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Abstract
Aims Twopot experiments in a “walk-in”growth chamber
with controlledday andnight temperatureswere conducted
to investigate the influence of elevated temperatures along
with rice straw incorporation on methane (CH4) and ni-
trous oxide (N2O) emissions as well as rice yield.
Methods Three temperature regimes–29/25, 32/25, and
35/30 °C (Exp. I) and 29/22, 32/25, and 35/28 °C (Exp.
II), representing daily maxima/minima were used in the
study. Two amounts of rice straw (0 and 6 t ha−1) were
applied with four replications in each temperature re-
gime. CH4 and N2O emissions as well as soil redox
potential (Eh) were monitored weekly throughout the
rice-growing period.

Results Elevated temperatures increased CH4 emission
rates, with a more pronounced effect from flowering to
maturity. The increase in emissions was further enhanced
by incorporation of rice straw. A decrease in soil Eh to <
−100 mVand CH4 emissions was observed early in rice
straw–incorporated pots while the soil without straw did
not reach negative Eh levels (Exp. I) or showed a delayed
decrease (Exp. II). Moreover, soil with high organic C
(Exp. II) had higher CH4 emissions. In contrast to CH4

emissions, N2O emissions were negligible during the
rice-growing season. The global warming potential
(GWP) was highest at high temperature with rice straw
incorporation compared with low temperature without
rice straw. On the other hand, the high temperature
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significantly increased spikelet sterility and reduced grain
yield (p<0.05).
Conclusions Elevated temperature increased GWP
while decreased rice yield. This suggests that global
warming may result in a double negative effect: higher
emissions and lower yields.

Keywords Elevated temperature . Global warming
potential . Greenhouse gases . Methane emission . Rice
paddy . Rice straw

Introduction

The atmospheric concentration of methane (CH4) and
nitrous oxide (N2O), two major greenhouse gases, has
increased since pre-industrial times due to anthropogenic
activities. The concentration of CH4 increased from a
pre-industrial value of 715 ppb to 1,774 ppb and of
N2O from 270 ppb to 319 ppb in 2005 (Solomon et al.
2007). Globally, agricultural CH4 and N2O emissions
increased by 17 % from 1990 to 2005, with an average
annual emission increase of 60 Mt CO2 eq yr−1 (Smith
et al. 2007). CH4 and N2O are 25 times and 298 times
more potent in terms of global warming potential
(GWP) than CO2 on a 100-year time scale, respectively
(Solomon et al. 2007). Irrigated lowland rice contributes
more than 75 % of global rice production (Fageria et al.
2011), and is considered as one of the major sources of
the atmospheric CH4 budget (Minami and Neue 1994;
Wassmann et al. 2000; Kruger et al. 2001). Rice fields
alone contributed 18% of the 596 Tg global CH4 flux in
2005 (Denman et al. 2007). In addition to CH4 emis-
sions, rice fields emit N2O (Firestone and Davidson
1989; Khalil et al. 2004), especially when mitigation
strategies for CH4 emissions, such as mid-season drain-
age and/or intermittent irrigation, are adopted (Bronson
et al. 1997a; Hua et al. 1997; Minami 1997; Yu et al.
2007; Johnson-Beebout et al. 2009). The dry-wet alter-
nation during mid-season drainage creates a favorable
soil environment for both microbial nitrification and
denitrification processes; thus, N2O emissions (Wang
et al. 2011). Nevertheless, irrigated rice fields are
flooded most of the time; the extent of N2O emissions
is much lower than that of CH4 emissions (Chen et al.
1997; Ma et al. 2009).

CH4 is the final product of anaerobic degradation of
organic matter in a much-reduced environment. Signifi-
cant CH4 emissions occur when soil redox potential (Eh)

is <−100mV (Hou et al. 2000).Water regime and organic
amendment in the rice-growing season are the top two
controlling factors for this (Yan et al. 2005). Therefore,
when the field is continuously flooded and highly re-
duced with low sulfate and the absence of other CH4

inhibitors, the availability of methanogenic substrate (or-
ganic C) obviously plays a major role (Yao et al. 1999;
Fey and Conrad 2000; Yan et al. 2005). Organic C,
especially easily decomposable C, acts as both an elec-
tron donor and a source of methanogenic substrate (Yao
et al. 1999). Hence, soil with high organic C and incor-
poration of fresh rice straw that contains easily decom-
posable C increases CH4 emissions (Bossio et al. 1999;
Naser et al. 2007). On the other hand, increasing temper-
ature accelerates the decomposition of organic matter
(Conant et al. 2011) and stimulates methanogenic activ-
ities, thereby increasing CH4 production (Fey andConrad
2003). Moreover, higher temperature releases more root
exudate C from rice plants (Tokida et al. 2010), enhances
the reduction of other inorganic electron acceptors such
as Fe (Rath et al. 2002), and decreases the duration of
flooding to attain steady-state CH4 emissions (i.e., the
higher temperature lowers the duration to reach steady-
state CH4 emissions) (Devevre and Horwath 2000). All
these processes could be compounded and affect CH4

emissions.
Concern is growing about the impact of projected

increases in atmospheric temperature with global war-
ming on CH4 emissions. Some previous studies have
shown greater CH4 emissions under elevated tempera-
tures (Schulz et al. 1997; Devevre and Horwath 2000;
Allen et al. 2003; Fey and Conrad 2003; Tokida et al.
2010). However, conflicting results have also been re-
ported for the effects of elevated temperature. Increased
emissions were observed with ambient +2 °C elevated
temperature (Schrope et al. 1999) but decreased emis-
sions with ambient +4 °C (Ziska et al. 1998; Schrope
et al. 1999). Similarly, Parashar et al. (1993) observed
decreased emissions beyond 34 °C. Therefore, the evi-
dence is still inconclusive due to limited data to predict
the effect of rising atmospheric temperature on future
emissions. On the other hand, rice cultivation has to be
intensified to meet increasing global food demand. This
intensification would increase not only rice grain yield
but also rice straw, which poses a big management
challenge. The removal of straw from the field reduces
the nutrient content of soil while incorporation increases
CH4 emissions (Bossio et al. 1999; Watanabe et al.
1999; Gao et al. 2004; Mandal et al. 2004; Naser et al.
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2007). Therefore, the source strength of the CH4 budget
may further change with the intensification of rice pro-
duction along with increasing global temperature
(Wassmann et al. 2010). Studies on the effect of elevated
temperature in combination with rice straw on CH4 and
N2O emissions are still lacking. Furthermore, the in-
creasing temperature directly affects rice growth and
yield. High temperature generally increases spikelet ste-
rility and reduces grain yield (Ziska et al. 1996; Peng
et al. 2004; Shah et al. 2011). To solve those problems,
more studies on elevated temperatures in combination
with straw incorporation are critical.

