at the Duke Forest FACE site also showed a higher net 36 

photosynthetic rate under elevated CO2 conditions (Springer & Thomas 2007). 37 

However, the extent of this enhancement is species-specific and depends on other 38 

environmental factors such as nutrient conditions (e.g. Eguchi et al. 2004, 2008; 39 

Ellsworth et al. 2004; Norby et al. 2010; Watanabe et al. 2011, 2013; Warren et al. 40 

2015).  41 

Siebold’s beech (Fagus crenata) is a representative late-successional tree 42 

species native to northern Japan (Koike 1988; Nakashizuka & Iida 1995; Peters 43 

1997). These trees commonly experience dramatic changes in light conditions 44 

over their life cycle. Seedlings generally grow under shaded conditions, and 45 

become canopy trees following fall down and/or dieback of upper story trees 46 

(Nakashizuka 1987). In Japan, gap formation in Siebold’s beech forests is often 47 

caused by typhoons (Nakashizuka 1987), which generally occur from late July to 48 

September (Japan Meteorological Agency 2015).  49 
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Plants can acclimate to light conditions. For example, under high light 50 

conditions, plants produce thick leaves with higher leaf mass per area (LMA) and 51 

higher area-based nitrogen content (Narea) (Evans & Poorter 2001; Iio et al. 2005; 52 

Kitaoka et al. 2009a, b; Poorter et al. 2009; Watanabe et al. 2014a; Nienemets et 53 

al. 2015). As a result, photosynthetic parameters, such as maximum rate of 54 

carboxylation (Vcmax) and the maximum rate of electron transport (Jmax) are 55 

generally higher in leaves acclimated to high-light conditions (Iio et al. 2005; 56 

Lambers et al. 2008; Rodríguez-Calcerrada et al. 2008; Nienemets et al. 2015). 57 

Nitrogen (N) allocation within the photosynthetic apparatus also acclimates to 58 

light conditions. Nitrogen allocation to carboxylation-related enzymes (i.e. 59 

Rubisco) increases under high-light conditions, while allocation to enzymes and 60 

substances related to light harvesting, such as the light-harvesting complex and 61 

the photosystems, decreases (Evans & Poorter 2001; Kitaoka & Koike 2004; 62 

Rodríguez-Calcerrada et al. 2008).  63 

Fully expanded leaves are constrained by anatomical limitations when it 64 

comes to photosynthetic acclimation to increases in light intensity (Oguchi et al. 65 

2005). Full acclimation to a new light environment, therefore, requires the 66 

production of new leaves. Winter-deciduous tree species form leaf and shoot 67 

primordia in winter buds during the previous year (Kozlowski & Clausen 1966, 68 

Eschrich et al. 1989). Therefore, the leaf traits of these species depend on the light 69 

conditions during the previous growing season, as well as during the bud burst. 70 

This dependency is also species-specific. The layer of palisade cells in Fagus 71 

japonica and Acer tenuifolium leaves is primarily determined by light conditions 72 

in the current year, whereas leaf properties in F. crenata and Fagus sylvatica are 73 
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affected by light conditions in both the previous and current years (Eschrich et al. 74 

1989; Koike et al. 1997; Tognetti et al. 1998; Uemura et al. 2000; Kitaoka et al. 75 

2009b). Kitaoka et al. (2009b) reported that photosynthetic acclimation to gap 76 

formation in seedlings of late-successional tree species (Prunus ssiori and 77 

Carpinus cordata) was slower than that of mid- and mid-late-successional tree 78 

species (Magnolia hypoleuca and Quercus mongolica var. crispula, respectively). 79 

When a disturbance occurs during the growing season, leaves of 80 

Siebold’s beech that emerge the following spring may not be able to acclimate to 81 

the high light conditions. It is possible that leaves cannot enhance their 82 

photosynthetic rate, even under elevated CO2 conditions. This may negatively 83 

affect growth of Siebold’s beech seedlings in future environmental conditions. 84 

Although several studies have focussed on the growth and photosynthetic 85 

responses of Siebold’s beech to elevated CO2 conditions (Matsumura et al. 2005; 86 

Watanabe et al. 2010a; Hirano et al. 2012), no information is available on the 87 

effects of elevated CO2 on photosynthetic responses to change in light conditions.  88 

