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Abstract. Straw incorporation generally increases £H plants (50 to—43 %.) were more positive than those of be-
emission from rice fields, but its effects on the mechanismfore (—58 to —55 %o0), suggesting a transport fractionation
of CH4 emission, especially on the pathway of £ptroduc- factor (eyranspord Was —8.0 %o with straw incorporation and
tion and the fraction of Ckloxidized, are not well known. To  —12.0 %0 without straw incorporation. Causes of this differ-
investigate the methanogenic pathway, the fraction off CH ence may be related to the diffusion process in transport as
oxidized as well as the stable carbon isotope fractionatioraffected by growth of rice plants and pressure in the rhizo-
during the oxidation and transport of GHas affected by sphere. The experiment shows that straw incorporation in-
straw incorporation, observations were conducted of producereases the contribution of acetate to total methanogenesis in
tion and oxidation of CH in paddy soil and rice roots and paddy soil but decreases it on rice roots, and it significantly
813C-values of produced CHand CQ, and emitted Chiin decreases the fraction of GHbxidized in the field and ex-
incubation and field experiments. Straw incorporation signif- pands oxidation fractionation while reducing transport frac-
icantly enhanced ClHproduction potentials of the paddy soil tionation.

and rice roots. However, it increased the relative contribution
of acetate to total ClHproduction 5o in the paddy soil

by ~10-30 %, but decreasdti-value of the rice roots by
~5-20%. Compared with rice roots, paddy soil was more
important in acetoclastic methanogenesis, Wivalue be- . .
ingp6—30% higher. Strawincorporgtion highly decreased theAtmOSpherIC methane (Chi, the sec_onq most important
fraction of CH, oxidized (Fox) by 41—71%, probably at- greenhouse gas next to carbon dioxide ¢§COreached

—1 .
tributed to the fact that it increased @ldxidation potential igofcgl‘c’l; antlr?rozcc))lgn'((\:NCEAHO:a d%jOlngi d Assreasn olrrgpbolg?g:
whereas Cl production potential was increased to a larger u pogen paddy hieid | ponsi

T Tao - .
extent. There was little CiHformed during aerobic incuba- be?n 13{;“:;3]66 ?ch)bs?lirikl:rgr?tslr?:eflPrgdcu,cin?Og).ui?rlir;Z,in
tion, and the produced CHwas morel3C-enriched rela- 9 P P 9

tive to that of anaerobic incubation. Assumi&&C-values the world, has an abundant straw resource, which reaches

-1 .
of CHy aerobically produced in paddy soil to be the*C- (6)'(40Xn1fttglr zoa:anO(; rg{ar;he.c:lcegregrﬁ.éﬁ ?féoztrégfgig ke
values of residual Clafter being oxidizedFox-value still long N : Wi P lonisreg y

appeared to be 45-68% lower when straw was incorpo_practice in management of organic fertilizer in rice cultiva-

rated. Oxidation fractionation factowdy) was higher with ?L?rr;. AWn:r:t perf\éles ;%fg aﬁ:gr?azreaggﬁ‘ I(I)); 'rgﬁi?\ézrsl’)%':ftguecr"
straw incorporation (1.033) than without straw incorporation ( 9 N ), g (Deng

13~ : : etal., 2010; Ma et al., 2010; Wang et al., 2010), raise soil fer-
(1.025). Thes—>C-values of CH emitted after cutting of the tility (Deng et al., 2010; Ma et al.. 2010: Wang et al., 2010),

1 Introduction
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and in the long run promote the agroecosystem into a beand acetate are measured and relevant fractionation factors
nign cycle. However, in the short term, it highly increases (acetate ®c0o,/CH,+ ®ox @Ndetranspor) are known. The carbon
CH4 emission from the paddy fields (Cai, 1997; Jiang et al.,isotope fractionation factors of GHbxidation @ox) and CH,
2003; Ma et al., 2009), causes microbial immobilization of transport §ranspord are crucial to the quantification of the
soil mineral N (Tanaka et al., 1990; Jensen, 1997), and accufraction of CH; oxidized in applying the stable carbon iso-
mulates organic acids (Tanaka et al., 1990; Shan et al., 2006)ppe technique (Tyler et al., 1997; Bilek et al., 1999{1§er
thus affecting growth of the crop. Incorporation of straw sig- et al., 2002; Zhang et al., 2009). Therefore, the acquisition of
nificantly increases CHemission from paddy fields, which reliable and exact fractionation factotg andetranspon is
has been considerably reported (Jiang et al., 2003; Ma et alan important precondition for use of the method in studying
2008, 2009), but its effects on production and oxidation of CH, oxidation. Usually a high proportion of the GHpro-
CH, are not clear yet. duced in the paddy fields is oxidized in the rhizosphere and at
In paddy fields, CH is an important end product of the the soil-water interface. The remaining gid emitted from
degradation of organic matter under anaerobic conditionghe soil to the atmosphere mainly through the aerenchyma
(Cicerone and Oremland, 1988; Conrad, 2007). Organic matef rice plants. Due to the fact th&CHj, is consumed faster
ter is fermented into acetate, GQH,, propionate as well as  than'3CHy4 by methane-oxidizing bacteria as well'#€H,
other fatty acids. However, acetate, £&hd H are the main  transports faster that¥CH, in the process of Citransport
substrates that methanogenic bacteria use for production diwhiticar, 1999; Chanton, 2005; Venkiteswaran and Schiff,
CHg4 (Krlger et al., 2002; Conrad et al., 2010). The relative 2005), significant isotopic fractionation is observed during
contribution of acetoclastic (GCOOH— CHy+ CO;) and these processes. Previous studies mainly focused on frac-
hydrogenotrophic (C&+4H; —CHs+2H,0) methanogen-  tionation factoraey in the landfill cover soils (see Chanton
esis to total Clj formation is sensitive to availability of the et al., 2008a, b), rather than in paddy soil {iger et al.,
substrates and varies with the growth of rice plants (Whiticar2002). Moreover, early reports showed that fractionation fac-
etal., 1986; Conrad, 1999; Kger et al., 2002). Degradation tor eyansportvaried with rice growth and with rice variety as
of straw generates abundant organic acids, such as formiaeyell (Chanton et al., 1997; Tyler et al., 1997; Bilek et al.,
acetic, propionic and butyric acids (Shan et al., 2006), which1999; Kiiiger et al., 2002). Further study is necessary to dis-
is likely to increase the contribution of acetoclastic methano-cuss the effect of straw incorporation on growth of rice plants
genesis. Moreover, it provides methanogenic bacteria withand eventually on fractionation factotgy of paddy soil and
plenty of precursors to produce Gldnd accelerates the de- etansportof rice plants.
cline of soil Eh, thus forming a favorable environment con-  In recent studies, Ciiconcentration in soil solution of the
dition for growth of methanogens, which in turn promotes field, §13C-values of CH emitted before and after cutting of
formation of CH, and further affects Cldoxidation capacity  the plants, production and oxidation of ¢ paddy soil and
in the field (Bender and Conrad, 1995; Arif et al., 1996). On fresh rice roots, ané'3C-values of CH and CQ produced
the other hand, rice roots themselves not only excrete organit anaerobic and aerobic incubations were measured in field
acid and slough off old or dead tissues as sources of carboand incubation experiments to clarify the effect of straw in-
and energy for Cllproduction, but also act as an important corporation on Cl production and oxidation, respectively,
site where Cl is oxidized by oxygen available from root se- especially on pathway of CHproduction and fraction of
cretion in the rhizosphere. Therefore, the growth of rice rootsCH, oxidized in the field. Moreover, stable carbon isotope
probably stimulates growth and activity of methanotrophs,fractionation factorsy andsgansportvere investigated to ex-
and consequently increase the potential ofy@kidation. A actly estimate the effect of straw incorporation on them and
considerable number of studies have reported production anfinally on the fraction of Cl oxidized.
oxidation of CH, in paddy soil or on rice roots (Frenzel and
Bosse, 1996; Bosse and Frenzel, 1997; Conrad and Klose,
1999; Lehmann-Richter et al., 1999; Dan et al., 200Tigér 2  Methods
etal., 2002; Zhang et al., 2011c), but little has focused on the