This experiment conducted in a ‘walk-in’ growth
chamber forms part of a series of experiments on tem-
perature effects with different approaches. The experi-
ments on elevated canopy temperature in the field and
elevated water/soil temperature in the greenhouse will
be reported separately. In this paper, we present a study
with elevated temperatures in all ecosystem compart-
ments (i.e., air, water, and soil) alongside rice straw
incorporation. The specific objectives of this study
were:

& To investigate the effect of elevated temperatures
on CH4 and N2O emissions from flooded rice.

& To assess the interaction effects of temperature ele-
vation and rice straw incorporation on emissions.

& To record the impacts of temperature and straw on
related soil and plant parameters, namely, soil Eh,
soil organic carbon, spikelet sterility, straw bio-
mass, rice grain yield, and harvest index.

Materials and methods

Experimental design and treatment

Two studies were conducted consecutively in environment-
controlled room type walk-in growth chambers
(3.25×3.25×2.70 m) at IRRI, Los Baños, Philippines,
from September, 2010, to August, 2011. The three levels
of temperature regimes used in the respective chambers
were as follows: 29/25, 32/25, and 35/30 °C (Exp. I) and
29/22, 32/25, and 35/28 °C (Exp. II) representing daily
maxima and minima for low, medium, and high temper-
atures, respectively. These temperatures were controlled
with combination of heating and cooling air conditioning
system following a sinusoidal-type pattern between daily
maxima and minima (Fig. 1). There were two treatments

for rice straw: with rice straw added (+Straw: at the rate
of 6 t ha−1 or 30 g pot−1) and without rice straw added
(−Straw). Each rice straw treatment was arranged in a
complete randomized design with four replicates. Thus,
each experiment had a total of 24 pots (8 pots each
chamber). All the pots were rotated randomly inside
the chamber every week after gas sampling.

Six high-intensity discharge (HID) lamps (1,000 W
each) were fitted into a light box (1.5×1.25 m), which
was suspended 2.2 m from the floor to maintain the
light. These bulbs maintained the photosynthetically
active radiation (PAR) during the day as normal sun-
light. Hence, the measured light quantity was 200–
220 μ mol m−2 s−1 from 0600 to 0900 and 1600 to
1800, while it was 550–650 μ mol m−2 s−1 from 0900
to 1600 (Fig. 1). PAR was measured using a LICOR
Quantum/Radio/Photometer. Relative humidity was
controlled and maintained at 70–80 %.

Daily water temperature and soil temperature at 5 cm
depth were monitored manually using a mercury ther-
mometer between 1330 and 1430. Gas sampling was
also conducted at this time. Similarly, air temperature
inside the chamber was also recorded at each gas sam-
pling time. All pots were maintained flooded (4–10 cm)
throughout the rice-growing period.

Soil and straw preparation

The soil samples (Aquandic epiaquoll) (Dobermann
et al. 2000) were collected from an upland site at the
IRRI Experimental Farm, Laguna, Philippines (Exp. I:
latitude: 14o08′40″, longitude: 121o16′06″ and Exp. II:
latitude: 14o08′25″, longitude: 121o16′02″). Soil was
collected from the plow layer depth (0–15 cm) during
fallow. Removal of non-soil external debris and homog-
enization by hand mixing were done before transferring
soil to individual pots. Two composite samples from
each soil were analyzed for their basic characteristics.
Soil pH was determined by a glass electrode in a soil-
water solution at a ratio of 1:1 (w/v) (Kalra andMaynard
1991). Total C and N were determined simultaneously
using an automated dry combustion method (elemental
analyzer-TCD method). Soil organic C was measured
by oxidizing with K2Cr2O7 and concentrated H2SO4

(Walkley and Black 1934). Total soil Kjeldahl N (Kj
N) was determined by the micro-Kjeldahl method
(Yoshida et al. 1976). Available P was determined by
the Olsen method (Olsen et al. 1954) and Bray method
(Bray andKurtz 1945). Available K and cation exchange
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capacity (CEC) were determined by the NH4O-Ac ex-
traction method at pH 7 (Helmke and Sparks 1996).
Active Fe and Active Mn were determined by the
dithionite reduction method (Asami and Kumada
1959). Particle size analysis for sand, silt, and clay was
done by the hydrometer method (Kalra and Maynard
1991). The soils used for the two experiments were
different from each other in terms of organic C, Kj N,
and available P. The soil used in Exp. I had lower
organic C, Kj N, and available P. The major physico-
chemical properties of the soils are presented in Table 1.

Rice straw (Oryza sativa L. cv Angelica) with 41:1
C-N ratio, 1.98 % total K, and 0.15 % total P was used
in the experiment. The micro-Kjeldahl method for N
(Yoshida et al. 1976), dry ashing for P (Olsen et al.
1954), and the 1 N HCl extraction method for K
(Yoshida et al. 1976) were used for plant tissue analy-
sis. Rice straw was incorporated 23 days (18 August
2010) and 22 days (16 February 2011) before
transplanting of rice for Exp. I and Exp. II, respective-
ly. Rice straw was applied at the rate of 6 t ha−1 (30 g
pot−1) in straw-treated pots. For water supply, the soil
was irrigated two times a week until transplanting of
the rice seedlings. This was done to hasten the decom-
position of the applied straw in aerobic conditions. The
period from straw incorporation to transplanting of rice

seedlings represented the fallow period under field
conditions.

Handling of plants and soil in pots

Wagner pots (height: 30 cm and diameter: 25 cm) were
filled with 10 kg air dry homogenized soil followed by
initial flooding. Three rice seedlings (Oryza sativa L.
variety Angelica) were transplanted in each pot on 10
September 2010 (Exp. I) and 10 March 2011 (Exp. II).
Fertilizers were applied at the rate of 120-30-30 kg N-
P2O5-K2O ha−1. Urea was used as a source of N and
applied in three equal splits at 14, 35, and 65 days after
transplanting (DAT). Basal application for both P and
K using single superphosphate (0-20-0) for P and mu-
riate of potash (0-0-60) for K was made. The pots
remained flooded throughout the growth period up to
harvesting. The rice plants were harvested on 19 Jan-
uary 2011 (Exp. I) and on 25 July 2011 (Exp. II).

Measurements

Soil redox potential (Eh)

Soil Eh was measured using platinum-tipped elec-
trodes; two of these per pot were installed permanently
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Fig. 1 Daily controlled air temperature and light intensity in a) experiment I and b) experiment II. The bar diagram above the respective
graph indicates quantity and time period of photosynthetically active radiation (PAR)
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at a depth of 5.0 cm. Soil Eh was measured weekly
immediately after gas sampling (1430 to 1530). Eh was
monitored in all pots against an Hg/Hg2Cl2 reference
electrode using a portable Eh/pH meter. Eh was calcu-
lated with the following formula (Sparks 1996):

Eh mVð Þ ¼ Eh1þ Eh2ð Þ
2

þ correction factor

where Eh (mV) is redox potential, Eh1 and Eh2 are
millivolt readings, and the correction factor is 245 for
the Hg/Hg2Cl2 reference electrode.