The aim of the present study is to obtain basic information on 89 

photosynthetic acclimation capacity of Siebold’s beech seedlings to gap formation 90 

under future elevated CO2 conditions. We monitored photosynthetic traits of 91 

Siebold’s beech seedlings in changing light conditions (before the removal of 92 

shading trees, next year after the removal of shading trees and after acclimation to 93 

open conditions), in a 10-year FACE experiment in northern Japan.  94 

 95 

 96 

 97 
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Materials and methods 98 

Experimental design and plant materials 99 

We used the FACE system located in the Sapporo Experimental Forest, 100 

Hokkaido University, Japan (43º06´ N, 141º20´ E) (Eguchi et al. 2008; Watanabe 101 

et al. 2010b; Watanabe et al. 2013, 2014b). This site is in a transition zone 102 

between cool temperate and boreal forests, and is considered to be sensitive to 103 

global climate changes (Matsuda et al. 2002). We set two levels of CO2 104 

concentration, ambient (no addition of CO2, 370-390 μmol mol
-1 

CO2) and 105 

elevated CO2 (500 μmol mol
-1 

CO2), with three site replications for a total of six 106 

sites to analyze the data, including the variance among the six sites. The target 107 

CO2 concentrtaion in the elevated CO2 treatment corresponded to the predited 108 

CO2 concentration in 2040-2050 (Stocker et al. 2013). Average values of 109 

temperature, daily maximum temperature, daily minimum temperature and 110 

precipitation during the growing season (May-October; 2003–2012) were 17.3 °C, 111 

21.8 °C, 13.5 °C and 501.5 mm, respectively (Japan Meteorological Agency 112 

2015). 113 

Two-year-old seedlings of ten deciduous tree species (three 114 

early-successional: alder, birches, four mid-successional: ash, elm, kalopanax, oak, 115 

and three late-successional species: Siebold’s beech, maple, basswood), from cool 116 

temperate forests in northern Japan (Koike 1988), were planted in brown forest 117 

soil in May 2003. The Siebold's beech seedlings were shaded by the other tree 118 

species (shading trees) from the late 2004 growing season, because the other 119 

species were fast growing. The mean (maximum-minimum) tree height for all 120 

species except the Siebold's beech in July 2007 was 273 (420–129) cm in the 121 
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ambient CO2 treatment and 319 (502–198) cm in the elevated CO2 treatment. The 122 

mean tree height of Siebold’s beech at the same time was 97 cm in the ambient 123 

and 103 cm in the elevated CO2 treatment. Leaf area index (LAI) of the 124 

mixed-species canopy was approximately 5.6 m
2
 m

-2
 in both CO2 treatments in 125 

2007 (Eguchi 2008). Mean relative light intensity at the top level of the Siebold’s 126 

beech seedlings was 3.2% of that of the other species. There was no significant 127 

difference in light intensity between the CO2 treatments. In late July 2007, after 128 

five growing seasons, above-ground of all species except for the Siebold’s beech 129 

were cut down at the base of the stem (5–8 cm above the ground). The Siebold’s 130 

beech seedlings were then grown until 2012 under open condition. After the 131 

removal of shading trees, the light intensity at the top level of the Siebold’s beech 132 

seedlings was the same as the above original mixed species canopy. 133 

Fumigation with CO2 was carried out in the daytime when the 134 

photosynthetic photon flux (PPF) exceeded 70 μmol m
-2 

s
-1

, which is the light 135 

compensation point of photosynthesis. Fumigation took place every growing 136 

season, from leaf emergence to leaf senescence, from 2003 to 2012. This 137 

fumigation regime was analogous to those of other FACE experiments with 138 

woody plants (Karnosky et al. 2005; Liberloo et al. 2009; Norby et al. 2010; 139 

Ellsworth et al. 2012). The mean daytime CO2 concentration in the centres of the 140 

FACE sites during fumigation periods was 498 μmol mol
-1

. The CO2 141 

concentration remained within 500 ± 50 μmol mol
-1

 for 64% of the fumigation 142 

period, and was within 500 ± 100 µmol mol
-1

 for 86% of the fumigation period. 143 

 144 

 145 
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Measurement of leaf photosynthetic traits 146 

The gas exchange rate of the fully mature leaves of the upper canopy was 147 

measured in 2006 and 2007 (before the removal of the shading trees), in 2008 148 

(next year after the removal of the shading trees), and in 2011 and 2012 (after 149 

acclimation to open conditions) using an open gas-exchange system (LI-6400, 150 

Li-Cor Inc., Lincoln, NE, USA) with a light-emitting diode (LED) light source 151 

