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ABSTRACT

Approximately 51% of the greenhouse gas (GHG) emissions generated by the agricultural sector in Korea are emitted from
rice fields. Despite the extended fallow season, the calculation of GHG emissions from rice fields has been limited to rice
cropping season. In this study, we sought to provide information on GHG emission considering the carbon budget in the
fallow season. To compare the influence of water management during cropping season and how it affects the fallow season,
two different treatments were examined, continuously flooded (CF-fallow) and intermittent drainage (ID-fallow). The emission
rates of methane (CHs), nitrous oxide (N,O), and carbon dioxide (CO,) were monitored using the closed chamber method.
Changes in soil carbon were estimated using the net ecosystem carbon budget (NECB) method and the net global warming
potential (GWP) calculated. Seasonal CH; and N,O emissions were not significantly different between treatments, but the
seasonal CO, emission for CF-fallow was significantly higher than that of ID-fallow. The net GWP was 5062 kg CO,-eq. ha™
for CF-fallow and 4433 kg CO,-eq. ha™' for ID-fallow. Approximately 77% of the calculated net GWP value was affected by
the NECB value, followed by 22 ~23% affected by N,O emission. In contrast, the influence of methane on net GWP was
less than 1%, suggesting little effect on GHG emissions. In order to reduce GHG emissions during the fallow season in rice
paddies, carbon enhancement through the input of carbon sources into the soil should be employed. However, since there are
concerns about increased CH,4 emission from decomposing organic material during the cropping season, additional research

on appropriate organic material sources and application methods should be conducted.

Key words: Net Global Warming Potential (net GWP), Greenhouse Gas (GHG), NECB (Net Ecosystem Carbon Budget),
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Ha% - 2AY -

A7tA= HIRHCH) L=, ARty og T4 AH9| = EY
oA E7148%0 R71= 2ol Al BAgRieE 1996 IPCC A
oAM= WA stollA 27] 52 Hgh(CH,) ¥iET A
FHS AAISHL Qlom, S =049 Hgt viEd JA] 2
7] Bl % AEE ol&sto] 4Pt QItHKim et al,
2013). 12 7|AE 2006 IPCC A HoAE HA RS
T-25HA] AL 573 A (Cropland) = Tt 2471 HiE
T AT AZ 8okl St fEuEre] Ad B4 A
HE Aok 717+ 111 ~ 130€0|H(Choi et al., 2018), Lt
M| 2400] o] F471= A7 2] T A E =0] §A
4 A §471= 2719 Blaste] 5714 - B9k 8
of ofsfi gt HjEFo] AAstL, ofileEA HiEo] S7lst
= 5 2719} tE 2A7EA HiE E4Jo] UERd 4= itk of
At A= A G24451X]4(Global warming potential, GWP)

2082, 42 Lo RE AT-LLI] T AFE F 5 9
LA7}A0]THIPCC, 2007). WA 2006 IPCC AR A&
Bl 2A7EA HiER A Y YR E =0)7] HsiAe=
17] Qo= i AHe) §4715 EHole =4 247
A(CHy ¥ COy) HIET AP A%E B8Vt ok

YR A AFoAE A7|et v §47] 2A47IA HiE
of thet ZAZ} o]F X HlZE QUek. 12y tjREo] Hg
= oMk A & Bsle] AS) 2 AR, EYY ©
2:4=7](Carbon balance)g EFol= AA A1 247HA viE
EA4ol digt A= mEgE AAo|th(Liang et al., 2007;
Martinez-Eixarch et al., 2018; Sander et al., 2018). EF &t
29 = 5Pl EQF 9715 (soil organic matter, SOM)2 E
¥ AAZE UEhll= F83F AH#O|RHDelgado and
Follett, 2002), t7] & o]ARBFeAE PAR1 AHi=2 ES
ol Agjst= S S 71 5Hs} Adlel= FHo s o
A QAth(Lal, 2004). 53] =(H714]) EHolA = (=71
A) g3} vlwste] JiAH o g E¢F fr1Ee] A &
2 E9 Ujof] ZHFSITHChen et al., 2018). o|23F A3 AL
ANE v o2 A & o, B AHe =2 EY 771

