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Abstract

Increased atmospheric CO2 concentration could mitigate the climate warming 

via enhanced forest productivity, which is substantially affected by nutrient 

availability, especially N, and its efficiency. Therefore, the changes of N 

concentration and its allocation in leaf under long term elevated CO2 [eCO2] 

exposure is important for future prediction. This study was conducted to 

investigate the changes of the photosynthetic characteristics and nitrogen 

allocation of Japanese red pine (Pinus densiflora), Korean ash (Fraxinus 

rhynchophylla) and Korean whitebeam (Sorbus alnifolia), which have been 

growing under three different CO2 concentrations (ambient [aCO2], ambient x 

1.4 [eCO21.4] and ambient x 1.8 [eCO21.8]) for nine years. There was no 

significant difference in growth of diameter among chambers in last two 

years, but the morphological characteristics such as leaf size and leaf mass 

per area were higher at eCO2 than aCO2. In case of photosynthetic 

characteristics, the maximum photosynthetic rate (Amax) was higher at eCO2 

than aCO2, especially in Korean ash. On the other hand, the maximum 

carboxylation rate (VCmax) and the maximum electron transfer rate (Jmax), 

decreased significantly at eCO21.8. Photosynthetic down-regulation was not 

caused by the decrease of leaf nitrogen per unit area (Narea), but it was rather 

caused by the changes in N allocation. The N allocation to Rubisco (NFRub) 

and cell wall (NFcw) did not change among chambers, while the nitrogen 

fraction to chlorophyll (NFchl) increased at eCO2 than aCO2. In addition, the 

changes of N allocation were species- and position-specific. The reduction of 

NFRub and the enhancement of NFchl were the most pronounced in Korean 

whitebeam. NFcw decreased significantly only in Korean ash. The decrease of 

NFRub in eCO2 was greater in upper canopy than in lower canopy, while the 

enhancement of NFchl was not different among canopy positions. The 

increment of NFchl increased PNUE and increased the amount of 

photosynthesis and maintained biomass production despite of photosynthetic 
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capacity reduction. Our result implied the effect of elevated CO2 could last 

longer even with the N limitation due to the enhancement of PNUE caused 

by change of N allocation.

keywords : photosynthesis, PNUE, nitrogen allocation, nitrogen limitation, 

climate change, elevated CO2

Student ID : 2017-21814
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1. Introduction

Elevated CO2 concentration increased the photosynthetic rate, the 

biomass of leaf and stem and reduced stomatal conductance (Veteli et 

al., 2002; Ainsworth & Long, 2004; Warren et al., 2011; Kirschbaum, 

2011). Net primary production (NPP) is also generally expected to 

increase due to elevated CO2 concentrations, and FACE studies have 

shown that the average of net primary production increased by 23% 

compared to presently exposed atmospheric CO2 (Nordy et al, 2005). 

However, despite the increase of CO2 concentration, there was no 

increase in net primary production when soil N availability was low 

(Terrer et al., 2018 ; Feng et al., 2015; Oren et al., 2001; Menge and 

Field, 2007) and the increase of biomass was not significant in nitrogen 

limited forests condition (Oren, et al. 2001). The reduction of 

productivity in previous study was directly caused by down-regulation 

of photosynthesis (Darbah, et al. 2010).

Plants that grown under elevated CO2 could not maintain initial CO2 

uptake due to growth acclimation (Reich et a.,l 2018), which was 

caused by reduced carboxylation capacity of Rubisco (Rogers et al., 

2001 ; Rogers & Humphries 2000) and the decrease in Rubisco content 

(Tingey et al., 2003; Sharwood et al., 2017; Gutiérrez et al., 2013). 

These results were caused by high CO2 and low soil N availability, 

which resulted in the reduction of leaf N (Norby et al., 2010; 

Sanz-Saez et al., 2010). Several land models have the potential to 

reduce the photosynthesis due to nitrogen limitation (Gerber et al., 

2010). The deficiency of nitrogen in the soil predicted a progressive 

nitrogen limitation (PNL) hypothesis in which nitrogen availability is 

reduced under elevated CO2 and declined in productivity (Luo et al., 

2004).
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Nitrogen as a limiting factor in plant growth, the efficient use of 

nitrogen is an essential element for plant growth survival. The 

photosynthetic capacity is affected by the leaf nitrogen concentration 

(Madhu & Hatfield, 2014), because 50% of the leaf nitrogen is 

distributed to the photosynthetic organs. Therefore, the photosynthetic 

capacity and nitrogen concentration have a strong correlation (Hikosaka 

& Shigeno, 2009). The maximum rate of Rubisco carboxylation (Vcmax), 

photosynthetic capacity, is the most crucial parameter for global forest 

productivity and climate change prediction (Rogers, 2014). The fraction 

of nitrogen invested in the maximum carboxylation rate is also used as 

evaluation factors of carbon model (Friend, 2010).

Rubisco, which is involved in the maximum carboxylation rate, is a 

major photosynthetic enzyme with an investment of 15 to 35% of 

nitrogen. Rubisco content is considered to be a limiting factor in the 

rate of light-saturation point in the present CO2 concentration (Parry et 

al., 2008). However, Rubisco is not always a limiting factor in 

photosynthesis, and it may be limited by the use of Pi for ATP 

synthesis or the transport capacity of CO2 in an environment with 

increased CO2 level (Farquhar et al., 1980; Sharkey, 1985). Previous 

studies have reported decreased activity of Rubisco protein because 

decreased leaf nitrogen under increased carbon dioxide (Choi et al., 

2017). 

The reduction of leaf N content caused decline of Vcmax and RuBP 

regeneration (the maximum electron transport rate, Jmax) ; photosynthetic 

down-regulation (Sage, 1994; Long et al., 2004; Ainsworth and Rogers, 

2007; Norby and Zak, 2011). The down-regulation of photosynthesis 

has the potential to efficiently uptake C by redistribution of nitrogen, 

and to increase photosynthetic nitrogen use efficiency (PNUE) in an 
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condition with elevated CO2 (Leakey et al., 2009; Zong & Shangguan, 

2014).   

A plant allocate nitrogen to enzymes and pigments involved in 

photosynthesis to absorb light and electron transport in photosystemⅠ

and Ⅱ and protein is used as enzyme in the Calvin cycle (Evans & 

Poorter, 2001). The characteristics of leaf nitrogen allocation vary 

depending on species and growth environment, and these variations 

affect the photosynthetic nitrogen use efficiency of plants (PNUE) (Feng 

et al., 2007). Therefore, the research at the molecular level as well as 

an ecological point of view is needed. 

However, only a few studies on the changes of leaf nitrogen 

allocation under the elevated CO2 environment have been reported ; 

black locust (Choi et al., 2017), Eucalyptus (Sharwood et al., 2017). 

This study investigated the correlation of increased PNUE by 

quantifying the changes of leaf nitrogen allocation under limited 

nitrogen environment when exposed to elevated CO2 using open top 

chamber (OTC) for nine years.

 The purposes of this study are 1) to investigate the morphological 

and the productivity changes of three native temperate species, Pinus 

densiflora, Fraxinus rhynchophylla and Sorbus alnifolia, grown under 

elevated CO2 concentration for nine years, 2) to examine the occurrence 

of photosynthetic acclimation under nitrogen limitation, 3) to examine 

the changes of nitrogen allocation within cell for different species and 

canopy positions and 4) to verify their effects on nitrogen use 

efficiency. 



- 4 -

2. Materials and Methods

2.1. Study site

The open top chamber (OTC) site is located at National Institute of 

Forest Science (37° 15' 04''N, 136° 57' 59''E) in Korea. The experiment 

OTC consists of 3 decagon chambers (diameter 10m by height 7m) 

with different atmospheric CO2 concentration (ambient [aCO2], ambient 

x 1.4 [eCO21.4] and ambient x 1.8 [eCO21.8]). The seedlings of three 

Korean temperate species, Japanese red pine (Pinus densiflora), Korean 

ash (Fraxinus rhynchophylla) and Korean whitebeam (Sorbus alnifolia), 

were planted in the chambers in September, 2009. In April 2009, prior 

to the plantation, the soil was excavated to 1m depth from the ground 

and replaced with forest soil in the same area to experiment under the 

same soil characteristics (Lee et al,. 2012). The CO2 concentration of 

the treatment was measured by the infrared gas analyzer (ZRH type, 

Fuji Electric System Co. Ltd, Japan), and the concentration of CO2 

inside was controlled by mixing pure liquefied carbon dioxide and 

atmospheric air. The CO2 enrichment was conducted throughout years 

from 8:00 am to 6:00 pm, when the plant’s transpiration occurred.  