effect of straw incorporation on GHproduction and Cllox- 2.1 Design of the experiment
idation separately, let alone on pathway of £ptoduction
and fraction of CH oxidized. The experimental field was located at Baitu Town, Jurong

In the study of CH production and oxidation processes City, Jiangsu Province, China (B8 N, 11918 E). The
in the rice ecosystem, the stable carbon isotope techniquemain characteristics of this site have been described in de-
deemed to be a feasible and very effective method, has beenil before (Zhang et al., 2012). Two treatments, WS (straw
widely used (Sugimoto and Wada, 1993; Chanton et al.,jincorporation) and CK (without straw incorporation), were
1997; Tyler et al., 1997; Bilek et al., 1999; ger et al., designed with experimental plots in triplicate. Stubble and
2002; Conrad and Klose, 2005). Relative contribution of theweeds were all removed from the experimental plots. Then,
two methanogenic pathways and proportion of,&ilidized  dry wheat straw (C/N=85, 813Corg = —28.3%o), chopped
in the field can be estimated #3C-values of CH, CO; to ~10cm in length, was evenly spread over the plots of
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Table 1. Schedule of fertilizer application and water management during the rice season.

Fertilizer application Date Water management Date
Organic fertilizer: wheat straw, 4.8th&d 19 June Continuous flooding 23 June
Basal N-fertilizer: urea, 150 kg N hd 26 June Mid-season aeration 23 July
Tillering N-fertilizer: urea, 75 kg N hal 18 July Alternation of drying and wetting 25 August
Panicle N-fertilizer: urea, 75 kg N hia 16 August  Final drainage 12 October

Treatment WS, and raked into the topsoil (0—-15cm). Ricesoon as possible for further analysis. A portion of soil sam-
seedlings (Huajing 3), 32-days-old, were transplanted orple was dried for 72 h at 60C for determination of isotopic
26 June in all plots, and the crop was harvested on 3 Novemeomposition of the organic carbon.

ber. The same fertilization and water management practices Rice plants, complete with roots, were carefully collected
were adopted in the experiment as in the local rice cultiva-from the plots at each of the four rice growth stages: tillering

tion. For details, please refer to Table 1.

2.2 Field experiment

stage (TS, 16 July), booting stage (BS, 15 August), grain-
filling stage (FS, 22 September), and ripening stage (RS,
12 October) (Zhang et al., 2011c). The roots were washed
with No-flushed demineralized water and cut off from the

Sqil so!ution was collected from each plot u_sing a Rhiz_on green shoots at a point, 1-2cm from the root with a razor

soil moisture sampler (Z_hang etal., 2012). Pr!or to sampling,page. The fresh roots, 20 g each portion, were then put into
about 5mL of soil solution were extracted using 18 ML vac- qaqy s Further preparation and processes of the roots were
uum vial to flush and purge the sampler. Approximate 10 MLyhe same as for the soil and detailed in the preceding para-

of water were then 'drayvn into another vial for fu.rther analy- graph. The shoots were dried at®Dfor 72 h for dry weight
sis. CH; concentration in the headspace of the vial was mea

sured on a GC-FID. The CHconcentration Ccna) in soil
solution was calculated using

1)

wherem stands for mixing ratio of Chlin the headspace
of a vial (uLL™'), My for gas volume of an ideal

Comy = (m x Gv) /(GL x My) (umolL™L),

‘measurement, and then stored at room temperature for deter-
mination of isotopic composition of the organic carbon. Rice
grain yield was measured at harvest.

Gas samples of emitted GHvere taken simultaneously
before and after the plants were cut at the late booting stage
(28 August) using specially designed PVC bottomless pots
for determining stable carbon isotope fractionation during

CHg transport £granspord through the aerenchyma of rice
plants (Zhang et al., 2013). The pot, 30cm in height and

the vial (L). Simultaneously, soil redox potentiakk) at 17 cm in diameter, was designed to have a water-filled trough

the depth of 10 cm was measured, using Pt-tipped electrode,%r_ound its top, allowing a chamber to rest on the pot with the
(Hirose Rika Co. Ltd., Japan) and an oxidation-reductioni®iNt cOmpletely sealed to avoid any possible gas exchange
potential meter with a reference electrode (Toa PRN-41).Olurlng the sampling times. Each plot h_ad two such pots In-
Soil temperature at the depth of 10cm was measured witptalled ~ 7-10 days before gas sampling began, in a way

a hand-carried digital thermometer (Yokogawa Meters & In- to keep_ thg, plants in t.hhe cehntler of eac_h F(;Qt' A PV(,: plr?te
struments Corporation, Japan). (18 cm in diameter) with a hole (4cm in diameter) in the

Triplicate soil cores were collected from each experimen-centerhWaS Eliceg ?n tog Ef eacélh _%Oté gllowmg the pl?ﬂt o
tal plot using a stainless steel corer with an inner diamete@"OW through the hole and keep divided into two parts. Then,

of 7 cm and a length of 25 cm (Zhang et al., 2011a) and therPne plant inside the pot was cut right above the plate while

prepared into mixture on a plot basis. Samples from the miX_the other remained intact as the control. Finally, chambers

ture, each about 50 g (dry weight), were promptly taken and(30X 30x 100cm) were laid on the pots, and gas samples

transferred into the 250 mL Erlenmeyer flask separately, and” tklle hgadspace of the cha|r11b¢r§ wefreilcollected simultane-
turned into slurries with BHflushed de-ionized sterile wa- ously using 500 mL bags (aluminium foil compound mem-

ter in the ratio of 1 1 (soil/water). During the whole pro- brane, Delin Gas Packing Co., Ltd, Dalian, China) with a

cess, the samples were constantly flushed withdNemove small battery-driven pump for measurementséfC-value
02 and CH,, and the flasks containing these samples wereOf the emitted CH (Zhang et al., 2011b).

