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a  b  s  t  r  a  c  t

Rice  fields  are  considered  as one  of  the major  sources  of  methane  (CH4), and  they  also  emit  nitrous  oxide
(N2O).  A  field  experiment  was conducted  at the  International  Rice  Research  Institute,  Philippines,  in
2010–2011  using  a  temperature  free-air  controlled  enhancement  (T-FACE)  system.  Our  objectives  were
to assess  (i) the  suitability  of the T-FACE  system  for flooded  rice  fields  and  (ii)  seasonal  variations  in
greenhouse  gas  emissions  with  and  without  experimental  warming.

This observation  period  included  one  wet  season  (WS),  one  dry  season  (DS),  and  a fallow  season.  The
experimental  warming,  i.e.,  T-FACE  system,  was  maintained  by  using  six  infrared  heaters  deployed  in
a  hexagonal  pattern  over  each  plot  (7.1 m2).  Set-point  canopy  temperatures  of  the warming  treatment
were  1.5  and  3.0 ◦C higher  than  the reference  plots  during  daytime  and  nighttime,  respectively.  Two
warming  treatments  (i.e.,  heated  and  reference)  were  arranged  in  a randomized  complete  block  design
with three  replications.  Infrared  warming  increased  rice  canopy  temperature  by  1.1  and  2.6 ◦C (0.4 ◦C
below  the  targeted  set-point)  during  daytime  and  nighttime,  respectively.  On the  other  hand,  only  a
marginal  (0.4–0.5 ◦C)  increase  was  observed  for both  water  and  soil  temperatures,  likely because  flood
irrigation  water  flowed  across  the  field.  The  warming  (elevated  canopy  temperature)  had  no  significant
effects  on  CH4 or N2O  emissions  during  the  dry,  wet,  and  fallow  seasons.  However,  diel  and  seasonal
variations  in  CH4 emissions  were  observed  during  the  rice-growing  and  fallow  periods.  CH4 emissions
were  higher  during  the  early  afternoons,  which  was  positively  correlated  with  both  soil  and  air  tem-
peratures.  Similarly,  CH4 emission  rates  increased  with  rice  growth  stage  up  to the  reproductive  stage.
Moreover,  cumulative  CH4 emissions  were  1.5  times  higher  in  the 2011  DS  than  in  the 2010  WS (50
and  34  g  CH4 m−2, respectively).  The  2-month  fallow  season  (late  May–early  July  2011)  under  continuous
flooding  emitted  51  g CH4 m−2, which  is  similar  to that in the  2011  DS.  On  the other  hand,  N2O  emis-

sions were  not  detected  throughout  the  growing  season,  but an  emission  peak  was  observed  after  final
drainage  at  maturity  during  the  2011  DS.  Both  rice-growing  and  fallow  seasons  were  the  major  sources
of  CH4 emissions  as  long  as  the  field  was  continuously  flooded,  while  N2O was  not  detectable  in  contin-
uously  flooded  soil.  Infrared  warming  did not  affect  rice  yields  or  yield  components,  probably  because
the  general  growing  temperatures  were  near optimum,  and  the  warming  treatment  was  not  sufficiently

large  to cause  a significant  effe
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1. Introduction

The atmospheric concentration of major greenhouse gases
(GHGs) has been rising since pre-industrial times. The concentra-
tion of carbon dioxide (CO2) increased from a pre-industrial value
of about 280 to 379 ppm, methane (CH4) from 715 to 1774 ppb,
and nitrous oxide (N2O) from 270 to 319 ppb in 2005. Although the

atmospheric concentrations of CH4 and N2O are lower than CO2,
they have 25 and 298 times more global warming potential (GWP)
than CO2 on a 100-year time horizon, respectively (Solomon et al.,
2007). Globally, agricultural CH4 and N2O emissions increased by
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7% from 1990 to 2005, with an average annual emission increase
f 60 Mt  CO2 eq. y−1 (Smith et al., 2007). With the rising concen-
rations of GHGs, global air temperature increased by 0.3–0.6 ◦C
ver the 20th century and is predicted to increase by 1.1 to 6.4 ◦C
y 2100 (IPCC, 2007).

