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Abstract

Straw incorporation generally increases CH, emission from rice fields, but its effects on
the mechanism of CH, emission, especially on the pathway of CH, production and the
fraction of CH, oxidized are not well known. To investigate the methanogenic pathway,
the fraction of CH, oxidized as well as the stable carbon isotope fractionation during the
oxidation and transport of CH, as affected by straw incorporation, production and oxi-
dation of CH, in paddy soil and rice roots and 5'3C-values of produced CH, and CO,,
and emitted CH, were observed in incubation and field experiments. Straw incorpora-
tion significantly enhanced CH, production potentials of the paddy soil and rice roots.
However, it increased the relative contribution of acetate to total CH, production (F,;)
in the paddy soil by ~10-30 %, but decreased F,.-value of the rice roots by ~ 5-20 %.
Compared with rice roots, paddy soil was more important in acetoclastic methanogene-
sis, with F,;-value being 6—-30 % higher. Straw incorporation highly decreased the frac-
tion of CH, oxidized (F,,) by 41-71 %, probably attributed to the fact that it increased
CH, oxidation potential whereas CH, production potential was increased to a larger
extent. There was little CH, formed during aerobic incubation, and the produced CH,
was more '®C-enriched relative to that of anaerobic incubation. Assuming 5'3C-values
of CH, aerobically produced in paddy soil to be the 5'3C-values of residual CH, after
being oxidized, F,,-value still appeared to be 45-68 % lower when straw was incorpo-
rated. Oxidation fractionation factor (a.,) was higher with straw incorporation (1.033)
than without straw incorporation (1.025). The 5'3C-values of CH, emitted after cut-
ting of the plants (-50—-43 %.) were more positive than those of before (—-58—-55 %.),
suggesting a transport fractionation factor (€yansport) Was —8.0 %o with straw incorpo-
ration and —12.0 %, without straw incorporation. Reasons for this difference may be
related to the decrease in growth of the rice crop as a result of straw incorporation.
The experiment shows that straw incorporation increases the contribution of acetate to
total methanogenesis in paddy soil but decreases it on rice roots, and it significantly
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decreases the fraction of CH, oxidized in the field, and expands oxidation fractionation
while reducing transport fractionation.

1 Introduction

Atmospheric methane (CH,), the second most important greenhouse gas next to car-
bon dioxide (CO,), reached 1808 nll~! in 2010 (WMO, 2010). As an important source
of anthropogenic CH,, paddy field is responsible for ~ 5-19 % of the global CH, emis-
sion (IPCC, 2007). China, being one of the most important rice producing countries
in the world, has an abundant straw resource, which reaches 6.4 x 108tyr‘1 and even
up to 7.3 x 10%tin 2010 (Xiong et al., 2010). Straw incorporation is regarded as a key
practice in management of organic fertilizer in rice cultivation, and proved to be able to
gradually improve soil structure (Wang et al., 2010), increase soil organic carbon (Deng
etal., 2010; Ma et al., 2010; Wang et al., 2010), raise soil fertility (Deng et al., 2010; Ma
et al., 2010; Wang et al., 2010), and in the long run promote the agro-ecosystem into
a benign cycle. However, in the short term, it highly increases CH, emission from the
paddy fields (Cai, 1997; Jiang et al., 2003; Ma et al., 2009), causes microbial immobi-
lization of soil mineral N (Tanaka et al., 1990; Jensen, 1997), and accumulates organic
acids (Tanaka et al., 1990; Shan et al., 2006), thus affecting growth of the crop. In-
corporation of straw significantly increases CH, emission from paddy fields, which has
been considerably reported (Jiang et al., 2003; Ma et al., 2008, 2009), but its effects
on production and oxidation of CH, are not clear yet.

In paddy fields, CH, is an important end product of the degradation of organic mat-
ter under anaerobic conditions (Cicerone and Oremland, 1988; Conrad, 2007). Organic
matter is fermented into acetate, CO,, H,, propionate as well as other fatty acids, while
acetate, CO, and H, are the main substrates methanogenic bacteria use for production
of CH, (Krlger et al., 2002; Conrad et al., 2010). The relative contribution of acetoclas-
tic (CH3;COOH — CH, + CO,) and hydrogenotrophic (CO, + 4H, — CH, + 2H,0)
methanogenesis to total CH, formation is sensitive to availability of the substrates and
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varies with the growth of rice plants (Whiticar et al., 1986; Conrad, 1999; Kriiger et al.,
2002). Degradation of straw generates abundant organic acids, such as formic, acetic,
propionic and butyric acids (Shan et al., 2006), which is likely to increase the contri-
bution of acetoclastic methanogenesis. Moreover, it provides methanogenic bacteria
with plenty of precursors to produce CH, and accelerates the decline of soil Eh, thus
forming a favorable environment condition for growth of methanogens, which in turn
promotes formation of CH, and further affects CH, oxidation capacity in the field (Ben-
der and Conrad, 1995; Arif et al., 1996). On the other hand, rice roots themselves not
only excrete organic acid and slough off old or dead tissues as sources of carbon and
energy for CH, production, but also act as an important site in the rhizosphere where
CH, is oxidized by oxygen available from root secretion, which probably stimulates
growth and activity of methanotrophs, and consequently increases the potential of CH,
oxidation. A considerable number of studies have reported production and oxidation
of CH, in paddy soil or on rice roots (Frenzel and Bosse, 1996; Bosse and Frenzel,
1997; Conrad and Klose, 1999; Lehmann et al., 1999; Dan et al., 2001; Krlger et al.,
2002; Zhang et al., 2011a), but little has focused on effect of straw incorporation on
CH, production and CH, oxidation separately, let alone on pathway of CH, production
and fraction of CH, oxidized.

In the study of CH, production and oxidation processes in the rice ecosystem, the
stable carbon isotope technique, deemed to be a feasible and very effective method,
has been widely used (Sugimoto and Wada, 1993; Chanton et al., 1997; Tyler et al.,
1997; Bilek et al., 1999; Kruger et al., 2002; Conrad and Klose, 2005). Relative contri-
bution of the two methanogenic pathways and proportion of CH, oxidized in the field
can be estimated if 5'>C-values of CH,4, CO, and acetate are measured and relevant
fractionation factors (€acetates @co,/cH,» @ox @Nd Eyansport) @re known. The carbon iso-
tope fractionation factors of CH, oxidation (a,,) and CH, transport (&ansport) are crucial
to quantification of the fraction of CH, oxidized in applying the stable carbon isotope
technique (Tyler et al., 1997; Bilek et al., 1999; Krlger et al., 2002; Zhang et al., 2009).
Therefore, the acquisition of reliable and exact fractionation factors (@, and €yansport)
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is an important precondition for use of the method in studying CH, oxidation. CH, pro-
duced in paddy soil usually has a high proportion being oxidized in the rhizosphere
and at the soil-water interface, and then the remaining CH, is emitted from the soil
to the atmosphere mainly through the aerenchyma of rice plants. Due to the fact that
12CH4 is consumed faster than 3CH4 by methane-oxidizing bacteria as well as 12CH4
transports faster than 13CH4 in the process of CH, transport (Whiticar, 1999; Chanton,
2005; Venkiteswaran and Schiff, 2005), significant isotopic fractionation is observed
during these processes. Previous studies mainly focused on fractionation factor a,, in
the landfill cover soils (see Chanton et al., 2008a, 2008b), rather than in paddy soil
(Kruger et al., 2002). Moreover, early reports showed that fractionation factor € ansport
varied with rice growth and with rice variety as well (Chanton et al., 1997; Tyler et al.,
1997; Bilek et al., 1999; Krlger et al., 2002). Further study is necessary to discuss the
effect of straw incorporation on growth of rice plants and eventually on fractionation
factors, a, of paddy soil and &y4nsport Of rice plants.

