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Application of Stable Isotopes in Studies of Gas Exchange Processes
Between Biosphere and the Atmosphere
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In comparison with other terrestrial ecosystems, rice paddies are unique because they provide the primary food
source for over 50% of the world's population, and act as major sources of global methane. The present paper
summerizes a long-term field study that combine carbon isotopes, and canopy-scale flux measurements in an
irmgated rice paddy, in conjugation with continuous monitoring of environmental, and vegetational factors.
Both CO,, and methane fluxes were largely influenced by soil temperature, and moisture conditions, especially
across drainage events. Soil-entrapped CO;, and methane showed a gradually increasing trend throughout
growing season, but rapidly decreased upon floodwater drainage. These variations in flux were well correlated
with changes in concentration, and isotope ratio of soil CO,, and methane, and of atmospheric CO,, and
methane within, and above the canopy. The isotopic signature of the gas exchange process varied markedly in
response to change in contribution of soil respiration, belowground storage, fraction of CO; recycled,
magnitude, and direction of CO, exchange, transport mechanism, and fraction of methane oxidized. Our
results clealy demonstrate that stable isotope analysis can be a useful tool to study undedying mechanisms of

gas exchange processes under natural conditions.
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olA] o]Fo] A= T FHATF FelAA A =AY
Ztd Z2 A (latent heat flux)@ =5/ "} o9}
A, olabsfekaol va) of 23u) e Ao
3} 572 HS3F gk (IPCC, 2001)9] AJefA wr&F
A, B T veke] AAE, B 29 HE Ak
ol oRt W arg, Oea EforRE tir]® o]
St A w0 Ab) BHAY oz Lusol
H=Eo] XA H} (Chanton et al,, 1997; Kriiger et
, 2002; Tyler et al., 1997).
Wb, olS BEEE AL ShAG] SR

gromi gAY Yola WAsE 7 7age] FHS
23] setsle Ao| Selol, Fidt ol A =
E (@S A% B2D)2 s Zo] 7|5 sl
e AHA W olslsk o BAelet ¢ Aol
o el ol BEE oluskehad maleke] vt
sAvsto] W W el Astel o8t A &
& Fleasol nhe AeA g 27k ot A9
Aol PR iy FRdt, © Uopt AEA BFe
SEot B nRY 5O HE F oln Zo|

Hstof| o wFSHA wheshes Al Hefshe A2 AEA
o) uIg-2 of3 sh=t] WS 83 Huolth npEAbA
2, =5 vg 249 2/t BEoF = HE YA &
TIb s A 1A &2 Hgk 4ls &0 AohR
il 2 = A2, AYARRE v U=
<= Azpshs o9 7164 dioksel dis wie- 2Egt 1
o g e ke AlEd 4 QAo (Kriiger et al.,
2002; Tyler et al,, 1997).
A, ol=Rt kEE 9 shuz, AHA Y &
A gEol W] F oltelea, £357],
aHE Aste 7leo] &s] AlREo,
‘ é—% Al 4 EE2E8 AlETe=EHN
*@Eﬁﬁl W WAUSS selshedl 28 il QU (Bowling
et al,, 2003; Bowhng et al,, 2001; Han et al,, 2005b;
Han et al,, 2007; Wang and Yakir, 2000, Yakir and
Wang 1996). @ Aol qlolA, o] A5 F7HA
T2 7 oAl A ZYAEZ o]Fo] A Eo¢a &

