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Background: To assess the carbon sequestration capacity and net ecosystem productivity (NEP) of Quercus glauca forests, we analyzed the net primary productivity (NPP), carbon
storage, and carbon emission of soil in a Q. glauca forest on Jeju Island (South Korea) from
2016 to 2018.
Results: The average carbon stock in the above- and below-ground plant biomass was
223.7 Mg C ha–1, while the average amount of organic carbon fixed by photosynthesis
was 9.8 Mg C ha–1 yr–1, and the average NPP was 9.6 Mg C ha–1 yr–1. Stems and branches
contributed to the majority of the above- and below-ground standing biomass and NPP.
The average heterotrophic carbon emission from the soil was 8.7 Mg C ha–1 yr–1, while the
average NEP was 1.1 Mg C ha–1 yr–1. Although the carbon stock, carbon absorption, and soil
respiration values were higher than those reported in other oak forests in the world, the
NEP was similar or lower.
Conclusions: These results indicator that Q. glauca forests perform the role of a large
carbon sink through the CO2 absorption in the plants in terms of carbon balance. And it is
judged to be helpful as data for assessment of carbon storage and flux in the forests and
mitigation of elevated CO2 in the atmosphere.
Keywords: carbon budget, net ecosystem productivity, net primary productivity, soil respiration, standing biomass

Introduction
Understanding the carbon cycle of terrestrial ecosystems
is essential for evaluating an ecosystem’s ability to reduce
atmospheric carbon dioxide (CO2) levels. Plants take up atmospheric CO2 through photosynthesis, releasing it into
the atmosphere via respiration by plant metabolism or heterotrophic respiration by leaf decomposition. CO2 captured
by plants is stored in vegetation and soil in the form of organic matter, and terrestrial ecosystems function as reservoirs for accumulated carbon. Houghton (2007) reported
that terrestrial ecosystems contribute to the global carbon
cycle, along with the atmosphere and oceans, by storing
550 Pg C year–1 in vegetation, 300 Pg C year–1 in litterfall,
and 1,200 Pg C year–1 in soil. As such, terrestrial ecosystems play an important role in the global carbon cycle by
absorbing and storing atmospheric carbon and releasing it
through respiration. Nevertheless, the carbon budget of
terrestrial ecosystems has not been studied in depth in
South Korea, with most research examining forest produc-

tivity and carbon storage. Studies investigating carbon
storage in forests in South Korea have been conducted in
Seoraksan National Park (147 Mg C ha–1), Mudeungsan
National Park (112 Mg C ha–1), Jirisan National Park (107
to 119 Mg C ha–1), the Quercus mongolica forest of Jeombongsan, Gangwon-do (140 Mg C ha–1), and the subalpine
grasslands of Hallasan National Park (13.9 Mg C ha–1) (Jang
et al. 2017; Jeong et al. 2016; Lee 2012a; Lee 2012b; Lee et
al. 2015).
Increasing atmospheric CO2 concentrations and global
warming are major environmental concerns worldwide.
CO2 is widely known to be a major contributor to the
greenhouse effect. Due to the influence of CO2, the average
global temperature in 2019 was 1.1 ± 0.1°C higher than before industrialization, and the global mean sea level has
risen 3.24 ± 0.33 mm per year since January 1993 (WMO
2020). One way to reduce greenhouse gases is to increase
carbon sequestration by soil and plants in the forest, which
can be realized through efficient forest management and
conservation led by government policies. The Intergovern-
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mental Panel on Climate Change (Shukla et al. 2019) mentioned that the land sink including forest ecosystem increased since 1900 and was a net sink of 11.7 Gt CO2 yr–1
(2008–2017), absorbing 29% of global anthropogenic emissions of CO2.
The forested area of South Korea covers 6,335,000 ha, accounting for 63.2% of the total land area (Korea Forest Service 2016). Approximately 0.15% of this forested area (9,669
ha) is covered by evergreen broad-leaved forests (Yoo et al.
2016), including Q. glauca , Q. acuta , Castanopsis sieboldii ,
Machilus thunbergii , and mixed forests mainly distributed
in the southern regions, including Jeju Island, the lowlands, and islands. Although these forests are only distributed in the subtropical region of South Korea and occupy a
small area, they maintain high biodiversity due to their diverse topographies and climates. The effects of global
warming are predicted to cause the subtropical climate of
South Korea to expand from the southern coast and the
eastern coast of Korean peninsula, and then to the west
coast and inland from 2071 to 2100 based on the A1B scenario (Kwon et al. 2007). Accordingly, the distribution of
trees such as Q. glauca and Q. acuta is predicted to expand
northward to the central region, causing major changes in
the ecosystem of South Korea. Hence, there is a critical
need for research on the ecological properties and functions of evergreen broad-leaved forests.
This study aimed to quantify the net primary production
(NPP) and net ecosystem production (NEP) of a Q. glauca
forest, one of the representative evergreen broad-leaved
forests in South Korea, to estimate its productivity and carbon sequestration capacity. Tree diameter measurements