In recent studies, CH, concentration in soil solution of the field, 6'°C-values of CH,
emitted before and after cutting of the plants, production and oxidation of CH, in paddy
soil and fresh rice roots, and &'2C-values of CH, and CO, produced in anaerobic and
aerobic incubations, were measured in field and incubation experiments to clarify the
effect of straw incorporation on CH, production and oxidation, respectively, especially
on pathway of CH, production and fraction of CH, oxidized in the field. Moreover,
stable carbon isotope fractionation factors a,, and €00t Were investigated to exactly
estimate the effect of straw incorporation on them and finally on the fraction of CH,
oxidized.

14179

BGD
9, 1417514215, 2012

CH, production,
oxidation, and 3C
isotope fractionation
in a rice field

G. B. Zhang et al.

Title Page
Abstract Introduction
Conclusions References
Tables Figures
(R [ 4]
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/14175/2012/bgd-9-14175-2012-print.pdf
http://www.biogeosciences-discuss.net/9/14175/2012/bgd-9-14175-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

2 Methods
2.1 Designing of the experiment

The experimental field was located at Baitu Town, Jurong City, Jiangsu Province, China
(31°58'N, 119° 18’ E). The main characteristics of this site have been described in
detail before (Zhang et al., 2012). Two treatments, WS (straw incorporation) and CK
(without straw incorporation), were designed with experimental plots in triplicate. Stub-
bles and weeds were all removed from the experimental plots. Then, dry wheat straw
(C/N =85, 61300rg = —28.3 %o), chopped to ~ 1 cm in length, was evenly spread over
the plots of Treatment WS, and raked into the topsoil (0—15 cm) Rice seedlings (Huajing
3), 32 days old, were transplanted on 26 June in all the plots and the crop was har-
vested on 3 November. The same fertilization and water management practices were
adopted in the experiment as in the local rice cultivation. For details, please refer to
Table 1.

2.2 Field experiment

Soil solution was collected from each plot using a Rhizon soil moisture sampler (Zhang
et al., 2012). Prior to sampling, about 5 ml soil solution was extracted using 18 ml vac-
uum vial to flush and purge the sampler. Approximate 10 ml water was then drawn into
another vial for further analysis. CH, concentration in the headspace of the vial was
measured on a GC-FID. The CH, concentration (Ccy,) in soil solution was calculated
using:

meV

_ -1
Coms = gty (moI™) (1)

where m stands for mixing ratio of CH, in the headspace of a vial (pll‘1), M, for gas

volume of an ideal gas (24.78 Imol™" at 25° C), Gy for volume of the gas headspace of

the vial (I), and G| for volume of liquid in the vial (I) Simultaneously, soil redox potential
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(E'h) at the depth of 10 cm was measured, using Pt-tipped electrodes (Hirose Rika Co.
Ltd., Japan) and an oxidation-reduction potential meter with a reference electrode (Toa
PRN-41). Soil temperature at the depth of 10cm was measured with a hand-carried
digital thermometer (Yokogawa Meter and Instruments Corporation, Japan).

Triplicate soil cores were collected from each experimental plot using a stainless
steel corer with an inner diameter of 7cm and a length of 25cm (Zhang et al., 2011a)
and then prepared into mixture on a plot basis. Samples from the mixture, each about
50 g (dry weight), were promptly taken and transferred into the 250 ml Erlenmeyer flask
separately, and turned into slurries with N,-flushed de-ionized sterile water in the ratio
of 1:1 (soil/water). During the whole process, the samples were constantly flushed
with N, to remove O, and CH,, and the flasks containing these samples were then
sealed for anaerobic incubation. Other flasks with air headspace were sealed directly
for aerobic incubation. All the flasks were sealed with rubber stoppers fitted with silicon
septum that allowed sampling of headspace gas. Finally, they were stored in N, at 4°C
and transported back to the lab as soon as possible for further analysis. A portion of
soil sample was dried for 72 h at 60 °C for determination of isotopic composition of the
organic carbon.

Rice plants complete with roots were carefully collected from the plots at each of the
four rice growth stages, i.e. tillering stage (TS, 16 July), booting stage (BS, 15 August),
grain filling stage (FS, 22 September), and ripening stage (RS, 12 October) (Zhang
et al., 2011a). The roots were washed with N,-flushed demineralized water and cut off
from the green shoots at a point, 1-2cm from the root with a razor blade. The fresh
roots, 20 g each portion, were then put into flasks Further preparation and processes
of the roots were the same as for the soil and detailed in the preceding paragraph
The shoots were dried at 60 °C for 72 h for dry weight measurement, and then stored
at room temperature for determination of isotopic composition of the organic carbon.
Rice grain yield was measured at harvest.

Gas samples of emitted CH, were taken simultaneously before and after the plants
were cut at the late booting stage (28 August) using specially designed PVC bottomless
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pots for determining stable carbon isotope fractionation during CH, transport (€ ansport)
through the aerenchyma of rice plants (Zhang et al., 2012b). The pot, 30 cm in height
and 17 cm in diameter, was designed to have a water-filled trough around its top, allow-
ing a chamber to rest on the pot with the joint completely sealed to avoid any possible
gas exchange during the sampling times. Each plot had two such pots installed ~ 7-10
days before gas sampling began, in a way to keep the plants in the center of each pot.
A PVC plate (18 cm in diameter) with a hole (4 cm in diameter) in the center was placed
on top of each pot, allowing the plant to grow through the hole and keep divided into
two parts. Then, one plant inside the pot was cut right above the plate while the other
remained intact as the control. Finally, chambers (30 x 30 x 100 cm) were laid on the
pots, and gas samples in the headspace of the chambers were collected simultane-
ously using 500 ml bags (aluminium foil compound membrane, Delin gas packing Co.,
Ltd, Dalian, China) with a small battery-driven pump for measurement of 5'3C-value of
the emitted CH, (Zhang et al., 2011c).