2o fr

She Fd4 94 QAMoR B 9S B0 |
3F5h= THE<(Itoh et al., 2011; Ma and Lu, 2011), EF 7]
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AAAT= HE 5t oA o AIRIgH s At
of] Q= BiAE) KT 35°49144.0'N, A& 127°02'L37.2"E)
ol =T Al A2 HE7] 5 BE Al 48k
LW Lo, 201904 202087k4] F737] =ofjAe] 2407}
2 HiEES AMSISITE F7HR o s W A A Hig A7
s sk ST F471 S A7 HiE 540
T e FEX otH ), W Al F AANGGE A
Sk A]2]7H(CF-fallow)?} S A2 FH(ID-fallow)S 212t
SR o8 MdX|sto] Hgt, opilebE 4y, o|itabekAo] Hj
TS AT 271 5 W Al S5 B ol o]
BAETE FAISHL oY F 30UFH St HE 20
b AAsLL, AgE st g 913 U5 o] A7IA] 6 em
ol R FASH: B0 =5 T A7 F
e AA] Qo] FUsHA 27 BElE shyloH, HEE
=7 25 AJH]AE7]Z(NAAS, 2010a)0] w=t
N-P,05-K,05 22} 110-45-57 kg ha! AJ8]3}ict
A 2GO] ERe FE(Loam)E, 7+ A9 o]stshA
£/d2 Table 10 Lebd viel 2ot AlY 3242 201949 10
9 18] HE 23t o]% WAH FHE Frivt o5l
49 79(DAH 172M3} 59 7Y(DAH 202") AL 511, 5
9 22Y(DAH 217%)5E] H o]} 3t g5 ARttt
F77] 717+ Z 21692 20194 109 18YEF 20204 5
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7| & SHLE HAS 587 =0Me 247tA HE &4 ZAE & XF2HEK|e LHE(net GWP) 3

Table 1. Chemical properties of rice paddy soil after harvesting

Ex. Cation

pH EC Av. P,0Os OM TOC T-N \

Treatment 15. BLO dS m o! o! ! o (cmolc kg™)
(1:5, H,0)  (dS m’)  (mg kg") (g kg™) (g kg») (g kg™) K Ca M
CF-fallow 56 0.3 36 14.3 8.3 0.8 02 48 1.7
ID-fallow 59 0.2 32 14.0 8.1 0.8 02 49 1.8

2.2 7tA N2 ®MH L 2N

H 23 ¥HH(Closed chamber method)S ©]-&3to] &
71 T =EFA HiEEHe 247IA AlRE A F 5t
SHFSC. of], A Yol WS FE2E F7]x0
2 A|ASte] El7}5 & (heterotrophic respiration)of] 23 H
Sohe 7 WETE 2A 4 LES Sh9rHGwon o
al., 2019a; Haque et al., 2016; Rolston, 1986). A|= A%
L 2 13 98 104014 124] Alojo] AAakgoL, 5
A7 & &7t Ropglof wet MAA Q] 2AVEA HiET
W W% Zo] Fadts AL BATT 293 2274
L 4% weln ARE AFSt. 1A AR AHE 9
sto] B2 Aol Y53 AH(D: 25 cm, H: 50 cm)
Zpzre] AEjto] 3dHE o= AAstgl o, AR FHE
Ao AHE 22 WE AQdstie A €4 HHE &
A3¥5ich. 60 mL FA7IE ol gato] Welak Aiue] 302
AFE 27F 20K RS A0l FHAT 2ok T
(Agilent Technologies, 7890B, U.S.A., Detector-FID for
CH,, CO, and ECD for N;O)E o] &3} 2A47IA ¥ F

BT, 4] (1), F BEIo WEFE APalst

(Haque et al., 2016; Rolston, 1986).

F=pX—FX—"—X—+r €))

a]7]A], F: CO, or CHy or N,O flux (mg m>h™)
p : gas density (mgL™)
V : volume of chamber (m?)

