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Abstract: Forests are the largest carbon (C) sinks in terrestrial ecosystems. Recently, as enhancing forest C seques-
tration capacity has been proposed as a basic direction of the Republic of Korea’s ‘2050 Carbon Neutral Strategy,”
accurate estimation of forest C sequestration has been emphasized. According to the Intergovernmental Panel on
Climate Change guidelines, sequestration quantity is calculated from changes in C stocks in forest C pools, such as
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biomass, deadwood, litter and soil layer, and harvested wood products. However, in Korea, only the overstory biomass
increase is now considered the amount of sequestration quantity, so there can be a significant difference from the
actual forest C sequestration. In this study, we quantified forest C exchange through C flux measurement using an
eddy covariance system and an automated soil chamber system in a 57-year-old Korean pine plantation located in
Mt. Tachwa, Gwangju-si, Gyeonggi-do. Then, the net amount of C sequestration was compared with the amount of
the overstory biomass increase. We estimated the annual C stock change in the remaining C pools by comparing the
net sequestration amount from the C flux measurement with the overstory biomass increase and C stock change in
the litter layer. Therefore, the net C sequestration of the Korean pine plantation estimated from the flux measurement
was 5.96 MgC ha™', which was about 2.2 times greater than 2.77 MgC ha™' of the overstory biomass increase. The
annual C stock increase in the litter layer was estimated to be 0.75 MgC ha ', resulting in a total annual C stock
increase of 2.45 MgC ha™' in the remaining C pools. Our results indicate that the domestic forest is a larger C sink
than the current methods, implying that more accurate calculations of the C sequestration capacity are necessary to
quantify C stock changes in C pools along with the C flux measurement.

Key words: forest ecosystem, carbon neutrality, carbon sequestration capacity, evaluation, carbon flux measurement
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Figure 1. Research site at an approximately S57-year old Korean pine plantation on the Mt. Tachwa Seoul National University

Forest, Gyeonggi-do, Republic of Korea.
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Table 1. List of instruments for measurements of CO, flux and environmental factors at an approximately 57-year old Korean pine
plantation on the Mt. Taechwa Seoul National University Forest, Gyeonggi-do, Republic of Korea.

Measurement Instrument Measurement height (m)
CO; flux LI7500A" 41
Wind speed/sonic temperature CSAT3® 41
Short/longwave radiation CNR4° 40
Photosynthetic photon flux density LI1190* 40

Air temperature/humidity HMP45¢ 40
Soil temperature Thermocouple cable -0.05 ~ -0.1
Volumetric soil water content CS616° 0~-03
Wind speed/direction CSAT3® 41
Barometric pressure LI7500A" 41
Precipitation TE525° 41

®Li-Cor, Inc., USA, ® Cambell Sci., Inc., USA, “Kipp & Zonen, Netherlands, 4 Vaisala, Finland, © Texas Electronics, USA.

ThLee et al,, 2019). ALHELO] Haf 227 oF 21 mo]u,
F1H7e 325261 cmolt). 2AA 2] Eoke ehaby ol
AFE = oFEo|ti(Suh et al., 2014; Lee et al., 2021).
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Figure 2. Schematic carbon cycle of research site at an approximately 57-year old Korean pine plantation on
the Mt. Taechwa Seoul National University Forest, Gyeonggi-do, Republic of Korea. Diamond-shaped boxes
are gross primary production(GPP), autotrophic respiration(R,), net primary production(NPP), heterotrophic
respiration (Rp), and net ecosystem production(NEP) for the Korean pine plantation. Oval-shaped boxes are
carbon stock change in carbon pools including aboveground overstory biomass pool(ACyersiory above), belowground
overstory biomass pool(ACoyerstory below)s aboveground understory biomass pool(ACunderstory above)s belowground
understory biomass pool(ACnderstory betow), deadwood pool(ACacaawooa), litter layer(AGCiiter), and soil layer(ACqoi).
Carbon pool and flow such as volatile carbon emission, dissolved organic carbon, soil methane uptake, insect

