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Abstract. Seedlings of four Quercus species dominant in Korea (Quercus mongolica, Quercus serrata, 

Quercus acutissima, and Quercus variabilis) were grown at different CO2 levels (ambient; 380 ppmv and 

enriched; 800 ppmv) to determine growth responses under elevated CO2. Three weeks after germination, 

seedlings were transplanted into chambers and grown over a period of 105 days. Aboveground plant parts 

were harvested at the end of the experiment to measure dry weight, leaf area, specific leaf area (SLA), 

leaf area ratio (LAR), leaf weight ratio (LWR), and leaf quality (carbon, nitrogen). Q. mongolica 

exhibited increased growth, Q. serrata and Q. acutissima did not respond to enrichment, and the growth 

of Q. variabilis was diminished with elevated CO2. Total aboveground biomass of each seedling 

increased by 31% for Q. mongolica, but for Q. variabilis, it decreased significantly by 39% under CO2-

enriched conditions (p < 0.05). SLA and LAR decreased, and LWR was unchanged or decreased slightly 

in the elevated CO2 treatment for all species, with the exception of Q. acutissima. In addition, the elevated 
CO2 treatment was correlated with a decrease in total N concentrations, and an increase in the C/N ratio 

of the leaves of Q. mongolica and Q. acutissima. In conclusion, plant growth responses to elevated CO2 

were species-specific, and they showed large interspecific variation. 
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Introduction 

Since the industrial revolution, anthropogenic activities, such as fossil fuel use and 

deforestation, have caused a dramatic increase in the atmospheric CO2 concentration. 

As a result, global climate change is accelerating and is a major concern worldwide.  

In the preindustrial age, atmospheric CO2 concentrations were approximately 280 

ppm, increasing over time to reach the current level of 400 ppm (IPCC, 2014). This 

increase in atmospheric CO2 is likely to continue due to anthropogenic activities and is 

expected to reach about 700 ppm by the end of the 21st century (Houghton et al., 2001; 

IPCC, 2007). As a result, extreme weather, desertification expansion, melting polar ice, 

rising sea levels, ecosystem destruction, and reduced species diversity are rapidly 

progressing, and the main cause is the increasing atmospheric CO2 concentration (IPCC, 

2007). According to IPCC Fourth Assessment Report, continuous greenhouse gas 

emissions at or above the current rates will cause further warming and serious changes 

in the global climate system in the 21
st
 century. 

Natural terrestrial and ocean ecosystems are absorbing more than half of the total 

anthropogenic CO2 emissions (Tans et al., 1990; Fan et al., 1998; Canadell et al., 2007; 

Lal, 2008). Among them, the forest ecosystem is a major C sink in terrestrial 

ecosystems (Ceulemans et al., 1999), stores more than 50% of total terrestrial C, and 
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has a high potential for sequestration of atmospheric CO2 (Dixon et al., 1994; Lorenz 

and Lal, 2010). In particular, temperate forests cover only 8% of the global land surface, 

but are known to account for about 40% of total terrestrial C uptake and play an 

important role for C sequestration of atmospheric CO2 (Martin et al., 2001; Wamelink et 

al., 2009; Tyrrell et al., 2012). Many studies have focused on aboveground tree 

responses and have shown that increasing concentrations of atmospheric CO2 may lead 

to changes in forest ecosystem structure and function through the direct effects of 

elevated CO2 on tree physiology, development, and growth (Bazzaz, 1990; Jarvis, 1998; 

Ceulemans, 1999). 

Forest comprise 64% of the total land area in Korea (Korea Forest Service, 2012), 

and tree species in the genus Quercus are dominant (Yim, 1977; Yim, 1995; Yang, 

2001), covering about 27% of total forested area (Sim and Han, 2003). However, the 

effects of elevated CO2 on the growth of dominant tree species and, relatedly, 

understanding C sequestration by terrestrial forest ecosystems are still not sufficiently 

studied in Korea. Accordingly, this study selected dominant deciduous tree species that 

occupied large areas and seem to be migrating to northern latitudes in response to 

warming caused by elevated CO2 on the Korean peninsula. The seeds of Q. mongolica, 

Q. variabilis, Q. serrata, and Q. acutissima were germinated, and the seedlings were 

raised in ambient (380 ppm) and elevated CO2 conditions (800 ppm). We harvested the 

plant at leaf falling season and analysed plant yield, growth parameters, and C and N 

concentrations in growing leaves because the C/N ratio is a measure of litter quality and 

is correlated with decomposition rates. 