A : surface area of chamber (m?)

Ac . .
AL rate of increase of gas concentration

(L L' hY)
T : absolute temperature

(273 + mean temperature in chamber)

Seasonal CO,or CH,or N,O fluz = Y_(F,x D))

(2)
ol7|A, F;: the rate of flux (g m? d")
in the i sampling interval

D.

; : the number of days
in the i sampling interval (d)

n : the number of sampling intervals

2.3 NECB(net ecosystem carbon balance) *Md

Efozo wa $U3 FE% SapARS Tl
7] 95Fo] NECB (net ecosystem carbon balance)2 2
831900, 4] (3)0.2RE NECB & F518EHGwon
et al.,, 2019a; Haque et al., 2016; Ma et al., 2013; Wu et
al., 2018).

NECB =NPP —R,—CH, 3)
o] 7] A}, NPP = net primary production (kg C ha™)
R, = heterotrophic respiration as seasonal CO,
flux (kg C ha™)
CH, = seasonal CH, flux (kg C ha™)

ojmj, NPP= &= 12} A4 AEA49 FASL=A
2 AdFolAe F471 S AldEl T 2ol A
Foany Togc AY B ALg AAa] A
S9l9d g 2ol AR @ AR gL 24
T A2A AR A% % Easke] 9a BAYI(Vario
Max CN, Elementer anlysensystem, Germany)E ©]-&5}0]
Sa G AT S, BoEd T Ba sqdes
F4Istol NPPE Ttk R EOF UIUE SO o
£9F 53¢ ofnjsin, WHH o XA ojksieke v
2 DoEAY g2 viEgon RSl Tedtt
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WEF o2 Bhilksto] Lot
2.4 net GWP AHd

Al (4ol YErd BRe} o] F77] =olA] wiEH wietat
opAlsEl Ao]  R|FL2uSkR]4x(Global warming potential,
GWP)Ql 259} 2985 717+ Foto] olitaletag ghilsto]
GWP ZHS FL8FETKIPCC, 2007). o]uf, ESF 335 S0
I8l AR A {EF-2 NECB #L2.= 7451] net GWP
e A5t th(Forster et al., 2007; Haque et al., 2015;
Ma et al., 2013).

net GWP (kgCO, —eq.ha 1)

44
= 25x CH, + 298 x N,O0—NECB x T
4

25 EY U J|AAMEY XA}

SENETHY ETSSEAHENAAS, 2010b)0] Foto]
BFAEGES BAS EFL B2 F 2mm AE 53}
AR AZ o83 Addol AMgat. EF pHe EY
3 RSP 1S (WIVIR EWste] 308 b Lk 7,

pH meter (Orison 4 star, Thermo, Singapore)Z =75
on, EC: wHFEHES ojx} F(Whatman No. 2,

O 1=
Germany) EC meter (orison 4 star, Thermo, Singapore)S

o] g&slo] =H3lhct SaAARS Lancaster (NAAS,
2010b)H o2 ZH&E3Sto]  720nm TREOA  B]AA

(AU/CARY 300, Varian Australia)S &-23] 435}t
Z|8HA] 9Fo]2L |M ammonium acetate (pH 7.0) 8H O
2 & T oIsto] FrAdEeEReREE7](Optima
7300DV, Perkin Elmer, USA)Z EA35}9ct EY &4
9 A4 SFEF2 CN analyzer (Vario Max CN, Elementar,
Germany)= A5} T},

Y

(Eijkelkamp, Germany)S ©]

Trime®-Pico 32 sensor
B3to] A7kA A7 A2}
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g - oY - 0134
A F71H 02 S5 oH, FEAFY 8 A OF
85t EFTIFETTHWEPS, water filled pore

space)® SHiFSte] UEHAGILE o]F fI5to] F714o=
EQJol ZAUEE ZAIFTHAL-Shammary et  al.,
2018). 7|4 242 5ALEHA 365(NAAS, 2020)°4 A=
714589 E8oto] AP ti7| = W3}
4 F5dE ARSI

SMC
)
PD
o]7] A4, SMC = soil moisture content (vol. %)
BD = bulk density (gcm™)
PD = particle density (2.65gcm™)

(Blake, 2008)

WFPS(%) = ®)

26 SHZY W

o

A2t 7+ o] SPSS (IBM Statistics 25)Z ©]-85}0]
5% FOAFENA rtestE B9 HlALSHA O H, 2AZRA HY
S0l Y WA A AR 74 JdE LotE ST

24

Zm o

ol J_l_xl-

3.