2.2. Growth of diameter at root collar (DRC)

 The diameter at 5cm above the ground of each tree was measured 

every three to four weeks starting from April 20th to November 24th in 

2017 and similarly from March 28th to November 24th in 2018. The 

average diameter was calculated after two measurements in 

perpendicular directions using digital vernier calipers (CD-10CPX, 

Mitutoyo, Kawasaki, Japan). At the first measurement, the line was 

marked on the bark of the trees to measure the same points every 

time.
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2.3. Leaf gas exchange

Light response curve and A/Ci curve measurement were conducted 

on the same one sunlit from each trees (3 leaves per species × 3 

species in each treatment, total of 9 leaves per treatment) using 

portable open gas exchange system LI-6400 (LI-Cor, Inc., Lincoln, NE, 

USA). The measurement was taken in the morning between 08:00 and 

12:00 to avoid measurement under water stress. Leaf temperature and 

relative humidity were set at 25℃ and at 55~60%, respectively. Four 

measurement campaigns were accomplished during the growing season 

of 2017 and 2018. Light response curve was measured by changing the 

irradiance in the following order: 1400, 1200, 1000, 800, 600, 400, 

200, 100, 75, 50, 25, 0, 1200 μmolm-2s-1. Sample CO2 were set at 400, 

560 and 720 μmol m-2s-1 in aCO2, eCO21.4 and eCO21.8, respectively. 

Amax was estimated by selecting the photosynthesis value at light 

saturation point from light response curve (Taiz & Zeiger, 2010). The 

VCmax and Jmax were measured by plotting A/Ci curves under high 

irradiance (1200 μmol m-2 s-1). The change in the reference CO2 

concentration for each chamber was set differently, and the order is as 

follow. aCO2 ; 400, 300, 200, 100, 75, 50, 25, 0, 400, 400, 600, 800, 

1000, 1200 μmolm-2s-1 , eCO21.4; 560, 400, 300, 200, 100, 75, 50, 25, 

0, 560, 560, 800, 1000, 1200 μmolm-2s-1 , eCO21.8 ; 720, 600, 400, 

300, 200, 100, 75, 50, 25, 0, 720, 720, 100, 1200 μmolm-2s-1. The 

Vcmax and Jmax were estimated using the curve fitting model of version 

2.0 developed by Sharkey (2016). 

2.4. Leaf sizes, leaf mass per area and nitrogen contents

Five leaves from three canopy positions (upper, middle and lower) 

were collected from each tree for twice during 2017 and 2018. Total of 
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90 leaves per species in each treatment and total of 810 leaves were 

sampled for the analysis. The leaves were scanned and the leaf size 

was measured with ImageJ program. After the area measurement, the 

leaves were dried for 72 hours in 70℃ dry oven and their dry weights 

were measured using digital micro-scale (HS-F series, HANSUNG, 

0.001g/0.1g). Leaf mass per area (LMA, gm-2) was calculated by 

dividing leaf area with its dry mass. Dried samples were powdered 

using homogenizer (FastPrep-24, MP Biomedicals, Solon, OH) and then 

determined the total N and C with a CHNS-Analyzer Flash EA 1112 

(Thermo Electron Corporation, USA) at NICEM, Seoul National 

University.

2.5. N allocation in Rubisco, chlorophyll and cell wall 

Three to four leaves including photosynthesis measurement were 

collected from the same branch, and leaves were punched out to make 

about 10 discs of 1cm in diameter, excluding leaf midrib and stored in 

nitrogen liquid tank. Rubisco protein was extracted by following method 

of Hikosaka & Shigeno (2009). One disc (0.785cm2) stored at -80℃ 

was powdered using homogenizer (FastPrep-24, MP Biomedicals, Solon, 

OH) and samples were extracted in 1ml of 4℃ extraction buffer. 

Samples of Korean ash and Korean whitebeam was extracted by buffer 

included 80Mm Tris-HCl pH 7.4, samples of Japanese red pine was 

extracted by buffer included 80Mm Tris-HCl pH 8.0. 1%(w/v) 

Polyvinylpolypyrrolidone (PVPP), 1.5%(v/v) glycerol, 100mM β

-mercaptoethanol, 20kgm-3 Soduim Dodecyl Sulfate (SDS) were included 

in all extraction buffer. The samples were centrifuged at 15000 g for 

30 minutes at 4°C, denatured at 90°C for 5 minutes, and then analyzed 

by sodium dodecylsulfate-polyacrylamide gel electrophoresis SDS-PAGE. 

Rubisco nitrogen was assumed to be 16% of total Rubisco content 
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(Hikosaka & Terashima 1995). 

Chlorophyll was extracted with dimethylsulphoxide (DMSO) (Baren 

et al. 1992, Shinano et al 1996). Two discs were placed in a brown 

bottle containing 5 ml of DMSO and the sample was stored at 65℃ 

for 6 hours in a water bath. The samples were measured at two 

wavelengths of 649 nm and 665 nm using a spectrophotometer 

(wavelength range 190 – 1100 nm, spectral band pass width < 1nm, 

wavelength accuracy < ± 0.5 nm; Optizen 2120 UV, Mecasys, Korea), 

the total chlorophyll content was derived from the DMSO equation of 

Wellburn (1994).

Total chlorophyll content (μgml-1) = 21.44A649 + 5.97A665

Cell wall protein extraction was extracted according to Hikosaka and 

Shigeno (2009). The sample was extracted in same way with Rubisco 

before denatured 90℃. After centrifuged, the sample was washed by 

distilled water. And then to remove chlorophylls completely, the sample 

was washed three times (1hour-overnight-1hour) by PAW (phenol : 

acetic acid : water=2:1:1). The sample was further washed three times 

with ethanol and dried for 72hours at 70℃. The dry mass was 

analyzed by cell wall N concentration at NICEM, Seoul National 

University.

2.6. Data analysis

For growth of diameter at root collar, one-way ANOVA was used 

to test the significant difference of CO2 concentration (treatment). In 

photosynthetic characteristics, two-way ANOVA was used to test the 

significance of species and treatment. For leaf size, LMA, C:N ratio, 

Nmass, Narea, Nrub, Nchl, and Ncw, three-way ANOVA were used to test 

the significance of species, treatment and canopy. When significant 
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differences were found, Duncan post-hoc test was used for the 

comparison of chamber. All statistical analyzes were performed using 

the R statistical program (ver. 3.3.2 R Core Team, 2016).
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3. Results

3.1. Growth of diameter at root collar (DRC)

The diameter growth of two years was different among species (p = 

0.002), but there were no differences among treatments and years (p = 

0.672 and p = 0.071). The two years’ average diameter growth of 

Korean ash (13.89 ± 2.07 mm yr-1) and Japanese red pine (10.36±1.44 

mm yr-1) was higher than that of Korean whitebeam (5.84±0.65 mm 

yr-1). Even though, there were tendencies of higher growth at eCO2 

than aCO2 in 2017, but they were not significant (p = 0.110), these 

tendencies disappeared in 2018 (Table 1). 

Species Treatments 2017 2018

Japanese 
red pine

aCO2 10.8 ± 3.0a 8.7 ± 1.1a
eCO21.4 15.3 ± 3.1a 5.7 ± 2.0a
eCO21.8 16.3 ± 2.9a 4.3 ± 2.3a

Korean ash
aCO2 10.2 ± 3.2a 13.9 ± 10.6a

eCO21.4 16.3 ± 8.1a 9.5 ± 2.0a
eCO21.8 18.4 ± 6.1a 17.6 ± 5.1a

Korean 
whitbeam

aCO2 5.5 ± 0.5a 4.6 ± 1.7a
7.4 ± 2.9a 5.3 ± 0.7aeCO21.4 

eCO21.8 5.4 ± 2.4a 6.9 ± 1.0a

Table 1. The average of diameter at root collar (mm) per year from 
2017 to 2018.

Different letters show statistical significance among treatments at p < 
0.05 (one-way ANOVA followed by a Duncan post-hoc test).

3.2. Leaf size, LMA

In general, leaf size increased at eCO2 than aCO2, but the pattern of 

increase among species were different depending on their canopy 

positions (Figure 1a). In Japanese red pine, the average leaf size of 
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eCO21.4 (6.4±0.7 cm2) and eCO21.8 (9.2±0.9 cm2) increased compared 

to aCO2 (4.3±0.6 cm2) (p < 0.001). In addition, the enlargement of leaf 

size was greater in the upper canopy than the lower canopy. In the 

lower canopy, there was 32.6% (5.5±0.3 cm2) and 49.0% (7.3±1.2cm2) 

increase at eCO21.4 and eCO21.8 compared to aCO2, respectively. 