were undertaken from 2016 to 2018 at a study site in the Q.
glauca forest on Jeju Island, and the temperature and humidity of the soil were measured. The results of this study
will be used to further understand the carbon sequestration capacity of Q. glauca forests in South Korea.

Materials and Methods
Study site

The Q. glauca forest study site was located in the Seonheul Gotjawal area, Seonheul-ri, Jocheon-eup, Jeju City,
Jeju Island, South Korea (33° 31 09” N, 126° 42 57” E, Fig.
1). The Gotjawal ecosystem possesses a well-known and
unique volcanic topography, with little soil or a relatively
shallow layer of topsoil, and large and small rock masses of
hardened lava from volcanic eruptions (Park et al. 2014).
This uneven topography has been affected by collapse due
to the cooling and cracking of lava, weathering, and vegetation growth (Koh et al. 2013), thereby forming various
microhabitats for organisms, including endangered plants.
The Seonheul Gotjawal area was continuously disturbed by
tree cutting in the past, but has been designated as a protected area. The vegetation has been restored without human disturbance for about 30 years and is mostly composed of coppice sprout forests (Han et al. 2007). The Q.
glauca forest in the Seonheul Gotjawal contains approximately 10% of the evergreen broad-leaved trees distributed
on Jeju Island (Kwak et al. 2013). The Seonheul Gotjawal
was registered as Wetland Protection Area (0.590 km2) in
2010, a Ramsar Site in 2011, and is rare wetland that the

Fig. 1 A map showing study site in
Seonheul Gotjawal, Jeju Island (dotted line in figure appears boundary
of Wetland protection area).
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area 0.59 km2. This site is symbolic wetland that northern
lineage and southern lineage plants co-exist with its special
ecological environment. The Seonheul Gotjawal is home to
many warm temperate evergreen trees such as Q. glauca , Q.
salicina , Castanopsis cuspidata , Styrax japonica , Camellia
japonica , and Eurya japonica (Han et al. 2007).
We had established the quadrat (10 × 10 m2) of Q. glauca
forest to estimate the standing biomass, NPP and soil respiration in March, 2016. This study site is a place where
NEP research has been conducted in the past (2011–2012,
Han et al. 2018), and is meaningful in trend of NEP variations through the long-term and continuous research. This
place is difficult for people to access, so there is no physical
disturbance and the growth of trees is well.
The study site was located in a subtropical climate region
(Kira 1991), with average annual temperatures of 14.3, 13.7,
and 13.6°C in 2016, 2017, and 2018, respectively, which
were within the average annual temperature range (10 to
15°C) of South Korea for the last 30 years (Fig. 2, Korea
Meteorological Administration www.weather.go.kr). The
average monthly maximum and minimum temperatures at
the study site were 29.2, 29.8, and 28.7°C, and 0.5, –0.3,
and –1.2°C, in 2016, 2017, and 2018, respectively. The average monthly maximum temperatures were higher than the
average summer temperature in South Korea (23 to 26°C),
whereas the average monthly minimum temperatures were
within the range of the average winter temperature (–6 to
3°C), but on the higher side. The annual precipitation at
the study site was 2,325.5, 1,034.0, and 2,289.0 mm in 2016,
2017, and 2018, respectively. The annual precipitation at
the study site was higher than the average annual precipitation for the last 30 years on Jeju Island (1,500 to 1,900
mm) in 2016 and 2018, but much lower in 2017.