are omitted from the cycle.
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|7} 46%2 71P¢ 29k 4o ) 102.6 g€ m™* S 7=
3tglom, € R/GPP H|7} 102%$H 8¥o]= —3.9 ¢C m™
B eAagesfo] iiEdETt Atk A R 295 H
=3] S715ke] 8¥ol= 2o 2063 gC m*E B o, vt
A7 4 R 295 3] F7hske] 840 2
101.2 gC m*(R. 2] 49%)E wj&3}icth 12t RS} R
A2 HE FAG Y Rpwer 8HHTE O|2 6Hof
127.7 ¢C m*(R.2] 73%)5 7|53t R} A& k2 wjel
= H3ith
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Figure 3. (a) Daily mean air temperature(7,) and soil tem-
perature(7;), (b) daily total precipitation(Prec) and daily mean
volumetric soil water content(6), and (c) daily total gross primary
production(GPP), net ecosystem production(NEP), ecosystem
respiration(R.), soil respiration(R;), and modeled soil respiration
(Rs modeied) at an approximately 57-year old Korean pine
plantation on the Mt. Tachwa Seoul National University Forest,
Gyeonggi-do, Republic of Korea.

FEILLAMEHEEEE A0 A45 (2021)

201949 119 195E 20204 1092 319717 2 L)
AFA] Q] AR 2 2] 9] & EbAT 2Tkl GPPE 1,905.6
gC m?& 1% 69%°] 1,308.9 ¢C m?0] R.E £l t}A|
t7] o= wj&EL Aoz el t(Table 2). 1 =
RE E3} B4 ujZo] GPP2) 27%¢2] 512.5 ¢C m? O &,

R.2} R 4 AE2EE FATE Rpoe= GPPL] 42%21 796.4
gC m?olglek wheba] oF 1¥7h 2 SR 2R |9] &
254291 NEPE GPPY 31%9] 596.5 gC m~0]glo
o, o] M3} A] 5.965 MgC ha'o|)th.

w

IR ZEIX|Q| ACoverstory I ACiiter
HAE dErhx i A YA 169] 558 s =
Zx]9] V= 5.98 m® ha! yr'o]g] O H(NIFoS, 2020), D=
0.408 t dm. m>, BEF= 1.742, RS 0.276, CF= 0.51&
83519 E]’(NIFOS 2019). 1 A3} ACoerstory+= 2.766 MgC
ha'o]gl o, Tk W3k A] GPP2] oF 15%%] 276.6 gC m™>
o2 FYA HEo2RY A% AR & ST
NEP9] 46%0) aje-s}<ic}.

ghA 2020 10956 129714 9] {724 &
111.7 gC m*(GPP2] 9 6%)°]3.2.1, ko] 0.4(You et al.,
2000; Won et al., 2018b)E &35} A 6o ule} AASH
AZE G| EESTS GPPO] oF 2%2] 36.9 gC m>o]git}.
olof whel {7 E AT Ealle] AfolmEE =A%
A7t ACjpe 74.8 gC m'z(GPPQJ OF 4%)0]qlom, A 72
FE 4% A7 ACunderstory P ACsoirtACcadwood TACothers ]

L

Table 2. Montly total gross primary production(GPP), ecosystem respiration(R.), soil respiration(R;), aboveground respiration(R,nove,
the difference between R. and R,), and net ecosystem production(NEP) from Nov. 1% 2019 to Oct. 31* 2020 at an approximately
57-year old Korean pine plantation on the Mt. Tachwa Seoul National University Forest, Gyeonggi-do, Republic of Korea. Total
amount of carbon flux during this study period and contribution of each carbon flux component to GPP are also shown below.