2.3 Incubation experiment

Potential CH, production rates in paddy soil and rice roots were determined anaerobi-
cally (Zhang et al., 2011b). Flasks used for anaerobic incubation were flushed with N,
consecutively for six times through double-ended needles connecting a vacuum pump
to purge the air in the flasks of residual CH, and O,. Simultaneously, CH, production
was determined aerobically and flasks with air headspace were used directly in the
experiment. They were then incubated at a temperature the same as measured in the
field for 50 h in darkness. Gas samples were collected twice with a pressure lock sy-
ringe, 1 h and 50 h later after the flasks were heavily shaking by hand, and analyzed for
CH, on a GC-FID. CH, production was calculated using the linear regression of CH,
increasing with the incubation time.

Potential CH, oxidation rates in paddy soil and rice roots were determined aerobi-
cally, using the same equipments as described above but with air headspace in the
flasks. Into each flask pure CH, was injected to make a high concentration inside
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(~10000 ull‘1). Then the flasks were incubated in dark under the same temperature
as in the field and shaken at 120 r.p.m. CH, depletion was measured by sampling the
headspace gas in the flask after vigorously shaking for subsequent GC-FID analysis.
The first sample was collected generally 30 min after pure CH, was injected and made
homogeneously distributed inside the flask. Samples were then taken in 2-3 h intervals
during the first 8 h of the experiment. The flasks were left over night and sampled the
next day in 2 h intervals again. CH, oxidation was calculated using the linear regression
of the CH, depletion with incubation time.

2.4 Analytical methods

CH, concentration in gas samples was analyzed with a gas chromatograph (Shimadzu
GC-12A, Kyoto, Japan) equipped with a flame ionization detector (FID). 5'3C-values
were determined with a Finnigan MAT-253 Isotope Ratio Mass Spectrometer (IRMS,
Thermo Finnigan, Bremen, Germany) using the continuous flow technique. The IRMS
had a fully automatic interface for pre-GC concentration (PreCon) of trace gases (Cao
et al., 2008, Zhang et al., 2011c). Isotope ratios were expressed in the standard delta
notation: 6'°C = [(Rsampie/Rstandard) = 11 x 1000 (%) with A ="°C / '°C of sample and
standard, respectively. Precision of the repeated analyses was +0.196 %o (n = 9) with
2.02ul I~ CH, injected. Samples of dried soil and plants were analyzed for carbon iso-
tope composition with a Finnigan MAT-251 Isotope Ratio Mass Spectrometer (Thermo
Finnigan, Bremen, Germany).

2.5 Statistical analysis

Statistical analysis was done using the SPSS 18.0 software for Windows (SPSS Inc.,
Chicago). Least significant difference (LSD) tests were used to compare means be-
tween treatments. Standard deviation of the means was calculated using the Microsoft
Excel 2003 software for Windows.
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3 Results
3.1 CH4 concentration in soil solution

CH, concentration in soil solution of the two treatments dropped sharply over the sea-
son, from as high as 150-300 pmol I"" atthe tillering stage to ~ 1 umol I"" atthe ripening
stage (Fig. 1a). Obviously, CH, concentration in soil solution was much higher in Treat-
ment WS (180-330 umol I‘1) than in Treatment CK (40—140 pumol I‘1) at the tillering and
booting stages. However, no significant discrepancy between the two treatments was
observed at the graining filling and ripening stages (Fig. 1a). Similarly, soil Eh was
significantly lower in Treatment WS (-200 to —150 mV) than in Treatment CK (-50 to
—10mV) at the tillering and booting stages while no obvious difference was detected
between the two treatments at the graining filling and ripening stages (Fig. 1b). Soil
temperature ranged from 17.6°C to 29.7 °C during the whole season, with an average
of 25.1°C.

3.2 CH4 production potential in paddy soil and rice roots under anaerobic
incubation

The CH, production potentials of paddy soil and rice roots in the two treatments
(Fig. 2a, d) varied in similar patterns, rising up to the peak (soil: 0.6—1.4 ug CH49‘1 d_1;
roots: 18.5-49.4 ug CH4g'1 d'1) at the booting stage, and declined rapidly towards the
valley at the ripening stage. The potential was significantly higher in Treatment WS
than in Treatment CK at the booting stage (P < 0.05). As a whole, straw incorpora-
tion increased CH, production potential in paddy soil and rice roots obviously, with the
mean increased by 95 % and 134 % relative to those in Treatment CK, respectively
(Fig. 2a, d).

With the growth of rice plants, 5'3C-value of the CH, produced in paddy soil became
more positive in both treatments (Fig. 2b). The produced CH, was more 13C-enriched in
Treatment WS (=70 to —47 %o) than in Treatment CK (-75 to —56 %.) at all the four rice
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growth stages (Fig. 2b), with 6'3C-values being 5 ~ 13 %o higher in Treatment WS than
in Treatment CK. On the contrary, CH, produced on rice roots was gradually becoming
13C-depleted from the tillering stage to the ripening stage, and it was relatively more ob-
vious in Treatment WS (-83 to —70 %o) than in Treatment CK (-75 to —67 %.) (Fig. 2e).
Compared with Treatment CK, Treatment WS was negative by 1-9 %. in 61SCH4-vaIue
over the season. CH, produced on rice roots was more depleted in 13C, on average, by
~ 16 %o (Treatment WS) and ~ 4 %. (Treatment CK) relative to that produced in paddy
soil (Fig. 2b, e) during the four rice growth stages for analysis. The 5'3C-value of CO,
produced in paddy soil was relatively stable in the two treatments (~ —18 %.) over the
four rice growth stages, while the one on rice roots decreased obviously from the tiller-
ing and booting stages (~ —15%.) to the grain filling and ripening stages (~ —25 %o)
(Fig. 2c, f). No significant difference was observed in 6'3C-value of CO, produced
either in paddy soil or on rice roots between the two treatments (P > 0.05).

3.3 CHj production in paddy soil and rice roots under aerobic incubation

Little CH, production was observed in aerobic paddy soil at the tillering, grain filling and
ripening stages, although relatively visible CH, production was at the booting stage
(~0.4 ugCHng'1 d'1) (Fig. 3a). Significant CH, production on aerobic rice roots was
measured at the tillering and booting stages, especially at the booting stage, reaching
as high as 5.4-22.2 uygCH, g‘1 d~', but little was at the grain filling and ripening stages
(Fig. 3c). CH, production in aerobic incubation (Fig. 3a, c) was significantly lower than
in anaerobic incubation (Fig. 2a, d, P < 0.05). The 6'3C-value of CH, produced in
paddy soil ranged from —58 %o to —48 %. in Treatment WS, being slightly more negative
than that in Treatment CK (-56 to —44 %.). Moreover, 5'3C-value of the CH, produced
on rice roots also appeared to be negative in Treatment WS (-44 to —38 %.) relative
to that in Treatment CK (—44 to —40 %.) at all the four rice growth stages (Fig. 3b, d).
Compared with what was observed in anaerobic incubation (Fig. 2b, e), CH, produced
in aerobic incubation was significantly enriched in 3¢ (Fig. 3b, d, P < 0.05), with the
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average 61SCH4-vaIue higher by ~ 10 %, in paddy soil and by ~ 30 %. on rice roots
during all the four rice growth stages.