Standing biomass and NPP

The standing biomass and NPP of the Q. glauca forest
were estimated by measuring the diameter at breast height
(DBH) of all trees with DBH ≥ 3 cm within a 100 m² quadrat in the Q. glauca forest in April, 2016–2018. Although

the best way to measure the biomass of trees is to harvest
them, this was impossible in the Seonheul Gotjawal, as it is
a protected wetland area. A well-known method for measuring the biomass of trees is to use allometric equations
(Kang and Kwak 1998). In general, tree height and DBH
have a positive correlation with the biomass of each organ,
such as the stems, branches, and leaves of the tree (Kwon
and Lee 2006). Therefore, the standing biomass of the aboveground Q. glauca forest was estimated by substituting DBH
for the allometric equation suitable for each species (Table
1) (Jeong et al. 2014; Kwak et al. 2004; Mun 2006; Rodin
and Bazilevich 1967; Son et al. 2014). And when there is no
allometric equation relative to a specific tree species, we applied suitable equation considered classification group,
height and shape type.
The below-ground biomass is known to account for 15 to
35% of the plant body for perennials, and the below-ground
biomass of Q. glauca reportedly accounts for 0.229 of the
above-ground biomass as coefficient of Q. glauca root (Rodin and Bazilevich 1967; Son et al. 2014).
NPP is the net amount of carbon gained through photosynthesis by plants, which can be estimated by the difference between the gross primary production (GPP) and the
amount of carbon released by plant respiration (Chapin III
and Eviner 2014). The annual NPP of the Q. glauca forest
(ΔW ) was calculated by subtracting the standing biomass
of the current year (W1) from the standing biomass of the
following year (W2), during the study period from 2016 to
2018 (1).
ΔW = W2 – W1

(1)

Carbon storage and absorption

The carbon budget of a forest is affected by NPP and
processes such as heterotrophic respiration in the soil (Cai
et al. 2016). To estimate the amount of carbon storage and
absorption of all trees in the Q. glauca forest, the aboveand below-ground standing biomass and net production
were used, estimating the organic carbon content to be 45%

Fig. 2 Monthly rainfall and atmospheric temperature (mean: TMean,
maximum: TMax, and minimum:
TMin temperature) from 2016 to
2018 in Seoheul Gotjzawal.
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Table 1 Regression models used estimation of standing biomass
Speices

Quercus glauca Thunb.

Pinus thunbergii Parl.

Castanopsis seiboldii Hatus.

Styrax japonicus Siebold & Zucc.

Camellia japonica L.
Eurya japonica Thunb.
Mallotus japonicus Müll. Arg.

Allometric equation

Reference

log Wstem = 2.4042logDBH-1.3045
log Wbranch = 2.6436logDBH-1.6232
log Wleaf = 1.5428logDBH-1.3692
Wstem = 0.081(DBH)2.445
Wbranch = 0.028(DBH)2.327
Wleaf = 0.094(DBH)1.658
Wstem = 0.223(DBH)2.092
Wbranch = 0.004(DBH)3.050
Wleaf = 0.009(DBH)2.883
Wstem = 0.4505(D2H)-0.0943
Wbranch = 0.4505(D2H)-0.6943
Wleaf = 0.3455(D2H)-0.5943
Wstem = 0.034(DBH)2.475
Wbranch = 0.002(DBH)3.738
Wleaf = 0.036(DBH)1.995
Wstem+branch = 0.6067(DBH)0.8355
Wleaf = 0.7318(DBH)0.6108

Jeong et al. (2014)

Son et al. (2014)

Kwak et al. (2004)

Son et al. (2014)

Mun (2006)

DBH: diameter at breast height.

(Houghton 1983). The annual carbon absorption through
CO2 assimilation was calculated by subtracting the carbon
absorption of the year (C 1) from the carbon absorption of
the following year (C 2), during the study period from 2016
to 2018 (2).
ΔC = C 2 – C 1

Heterotrophic respiration from soil and NEP

(1)