Collection and measurement of gas samples

The closed chamber technique was used to collect gas
samples to measure CH4 and N2O emission rates. Each
closed chamber was prepared using two plastic pails:
one as a base (82 L) and the other as a chamber cover
(110 L). These two pails were connected during sam-
pling time by an extension tubing (height: 13 cm, radius:
25.2 cm) made of transparent plastic sheets. The pot
with the rice plant was placed in the chamber base. After
this, the extension was placed over the chamber base
and the chamber cover was fitted over that extension.
The pails and extension were fixed in place and made
airtight during sampling time using water as a sealing
material. Each chamber was equipped with a direct

current (DC) fan to maintain thorough mixing of air
inside the chamber, a thermometer to measure the inside
air temperature during the sampling of gas, and a rubber
septum fixed in the chamber wall to collect the gas
samples. Gas sampling was conducted throughout the
crop growth period. Gas samples from the chamber head
space were collected using a 60-mL PVC syringe with
stainless steel needle. Four samples were taken at 10-
min intervals (0, 10, 20, and 30 min) for 30 min every
week from 1300 to 1500. The collected samples were
stored (1–3 days) in a previously evacuated vial for
laboratory measurement.

The mixing rates of CH4 and N2O were measured
simultaneously using a gas chromatograph (GC)
(Shimadzu GC-14B, Shimadzu Corporation, Kyoto,
Japan) equipped with a flame ionization detector and
an electron capture detector. However, N2O measured
may be biased due to its interference with CO2 con-
centration since the ascarite filter pre-column to trap
CO2 in air samples was not used (Zheng et al. 2008).
The carrier gas was nitrogen (N2) with a flow rate of
14 mLmin−1. The column was packed with Porapak Q;
column temperature was maintained at 60 °C and de-
tector temperature was set at 340 °C. The retention
time for CH4 was 1.0 min, and 3.28 min for N2O. A
GC-computer interface was used to quantify the peak
area. Temporal increases in CH4 and N2O concentra-
tion (ppm min−1) were determined from the slope of
the linear regression curve of concentration against
time. The emissions of CH4 and N2O gas, expressed
as mg m−2 d−1, were calculated using the following
equation (IAEA 1992; Gaihre et al. 2011):

CH4 and N2O emissions mg m−2d−1
� �

¼ Slope ppm min−1
� �� Vc�MW� 60� 24

22:4� 273þ Tð Þ=273ð Þ � Ac� 1000

where Vc is the volume of the gas chamber in liters (L),
MW is the molecular weight of the respective gas, 60 is
min h−1, 24 is h d−1, 22.4 is the volume of 1 mol of gas
in L at standard temperature and pressure, 273 is the
standard temperature in °K, T is the temperature inside
the chamber in °C, Ac is the area of the pot with rice in
m2, and 1,000 is μg mg−1.

The daily gas emission rate of the period between
two consecutive samplings was calculated as the mean
of the gas fluxes for those 2 days. This mean was
calculated by interpolation of those 2 gas sampling
days. Then, total cumulative emissions over the season

Table 1 Physicochemical properties of soil used in the
experiments

Soil property Experiment I Experiment II

pH-H2O (1:1 soil water, w/v) 6.4±0.07 6.0±0.00

Total C (%) 0.65±0.01 1.30±0.03

Organic C (%) 0.55±0.01 0.99±0.01

Total N (%) 0.08±0.00 0.13±0.00

Kj N (%) 0.08±0.00 0.13±0.01

Available P-O (mg kg−1) 12±0.00 22±0.00

Available P-B (mg kg−1) 8.6±0.85 15±0.00

Available K (cmolc kg
−1) 0.93±0.01 0.57±0.01

CEC (cmolc kg
−1) 26.3±0.14 26.6±0.64

Active Fe (%) 2.38±0.02 2.30±0.01

Active Mn (%) 0.12±0.00 0.19±0.00

Particle size (%)

Sand 31.5±2.12 30.0±0.00

Silt 36.5±2.12 43.0±0.00

Clay 32.0±0.00 27.0±0.00

Mean values ± standard error of mean (n=2)
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were estimated from the first sampling of gases up to
the last sampling, which was considered as seasonal
total emissions. Global warming potential for a 100-
year time horizon was calculated based on IPCC
(2007). However, the uncertainty associated with diur-
nal variation is not accounted in seasonal emission and
global warming potential.

Observation of rice harvest components

Plant height, tiller number, biomass and grain yield,
and percent filled and unfilled grains were recorded
during harvesting of the rice crops.

Data analysis

The data were processed and analyzed using the pro-
cedure described by Gomez and Gomez (1984). Anal-
ysis of variance as a test of fixed effect of temperature
(T), rice straw (S), and DAT on different parameters
was done using SAS mixed procedure (SAS V9.1)
(SAS Institute Inc 2003). Tukey’s test was used for
mean comparison and differences were considered sig-
nificant at P<0.05. ANOVA of some selected parame-
ters was done using CropStat 7.2 and mean comparison
was done by LSD values at the 5 % level.

Results

Temperatures: air, water, and soil

The variations of average air temperature, water tem-
perature, and soil temperature over gas sampling time
showed similar patterns throughout the rice-growing
season (Fig. 2). Both water and soil temperatures were
as uniformly elevated as air temperature. However, the
magnitude of both water and soil temperatures was
lower than that of air temperature in both experiments.
Temperatures remained almost stable with a fluctua-
tion of about 2 °C within a treatment. However, these
fluctuations of temperatures were more than 2 °C with-
in a treatment in Exp. I, particularly after 100 DAT.

Seasonal variation of soil Eh in relation to temperature
and rice straw

The soil Eh at 5-cm depth showed significant seasonal
variations (Table 2). Soil Eh at the beginning of the

experiment was relatively higher in all the treatments
(Fig. 3). However, because of missing data points, this
initial decrease was not recorded in Exp. I. Although the
+Straw treatments already had negative Eh values after
20 DAT, it can fairly be assumed that Eh values would
have been above 0 mV during the onset of this experi-
ment as in Exp. II. Thereafter, Eh values either remained
almost stable (+Straw) or decreased steadily with time
(−Straw). The seasonal patterns were similar in all the
temperature treatments in a given experiment and the
effect of elevated temperature was not significant
(p>0.05). But, the effect of rice straw showed significant
differences (p<0.001) as the Eh values declined rapidly
under incorporation of rice straw in contrast to a gradual
decrease without straw. Under +straw conditions, soil
Eh value reached about −100 mV within the initial 20
DAT. In the latter growth stages, both −Straw and +
Straw treatments attained similar Eh values at all tem-
peratures in Exp. II (Fig. 3c and d). On the other hand,
the decreasing rate andmagnitude of soil Eh values were
significantly different (Table 4) between the two exper-
iments, especially under −Straw treatments. Soil Eh
remained in a positive range throughout the growing
season in Exp. I, with a final Eh value of 40 mV, while it
was −200 mV in Exp. II.