However, in the upper canopy, leaf size increased by 53.2% and 68.4% 

in order of eCO21.4 and eCO21.8. In contrast, leaf size of Korean ash 

and Korean whitebeam decreased with canopy height and the increment 

at eCO2 was also greater in the lower canopy. In Korean ash, the 

increment in the lower canopy reached 67.2% (97.9 ± 11.8cm-2), 

however the increment in the upper canopy was only 6.9%. In Korean 

whitebeam, leaf size increment occurred in the lower canopy by 51% at 

eCO21.4, but there was no difference in the upper canopy (p = 0.163).

Unlike leaf size, LMA increased with canopy height in all species 

(p < 0.001), however, the increment pattern was different among 

species (Figure 1b). In Japanese red pine, LMA increment increased 

with height. The increments were 14.4% and 19.5% at eCO2 in the 

middle (p = 0.03) and the upper (p = 0.009) compared to aCO2, but 

lower canopy had no difference among treatments. In other hand, 

Korean ash only showed enhancement in the middle canopy (p = 

0.004) and Korean whitebeam showed similar enhancement in all 

canopy positions (maximum p = 0.012). 
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Figure 1. The average of (a) leaf size and (b) leaf mass per area in each three canopy positions. Different letters 

show statistical significance among treatments [filled circle (ambient), open triangle (ambient×1.4) and filled triangle 

(ambient×1.8]. *,**,*** represent statistical differences at p < 0.05, p < 0.01 and p < 0.001 (three-way ANOVA 

followed by a Duncan post-hoc test), respectively. 
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3.3. Photosynthetic characteristics 

Overall, there was no effect of elevated CO2 on Amax (p = 0.110), 

however, the effects were different among species. Korean ash showed 

significant enhancement by 37.9% than aCO2 in eCO21.8 (p = 0.001, Figure 

2), but Amax of Japanese red pine and Korean whitebeam were not significant, 

even under elevated CO2 concentration. 

In contrast to Amax, VCmax reduction was observed at eCO21.8 (p < 0.001, 

Table 2). Japanese red pine had lower VCmax at eCO21.8 (32.0 ± 5.6μmol m-2 

s-1) compared to aCO2 (58.1 ± 7.1μmol m-2 s-1) and eCO21.4 (68.6 ± 12.3μ

mol m-2 s-1) (p = 0.021, Figure 3a). Korean ash and Korean whitebeam had 

lower tendencies of VCmax at eCO21.8 but they were not significant (p = 

0.282, Figure 3a). 

Similar to VCmax, Jmax of eCO2 was significantly lower compared to aCO2 

(Table 2). In case of Japanese red pine, Jmax was the lowest at eCO21.8 (p = 

0.002, Figure 3b). Jmax of Korean ash and Korean whitebeam were not 

statistically significant among treatments but it tended to be lower at eCO2 (p 

= 0.592, Figure 3b). Furthermore, there was differences in Jmax among species 

(p < 0.001, Table 2). Japanese red pine (91.0±4.4μmol m-2 s-1) was highest 

and it was followed by Korean ash (72.1±3.6μmol m-2 s-1) and Korean 

whitebeam (66.5±3.0μmol m-2 s-1) without differences between two species. 
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Table 2. Two-way ANOVA for photosynthesis parameters.

Term
Variable

Amax VCmax Jmax PNUE
Chamber 0.110 0.002 P<0.001 P<0.001 
Species 0.697 0.093 P<0.001 P<0.001 

Species×Chamber 0.048 0.126 0.124 0.039 

Figure 2. The average of light-saturated rates of photosynthesis ; Amax. Different letters show statistical significance among 

treatments [open columns (ambient), gray columns (ambient×1.4) and black columns (ambient×1.8)]. *,** represent 

statistical differences at p < 0.05 and p < 0.01 (three-way ANOVA followed by a Duncan post-hoc test), respectively. 
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Figure 3. The average of (a) the maximum carboxylation rate ; VCmax and (b) maximum electron transport rate ; Jmax. 

Different letters show statistical significance among treatments [open columns (ambient), gray columns (ambient×1.4) and 

black columns (ambient×1.8)]. *,** represent statistical differences at p < 0.05 and p < 0.01 (three-way ANOVA followed 

by a Duncan post-hoc test), respectively. 
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3.4. Total leaf N content and C:N ratio

Leaf N content per unit dry mass (Nmass) decreased under elevated CO2 in 

all species (p < 0.001, Table 3). Especially, in Japanese red pine and Korean 

ash, reduction of Nmass occurred by 17.7% and 20.6%, respectively, at 

eCO21.8 than aCO2 in the middle canopy (Table 4). Nmass also showed 

difference among species (p < 0.001, Table 3), in the order of Korean ash 

(1.43 ± 0.04 g g-1), Korean whitebeam (1.25 ± 0.03 g g-1) and Japanese red 

pine (0.95 ± 0.02 g g-1). 

Unlike Nmass, in case of total leaf N content per unit area (Narea), there 

was no significant difference among treatments but showed differences among 

canopy positions (Table 3). Even though there was no differences with the 

treatments, Narea of Korean ash significantly decreased by 20.9% at eCO21.4 

compared to aCO2 (p = 0.032). Among canopy positions, the lower canopy 

(1.53 ± 0.07g m-2) leaves tended to have less Narea in lower than other 

canopy; middle (1.47 ± 0.07g m-2) and the upper (1.53 ± 0.08g m-2) (Table 

3). In addition, the similar to Nmass there was difference among species in 

Narea (Table 3).

The C:N ratio increased with canopy height and CO2 treatment (p < 

0.001). Overall, the eCO21.4 (45.3 ± 1.6) and eCO21.8 (43.3 ± 1.5) had 

higher C:N ratio than aCO2 (38.2 ± 1.5) (p = 0.003), but there was 

difference among species; differences in Japanese red pine (p = 0.008) and 

Korean ash (p = 0.001) vs. no differences in Korean whitebeam (p = 0.050). 

The ratios at upper canopy (45.9 ± 1.8) was the highest (p = 0.038) and it 

was followed by the middle (41.0 ± 1.4) and the lower canopy (40.6 ± 1.5) 

without differences between them. There were differences among species as 

well, in the order of Japanese red pine (54.9 ± 1.1), Korea whitebeam (38.1 
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± 1.1) and Korean ash (33.8 ± 1.0) (p < 0.001, Table 3). 
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Table 3. Three-way ANOVA for leaf nitrogen parameters.

Term
Variable

Nmass Narea C:N ratio Rubisco 
content NFRub

chlorophyll 
content NFchl

cell wall 
content NFcw

Chamber p<0.001 0.24 p<0.001 p<0.001 0.016 0.011 p<0.001 p<0.001 0.823
Species p<0.001 p<0.001  p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 
Canopy 0.046 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 0.653 0.146

Species×Chamber 0.154 0.037 0.552 0.184 0.021 p<0.001 p<0.001 p<0.001 p<0.001 
Canopy×Chamber 0.940 0.291 0.048 0.184 0.317 0.050 0.579 0.447 0.388
Canopy×Species 0.018 0.037 0.869 p<0.001 0.008 p<0.001 p<0.001 p<0.001 0.367

Chamber×Species×Canopy 0.853 0.982 0.567 0.302 0.523 0.002 0.003 0.251 0.036
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Species Treatments
Nmass Narea

Upper Middle Lower Upper Middle Lower

Pinus densiflora
aCO2 0.99 ± 0.07a 1.09 ± 0.06a 1.04 ± 0.11a 2.07 ± 0.19a 2.03 ± 0.13a 2.03 ± 0.15a

eCO21.4 0.84 ± 0.04a 0.89 ± 0.03b 1.02 ± 0.10a 2.12 ± 0.17a 2.12 ± 0.23a 2.23 ± 0.15a

eCO21.8 0.85 ± 0.02a 0.89 ± 0.03b 0.96 ± 0.03a 2.16 ± 0.14a 1.98 ± 0.10a 1.77 ± 0.09a

Fraxinus 
rhynchophylla

aCO2 1.66 ± 0.13a 1.66 ± 0.09a 1.60 ± 0.13a 1.59 ± 0.20a 1.64 ± 0.16a 1.21 ± 0.12a

eCO21.4 1.26 ± 0.12a 1.28 ± 0.09b 1.33 ± 0.11a 1.30 ± 0.11a 1.23 ± 0.08a 0.97 ± 0.06a

eCO21.8 1.39 ± 0.13a 1.36 ± 0.12b 1.36 ± 0.16a 1.49 ± 0.15a 1.51 ± 0.13a 0.96 ± 0.05a

Sorbus alniflolia
aCO2 1.18 ± 0.09a 1.38 ± 0.07a 1.47 ± 0.10a 0.97 ± 0.08a 0.91 ± 0.05a 0.83 ± 0.04a

eCO21.4 0.99 ± 0.07a 1.26 ± 0.05a 1.17 ± 0.15a 1.01 ± 0.04a 0.94 ± 0.04a 0.75 ± 0.08a

eCO21.8 1.14 ± 0.09a 1.29 ± 0.06a 1.29 ± 0.07a 1.10 ± 0.13a 0.87 ± 0.08a 0.61 ± 0.08a

Table 4. The average of leaf N per unit dry mass (g g-1,%) and leaf N per unit area (g m-2) in each three canopy 
positions. 