The soil respiration of the forest was estimated using a
previously reported correlation equation between temperature and CO2 emission at a soil depth of 10 cm, measured
using an infra-red CO2 gas analyzer (EGM-4; PP Systems,
Haverhill, MA, USA) from August 2010 to December 2012
(Jeong et al. 2017). In general, the amount of CO2 emitted
demonstrates a positive exponential relationship with the
soil temperature. In the current study, an automatic weather system (Em50 data logger and Teros 11 Soil Moisture
and Temperature Sensor; METER Group, Inc., Pullman,
WA, USA) was installed in the study site in April, 2016.
And soil temperature and humidity were measured at every 30 minutes in 2016 and 2017. Monthly and annual CO2
effluxes were calculated by substituting hourly soil temperatures into the relationship. CO2 efflux from forests can
be largely divided into that caused by heterotrophs and
that caused by tree roots. In previous studies, heterotrophic
respiration caused 49% of the CO2 efflux from the Pinus
densiflora forest (Nakane et al. 1983), 51% of the CO2 efflux from the Q. serrata forest (Nakane et al. 1996), 46% of
the CO2 efflux from the Pinus koraiensis plantation (Pyo et
al. 2003), 31% of the CO2 efflux from the Quercus -dominated forest, and 34% of the CO2 efflux from the Q. acutissima forest. In this study, heterotrophic respiration (R h)
was estimated to account for 56% of the total soil respira-

tion, assuming that the root respiration of Q. glauca accounted for 46% of the total soil respiration (Wang et al.
2012). The annual NEP (3) was calculated by subtracting
heterotrophic respiration from the amount of carbon increment each year (ΔC ).
NEP = ΔC – R h

(3)

Results
Variations of average DBH and basal area in study
site

The DBH and basal area of all trees in Q. glauca forest
had steadily increased (Table 2). The mean breast height
area was 110.4, 115.8, and 119.8 m2 ha–1 from 2016 to 2018,
respectively. The tree species with the longest DBH was
Castanopsis seiboldii . However, the trees species with the
greatest basal area was Quercus glauca increased in order
of P. thunbergii , C. japonica , C. seboldii , S. japonicas , C.
japonica , E. japonica and M. japonicas . The basal area of S.
japonicas was decreased by approximately 0.6 m2 ha–1. The
reduction of basal area was caused by a decrease of individuals.
The basal area in this study site represented high value of
about 115.3 m 2 ha–1, which was about three times larger
than 37.1 in Q. acuta forest as evergreen oak forest (Park
2012). The Q. glauca forest in Jeju island was continuously
disturbed by thinning, but the vegetation has been restored
as a sprout forest while human disturbance has been suspended for about 45 years. For this reason, sprouts of Q.
glauca are very well developed, and the density of tree is
high with 158 trees/100 m2 in 2018. High density of trees
according to development of sprout contributed to the high
basal area. However, It is necessary to increase the accura-
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Table 2 Average DBH and basal area of appearance tree species from 2016 to 2018
2016
Species

Quercus glauca
Pinus thunbergii
Castanopsis seiboldii
Styrax japonicus
Camellia japonica
Eurya japonica
Mallotus japonicus
Total

DBH (cm)
8.7 ± 3.0
14.8 ± 3.5
28.2 ± 0.0
9.9 ± 2.0
5.7 ± 0.8
8.0 ± 3.8
6.9 ± 0.0

2017
Basal area
(m2 ha–1)
85.1
9.0
6.2
5.5
3.1
1.2
0.4
110.4

DBH (cm)
9.0 ± 3.1
15.3 ± 3.5
28.3 ± 0.0
11.0 ± 1.7
5.7 ± 0.8
8.2 ± 3.9
7.1 ± 0.0

2018
Basal area
(m2 ha–1)
90.0
9.6
6.3
4.9
3.4
1.2
0.4
115.8

DBH (cm)
9.1 ± 3.1
15.5 ± 3.4
28.9 ± 0.0
11.0 ± 1.8
5.8 ± 0.8
8.7 ± 3.5
7.6 ± 0.0

Basal area
(m2 ha–1)
93.1
9.8
6.6
4.9
3.6
1.5
0.5
119.8

DBH values are presented as mean ± standard deviation.
Standing biomass and organic carbon in plants.
DBH: diameter at breast height.

Fig. 3 Standing biomass of Quercus glauca forest from 2016 to
2018.

Fig. 4 Net primary production of Quercus glauca community
from 2016 to 2017.