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

A similar pattern in variation of the CH, oxidation potential in paddy soil was ob-
served for both treatments during the four rice growth stages (Fig. 4a), showing a rel-
atively high beginning (4.7-8.6 upgCH, g‘1 d'1) at the tillering stage, and a peak (8.1—
10.9ugCH, g‘1 d‘1) at the graining filling stage. However, CH, oxidation was very im-
portant only at the tillering stage (over 600 ugCH, g~ ' d™') on rice roots, and weakened
towards the ripening stage (~ 200 ugCH, g'1 d'1) (Fig. 4b). Compared with Treatment
CK, Treatment WS showed higher CH, oxidation potentials in both paddy soil and rice
roots at all the four rice growth stages (Fig. 4a, b).

3.5 &'3C-value of CH4 emitted before and after cutting of the plants

As shown in Table 2, the average 6'3C-value of CH, emitted before cutting of the plants
in Treatment CK was —55 %., being slightly higher than that in Treatment WS (-58 %o).
Similarly, the mean 6'3C-value of CH, emitted after cutting of the plants in Treatment
CK (-43 %0) was more positive than that in Treatment WS (-50 %.). Compared with the
6'3C-value of CH, emitted before cutting of the plants in both treatments, the value
after cutting of the plants was significantly more positive, especially in Treatment CK
(Table 2). Collectively, the latter was 8.0 %0 in Treatment WS and 12.0 %. in Treatment
CK higher the former (Table 2).

3.6 Organic carbon in soil and plant samples

Contents of organic carbon in soil increased slightly towards the end of the rice sea-
son, being 1.69 % and 1.85% in Treatment CK, and 1.73 % and 1.89 % in Treatment
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WS at the tillering and ripening stages, respectively. However, 5'3C-value of soil car-
bon remained stable over the season, being —27.6 %. and —27.8 %o in Treatment CK,
and —-27.3%. and —28.0 %. in Treatment WS at the tillering and ripening stages, re-
spectively. Organic carbon in plant samples was slightly lighter, with 5'3C-value being
—28.9 %0, —29.3 %o and —28.6 %. at the tillering, booting and ripening stages, respec-
tively. It also showed little change throughout the whole season.

3.7 Biomass and rice grain yield

Dry matter accumulations of rice plants (aboveground and underground parts) in the
two treatments are presented in Table 3. They increased obviously from the tillering
stage to the ripening stage and tended to be higher in Treatment CK than in Treatment
WS at all the four growth stages. Grain yield did not differ much between Treatment
WS and Treatment CK (P > 0.05) though it also tended to be higher in Treatment CK
(8.89tha™") than in Treatment WS (8.63tha™").

4 Discussion
4.1 Effect of straw incorporation on CH4 production

CH, is an end product of methanogenic bacteria acting on methane-producing sub-
strates under strict anaerobic conditions. Sufficient substrates and a favorable habitat
for growth of methanogenic bacteria are prerequisites for CH, generation (Conrad,
2007). Straw incorporation provides methanogenic bacteria with abundant methane-
producing substrates. Meanwhile, flooding accelerates decomposition of straw and fall
in soil redox potential (Eh) (Fig. 1b), creating a favorable environment for growth of
methanogens, which in turn promotes CH, production in the paddy field (Fig. 2a, d).
Shangguan et al. (1993) found that CH, production rate in a straw incorporated paddy
soil, collected from a double rice cropping field in Hunan, was 1-2times higher than
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that in the soil without straw incorporated. Moreover, they demonstrated that straw
incorporation would be an important cause for the appearance of the first CH, produc-
tion peak just ~ 20 days after the field was flooded. The findings in this study also show
that straw incorporation increased CH, production remarkably in paddy soil (Fig. 2a).
Furthermore, fresh rice roots produced considerable CH, in an extremely anaerobic
environment, showing a variation pattern similar to that in paddy soil (Fig. 2d). Previ-
ous studies have demonstrated that excised fresh rice roots themselves could produce
CH, (Frenzel and Bosse, 1996; Conrad and Klose, 1999; Lehmann et al., 1999; Krlger
et al., 2001, 2002; Zhang et al., 2011a). Straw incorporation accelerated the forma-
tion of an extremely anaerobic condition in the soil and hence the decline of soil £h
(Fig. 1b), which probably increased the population and activity of methanogens on the
surface of rice roots, thus increasing CH, production (Fig. 2d).

In field conditions, variation of CH, concentration in soil solution reflects changes in
CH, production of the paddy field to some extent. Under continuous flooding, CH, con-
centration in soil solution generally increased with the extension of the flooding time,
and continued until the field was drained up before the crop was harvested (Cai et al.,
2009). Under intermittent irrigation in this experiment, however, it was very high at the
tillering stage (before midseason aeration) and at the booting stage (the first re-flooding
period) while very low at the graining filling and ripening stages (Fig. 1a). On the other
hand, straw incorporation profoundly increased CH, concentration in soil solution at
the tillering and booting stages (Fig. 1a, P < 0.05). This is because that considerable
CH, production in paddy soil and on rice roots was observed at the tillering and boot-
ing stages and straw incorporation highly increased their CH, production potentials at
those time periods, whereas a little was measured at the graining filling and ripening
stages (Fig. 2a, d). Alberto et al. (1996) measured concentration of the CH, entrapped
in paddy soil in Philippines, and results also showed that it was significantly higher in
plots incorporated with green manure and straw than in plots applied with chemical
fertilizer.
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The 6'3C-value of organic carbon was relatively lower in straw samples (—28.3 %.)
than in paddy soil (-27.4 %.), but slightly higher than in rice roots (-28.9 %.). In addi-
tion, it was very stable over the season both in paddy soil and rice roots. Therefore,
straw per se would neither be a 13¢C-enriched source for methanogenesis in paddy
soil nor a 13C-depelted source for methanogenesis on rice roots for the whole sea-
son. As a consequence, incorporation of straw increased 5'3C-value of the CH, pro-
duced in paddy soil but decreased that of the CH, derived form rice roots (Fig. 2b, e),
which is probably attributed to its different effects on pathways of CH, production in
paddy soil and rice roots. Microbial CH, production per se is a process, which exhibits
completely different fractionation factors depending on the pathway of methanogenesis
(Games et al., 1978; Gelwicks et al., 1994; Kruger et al., 2002). In paddy fields, total
CH, production is mainly done through acetate fermentation and H,/CO, reduction
(Conrad, 1999), and acetate-dependent methanogenesis is more 13¢C-enriched than
CO,-dependent methanogenesis (Sugimoto and Wada, 1993; Whiticar, 1999). In the
processes of acetate and H,/CO, producing CH,, fractionation factors were defined
by Hayes (1993):

€acetate/CH, = (1- aacetate/CH4) x 1000 ~ 6130H4(acetate)_613Cacetate (2)
aCOZ/CH4 = (613002 + 1000)/(61SCH4(H2/002) + 1000) (3)

where 6130H4(acetate) and 6130H4(H2/C02) are 6 '*C-values of the CH, produced from

acetate and H,/CO,, and 6 13Ca(:etat(a is 5'°C-value of the acetate.