3.1 71, EY 2 ¥ WFPS 3}

W 31 o3 RE U Wit t7] @ EG 2%, A
2 WFPS ¥3}2 Fig. 1(a)®} Fig. 1(b)oll ZHzt Jehy
ok AP F A B 7] 2 EG 2= 478
9.2°C 2, AEA wglo] et 7] d EY == HE
< YeRigich =8 o]%F 12047kA(DAH 120", 29 %)
7] 7] 4 EY 2Ee AEHO0E Fasion, 1
o|%E 7|Hog HA FTot= TS YEHHASE 73
7] & % 333 mme| 747t 9P.0H, WFPSE B 60%
o &2 RAE QI Aol s WFPS7F S35k AR
S UEtyiglor, 5] d&Hog 22 vt Qlld
231 o]F 1279 E 143Y7HA= WEPS7} 79 ~ 97%
7HA] AA AFSshes Aol FRIET

B 32 oy
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Fig. 1. (a) Changes in soil and air temperature and (b) WFPS and rainfall during fallow season

3.2 2ATtA HiE Hst
3.2.1 HE HHE 54

7471 vet wiET W3l Fig 29 2t B HE
2 CF-fallowo)|A] 0.6 mg m? day”, ID-fallowol|A] 0.5
mgm” day' 2 UEPFon, & et sj&sFS CF-Fallow
oAl 1.2kgha’, ID-fallowol|A] 0.9kgha'E EQl=]Qict
(Table 2). ID-fallow A Z|FollA T4 A e OoY, A
2 gt {2l Zpol= AT F AP oA H|gE
BY¥OE et HiEgo] St o, HE viET Hake
EY 2% 9 50 FoA0 ATAS UEA] 2iT
2 A 2TE AgAolA RARE 2] F & WE 8ilE
K208 ~ 435 kg ha )3} B WZ}HA(Gwon et al., 2019b) &
710l wgto] A9 HiEEHA] Y= AE I & AU

t}. ol Hg: Y =EgolME ES W 71419 g4t
o] gojsto], EY Ul 4t& FAET} Sk 5 EYl &
714 el = FAE7] geo=m weEnh 2714 AJHoA
= HIg BT /o] Hasta Hg Akste] &/do]
Z7)5H=d|(Ma and Lu, 2011), & AF)A % 27|19} v]w
sfol 710 Het Wio] A Qe Aow nelth &
o o e e vz 2o g ehgied, of:
g o] B Al stolM B9 £712E RefelaA
HEhS Hj&ESH(Garcia et al., 2000; Takai and Kamura,
1966), §747] +=2 W 8} o]F tiFE H] g A= 1
& Atslto] Sfsf o7 F wige] 712 E8Eo] 29 ¥
o] et o7 HOItKGwon et al., 2019a; Le Mer and
Roger, 2001).
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Fig. 2. Changes in CH4 emission rate during fallow season (~ means tillage)

Table 2. N;O, CH4, and CO; fluxes during fallow season

Mean emission rate

Seasonal flux

Treatment (mg m” day™) (kgha™)

CH, N>O CO;, CH, N,O CO;,
CF-fallow 0.6° 2.1° 2610° 1.2° 3.8° 5152°
ID-fallow 0.5 1.7 2168° 0.9° 3.3 4527°