(LI-6400-02B in 2006, 2007, 2011 and 2012, LI-6400-40 in 2008, Li-Cor Inc., 152 

Lincoln, NE, USA). We assumed leaves could acclimate to a new light 153 

environment within four years, although whole-plant acclimation such as canopy 154 

structure and above ground to below ground biomass ratio may not be totally 155 

complete. Measurements were made from late July to early August in each year. 156 

In 2007, we measured leaf photosynthetic traits before cutting the shading trees 157 

down. We randomly selected one or two seedlings from each site (three, five, and 158 

six seedlings per treatment, in 2006–2007, 2008, and 2011–2012, respectively). 159 

We measured photosynthetic traits in one leaf from each seedling. Leaf 160 

temperature and PPF were maintained during measurement at 25.0 ± 1.0 °C and 161 

1500 µmol m
-2

 s
-1

, respectively. The leaf-to-air vapour pressure deficit was 162 

approximately 1.5 kPa. To obtain the intercellular CO2 concentration 163 

(Ci)-response curve for the net photosynthetic rate (A), i.e. the A/Ci curve, A was 164 

determined at 8–10 steps of external CO2 concentration (Ca). We determined the 165 

value of A and the stomatal conductance of leaves for water vapour at Ca of 166 

growth CO2 concentration (370 μmol mol
-1

 for ambient and 500 μmol mol
-1

 for 167 

elevated CO2); these values were designated as Agrowth and Gs. Vcmax and Jmax were 168 

calculated from the A/Ci curve (Farquhar et al. 1980; Long & Bernacchi 2003). 169 
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The Rubisco Michaelis constants for CO2 (Kc) and O2 (Ko) and the CO2 170 

compensation point in the absence of dark respiration (Γ*) for the analysis of the 171 

A/Ci curve were estimated from leaf temperature according to Bernacchi et al. 172 

(2001). 173 

In 2008, we also measured chlorophyll fluorescence at Ca of growth 174 

conditions (370 μmol mol
-1

 for ambient and 500 μmol mol
-1

 for elevated CO2) 175 

using an open gas-exchange system (LI-6400, Li-Cor Inc., Lincoln, NE, USA) 176 

with a LED light source and fluorometer (LI-6400-40, Li-Cor Inc., Lincoln, NE, 177 

USA). The minimum (Fo) and maximum fluorescence (Fm) were determined after 178 

overnight dark adaptation with a saturating light of 7000 μmol m
−2

 s
−1

 PPF for 1 s. 179 

The Fv/Fm was then calculated as (Fm–Fo)/Fm. The quantum yield of PSII electron 180 

transport (ΦPSII), photochemical quenching (qP), and photochemical efficiency of 181 

the open PSII (Fvʹ/Fmʹ) were determined after acclimation to a 25.0 ± 1.0 °C leaf 182 

temperature and 1500 µmol m
-2

 s
-1

 PPF. From the fluorescence yield, Fs and the 183 

maximum fluorescence, Fmʹ, (determined at the saturating light of 7000 μmol m
–2

 184 

s
–1

 PPF for 1 s) were used to calculate ΦPSII (= (Fmʹ–Fs)/Fmʹ) (Genty et al. 1989). 185 

Foʹ was determined by turning off the actinic light and applying far-red light 186 

immediately after a saturating light pulse. This parameter was used to derive qP 187 

and Fvʹ/Fmʹ (= (Fmʹ–Foʹ)/Fmʹ), calculated according to Schreiber et al. (1994). The 188 

fraction of excess energy was also calculated, using the formula (1–qP)Fvʹ/Fmʹ 189 

(Demmig-Adams et al. 1996).  190 

After the gas exchange rate and chlorophyll fluorescence measurements, 191 

we collected 2-3 leaf discs (12 mm diameter) in order to determine the leaf mass 192 

per area (LMA) and nitrogen content. The LMA was calculated from the area and 193 
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dry mass of leaves. The N content of the leaves was determined using a gas 194 

chromatography (GC-8A, Shimadzu, Kyoto, Japan) after combustion with 195 

circulating O2 using a NC analyser (Sumigraph NC-900, Sumika Chemical 196 

Analysis Service, Osaka, Japan). A calibration curve was made by using 197 

acetanilide (N = 10.36%, C = 71.09, Wako, Osaka, Japan). 198 

 199 

Statistical analysis 200 

Statistical analyses were run using R software (version 2.15.0; R 201 

Development Core Team 2012). We used a repeated measures analysis of variance 202 