Rice fields are one of the major sources of CH4 in the global
H4 budget (Adhya et al., 1994; Kruger et al., 2001; Minami and
eue, 1994; Wassmann et al., 2000), with an estimated contri-
ution of approximately 18% of the 596 Tg global CH4 flux in
005 (Denman et al., 2007). Moreover, substantial N2O emissions
ay  occur with the application of mid-season drainage and/or

ntermittent irrigation, which are done to mitigate CH4 emissions
Bronson et al., 1997a; Hua et al., 1997; Johnson-Beebout et al.,
009; Minami, 1997; Yu et al., 2007), and during the fallow period
Bronson et al., 1997b; Cai et al., 1997; Hou et al., 2000; Wassmann
t al., 2004). Irrigation management involving alternate wetting
nd drying favors the soil microbial processes of nitrification and
enitrification, which lead to N2O emissions (Khalil et al., 2004;
ang et al., 2011).
The magnitude of CH4 emissions from rice fields is a function

f climate, management, and edaphic factors (Minami and Neue,
994; Yan et al., 2005), which vary from one location to another.
oreover, significant temporal, namely seasonal (Lu et al., 2000;
aihre et al., 2011; Singh and Dubey, 2012) and diel (Cheng et al.,
008; Schutz et al., 1990; Wang et al., 1997; Wassmann et al.,
994; Watanabe et al., 2001) variations in CH4 emissions occur.
H4 emissions increase with rice growth with 2–3 peaks in emis-
ions from tillering to maturity stage (Gaihre et al., 2013; Meijide
t al., 2011; Singh and Dubey, 2012). Early-season peak emissions
ppear in soils with high organic matter and those with organic
mendments (Wassmann et al., 2000). On the other hand, mid  and
ate-season peaks from flowering to maturity stages are due to
upply of plant-borne C through root exudates and decaying root
issues (Neue et al., 1997). In general, dissolved organic C in the
oot zone increased with plant growth and reached a maximum
etween flowering and maturation; thus, CH4 emissions followed
he same pattern (Lu et al., 2000). Diel variations in emission rates
re correlated with – and possibly controlled by – temperature.
hus, emission rates are highest during early afternoon when
oth air and soil temperatures reach at their maximum, and they
re lowest during early morning when temperatures are at their
inimum (Schutz et al., 1990; Wang et al., 1997; Wassmann et al.,

994; Watanabe et al., 2001).
In addition, variations in CH4 emissions occur between rice-

rowing seasons. The monsoon climates of Asia that account for
he bulk of global rice production encompass, two  distinct seasons.
n the wet season (WS) rainfall is typically sufficient to sustain a
ice crop while additional irrigation is required for a viable rice
rop in the dry season (DS). Generally, the DS has higher emissions
han the WS,  which is associated with higher plant biomass
Sass et al., 1990; Wassmann et al., 1994; Ziska et al., 1998).
owever, lower emissions during the DS have also been reported

Corton et al., 2000). Both rice-growing seasons and fallow seasons
an be significant sources of CH4 and N2O depending upon the
oisture status of the soil. Significant CH4 emissions may  occur

uring the wet fallow season, while N2O emissions occur if the
oil is alternately wet and dry (Bronson et al., 1997b). Thus, the
stimated CH4 budget has shown large spatio-temporal variations
Chakraborty et al., 2006). In spite of considerable efforts to
uantify CH4 emissions from rice fields, the estimates of the source
trength are still attached to major uncertainties (Wassmann et al.,
010). More field measurements are necessary to narrow down

he uncertainties, to come up with a reliable global CH4 budget,
nd to identify effective mitigation measures (Neue et al., 1997).

Concern is growing that variations in emissions may  increase
urther with a global increase in temperature (Tokida et al., 2010).
nd Environment 184 (2014) 88–100 89

An increase in temperature usually accelerates the decomposition
of organic matter (Conant et al., 2008), which in turn stimulates
methanogenic activities and results in higher CH4 emissions (Fey
and Conrad, 2000; Minami and Neue, 1994; Rath et al., 2002;
Schulz et al., 1997; Yang and Chang, 1998). Most studies con-
ducted under controlled laboratory and greenhouse conditions
have shown greater CH4 emissions under elevated temperatures
(Allen et al., 2003; Devevre and Horwath, 2000; Fey and Conrad,
2003; Yang and Chang, 1998; Yao and Conrad, 2000). In con-
trast with those results, decreased CH4 emissions with increased
temperature have also been reported, particularly above a cer-
tain temperature threshold. A decrease in CH4 emissions with an
increase in temperature was observed above 37 ◦C in the laboratory
(Yang and Chang, 1998), at 4 ◦C above ambient temperature in the
greenhouse and an open-top chamber (Schrope et al., 1999; Ziska
et al., 1998), and above 34.5 ◦C in the field (Parashar et al., 1993).
These results show the inconsistency of the effect of elevated tem-
peratures on CH4 and N2O emissions. It remains unclear whether
increased temperature with future climate change will generate
positive or negative feedback on GHG emissions (Dijkstra et al.,
2012). However, very few studies have been conducted under field
conditions with warming water/soil (Parashar et al., 1993; Tokida
et al., 2010) and air (Ziska et al., 1998) to investigate the effects of
temperature on CH4 emissions. More experiments with warming
the entire ecosystem compartment (e.g. air/canopy, water and soil)
in open fields are needed to simulate the effect of future climate
change on GHG emissions.