Note. Different letters within the same column indicate significant differences between treatments at p<0.05 level

g

Hi&S k= Fig 31 2tk 3
CF-fallowo]| 4] 2.1 mgm? day’,

=
©

3.2.2 OfASIEIA

ti

FA7] 5 otited
o oMt A HiES
ID-fallowo| A 1.7 mgm? day'& UEPFoH, 5747]
oFAISHA A &S CF-fallowol|A] 3.8 kg ha™!, ID-fallow
oA 33kgha'2 ERAE A TH(Table 2). oAISHA A B
< ID-fallow A 2|0l A thd RA Yepgtoy, A2+t 7t
of f9AQl Apol= fiATh F AFFoA HF H|3E
FOo g oMbeE A HiETo| FHTHIALH, ol A
T 9 F95E AAske 279 2 §47] Sole

A BF Ut & E €4 stoll #EEY] fiE

o = =3

i
Am

rlo B

]

A ot oy,
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according to t-test.

o WelT}. ojs} Belstel AW o] vzt 271
EY 2= A opiletdA wiE ®sle] 4R JFS 7
AE A0R WAALRE Fig SI). 53 £ 257t
SC olgh2 W2zt DAH 40" ~ 1460 ofiaFa 4 )
£ I} 7|1AE= EY FEIITHWEFPS) 59| Hslke}
SF3oHA opiatstd A wiEe] Hdt HE7F CF-fallowo] A
0.37 mg m™ day”', ID-fallowo| 4] 0.38 mg m™ day'& &}
U Ao A olskaATt A MjEEA g AL FHel
g 3 ATk BEY L57F 5T oAl 2AA, 13 4
& AAGHDAH 172%) & 7|H o2 E A4
s 4 B 8jl&Fo] 6.9 ~8.5 mg m” day ' 714 &

o
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8 HES - UUY -
Ftgieh. QuHoE ohgtaAzt WS Aust

(nitrification)ofl= AHA~(0,)7F E @5ty &4 loH
(Zhu et al,, 2013), o]<} At F-2o gt EF f At
435 B3KKhan, 1996)] 2J5f oFAlsHE A HiEo] YA
Hoz Z/1s Aoz Bk a8y 48 o]F oF 200Y
S 71407 23} HE&(DAH 202" AAIYSE &
Total opitsbE A HiETo] Stk Zlo] BEESIS
o, ol &2 AR A EY 7ol St FFer
AZre . AgATo] 2 AAarskabgolA A sh=
olAlstd A WEPS7} 55~ 65%%Q o 714 A vi&=
THBouwman, 1998). &t} WFPS7} 60 ~ 70% <] o]
Ao F7IoHA HH EF F Ak ghibo] AdE o] &
AtshA ol A Aol opAlsE A0 HjEo] AAlE &
Q1Th(Schjenning et al., 2003; Skopp et al., 1990). & A
A= 12} AL AT (DAH 172™) WFPSE B 50% &
£ o, opAls}A A W& 6.9 ~8.5mgm? day' O & U}
Ebgteh W, 22k A2 A5 (DAH 202") WFPSE Bt
64% $FO 2, ofitetA 4 #iE&2 0.3~ 1.1 mgm” day’
07 ZUst Fe A5 o= EHFo] Xfo|o] uwke} of
AeHE A HijEof| QoA & Zpol7h YEbH: o]eh B
Slo] F47] & WFPS7} 40 ~ 60%%Q o] B o}4ksha
A HEFL 27~34mgm?day' 2, ZAV|7E F AA
ot A 0] Bt wiE T} vl Ste] oF 45~ 63% =S8k
tH(Table 2). ¥FH, WEPS7} 60% o] o] Ha opit
SHA HEFL 04~05mgm?day'2 HA opatstA
49] Yot viEH Bl sto] oF 59 ~82% At 1 4
I ZAP|ZE F B EIFFo] SRS o4
4 HE0] FoA o8 st A AT = AT

(B2 Fig. S2).