cy through the installation of sampling site, since small
sampling site of this study can increase the variation of
basal area.
The total standing biomass of the Q. glauca forest was
475.7, 496.4, and 519.0 Mg ha–1 in 2016, 2017, and 2018, respectively (Fig. 3). The biomasses of the stems, branches,
leaves, and roots were 206.1, 142.2, 38.8, and 88.6 Mg ha–1,
respectively, in 2016; 215.2, 149.6, 39.1, and 92.5 Mg ha–1,
respectively, in 2017; and 224.3, 157.2, 40.7, and 96.7 Mg
ha–1, respectively, in 2018. The stems generated the highest
biomass in the Q. glauca forest, followed by the branches,
roots, and leaves.
The amount of organic carbon in the Q. glauca forest was
214.1, 223.4, and 233.6 Mg C ha–1 in 2016, 2017, and 2018,
respectively. The amount of organic carbon in the stems,
branches, leaves, and roots was 92.7, 64.0, 17.4, 39.9 Mg C
ha–1, respectively, in 2016; 96.8, 67.3, 17.6, 41.6 Mg C ha–1,
respectively, in 2017; and 101.0, 70.8, 18.3, 43.5 Mg C ha–1,
respectively in 2018. Similar to the biomass, the stems contained the highest amount of stored organic carbon, followed by the branches, roots, and leaves.

ha–1 yr–1 in 2016 and 2017, respectively (Fig. 4). In 2016,
NPP was highest in the stems (9.1 Mg ha–1 yr–1), followed
by the branches (7.3 Mg ha–1 yr–1), roots (3.9 Mg ha–1 yr–1),
and leaves (0.4 Mg ha–1 yr–1). Similar values were obtained
in 2017, where NPP was highest in the stems (9.1 Mg ha–1
yr–1), followed by the branches (7.7 Mg ha–1 yr–1), roots (4.2
Mg ha–1 yr–1), and leaves (1.6 Mg ha–1 yr–1). Upon converting the NPP of the Q. glauca forest into the amount of organic carbon, the Q. glauca forest was estimated to have
absorbed and stored 2.5 and 2.8 Mg ha–1 yr–1 of atmospheric carbon in 2016 and 2017, respectively.

Net primary production and carbon absorption

The NPP of the Q. glauca forest was 20.7 and 22.6 Mg

Heterotrophic respiration and net ecosystem
production

The average soil temperatures in 2016 and 2017 of the Q.
glauca forest were 14.9 and 14.8°C, respectively, demonstrating similar monthly soil temperature patterns (Fig. 5).
In 2016, the soil temperature was highest in August
(24.2°C) and lowest in February (6.5°C). Similarly, the soil
temperature in 2017 was highest in August (24.6°C) and
lowest in February (6.7°C). The soil respiration (CO2 efflux) of the Q. glauca forest was 59.6 and 58.2 Mg CO2 ha–1
yr–1 in 2016 and 2017, respectively, demonstrating similar
monthly soil respiration patterns. In 2016, soil respiration
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Soil temperature

CO2 efflux

Table 3 Carbon stock and carbon absorption in the Q. glauca forest
from 2016 to 2018
Carbon storage and flux

2016

2017

2018

214.1
Total biomass C stock (Mg C ha )
Annual C absorption (Mg C ha–1 yr–1)
9.3
Annual C efflux (Mg C ha–1 yr–1)
8.8
Net ecosystem production (Mg C ha–1 yr–1)
0.5

223.4
10.2
8.6
1.6

233.6

–1

Fig. 5 Monthly dynamics of soil temperature and respiration of
Quercus glauca forest from 2016 to 2017.

was highest in August (12.6 Mg CO2 ha–1) and lowest in
January and February (1.2 Mg CO2 ha–1). Similarly, soil respiration in 2017 was highest in August (13.3 Mg CO2 ha–1)
and lowest in February (1.0 Mg CO2 ha–1).
Estimating values based on the total soil respiration of
the Q. glauca forest, the heterotrophic respiration and root
respiration were 32.2 and 27.4 Mg CO2 ha–1, respectively, in
2016, and 31.4 and 26.8 Mg CO2 ha–1, respectively, in 2017.
Thus, the CO2 efflux from the Q. glauca forest was estimated to be 8.8 and 8.6 Mg C ha–1 in 2016 and 2017, respectively. The NEP of the Q. glauca forest was calculated
to be 0.5 and 1.6 Mg C ha–1 yr–1 in 2016 and 2017, respectively (Table 3).