Materials and Methods 

Study species 

Quercus tree species are common on the Korea peninsula and distributed in most 

areas of the country, including the foothills and mountainous areas (Yim, 1977; Kim, 

1990; Yim, 1995; Yang, 2001). Yang (2001) estimated that Q. mongolica occupied 

about 10% of total forested area, and the four species of oaks, Q. mongolica, Q. 

variabilis, Q. serrata, and Q. acutissima, occupied 72% of total deciduous forest area in 

South Korea. These oaks also determine ecosystem structure and functioning in 

temperate deciduous forest ecosystems on the Korean peninsula, and are situated in 

areas impacted by global warming caused by elevated CO2.  

 

Experimental design and treatments 

The experiment was carried out in two growth chambers (2.4 m length × 1.2 m width 

× 1 m height) that controlled temperature, soil moisture, and CO2 concentration in a 

green house. The control chamber was maintained at ambient CO2 levels (380 ppmv) 

and the elevated CO2 chamber was treated at twice the concentration of ambient CO2 

levels (approximately 800 ppmv). The CO2 concentration in the chambers was regulated 

and monitored by an infrared gas analyzer (LI-840, LI-COR), and the plants were 

grown from April to September. Air temperatures in the chambers were maintained near 

ambient temperatures at 25 ± 3.1°C during the day and 19 ± 1.6°C during night. Seeds 

of the study species were provided by the Korean Forest Research Institute.  

Seeds of the four species were sown in plastic trays and germinated at 25°C in an 

incubator. Three weeks after germination, seedlings of each species were transplanted 
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into a pot (1.2 m length × 0.6 m width × 0.3 m height) with an artificial soil mixture of 

peat moss and vermiculite (2:1, v/v). Transplanted seedlings were uniform in size; those 

that did not meet this requirement were excluded. Thirty individual seedlings of each 

species were transplanted from each pot into four individual pots filled with artificial 

soil mixture, which were placed in the chamber (in all, 240 seedlings in eight pots). 

Each pot was fertilized once before transplanting seedlings (N: 330 mg L
-1

, P: 220 mg 

L
-1

, K: 400 mg L
-1

). The seedlings were watered twice a week to prevent water stress.  

 

Plant growth analysis 

Aboveground plant parts were harvested at 105 days from transplantation in the 

ambient and CO2 elevated treatment chambers. Harvested plants were separated into 

stems and leaves, and then stems of individual plants were measured for height, and 

leaves were scanned to determine leaf area. Scanned leaf images were used to determine 

leaf area using an image-editing program (ImageJ Version 1.48; http://rsb.info.nih.gov/ij/). 

Separated plant parts were oven-dried for 4 days at 80°C, and then weighed.  

The dry weight of each plant part and leaf area were used to calculate the following 

parameters:  

Specific leaf area (SLA): leaf area / leaf dry weight (cm² g
-1

) 

Leaf area ratio (LAR): total leaf area / total plant dry weight (cm² g
-1

) 

Leaf weight ratio (LWR): total leaf weight / total plant dry weight (g g
-1

) 

The effects of elevated CO2 on plant growth are presented as the percent change in 

biomass in the elevated CO2 treatment compared to the ambient air treatment. 

 

C and N analysis 

The fresh leaves were sampled twice, at 40 and 80 days after transplantation, in both 

treatments to compare the impact of elevated CO2 on leaf quality and C/N ratio. The 

plant samples were oven-dried for 4 days at 80°C and ground in a ball-mill. C and N 

concentrations were then determined by an automatic element analyzer (Flash EA 1112 

series, Thermo Fisher Scientific).  