then sealed for anaerobic incubation. Other flasks with air
headspace were sealed directly for aerobic incubation. Al2.3
flasks were sealed with rubber stoppers fitted with silicon
septum that allowed sampling of headspace gas. Finally, thefpotential CH production rates in paddy soil and rice roots
were stored in M at 4°C and transported back to the lab as were determined anaerobically (Zhang et al., 2011c). Flasks

gas (24.78Lmott at 25°C), Gy for volume of the gas
headspace of the vialL], and G| for volume of liquid in

Incubation experiment

www.biogeosciences.net/10/3375/2013/ Biogeosciences, 10, 338932013
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Fig. 1. CH4 concentration in soil solutioa) and soilEh of the field(b) at the four rice growth stages. TS: tillering stage, BS: booting stage,
FS: grain-filling stage, RS: ripening stage. WS: straw incorporation, CK: without straw incorporationAM&am = 3.

used for anaerobic incubation were flushed withddnsec-  sion of the repeated analyses w#6.196 %0 ¢ = 9) with

utively six times through double-ended needles connecting 2.02 uL L1 CHy injected. Samples of dried soil and plants

vacuum pump to purge the air in the flasks of residual CH were analyzed for carbon isotope composition with a Finni-

and Q. Simultaneously, CH production was determined gan MAT-251 isotope ratio mass spectrometer (Thermo

aerobically and flasks with air headspace were used directlyrinnigan, Bremen, Germany).

in the experiment. They were then incubated at a temperature

the same as measured in the field for 50 h in darkness. Ga&5 Statistical analysis

samples were collected twice with a pressure lock syringe,

1h and 50h later after the flasks were heavily shaken byStatisticaI analysis was done using the SPSS 18.0 software

hand, and analyzed for GHbn a GC-FID. CH production for Windows (SPSS Inc., Chicago). Least significant differ-

was calculated using the linear regression ofi@itreasing  ence (LSD) tests were used to compare means between treat-

with the incubation time. ments. Standard deviation of the means was calculated using
Potential CH oxidation rates in paddy soil and rice roots the Microsoft Excel 2003 software for Windows.

were determined aerobically, using the same equipments as

described above but with air headspace in the flasks. Into

each flask pure CiHwas injected to make a high concen- 3 Results

tration inside € 10000 pL L=1). Then the flasks were incu-

bated in dark under the same temperature as in the field an

shaken at 120 rpm. q—depletlon was me'asured by sampllng CH,4 concentration in soil solution of the two treatments

the headspace gas in the flask after vigorously shaking fo

subsequent GC-FID analysis. The first sample was coIIectetE

generally 30”“?‘ after pure C_;H/vas injected and made ho- ripening stage (Fig. 1a). Obviously, GHtoncentration in

{2k In 23 n ntervals cuing he frst 8 h of the expenment 01 SOIion Was much higher in Treatment WS (150-

_ ] - ,
The flasks were left over night and sampled the next day in330 Hmol L) than in Treatment CK (40-140pmofb)

ohint I i CHoxidai lculated using th at the tillering and booting stages. However, no signifi-
- Intervais again. Floxida lon was calcuiated using the - .o n discrepancy between the two treatments was observed
linear regression of the GHtepletion with incubation time.

at the grain-filling and ripening stages (Fig. 1a). Similarly,
i soil Eh was significantly lower in Treatment WS-200
2.4 Analytical methods to —150mV) than in Treatment CK<50 to —10mV) at

the tillering and booting stages while no obvious difference
CHj concentration in gas samples was analyzed with a gagyas detected between the two treatments at the grain-filling
chromatograph (Shimadzu GC-12A, Kyoto, Japan) equippeding ripening stages (Fig. 1b). Soil temperature ranged from

with a flame ionization detector (FID)'*C-values were 17.6°C to 29.7°C during the whole season, with an average
determined with a Finnigan MAT-253 isotope ratio mass of 25.1°C.

spectrometer (IRMS, Thermo Finnigan, Bremen, Germany)

using the continuous flow technique. The IRMS had a3.2 CH, production potential in paddy soil and rice

fully automatic interface for pre-GC concentration (Pre- roots under anaerobic incubation

Con) of trace gases (Cao et al.,, 2008; Zhang et al.,

2011b). Isotope ratios were expressed in the standard delfghe CH, production potentials of paddy soil and rice roots
notation: §13C = [(Rsampld Rstandard — 1] %1000 (%o) with in the two treatments (Fig. 2a, d) varied in similar patterns,
R =13C/12C of sample and standard, respectively. Preci-rising up to the peak (soil: 0.6—-1.4ug i 1d=1; roots:

ﬁ.l CHg4 concentration in soil solution

ropped sharply over the season, from as high as 150-
00 umol L1 at the tillering stage te~ 1 pmol L1 at the

Biogeosciences, 10, 3373389 2013 www.biogeosciences.net/10/3375/2013/
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Fig. 2. Potential CH production rates in anaerobically incubated paddy @)iand rice root{d), and corresponding-3C-values of CH
((b) and(e)) and CO ((c) and(f)) at the four rice growth stages. TS: tillering stage, BS: booting stage, FS: grain-filling stage, RS: ripening
stage. WS: straw incorporation, CK: without straw incorporation. Me&8D,n = 3.

18.5-49.4ug Chig1d1) at the booting stage, and de- pleted in13C, on average, by- 16 %o (Treatment WS) and
clined rapidly towards the valley at the ripening stage. The~ 4 %0 (Treatment CK) relative to that produced in paddy soil
potential was significantly higher in Treatment WS than in (Fig. 2b, e) during the four rice growth stages for analysis.
Treatment CK at the booting stage & 0.05). As a whole,  The §13C-value of CQ produced in the paddy soil was rel-
straw incorporation increased GHbroduction potential in  atively stable in the two treatments (-18 %o) over the four
paddy soil and rice roots obviously, with the mean increasedice growth stages. On rice roots, however, it decreased ob-
by 95 % and 134 % relative to those in Treatment CK, respecviously from the tillering and booting stages (15 %o) to
tively (Fig. 2a, d). the grain-filling and ripening stages 25 %o) (Fig. 2c, f).
With the growth of rice plants§*3C-value of the CH No significant difference was observedi¥C-value of CQ
produced in paddy soil became more positive in both treatyproduced either in paddy soil or on rice roots between the
ments (Fig. 2b). The produced Givas more'3C-enriched  two treatments® > 0.05).
in Treatment WS {70 to —47 %o) than in Treatment CK
(=75 to —56 %0) at all four rice growth stages (Fig. 2b), 3.3 CHj, production in paddy soil and rice roots under
with §13C-values being 5-13 %o higher in Treatment WS than aerobic incubation
in Treatment CK. On the contrary, GHproduced on rice
roots was gradually becomingC-depleted from the tiller-  Ljttle CH4 production was observed in aerobic paddy soil
ing stage to the ripening stage, and it was relatively more obat the tillering, grain-filling and ripening stages, although
vious in Treatment WS+83 to —70 %) than in Treatment relatively visible CH production was at the booting stage
CK (=75 to —67 %) (Fig. 2e). Compared with Treatment (~0.4pg CH g 1d~1) (Fig. 3a). Significant Chl produc-
CK, Treatment WS was negative by 1-9 %aP*CHs-value  tion on aerobic rice roots was measured at the tillering and
over the season. GHroduced on rice roots was more de- pooting stages, especially at the booting stage, reaching as

www.biogeosciences.net/10/3375/2013/ Biogeosciences, 10, 338932013
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Fig. 3. CH4 production in aerobically incubated paddy s@i) and rice rootgc), and correspondin@l3C-vaIues of CH ((b) and {)) at
the four rice growth stages. TS: tillering stage, BS: booting stage, FS: grain-filling stage, RS: ripening stage. WS: straw incorporation, CK:
without straw incorporation. Meatt SD,n = 3.