Different letters show statistical significance among treatments at p < 0.05 (three-way ANOVA followed by a Duncan 

post-hoc test).
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3.5. Photosynthetic nitrogen use efficiency

Overall, there was enhancement in PNUE at eCO21.8 (171.0 ± μmol (mol 

N)-1 s-1) than aCO2 (123.8 ± μmol (mol N)-1 s-1) (Table 2). PNUE of Korean 

ash was higher by 42.7% at eCO2 (201.7 ± 12.7μmol (mol N)-1 s-1) 

compared to aCO2 (115.5 ± 9.8μmol (mol N)-1 s-1) (p < 0.001, Figure 4). In 

Japanese red pine and Korean whitebeam, PNUE tend to increase at eCO2 

but there were no significant (p=0.336, p=0.248). PNUE showed differences 

among species in order of Korean whitebeam (193.0 ± 11.4μmol (mol N)-1 

s-1), Korean ash (163.8 ± 9.2μmol (mol N)-1 s-1) and Japanese red pine (89.2 

± 6.9μmol (mol N)-1 s-1) (Table 2).

Figure 4. The average of photosynthetic nitrogen use efficiency (PNUE). 

Different letters show statistical significance among treatments [open columns 

(ambient), gray columns (ambient×1.4) and black columns (ambient×1.8)]. 

*,**,*** represent statistical differences at p < 0.05 , p < 0.01 and p < 

0.001 (three-way ANOVA followed by a Duncan post-hoc test), respectively. 
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3.6. Leaf N allocation

Nitrogen in Rubisco

Similar to leaf N, Rubisco content showed differences among species, 

treatment and canopy positions (Table 3). Rubisco content was highest in 

Korean ash (1.28±0.04g m-2) and followed by Korean whitebeam (1.08±0.04 

g m-2) and Japanese red pine (0.75±0.04 g m-2) (p < 0.001). For CO2 

treatment, Rubisco contents were lower at eCO21.8 (p < 0.001, Table 3) but 

showed different tendency among species. Only in Korean whitebeam, there 

was significant difference among treatments in Rubisco content (p = 0.002). 

In case of canopy positions, upper canopy leaves had more Rubisco content 

by 29.6% and 36.0% than the middle and the lower canopy, respectively (p 

< 0.001). Furthermore, reduction in Rubisco content was higher in the middle 

canopy (22.1%) at eCO21.8 compared to aCO2 (p = 0.028) and followed by 

the lower (19.4%) and the upper canopy (14.8%). Especially, Korean 

whitebeam showed pronounced reduction in Rubisco in middle canopy (p = 

0.002, Table 5), but Japanese red pine and Korean ash had similar tendencies 

without significance.

Like Rubisco content, fraction of Rubisco content showed the differences 

among species, treatments and canopy positions (Table 3). Fraction of 

Rubisco content was highest in Korean whitebeam (0.20±0.06) and followed 

by Korean ash (0.17±0.05) and Japanese red pine (0.06±0.03) (p < 0.001). 

The fraction of Rubisco nitrogen (NFRub) decreased at eCO21.8 (p < 0.001), 

especially in Korean whitebeam, the reduction was 15.7% at eCO21.8 (0.18 ± 

0.01) compared to aCO2 (0.22 ± 0.01) (p = 0.011). Rubisco fraction 

decreased with crown depth (p < 0.001). Furthermore, there was an 

interaction effect between species and canopy positions (p = 0.008). 

Therefore, in Korean whitebeam, upper and lower canopy of NFRub 

significantly decreased at eCO21.4 and eCO21.8 than ambient in Korean 
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whitebeam (maximum p = 0.027). However, there were no differences among 

treatments in Japanese red pine and Korean ash in all canopy (Figure 5a). 
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Table 5. The average of total Rubisco content per unit area (g m-2) and chlorophyll content per unit area (g m-2) in each 

three canopy positions. 

Species Treatments
Rubisco content chlorophyll content

Upper Middle Lower Upper Middle Lower

Pinus densiflora

aCO2 1.19 ± 0.12a 0.57 ± 0.07a 0.63 ± 0.08a 0.10 ± 0.01a 0.12 ± 0.01b 0.06 ± 0.00b

eCO21.4 1.41 ± 0.17a 0.53 ± 0.05a 0.63 ± 0.09a 0.09 ± 0.01ab 0.14 ± 0.01a 0.07 ± 0.00ab

eCO21.8 1.09 ± 0.06a 0.47 ± 0.04a 0.43 ± 0.06a 0.08 ± 0.01b 0.12 ± 0.00b 0.08 ± 0.01a

Fraxinus 

rhynchophylla

aCO2 2.06 ± 0.15a 1.48 ± 0.12a 1.06 ± 0.09a 0.22 ± 0.01ab 0.20 ± 0.01b 0.20 ± 0.00a

eCO21.4 1.59 ± 0.17a 1.21 ± 0.08a 1.17 ± 0.09a 0.19 ± 0.01b 0.19 ± 0.01b 0.17 ± 0.01b

eCO21.8 1.73 ± 0.12a 1.31 ± 0.10a 1.01 ± 0.06a 0.25 ± 0.02a 0.24 ± 0.02a 0.18 ± 0.00b

Sorbus alniflolia

aCO2 1.38 ± 0.09a 1.31 ± 0.11a 0.93 ± 0.05a 0.14 ± 0.00b 0.18 ± 0.00b 0.14 ± 0.01a

eCO21.4 1.12 ± 0.09a 1.09 ± 0.09ab 0.96 ± 0.09a 0.16 ± 0.01ab 0.18 ± 0.01b 0.14 ± 0.01a

eCO21.8 1.24 ± 0.13a 0.99 ± 0.09b 0.56 ± 0.09b 0.17 ± 0.01a 0.21 ± 0.01a 0.15 ± 0.01a

Different letters show statistical significance among treatments at p < 0.05 (three-way ANOVA followed by a Duncan 

post-hoc test).
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Figure 5. The average of (a) NFRub and (b) NFchl in each three canopy 

positions. Different letters show statistical significance among treatments [open 

columns (ambient), gray columns (ambient×1.4) and black columns 

(ambient×1.8)]. *,**,*** represent statistical differences at p < 0.05 , p < 

0.01 and p < 0.001 (three-way ANOVA followed by a Duncan post-hoc test), 

respectively. 
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Nitrogen in Chlorophyll

Similar to Rubisco, chlorophyll content and its fraction were significantly 

different among species, treatment and canopy positions (Table 3). Korean ash 

(0.20 ± 0.00 g m-2) had the highest chlorophyll content followed by Korean 

whitebeam (0.17 ± 0.00 g m-2) and Japanese red pine (0.10± 0.00 g m-2) (p 

< 0.001). However, unlike Rubisco, which showed reduction in content and 

fraction, chlorophyll content increased at eCO21.8 in all species (maximum p 

= 0.008). Within canopy, chlorophyll content decreased with depth (p < 

0.001). In addition, there were several interaction effects (Table 3). In 

Japanese red pine, chlorophyll content increased by 24.4% and 13.3% under 

eCO2 respectively than aCO2 in middle canopy and lower canopy (maximum p 

= 0.04). In upper canopy, chlorophyll content was highest at aCO2 but it 

was not statistically significant (p = 0.057). Chlorophyll content of Korean 

ash in middle and upper canopy also increased at eCO21.8, similar to 

Japanese red pine (maximum p = 0.031 and Table 5). In contrast, chlorophyll 

content enhanced by 11.3% at aCO2 compared to eCO2 in lower canopy (p < 

0.001, Table 5). In case of Korean whitebeam, increase of chlorophyll content 

showed in all canopy, but there was no significant difference in lower 

canopy. In middle and upper canopy, chlorophyll content increased by 12.5% 

and 18.1% at eCO21.8 than aCO2, respectively (maximum p = 0.042) (Table 

5). 