Seasonal variation in CH4 and N2O emissions
in relation to temperature and rice straw

CH4 emission rates showed a seasonal variation with
rice growth. Emission rates were increased significant-
ly by both elevated temperatures and rice straw incor-
poration (Table 2). However, the patterns and magni-
tude of emissions varied with treatments and experi-
ments (Fig. 4). Temperature and rice straw had an
interaction effect; thus, the magnitude of CH4 emission
rates was further increased (p<0.001) with rice straw
incorporation under elevated temperatures. Moreover,
temperature interacted with time (DAT) (Table 2) and
the effect was more prominent at the latter stages of
rice growth, particularly in Exp. II (Fig. 4).

In Exp. I under −Straw conditions (Fig. 4a), the con-
siderable CH4 emissions started at only 100 DAT and
attained the highest emission rates of 3, 8, and 15mgm−2

d−1 between 124 and 138 DAT for low, medium, and
high temperature, respectively. In contrast, the emissions
under +Straw conditions started earlier (20 DAT) in all
temperature treatments (Fig. 4b). However, emissions
were not measured before 20 DAT as temperature
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treatments were not employed by that time. The highest
emission rates were observed during early tillering stage
(21–28 DAT), with 164, 266, and 271 mg m−2 d−1 for
low, medium, and high temperature, respectively. There
were two seasonal peak emissions, that is, one early-
season peak (21–28 DAT) and another mid-season peak
(56 DAT), unlike only one late-season peak under
−Straw. The emission rates declined gradually (+Straw)
with plant growth toward the reproductive and maturity
stages in all temperature treatments.

On the other hand, in Exp. II, CH4 emission rates in
all temperature treatments under both −Straw and +
Straw conditions showed increasing trends with rice
growth, and peaks were observed at maturity stage
(120 DAT) and a decreasing rate thereafter (Fig. 4c, d).
Under −Straw conditions, lower emission rates were
recorded from 27 to 83 DAT. Then, emission rates
increased, with peak emissions between 118 and 132
DAT. However, under +Straw conditions, significant
emissions started earlier (20 DAT) and increased with
rice growth. Two seasonal peak emissions were ob-
served: an early-season peak at 34 DAT and a late-
season peak at 118–132 DAT. But, there was only a
single late-season peak emission observed in the −Straw
treatment at all temperatures.
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Fig. 2 Temporal changes in air (a and d), water (b and e), and soil (c and f) temperature at each gas sampling time throughout the rice-
growing season in experiment I and experiment II, respectively

Table 2 Tests of fixed effects of mixed three factors (tempera-
ture [T], rice straw [S], and days after transplanting [DAT]) on
soil redox potential (Eh) and methane (CH4) emission rates in
experiment I and experiment II

Effect Soil Eh CH4 emission rates

DF F value Pr>F DF F value Pr>F

Experiment I

T 2 2.49 0.1021 2 7.10 0.0139

S 1 130.43 <0.0001 1 781.32 <0.0001

T × S 2 1.05 0.3632 2 15.48 <0.0001

DAT 17 2.48 0.0027 17 16.49 <0.0001

T × DAT 34 1.01 0.4593 34 1.61 0.0310

S × DAT 17 1.77 0.0438 17 17.46 <0.0001

T × S × DAT 34 1.21 0.2183 34 1.66 0.0244

Experiment II

T 2 0.85 0.4575 2 16.47 0.0009

S 1 39.38 <0.0001 1 218.97 <0.0001

T × S 2 2.00 0.1565 2 23.51 <0.0001

DAT 19 16.34 <0.0001 19 12.36 <0.0001

T × DAT 38 1.77 0.0049 38 2.99 <0.0001

S × DAT 19 3.07 <0.0001 19 5.67 <0.0001

T × S × DAT 38 0.92 0.6088 38 1.24 0.1634
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Higher emission rates resulted in higher seasonal
average emission rates and cumulative emissions at
elevated temperatures (Tables 3 and 4). Cumulative
emissions were 2 times and 5 times higher (8 and
35 g m−2) under high temperature than under low tem-
perature (5 and 7 g m−2) in Exp. I and Exp. II, respec-
tively. Similarly, cumulative emissions were almost 49
times and 7 times higher (13 and 42 gm−2) in the +Straw
treatment than in the −Straw treatment (0.26 and
6 g m−2) in Exp. I and Exp. II, respectively. Moreover,
the high temperature with the +Straw treatment had a far
greater magnitude of emissions than the low tempera-
ture with −Straw treatment. It increased from 0.04 to 16
and from around 1 to 60 g m−2 for Exp. I and Exp. II,
respectively. On the other hand, the average seasonal
emission rates and cumulative emissions were signifi-
cantly higher (4 times) in Exp. II than in Exp. I (Table 3).

N2O emission rates were not detected throughout
the rice growth period in Exp. I. However, some emis-
sions were detected in Exp. II, especially in the early
period, immediately after flooding the soil until 13

DAT (Fig. 5). Immediately after flooding, very high
emissions (100 mg m−2 d−1) were observed in the high-
temperature treatment under −Straw conditions. Both
emission rates and cumulative emissions were lower at
all temperatures in +Straw treatments. Nevertheless,
the emission rates declined sharply after 1 week of rice
transplanting in −Straw treatments. Then, the emission
rates remained low with fluctuating values throughout
the growing season in both +Straw and −Straw treat-
ments at all temperatures. The average emission rate
under −Straw treatment was observed to be higher
(2.76 mg m−2 d−1) in the medium-temperature treat-
ment (Table 3). The seasonal average emission rate
from all treatments was observed as 0.91 mg m−2 d−1

and cumulative emissions were 0.25 g m−2.
With CH4 emissions, high temperature increased

GWP in both experiments. The highest GWP (405
and 1,554 g CO2 eq. m

−2) was observed at high tem-
perature under +Straw conditions, respectively, in Exp.
I and Exp. II (Table 3). With CH4 emissions, the GWP
potential of Exp. II (GWP 677 g CO2 eq. m−2) was
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more than four times higher than that of Exp. I (GWP
163 g CO2 eq. m

−2) (Table 3). This indicates that CH4

is the major contributor to GWP from continuously
flooded rice fields.

Relationship between soil Eh and CH4 and N2O
emissions

Segmented non-linear regression analysis showed a sig-
nificant exponential relationship between CH4 emis-
sions and soil Eh, particularly below soil Eh value of
−40 mV (y=abx). The good match between actual data
points and computed correlation is shown in Fig. 6
(R2=0.61, p=<0.001, n=126). Since emissions were
negligible above −40 mV, they were segmented on that
point. Below −40 mV, emissions increased exponential-
ly with a decrease in soil Eh (y=2.4084 * 0.9745x). CH4

emission rates were higher from −100 to −200 mV
(Fig. 6). On the other hand, N2O emissions were ob-
served when soil Eh values were in positive ranges
(>0 mV) (soil Eh data before transplanting not shown).