Table 2.513C-values of CH (%) emitted before and after cutting Table 3. Dry matter accumulation of rice plants aboveground and

of the plants. WS: straw incorporation, CK: without straw incorpo- underground; meaet SD, n = 3. WS: straw incorporation, CK:
ration. without straw incorporation.

Before After Aboveground (gm2)  Underground (g m2)

Sampling Rice growth
plot stage

CK WS CK WS CK ws CK ws

Tillering stage 198t 15 194+ 15 51+0 44+3

1 —-56.8 -55.6 -44.8 -—47.1 Booting stage 100643 9514124  158+5 13242
2 —-54.2 -56.8 —-42.7 -49.8 Grain-filling stage 26035  2464+178 207+7 182+4
3 —-548 -61.1 —-423 -52.6 Ripening stage 345287 3325+148 2168 20243
Mean —55.3 -57.8 —-43.3 -—-49.8
SD 1.4 2.9 1.4 2.6

3.4 CH, oxidation potential in paddy soil and rice roots
under aerobic incubation

high as 5.4-22.2 ug CHy~1d~1, but little was at the grain-
filling and ripening stages (Fig. 3c). GHbroduction in aer- A similar pattern in variation of the CHoxidation poten-
obic incubation (Fig. 3a, c) was significantly lower than in tial in paddy soil was observed for both treatments dur-
anaerobic incubation (Fig. 2a, #, < 0.05). Thes13C-value  ing the four rice growth stages (Fig. 4a), showing a rela-
of CHa produced in paddy soil ranged fromb8 to—48%.  tively high beginning (4.7-8.6 pg CHy~1d~1) at the tiller-
in Treatment WS, being slightly more negative than that ining stage, and a peak (8.1-10.9ug £&Hd™1) at the
Treatment CK {56 to—44 %.). Moreoverg3C-value of the  grain-filling stage. However, CHoxidation was very im-
CHjy produced on rice roots also appeared to be negative iportant only at the tillering stage (over 600 pg ortld 1
Treatment WS {44 to —38 %o) relative to that in Treatment on rice roots, and weakened towards the ripening stage
CK (—44 to —40 %o) at all four rice growth stages (Fig. 3b, (~200pug CHg~d™) (Fig. 4b). Compared with Treatment
d). Compared with what was observed in anaerobic incubaCK, Treatment WS showed higher Gldxidation potentials
tion (Fig. 2b, e), CH produced in aerobic incubation was in both paddy soil and rice roots at all four rice growth stages
significantly enriched if®C (Fig. 3b, d,P < 0.05), with the  (Fig. 4a, b).
average313CHy-value higher by~ 10 %o in paddy soil and
by ~ 30 %o on rice roots during all four rice growth stages.

Biogeosciences, 10, 3373389 2013 www.biogeosciences.net/10/3375/2013/
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Fig. 4. Potential CH oxidation rates in aerobically incubated paddy ¢a)land rice rootgb) at the four rice growth stages. TS: tillering

stage, BS: booting stage, FS: grain-filling stage, RS: ripening stage. WS: straw incorporation, CK: without straw incorporatienSMean
n=3.

3.5 §13C-value of CH4 emitted before and after cutting 4 Discussion
of the plants

) ) 4.1 Effect of straw incorporation on CH,4 production
As shown in Table 2, the avera@é30-value of CH emit-

ted before cutting of the plants in Treatment CK web %o,
being slightly higher than that in Treatment WS58 %o).
Similarly, the means'3C-value of CH, emitted after cut-
ting of the plants in Treatment CK-43 %o) was more pos-

CH, is an end product of methanogenic bacteria acting on
methane-producing substrates under strict anaerobic con-
ditions. Sufficient substrates and a favorable habitat for
. : X growth of methanogenic bacteria are prerequisites fog CH

0,

itive than that in Treatment W5-50%). Compared with generation (Conrad, 2007). Straw incorporation provides

13 - i i . . . .
fche(S C-value of CH emitted before cgttmg of the plants methanogenic bacteria with abundant methane-producing
in both treatments, the value after cutting of the plants was

I o o Substrates. Meanwhile, flooding accelerates decomposition
significantly more positive, especially in Treatment CK (Ta-

) . of straw and fall in soil redox potentiaEth) (Fig. 1b), cre-
ble d21)2 g((?/lle_ctl_}/ely,t the !{a(’_[:tirh\_/va;]s 8ﬂ? %]f in Tre?_trg?antzws ating a favorable environment for growth of methanogens,
and 12.9%o In freatmen igher the former (Table 2).  \nich in turn promotes Cldproduction in the paddy field

(Fig. 2a, d). Shangguan et al. (1993) found thaty@kbduc-
tion rate in a straw-incorporated paddy soil, collected from
Contents of organic carbon in soil increased slightly towards® double rice cropping field in Hunan, was 1-2 times higher
the end of the rice season, being 1.69 % and 1.85 % in Treath@n that in the soil without straw incorporated. Moreover,
ment CK, and 1.73% and 1.89% in Treatment WS at thethey demonstrated that straw incorporation would be an im-
tillering and ripening stages, respectively. HowewdfC- ~ Portant cause for the appearance of the firsn(pkd)dugtiop
value of soil carbon remained stable over the season, be?€ak just~ 20 days after the field was flooded. The findings
ing —7.6 % and—27.8 % in Treatment CK, ang-27.3%. in this study also show that straw incorporation increased
and —28.0%o in Treatment WS at the tillering and ripen- CHa production remarkably in paddy soil (Fig. 2a). Further-
ing stages, respectively. Organic carbon in plant samples wa&'0re, fresh rice roots produced considerable;@Han ex-
slightly lighter, with §13C-value being—28.9 %o, —29.3%.  tremely anaerobic environment, showing a variation pattern
and—28.6 %o at the tillering, booting and ripening stages, re- Similar to that in paddy soil (Fig. 2d). Previous studies have
spectively. It also showed little change throughout the wholedemonstrated that excised fresh rice roots themselves could