The increase of chlorophyll content resulted in the increase of NFchl (p < 

0.001, Table 3) and showed similar tendency in species and canopy. In the 

middle and lower canopy, enhancement of NFchl was observed by 16.2% and 

16.0% but in the upper canopy was only 6.5%. In Japanase red pine 

increased showed increment by 28.9% and 15.0% at eCO2 compared to aCO2 

in lower and middle canopy, respecticely. (p = 0.030). On the other hand, 

NFchl was improved by 31.6% at aCO2 (0.52±0.05) than eCO21.8 (0.35±0.03) 

in upper canopy (p = 0.042). Korean ash showed increment of NFchl at 
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eCO21.8 compared to aCO2, but there was significant difference among 

treatments only in middle canopy (p = 0.049). Korean whitebeam also tended 

to be higher by 13.4% and 33.3% at eCO21.8 than aCO2 in middle canopy 

(p < 0.001) and lower canopy (p = 0.006, Figure 5b). 
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Nitrogen in Cell wall 

Cell wall nitrogen content decreased by 33.4% under eCO2 compared to 

aCO2 especially in Korean ash (p < 0.001). Cell wall nitrogen content of 

Korean ash at eCO21.8 was lower by 36.1%, 39.6% and 57.8% than aCO2 in 

the lower, middle and upper canopy, respectively (maximum p = 0.023 and 

Table 6). In Japanese red pine and Korean whitebeam, the average of cell 

wall nitrogen content tended to be higher at eCO2 but were not significant. 

There was significant difference among species ; Korean ash (0.56±0.98 g 

m-2), Korean whitebeam (0.44±0.72 g m-2) and Japanese red pine (0.25±0.01 

g m-2)

Decrease of cell wall nitrogen fraction (NFcw) also occurred at eCO2 (0.48

±0.35) than aCO2 (0.62±0.24) like cell wall nitrogen content in Korean ash 

(p <0.001) In all canopy, NFcw of Korean ash tended to be lower at eCO21.8

, but there were no difference among treatments in all canopy (Table 6). 

Japanese red pine in middle canopy decreased in NFcw at eCO21.8. In Korean 

whitebeam, NFcw tended to be higher at eCO21.8 at all canopy, but there was 

no difference.
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Table 6. The average of cell wall nitrogen content (g m-2), cell wall nitrogen fraction per canopy position. 

Species Treatments
Cell wall nitrogen content Cell wall nitrogen fraction (NFcw) 

Upper Middle Lower Upper Middle Lower

Pinus densiflora

aCO2 0.63 ± 0.07a 0.62 ± 0.12a 0.99a ± 0.09a 0.32 ± 0.04a 0.25 ± 0.04a 0.50 ± 0.06a

eCO21.4 0.75 ± 0.06a 0.88 ± 0.15a 0.79a ± 0.04a 0.36 ± 0.01a 0.43 ± 0.05a 0.39 ± 0.05a

eCO21.8 0.71 ± 0.03a 0.96 ± 0.21a 0.74a ± 0.07a 0.33 ± 0.02a 0.40 ± 0.03b 0.38 ± 0.05a

Fraxinus 
rhynchophylla

aCO2 1.35 ± 0.11a 0.94 ± 0.13a 0.79 ± 0.09a 0.64 ± 0.04a 0.58 ± 0.05a 0.65 ± 0.03a

eCO21.4 0.67 ± 0.19b 0.59 ± 0.05b 0.53 ± 0.04b 0.45 ± 0.07a 0.49 ± 0.06a 0.55 ± 0.03a

eCO21.8 0.57 ± 0.05b 0.57 ± 0.09b 0.50 ± 0.08b 0.41 ± 0.05a 0.39 ± 0.04a 0.50 ± 0.07a

Sorbus alniflolia
aCO2 0.52 ± 0.09a 0.40 ± 0.05a 0.33 ± 0.05a 0.55 ± 0.10a 0.43 ± 0.04a 0.40 ± 0.05a

eCO21.4 0.56 ± 0.04a 0.44 ± 0.05a 0.37 ± 0.08a 0.53 ± 0.02a 0.48 ± 0.06a 0.46 ± 0.06a

eCO21.8 0.59 ± 0.07a 0.51 ± 0.07a 0.32 ± 0.05a 0.55 ± 0.04a 0.53 ± 0.05a 0.53 ± 0.05a

Different letters show statistical significance among treatments at p < 0.05 (three-way ANOVA followed by a Duncan 

post-hoc test).
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4. Discussion

4.1. Changes in leaf morphological characteristics and relationship with nitrogen 

concentration under elevated CO2

Increasing leaf size (Ainsworth & Long 2005), LMA (Poorter et al., 2009) cell size 

(Riikonen, Percy et al. 2010) under elevated CO2 have been reported. In this study, leaf 

size increased under elevated CO2 in all species but reacted differently depending on the 

CO2 concentration. Korean ash and Japanese red pine showed the highest leaf size at 

eCO21.8, but leaf size in Korean whitebeam, increased at eCO21.4 (Figure 1). The CO2 

effect not only caused these morphological changes but also chemical changes such as 

reduction of leaf nitrogen per unit mass (Nmass) (Yin, 2002; Kovenock & Swann, 2018). 

Nmass at elevated CO2 decreased significantly in all species while C:N ratio increased. 

These results are in agreement with increasing LMA represented by the carbon cost of 

constructing the leaf structure. In previous studies, the decrease of Nmass was related leaf 

thickness and density (Tricker, Calfapietra et al. 2004) and accumulation of nonstructural 

carbohydrates such as starch and soluble sugar concentration was reported to be 

associated with photosynthesis acclimation (Nowak et al., 2004 ; Ibrahim et al., 2010).

4.2. Changes of photosynthetic characteristics and nitrogen allocation characteristics 

under elevated CO2

Most plants are unable to maintain their initial growth due to acclimation in an 

environment with increasing CO2 (Sage 1994 ; Reich, 2018) and this results is attributed 

to photosynthetic acclimation; a reduction in the carboxylation of Rubisco (Ainsworth & 

Rogers 2007 ; Rogers & Humphries 2000). In a WTC experiment with Eucalyptus 

globulus, Rubisco content was reduced by 16% and 51%, respectively, in the upper and 

lower canopy under elevated CO2 (Sharwood, Crous et al. 2017). In this study, Rubisco 

content was significantly decreased by 16.5% at eCO21.8 compared to aCO2, but the 

degree of response to the CO2 concentration was different depending on canopy position 

by species. Overall, in the middle canopy, Rubisco content decreased significantly. In 

case of the upper canopy and the lower canopy, Rubisco content decreased by 14.8% 

and 19.3% at eCO21.8, respectively, compared to aCO2 but was not significant. Rubisco 

content of Korean whitebeam decreased significantly with increasing CO2 concentration, 

and NFRub also showed a tendency to decrease. Results of in vivo experiment 
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(maximum carboxylation Rubisco capacity; Vcmax and maximum rate of electron transport 

; Jmax) also observed photosynthetic acclimation. The Vcmax was decreased significantly at 

eCO21.8 and Jmax also showed similar tendency. These are associated with decreased leaf 

N that is largely invested in photosynthetic organs under elevated CO2 (Hikosaka & 

Shigeno, 2009), resulting in a decreased Vcmax and Jmax (reviewed in Long et al., 2004; 

Nowak et al., 2004; Ainsworth & Rogers, 2007). The Nmass decreased with increasing 

CO2 concentration in all species in OTC, but leaf nitrogen per unit area (Narea) was no 

significant result among treatments. The Narea of Korean ash only significantly decreased 

at eCO21.8. Despite the increase in LMA under elevated CO2, which resulted increment 

thickness, the fact that there was no difference in Narea can be judged that the 

concentration of leaf nitrogen content per unit area actually decreased. 

In this study, Rubisco content was decreased as decreasing Nmass at eCO21.4 and 1.8 

, but chlorophyll content was increased significantly under elevated CO2. chlorophyll 

content at eCO2 showed higher chlorophyll content of Korean ash and Korean 

whitebeam than aCO2. Chlorophyll nitrogen fraction (NFchl) was also increased at two 

elevated CO2 chamber, especially at eCO21.8. In previous studies, Leaf chlorophyll 

content declined under elevated CO2 (Mu et al., 2016), and in contrast, NFchl in Robinia 

pseudoacacia L increased by 22% for 4 years in FACE experiment. This result is that 

more nitrogen is invested in light harvesting than Rubisco which fixes carbon to 

maintain the similar photosynthetic rate even at low Rubisco content under high 

concentration of CO2 (Choi, Watanabe et al. 2017).  