 

Statistical analysis 

Statistically significant differences between treatments were determined using t-tests 

with SPSS (ver. 12.0.1). The t-tests were used to identify significant differences (p < 

0.05) in the morphological characteristics and growth parameters of the four species, 

and the chemical content (carbon, nitrogen and C/N ratio) of two of these species (Q. 

mongolica and Q. acutissima). Principal component analysis (PCA) was performed to 

study the effects of elevated CO2 on morphological characteristics and growth of the 

four Quercus species using R v.2.15.3 (R Development Core Team, 2012). Data for the 

PCA analysis were converted to percent change in elevated CO2 values relative to 

ambient values.  

Results 

Plant growth 

Plant growth results for each oak species in ambient and elevated CO2 conditions for 

one growing season are summarized in Table 1. 

http://rsb.info.nih.gov/ij/
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Table 1. Comparison of morphological characteristics and growth of four species (Q. mongolica, Q. variabilis, Q. serrata, and Q. acutissima) grown 

in ambient and elevated CO2 chambers 

Difference of parameters within individual species has been tested by t-test. *: p < 0.1; **: p < 0.05; ***: p < 0.01; NS: not significant (mean ± standard deviation) 
 

 

 

 

Q. moglica Q. variabilis Q. serrata Q. acutissima 

Ambient Elevated CO2 p Ambient Elevated CO2 p Ambient Elevated CO2 p Ambient 
Elevated  

CO2 
p 

Stem length (cm) 
18.79 
±0.83 

22.42 
±0.98 

*** 
31.84 
±3.10 

25.09 
±2.21 

* 
23.89 
±1.84 

22.81 
±1.71 

NS 
50.57 
±1.52 

48.19 
±1.81 

NS 

Leaf size (cm² leaf-1) 
12.59 

±0.75 

14.12 

±0.82 
NS 

17.22 

±1.28 

11.60 

±0.82 
*** 

7.86 

±0.39 

6.98 

±0.55 
NS 

18.77 

±0.81 

18.24 

±0.80 
NS 

Leaf area (cm² capita-1) 
149.1 

±12.3 

185.8 

±9.1 
** 

297.3 

±42.5 

149.9 

±15.7 
*** 

105.8 

±9.1 

100.8 

±10.8 
NS 

461.3 

±20.7 

426.2 

±27.7 
NS 

Leaf weight (g leaf-1) 
0.068 

±0.004 

0.080 

±0.005 
* 

0.091 

±0.008 

0.077 

±0.006 
NS 

0.036 

±0.002 

0.033 

±0.003 
NS 

0.091 

±0.004 

0.093 

±0.004 
NS 

Stem biomass (g capita-1) 
0.499 

±0.047 

0.638 

±0.036 
** 

0.977 

±0.197 

0.581 

±0.086 
* 

0.283 

±0.031 

0.316 

±0.040 
NS 

1.720 

±0.114 

1.473 

±0.125 
NS 

Leaves biomass (g capita-1) 
0.796 

±0.066 

1.058 

±0.060 
*** 

1.625 

±0.257 

0.999 

±0.115 
** 

0.482 

±0.042 

0.472 

±0.055 
NS 

2.256 

±0.124 

2.179 

±0.148 
NS 

Total aboveground  

biomass (g capita-1) 

1.295 

±0.108 

1.696 

±0.081 
*** 

2.602 

±0.445 

1.580 

±0.194 
** 

0.765 

±0.071 

0.788 

±0.087 
NS 

3.976 

±0.229 

3.651 

±0.263 
NS 
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Q. acutissima showed the largest total aboveground biomass, Q. mongolica and Q. 

variabilis had intermediate levels, and Q. serrata exhibited the smallest amount of 

aboveground biomass at both CO2 levels. The other growth characteristics of stems and 

leaves were different depending on the tree species.  

Only Q. mongolica showed increased growth in the elevated CO2 treatment 

compared with ambient (Fig. 1). Stem length and leaf area were significantly larger at 

elevated CO2 compared to ambient conditions (p < 0.05). The mean size and weight of a 

single leaf showed an increase of approximately 12% and 18%, respectively, in the 

elevated CO2 treatment, but this was not statistically significant. Stems, leaves, and total 

aboveground biomass of individual seedlings increased by 28%, 33%, and 31%, 

respectively relative to the ambient treatment (p < 0.05).  
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Figure 1. Percent response of morphological characteristics and growth of four species (Q. 

mongolica, Q. variabilis, Q. serrata, and Q. acutissima) to elevated CO2. Species differences 

were determined by t-tests. *: p < 0.1; **: p < 0.05; ***: p < 0.01 

 

 

Seedlings of Q. serrata and Q. acutissima did not respond to the elevated CO2 

treatment, and the growth responses were not statistically significant. However, there 

were patterns of decreases in morphological traits and growth in the elevated CO2 

treatment. Stem height and total aboveground biomass of Q. serrata increased by 11.7% 

and 3.1%, respectively, and leaf weight of Q. acutissima increased by 1.7% relative to 

ambient, which was not statistically significant. 