Discussion
Approximately 140 species of the genus Quercus are distributed in Asia, of which Q. glauca is distributed in the
western Himalayas, the tropical and subtropical regions of
China, and the central Honshu region of Japan (Menitsky
2009). In South Korea, Q. glauca dominates the low mountains of Jeju Island and the southwest region of the country
(Kim and Kim 2012). Distributed in relatively diverse environments from alpine to subtropical areas, Q. glauca appears to have a variety of ecological niches.
During the study period from 2016 to 2018, the average
standing biomass of the Q. glauca forest was 497.0 Mg ha–1
(Fig. 3), which was higher than that of Quercus forests in
other areas. In previous studies, the standing biomass of
Quercus forests varied from 10.3 to 1,130.8 Mg ha–1, due to
environmental differences in Quercus habitats. On Jeju Island, the annual precipitation generally exceeded 2,000 mm
(except in 2017), and the average annual temperature ranged
from 13.6 to 14.3°C. In particular, the underground rock
layer in the Gotjawal region of Jeju Island where the Q.
glauca forest was located had a high water holding capacity
(Jang and Lee 2009) and the temperature in the coldest
month did not drop much below 0°C. This environment
seems to have played a major role in maintaining the high

-

productivity of the Q. glauca forest. Indeed, the Q. serrata
forest in India, with a greater standing biomass than the Q.
glauca forest in this study, is located in an area that is hot
and humid in summer, but warm and humid in winter,
with an average monthly maximum temperature as high as
21.7°C (January) to 29.5°C (August), as well as an average
annual precipitation of 1,430 mm (Waikhom et al. 2018).
The previously reported standing biomass of the Q. glauca
forest was 345.9 Mg ha–1 in 2011 and 368.4 Mg ha–1 in 2012,
indicating an increase in the standing biomass of this forest over time. The DBH of the trees in the forest ranged
from 4.6 to 29.7 cm and the age of the Q. glauca trees was
as high as 42 years (Jeong et al. 2017). Thus, the standing
biomass of the protected Q. glauca forest is expected to
continue to increase.
The amount of stored organic carbon was estimated to
be 223.7 Mg C ha–1 during the study period, which was
greater than that of the Q. brantii forest in Iran (22.1 Mg C
ha–1) (Mahdavi et al. 2020), the evergreen Quercus forest in
China (52.7 Mg C ha–1) (Wang et al. 2010), and the subtropical broad-leaved forest in China (32.8 Mg C ha–1)
(Wang et al. 2010). The amount of organic carbon reportedly stored in the Q. serrata forest of India, with greater
standing biomass than the forest in the current study, was
481.5 to 565.4 Mg C ha–1 (Waikhom et al. 2018). Meanwhile, the amount of stored organic carbon previously reported in the Q. glauca forest was 155.63 Mg C ha–1 in 2011
and 165.79 Mg C ha–1 in 2012 (Han et al. 2018), indicating
an increase in the organic carbon stock of this forest over
time.
The NPP of the Q. glauca forest was 20.7 and 22.6 Mg
ha–1 in 2016 and 2017, respectively, which was higher than
the NPP of the global temperate evergreen forest (13.0 Mg
ha–1) (Whittaker and Likens 1973), the Q. robur forest in
Europe (6.8 Mg ha–1) (Houghton 2007), and the Q. ilex forest (11.2 Mg ha–1) (Escarré et al. 1987). The NPP was also
similar to that previously reported for the Q. glauca forest
in 2011 (22.6 Mg ha–1) (Han 2018), indicating that the high
productivity of the Q. glauca forest in Seonheul Gotjawal
has remained stable over time.
Based on the NPP of the Q. glauca forest, carbon absorption by photosynthesis was calculated to be 9.3 and 10.2
Mg C ha–1 yr–1 in 2016 and 2017, respectively. This value
was greater than the net carbon absorption of the evergreen Quercus forest in China (4.55 Mg C ha–1 yr–1), the
subtropical broad-leaved forest (5.97 Mg C ha–1 yr–1 (Wang
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et al. 2010), and the deciduous Q. robur forest in Croatia
(6.8 Mg C ha–1 yr–1) (Anić et al. 2018). On the other hand,
the previously reported carbon absorption of the Q. glauca
forest from 2011 to 2012 was approximately 14.2 Mg C ha–1
yr–1 (Han et al. 2018), which was greater than that found in
this study.
Soil respiration is largely divided into heterotrophic respiration by soil microorganisms and root respiration (Lou
and Zhou 2006), which needs to be analyzed to accurately
estimate NEP. In this study, the carbon efflux was 8.8 and
8.6 Mg C ha–1 yr–1 in 2016 and 2017, respectively, which was
similar to the average carbon efflux reported between 2011
and 2012 (8.85 Mg C ha–1 yr–1) (Wang et al. 2010). Moreover, the carbon efflux in the current study was greater
than that of the evergreen Quercus forest in China (3.02
Mg C ha–1 yr–1) (Wang et al. 2010), the deciduous Q. robur
forest in Croatia (5.0 Mg C ha–1 yr–1) (Anić et al. 2018). The
soil respiration of forests tends to increase with increasing
productivity. In the 80-year-old deciduous Quercus forest
of the United Kingdom, GPP reportedly demonstrated a
positive correlation with soil respiration (Wilkinson et al.
2012). Soil respiration is also known to be significantly affected by soil temperature and moisture (Davison et al.
1998; Inclán et al. 2010). The NPP and soil respiration in
the current study were much greater than those of other
Quercus forests, likely because the current study was conducted in a subtropical region with high average annual
temperatures and precipitation, which may have affected
the high CO2 efflux from the soil.
The NEP at the study site was 0.6 and 1.6 Mg C ha–1 yr–1
in 2016 and 2017, respectively, which was lower than that
previously reported for the same Q. glauca forest (5 Mg C
ha–1 yr–1) (Han et al. 2018). The NEP in 2016 was lower
than that in 2017, as the NPP of the leaves in 2016 was as
low as 25% that of the leaves in 2017, despite the increase in
NPP of the stem, branches, and roots. Additionally, the
carbon absorption was higher in 2011 and 2012 than in
2016 and 2017, which may have been due to differences in
calculations for carbon absorption. The NEP of the Q.
glauca forest was lower than or similar to that of the evergreen Quercus forest in China (1.53 Mg C ha–1 yr–1), the deciduous Q. cuspidata forest in Japan (3.47 Mg C ha–1 yr–1),
and the NEE (net ecosystem exchange) of the deciduous Q.
robur forest (3.19 Mg C ha–1 yr–1). In comparison with other Quercus forests in South Korea, the NEP of the Q. glauca forest was lower than or similar to that of the deciduous
Q. acutissima forest (4.6 Mg C ha–1 yr–1) (Lee and Mun
2005) and the Q. mongolica forest (1.61 Mg C ha–1 yr–1)
(Won et al. 2014).
The above results indicate that while the carbon stock
and absorption of the Q. glauca forest were greater than
those of other Quercus forests in South Korea and overseas, the NEP was lower than or similar to that of other
Quercus forests, likely due to the high soil respiration. The