4.3. Changes in nitrogen allocation characteristics under elevated CO2 and canopy 

position

Allocated nitrogen in Rubisco was significantly increased in upper canopy relative to 

middle and lower canopy and chlorophyll nitrogen fraction decreased with increasing 

canopy height. This result is consistent with previous studies (Weerasinghe, 2014 ; 

Ellsworth, 2012; Seneweera et al., 2011). Compared among chambers, NFrub was 

decreased at eCO21.8 in upper canopy than other canopy. This is consistent with in 

previous studies that the lower canopy showed weaker responses with elevated CO2 

(Sharwood et al., 2017). This result appears to be due to the assumption that the 

canopy difference in the light environment can affect the response to CO2 (Kubiske et 

al., 2002)
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4.4. Correlation between increase of PNUE and changes in nitrogen allocation 

characteristics under elevated CO2

PNUE is defined as net amount of CO2 assimilated per unit of leaf N. C3 plants 

were expected to reduce leaf N to maximize carbon uptake efficiency and FACE 

experiments showed improved PNUE under high concentrations of CO2 (Leakey, 

Ainsworth et al., 2009). On the other hand, PNUE was lower than aCO2, but 

statistically not significant (Choi, Watanabe et al., 2017). In this study, PNUE increased 

with elevated CO2. In particular, Korean ash significantly increased at eCO21.8 (Figure 

4). Previous studies have shown that PNUE is positively correlated with NFrub but not 

significant (Hikosaka & Shigeno 2009) and LMA, leaf life span, and cell wall nitrogen 

are negatively correlated with PNUE (Onoda, Hikosaka et al. 2004). In contrast, It was 

also reported that the increase in LMA resulted in a decrease in PNUE, but this was 

not related to cell wall nitrogen fraction. But not with cell wall , was also reported 

(Harrison, Edwards et al. 2009). 

In OTC experiment, LMA and PNUE had the similar negative correlation with the 

previous studies, and the strongest correlation was found at eCO21.8 and aCO2 (Figure 

8a). LMA at eCO21.4 were statistically significant but relatively weak correlations. In 

case of NFcw, there was a weak linear relationship between NFcw and PNUE at 

eCO21.8, aCO2 and 1.4 were not statistically significant (Figure 6b). NFcw was important 

nitrogen sink but not directly affected PNUE (Hikosaka & Shigeno 2009). As a result 

of photosynthesis nitrogen analysis, NFrub and NFchl showed a significant correlation with 

PNUE in all chamber (Figure 7). NFrub showed the strongest correlation with PNUE at 

eCO21.8, and PNUE increased as the fraction of Rubisco nitrogen increased (Figure 7a). 

NFchl showed the strongest linear relationship at aCO2, and there was a strong 

correlation between PNUE and NFchl (Figure 7b). Therefore, the increase of PNUE is 

considered to be due to the increase of NFchl. 
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Figure 6. Leaf mass per area and cell wall nitrogen fraction (NFcw) changes on PNUE 

at aCO2 (unfilled circle), eCO21.4 (crossed circle) and eCO21.8 (filled circle). (a) LMA, 

(b) cell wall nitrogen fraction. Trend lines represent LMA and NFcw-PNUE linear 

relationships (aCO2 ; solid line (a) R2=0.32 p < 0.001, eCO21.4 ; long-dashed line (a) 

R2=0.32 p < 0.001, Ch1.8 ; dotted line (a) R2=0.64 p < 0.001 (b) R2=0.16 p = 0.027).

Figure 7. (a) Rubisco nitrogen fraction (NFRub) and (b) chlorophyll nitrogen fraction 

(NFchl.) changes on PNUE at aCO2 (unfilled circle), eCO21.4 (crossed circle) and 

eCO21.8 (filled circle). Trend lines represent Rubisco nitrogen fraction and 

chlorophyll-PNUE linear relationships (aCO2 ; solid line (a) R2=0.49 p < 0.001, (b) 

R2=0.79 P<0.001 eCO21.4 ; long-dashed line (a) R2=0.17 p = 0.017, (b) R2=0.46 p = 

0.01 and eCO21.8 ; dotted line (a) R2=0.52 p < 0.001 (b) R2=0.42 p < 0.001).
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4.5. Progressive nitrogen limitation and sustainability of forest productivity through 

nitrogen allocation characteristics

In FACE experiments of exposure to CO2 enrichment for a long term, sweetgum 

decreased leaf nitrogen concentration due to the decrease of soil inorganic nitrogen 

(Dijkstra et al., 2010), and enhancement of NPP decreased from 24% to 9%. In 

addition to decrease in soil N availability, these results suggest a progressive nitrogen 

limitation (PNL) hypothesis (Norby, Warren et al., 2010). However, the Duke FACE 

experiment with loblolly pine did not show a decrease in productivity from 1996 to 

2004 (McCarthy, Oren et al. 2010; Zak et al., 2011) and nitrogen redistribution may 

improve productivity under high CO2 (Kant et al., 2012) which makes it difficult to 

predict forest productivity in the future climate environment. In this study, there was no 

significant difference in diameter among chamber in the last 2 years (Table 1). 

Total Rubisco content decreased under high concentration of carbon dioxide due to 

decrease of leaf Nmass, Vcmax and Jmax decreased. Although leaf Nmass decreased under 

elevated CO2 condition, total chlorophyll content and NFchl was higher at eCO21.8 

compared to aCO2. NFchl showed a strong positive correlation with PNUE at all 

chambers, and PNUE increased under elevated due to increased NFchl. Thus, productivity 

is likely to be increased or maintained at a limited amount of nitrogen by increased 

PNUE. It is considered only nitrogen so we need to conduct additional experiments over 

a long period of time.
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5. Conclusion

After nine years of CO2 enrichment, symptoms of nitrogen limitation were rampant 

in the study site. For examples, there were reductions in VCmax and Jmax, and these 

reductions were attributable to the reduction of leaf N. In addition, there were 

substantial changes in morphological such as increase of leaf size and thickness. On the 

other hand, despite the decrease of leaf nitrogen, the amount of nitrogen invested in 

light harvesting chlorophyll increased under elevated CO2 and it showed a strong 

correlation with PNUE. Therefore, the increase of leaf biomass is considered to be due 

to the increase of PNUE due to increased chlorophyll.

In conclusion, plants are supposed to supplement the amount of nitrogen that is 

reduced by effective use of light under the future climate, which is likely to result in 

an increase or maintenance of productivity. However, this is what happens in the 

process of reducing nitrogen, and further research is needed for longer-term changes.



- 34 -

References

Ainsworth, E.A., Long, S.P., 2005. What have we learned from 15 years of free-air 

CO2 enrichment (FACE)? A meta-analytic review of the responses of 

photosynthesis, canopy properties and plant production to rising CO2. New 

Phytol. 165, 351-372.

Ainsworth, E.A., Rogers, A., 2007. The response of photosynthesis and stomatal 

conductance to rising [CO2]: mechanisms and environmental interactions. Plant, 

cell & environment 30, 258-270.

Barnes, J., Balaguer, L., Manrique, E., Elvira, S., Davison, A., 1992. A reappraisal of 

the use of DMSO for the extraction and determination of chlorophylls a and b 

in lichens and higher plants. Environmental and Experimental botany 32, 85-100.

Choi, D., Watanabe, Y., Guy, R.D., Sugai, T., Toda, H., Koike, T., 2017. 

Photosynthetic characteristics and nitrogen allocation in the black locust (Robinia 

pseudoacacia L.) grown in a FACE system. Acta Physiol. Plant. 39.

Darbah, J.N., Sharkey, T.D., Calfapietra, C., Karnosky, D.F., 2010. Differential response 

of aspen and birch trees to heat stress under elevated carbon dioxide. 

Environmental pollution 158, 1008-1014.

Dijkstra, F.A., Blumenthal, D., Morgan, J.A., Pendall, E., Carrillo, Y., Follett, R.F., 

2010. Contrasting effects of elevated CO2 and warming on nitrogen cycling in a 

semiarid grassland. New Phytol. 187, 426-437.

Ellsworth, D., Reich, P., 1993. Canopy structure and vertical patterns of photosynthesis 

and related leaf traits in a deciduous forest. Oecologia 96, 169-178.

Ellsworth, D.S., Thomas, R., Crous, K.Y., Palmroth, S., Ward, E., Maier, C., DeLucia, 

E., Oren, R., 2012. Elevated CO2 affects photosynthetic responses in canopy pine 

and subcanopy deciduous trees over 10 years: a synthesis from Duke FACE. 

Glob. Change Biol. 18, 223-242.

Evans, J.R., Poorter, H., 2001. Photosynthetic acclimation of plants to growth irradiance: 

the relative importance of specific leaf area and nitrogen partitioning in 

maximizing carbon gain. Plant Cell and Environment 24, 755-767.

Farquhar, G.v., von Caemmerer, S.v., Berry, J., 1980. A biochemical model of 

photosynthetic CO2 assimilation in leaves of C3 species. Planta 149, 78-90.