On the other hand, the growth of Q. variabilis seedlings significantly decreased in 

the elevated CO2 treatment (Fig. 1 and Table 1). Plant height and single leaf size 

significantly decreased by 21% and 33%, respectively, in the CO2 enriched conditions 

(p < 0.05). Leaf area per capita decreased to 50% and the leaf weight of a single leaf 

also decreased, but there was no statistical significance. Stems, leaves, and aboveground 

biomass significantly decreased by 41%, 39%, and 39%, respectively, under CO2 

enriched conditions relative to ambient (p < 0.05; except for stem biomass: p = 0.071).  
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Biomass allocation patterns 

The SLA of all species decreased in the elevated CO2 treatment, and Q. mongolica, 

Q. serrata, and Q. variabilis showed significant differences between ambient and CO2 

enrichment conditions (Fig. 2). The LAR of all species also decreased in the elevated 

CO2 treatment, and Q. variabilis and Q. serrata showed significant differences between 

ambient and elevated CO2 treatments (p < 0.05). In addition, the LWR was also 

unchanged or decreased slightly in all species with no significant differences between 

the two CO2 treatments, except for Q. acutissima, which showed increased LWR (p < 

0.05). These results indicate that elevated CO2 reduced the leaf area. However, there 

were trends of increased weight or mass of leaves by CO2 enrichment. 
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Figure 2. Specific leaf area (SLA), leaf area ratio (LAR), and leaf weight ratio (LWR) for four 

species (Q. mongolica, Q. variabilis, Q. serrata, and Q. acutissima) grown in ambient and 

elevated CO2 chambers. Species differences were determined by t-tests. *: p < 0.1; **: p < 
0.05; ***: p < 0.01 
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C and N concentrations 

The changes in leaf C and N concentrations during plant growth are shown in Table 

2. There were no significant differences in the C concentrations in all leaves between 

ambient and elevated CO2, and ranged between 44% and 45% during the growing 

period. The total N concentration of Q. mongolica was 2.42% and 2.49% in the ambient, 

and 2.35% and 2.26% in the elevated CO2 conditions at 40 days and 80 days, 

respectively. In Q. mongolica, the elevated CO2 treatment reduced total N 

concentrations and increased the C/N ratio, however this was not statistically significant. 

 
Table 2. C and N concentrations and C/N ratio of Q. mongolica and Q. acutissima leaves at 

40 and 80 days during growth periods 

Difference of parameters within individual species has been tested by t-test. *: p < 0.1; **: p < 0.05; ***: 

p < 0.01; NS: not significant (mean ± standard deviation) 

 

 

40 day 80 day 

Ambient Elevated CO2 p Ambient Elevated CO2 p 

Q. mongolica 
      

C (%) 44.92±0.62 45.48±0.80 NS 44.62±0.30 44.32±0.68 NS 

N (%) 2.42±0.20 2.35±0.43 NS 2.49±0.33 2.26±0.49 NS 

C/N 18.60±1.42 19.87±4.00 NS 18.17±2.55 20.26±3.96 NS 

Q. acutissima 
      

C (%) 45.85±0.23 45.66±0.81 NS 45.90±0.31 45.66±0.88 NS 

N (%) 2.72±0.39 2.24±0.23 * 3.04±0.19 1.85±0.29 *** 

C/N 17.10±2.46 20.59±2.10 * 15.17±0.96 25.18±3.80 *** 

 

In Q. acutissima, total N concentrations were 2.72% and 3.04% in ambient, and 

2.24% and 1.85% in elevated CO2 at 40 days and 80 days, respectively, and the elevated 

CO2 treatment significantly reduced total N concentrations in leaves. Therefore, the C/N 

ratio was increased by elevated CO2 (p < 0.01), and the difference in the C/N ratio 

between the ambient and elevated CO2 treatments increased with time. 