GPP R. R, Rabove NEP
Year Month e} 2 2 2 2
gC m gC m gC m gC m gC m

5019 Nov. 88.2 52.1 32.6 19.5 36.0
Dec. 38.5 57.0 15.0 42.0 -18.4

Jan. 31.6 43.0 11.7 313 -11.5

Feb. 472 38.5 10.6 27.9 8.7

Mar. 130.6 71.2 15.1 56.1 59.4

Apr. 190.6 87.9 22.6 65.3 102.6

2000 May 236.2 149.6 39.8 109.8 86.6
Jun. 268.0 174.8 47.1 127.7 93.2

Jul. 262.5 190.5 76.7 113.8 72.0

Aug. 202.5 206.3 101.2 105.1 -3.9

Sep. 229.1 143.1 74.0 69.1 86.0

Oct. 180.6 94.9 66.1 28.8 85.8

Total (g2C m? yr') 1905.6 1308.9 512.5 796.4 596.5
Contribution to GPP (%) 100% 69% 27% 42% 31%




o sit 3 ALEsE Bo] AILEE o8 T EYA

232 GPPY] oF 13%2] 245.1 gC m? 22 ACoersiony S
89% <=0 Utk
=t

4 =

HAA ALE &

re
re
-
N
4
o
i
4
0,
oZ
U
-
N

20| =2 54 A%
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3] v w2 H7F Wisld 8¥ofli= 69 v GPP7}
24%(65.5 gC m?) 7+43F Wi, R= 18%(31.5 gC m?) &
7}5le] 89 NEPE= 6 tjjH] 97.1 gC m? 743 -3.9 oC
m’2 YA Ql i v Edo] Itk Table 2). A3 A7
of =W Foprlof A A9 & 7SR Ik o5 s
& 9 EHFe] A2 dARS STHIZIAY dAEES
TaAA AT A A 9] GPPE F| Y| 30%7bA] 74
Al7)1= Ao 2 BE H} Qlti(Saigusa et al., 2010; Hong
and Kim, 2011). = A5L9] oft] F4tk S22 B9l A
#3714 AR W2 8Y e 677 mm=, 7Y
bk 323 mme] oF 214K, 69 ZF4=wF 97 mme] o 7Hj <]
B2 w7 WRoew, edaes 69 13UoA 899
2047HA] oF 54%7}F F7YsRlek olof whet ARt AARF
2 o] 2282 W m?o) A 8¥of 127.0 W m?7}A] oF 44%
SEAE

=
=
El

o

(astol B B & SAF4A GPPT} At
Ao AZpEck v 89 Rz 69 Tju] S7kskgl,

AIRA LR 8 Rupoets 62 THH] 18%(22.6 C m”) Zra:
BFIATE Re= 690 47.1 gC m™2o| 4] 8] 101.2 gC m™
7] oF 2.1 Z7hsto] R b Re] Z7tol A 7]9)
3 A= ey,

201656 2018W7kA] & A5t7} =3 5794 Bt
- A ol|lA o] Ay A Ao A= g H7F 154
oz Wee dupde] AejA 5ol 2A S71skich
(Lee et al,, 2021). 71 ¥2lo 2 Aupd o]A Al 59 ¥
o A W Bl we EgpRAToR oAt
Autol] ofgt BRe 4R EofsEalero] BjuEo] 45
3} opite] B52 Sls) 27 F7eb] el Row WAk
3l th(Park et al., 2010; Hagedorn et al., 2016; Wang et
al,, 2016). HAl= & AN EFFHETT] oF 20%
olst gadt v R folsHA sk AU melo
™ (Figure S1), AP Aol A= Ao Al AJikeo]
Ak AT} 7 0] 51 7o) A 11 Afolo] A F7heh
Ao g 1L QUrH(Park et al., 2010; Zhou et al., 2014;
An et al, 2017). @EbA] 2 ALNA Rt 69 0]
SharshA] k43 WP, R, 2 RIE 69 Hhu) 890] Z7Hat
291 % shps

fiud

SlEEEA SR 48 RS Fusi] 98] A3}
o] A AL W FEE T FUA Aske AREE
(growth respiration)o| 718}, Z71E AEFOZ QIsH
A] & Z(maintenancec respiration)©] 74 71517 w|
¢l Aoz AHZbEtHFigure 3(b), (c), Table 2]. H7t o}
2}, Hagedom et al.(2016)> IA| TAWEH EF4H 9] 3
5ol Al Y it d n|E AESY EYE ST
o] AA F7keF Ao Hiustlet, & dAoAE 7-8
A Al A HEo] 9 o F uE Y A
oz gt A 2 FAIEFY SV RO STkl S
uAe Ao Az,