3.6 Organic carbon in soil and plant samples

season. produce CH (Frenzel and Bosse, 1996; Conrad and Klose,
1999; Lehmann-Richter et al., 1999; Uger et al., 2001,
3.7 Biomass and rice grain yield 2002; Zhang et al., 2011c). Straw incorporation accelerated

the formation of an extremely anaerobic condition in the soil
Dry matter accumulations of rice plants (aboveground andand hence the decline of sdilh (Fig. 1b), which probably
underground parts) in the two treatments are presented in Tancreased the population and activity of methanogens on the
ble 3. They increased obviously from the tillering stage to thesurface of rice roots. As a result, GHbroduction was in-
ripening stage and tended to be higher in Treatment CK thamreased (Fig. 2d).
in Treatment WS at all four growth stages. Grain yield did In field conditions, variation of Cldconcentration in soil
not differ much between Treatment WS and Treatment CKsolution reflects changes in GHproduction of the paddy
(P >0.05) though it also tended to be higher in Treatmentfield to some extent. Under continuous flooding, A¢bn-
CK (8.89tha?) than in Treatment WS (8.63thd). centration in soil solution generally increased with the ex-
tension of the flooding time, and continued until the field
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was drained up before the crop was harvested (Cai et alto be converted into CH (Krzycki et al., 1982; Con-
2009). Under intermittent irrigation in this experiment, how- rad et al., 2002), and an isotope fractionation factor of
ever, it was very high at the tillering stage (before mid-seasoreacetatgcH, = —21 %0 was measured for the transformation
aeration) and at the booting stage (the first re-flooding pe-of acetate methyl carbon into GHGelwicks et al., 1994).
riod) while very low at the grain-filling and ripening stages Based on that, Krger et al. (2002) estimated a measure-
(Fig. 1a). On the other hand, straw incorporation profoundlyment of813CH, (acetatepetween—43 %o and—37 %o over the
increased Chl concentration in soil solution at the tillering season withs13C-value of the acetate-22 to —16 %o) ex-
and booting stages (Fig. 1&,< 0.05). This is because con- tracted from the soil pore water of an Italian rice field. There-
siderable CH production in paddy soil and on rice roots was fore, §13CH, (acetatey= —43 %0 and—37 %o was assumed in
observed at the tillering and booting stages and straw incorthis study, mainly because th&3C-value of soil organic
poration highly increased their GHbroduction potentials at carbon (27.4 %o) is close to what Kiger et al. (2002) re-
those periods. However, a little was measured at the grainported (26.7 %o). Theal3CH4(acetate)ranging from—43 %o
filling and ripening stages (Fig. 2a, d). Alberto et al. (1996) to —37 %o is also in good agreement with those used ear-
measured concentration of the gentrapped in paddy soil lier (Sugimoto and Wada, 1993; Tyler et al., 1997; Bilek et
in the Philippines, and results also showed that it was signif-al., 1999; Conrad et al., 2002). To our knowledge, measure-
icantly higher in plots incorporated with green manure andments of fractionation factofacetatgcH, during acetoclastic
straw than in plots applied with chemical fertilizer. methanogenesis are still scarce (Conrad, 2005). Moreover,
The §13C-value of organic carbon was relatively lower §13C,cetatechanges with the growth of rice plants (iger
in straw samples<28.3 %o) than in paddy soil{27.4 %o), et al., 2002) or the temperature of incubations (Fey et al.,
but slightly higher than in rice roots—28.9%.). In ad- 2004), and it may be different from that of rice roots (Con-
dition, it was very stable over the season both in paddyrad et al., 2002). The constant values4@ %. and—37 %o)
soil and rice roots. Therefore, straw per se would be nei-for 813CH4(acetate)were applied both in paddy soil and on
ther a 13C-enriched source for methanogenesis in paddyrice roots in this study due to the lack of measurements of
soil nor al3C-depleted source for methanogenesis on ricesacetatgCH, ands3Cycetate
roots for the whole season. As a consequence, incorpora- It is also essential to set a fractionation faciefo,,cH,
tion of straw increased!3C-value of the CH produced that occurs during HHCO, reduction to CH for this exper-
in paddy soil but decreased that of the CHerived from  iment. Previous studies have showed that hydrogenotrophic
rice roots (Fig. 2b, e), which is probably attributed to its methanogenesis expresses a stronger kinetic isotope effect
different effects on pathways of GHoroduction in paddy than acetoclastic methanogenesis does (Whiticar, 1999; Con-
soil and rice roots. Microbial ClHproduction per se is a rad, 2005). By summarizing the reported measurements,
process that exhibits completely different fractionation fac-Zhang et al. (2009) showed tha¢o,/cH, was in the range
tors depending on the pathway of methanogenesis (Gamesf 1.025-1.083. Fey et al. (2004) foundo,,cH, in flooded
et al., 1978; Gelwicks et al., 1994; #ger et al., 2002). In  paddy soil decreased with rising temperature in anaerobic in-
paddy fields, total Chl production is mainly done through cubation, with value of 1.083 at BC, 1.079 at 25C, and
acetate fermentation anHCO, reduction (Conrad, 1999), 1.073 at 37C. Since the incubation in this study varied in
and acetate-dependent methanogenesis is Hi6renriched  the range from 17.8C to 29.7°C and averaged 25°C in
than CQ-dependent methanogenesis (Sugimoto and Wadagemperaturegco,,cH, = 1.079 was hence considered to be
1993; Whiticar, 1999). In the processes of acetate andeasonable for calculation 6#3CHaw,/co,). Fortunately, it
H»/CO, producing CH, fractionation factors were defined has been validated in the other experiments we conducted

by Hayes (1993): (Zhang et al., 2011b, 2012). It is much higher than those in
earlier reports (Sugimoto and Wada, 1993; Tyler et al., 1997;

eacetatgcH = (1 — dacetatgcH,) x 1000 ) Bilek et al., 1999; Chidthaisong et al., 2002;uger et al.,
~ 513CH4(acetate—513Cacetate 2002; Valentine et al., 2004), indicating fractionation factor

aco,/cH, Should not be assumed to be the same for different

experiments and situations. Such differences may result from
0/CO,/CHy = (513C02+ 1000) / (813CH4(H2/COZ) + 1000) . (3) variation in the community structure of methanogens with

the soil and the duration and condition of incubation (Chin et
wheres X CHy acetate and§ 3 CHa 1,/co,) arest>C-values of  al., 1999; Lueders and Friedrich, 2000; Chidthaisong et al.,
the CH; produced from acetate and# Oy, ands13Cacetate  2002; Conrad et al., 2002; Kger et al., 2002; Ramakrishnan

is 813C-value of the acetate. et al., 2002).
Acetate is an important intermediate in anaerobic degra- When813CH4(acetate,)813CH4(H2/COZ), ands13C-value of
dation of organic matter, which is relatively stablestC- CHja (813CHj,) produced in paddy soil and rice roots were

values in the form of soil and plant organic carbon dur- obtained, relative contribution of acetate to total Opto-
ing the whole season (Conrad et al., 2002ji¢f@r et al.,  duction (F5c) could be estimated in line with Eq. (4) (Tyler
2002). Generally, methyl carbon of the acetate is thought
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Table 4.Contribution of acetate-dependent gproduction F5c) in paddy soil at the four rice growth stages; mea8D,n = 3. WS: straw
incorporation, CK: without straw incorporation.