A

3.2.3 O[LtafEta HIE Ed

F47] & olilsletA viETF H3k= Fig. 49 2t B
ojitsletA  H|ETRS CF-fallowollA] 2.6 gm? day”,
ID-fallowollA] 2.2 g m? day' & UEFGTHTable 2). $747] &
o|Alslet 4 HiETRS CF-fallowoll A 5152 kg ha”, ID-fallow
oAl 4527 kgha' 2 FRIE|QITKTable 2). ID-fallow *]2]
o} Blwste] CF-fallow A2]Lo]A19] o]ikdlets HjEgFo]
FHOo=E 14% 71g Btk ol B 5 0|5 27] o]
AbSleras HlEsFo] CF-fallow A 2]tollA o £317] WEe
2 oot Ay Ao W2 gJE Qs 714 &7
o] XA f7IE &3l vt A, 1L A% EY &
71& $eFo] ZXE 4= 9t} (Chen et al., 2018; Sahrawat,
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al

~ . Q|

o

01 - O|FA]

W)

2004). Iy = 3Hgo] S|F0 2 AgEH Avky
?l mBE B/l FUISHAA EY R71E &of & o4l
Slet4 vjEFFo] £71E 4 Ath(Haque et al., 2016). &
AFAME 7] F HAIRE g2 Qlste] §7149 24
O] =EJIA &7t HA 2 ES K71EC] F37100
L 3714 foz AREUA Bajrt S0} 2uo]
olatafetd: Wi o] Zol7t Lhehd AOR F3Eeh 1
Lt AAH olatstets e AFL F HTFoA B
% Hl2s SA. olisteta wjEe §747]
HHDAH 40" ojuhel 71 ¥ FEr BEHoH
(6.1-15.0 gm” day"), ©% HH At 52 o F
1202(DAH 120"& AF2 the Z7}8}9let ol =
2= Holel fARE AR, 27t F7ESE ol4ts}
g4 HE E3 foF R FUlete S ERIT
UAUTHF-Z Fig. S1). AP A4 defdl vpe} o] E
F 227t SOl weE B vEY] 84 H 259
S7tetH, 1 A¥} olitslgta HiEE A S Ao
2  HQth(Andersson and Nilsson, 2001; Lopes de
Gerenyu et al., 2005).

A

=

3.3 NECB ¥ net GWP

CF-fallow?} ID-fallow Ao X% EXE
(Alopecurus aequalis)®] F77] = +HZHCE Attt
AEA 9] AAFE SATFS 40.2%, M SaATFS
38.6%=, AEA FAF SHALFOZHE 3 NPP
%= Table 30 YERAT

F747] & NPPE A|stal 714 gha f-d¢¥2 ¢l
Qom, 1 A¥} e4 A Fl NECBE: CF-fallow®}
ID-fallow A& Fo)A 22} -1060 kg C ha™!, -934 kg C ha
o7 9] S I 5= S)Qlt}. o= EY TF (CO +
CH)L2 HiEE= ¥4 FE3°] NPP gt ¢ 7]
o2, AgAFoME Yehdt Hiel o] §737] F =
oA BA fEo] doju= Aol FRIEJHGwon et al,
20192). 4] 4HE EEsto] AFHE net GWP g2
CF-fallow Z&]FLo|A] 5062 kg CO,-eq. ha™!, ID-fallow =]
Z]GLoll A 4433 kg COxeq. ha' 0.2 FRIEQYTHEZE Table
S1). AF9E net GWP 3] 2k 77%= NECB ol 9T
Hrom, oF 22 ~23%%= oRASHA A &0 ool JFE W
= o] RIS, vHA mgko] net GWPO|A] Z}A|5H=
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Table 3. Seasonal organic carbon input and output during fallow season

Carbon input Carbon output NECB
Treatment (kg Chaly [A] (kg C ha™) [B] (kg Cha™)
Aboveground Belowground Sum CHy CO, Sum [A-B]
CF-fallow 270 76 346 0.9 1405 1406 -1060
ID-fallow 235 66 301 0.7 1235 1235 -934
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Table S1. Estimation of net GWP during fallow season
Net GWP
Treatment kg CO Gwi H A NECB (k ci) ha™')
reatment -ed. - -€(. ha
(kg COreq ha) [A] (kg COr-eq. ha') [B] gh
CH, N,O Sum [A-B]
CF-fallow 31 1144 1175 -3887 5062
ID-fallow 23 984 1007 3426 4433
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