(repeated measures ANOVA) to analyse the effects of elevated CO2, year-to-year 203 

variation and their interaction on all leaf parameters except for chlorophyll 204 

fluorescence. We used a T-test to discern the effects of elevated CO2 on leaf 205 

parameters within each year. Mean values from each site were used in statistical 206 

analysis, resulting in three replications for the analysis. We tested the effect of 207 

elevated CO2 on the slope and intercept of the regression lines between leaf traits 208 

parameters using (S) MATR (Version 2; see 209 

http://www.bio.mq.edu.au/ecology/SMATR/). When there was no significant 210 

difference between slopes of the regression lines for treatments, we applied a 211 

common slope and analysed the difference of the intercepts of the regression lines.  212 

  213 

Results 214 

Overall, leaf photosynthetic traits (except for Nmass) increased throughout 215 

the experimental period (Table 1, Figs. 1 and 2). There was a significant 216 

interaction between elevated CO2 and year-to-year variation for Agrowth (Table 1). 217 
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Higher values of Agrowth were observed in elevated CO2 than in ambient CO2 218 

before the removal of shading trees (2006 and 2007) and after acclimation to open 219 

conditions (2011 and 2012), although the increase before the removal of the 220 

shading trees was marginal (Fig. 1a). In contrast, Agrowth in the elevated CO2 221 

treatment tended to be lower than that in ambient CO2 in the next year after the 222 

removal of shading trees (2008). Although there were no significant interactions 223 

between elevated CO2 and year-to-year variation for the other parameters (Table 224 

1), there was a significant effect of elevated CO2 in the next year after the removal 225 

of the shading trees. In this period, the elevated CO2 treatment induced significant 226 

reductions in Gs, Vcmax, LMA, and Narea, and marginal reductions in Jmax (Fig. 1b, c, 227 

d, Fig. 2a, c). From a time course perspective, all photosynthetic parameters 228 

except for Nmass increased from 2007 to 2008 in the ambient CO2 treatment, 229 

whereas there was no increase in the elevated CO2 treatment.  230 

There was a clear correlation between Vcmax and Jmax throughout the 231 

experimental period (Fig. 3). No significant effect of elevated CO2 was found on 232 

the slope and intercept of regression line. No significant difference in regression 233 

lines between CO2 treatments was found when we analysed the regression lines in 234 

each period (before the removal of shading trees, next year after the removal of 235 

shading trees and after acclimation to open conditions) separately. 236 

Elevated CO2 did not significantly change the slope of the regression line 237 

between Agrowth and Narea; however, the intercept of the regression line for the 238 

elevated CO2 treatment was significantly higher than that for the ambient CO2 239 

treatment (Fig. 4a) when a common slope was applied to both regression lines. No 240 

significant differences in slope and intercept of the regression lines were found 241 
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between Vcmax and Narea, or Jmax and Narea (Fig. 4b, c). 242 

The ΦPSII tended to decrease under elevated CO2 (Table 2). Although there 243 

was no significant difference between ambient CO2 and elevated CO2 for the other 244 

parameters, there was a relatively large reduction of qP (35%) in the elevated CO2 245 

treatment. 246 

 247 

Discussion 248 

In this study, we did not observe any negative effects of CO2 on 249 

gas-exchange parameters and N content in leaves before the removal of shading 250 

trees and after acclimation to open conditions (Table 1, Figs. 1 and 2). As a result, 251 

Agrowth increased by 54% before the removal of shading trees and 31% after 252 

acclimation to open conditions. Increases in photosynthesis rate with increased 253 

CO2 have also been found in other FACE experiments (e.g. Springer & Thomas 254 

2007; Bader et al. 2010; Ellsworth et al. 2012). However, this does not mean that 255 

elevated CO2 does not permanently induce photosynthetic down-regulation in 256 

Siebold’s beech. Nitrogen availability is one of the most important factors for 257 

photosynthetic down-regulation under elevated CO2 (Saxe et al. 1998; Norby & 258 

Zak 2011). In general, elevated-CO2-induced declines in photosynthetic capacity 259 

are prominent in low-N soil conditions (e.g. Curtis et al. 2000; Kubiske et al. 260 