§13C-values of s13C-values of §13C-values of CH  Faccalculated with Fac calculated with
Rice growth stage  produced GKbé) produced CQ (%0)  from Hp/CO, (%0)2  523CHy acetate = —37 % 3'3CHy(acetate = —43 %
CK

Tillering stage —75.0+4.5 —17.5+0.6 —89.5+0.6 0.28+0.07 0.31+0.08
Booting stage —75.4+£0.0 —-16.2+0.4 —88.2+0.4 0.25+0.00 0.28+0.00
Grain-filling stage —61.5+1.6 —18.4+0.2 —90.3+0.2 0.56+0.03 0.63+0.04
Ripening stage —56.1+0.5 —18.2+0.1 —90.1+0.1 0.64+£0.01 0.72+0.01
ws

Tillering stage —69.9+1.0 —18.1+0.0 —90.0+0.0 0.38£0.02 0.43+0.02
Booting stage —62.2+0.8 —152+14 —87.3£1.3 0.50+ 0.04 0.5A0.05
Grain-filling stage —54.9+0.2 —19.24+0.2 —91.0+0.2 0.67+0.04 0.75+0.04
Ripening stage —47.1+3.9 —17.7+0.2 —89.7+0.2 0.81+0.07 0.914+-0.08

2 Calculated with Eq. (3) using thed3C-values of CQ produced in paddy soil amboz/cm =1.079 P Calculated with Eq. (4) using differeﬂ%3CH4 (acetateyvalues for
CH, from acetate.

Table 5. Overview of the contribution of acetate-dependenty@ioduction ¢ac) and the fraction of Cly oxidized (Fox) in paddy fields
calculated with Egs. (4) and (5).

Experimental site ~ Straw incorporation  Incubation sampl&;zc Fox Reference
Konosu, Japan No Air-dried soil 0.12-1.00 - Sugimoto and Wada (1993)
. No Air-dried soil 0.30-0.80 -
Vercelli, Italy No Fresh roots 0.05-0.65 — Conrad et al. (2002)
. No Fresh soll 0.27-0.67 0.02-0.36 , .
Vercelli, Italy No Fresh roots 0.36-0.58 — Kruger et al. (2002)
Vercelli, Italy No Fresh soil - —0.13-0.45 #ger and Frenzel (2003)
Vercelli, Italy No Air-dried soil 0.40-0.80 - Fey et al. (2004)
. No Fresh soifF 0.49-0.76  0.19-0.66
Jurong, China Fresh soll 045-076 0.46-0.83 Zhangetal (2012)
Yes Fresh sall 0.43-0.91 -0.19-0.60
) No Fresh sail 0.28-0.72 0.45-1.01 _
Jurong, China  yeg Fresh roots 0.07-0.41 - This study
No Fresh roots 0.28-0.51 -

CF the field was under continuous floodiflgthe field was under intermittent irrigation.

etal., 1997; Bilek et al., 1999; Kiger et al., 2002): increases the content of soil organic acid, which is positively
related to the rate of CHemission from rice field. Unfor-
tunately, contents of the organic acids, especially acetate, in

As shown in Table 4, hydrogenotrophic methanogenesisson solution were not measured simultaneously. The path-

in paddy soil was very important at the tillering and booting ways of methanogenesis in paddy soil have been consider-

stages { 50—70 %) while acetoclastic methanogenesis dom-amy observed n Ital_y and Japan, and they are similar to the
measurements in this study (Table 5).

Inated at the grain-filling and ripening stagesg0-90 %). For rice roots, however, hydrogenotrophic methanogene-

Similarly, Kruger et al. (2002) a Iso found that acetate- sis was dominant+{ 50—90 %) in both treatments at all four
dependent methanogenesis dominated the end of the seasdn

whereas H/CO,-dependent methanogenesis was very im-.”de growth stages and more important in Treatment WS than

i - i ~ 5 0,
portant at the beginning of the season. Acetoclastic methan in Treatment CK, with a meatac-value being~5-20 %

! " ) A
genesis was more important in Treatment WS than in Treaq—ower (Table 6). Additionally, the averaggcvalue was 6 %

ment CK at all four rice growth stages, wifac-value higher higher (Treatment CK) and 309% higher (Treatment WS) in
by ~10-30 %. It shows that incorporétion gf straw supplies pgddy soil than on rice root; (Table 6). A simillarly high con-
abundant substrates for soil Ghroduction, thus promot- tribution of hydrogenotrophic methanogenesis to totalb CH

ing acetate-dependent methanogenesis. Wang et al. (199 oduction on rice roots was observed in radiotracer exper-
9 Pen ge g et a. iments (Conrad et al., 2000, 2002). Measurements of stable
found that application of the organic fertilizers significantly

s3c Ha=Fac x s3c H4(acetate + (1-Fy) sc H4(H2/COZ) s (4)
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carbon isotope also showed that methanogenesis on excis¢8tevens and Engelkemeir, 1988; Tyler et al., 1997):
rice roots was mostly from $f CO, throughout the season

(Kruiger et al., 2002). The methanogens population on ricefox = (513CH4(originar)—313CH4(oxidize@)/ 5)
roots is different from that of surrounding soil (Grosskopf 13
et al., 19983, b; Lehmann-Richter et al., 1999), which may [(1/0‘°X —Dx (‘S CHa oxidized + 1000)]’

b.e the reason for .the high hydrogenotrophic methanogenewhereaox stands for fractionation factor during Géxida-
sis. Previous studies demonstrated thaty@¥hs predomi- .. 13 - 13 -
. . tion, §**CHy originaly for §-°C-value of the initial pool of Cly
nantly produced from b/ CO, on rice roots by Rice Cluster : X . o ) )
| (RC-I) methanogens (Lehmann-Richter et al., 1999: Lued that is produced in soil under aerobic incubation (Fig. 2a),
9 5 : and 813CH oxidizeq IS the 813C-value of remaining unoxi-

ers et al., 2001; Lu et al., 2005; Lu and Conrad, 2005; Con- . .
rad et al., 2006). Therefore, straw incorporation would ac-dlzed CH, generally estimated from the measurements of