productivity of trees is affected by abiotic environmental
factors such as temperature and precipitation, as well as biotic environmental factors, such as biodiversity and structural diversity of the forest. Odum and Barrett (2005) reported a positive correlation between standing biomass
and species diversity in a forest succession model. Studies
have also reported that structural diversity, such as the
thickness and height of trees, is associated with the aboveground biomass of forests (Con et al. 2013; Jeong et al.
2016). Due to the subtropical climate and growth of several
species of arboreal and shrub plants as well as sprouts,
trees of various sizes and ages were distributed in the Q.
glauca forest, resulting in high productivity. Higher structural diversity and carbon stock were previously observed
in older and more mature forests (Martínez-Sánchez et al.
2015). Thus, the Q. glauca forest is expected to function as
a carbon sink for even more carbon at the climax of forest
succession.

Conclusions
This study demonstrated the productivity and carbon
absorption capacity of the Q. glauca forest on Jeju Island, a
representative subtropical forest in South Korea. The average amount of carbon stored in the Q. glauca forest was
223.7 Mg C ha–1, with the highest carbon stock in the
stems, followed by the branches, roots, and leaves. The annual average carbon absorption was 9.8 Mg C ha–1 yr–1,
with the highest adsorption also in the stems, followed by
the branches, roots, and leaves. The annual average carbon
efflux by heterotrophic respiration was 8.7 Mg C ha–1 yr–1
and the NEP was approximately 1.1 Mg C ha–1 yr–1 during
the study period. Compared with various Quercus forests
in South Korea and overseas, the Q. glauca forest had higher carbon stock, productivity, and soil respiration, but lower NEP. Such characteristics may have been due to the forest’s location in a subtropical region with high annual
temperatures and precipitation, as well as being populated
with trees of various types and ages. As subtropical forests
are expected to expand in the southern and coastal regions
of South Korea due to global warming, which will likely be
accompanied by changes in vegetation, the function of the
Q. glauca forest as a carbon sink will become even more
important.
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