2002). Norby et al. (2010) and Warren et al. (2015), found that although 261 

photosynthetic production of sweetgum (Liquidambar styraciflua) was increased 262 

in elevated CO2 conditions during the first few years of the experiment, it 263 

ultimately declined, due to a reduction in N availability during the latter period of 264 

the experiment. In the present study, seedlings (approximately 3.3 m height in 265 
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both CO2 treatments in 2012) were not as large as those used in other FACE 266 

experiments. The availability of soil N may have been sufficient for growth during 267 

this experiment. If N availability decreases with increasing plant size, down 268 

regulation of photosynthesis may occur in the future. 269 

An increase in the photosynthetic rate was not observed in the 270 

elevated-CO2 treatment in the next year after the removal of shading trees. This 271 

may have been due to photoinhibition; however, there was no difference in Fv/Fm 272 

and (1--qP)Fvʹ/Fmʹ, which are indicators of photoinhibition in leaves (Genty et al. 273 

1989; Demmig-Adams et al. 1996), between the ambient CO2 and elevated CO2 274 

treatments. This indicates elevated CO2 did not stimulate photoinhibition (Table 2). 275 

In addition, ΦPSII decreased under elevated CO2. The contribution of qP reduction to 276 

the decline of ΦPSII under elevated CO2 was larger than that of Fvʹ/Fmʹ reduction. 277 

Fvʹ/Fmʹ represents the capacity of photosystem II, while qP is affected by the status 278 

of components downstream of photosystem II, such as photosystem I and 279 

carboxylation (Baker 2008). In fact, Vcmax in elevated CO2 was lower than in 280 

ambient CO2 (Fig. 1c). Therefore, the lower carboxylation capacity is likely one of 281 

the main reasons for the decrease in ΦPSII under elevated CO2.  282 

Nitrogen is a nutrient that strongly relates to photosynthetic capacity 283 

(Lambers et al. 2008). In the present study, Agrowth, Vcmax and Jmax were linearly 284 

correlated to Narea and the relationship between Vcmax and Narea, and Jmax and Narea, 285 

was the same in both CO2 treatments (Fig. 4b, c). Therefore, it is likely that the 286 

lower Narea in the elevated-CO2 treatment in the next year after the removal of 287 

shading trees (Fig. 2c) led to lower photosynthetic activity (indicated by Vcmax and 288 

Jmax), and therefore, lower Agrowth. Narea is calculated as a product of LMA and Nmass, 289 
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and the lower Narea in the elevated-CO2 treatment in the next year after the removal 290 

of shading trees was primarily due to lower LMA, since there was no significant 291 

difference in Nmass between the ambient- and elevated-CO2 treatments (Fig. 2). 292 

LMA increased from 2007 to 2008 in the ambient CO2 treatment, whereas there was 293 

no difference between 2007 and 2008 in the elevated CO2 treatment. The 294 

anatomical properties of Siebold’s beech leaves are affected by light conditions in 295 

the previous growing season (Uemura et al. 2000). Eschrich et al. (1989) observed 296 

that differentiation into sun-leaf and shade-leaf primordia of the European beech 297 

(Fagus sylvatica) occurs in early August. Although there are many differences 298 

(climate of the study site, species and age of tree) between that study and ours, the 299 

timing of removal of shading trees in the present study (late July) was similar to the 300 

timing of the differentiation in that study (Eschrich et al. 1989). Sigurdsson (2001) 301 

reported earlier bud formation under elevated-CO2 conditions in young black 302 

cottonwood (Populus trichocarpa). It is possible that the differentiation of leaf 303 

primordia occurred prior to the removal of shading trees under elevated-CO2 304 

conditions and, as a result, leaf acclimation to increasing light intensity in the 305 

following year was delayed. It should be noted that the increase in LMA throughout 306 

the experiment was not only caused by the change in light conditions, but also by 307 

increasing tree age. We observed an increase in LMA during steady light conditions, 308 

i.e. from 2006 to 2007 and from 2011 to 2012 (Fig. 2a), and LMA generally 309 

increases with increasing tree age (e.g. Niinemets 2006; Poorter et al. 2009). The 310 

LMA in the final year of the experiment (2012) reached approximately 90 g m
-2

 311 

(Fig. 2a), which is comparable to that of the upper canopy leaves of mature 312 

Siebold’s beech trees (Iio et al. 2005; Uemura et al. 2006).  313 
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Although the reduction in Vcmax in the next year after the removal of 314 

shading trees was severe, the extent of the reduction in Agrowth was rather small. 315 