13 . ; ; i
celerate the growth and activity of RC-I methanogens, henC%Tyit"gtegl'“e‘ljgggr_rﬁ%eg (\;\f{lt:l plza(tjrzjtzt)r.ansport fractionation
promoting CQ-dependent methanogenesis relative to Treat- " ' v '
ment CK (Table 6). Qrgarjic carbon bejng slightly lighter in _813CH4(oxidize@
plant samples than in soil samples might be another possi-
ble reason forFac-value being lower in paddy soil than on  wheres'3CHy emiteg Stands fos13C-value of CH emitted
rice roots (Tables 4 and 6). Compared with previous measurefrom the rice field, ancyansportfor transport fractionation
ments, the relative contribution of acetate to total methanofactor, with a range of-12.0 to—8.0 %o in the present study
genesis on fresh roots in this study appeared to be slightlyfor detailed description, please see Sect. 4.3. below).
lower, particularly in Treatment WS (Table 5). The fraction of CH oxidized (Fox) was calculated
using Eq. (5) based on the values 6F*CHaorigina),
813CHy (oxidized @ndaox (1.025 in Treatment CK and 1.033
4.2 Effect of straw incorporation on CHy oxidation in Treatment WS) subsequently referred to (for detailed de-
scription, please see Sect. 4.3. below) and shown in Table 7.
It peaked at the tillering stage (60-101 %), declined gradu-
Straw incorporation not only provides sufficient substratesally and reached the lowest {9-45 %) at the ripening stage
for methanogens in paddy soil, thus promoting methanogenboth in Treatment CK and Treatment WS (Table 7). This was
esis directly, but also affects soil GHbxidizing capacity in-  well in agreement with the findings of Kger et al. (2001,
directly. Straw incorporation affects GHboxidation mainly ~ 2002), who reported that the value Bfx was the highest at
through its influence on methanotrophic population and acthe beginning of the season, turned lower and lower towards
tivity. Previous studies have shown that a high concentratiorthe end of the season, and even dropped below zero as de-
of CHy4 stimulates growth of methanotrophs and their activity picted in the present study at last (Table 7). Contrary to its
in oxidization (Bender and Conrad, 1995; Arif et al., 1996). effect on CH oxidation potential of paddy soil, straw incor-
As shown in Figs. 2a and 4a, it increased the,Qifbduc-  poration reduced the value @y, in terms of percentage,
tion capacity in paddy soil, and as a consequence, the CHby 41-71 % during the four rice growth stages (Table 7). A
oxidizing ability, as well. On the other hand, it is not only the possible explanation was that straw incorporation increased
oxygen secreted from the roots that oxidizefhithe rhizo-  both CH; production and oxidation potentials, particularly
sphere (Butterbach et al., 1997), but also the roots per se thahe former, to a larger extent (Figs. 2a and 4a), which even-
have a strong Cldoxidization capacity (Bosse and Frenzel, tually caused a decrease kigy-value (Table 7). It was more
1997; Dan et al., 2001). Kiger et al. (2002) found that GH  visible when the situations of high GHbroduction potential
oxidation rates on excised fresh rice roots were highest at thand low CH; oxidation potential appeared simultaneously at
beginning of the season and then declined, which is in agreethe booting stage (Figs. 2a and 4a, Table 7), wik-value
ment with the measurements in this study. Straw incorpora-of 71 % lower in Treatment WS than in Treatment CK.
tion enhanced Cldoxidation potential on rice roots to some  CH4 production rates in aerobic incubation were very
extent (Fig. 4b), which is possibly attributed to the growth low relative to those in anaerobic incubation (Figs. 2a, d,
and activity of methanotrophs on the surface of rice roots3a and c), which suggests that strong oxidation happens
stimulated by straw decomposition. Unfortunately, commu-therein. On the other hand, it is quite clear in this study that
nity structure of the methanotrophs in the soil was not ana-CHy produced in aerobic incubation was much more posi-
lyzed in this study, and therefore further research is needetive than that in anoxic incubation (Figs. 2b and 3b). This
in this aspect. further shows that CHin the former has been oxidized in-
Besides the direct in vitro measurements of 4Cék- tensively relative to that in the latter. So tBEC-values of
idation above, §13C-values of the CH from various  CHjy aerobically produced in paddy soil were likely to rep-
compartments of the rice field were applied to esti- resent813CH4(oxidize@. An analogous calculation was tenta-
mation of the fraction of Chl oxidized (Fox) by us- tively conducted with Eq. (5), using the stable carbon isotope
ing the following steady-state mass balance equatiortechnique in the present study. Similar temporal variation

=s13C Ha emitteg —&transport (6)
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Table 6. Contribution of acetate-dependent gproduction Ec) on rice roots at the four rice growth stages; maaBD,n = 3. WS: straw
incorporation, CK: without straw incorporation.

s13C-values of §13C-values of §13C-values of C{  Fac calculated with Fac calculated with
Rice growth stage  produced GHP%o) produced CQ (%)  from Hp/COp (%0)2  §*3CHy(acetate= —37 % 623CHy (acetatey —43 %o

CK

Tillering stage —66.7+£0.7 —12.6+0.0 —84.9+0.3 0.38+0.02 0.43+0.02
Booting stage —74.6+2.2 —14.8+0.7 —87.0+0.5 0.25+0.04 0.28+0.05
Grain-filling stage —69.2+1.4 —245+£0.1 —-96.0£1.3 0.45+0.01 0.514-0.02
Ripening stage —721+11 —22.8+£0.6 —94.3+£0.7 0.3%£0.06 0.43+0.06
WS

Tillering stage —69.9+0.7 —16.1+0.3 —88.1+0.1 0.36+0.09 0.40+0.09
Booting stage —83.2+1.7 —14.2+0.8 —86.4+1.0 0.06+0.00 0.040.00
Grain-filling stage —74.8+1.1 —23.9£0.2 —95.44+0.5 0.35+0.03 0.3%+0.04
Ripening stage —73.3+1.8 —225+04 —-94.1+04 0.36+0.04 0.414+0.05

@ Calculated with Eq. (3) using thi-3C-values of CQ produced on rice roots angto, /cH, = 1.079 P Calculated with Eq. (4) using differea3CHy (acetatevalues for
CH,4 from acetate.

Table 7. Fraction of CH, oxidized (Fox)2 in paddy fields at the four rice growth stages; mea8D, n = 3. WS: straw incorporation, CK:
without straw incorporation.

Oox = 1.025 Oox = 1.033 Oox = 1.038
Rice growth stage CK WS CK WS CK WS
Tillering stage 1.0%0.13 0.78:0.01 0.7740.10 0.60+0.01 0.68:-0.08 0.52+:0.01
Booting stage 0.86:0.03 0.19:0.02 0.66-0.02 0.15+0.02 0.5 0.02 0.13:0.01

Grain-filling stage  0.56:0.07  0.02:0.09 0.38:0.05 0.02+0.07 0.33:0.05 0.0140.06
Ripening stage 0.450.15 -0.25+0.02 0.34:-0.12 -0.19+0.01 0.3+0.10 -0.16+0.01

a Calculated with Eq. (5) using tre 3C-values of CH anoxically produced in paddy soil (Fig. 2b) f8t*CHy (origina) and thes'3C-values of
emitted CH, (data taken from Zhang et al., 2012) minu8.0 %o (Treatment WS) and12.0 %o (Treatment CK) f0513CH4(oxidizecy-

of Fox-value in the two treatments was observed (Table 8),terestingly, it was still much higher than the measurements

being the highest (41-101 %) at the tillering stage and than previous studies in Italy (Kiger et al., 2002; Kiger and

lowest at the ripening stage-8—45 %). MoreoverfFox-value Frenzel, 2003), especially in Treatment CK (Tables 7 and

was 45-68 % lower in Treatment WS than in Treatment CK,8). However, it was similar to the data reported by Zhang

which was consistent with the results reported before (Ta-et al. (2012), who foundx-value was~ 20—70 % in contin-

ble 7). It indicates that th&'3CHy oxidizeg Obtained in this  uous flooding plots and- 50-80 % in intermittent irrigation

way, to some extent, may be used to representtf@-value  plots. This indicates that the fields under the special water

of CH4 that remains after being oxidized but has not yet beermanagement in China, i.e., intermittent irrigation (this study

emitted to the atmosphere if it is hard to meastitgsportin and Zhang et al., 2012), would increase f£bokidation in

rice fields. comparison with those under continuous flooding Udfer
Compared with the former reports, the measurements ofind Frenzel, 2003) or those that had just a brief period of

Fox-value in this study were significantly higher (Table 5). drainage (Kager et al., 2002). Therefore,y itself in the

The differences inxox between these studies were a pos- present study may not be a key factor influencifg-value

sible reason, because thgy used in this experiment was relative to early reports in different conditions (Tyler et al.,

1.025-1.033, while in others 1.038 was used to calculatel997; Bilek et al., 1999; Kiger et al., 2002; Krger and

Fox-value (Kiuger et al., 2002; Kiger and Frenzel, 2003; Frenzel, 2003; Conrad et al., 2005).