2 ool STEA AR 20 itk &

i

ife]
o

g

g~
g
rir
5
5
N
[4)}
@)
B
o
pac
o
=
[
ofy
N
O
X
N
fof
ol

rﬂ 1‘>’
B
ot
+
o
flo
Q
3
1o
e
°
s
2
i
(4}
(@)
e}
o
32,

o} opaJo} 2] 9] 2270 AFRl A Al A AXF A wghek
A5 olgalo] vt HAT Aol Thw, R/GPP ¥
(o0 QYO 60% olielglon, R 2o}
2o AEedo| A oF 50-100%2] H1E % ArHChang
et al, 2021). 15 AEl Z-& A= A oS At
e @ ofgo) Ahgle] A9 R/GPP HI7L Bt oF 80%
Arof o]2= Ao g JEGTtHKondo et al., 2017). o]
we} opAJo} 7)o AF=rEe] NEPGPP Bl 0-50% 9]
S Boon, B A3 ZAXQ] AR 27X 2] R/GPP
9 NEP/GPP H|= ofAfo} 2] &] Ear 9] o Hgs}
Atk

4432 H 2 2]9] ¢ NEPL: 477480 gC m?0]¢].o
(Takanashi et al., 2005), 90 3 AU O] 742 388 ¢C
m~0] ¢ tHMizoguchi et el., 2012). Z=2] 200 ©]A4t9]
AU S8 Eade] 4% A NEP7}F 308 gC m?o]gle
w(Zhang et al., 2006), 71 9] SHI} 0|F 5 AUES
23X A NEPE= 9ol whet 24 ¢C m?3E 765 oC
m*7HA] thefstA Basts Ao & Uebdth(Kolari et al,
2004; Vickers et al., 2012; Ziemblinska et al., 2016; Chan
et al., 2018). Table 32] A3 A3+ AWE vjgto g o],
ABddr, AE7]2o] WE ¢ NEPS] W3} oMt
Shelstieh WA AP ut A NEP 7He] At A o A= &

] oF 40d0] & wj7}x] 9 NEP7} 7lut2 A F715tL
, 7319 o|F AA3] 281 cHFigure 4(a), R’ = 0.57,
<0.05]. 12} ¢ NEPQ} ABt 7 @ Ag+t7]2
of &Fo] FHIAE Hidou FAACE FostA =

H ool o
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Figure 4. Relationship between (a) forest age and annual net ecosystem production(NEP), (b) mean annual precipitation and annual
NEP, and (¢) mean annual temperature and annual NEP based on data from Table 3(no. 1-8 with black circles, eddy covariance-based
NEP estimation; no. 9-10 with grey squares, biometric-based NEP estimation).

FktHFigure 4(b), p=0.47; Figure 4(c), p=0.0516].
SRR A HoletA 2 lsdol wE A NEPS] W3t
= SQIt Gough et al.(2016)9] A+ Ao A= 27|
Ho 7k Z o, A= dego] F7kghol whak 1 NEP7}
K A5] 7HAaste A Bt Yu et al(2014)9] Ao
A= e o] Z7lo] whel ! NEP7} H123] Zhash= el
& H3lom, Gao et al.2016)0] 4= AT} Tl &0 4%
#7]0] A NEP F7te]] & J3S x| 2 o= Ueht
o} o] ZEE QE9] A 27| =2 GPPL; 74l W
i}