This is mainly due to a higher volume of substrate for photosynthesis (i.e. high 316 

CO2 concentration). This reduction was not observed in 2011; therefore, even 317 

when negative effects of elevated-CO2 conditions on photosynthetic functions are 318 

induced, the effect is marginal. Thus, photosynthetic production may not decrease 319 

severely in future CO2 conditions.  320 

A meta-analysis conducted by Ainsworth & Long (2005) predicted that the 321 

ratio of Jmax to Vcmax (Jmax/Vcmax) would increase under elevated-CO2 conditions. 322 

However, we found the relationship between Jmax and Vcmax in elevated CO2 323 

conditions was not differed from that in ambient CO2 conditions (Fig. 3). This 324 

indicates that there was no shift in N allocation between carboxylation and electron 325 

transport capacities (Evans & Poorter 2001; Kitaoka & Koike 2004; 326 

Rodríguez-Calcerrada et al. 2008). The relatively low enhancement of CO2 327 

concentration (500 μmol mol
-1

) in the elevated-CO2 treatment in the present study 328 

could explain the lack of shift of N allocation. Similarly, the change in light 329 

conditions did not significantly affect the relationship between Jmax and Vcmax (data 330 

not shown). Onoda et al. (2005) reported no seasonal variation of Jmax/Vcmax in the 331 

Siebold’s beech, indicating little temperature dependency. The shift of Jmax/Vcmax 332 

across environmental conditions is species-specific (Niinemets et al. 1998; 333 

Hikosaka et al. 1999; Medlyn et al. 2002; Ainsworth & Long 2005), and therefore it 334 

is possible that in the Siebold’s beech, Jmax/Vcmax remains constant across 335 

environmental conditions.  336 

Our results indicate that elevated-CO2 conditions (500 μmol mol
-1

; the 337 



 16 

predicted concentration for 2040–2050), enhance the net photosynthetic rate of 338 

the Siebold’s beech in both shaded and open conditions. We did not observe 339 

stomatal closure, or reduction of N content and photosynthetic N use efficiency 340 

under elevated CO2 conditions, indicating there was no down-regulation of 341 

photosynthesis in leaves. In contrast, the acclimation of photosynthesis of Siebold’s 342 

beech seedlings to increasing light intensity was delayed under elevated-CO2 343 

conditions. Photosynthetic increases under elevated CO2 conditions did not occur 344 

in the next year after the removal of shading trees. This was not due to 345 

photoinhibition, but to lower area-based N content. Although the delay of 346 

photosynthetic acclimation is marginal, further studies could investigate the 347 

impacts on regeneration capacity, such as growth performance, of Siebold’s beech 348 

seedlings, in order to predict dynamics of forests of this tree species under future 349 

elevated CO2 conditions. 350 

 351 
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Table 1 A summary of Repeated Measures ANOVA for effects of elevated CO2 572 

and year-to-year variation on net photosynthetic rate at growth CO2 concentration 573 

(Agrowth), stomatal conductance to water vapor (Gs), maximum rate of 574 

carboxylation (Vcmax) and maximum rate of electron transport (Jmax), leaf mass per 575 

area (LMA), mass-based nitrogen content (Nmass), and area-based nitrogen content 576 

(Narea) in the leaves of Siebold’s beech seedlings 577 

  CO2 Year CO2 × Year 

Agrowth * *** ** 

Gs n.s. *** n.s. 

Vcmax n.s. *** n.s. 

Jmax n.s. *** n.s. 

LMA n.s. *** n.s. 

Nmass n.s. n.s. n.s. 

Narea n.s. *** n.s. 

* P < 0.05; ** P < 0.01; *** P < 0.001; n.s. not significant 578 

579 
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Table 2 The parameters of chlorophyll fluorescence in leaves of Siebold’s 580 

beech seedlings grown under ambient and elevated CO2 (500 μmol mol
-1

 581 

CO2) conditions in the year after the removal of shading trees (2008). 582 

  Ambient CO2 Elevated CO2 T-test 

Fv / Fm 0.814  (0.005)  0.810  (0.002)  n.s. 

Fv' / Fm' 0.404  (0.009)  0.380  (0.012)  n.s. 

qP 0.251  (0.031)  0.163  (0.032)  n.s. 