Acetate is an important intermediate in anaerobic degradation of organic matter,
which is relatively stable in 6'C-values in the form of soil and plant organic carbon
during the whole season (Conrad et al., 2002; Kruger et al., 2002). Generally, methyl
carbon of the acetate is thought to be converted into CH, (Krzycki et al., 1982; Conrad
etal., 2002), and an isotope fractionation factor of €,¢etate/cH, = —21 %0 Was measured
for the transformation of acetate methyl carbon into CH, (Gelwicks et al., 1994). Based
on that, Kruger et al. (2002) estimated a measurement of 61SCH4(acetate) between
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—43%, and —37 %. over the season with 6'>C-value of the acetate (=22 to —16 %)
extracted from the soil pore water of an Italian rice field. Therefore, 6130H4(acetate) =

—43 %o, and —37 %o was assumed in this study, mainly because the 6'3C-value of soil
organic carbon (—27.4%o) is close to what Kruger et al. (2002) reported (—26.7 %o).
The 61SCH4(acetate) ranging from —43 %. to —37 %o is also in good agreement with those
used earlier (Sugimoto and Wada, 1993; Tyler et al., 1997; Bilek et al., 1999; Conrad
etal., 2002). To our knowledge, measurements of fractionation factor €cetate /cH, during

acetoclastic methanogenesis are still scarce (Conrad, 2005). Moreover, 61SCacetate
changes with the growth of rice plants (Kruger et al., 2002) or the temperature of in-
cubations (Fey et al., 2004), and it may be different from that of rice roots (Conrad
et al., 2002). The constant values (-43 %. and —37 %) for & 13CHMawtate) were applied
both in paddy soil and on rice roots in this study due to the lack of measurements of
€acetate/CH, and 6 13Cacetate-

It is also essential to set a fractionation factor aco,,cH, that occurs during
H,/CO, reduction to CH, for this experiment. Previous studies have showed that hy-
drogenotrophic methanogenesis expresses a stronger kinetic isotope effect than ace-
toclastic methanogenesis does (Whiticar 1999; Conrad 2005). By summarizing the re-
ported measurements Zhang et al. (2009) showed that aco,/cH, Was in the range of
1.025-1.083. Fey et al. (2004) found aco, /cH, in flooded paddy soil decreased with
rising temperature in anaerobic incubation, with value of 1.083 at 10°C, 1.079 at 25°C,
and 1.073 at 37 °C. Since the temperature of incubation in this study was in the range
from 17.6°C to 29.7°C and averaged 25.1°C, acg, /cH, = 1.079 was hence considered

to be reasonable for calculation of 613CH4(H2/COZ), which has been validated in other
experiments (Zhang et al., 2011c, 2012). It is much higher than those in earlier reports
(Sugimoto and Wada, 1993; Tyler et al., 1997; Bilek et al., 1999; Chidthaisong et al.,
2002; Krager et al., 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 variation in the community structure of methanogens with
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the soil and the duration and condition of incubation (Chin et al., 1999; Lueders and
Friedrich, 2000; Chidthaisong et al., 2002; Conrad et al., 2002; Krlger et al., 2002;
Ramakrishnan et al., 2002).

When 6"°CHy (acetate) 8 ' CHan, /co,), and &' °C-value of CH, (6'°CH,) produced in
paddy soil and rice roots were obtained, relative contribution of acetate to total CH,
production (F,.) could be estimated in line with Eq. (4) (Tyler et al., 1997; Bilek et al.,
1999; Krlger et al., 2002):

61SCH4= ac X 61SCH4(acetate) + (1-Fye) x 6130H4(H2/002) (4)

As shown in Table 4, hydrogenotrophic methanogenesis in paddy soil was very impor-
tant at the tillering and booting stages (~50-70 %) while acetoclastic methanogene-
sis dominated at the grain filling and ripening stages (~ 60-90 %). A similar temporal
variation was observed by Kriger et al. (2002) who reported that acetate-dependent
methanogenesis was dominant at the end of the season, whereas H,/CO,-dependent
methanogenesis was very important at the beginning of the season. Expectedly, aceto-
clastic methanogenesis was more important in Treatment WS than in Treatment CK at
all the four rice growth stages, with F,.-value higher by ~ 10-30 %. It shows that incor-
poration of straw supplies abundant substrates for soil CH, production, thus promoting
acetate-dependent methanogenesis. Wang et al. (1995) found that application of the
organic fertilizers significantly increases the content of soil organic acid which is posi-
tively related to the rate of CH, emission from rice field. Unfortunately, contents of the
organic acids, especially acetate, in soil solution were not measured simultaneously.
The pathways of methanogenesis in paddy soil have been considerably observed in
Italy and Japan, and they are similar to the measurements in this study (Table 5).

For rice roots, however, hydrogenotrophic methanogenesis was dominant (~ 50—
90 %) in both treatments at all the four rice growth stages and more important in Treat-
ment WS than in Treatment CK, with a mean F,.-value being ~ 5-20 % lower (Table 6).
Additionally, the average F,;-value was 6 % higher (Treatment CK) and 30 % higher
(Treatment WS) in paddy soil than on rice roots (Table 6). A similarly high contribution
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of hydrogenotrophic methanogenesis to total CH, production on rice roots was ob-
served in radiotracer experiments (Conrad et al., 2000, 2002). Measurements of stable
carbon isotope also showed that methanogenesis on excised rice roots was mostly
from H,/CO, throughout the season (Kriger et al., 2002). The methanogens popu-
lation on rice roots is different from that of surrounding soil (Grosskopf et al., 1998a,
1998b; Lehmann et al., 1999), which may be the reason for the high hydrogenotrophic
methanogenesis. Previous studies demonstrated that CH, was predominantly pro-
duced from H,/CO, on rice roots by Rice Cluster | (RC-I) methanogens (Richter
et al., 1999; Lueders et al., 2001; Lu et al., 2005; Lu and Conrad, 2005; Conrad et al.,
2006). Therefore, straw incorporation would accelerate the growth and activity of RC-I
methanogens, hence promoting CO,-dependent methanogenesis relative to Treatment
CK (Table 6). Organic carbon being slightly lighter in plant samples than in soil sam-
ples might be another possible reason for F,.-value being lower in paddy soil than on
rice roots (Tables 4 and 6). Compared with previous measurements, the relative con-
tribution of acetate to total methanogenesis on fresh roots in this study appeared to be
slightly lower, particularly in Treatment WS (Table 5).