 

PCA analysis  

The results of the PCA to identify the relative effects of elevated CO2 on each 

aboveground part and the morphological parameters of the four Quercus species are 

shown in Fig. 3. The horizontal PC1 axis elucidated 56.8% of the variation in all the 

factors, including factors related to growth in seedling height, growth in the mass of 

each plant part, and leaf area and weight. The vertical PC2 axis explained 21.9% of the 

variation in all the factors, and leaf area and leaf weight parameters (SLA, LAR, and 

LWR) are shown.  

Q. mongolica formed a cluster to right side of the PC1 axis, which demonstrates that 

all aboveground growth components positively responded to elevated CO2 conditions. 
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However, Q. variabilis clustered on the left side of the PC1 axis, and the growth 

components responded negatively to elevated CO2 treatment. Q. serrata and Q. 

acutissima were widely distributed in each quadrant of the central axis, and growth was 

not affected by elevated CO2. In particular, these patterns show very different responses 

to elevated CO2 between each species studied.  

 

◆ Q. mongolica
□ Q. variabilis
○ Q. serrata
▲ Q. acutissima

-1.0 -0.5 0.0 0.5 1.0

-1
.0

-0
.5

0
.0

0
.5

PC1 (56.8%)

P
C

2
 (

2
1

.9
%

)

SL

LA

LS

SB

LB
LW

AB

SLA

LAR

LWR

◆

◆

◆

◆
◆

◆

◆

◆

◆

◆

◆

◆

◆
◆

◆

◆

◆

◆

◆

◆

◆

◆

◆

◆

◆

◆

□

□

□

□
□

□

□

□

□

□□

□

□

□

□

□

□
□

□

□

□

□

□

□
□

□
□

□
○

○

○

○
○

○

○

○

○

○

○

○

○

○

○

○
○

○

○

○

○

○

○

○

○

○

▲

▲

▲

▲

▲

▲

▲

▲

▲

▲

▲

▲

▲

▲

▲

▲

▲
▲

▲

▲

▲
▲

▲

▲

▲

▲

▲

▲

▲

▲

 

Figure 3. Principal component analysis on morphological characteristics and growth 
parameters of the four species (Q. mongolica, Q. variabilis, Q. serrata, and Q. acutissima) 

grown in the ambient and elevated CO2 chambers. AB: aboveground biomass; LA: leaf area; 

LB: leaf biomass; LS: leaf size; LW: leaf weight; SB: stem biomass; SL: stem length 

Discussion 

Climate change due to increased atmospheric CO2 is the biggest environmental issue 

facing humanity. Several problems are associated with this issue, including changes in 

primary production and C dynamics of natural ecosystems. To understand and 

recognize the changes in production and C dynamics, it is necessary to examine whether 

and how changes in growth and the chemical composition of plant species affect 

biogeochemical cycling caused by CO2 elevation and climate change. 

In the present study, oak species from the same genus exhibited different growth 

responses to elevated CO2 (Fig. 1 and 3). Total aboveground biomass for Q. mongolica 
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increased by 31% relative to ambient CO2 in response to elevated CO2. However, the 

growth of aboveground biomass of Q. variabilis markedly decreased, and Q. serrata 

and Q. acutissima exhibited no significant response to elevated CO2. Joel et al. (2001) 

suggested that the stimulation of plant growth by elevated CO2 depends in part on the 

growth potential of individual plants or species. Each species responds very differently 

to elevated CO2 for unknown reasons (Norby, 1996; Tangley, 2001; Craine et al., 2003; 

Körner, 2005), including aboveground growth responses (Smith et al., 2013). The 

responses of plants to elevated CO2 vary greatly depending on other environmental 

factors such as light, water, nutrients, and resource availability (Bazzaz and Carlson, 

1984; Field et al., 1992; Hungate et al., 1997a, b). Moreover, elevated CO2 has 

consistently shown positive effects on plants with mild temperature increases, but plant 

growth responses to elevated CO2 vary under different temperature regimes, and can 

diminish with heat stress (Wang et al., 2012). 