3T = [e)
, S A 2HAE YA

HoF 7] § o JYBHAE ol&sto] Aljtsh=
Keeling plot W& 83}l QIth (Keeling, 1958; Pataki
et al,, 2003; Yakir and Sternberg, 2000; Zobitz et
. 2006), oloh Fe mA-EIn AY AT
< () ¥ 589 &3 2599 9 (Bowling
et al,, 2002), (2) A YefA NEE o whgh C; ¥ Cy
o] A 71oi= ue} (Lai et al., 2003), (3) A
A A 2&5Y = EoF 350 Ee| (Han et al.,
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9] ATx= 4 (Greaver et al,, 2005; Sternberg et
al.,, 1997) ol A¥Heg A=} (5 ok&d, ©]
48t 'as o] Qo] migk Ao A o]oF T2 F
o] 7hssith Zlo] wigtel] tisf Hirel H} Qlrh (Han
et al,, 2003; Han et al,, 2005a),

o] {‘——F&%, (1) A71zkel A = AgejA A
ojiksletaet wigke] FuwgheF (ZE M)l o]e}

T= 5 429 2] fAF B = (100 x
54 m)o|lA] o]Fo] Fom AR HlwA P& (HA
oF 150 ha)shar W Relat ¥l ARl @ 7hed) 9
Z|3}aL QJct (36°03°N, 140°01°E, 15 m above sea level;
Fig, 1). 20025 20030l 24, wjd 54 2 74
S (Oryza sativa, cultivar ‘Koshihikari)ZS ¢F 27
cm Ao o]Askelal, ke wid 9¥ ST Aol
o)zo Ak, Eape
Typic Endaqueps)©]32

A1ZQFE (loamy, siliceous, mesic

AlHls SRS 86 kg

N ha', 19 Kg P ha', 36 kg K ha ' $£xoz 33
AlR[BETE AR E4= Aol oF 10 Zholl 24 2
T HE shglen (14 2 4 7% E‘;), 8d <&

Tsukuba, Eastern Japan
(36°03'N 140°01°E, 15 m ASL)

Fig. 1. Location of the study site. A continuous, and
intensive field monitoring is being conducted since 1999.
This site is a member of the AsiaFlux network (for
details, refer to http://ecomdbb.niaes5.affrc.go.jp/).
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2-3H APtk o] A= AsiaFlux 9] W
Ao]Eo]al Bt zpAIgE A AW Saito et al,
(2005)¢} Han et al, (2005a)o14] A& 4= 9}

BhEE, 55 5
= AAZE 2UEE st BESREE 1, 5, 10, 20,
and 40 cm A|Fo|A T-type BHARE o]-&sto] 74
stglom, EoF A BSOS 95 0—5 0—10, 0—20,
and 0—30 cm Zlo]oA] time domain reflectometry
(TDR100, Campbell Scientific, Logan, UT, USA)E&
AHgte] RUE P A AE, &E, ol4tEt
Et4 W3S open—path eddy covariance system
(LI-7500, Li—Cor Inc,, Lincoln, NE, USA)¢} 32}
2ul F474 (DA-600, Kaijo, Tokyo, Japan)S A}
sof BEalgon], ke Feal s 9 F A
Jo]lA FID £47] (FIA-510, Horiba, Kyoto, Japan)
ARE30] improved flux—gradient ¥ (Miyata et
al., 2000)°-2 #Z33t

B

M ox oo

AEH, EY Mg EY T 7tA, AEH W 71&
ANz 2MF  AEA 2 2R EY AEe 1w 2 vt
o, AREZR W oF 10 o7 AHeA HHE AfFT
composite AR5 TSR, o]F T =& Hxed
oA A7 & Hysigloh B & 7k LEIQlE A
Fo] =g (7.5 cm ID, 20 cm long)9} 3—-L Teldar
bag (Al—coated, GL Science, Tokyo, Japan)S A&
sto] A etaL, AFAA oF 1 ARF wRE £ 2 ml
9] headspace gas & 5%t Ny 2 &% 100-mL 7}
2~ 7HYAE (Koshin, Kyoto, Japan)Z %Zth EOF
FHoRRE A WEHe 7hhe 7R AAY2E 9
A= inverted dome (15,5 cm ID, 250 mL)& <¢F 5
oA 9ol AA HA F ZHsI3ATE HEA e 7t
= 9Ud¥ 500-uL FAF| (A-2; VICI Precision
Sampling, LA, USA)E AREslo], oF AHofA ©oF 3
em AFoA AFHT F 7k AfYAIE (Koshin, Kyoto,
Japan)ol| Rastqlct,