Several experiments have been conducted in controlled envi-
ronments to study the effects of predicted global warming on rice.
Though some closed chambers can manipulate temperatures, other
environmental conditions are unnatural (Kimball et al., 2008). Such
closed chambers rarely provide realistic environmental parame-
ters such as solar radiation, light, wind speed, CO2 concentration,
and relative humidity (White et al., 2012). The growth mediums
provided in the controlled environment systems rarely match
field conditions. Hence, results extrapolated from such studies
may  not be representative of field conditions. Open-top chambers
(OTCs) have been used to study the effects of different temperature
regimes on rice since the chambers can heat both air and soil. How-
ever, sunny days are necessary for the heating, and the majority of
warming occurs only during daytime (Ziska et al., 1996, 1998). Since
the Earth continues to warm globally, there is a need for a method-
ology that will warm open-field plots in order to study the likely
effects of global warming on soil–plant processes (Kimball et al.,
2008).

A promising approach recently being used to investigate the
impact of global warming on cropping and natural ecosystems is
the use of hexagonal arrays of infrared (IR) heaters over open fields,
i.e., the temperature free-air controlled enhancement (T-FACE) sys-
tem (Kimball, 2005; Kimball et al., 2008; Rehmani et al., 2011; Wall
et al., 2011). These IR heaters can warm the vegetation and bare soil
surface directly (Kimball et al., 2008). The temperature rise of a rice
canopy through IR warming is essentially the same as the warming
expected from global warming (Kimball, 2011).

The T-FACE system has been used mostly in upland crops (Wall
et al., 2011; White et al., 2012) and on grazing land (Hu  et al., 2010;
Luo et al., 2010; Morgan et al., 2011; Rui et al., 2011). Studies on
the performance of T-FACE in open paddy fields are limited. To our
knowledge, only Rehmani et al. (2011) tested its performance on
rice canopy temperature. They demonstrated that it produced a
uniform increase in plant canopy temperature; however, its effect
on water/soil temperature has not yet been studied. Moreover, the

effect of infrared warming on soil processes such as GHG emissions
from irrigated rice fields still needs to be tested.

This field experiment conducted with infrared warming forms
part of a series of experiments on effects of temperature on GHG
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Table  1
Physicochemical characteristics of soil at the experimental site.

Soil property Value

pH 6.6
Organic C (%) 1.25
Total N (%) 0.15
Available K (cmolc kg−1) 1.39
Available P-Olsen (mg  kg−1) 50.50
Available P-Bray (mg  kg−1) 14.00
CEC (cmolc kg−1) 25.25
Bulk density (g cm−3) 1.15
Particle size (%)
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Sand 17.5
Silt 44.0
Clay 22.5

missions with different approaches. The experiment on elevated
emperature in all ecosystem compartments (i.e., air, water and
oil) in walk-in growth chambers along with rice straw incorpo-
ation has been reported elsewhere (Gaihre et al., 2013). While,
xperiment on elevated water/soil temperature in greenhouse will
e reported separately. In this paper, we present a performance
valuation of T-FACE and assess the temporal variations in GHG
missions in rice-growing and fallow seasons in irrigated lowland
ice fields with the following specific objectives:

To test the performance of infrared warming (T-FACE system) on
temperature increase in plant canopy, water, and soil.
To determine the effect of infrared warming on CH4 and N2O
emissions and rice growth.
To assess the temporal (seasonal and diel) variations in CH4 and
N2O emissions during rice-growing and fallow seasons in flooded
conditions.

. Materials and methods

.1. Site description and crop management

A field experiment was conducted at the IRRI Experiment Station
block UQ, Laguna, Philippines, latitude 14◦08′34′′N, longitude
21◦15′58′′E, 21 masl) during the 2010 WS,  2011 DS, 2011 fallow
eason (May–July 2011), and 2011 WS  under irrigated conditions.
he area had been under lowland rice cultivation for at least 4 years.
S rice was grown from June to October and DS rice from January

o April every year. The daily average solar radiation (SR), air tem-
erature, and rainfall during the experimental period are shown in
ig. 1. The soil is classified as an Aquandic Epiaquoll (Dobermann
t al., 2000) and its physicochemical properties (0–15-cm depth)
re presented in Table 1.