Although root responses to elevated CO2 were not investigated in this study, many 

studies have reported that elevated CO2 stimulates root growth (El Kohen and 

Mousseau, 1994; Crookshanks et al., 1998; De Graaff et al., 2006), and that the 

root/shoot ratio is significantly higher under elevated CO2 than under ambient 

treatments (Luo et al., 2006; Nie et al., 2013). In a meta-analysis, root biomass 

exhibited larger increases than shoot biomass with elevated CO2; therefore increasing 

root biomass with elevated CO2 may enhance the potential to store C (De Graaff et al., 

2006; Luo et al., 2006; Nie et al., 2013). In addition, these effects are expected to cause 

increased amounts of C input into the soil (De Graaff et al., 2006). 

In addition, the increased atmospheric CO2 concentrations caused significant leaf 

morphology changes (Fig. 1 and Table 1). In the total area of leaves per capita and 

single leaf size, leaf biomass and dry weight showed variable responses to elevated CO2 

depending on the species. The results for Q. mongolica, which exhibited increased leaf 

area with elevated CO2, were consistent with the findings of many studies (EL Kohen 

and Mousseau, 1994; Ceulemans et al., 1995; Oksanen et al., 2001), and Gielen et al. 

(2001) even found that Phyllostachys nigra had a 225% increase in leaf area index. In 

contrast, Q. serrata and Q. acutissima exhibited no response to elevated CO2, which is 

comparable to the findings of other studies (El Kohen and Mousseau, 1994; Gielen et al., 

2001). Moreover, leaf area was found to be either reduced or unchanged with elevated 

CO2 in a few studies (Mousseau and Enoch, 1989a, b), which is analogous to the 

negative response of Q. variabilis. 

However, different patterns were observed with leaf growth and morphological 

characteristics. SLA and LAR decreased, and LWR was unchanged by elevated CO2 in 

the present study (Fig. 2), which is consistent with the findings of other studies, 

although the effects are not always significant. In a meta-analysis of previous studies, 

plants exposed to elevated CO2 exhibited a decrease in SLA of 6% (Ainsworth and 

Long, 2005) or 13% (Poorter and Navas, 2003), although this trend varied with plant 

functional group and species. Moreover, LAR decreased by an average of 13% in a 

meta-analysis of 130 studies (Poorter and Navas, 2003). In many C3 plants, LWR 

remained unchanged (Poorter et al., 1996; Poorter and Navas, 2003) or decreased under 

elevated CO2 conditions (Ishikawa, 2008). The reduction in SLA by elevated CO2 is due 

to increases in leaf mass rather than leaf size (Yin, 2002), resulting in increased leaf 

density (Roumet et al., 1999). These results suggest that increases in leaf thickness and 

decreases in leaf size are consistent responses to elevated CO2. Therefore, plants will 

potentially produce a smaller and thicker leaf owing to elevated CO2. 
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Generally, plants, including trees, respond to elevated atmospheric CO2 by enhanced 

net photosynthesis, growth, and dry mass production (Lemon, 1983; Strain and Cure, 

1985; Jarvis et al., 1989), because CO2 is used as a source for photosynthesis. Moreover, 

elevated CO2 enhances growth rates to a greater extent in young seedlings than in 

mature trees (Tolley and Strain, 1985; Bazzaz et al., 1989). However, in our study, plant 

responses to elevated CO2 were species-specific, and in some cases, there was no 

impact, or even a negative impact on growth. Therefore, the response of plants to 

elevated CO2 is not consistent among species. The response of plants to elevated CO2 

depends largely on the spatial and temporal availability of other resources, in particular 

water and nutrients (Field et al., 1992). 