> 1 2 H

7| A= xHH

W AR FES FAG Zekud 4% A3}
7F58F manifold switching system (Han et al,, 2007)
= ARgsklet. 2heFs], AW 9] 8.8, 1.1, 0.6, 0.3,
0.1 m EolofA FZE ARESto] fFE F71= ¢k 6 L
=719] W7 (polypropylene)} o 15 kPa F&= 7}tH
back pressure valve (6800AL, KOFLOC, Kyoto, Japan)

£ 7% & magnesium perchlorate Z¥ (11 mm ID

and 15 cm long; sealed with glass wool)< AR&-5}o]
B AASH 5, 100-mL 7} JHYAE (triple Viton
O-rings; Koshin, Tokyo, Japan)& E3sl¥ct o|&
COy B47] (Li—6020, Li—Cor Inc,, Lincoln, NE, USA)
¢} mWgt A7) (APHA, Horiba, Gyoto, Japan)E& %
ot ok AAT SRS AFSA 2 4B 94
L 3-way solenoid valve manifold 9} relay driver
(AGREL—12, Campbell Scientific, Logan, UT, USA),
a2]al gjolelZ A (23X; Campbell Scientific, Logan,
UT, USA) ARg3to] wf 2 87F 294 =g sttt

o) AR o8l B F ks B AN EE 20
olFo] 22| ¢k AJRES TCD ¢ FID 7} A=2ke GC
(GC—9A, Shimadzu, Kyoto, Japan)= OJAFSIEFAQ} o
9o BEE A ofF sha AREY B 59
aH] 4L automatic combustion and preconcentration
unit (Precon; Thermoquest, Bremen, Germany)2} GC
(56890 Series II, Hewlett—Packard, Waldbronn, Germany)
£ 7% 3 isotope—ratio mass spectrometer (Mat 252,
Finnigan Mat, Bremen, Germany)& ARESto] o|F o]
Aok, oAkslErA 9] F9¥4H|E Ehleringer and Cook
(1999)) W wel ol Az Eoln Wl Aba
= H$= 7MAES AASH &, Pora Plot Q column
(length, 27.5 m; ID, 0.32-mm; film thickness, 10
um)o| F2E GC oA COp & N:0 & &gt ths &
FA7] ter ARE FYSIh o TACA oF
400 uL & A&7} &REA UmA] Alaes AdS
Heke] FoPaHE SAsk=t o8H U HEe] A
& AA = R olkEtAE AAS] 8l ARE
Aol EFY [Mg(ClOs)e and Ascarite] I} AL E
WL FAZ] F1000°C 9] NiO ddizofA AoFzo
2 g oltelgag Hestqlet olF GC & AR
sto] olikshekaet opilEREAE Feldt thy, Al 600°C
Cu gHdto|A] opitstdaE AARE & AskEA7|el
ANEE Z=45HTE B4 F994H] = TAEA 7] o
2} VPDB #2 (°/”C = 0.0112372)°] W3t WHol= %
2 e

IS%C of sample |

S (in permil) = x 1000 (1)
”% o of VPDB
SHEA =8 my
A3 AL}t di7|gte] wEtE ol4tsbehael vjghe]
st S &Ush7] 8l Keeling plot 29
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(Keeling, 1958; Pataki et al.,, 2003; Yakir and Sternberg,
20000 AMStole). o] mde of7] 3 3k g asel
F% ([Clsampie) 7} JH =59] W T2k 5= ([Cloackground)
of A AejARFE 282 Wol w7} AsstAY

Zrhithe olgEfndn ted 2 EAUL 47
Hoz ek
SDCSamp]c =B- 1 +38; (2)

[C]

sample

714 [Clbackground = (Slgcbackground X Bp)o|il, and 6
= AR Ak 7] 2h 20 A ) 5
Jﬁ\— A2 Yufgit), o] =iolA= 6 & oliksleta

of s 6 =, Hgto] thsfii= 6 &2 FHESEo] AL
851t (ZH7) NEE € Methane & 3A)).