4.2 Effect of straw incorporation on CH, oxidation

Straw incorporation not only provides sufficient substrates for methanogens in paddy
soil, thus promoting methanogenesis directly, but also affects soil CH, oxidizing capac-
ity indirectly. Straw incorporation affects CH, oxidation mainly through its influence on
methanotrophic population and activity. Previous studies have shown that a high con-
centration of CH, stimulates growth of methanotrophs and their activity in oxidization
(Bender and Conrad, 1995; Arif et al., 1996). As shown in Figs. 2a and 4a, it increased
the CH, production capacity in paddy soil, as a consequence, the CH, oxidizing abil-
ity, as well. On the other hand, it is not only the oxygen secreted from the roots that
oxidize CH, in the rhizosphere (Butterbach et al., 1997), but also the roots per se that
have a strong CH, oxidization capacity (Bosse and Frenzel, 1997; Dan et al., 2001).
Krlger et al. (2002) found that CH, oxidation rates on excised fresh rice roots were
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highest at the beginning of the season and then declined, which is in agreement with
the measurements in this study. Straw incorporation enhanced CH, oxidation potential
on rice roots to some extent (Fig. 4b), which is possibly attributed to the growth and
activity of methanotrophs on the surface of rice roots stimulated by straw decompo-
sition, thus increasing the CH, oxidation capacity. Unfortunately, community structure
of the methanotrophs in the soil was not analyzed in this study, and therefore, further
research is needed in this aspect.

Besides the direct in vitro measurements of CH, oxidation above, 5'3C-values of
the CH, from various compartments of the rice field were applied to estimation of
the fraction of CH, oxidized (F,,) by using the following steady-state mass balance
equation (Stevens and Engelkemeir, 1988; Tyler et al., 1997):

Fox = (5130H4(original)_61SCH4(oxidized))/[(‘I /aox_1) X (61SCH4(oxidized) + 1000)] (5)

where a,, stands for fractionation factor during CH, oxidation, 6130H4(original) for 6'°C-
value of the initial pool of CH, that is produced in soil under aerobic incubation (Fig. 2a),
and 61SCH4(oxidized) is the 6'°C-value of remaining unoxidized CH,, generally esti-

mated from the measurements of 613CH4(emitted) corrected with plant transport frac-
tionation (Tyler et al., 1997; Kruger et al., 2002):

51SCH4 (oxidized) = 51SCH4 (emitted) — Stransport (6)

where 61SCH4(emmed) stands for 6'*C-value of CH, emitted from rice field, and €y ansport
for transport fractionation factor, with a range of —12.0 to —8.0 %. in the present study
(for detailed description, please see 4.3. below).

The fraction of CH, oxidized (F,,) was calculated using Eq. (5) based on the values of
61SCH4(origina,), 613CH4(oxidized) and a,, (1.025 in Treatment CK and 1.033 in Treatment
WS) subsequently referred to (for detailed description, please see 4.3. below), and
results of the calculation are shown in Table 7. It peaked at the tillering stage (60—
101 %), declined gradually and reached the lowest (-19-45 %) at the ripening stage
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both in Treatment CK and Treatment WS (Table 7). This was well in agreement with the
findings of Krlger et al. (2001, 2002) who found the value of F,, was the highest at the
beginning of the season, turned lower and lower towards the end of the season, and
even dropped below zero as depicted in the present study at last (Table 7). Contrary to
its effect on CH, oxidation potential of paddy soil, straw incorporation reduced the value
of Fy, in terms of percentage, by 41-71 % during the four rice growth stages (Table 7).
A possible explanation was that straw incorporation increased both CH, production
and oxidation potentials, particularly the former, to a larger extent (Figs. 2a and 4a),
which eventually caused a decrease in F,-value (Table 7). It was more visible when the
situations of high CH, production potential and low CH, oxidation potential appeared
simultaneously at the booting stage (Figs. 2a and 4a, Table 7), with value of F, 71 %
lower in Treatment WS than in Treatment CK.

CH, production rates in aerobic incubation were very low relative to those in anaer-
obic incubation (Figs. 2a, d, 3a and c), which suggests that strong oxidation happens
therein. On the other hand, it is quite clear in this study that CH, produced in aerobic
incubation was much more positive than that in anoxic incubation (Figs. 2b and 3b).
This further shows that CH, in the former has been oxidized intensively relative to that
in the latter. So the 6'3C-values of CH, aerobically produced in paddy soil were likely
to represent 61SCH4(oxidized). An analogous calculation was tentatively conducted with
Eq. (5), using the stable carbon isotope technique in the present study. Similar temporal
variation of F,-value in the two treatments was observed (Table 8), being the highest
(41-101 %) at the tillering stage and the lowest at the ripening stage (-3—-45 %). More-
over, Fo-value was 45-68 % lower in Treatment WS than in Treatment CK, which was
consistent with the results reported before (Tables 5 and 8). It indicates that the 61SCH4
(oxidized) Obtained in this way, to some extent, may be used represent the & 13C-value of
CH, that remains after being oxidized and has not yet been emitted to the atmosphere
if it is hard to measure €angport i rice fields.

Compared with the former reports, the measurements of F  -value in this study were
significantly higher (Table 5). The differences in a,, between these studies were a
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possible reason, because the a,, used in this experiment was 1.025-1.033, while in
others 1.038 was used to calculate F,,-value (Kruger et al., 2002; Kriiger and Frenzel,
2003; Zhang et al., 2012a). Therefore, a,, = 1.038 was used instead in estimating F, in
order to offset the discrepancy caused by different values of a,,. For the present study,
Fox-values were still reduced by ~20-40 % in Treatment WS relative to that in Treat-
ment CK (Tables 7 and 8), further suggesting that straw incorporation is an important
factor, instead of a,,, influencing the measurement of F_,-value. More interestingly, it
was still much higher than the measurements in previous studies in Italy (Krtger et al.,
2002; Kruger and Frenzel, 2003), especially in Treatment CK (Tables 7 and 8). How-
ever, it was similar to the data reported by Zhang et al. (2012a) who found F -value
was ~20-70% in continuous flooding plots and ~50-80% in intermittent irrigation
plots. This indicates that the fields under the special water management in China, i.e.
intermittent irrigation (this study and Zhang et al., 2012a), would increase CH, oxida-
tion in comparison with those under continuous flooding (Kriiger and Frenzel, 2003)
or those that had just a brief period of drainage (Krtger et al., 2002). Therefore, a,,
itself in the present study may not be a key factor to influence F,-value relative to early
reports in different conditions (Tyler et al., 1997; Bilek et al., 1999; Krlger et al., 2002;
Kruger and Frenzel, 2003; Conrad et al., 2005).