The genus Quercus is distributed throughout South Korea, existing in different 

microclimates and has locally different distribution depending on species. In other 

studies, Q. mongolica, which exhibits increased growth with elevated CO2, is the most 

shade-tolerant species among the oak species (Sim and Han, 2003). The growth of Q. 

serrata and Q. acutissima are unaffected by elevated CO2 and grow well in higher light 

and moisture conditions than other Quercus species (Jeong et al., 2009; Lim et al., 

2012). A meta-analysis of literature data revealed a greater growth response to elevated 

CO2 in shade-tolerant species than in shade-intolerant species (Kerstiens, 2001). In 

contrast, Q. variabilis, which exhibited a negative response to elevated CO2, reduced in 

growth rate with high levels of moisture, and preferred dry environmental conditions 

(Jeong et al., 2009). Cho et al. (2013) found that with elevated CO2 levels, Q. variabilis 

has a reduced ability to cope with environmental changes. In this view, the negative 

response of Q. variabilis appears to be due to the reduction in the tolerance to 

environmental changes caused by elevated CO2. The response to CO2 enrichment might 

depend strongly on the response of specific species under varying patterns of 

environmental factors, such as precipitation and warming (Xu et al., 2014). Additionally, 

individual species and multifactor dependencies must be considered in a projection of 

terrestrial ecosystem response to climatic change (Xu et al., 2014). 

On the other hand, increased CO2 resulted in significantly lower N concentrations in 

leaf tissue, which led to high C/N ratios, whereas there was no effect of CO2 on C 

concentrations (Billings et al., 2003). In a meta-analysis, leaf N concentrations 

decreased to 5.2–16.5% with elevated CO2, regardless of temperature treatments (Curtis 

and Wang, 1998; Norby et al., 1999; Billings et al., 2003; Wang et al., 2012), and 

Cotrufo et al. (1998) found a 14% reduction in N concentrations in plant tissue with 

elevated CO2. Reductions in litter N concentrations are expected to result in decreased 

litter decomposition rates (Cotrufo et al., 1995). In addition, the increased C/N ratio was 

strongly influenced by decreased N concentrations, because C concentration was 

unchanged with elevated CO2 (Table 2). In many studies, increased C/N ratios have 

been observed in elevated CO2 experiments (Johnson et al., 1997; Norby et al., 2001; 

Billings et al., 2003). Consequently, these leaf chemical changes, such as N 

concentrations and C/N ratio, are considered highly important factors because they are 

good predictors of decomposition rates (Melillo et al., 1982; Berg and Ekbohm, 1991; 

Gallardo and Merino, 1993; Bargali, 1996; Ganjegunte et al., 2004; Ge et al., 2013).  

These results might indicate an increase in annual litter fall (Finzi and Schlesinger, 

2002; Norby et al., 2002) and a decrease in decomposition on the forest floor caused by 

lower initial litter N concentrations with elevated CO2 (Cotrufo et al., 2005) in 

temperate deciduous forests. Thus, elevated CO2 levels in the atmosphere might 

increase the leaf litter layer, because leaves are not easily decomposed on the forest 
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floor (Cotrufo et al., 2005). These mechanisms might lead to a reduction in atmospheric 

CO2 concentrations by the accumulation of C on the forest floor (Schlesinger and 

Lichter, 2001). Moreover, Norby and Cotrufo (1998) suggested that there is a potential 

for increased C sequestration in the terrestrial biosphere. However, Norby and Zak 

(2011) demonstrated that increased net primary production with elevated CO2 does not 

necessarily increase ecosystem C storage. Therefore, future studies should focus on 

reductions in atmospheric CO2 by organic matter accumulation on the forest floor in 

temperate deciduous oak trees, which are the dominant species on the Korean peninsula. 

To this end, well-thought-out research on the C balance between soil organic matter and 

decomposition of organic matter under the various environmental conditions of elevated 

atmospheric CO2 is required.  

Conclusions  

The present study demonstrated that Q. mongolica exhibited a pattern of increasing 

growth under elevated CO2 conditions, whereas Q. serrata and Q. acutissima did not 

exhibit a distinct pattern of change in growth with elevated CO2, owing to great 

variation in responses to CO2 enrichment. However, Q. variabilis exhibited a dramatic 

reduction in aboveground biomass to 40% in enriched CO2 as compared to that in 

ambient CO2. These results suggest a potential for future changes in the distribution 

areas of dominant species caused by climate change on the Korean peninsula. 

Consequently, there is a requirement for more research, particularly long-term research, 

on the effects of elevated CO2 levels and other environmental changes on oaks, as this 

study was conducted in limited conditions with respect to elevated CO2. 
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