However, this was observed for only a short time im-
mediately after flooding of the soil. The emission trend
was limited to only a few points with positive Eh values.
When soil Eh became negative, no N2O emissions
occurred throughout the rice-growing season. Further-
more, rice straw incorporation rapidly decreased soil Eh
and increased the magnitude of CH4 emissions as well
as emitted CH4 earlier than without rice straw.

Rice growth and yield

The analysis of variance between temperatures and
some agronomic parameters such as plant height at
maturity, the number of panicles hill−1, filled spikelets
panicle−1, and spikelet sterility was significantly affect-
ed by temperature in both experiments (Table 5). Plant
height increased with temperature. The highest plant
height was observed at medium (Exp. II) to high tem-
perature (Exp. I), whereas the lowest height was at low
temperature. A variable effect was observed on pani-
cles hill−1 in two experiments. Significantly more
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panicles (21 hill−1) were observed at high temperature
in Exp. I whereas more were observed (33 hill−1) at low
temperature in Exp. II. However, there was no signif-
icant difference between high and medium temperature
in both experiments. Similarly, a higher number of
both total and filled spikelets panicle−1 was observed
at medium temperature in both experiments. In con-
trast, spikelet sterility was significantly higher (73 %
and 40 %) at high temperature and lower (17 % each) at
medium temperature in Exp. I and Exp. II, respectively.
This indicates that medium temperature was optimum
for that rice variety. In both experiments, straw weight
was significantly higher, while grain weight was sig-
nificantly lower in the high-temperature treatments

Table 4 Tests of fixed effects of experimental setup (E), tem-
perature (T), and rice straw (S) on soil Eh and CH4 emission rates

Effect Soil Eh CH4 emission rates

DF F value Pr>F DF F value Pr>F

E 1 93.94 <0.0001 1 71.12 <0.0001

T 2 1.58 0.2222 2 24.17 <0.0001

E × T 2 1.40 0.2629 2 15.21 <0.0001

S 1 106.29 <0.0001 1 165.41 <0.0001

E × S 1 28.58 <0.0001 1 29.91 <0.0001

T × S 2 1.05 0.3620 2 12.04 0.0004

E × T × S 2 0.56 0.5754 2 6.54 0.0070

Table 3 Seasonal average emission rate, cumulative emissions of CH4 and N2O, and global warming potential at all temperature levels
in −Straw and +Straw treatments

Rice straw
treatment

Air
temperature
regime

CH4 emissions N2O emissions GWP

mg CH4 m
−2 d−1 g CH4 m

−2

season−1
mg N2O m−2

d−1
g N2O m−2

season−1
g CO2 eq. m

−2

season−1
Temperature
increment ratio1

Experiment I

−Straw Low 0.33±0.76d 0.04±0.10d <d.l. <d.l. 1±2.39d –

Medium 3.52±1.63d 0.44±0.20d <d.l. <d.l. 11±5.09d 11.00

High 2.36±1.28d 0.29±0.16d <d.l. <d.l. 7±4.01d 0.65

+Straw Low 74.56±7.88c 9.31±0.99c <d.l. <d.l. 232±24.63c –

Medium 102.05±13.04b 12.75±1.63b <d.l. <d.l. 318±40.76b 1.37

High 129.66±6.89a 16.21±0.86a <d.l. <d.l. 405±21.55a 1.27

ANOVA Straw ** ** **

Temperature ** ** *

Interaction ** ** **

Experiment II

−Straw Low 7.39±0.88c 0.99±0.13c 0.60±0.48b 0.27±0.08abc 107±26.40c –

Medium 48.86±29.91bc 6.75±4.15bc 2.76±0.89a 0.54±0.12a 331±115.08b 3.09

High 77.47±27.16bc 10.71±3.77bc 0.94±0.54ab 0.42±0.14ab 394±55.21b 1.19

+Straw Low 94.81±7.96b 13.16±1.11b 0.30±0.32b 0.08±0.06c 354±37.98b –

Medium 377.99±30.15a 52.53±4.19a −0.27±0.36b 0.03±0.06c 1321±113.58a 3.73

High 431.36±56.36a 59.92±7.82a 1.12±0.83ab 0.19±0.11bc 1554±213.15a 1.18

ANOVA Straw ** ** * ** **

Temperature ** ** NS NS *

Interaction ** ** * NS **

Mean values ± standard error of mean (n=4). Within a column, numbers followed by the same letters are not significantly different by
LSD at the 0.05 level

< d.l. = below detection limit

NS no significant difference

* Significant difference at p=0.05

** Significant difference at p=0.01
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(Table 6). The average grain yield was higher (23 and
60 g pot−1) at medium temperature and lower (10 and
38 g pot−1) at high temperature in Exp. I and Exp. II,
respectively. Similarly, 1,000-grain weight was also
significantly higher at medium temperature than at
high temperature. The drastic decrease in grain yield
under high temperature was due to high spikelet steril-
ity (Table 5). As with grain yield, harvest index was
also higher at medium temperature. Lower grain yield,
harvest index, and 1,000-grain weight were observed
at high temperature.

Moreover, rice straw had a significant effect on
plant height, number of panicles hill−1, total spikelets
panicle−1, and both straw and grain weight in Exp. I.
All those values were higher under −Straw conditions.
This is probably because of the immobilization of soil

N with straw incorporation, since the soil used in Exp. I
had very low organic C and N. There was no straw ×
temperature interaction effect on agronomic parame-
ters in both experiments (Tables 5 and 6).

Discussion

Effect of temperature and rice straw on soil Eh

The soil Eh showed a clear seasonal trend and it de-
creased starting from high positive values (Table 2;
Fig. 3). According to literature results, soil redox reac-
tions are mainly controlled by temperature in addition
to moisture regime, C availability, and microbial activ-
ities. Longer flooding time is required to induce soil
reduction at low temperature due to lower microbial
activities. Vaughan et al. (2009) investigated the
intensity of reduction processes in the soil by using
an Eh-pH stability line (equilibrium boundary) for
ferrihydrite. When the soil temperature was between
1 and 3.9 °C, longer periods of saturation (for 20 day)
were required for the redox potential to drop below the
ferrihydrite stability line, while it took only 2 days at
temperature above 9 °C. A similar experiment on soil
reduction with respect to ferrihydrite conducted by
Rabenhorst and Castenson (2005) showed no measur-
able reduction below 2 °C, while a 35 % to 45 %
reduction was observed within 7 days when the tem-
perature was in between 8 and 20 °C. Those findings
clearly suggest that the higher the soil temperature, the
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faster the soil reduction in flooded soils in given soil
temperature ranges. In our study, however, soil Eh was
not significantly affected by temperature, which can
most likely be attributed to the temperature range in-
vestigated. We elevated temperatures from 29 to 35 °C,
that is, temperature changes were small and basically
remained within the optimum temperature range of
microbial activities.