4.3 Effect of straw incorporation on carbon isotope fractionation during CH,4
oxidation and transport

When the stable carbon isotope method is used for calculating F,,, oxidation fraction-
ation factor (a,y) has to be taken into consideration (Tyler et al., 1997; Kruger et al.,
2002). The oxidation fractionation is caused by methanotrophs. In the closed-system
incubation, fractionation factor a,, is known to be calculated according to the Rayleigh
Equation (Coleman et al., 1981; Liptay et al., 1998):

Aox = 1+ [10g(6"°CHy nitiap) + 1000)—10g(8 *CHy 5z + 1000)]/ log f (7)
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where 61‘°’CH4(initia,) stands for 6'*C-value of CH, at time 0, 61SCH4(ﬁna|) for 6'°C-value
of CH, at time ¢, and f (%) for percentage of CH, remaining at time ¢.

In paddy soil 28.3°C in temperature, a,, = 1.025 in Treatment CK and 1.033 in Treat-
ment WS was observed in this study, which was well in agreement with the measure-
ments before (1.025-1.038, Coleman et al., 1981; Chanton and Liptay, 2000). To our
knowledge, a,,, was firstly measured in methanotrophs enriched cultures (Coleman
et al., 1981) and then mainly in landfill cover soils (Liptay et al., 1998; Chanton et al.,
1999; Chanton and Liptay, 2000; Mahieu et al., 2006; Chanton et al., 2008a, 2008b). Al-
though nothing was known about o, in paddy soil before, it (1.025-1.038) was adopted
considerably in paddy field experiments (Tyler et al., 1997; Bilek et al., 1999; Krlger
et al., 2002; Krtger and Frenzel, 2003; Conrad and Klose, 2005). It is affected by tem-
perature (Chanton and Liptay, 2000; Chanton et al., 2008a), methanotrophs (Coleman
etal., 1981; Krliger et al., 2002), and soils (Tyler et al., 1994; Chanton and Liptay, 2000;
Snover and Quay, 2000). The differences in a,, between Treatment CK and Treat-
ment WS might be attributed to methanotrophic bacteria in the soil. Methanotrophs
preferentially oxidize 12CH4, leaving the residual CH,4 13G-enriched (Whiticar, 1999;
Venkiteswaran et al., 2005), which results in a shift in the isotopic fractionation. There
is such a possibility that the higher the population and activity of methanotrophs, the
more the 12CH4 being preferentially consumed. Subsequently, the more the residual
CH, enriched in 130, the bigger the fractionation after CH, oxidation. Therefore, straw
incorporation increases a,,, which is probably ascribed to its stimulation of methan-
otrophic bacteria in the soil by promoting CH, oxidation in Treatment WS relative to
Treatment CK (Fig. 4a). Although it has been reported considerably, the lack of knowl-
edge on a,, in paddy soil calls for more efforts in the further study.

In rice fields, most unoxidized CH, escapes into the atmosphere through the
aerenchyma of rice plants. In the process of CH, transport via plants, significant trans-
port fractionation is observed (Chanton et al., 2005). During the rice season, the CH,
transport fractionation factor €,nsport is known to be equivalent to the difference be-

tween &'3C-values of the emitted and aerenchymatic CH, (Tyler et al., 1997; Bilek
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et al., 1999; Kruger et al., 2002). A value of &anspont WaS —8.0 %o in Treatment WS
and —12.0%. in Treatment CK estimated accordingly from the data of Table 2. Simi-
lar differences (~ —12 %) were observed in former reports (Chanton et al., 1997; Tyler
et al., 1997; Bilek et al., 1999). It is a matter of fact, in general, that both CH, trans-
port efficiency (Jia et al., 2002) and value of &,n550rt (Kriger et al., 2002; Conrad and
Klose, 2005) are significantly affected by the growth of plants during the rice season.
The biomass of rice plants including both aboveground and underground parts at all
the four rice growth stages was lower in Treatment WS than in Treatment CK (Table 3),
which suggests that the growth of rice crop has been controlled by straw incorporation.
As a result, the capacity of CH, transport from soil to the atmosphere was probably
lower, thus causing the carbon isotope fractionation much stronger in Treatment CK
than in Treatment WS. This indicates that the difference in &yansport Petween the two
treatments may be ascribed to the influence of straw incorporation on growth of rice
plants.
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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, 4.8tha™’ 19Jun  Continuous flooding 23 Jun

Basal N-fertilizer: Urea, 150 kgNha' 26 Jun  Midseason aeration 23 Jul

Tillering N-fertilizer: Urea, 75 kgN ha' 18 Jul  Alternation of drying and wetting 25 Aug

Panicle N-fertilizer: Urea, 75kgN ha' 16 Aug Final drainage 12 Oct
14204
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Table 2. 5'°C-values of CH, (%.) emitted before and after cutting of the plants. WS: straw

incorporation, CK: without straw incorporation.

Sampling plot Before After

CK WS CK WS
1 -56.8 -55.6 -44.8 -47A1
2 -542 -56.8 -42.7 -49.8
3 -548 -61.1 -423 -52.6
Mean -55.3 -57.8 -43.3 -4938
SD 1.4 2.9 1.4 2.6
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Table 3. Dry matter accumulation of rice plants aboveground and underground; mean + SD, <
n = 3. WS: straw incorporation, CK: without straw incorporation. A
©
:
Rice growth stage Aboveground (g m~?) Underground (g m~?)
kK~ ws ok ws e rsion
Tillering stage 198 + 15 194+15 510 44+ 3 O
Booting stage 1006 £43 951+124 1585 1322 § ! !
Grain filling stage 2603+5 2464+178 2077 182+4 73
Ripening stage 3452+ 87 3325+148 216+8 202+3 © ! !
=
s [N
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Q
:
&
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=
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o
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Table 4. Contribution of acetate-dependent CH, production (F,.) in paddy soil at the four rice
growth stages; mean + SD, n = 3. WS: straw incorporation, CK: without straw incorporation.