Mol whet e xjol7h WAISHE Rl ©J3) NEPY] #io]7}
A9, SR A4 404 olFols U] F7Ktel tek
NEP7} 7Asshe ZaFe BHlg 4 qlglow, 3 A
QI BAFSFS AN PN A o2
Q= 7)eo] Folu} F|FHstR I 71 S7o]
< zejsjof @ Ao Azt

2 Aol A dEEE W AR 16, R 559 3t
Bat A =7 A{AeE o8tk
Coverstoyr= 276.6 gC m?0]glon, Ryu et
al.2014)8] Aol A =} A 2-AIE A2 A
4 R 2 HE A4 277.8 C m?
- B3 ACoersion= EHL BEZO R
A7 & BA2F4E NEP 596.5 ¢C
m?9| oF 46% HEATt F o 2 HE AR shas
45 2ol 319.9 gC m?o|en, 1 3 ACie2] 74.8
gC m>E A 95t Azt ACunderstory T ACsoitACdeadwoodt ACothers
o] 312 245.1 gC m” & NEP2| 41% $=3o|gich A5
Htoll w2, vy o] A7t frIEAAES o
A= 104 11¥99] FS=| I ch(Kinerson et al., 1974;
NamGung and Mun, 2009; Jeong et al., 2013). L&} <3
DAY A FIEBAFY oF 85% o)/de] 7H=E
o X% AT} el(Kwon et al, 2016), AUF5:T} 7

2 L
> g 1
jal<4
Shid
N 1o
> rf

o}
1974). o]o]] whe} 2 Atof|A] ACiw AAF Al ]88k AZF
71 EARES 1095 E 1299 A o= ZA4 s}
P F7IESOR FUHE dAaTFS A 4= 9l
o, E3F A7t frlEEl Y A fole = A+t 71t o]
Aol e f7189 Fallske arelshA] Fekr] o
w ACiwerolli= Th B o] Egict

u]=+ North Carolina | 2] oF 15348 Loblloly pine Y&
o] A7t §7|BAYAFLS OF 462 ¢ mP O EhAhEFo g A
B oolrel F A% CF=0.51 2-8) A] F 235.6 gC m™9]
A 7F gAaro 2 8 QE] ¢l th(Kinerson et al., 1974). o]}
YA CF=0.51 2 283 29, A= W oF 3474
Scots pine YE-2] AA7F F71EAYAFS 12.2~1674 ¢C m™
o] H9lE Bolon, & At AR A|e} Qo] v
2=3F 624 Scots pine Y- 217k |t 155.1 gC m>2)
g7 e 2 FAE ek Starr et al., 2005). W]
- Lok EF Y W AU ek At fU1E AR
£ 2005WUF-E 2007 Ato] Hat 157.0 g€ m>(NamGung
and Mun, 2009), 2009\ 3-E 2013 Ato] Ht 175.5 gC
m>0]¢] .o m(Won et al,, 2018a), FHAF UL ko] 20081
T} 2009 Afo] Izt Ht {71 B4R 360.6 ¢C mPo]
AtH(Jeong et al., 2013). waba] 2 A-0] AZF F71=4
AREF 1117 gC m™g =] Fobat 9 WAk Apyt F2to]
Wit 7)1 2R 231.0 gC m? yr' o & A5l
ACiiner ke AAAFE 79 7122] 74.8 gC m?of|A] 154.9
gC m* 714 Z71810] A7F ACunderstory HAC soirt AC deadwood
AChers 2] F-2 7] 245.1 gC m™(NEP2] 2F 41%)0]| 4]
165.0 gC m*(NEP2] oF 28%)7}A] 7k4dF 4= 9L Ao
7 H