The decreasing trend and magnitude of soil Eh varied
with rice straw incorporation. Generally, soil Eh decreased
rapidly with rice straw incorporation. Rice straw supplies
electrons during its decomposition and thus its incorpo-
ration in flooded soils decreased soil Eh (Bossio et al.
1999; Gao et al. 2004; Minamikawa and Sakai 2006).
The faster decrease in soil Eh, especially in the early
growth stage of rice, was associated with early emis-
sions of CH4. However, a gradual decrease in soil Eh
with continuous flooding can be observed even without

rice straw incorporation (Fig. 3c). Therefore, the soil Eh
in both +Straw and −Straw treatments became similar,
especially in the latter growth stages of rice (Exp. II).
During flowering to maturity stages, rice plants supply
organic matter as root exudates, which serve as an
electron donor and decrease soil Eh (Fey and Conrad
2000). On the other hand, soil Eh can also be influenced
by soil properties. Generally, greater C abundance leads
to increased microbial activity and therefore more rapid
reduction (Rabenhorst and Castenson 2005). Hou et al.
(2000) reported that soil with higher organic matter was
reduced faster and attained lower Eh values than soil
with lower organic matter. In this study, the soil Eh in
Exp. I (−Straw) remained positive throughout the grow-
ing period, probably due to very low soil organic C
compared with the soil of Exp. II (Table 1). This result
was in close agreement with Gao et al. (2004), in which
no soil reduction was observed until the end of the

Table 5 Effect of temperature treatments on plant height at maturity and yield-contributing components under +Straw and −Straw
conditions

Rice straw
treatment

Air temperature regime Plant height (cm) Panicles hill−1 Total spikelets
panicle−1

Filled spikelets
panicle−1

Spikelet
sterility (%)

Experiment I

−Straw Low 97.6±3.13b 17.2±1.49bc 72±6.19a 49±7.09a 33.5±3.94bc

Medium 103.9±3.22ab 19.7±1.25ab 67±1.44ab 54±2.88a 19.6±2.66cd

High 109.2±1.60a 21.5±1.44a 69±2.94a 18±5.66c 74.6±8.32a

+Straw Low 81.5±1.89c 13.5±1.04c 56±4.50bc 33±6.36b 40.9±8.81b

Medium 102.5±6.60ab 17.0±2.38bc 65±3.03ab 55±1.50a 15.4±2.48d

High 100.6±3.22ab 19.7±0.75ab 52±4.26c 14±1.98c 72.6±4.13a

ANOVA Straw ** ** ** NS NS

Temperature ** ** NS ** **

Interaction NS NS NS NS NS

Experiment II

−Straw Low 107.6±2.30c 33.7±2.66a 82±7.98b 60±8.94b 27.7±4.53b

Medium 126.0±1.67ab 30.7±0.48ab 102±0.29a 82±3.44a 19.4±3.33bc

High 119.1±2.94b 29.7±0.75b 93±9.20ab 53±5.81b 42.7±2.16a

+Straw Low 105.2±1.31c 33.5±1.04a 91±2.79ab 66±3.58b 27.7±2.19b

Medium 127.5±2.91a 29.5±0.75b 101±3.98a 85±2.31a 15.1±3.14c

High 120.2±4.99ab 32.0±1.22ab 90±2.47ab 56±3.48b 38.3±2.29a

ANOVA Straw NS NS NS NS NS

Temperature ** * * ** **

Interaction NS NS NS NS NS

Mean values ± standard error of mean (n=4). Within a column, numbers followed by the same letters are not significantly different by
LSD at the 0.05 level

* Significant difference at p=<0.05. **significant difference at p=<0.01. NS no significant difference at p=0.05
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experiment when rice straw was not applied. Neverthe-
less, the magnitude of the final soil Eh values was also
lower in Exp. I even when rice straw was incorporated.

Seasonal variations in CH4 and N2O emissions

CH4 emission rates showed significant seasonal varia-
tion, with peak emissions at tillering (Exp. I, +Straw) to
maturity stage (Exp. II). In continuously flooded rice
fields, 2–3 peak emissions can be observed. The early-
season peak emissions appear in soil with high organic
matter and that with organic amendment (Wassmann
et al. 2000). In this study, the higher CH4 emission rates
in earlier stage and decreasing with rice growth in Exp. I
(+Straw) might be due to the effect of rice straw, since the
soil had low organic carbon (Table 1) and the emission

was negligible under −Straw conditions. On the other
hand, emission rates were increasing with plant growth
in Exp. II under all the treatments which had high organic
carbon. The late-season peak emissions from flowering
to maturity stages are due to the supply of plant-borne C
through root exudates and decaying tissues (Neue et al.
1997). These substances from rhizodeposition are readily
available for methanogenesis, which increases and be-
comes higher at flowering to maturity (Kimura et al.
2004; Gaihre et al. 2011).Moreover, the higher emissions
at flowering are associated with the well-developed aer-
enchyma tissues, which serve as a medium for CH4

transport (Adhya et al. 1994). Though all soils remained
continuously flooded, CH4 emission rates decreased after
maturity stage in all treatments. This decreasing rate from
maturity to harvesting stage and thereafter may be due to

Table 6 Effect of temperature and straw treatments on straw weight, grain yield, and harvest index in the walk-in growth chamber
experiment

Rice straw
treatment

Air temperature
regime

Straw weight
(g DW pot−1)

Grain weight
(g DW pot−1)

Harvest
index

1,000-grain
weight (g)

Experiment I

−Straw Low 37.56±3.00b 20.63±1.00a 0.36±0.03bc 22.79±0.51a

Medium 40.33±4.02b 25.15±0.58a 0.39±0.03ab 22.80±0.55a

High 52.73±2.50a 12.01±1.97b 0.18±0.03d 21.06±0.40bc

+Straw Low 23.85±2.85c 11.12±1.68b 0.32±0.03c 21.45±0.36b

Medium 26.66±4.31c 21.75±3.34a 0.45±0.01a 22.40±0.31ab

High 39.32±2.04b 8.51±1.03b 0.18±0.02d 20.03±0.35c

ANOVA Straw ** ** NS *

Temperature ** ** ** **

Interaction NS NS NS NS

Experiment II

−Straw Low 65.28±3.28bc 47.84±1.94bc 0.42±0.02b 22.26±0.47a

Medium 79.60±3.42a 61.76±2.76a 0.44±0.00b 23.12±0.26a

High 74.09±5.49ab 37.07±1.46c 0.33±0.02c 20.52±0.32b

+Straw Low 60.01±4.21c 54.93±2.08ab 0.48±0.01a 23.01±0.15a

Medium 77.75±4.34a 60.19±3.50a 0.44±0.01b 23.33±0.56a

High 78.74±7.47a 41.49±3.26c 0.34±0.01c 20.81±0.43b

ANOVA Straw NS NS * NS

Temperature ** ** ** **

Interaction NS NS NS NS

Mean values ± standard error of mean (n=4). Within a column and row for each parameter, means followed by common letters are not
significantly different by LSD at the 5 % level

* Significant difference at p=<0.05

** Significant difference at p=<0.01. NS no significant difference at p=0.05
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the decreasing dissolved organic C (DOC), reduced root
exudates, and decreasing transport capacity of the aeren-
chyma tissues (Zhan et al. 2010).