Rice seedlings (Oryza sativa L. cv. Angelica) were transplanted
t 0.2 m × 0.2 m plant distance (plant density of 25 hills m−2) on
1 June 2010 and 20 January 2011 for the 2010 WS  and 2011 DS,
espectively. Rice straw (6.5 t ha−1) harvested from the previous
rop was incorporated into the soil 27 days and 87 days before
ransplanting of rice seedlings for the 2010 WS  and 2011 DS, respec-
ively. The field was continuously flooded throughout the growing
eason (Fig. 2) until final drainage. Final drainage was done on 6
ctober 2010 (106 days after transplanting, DAT) for the WS  and
n 28 April 2011 (98 DAT) for the DS. However, during the 2010
S,  the field remained flooded even after final drainage due to con-

inuous rainfall (Figs. 1 and 2a). Rice plants were harvested on 20
ctober 2010 (121 DAT) and 20 May  2011 (120 DAT), respectively,

or the WS  and DS.

Urea (46–0–0), single superphosphate (SSP) (0–16–0),

nd muriate of potash (MOP) (0–0–60) were applied
t 80–30–30 kg N–P2O5–K2O ha−1 in the WS  and at
20–30–30 kg N–P2O5–K2O ha−1 in the DS. SSP and MOP  were
nd Environment 184 (2014) 88–100

applied during land preparation as basal, while urea was applied
in three splits: at 14 DAT, at maximum tillering (35 DAT), and at
panicle initiation (65 DAT).

2.2. Experimental warming

The T-FACE apparatus was  employed to warm the 3.0-m-
diameter (7.01 m2) plots as an experimental unit for the 2010 WS
(4 August–20 October 2010; 44–121 DAT), 2011 DS (7 February–20
May  2011; 18–120 DAT), and a fallow season (26 May–15 July 2011;
6–56 DAH, days after harvesting). The set-point canopy tempera-
ture of heated plots was 1.5 and 3.0 ◦C higher than in the reference
plots during daytime and nighttime, respectively. This temperature
regime was chosen based on the statement by the IPCC (2001) that
nighttime minimums were increasing at a rate about twice as fast as
daytime maximums [although the IPCC (2007) backed away from
such a conclusion] and because previous T-FACE experiments used
these particular day- and nighttime set-point differences (Kimball,
2005; Kimball et al., 2008; Wall et al., 2011). Both heated and ref-
erence plots were arranged in a randomized complete block design
with four replications. The warming treatments were not employed
during the 2011 WS  when diel variations of CH4 and N2O emissions
were determined.

The design of the T-FACE system and its deployment in the
field have already been described in detail (Kimball et al., 2008;
Wall et al., 2011; Rehmani et al., 2011). In brief, six ceramic
infrared heaters (1000 W,  240 V, 245 mm long × 60 mm  wide) fit-
ted in reflector housings [model ALEX-F (254 mm  long × 98.6 mm
wide × 89.4 mm  high) (Mor Electric Heating Associated Inc., Com-
stock Park, MI,  USA)] were arranged per plot in hexagonal arrays
during two rice-growing seasons and one fallow season. The
heaters were suspended from steel pipes in a hexagonal config-
uration at a height of 1.2 m (0.8 times the plot radius) above
the plant canopy. The height of the heaters was adjusted based
on plant height. The heaters were tilted at 45◦ from horizontal
toward the plot center. Canopy temperature was  sensed in each plot
using infrared thermometers (IRTs; Model IRR-P, Apogee Instru-
ments Inc., Logan, Utah, USA), with factory-supplied calibration
coefficients for each sensor. A data logger (Model CR1000, Camp-
bell Scientific, Logan, UT, USA) was  used to measure signals from the
IRTs of reference and heated plots and then compute rice canopy
temperatures that were corrected for radiation from the heaters
that was reflected from the rice canopies. Following Kimball (2005),
the infrared heaters were controlled to achieve target canopy
temperature increases in the heated plots compared with the corre-
sponding reference plots using a proportional–integral–derivative
(PID) control algorithm. Current/voltage output modules (Model
SDM-CV04, Campbell Scientific, Logan, Utah, USA) were used to
supply 0–10-V control signals to dimmers (Model LCED-2484 240V,
35A; Kalglo Electronics Co., Inc.) which modulated the voltages
supplied to the infrared heaters.