ΦPSII 0.101  (0.014)  0.061  (0.011)  0.088  

(1 - qP) Fv’ / Fm’ 0.303  (0.006)  0.319  (0.023)  n.s. 

Standard error is shown in parentheses (n = 3). 583 

T-test: n.s. not significant; actual P values were shown when 0.05 < P < 0.1. 584 

Fv / Fm was determined after an overnight dark adaptation, while Fv' / Fm', qP, 585 

ΦPSII and (1 - qP) Fv’ / Fm’ were determined after acclimation to 25.0 ± 586 

1.0˚C of leaf temperature and 1500 µmol m
-2

 s
-1

 of photosynthetic photon 587 

flux. The intensity of saturation pulse was 7000 μmol m
-2

 s
-1

 of PPF for 1 s. 588 

During the measurement, CO2 concentration within a chamber was maintain 589 

at 370 and 500 μmol mol
-1

 for ambient and elevated CO2 treatment, 590 

respectively  591 

592 
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 593 

Fig. 1 (a) Net photosynthetic rate at growth CO2 concentration (Agrowth), (b) 594 

stomatal conductance to water vapour (Gs), (c) maximum rate of carboxylation 595 

(Vcmax) and (d) maximum rate of electron transport (Jmax) of Siebold’s beech 596 

seedlings grown under ambient and elevated CO2 (500 μmol mol
-1

) conditions, 597 

before the removal of shading trees (2006 and 2007), next year after the removal 598 

of shading trees (2008) and after acclimation to open conditions (2011 and 2012). 599 

A T-test was performed in each year: * P < 0.05; ** P < 0.01; actual P values 600 

were shown when 0.05 < P < 0.1. 601 

602 
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 603 

 604 

Fig. 2 (a) Leaf mass per area (LMA), (b) mass-based nitrogen content (Nmass) and 605 

(c) area-based nitrogen content (Narea) in the leaves of Siebold’s beech seedlings 606 

grown under ambient and elevated CO2 (500 μmol mol
-1

) conditions, before the 607 

removal of shading trees (2006 and 2007), next year after the removal of shading 608 

trees (2008) and after acclimation to open conditions (2011 and 2012). A T-test 609 

was performed in each year: * P < 0.05; ** P < 0.01. 610 

  611 

612 
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 613 

 614 

Fig. 3 Maximum rate of electron transport (Jmax) as a function of maximum rate of 615 

carboxylation (Vcmax) of Siebold’s beech seedlings grown under ambient and 616 

elevated CO2 (500 μmol mol
-1

) conditions. Each data point indicates the mean 617 

value in each year. Regression line: y = 4.8 + 2.2x, R
2
 = 0.98

***
 for ambient CO2 618 

(solid line) and y = 16.3 + 1.9x, R
2
 = 0.98

*** 
for elevated CO2 (dashed line). There 619 

was no significant difference of the slope and intercept of regression lines 620 

between ambient and elevated CO2 treatments.  621 

622 
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 623 

 624 

Fig. 4 (a) Net photosynthetic rate at growth CO2 concentration (Agrowth), (b) 625 

maximum rate of carboxylation (Vcmax) and (c) maximum rate of electron transport 626 

(Jmax) as a function of area-based nitrogen content (Narea) in leaves of Siebold’s 627 

beech seedlings grown under ambient and elevated CO2 (500 μmol mol
-1

) 628 

conditions. Each data point indicates the mean value in each year. The solid lines 629 

indicate the regression lines for ambient CO2 conditions, and the dashed lines for 630 

elevated CO2 conditions. Regression equations: (a) y = -2.2 + 7.3x, R
2
 = 0.77 (P = 631 

0.052) for ambient CO2 and y = -2.1 + 9.5x, R
2
 = 0.82

*
 for elevated CO2, (b) y = 632 

-21.8 + 45.1x, R
2
 = 0.98

***
 for ambient CO2 and y = -16.8 + 43.4x, R

2
 = 0.97

**
 for 633 

elevated CO2 and (c) y = -44.2 + 98.8x, R
2
 = 0.98

***
 for ambient CO2 and y = 634 

-15.8 + 83.6x, R
2
 = 0.98

***
 for elevated CO2.  635 

There was no significant difference in the slope of regression lines between 636 

ambient and elevated CO2 for all relationships. When a common slope was 637 

applied to both regression lines, there was a significant difference in the intercept 638 

between ambient and elevated CO2 for (a), while no significant difference was 639 

found for (b) and (c).  640 

 641 