Feng, Y.-L., Auge, H., Ebeling, S.K., 2007. Invasive Buddleja davidii allocates more 

nitrogen to its photosynthetic machinery than five native woody species. 

Oecologia 153, 501-510.



- 35 -

Feng, Z., Rutting, T., Pleijel, H., Wallin, G., Reich, P.B., Kammann, C.I., Newton, P.C., 

Kobayashi, K., Luo, Y., Uddling, J., 2015. Constraints to nitrogen acquisition of 

terrestrial plants under elevated CO2. Glob Chang Biol 21, 3152-3168.

Friend, A.D., 2010. Terrestrial plant production and climate change. Journal of 

experimental botany 61, 1293-1309.

Gerber, S., Hedin, L.O., Oppenheimer, M., Pacala, S.W., Shevliakova, E., 2010. 

Nitrogen cycling and feedbacks in a global dynamic land model. Global 

Biogeochemical Cycles 24.

Gutiérrez, D., Morcuende, R., Del Pozo, A., Martínez-Carrasco, R., Pérez, P., 2013. 

Involvement of nitrogen and cytokinins in photosynthetic acclimation to elevated 

CO2 of spring wheat. Journal of plant physiology 170, 1337-1343.

Harrison, M.T., Edwards, E.J., Farquhar, G.D., Nicotra, A.B., Evans, J.R., 2009. 

Nitrogen in cell walls of sclerophyllous leaves accounts for little of the variation 

in photosynthetic nitrogen-use efficiency. Plant Cell and Environment 32, 

259-270.

Hikosaka, K., Shigeno, A., 2009. The role of Rubisco and cell walls in the interspecific 

variation in photosynthetic capacity. Oecologia 160, 443-451.

Hikosaka, K., Terashima, I., 1995. A model of the acclimation of photosynthesis in the 

leaves of C3 plants to sun and shade with respect to nitrogen use. Plant, Cell & 

Environment 18, 605-618.

Ibrahim, M.H., Jaafar, H.Z., Rahmat, A., Rahman, Z.A., 2010. The relationship between 

phenolics and flavonoids production with total non structural carbohydrate and 

photosynthetic rate in Labisia pumila Benth. under high CO2 and nitrogen 

fertilization. Molecules 16, 162-174.

Kant, S., Seneweera, S., Rodin, J., Materne, M., Burch, D., Rothstein, S.J., Spangenberg, 

G., 2012. Improving yield potential in crops under elevated CO2: integrating the 

photosynthetic and nitrogen utilization efficiencies. Frontiers in Plant Science 3, 

162.

Kirschbaum, M.U., 2011. Does enhanced photosynthesis enhance growth? Lessons 

learned from CO2 enrichment studies. Plant physiology 155, 117-124.

Kovenock, M., Swann, A.L., 2018. Leaf trait acclimation amplifies simulated climate 

warming in response to elevated carbon dioxide. Global Biogeochemical Cycles.

Kubiske, M.E., Zak, D.R., Pregitzer, K.S., Takeuchi, Y., 2002. Photosynthetic 

acclimation of overstory Populus tremuloides and understory Acer saccharum to 

elevated atmospheric CO2 concentration: interactions with shade and soil nitrogen. 



- 36 -

Tree Physiol. 22, 321-329.

Leakey, A.D., Ainsworth, E.A., Bernacchi, C.J., Rogers, A., Long, S.P., Ort, D.R., 2009. 

Elevated CO2 effects on plant carbon, nitrogen, and water relations: six 

important lessons from FACE. Journal of experimental botany 60, 2859-2876.

Long, S.P., Ainsworth, E.A., Rogers, A., Ort, D.R., 2004. Rising atmospheric carbon 

dioxide: Plants face the future. Annual Review of Plant Biology 55, 591-628.

Luo, Y., Su, B., Currie, W.S., Dukes, J.S., Finzi, A.C., Hartwig, U., Hungate, B., 

McMurtrie, R.E., Oren, R., Parton, W.J., Pataki, D.E., Shaw, M.R., Zak, D.R., 

Field, C.B., 2004. Progressive nitrogen limitation of ecosystem responses to 

rising atmospheric carbon dioxide. Bioscience 54, 731-739.

Madhu, M., Hatfield, J.L., 2014. Interaction of carbon dioxide enrichment and soil 

moisture on photosynthesis, transpiration, and water use efficiency of soybean. 

Agricultural Sciences 5, 410.

McCarthy, H.R., Oren, R., Johnsen, K.H., Gallet-Budynek, A., Pritchard, S.G., Cook, 

C.W., LaDeau, S.L., Jackson, R.B., Finzi, A.C., 2010. Re-assessment of plant 

carbon dynamics at the Duke free-air CO2 enrichment site: interactions of 

atmospheric [CO2] with nitrogen and water availability over stand development. 

New Phytol. 185, 514-528.

Menge, D.N., Field, C.B., 2007. Simulated global changes alter phosphorus demand in 

annual grassland. Glob. Change Biol. 13, 2582-2591.

Mu, X.H., Chen, Q.W., Chen, F.J., Lixing, Y.X., Mi, G.H., 2016. Within-Leaf Nitrogen 

Allocation in Adaptation to Low Nitrogen Supply in Maize during Grain-Filling 

Stage. Frontiers in Plant Science 7.

Norby, R.J., DeLucia, E.H., Gielen, B., Calfapietra, C., Giardina, C.P., King, J.S., 

Ledford, J., McCarthy, H.R., Moore, D.J.P., Ceulemans, R., De Angelis, P., 

Finzi, A.C., Karnosky, D.F., Kubiske, M.E., Lukac, M., Pregitzer, K.S., 

Scarascia-Mugnozza, G.E., Schlesinger, W.H., Oren, R., 2005. Forest response to 

elevated CO2 is conserved across a broad range of productivity. Proceedings of 

the National Academy of Sciences of the United States of America 102, 

18052-18056.

Norby, R.J., Warren, J.M., Iversen, C.M., Medlyn, B.E., McMurtrie, R.E., 2010. CO2 

enhancement of forest productivity constrained by limited nitrogen availability. 

Proceedings of the National Academy of Sciences 107, 19368-19373.

Norby, R.J., Zak, D.R., 2011. Ecological lessons from free-air CO2 enrichment (FACE) 

experiments. Annual review of ecology, evolution, and systematics 42, 181-203.



- 37 -

Nowak, R.S., Ellsworth, D.S., Smith, S.D., 2004. Functional responses of plants to 

elevated atmospheric CO2–do photosynthetic and productivity data from FACE 

experiments support early predictions? New Phytol. 162, 253-280.

Onoda, Y., Hikosaka, K., Hirose, T., 2004. Allocation of nitrogen to cell walls 

decreases photosynthetic nitrogen-use efficiency. Functional Ecology 18, 419-425.

Oren, R., Ellsworth, D.S., Johnsen, K.H., Phillips, N., Ewers, B.E., Maier, C., Schäfer, 

K.V., McCarthy, H., Hendrey, G., McNulty, S.G., 2001. Soil fertility limits 

carbon sequestration by forest ecosystems in a CO2-enriched atmosphere. Nature 

411, 469.

Parry, M.A., Keys, A.J., Madgwick, P.J., Carmo-Silva, A.E., Andralojc, P.J., 2008. 

Rubisco regulation: a role for inhibitors. Journal of experimental botany 59, 

1569-1580.

Poorter, H., Niinemets, U., Poorter, L., Wright, I.J., Villar, R., 2009. Causes and 

consequences of variation in leaf mass per area (LMA): a meta-analysis. New 

Phytol. 182, 565-588.

Reich, P.B., Hobbie, S.E., Lee, T.D., Pastore, M.A., 2018. Unexpected reversal of C3 

versus C4 grass response to elevated CO2 during a 20-year field experiment. 

Science 360, 317-320.

Riikonen, J., Percy, K.E., Kivimäenpää, M., Kubiske, M.E., Nelson, N.D., Vapaavuori, 

E., Karnosky, D.F., 2010. Leaf size and surface characteristics of Betula 

papyrifera exposed to elevated CO2 and O3. Environmental Pollution 158, 

1029-1035.

Rogers, A., 2014. The use and misuse of Vc, max in Earth System Models. 

Photosynthesis Research 119, 15-29.

Rogers, A., Ellsworth, D.S., 2002. Photosynthetic acclimation of Pinus taeda (loblolly 

pine) to long-term growth in elevated pCO(2) (FACE). Plant Cell and 

Environment 25, 851-858.

Rogers, A., Ellsworth, D.S., Humphries, S.W., 2001. Possible explanation of the 

disparity between the in vitro and in vivo measurements of Rubisco activity: a 

study in loblolly pine grown in elevated p CO2. Journal of Experimental Botany 

52, 1555-1561.