Za | nF
@ Figure 2(8.)9—}— 2(b)= 71—7_1]— 20034 /\(]34%7]
7F Eot ¥=g oliskEls Wl wWEte] Awslel (SN
Hebln sk obgel of Belre] 1 2 G HlAk
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Fig. 2. Fluxes of CO,, and methane, and major controlling
environmental factors observed in 2003. (a) Daily total
NEE, and PAR. (b) Daily total emission of methane, and
daily-averaged soil temperature measured at 5 cm depth.
Drainage periods are indicated by bars along the top
axis of part b.

SAQSER T W 8= YrEF (phtosynthetically
active radiation, PAR)¥} EQF =5 Zro] IA|SHY
o NEE 9 o et 25 FAU AU daE

B8, 5| 45 U o] NEE & o) o]isiet
& FHEE, aew e A Ho%og_ w1

2]3, NEE ¢ tgb Zex i ok AEoA By
w vle} o] 2b7] PAR 3 Eofexo] Wsjo] wel vl
A 2 duAE Bt (Campbell et al,, 2001, Sass
et al,, 1991; Schiitz et al., 1989), E3], Aulr|7t &
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Fig. 3. (a) Seasonal variation in methane emission fluxes
measured over the rice canopy in 2002. Black-shaded bars
along the top axis indicate drainage periods. Gray-shaded
portions of the curves represent the estimated decreases in
methane entrapped in the soil after drainage. The horizontal
dashed line indicates the average methane emission rate
under flooded conditions after the lag period. (b) Seasonal
variations in soil moisture content (squares; at a depth
of 5 cm) and precipitation (vertical bars).
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wgslo], A% o] F45 GEshe e ot
(Fig. 4b). A& FR719] B2 o osfire tha
Aol Zhaste Y Aol AR, 1 U4
E2 3x] skt o]t Bk ARk A E EHiE
grlze) FAG WEE olold B 429 v =
oW olsie mUges BEHATT oA
(Fig. 2 and 3).

U, B F A oliskeke D Weke] SULY
= W =2 9 AHAE B2l (Fig. 4a). oAb
sfebao] B E9lANE ARYIT F ASHoR Z
St v, B % djgke] A9 v Eejplan)r)
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Fig. 4. (a) Seasonal variations in §°C values of CO,
(circles), and methane (squares) entrapped in soil. (b)
Seasonal variations in headspace concentrations of CO;
(circles), and methane (triangles) in the soil core
sampler. Error bars represents standard emors (n = 3).
Drainage periods are indicated by bars along the top
axis of part b.

A a FS B ol oliksh
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o] AjF e SAIR Aeg g o, s A
HE7lo] A3 COp gHlofl ofgt wgtAldo] 2hdho] XIggel
Uhe AREE oy dAlEol ofsf Harw Bf glot (Bilek
et al., 1999; Boehme et al,, 1996; Kriiger et al.,
2002; Tyler et al,, 1997).
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0|F MALIE mE S¢HAH| HE £

dutd o o Heold B T wEe dirlz9
o F A&H B3 A Ho} AEAE FT olFo] A
diHol ulz (AAle] oF 80-90%)& AAehe Ao
A4 QJt} (Cicerone and Shetter, 1981; Holzapfel—
Pschorn and Seiler, 1986; Schiitz et al., 1989), T
3, w19 B v ARAE FU o5 vt
b Bobs 29 w2 EZ (bubble ebullition)
of o ME Ao okelA 9tk olo] wa, w4 A
BloflA BSF T o]AtatEAo] tf7]| 29| o]Fof EH‘E?H/Hh
Hiug Ab7E A9 Qioh B Aol lojAl,
o] olitaletao] oFof il wie- gt 2 L} tl?
A sb7] wlwoll, ' oA B olitaleka
o] 71oj= FAH7|E 3T} (Campbell et al., 2001;
Heinsch et al., 2004),