B AT 2AKGH 2 AR EE SR SE

(o
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Ao AxE Al A4S 0~30 cm Zlo] 9] EOA OF
180 gC m?7}4] 23} L, 0~90 cm Zo| & &g 3%
ok 212 gC m27HA] o]2= Aoz eltrkPark et al,
2010; Zhou et al., 2014; Wang et al., 2016). T3t FE 0 A
AZE Al LARF D EFo R O] Felo] H4 50 o€ m”
oAl Helf 253 ¢C m*7t7] o]2 2 & Ao)A] ACje 7}
AF7HE 5 e AS AdstEgtE A7 ACundersiont
ACuoirtAC geadwood tAComers ] FHQ] 245.1 gC m>whg A
Fot Ao 72 e ti(Park et al., 2010; Kim et al., 2012;
Zhou et al., 2014; An et al., 2017). 53] dA] LU=9] 4
A 2 A olsl A et i A 54
712k Afol 9] EOF Y He) F] Ml
St @7k Al AL 9 TAEe] Ao G 2 ol
S LIS o AA Al AR 9 aLAbe] oJgt BQF
o g0 i FAFol AF7HEUS 4 Ah(Park et al,
2010; Zhou et al., 2014; Wang et al., 2016; An et al., 2017).
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Table S1. Adjusted R* and RMSE values of four nonlinear models to estimate response of soil respiration(R;) to soil temperature(7;)
and of two nonlinear models to estimate responses of normalized soil respiration(Rs nomalizca, the ratio of measured R; to estimated
R, from T;) to volumetric soil water content(6) at an approximately 57-year old Korean pine plantation on the Mt. Tachwa Seoul
National University Forest, Gyeonggi-do, Republic of Korea.

van't Hoff Arrhenius Lloyd and Taylor Ratkowsky et al.
Response equation” equation equation® equation
Rugi® RMSE Rugi” RMSE Rug” RMSE Rag® RMSE
Ts - Rs 0.7926 0.0198 0.7940 0.0197 0.7967 0.0195 0.7969 0.0195
Doran et al. Mielnick and Dugas
Response equation® equation
Rag” RMSE Rag” RMSE
O - R nomalized 0.5296 0.2641 0.5019 0.2792

“van't Hoff (1884) equation : R = ae®”

® Arrhenius (1889) equation : R = ge!®FIVIeM273)-IMTR2T3)]
“Lloyd and Taylor (1994) equation : R = ae
4 Ratkowsky et al. (1982) equation : R = (T = Tiin)/(Tret ~
®Doran et al. (1990) equation : R = a6* + bO + ¢
"Mielnick and Dugas (2000) equation : R = a(€ - Ouin)(Omax - O)

{b[1/(Tref+46.02)-1/(T+46.02)]}

Tmin)2

57-year old Korean pine plantation, Mt. Taehwa, Gyeonggi-do

025 1 (@ 30 1 ) 1
=== van 't Hoff L Doran et al. ]
— 020 | —— Arrhenius 1 25 : —— Mielnick & Dugas
= Lloyd and Taylor H
o
= —— Ratkowsky et al. Q 20 4
o 0.15 | 5 T
£ E 15 | ]
O g :
=) 0.10 8 @)
Q:m g 1.0 ]
0.05 | 8 05 | |
000 i : : ‘ — 00 | 1
0 5 10 15 20 25 10 20 30 40 50 60

Ts (°C) 0 (%)

Figure S1. (a) Response of soil respiration(R;) to soil temperature(7;) and (b) response of normalized soil respiration(R;_nomalized
the ratio of measured R, to estimated R from 7;) to volumetric soil water content(Q) at an approximately S57-year old Korean
pine plantation on the Mt. Tachwa Seoul National University Forest, Gyeonggi-do, Republic of Korea.

<7020 | y=0978x+0.001 e
< RZ, =083 K
[N}
I RMSE = 0.0174
€015
O
2
5 0.10 |
(]
2
3
= 0.05
o
g 1:1
0.00 —_— Relgression
0.00 0.05 0.10 0.15

Rs_ModeIed (g C m72 h71)

Figure S2. Modeled soil respiration(R; modacica) from soil temperature(7;) and volumetric soil water content(6) vs measured soil
respiration(Rs measurea). The equation of Ry vodelea 1S Rs Modeled = (a6 + bO + o) (T, - d)’/(e — d)>). Orange lines represent 95%
prediction interval.
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