N2O emissions were not detected throughout the
rice-growing period in Exp. I. Generally, N2O emissions
are not occurring when the field is continuously flooded.
This result is in good agreement with earlier studies
stating that N2O emissions from continuously flooded
fields are usually negligible (Bronson et al. 1997b; Chen
et al. 1997; Ma et al. 2009). But, the high emission rates
immediately after flooding the soil to 10 DAT (Fig. 5a)
under −Straw treatments in Exp. II may be due to the
denitrification of NO3-N present in the soil. On the other
hand, emissions were lower under +Straw treatments
(Fig. 5b), probably due to the immobilization of soil N
by rice straw incorporation (Yao et al. 2010; Muham-
mad et al. 2011). Nevertheless, emissions decreased at 7
DAT because the large amount of N2O was further
reduced to N2 before being emitted from the soil. Hence,
N2O emissions are negligible throughout the growing
season. However, the possible emission peaks after ap-
plication of urea (14, 35 and 65 DAT) were not captured
since gas sampling was done weekly.

Effect of temperature and rice straw on CH4 emissions

CH4 emissions increased significantly in elevated tem-
perature treatments. Temperature plays a key role in
CH4 emissions in anoxic soils (Fey and Conrad 2003).
Generally, higher temperature increases the decomposi-
tion of organic matter (Fey and Conrad 2000; Plante
et al. 2010; Das and Adhya 2012) and increases root
exudates and root sloughing (Allen et al. 2003; Tokida
et al. 2010), which in turn provides more substrates for
methanogenic bacteria. Moreover, higher temperature
increases biomass production due to higher photosyn-
thesis leading to greater rhizodeposition. This higher
rhizodeposition shows a positive effect on CH4 emis-
sions (Wang et al. 1999; Tokida et al. 2010). In the
present study, increases by a factor of 2 (Exp. I) and 5
(Exp. II) in CH4 emissions were observed in high-
temperature treatment compared with low temperature.
These results are in line with the results of Allen et al.
(2003), who obtained fourfold higher total seasonal
emission in high temperature (38 vs. 32 °C). However,
Tokida et al. (2010) and Yun et al. (2012) showed a
smaller increase in emissions (8–44 %) by elevating
soil/water temperature (1.7–2 °C above ambient) in field
conditions. The higher increase reported by Allen et al.

(2003) and in this study may be due to a higher temper-
ature increment. However, the effect of temperature on
CH4 emissions was not linear (Fig. 4). The higher re-
sponse was observed from low temperature to medium
compared with the increment from medium to high.
High temperature had relatively higher emissions and
GWP than medium temperature, but these differences
were below statistical significance. This suggests that
the temperature response between 32 and 35 °C is lower
than between 29 and 32 °C, and probably the tempera-
ture range of 32–35 °C is the near optimum range for
methane emissions. The majority of methanogens are
mesophilic and these microorganisms thrive at temper-
atures between 30 and 35 °C (Minami and Neue 1994).
Any temperature beyond that limit may decrease CH4

emissions. Parashar et al. (1993) and Schulz et al. (1997)
demonstrated increasing CH4 emissions with increasing
soil temperature up to 34–35 °C and a decrease beyond
this limit. Similarly, Schrope et al. (1999) reported de-
creasing CH4 emission rates with increasing tempera-
ture (ambient +4 °C) when ambient temperature was
around 34 °C during gas sampling time. This suggests
that the change in emissions with elevated temperature
depends on the actual temperature range, that is, starting
from a low ambient temperature will increase emissions
while starting from a high temperature may in fact
decrease emissions. The inhibitory effect of higher tem-
perature is probably due to a combination of stress to the
methanogens as well as the rice plants (Schrope et al.
1999) that act as conduits for methane.

On the other hand, the effects of elevated night tem-
peratures alone on emissions are not well studied. Cheng
et al. (2008) reported higher CH4 emissions when night
temperature increased from 22 to 32 °C, keeping day
temperature constant at 32 °C. In this study, night
temperatures (daily minimum) were maintained higher
by 2–3 °C in Exp. I, particularly in low- and medium-
temperature treatments comparedwith Exp. II. (Figure 1).
The increment here (2–3 °C) was much lower than the
10 °C of their study and those high temperatures were
maintained for only a few hours at night. Thus, this
increment in night temperature was assumed to have a
negligible effect on emissions. However, its effect on
grain yield was expected, which is discussed later under
“Rice growth and yield in relation to temperature”.

Rice straw incorporation increased CH4 emissions in
all temperature treatments. Rice straw acts as an electron
donor and provides methanogenic substrate during its
decomposition, thus lowering soil Eh and increasing
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CH4 emissions (Bossio et al. 1999). The magnitude of
CH4 emissions is correlated to the amount of rice straw
(Naser et al. 2007). A higher amount of rice straw
incorporation accelerated soil reduction (Gao et al.
2004). The earlier accumulation of acetate generated
through decomposition of rice straw triggers CH4 emis-
sions at an early stage (Glissmann and Conrad 2000). In
this study, the impacts of rice straw were very evident in
both experiments. In Exp. I, negligible emissions were
observed without straw incorporation. Exp. II showed a
late peak without straw, but nevertheless much lower
cumulative emissions than with straw incorporation.
Watanabe et al. (1999) assessed the contribution of
different organic sources to CH4 emissions under a
straw application rate of 6 t/ha. Straw had the highest
percentage (42 %), followed by plant-borne material
(37–40 %) and soil organic matter (18–21 %). The
percentage of straw was especially high at the beginning
of the growing period.

Elevated temperature with rice straw incorporation
revealed a significant additive effect on CH4 emis-
sions. Methane emission rates were far greater at
elevated temperature with rice straw incorporation
(Table 3). Decomposition rates increase with high tem-
perature, but substrate availability determines the up-
per limit of decomposition (von Lutzow and Kogel-
Knabner 2009). Thus, the temperature effect will be
enhanced with incorporation of rice straw. Moreover,
the more pronounced effect of temperature during
flowering to maturity stages is probably due to higher
rhizodeposition and accelerated root senescence in ad-
dition to decomposition of rice straw (Allen et al. 2003;
Cheng et al. 2008; Tokida et al. 2010).

Methane emission potential is influenced by soil
properties. Accordingly, the response of rice straw may
differ with soil type and the fastest response is observed
in soil with high inherent CH4 production potential (Lu
et al. 2000). In this study, the response of rice straw to
total CH4 emissions was higher in the soil with low
organic C. There was a higher increase in CH4 emis-
sions in low-carbon soil (OC = 0.55 %) (Exp. I) than in
soil with high carbon (OC = 0.99%) (Exp. II). However,
the magnitude of emissions was higher in soil with high
organic C. Moreover, the incorporation of rice straw
significantly increased soil organic carbon and available
K in soil (data not shown).