SEAIE, Fig. 5ol vebd mRe}k Zho] o4tk o
Al ek FARE o R g Adls 2 AEAE

HO

B3 olFete Ao oA & ARWUS Fo ¥
= ollsletac] Bl RS ojisEia &
3 so= sl B T AFEH Q= olitaietaot A
T3] vk W, AEA F7122] W EAlshe oliketE
29] B9 U= B A olalsieiao] HA1H Wt
o} % Rgket: AL BRISHA ol w7l Eo
T olitalgao] o] AEAE Fol ALHLR ofF
of A 4 Aee Fe Aokt & & gk o
L, olzet AEAE FT olitetEAae] o5 HaA
-12 T T
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Fig. 5. Temporal variations in §”CO; in the gas samples
collected using domes placed in the sediment (stars), the
soil coring method (circles), and microsyringe methods
(squares), respectively. Enor bars are standard enors in
each sampling method (n > 3).

EF T AREC] e olileigtaet vg g
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o2 YEHo] A +E2 oliteieta Yl vEke] w
digol 71ofsiAl =t ofziet A mehee] s} 5l
ols WAUE WHek= H7] T = ¥ ghEeda
H]o] Hsto] WtgEo] #&E2 4= Slrh Figure 62 %
Al grieh Y719 B o ¢ d5Ee °]

3 oltsia 5 3 9 gaE) WS v
Aot} ;qa]-x%oi ELA7]Q.1:1¥
9% wsb} BEu9 =
B st 432 e, oA il o
o] oA OIS a8 sl S, B
A4 B4 E AUHOE AhE e BN ¢
ARoz 1HE= UL FEAT} (photosynthetic
isotope discrimination)”} dojubr] wjEo|c} o4,
ofztel Bfoll= dut ti7] F olitsleta Hroh AfthA]
o8 FoHaHTE 2 A o5 ff olitebetart
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Fig. 6. Temporal variations in concentration, and carbon
isotopic compositions of CO, collected from within and
above the canopy. Top panels show the time courses of
30-min averaged [CO;], whereas the bottom panels show
the time courses of original §”CO; data.
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Ay Fo] ZHFoRN sk ARSI tlEo] O
F olilsletao] Foan|rl WolAle AIE Helth
(Bowling et al,, 2001, Lai et al., 2003),

e Fofl BEE oalshEAe] sk il |

2 EY AF olabstetart w2 BE 7|oE 5157
Ro g grhEc)

Figure 7> A @47|et HYap7]of dis) di7] 5
Heke] s 9 oghd F9jdan] HIkE vjugk Aol
gk ojibabetae} de] Ak Al o8 g4 127
He Frrt o9 Z7] gl AthAl thr] e
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Fig. 7. Temporal variations in concentration, and carbon
isotopic compositions of methane collected from within,
and above the canopy. Top panels show the time
courses of 30-min averaged [CH,], whereas the bottom
panels show the time courses of original §°CH, data.
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Table 1. Carbon isotopic signatures of exchanged CO., and methane (6x, and O, respectively) estimated at varying

temporal scales
CO; Methane
Sn (%) I n Sm (%) I n
Flooded Daily 242 0.97 46 -76.6 0.91 46
Daytime I* -21.5 0.96 33 -74.1 0.88 31
Daytime 11" 235 0.98 21 —70.1 0.84 22
Daytime III° -24.4 0.96 13 -71.2 0.86 14
Nighttime -24.7 0.99 14 113 0.99 12
Drained Daily -22.8 0.98 47 —70.9 0.84 46
Daytime [ -19.2 0.93 31 —74.1 0.95 32
Daytime II -21.5 0.86 24 —75.5 0.98 23
Daytime III -24.8 0.83 14 —75.9 0.98 15
Nighttime 232 0.99 13 -64.7 0.84 14

"Daytime integration over 06:00-18:00 local time.
"Daytime integration over 08:00-16:00 local time.
‘Daytime integration over 10:00-14:00 local time.
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