Rogers, A., Humphries, S.W., 2000. A mechanistic evaluation of photosynthetic 

acclimation at elevated CO2. Glob. Change Biol. 6, 1005-1011.

Sage, R.F., 1994. Acclimation of photosynthesis to increasing atmospheric CO2: the gas 

exchange perspective. Photosynthesis research 39, 351-368.



- 38 -

Sanz-Sáez, Á., Erice, G., Aranjuelo, I., Nogués, S., Irigoyen, J.J., Sánchez-Díaz, M., 

2010. Photosynthetic down-regulation under elevated CO2 exposure can be 

prevented by nitrogen supply in nodulated alfalfa. Journal of Plant Physiology 

167, 1558-1565.

Seneweera, S., Makino, A., Hirotsu, N., Norton, R., Suzuki, Y., 2011. New insight into 

photosynthetic acclimation to elevated CO2: The role of leaf nitrogen and 

ribulose-1, 5-bisphosphate carboxylase/oxygenase content in rice leaves. 

Environmental and Experimental Botany 71, 128-136.

Sharkey, T.D., 1985. Photosynthesis in intact leaves of C3 plants: physics, physiology 

and rate limitations. The Botanical Review 51, 53-105.

Sharwood, R.E., Crous, K.Y., Whitney, S.M., Ellsworth, D.S., Ghannoum, O., 2017. 

Linking photosynthesis and leaf N allocation under future elevated CO2 and 

climate warming in Eucalyptus globulus. Journal of Experimental Botany 68, 

1157-1167.

Shinano, T., Lei, T., Kawamukai, T., Inoue, M., Koike, T., Tadano, T., 1996. 

Dimethylsulfoxide method for the extraction of chlorophylls a and b from the 

leaves of wheat, field bean, dwarf bamboo, and oak. Photosynthetica 32, 

409-415.

Showalter, A.M., 1993. Structure and function of plant cell wall proteins. The Plant Cell 

5, 9.

Ste-Marie, C., Paré, D., 1999. Soil, pH and N availability effects on net nitrification in 

the forest floors of a range of boreal forest stands. Soil Biology and 

Biochemistry 31, 1579-1589.

Terrer, C., Vicca, S., Stocker, B.D., Hungate, B.A., Phillips, R.P., Reich, P.B., Finzi, 

A.C., Prentice, I.C., 2018. Ecosystem responses to elevated CO2 governed by 

plant–soil interactions and the cost of nitrogen acquisition. New Phytol. 217, 

507-522.

Tricker, P.J., Calfapietra, C., Kuzminsky, E., Puleggi, R., Ferris, R., Nathoo, M., 

Pleasants, L.J., Alston, V., De Angelis, P., Taylor, G., 2004. Long-term 

acclimation of leaf production, development, longevity and quality following 3 yr 

exposure to free-air CO2 enrichment during canopy closure in Populus. New 

Phytol. 162, 413-426.

Veteli, T., Kuokkanen, K., Julkunen-Tiitto, R., Roininen, H., Tahvanainen, J., 2002. 

Effects of elevated CO2 and temperature on plant growth and herbivore defensive 

chemistry. Glob. Change Biol. 8, 1240-1252.



- 39 -

Warren, J.M., Pötzelsberger, E., Wullschleger, S.D., Thornton, P.E., Hasenauer, H., 

Norby, R.J., 2011. Ecohydrologic impact of reduced stomatal conductance in 

forests exposed to elevated CO2. Ecohydrology 4, 196-210.

Weerasinghe, L.K., Creek, D., Crous, K.Y., Xiang, S., Liddell, M.J., Turnbull, M.H., 

Atkin, O.K., 2014. Canopy position affects the relationships between leaf 

respiration and associated traits in a tropical rainforest in Far North Queensland. 

Tree Physiol. 34, 564-584.

Wellburn, A.R., 1994. The spectral determination of chlorophylls a and b, as well as 

total carotenoids, using various solvents with spectrophotometers of different 

resolution. Journal of plant physiology 144, 307-313.

Yin, X., 2002. Responses of leaf nitrogen concentration and specific leaf area to 

atmospheric CO2 enrichment: a retrospective synthesis across 62 species. Glob. 

Change Biol. 8, 631-642.

Zak, D.R., Pregitzer, K.S., Kubiske, M.E., Burton, A.J., 2011. Forest productivity under 

elevated CO2 and O3: positive feedbacks to soil N cycling sustain decade-long 

net primary productivity enhancement by CO2. Ecology letters 14, 1220-1226.

Zong, Y.-z., Shangguan, Z.-P., 2014. Nitrogen deficiency limited the improvement of 

photosynthesis in maize by elevated CO2 under drought. Journal of Integrative 

Agriculture 13, 73-81.

이재천, 김두현, 김길남, 김판기, 한심희, 2012 수목의 장기 기후변화 연구시설: CO2

폭로용 상부 개방형 온실. 한국농림기상학회지, 14, 19-27.



- 40 -

Abstract in Korean

이산화탄소 폭로 처리에 따른 질소 제한 환경 하에서 임목의 광합성과 질소 분

배 반응

증가된 대기 중 이산화탄소는 생리적 특성인 광합성률, 기공전도도 변화 뿐 아니라 잎

과 줄기의 바이오매스 증가와 같은 형태적 특성 또한 변화시킨다. 고농도의 이산화탄소하에

서 순일차생산량이 증가할 것으로 예상되었으나 질소가 제한된 환경에서는 광합성 저감으로

인해 초기생장을 유지하지 못하게 되는 결과를 가져오게 된다. 질소는 식물 생장의 제한요

소로서 잎 질소의 대부분은 광합성 및 기능적 기관에 투자되어 있으며 이러한 질소분배는

수관, 수종, 환경에 따라 변화하며 광합성 질소이용효율에 영향을 끼치게 된다. 본 연구는

장기간 상부개방형 온실을 이용하여 이산화탄소 농도 변화로 인한 제한된 질소 환경에서 소

나무(Pinus densiflora), 물푸레나무(Fraxinus rhynchophylla), 팥배나무(Sorbus alnifolia)의

광합성 특성 및 질소분배 특성 변화를 알아보고자하였다. 최근 2년간 온실 간 직경생장량

차이가 나타나지 않았으나 잎 크기와 엽중량비(leaf mass per area) C:N비와 같은 형태적

인자는 대조구에 비해 고농도의 이산화탄소 온실인 챔버1.4와 1.8에서 높았다. 광합성 인자

의 경우, 최대광합성 속도는 챔버1.4와 1.8에서 대조구에 비해 증가하였으며, 특히 물푸레나

무에서 유의하게 증가하였다. 반면 광합성 능력인 최대카르복실화 속도(VCmax)와 최대전자전

달속도(Jmax)는 챔버1.8에서 감소하였다. 토양질소 분석 결과, 토양 전질소 함량은 챔버 간

차이가 발생하지 않았으며, 토양 무기태 질소 또한 별다른 차이를 보이지 않았다. 광합성 능

력의 감소는 이산화탄소 증가에 따른 엽면적의 증가로 인한 단위질량당 잎 질소 감소에 의

해 발생하며 본 연구결과에서도 모든 수종에서 대조구에 비해 챔버1.4와 1.8에서 유의하게

감소하였다. 반면 단위면적 당 잎 질소함량은 처리구간 차이가 나타나지 않았다. 단위 질량

당 잎 질소함량의 감소로 인하여 루비스코 함량 또한 챔버1.8에서 유의하게 감소하였으나

엽록소 질소 햠량은 이산화탄소 농도가 증가할수록 증가하였으며 엽록소에 투자된 질소비율

또한 유의하게 증가하였다. 수관별 분석결과에서는 수관하부에 비해 수관상부의 루비스코

질소비율이 고농도의 이산화탄소에서 유의하게 감소하였으나 엽록소 질소비율은 모든 수관

에서 이산화탄소 농도에 따른 차이가 발생하지 않았다. 본 연구결과에서 나타난 챔버1.8에서

의 광합성 질소이용효율의 증가는 질소분배 특성인 세포벽 질소비율, 루비스코 질소비율과

엽록소 질소비율 중 광합성 인자인 루비스코 질소비율과 엽록소질소비율과 강한 상관관계를

보였으며 세포벽 질소비율과는 상관관계를 보이지 않았다. 따라서 고농도 이산화탄소 하에

서의 엽록소 질소비율 증가로 인해 광합성 질소이용효율 증가가 나타나고, 이로 인해 광합

성 특성의 감소에도 불구하고 광합성의 양의 증가와 바이오매스 생산량의 유지가 일어난다

고 판단된다.
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