The effect of temperature on N2O emissions was not
significant. Emissions of N2O were below the detection
limit throughout the growing period and considerable

emissions were observed only immediately after flooding
the soil. However, incorporation of rice straw reduced
N2O emissions, probably because of immobilization as
discussed earlier (“Seasonal variations in CH4 and N2O
emissions”).

Relationship between soil Eh and CH4 and N2O
emissions

Soil Eh and CH4 emissions showed a significant expo-
nential relationship. Emissions increased with decreasing
soil Eh, particularly below −40 mV, and became higher
from−100 to −200mV. Soil Eh could be roughly divided
into two ranges to illustrate CH4 emissions, considering
−100 mVas a threshold. CH4 emissions were significant
below that, but negligible above that. Soil Eh decreased
with flooding and this has a direct effect on CH4 emis-
sions (Gaunt et al. 1997; Minamikawa and Sakai 2006).
Flooding of the soil reduced the molecular O2 in the soil.
When molecular O2 is absent, soil microorganisms use
the alternative electron acceptors as an O2 source. The
reduction of these oxidized soil components follows the
thermodynamic sequence. Microorganisms sequentially
use NO3

−, Mn4+, Fe3+, SO4
2−, and lastly CO2. At the

terminal step, CO2 is reduced to CH4 (Kogel-Knabner
et al. 2010). Hence, CH4 production takes place under
much reduced conditions and higher CH4 emissions
could be observed with the lowest soil Eh (Wang
et al. 1993; Supparattanapan et al. 2009). This
result suggests that CH4 emissions are a function
of soil Eh, and a soil Eh value of ≤100 mV is critical for
CH4 emissions. On the other hand, emissions of N2O
were observed only immediately after flooding of the
soil until soil Eh was >0 mV and CH4 emissions
had not yet started. Methane emissions were the
highest when soil Eh was the lowest and N2O
emissions were negligible.

Rice growth and yield in relation to temperature

In this study, high temperature significantly increased
spikelet sterility and decreased grain yield (Tables 5
and 6). The lower grain yield in high temperature is
associated with high spikelet sterility. Generally, high
temperature leads to greater sink demand due to in-
creased growth and respiration, and therefore more rapid
use of assimilates. This leads to less use of assimilates
for grain production. The effect of high temperature on
the growth and yield of rice depends on the sensitivity of
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the growth stage and duration of the exposure. High
temperature can affect all growth stages, but the repro-
ductive phase, especially booting and flowering stage, is
considered to be the most susceptible, which leads to
high spikelet sterility and reduced grain yield (Shah
et al. 2011). Horie et al. (2004) also stated that extremely
high temperature during flowering can drastically de-
crease rice yield because of spikelet sterility. On the
other hand, high temperature significantly increased
the straw biomass in both experiments (Table 6). This
shows that vegetative growth is generally much more
tolerant of high temperatures than reproductive-stage
growth. Hence, high temperature up to a certain limit
may not have a negative effect on vegetative growth and
photosynthesis. Therefore, higher straw dry matter
weight was observed in high-temperature treatments.
Medium temperature (32/25 °C) in this study resulted
in higher grain yield with low spikelet sterility, and
probably this is the optimum temperature for that rice
cultivar. Ziska et al. (1996) also observed 50 % higher
grain yield at temperature 29/21 °C while yield at higher
growth temperature (37/29 °C) was almost zero because
of temperature-induced spikelet sterility. Variations exist
in the effect of high temperature. Higher minimum
temperature (night temperature) affects rice yields more
than higher maximum temperature (day temperature). In
this study, an increase in nighttime temperature by 2 °C
(28 to 30 °C in Exp. I) as compared to the 28 °C of Exp.
II (with constant day temperature of 35 °C) increased
spikelet sterility by more than 30 % (Table 5). This
finding is supported by Welch et al. (2010), who report-
ed that higher minimum temperature reduced yield,
whereas higher maximum temperature raised it. Hence,
an increase in nighttime temperature is more critical than
an increase in day temperature. It is reported that a 1 °C
increase in growing-seasonminimum temperature in the
dry season in the Philippines decreased rice yield by
10 % (Peng et al. 2004). This suggests a net negative
impact on rice yield with increased temperature associ-
ated with global warming (Welch et al. 2010). On the
other hand, the higher straw and grain yield in Exp. II
compared with Exp. I was mainly due to the higher soil
fertility (high organic C and N).

Conclusions

This study has investigated different temperature re-
gimes, that is, combinations of maximum and minimum

temperatures over one 24-h cycle. We are referring to
these three regimes as (i) low (29/25, 29/22 °C), (ii)
medium (32/25 °C), and (iii) high (35/30, 35/28 °C)
temperature regimes, respectively. It is understood,
however, that these descriptive terms have to be seen
in the context of a tropical/subtropical climate during the
rice-growing season. Temperature increases from low to
medium caused higher GWP by factors of 3.0–11.0
without straw and factors of 1.4–3.7 with straw incor-
poration. This means that we can expect a relatively
strong impact of atmospheric warming during periods
of the rice crop when background temperatures are low.
These low-temperature regimes are typically observed
in the subtropics during spring and autumn. In tropical
regions, this low-temperature regime will essentially be
at higher altitudes or in particular meteorological situa-
tions. In all these cases, temperature increases will large-
ly increase GHG emission rates from rice, namely, rice
grown in China and northern India during spring and
autumn as well as higher altitude rice in Southeast Asia.
The increase from medium to high temperature, howev-
er, causesmuch lower changes in GWP than from low to
medium temperature (see Table 3). In fact, the temper-
ature increment ratios were around one in all these inter-
comparisons, that is, there has been no significant in-
crease in GWP with higher temperatures in this range.
This will apply to the subtropics during summer as well
as to the low-altitude tropics throughout the year. How-
ever, this experiment encompassed temperature changes
in all three ecosystem components (air, water, soil). This
suggests that increasing global temperature will increase
emissions of greenhouse gases, as long as the increase in
air temperature translates into a warming of the
soil/water components as well. Temperature increments
of air/plant canopy and soil/water alone do not produce
the same effect as increments of the entire system
(Gaihre 2012).

More importantly, elevated temperature had an addi-
tive effect with straw incorporation and far greater CH4

emissions and GWP were observed under high temper-
ature with straw incorporation than under low tempera-
ture without straw. This suggests that the effect of tem-
perature depend on general carbon such as soil carbon,
organic amendment and inherent supply from plants.
Moreover, the increased supply of straw with intensive
cultivation of rice could further increase emissions un-
less alternative management strategies are adopted in-
stead of incorporation. On the other hand, high temper-
ature increased plant biomass but reduced grain yield
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with low harvest index. This indicates that increasing
atmospheric temperature may have a direct effect on
grain yield, especially due to increasing spikelet sterility.
Thus, we conclude that global warming may result in a
double negative effect: higher emissions and lower
yields. However, these results were from environment-
controlled growth chambers, and more field studies with
experimental warming are needed to come up with
comprehensive conclusions.
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