Rice growth stage  6'°C-values &'°C-values

of produced

of produced

6"3C-values
of CH, from

F,. calculated

. 13 . 13
with & CH4(acetate) with & CH4(acetate)

F,. calculated

CH, (%) CO, (%)  Hy/CO, (%) = —37%’ = —43%°
CK
Tillering stage -75.0+45 -175+0.6 -89.5+0.6 0.28 +£0.07 0.31+0.08
Booting stage -754+00 -162+04 -882x04 0.25+0.00 0.28 +0.00
Grain filling stage -61.5+1.6 -184+0.2 -90.3+0.2 0.56 +£0.03 0.63+0.04
Ripening stage -56.1+05 -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 -622+08 -152+x14 -87.3+13 0.50+0.04 0.57 £0.05
Grain filling stage  -54.9+0.2 -19.2+0.2 -91.0+0.2 0.67 +£0.04 0.75+0.04
Ripening stage -471+39 -17.7+£0.2 -89.7+0.2 0.81+0.07 0.91+0.08

#Calculated with Eq. (3) using the 5'3C-values of CO; produced in paddy soil and aco, /cH, = 1.079.
PCalculated with Eq. (4) using different 6130H4(acetate)-values for CH, from acetate.
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Table 5. Overview of the contribution of acetate-dependent CH, production (F,;) and the frac-
tion of CH, oxidized (F,,) in paddy fields calculated with Egs. (4) and (5).

Experimental ~ Straw Incubation Fac F.x Reference
site incorporation sample
Japan No Air-dried soil  0.12-1.00 — Sugimoto and Wada, 1993
Vercelli, Italy ~ No Air-dried soil  0.30-0.80 — Conrad et al., 2002
No Fresh roots 0.05-0.65 -
Verecelli, Italy No Fresh soil 0.27-0.67 0.02-0.36 Kruger et al., 2002
No Fresh roots  0.36-0.58 -
Vercelli, Italy No Fresh soil - 0.04-0.45 Kriger and Frenzel, 2003
Verecelli, Italy No Air-dried soil 0.40-0.80 — Feyetal., 2004
Jurong, China No Fresh soil®™  0.49-0.76 0.19-0.66 Zhang et al., 2012
No Freshsoil'  0.45-0.76  0.46-0.83
Jurong, China Yes Fresh soil 0.43-0.91 -0.19-0.60 This study
No Fresh soil 0.28-0.72 0.45-1.01
Yes Fresh roots 0.07-0.41 -
No Fresh roots 0.28-0.51 -
CF the field was under continuous flooding,
" the field was under intermittent irrigation.
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Table 6. Contribution of acetate-dependent CH, production (F,;) on rice roots at the four rice
growth stages; mean + SD, n = 3. WS: straw incorporation, CK: without straw incorporation.

Rice growth stage  6'°C-values &'°C-values

of produced

of produced

6"3C-values
of CH, from

F,. calculated

. 13 . 13
with & CH4(acetate) with & CH4(acetate)

F,. calculated

CH, (%) CO, (%)  Hy/CO, (%) = —37%’ = —43%°
CK
Tillering stage -66.7+0.7 -126+00 -84.9+0.3 0.38+0.02 0.43+0.02
Booting stage -746+22 -148x+07 -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 0.51+£0.02
Ripening stage -721x11 -22.8+0.6 -943+0.7 0.39+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 -832+1.7 -142+0.8 -86.4+1.0 0.06 +£0.00 0.07 +0.00
Grain filling stage  -74.8+1.1 -23.9+02 -954x05 0.35+0.03 0.39+0.04
Ripening stage -73.3+x1.8 -225+04 -941+04 0.36 £ 0.04 0.41+£0.05

#Calculated with Eq. (3) using the 5'3C-values of CO; produced in paddy soil and aco, /cH, = 1.079.
PCalculated with Eq. (4) using different 6130H4(acetate)-values for CH, from acetate.
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Table 7. Fraction of CH, oxidized (F,)® in paddy fields at the four rice growth stages; mean +

SD, n = 3. WS: straw incorporation, CK: without straw incorporation.

Rice growth stage a, =1.025 a,, =1.033 a,, =1.038

CK WS CK WS CK WS
Tillering stage 1.01+0.13 0.78+0.01 0.77+0.10 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 0.57+0.02 0.13+0.01
Grain filling stage  0.50 + 0.07 0.02+0.09 0.38+0.05 0.02+0.07 0.33+0.05 0.01+0.06
Ripening stage 0.45+0.15 -0.25+0.02 0.34+0.12 -0.19+0.01 0.30+0.10 -0.16+0.01

3Calculated with Eq. (5) using the 6 '°C-values of CH, anoxically produced in paddy soil (Fig. 2b) for 61SCH4(O,igina|)

and the 6'3C-values of emitted CH, (data taken from Zhang et al., 2012) minus —8.0 %o (Treatment WS) and —12.0 %o

(Treatment CK) foré 130H4(oxidized).
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Table 8. Fraction of CH, oxidized (F,,)? in paddy fields at the four rice growth stages; mean +

SD, n = 3. WS: straw incorporation, CK: without straw incorporation.

Rice growth stage a, =1.025 a,, =1.033 a,, =1.038

CK WS CK WS CK WS
Tillering stage 1.01+0.08 053+0.17 0.77+0.06 0.41+0.13 0.67+0.05 0.36+0.11
Booting stage 0.82+0.21 0.19+0.18 0.63+0.16  0.14+0.13 0.55+0.14 0.12+0.12
Grain filling stage  0.71+0.05 0.20+0.08 0.54+0.04 0.15+0.06 0.47+0.03 0.14+0.05
Ripening stage 0.45+0.03 -0.03+0.09 0.35+0.02 -0.03+£0.07 0.30+0.02 -0.02+0.06

3Calculated with Eq. (5) using the 6 '°C-values of CH, anoxically produced in paddy soil (Fig. 2b) for 61SCH4(O,igina|)

and the 6'3C-values of emitted CH, (data taken from Zhang et al., 2012) minus —8.0 %o (Treatment WS) and —12.0 %o

(Treatment CK) foré 130H4(oxidized).
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Fig. 1. CH, concentration in soil solution (a) and soil Eh of the field (b) at the four rice growth
stages. TS: tillering stage, BS: booting stage, FS: grain filling stage, RS: ripening stage. WS:
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Fig. 2. Potential CH, production rates in anaerobically incubated paddy soil (a) and rice roots

(d), and corresponding 5'3C-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.
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Fig. 3. CH, production in aerobically incubated paddy soil (a) and rice roots (c), and corre-
sponding 5'3C-values of CH, (b) and (d) 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. Mean + SD, n = 3.
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Fig. 4. Potential CH, oxidation rates in aerobically incubated paddy soil (a) and rice roots (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 incorporation. Mean + SD, n = 3.

14215

400 -

200 -

=}

@ Roots-WS
O Roots-CK

TS BS FS RS
Rice growth stage

| Jadeq uoissnosigq | Jeded uoissnosiq | Jaded uoissnosiqg

Jaded uoissnasiq

BGD
9, 14175-14215, 2012

CH, production,
oxidation, and 3C
isotope fractionation
in arice field

G. B. Zhang et al.

(8
S

2


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/14175/2012/bgd-9-14175-2012-print.pdf
http://www.biogeosciences-discuss.net/9/14175/2012/bgd-9-14175-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