Zhang et al., 2012). Thereforegx = 1.038 was used instead

in estimatingFox in order to offset the discrepancy caused 4.3 Effect of straw incorporation on carbon isotope

by different values ofrox. For the present study;x-values fractionation during CH 4 oxidation and transport

were still reduced by~ 20-40 % in Treatment WS relative

to that in Treatment CK (Tables 7 and 8), further suggest-When the stable carbon isotope method is used for calcu-

ing that straw incorporation is an important factor, insteadlating Fox, oxidation fractionation factorafy) has to be

of aoy, influencing the measurement Bfx-value. More in-  taken into consideration (Tyler et al., 1997;Uger et al.,
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Table 8. Fraction of CH, oxidized (Fox)2 in paddy fields at the four rice growth stages; mea8D, n = 3. WS: straw incorporation, CK:
without straw incorporation.

Oox = 1.025 Oox = 1.033 Oox = 1.038
Rice growth stage CK ws CK WS CK WS
Tillering stage 1.0%0.08 0.53t0.17 0.740.06 0.414+0.13 0.6A40.05 0.36+0.11
Booting stage 0.820.21 0.19+0.18 0.63:0.16 0.144+0.13 0.55+£0.14 0.12+0.12

Grain-filling stage 0.7%#0.05 0.20+0.08 0.54-0.04 0.15-0.06 0.440.03 0.14:0.05
Ripening stage 0.450.03 -0.03+0.09 0.35£0.02 -0.03+0.07 0.30£0.02 -—-0.02+0.06

2 Calculated with Eq. (5) using tre 3C-values of CH anaerobically produced in paddy soil (Fig. 2b) 8PCHy originay and thes'3C-values of
CH_, aerobically produced in paddy soil (Fig. 3b) fﬂTSCHMoxidizeo)-

2002). The oxidation fractionation is caused by methan-ably, the lack of knowledge oaoy in paddy soil calls for

otrophs. In the closed-system incubation, fractionation fac-more efforts in the further study.

tor apx is known to be calculated according to the Rayleigh In rice fields, most unoxidized CHescapes into the atmo-

equation (Coleman et al., 1981, Liptay et al., 1998): sphere through the aerenchyma of the rice plants. In the pro-

13 cess of CH transport via plants, significant transport frac-

oox =1+ [Iog (8 CHainitial) + 1000) (T) " tionation is observed (Chanton, 2005). During the rice sea-
13 , son, the CH transport fractionation fact@fransportiS known

~log (8 CHaina + 1000)] /109 /. to be equivalent to the difference betweSéﬁC-\F/’alues of the

wheres 3CHy,initiary Stands fos3C-value of CH, at time 0, emitted and aerenchymatic GHTyler et al., 1997; Bilek

513CH4(final) for 813C_Value of CH at timet, andf (%) for et al., 1999, K'I‘.'lger et al., 2002) A value thransportwas
percentage of Ch-h'emaining at time. —8.0 %o in Treatment WS and12.0 %o in Treatment CK es-

In paddy soil 28.3C in temperaturayo, = 1.025in Treat-  timated accordingly from the data of Table 2. Similar differ-
ment CK and 1.033 in Treatment WS was observed in thisences ¢ —12 %.) were observed in former reports (Chanton
Study, which was well in agreement with the measurement@t al., 1997, Tyler et al., 1997, Bilek et al., 1999) Itis a matter
before (1.025-1.038, Coleman et al., 1981; Chanton and®f fact, in general, that both Gransport efficiency (Jia et
Liptay, 2000). To our knowledgeyoy was firstly measured ~al-, 2002) and value ofyransport(Kruiger et al., 2002; Conrad
in methanotroph-enriched cultures (Coleman et al., 19812nd Klose, 2005) are significantly affected by the growth of
and then mainly in landfill cover soils (Liptay et al., 1998; Plants during the rice season. The biomass of rice plants in-
Chanton et al., 1999; Chanton and Liptay, 2000; Mahieu etcluding both aboveground and underground parts at all four
al., 2006; Chanton et al., 2008a, b). Although nothing wasfice growth stages was lower in Treatment WS than in Treat-
known aboutey in paddy soil before, it (1.025-1.038) was Ment CK (Table 3), which suggests that the growth of rice
adopted considerably in paddy field experiments (Tyler etcrop has been controlled by straw incorporation. On the other
al., 1997; Bilek et al., 1999; Kiger et al., 2002; Kiger ~ hand, CH transportation by plants is basically a diffusion
and Frenzel, 2003; Conrad and Klose, 2005). It is affected?rOCesS, and a small difference in condition may bring about
by temperature (Chanton and Liptay, 2000; Chanton et al.& great difference in isotopic composition (Chanton, 2005).
2008a), methanotrophs (Coleman et al., 1981igér et al.,  Pressure and partial pressure in the rhizosphere is possibly
2002), and soils (Tyler et al., 1994; Chanton and Liptay,higher in Treatment WS than in Treatment CK as well as the
2000: Shover and Quay, 2000). The differencesdp be- 8 °C-value of CH in the soil. Therefore, those differences
tween Treatment CK and Treatment WS might be attributedn Physical condition may cause differences in transport frac-
to methanotrophic bacteria in the soil. Methanotrophs pref-tionation. Although the processes resulting in the difference
erentially oxidize 12CH,, leaving the residual CH 13¢c. in eyransportare not fully understood, the differences in physi-
enriched (Whiticar, 1999; Venkiteswaran et al., 2005), whichcal conditions, such as growth of rice plants and pressure in
results in a shift in the isotopic fractionation. There is suchthe rhizosphere, are likely to affect the diffusion process and
a possibility that the higher the population and activity of consequently theyansport
methanotrophs, the more th&CH, being preferentially con-
sumed. Subsequently, the more the residua) €htiched in
13C, the bigger the fractionation after Gldxidation. There- 5 Conclusions
fore, straw incorporation increasedy, which is probably
ascribed to its promotion of CHoxidation by stimulating  The study on the mechanism of glémission from a Chi-
methanotrophic bacteria in Treatment WS relative to Treat-nese rice field demonstrated that straw incorporation obvi-
ment CK (Fig. 4a). Although it has been reported consider-ously increased ClHproduction and oxidation potentials in
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