Temperatures of floodwater and soil (5-cm depth) were mon-
itored daily (1400 to 1500) throughout the growing season using
mercury thermometers.

2.3. Collection and analysis of gas samples

Greenhouse gas emissions were measured using the “closed
chamber” technique. Each closed chamber had a cover and a base.
A plastic pail (110 L) was  used as the chamber cover. The chamber
base was  a transparent plastic sheet (0.55-m height and 0.50-m
diameter) that was  permanently installed in the field by insert-

ing it down to the 10-cm soil depth. It was  retained in the field
up to the last day of gas sampling. The chamber cover was placed
over the chamber base and made airtight during each gas sampling
time using water as a sealing material. Each chamber was  equipped
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Fig. 1. Daily average of solar radiation (SR), rainfall, and air temperature during 

ith a battery-powered fan to ensure thorough mixing of the air
nside the chamber. A thermometer was used to measure the inside
emperature during gas sampling. This temperature was  used to
alculate the emission rates of CH4 and N2O. A rubber septum was
xed in the chamber wall to collect the gas samples. Each base

ncluded four rice hills. Once the chamber was made airtight, the
as samples were collected from the chamber headspace using a
0-mL PVC syringe with stainless steel needle. Gas sampling was
onducted once a week at 1400 throughout the growing season for a
wo-crop cycle, i.e., the 2010 WS  and 2011 DS and one fallow season
26 May–15 July 2011) from both reference and heated plots. Four
as samples were taken at 10-min intervals for 30 min. Moreover,
iel variations in CH4 and N2O emission rates were determined at
2 (active tillering), 63 (panicle initiation), 90 (flowering), and 112
AT (maturity period) in the 2011 WS.  The gas sampling was con-
ucted every 3 h from 0500 to 2000 from six replicate chambers

ithout using infrared heaters.

The mixing rates of CH4 and N2O in the gas samples were
easured simultaneously using a gas chromatograph (Shimadzu
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et season (21 June to 20 October) and 2011 dry season (20 January to 20 May).

GC-14B, Shimadzu Corporation, Kyoto, Japan) with a flame ioniza-
tion detector (FID) and electron capture detector (ECD) as described
by Gaihre et al. (2013). Gas samples were analyzed within one
week of collection. The emission rates of CH4 and N2O were deter-
mined from the slope of the linear regression curves of CH4 and
N2O concentrations against chamber closure time. Only those sam-
ples showing a linear relation (r2 > 0.8) for at least three sampling
points were used for calculating emission rates. When the last
sampling point was  not linear with the previous three, that point
was rejected. The daily emissions of the respective gases were
expressed as mg  m−2 d−1 (Gaihre et al., 2013). Seasonal cumula-
tive CH4 and N2O emissions were estimated from daily emission
rates. The total cumulative emissions were estimated from the
fallow season also. GWP  was calculated based on a 100-year
time frame as suggested by the IPCC (2007) using the following
formula:
GWP  = CH4 emissions × 25 + N2O emissions × 298
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Table  2
Test of fixed effects of infrared warming on temperatures at plant canopy, water,
and soil in 2010 WS and 2011 DS.

Temperature (◦C) 2010 WS 2011 DS

F value Pr > F F value Pr > F

Canopy temp. (daytime) 25.58 <0.0001 23.10 <0.0001
Canopy temp. (nighttime) 583.21 <0.0001 594.60 <0.0001
Water temperature 67.55 <0.0001 14.36 <0.0004
Soil  temperature 30.27 <0.0001 17.23 <0.0001

Table 3
Tests of fixed effects of canopy temperature and days after transplanting (DAT) on
CH4 emission rates in 2010 WS and 2011 DS.

Effect 2010 DS 2011 DS

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

Temperature 1 0.23 0.6469 1 0.19 0.6791
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Table 5
Analysis of variance of cumulative CH4 and N2O in a season and temperature
treatment.

Effect/source CH4 N2O

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

Season 2 0.77 0.4908 2 34.19 0.0001
Temperature 1 2.66 0.1372 1 1.33 0.9127

T
C

W
2

DAT  14 5.43 <0.0001 17 16.95 <0.0001
Temperature × DAT 14 0.85 0.6109 17 0.83 0.6531

.4. Rice growth and yield

Plant height and number of tillers were recorded on every gas
ampling date. The weight of total plant biomass, grain yield, and
ercent filled and unfilled grains were measured at maturity.

.5. Data analysis

Analysis of variance (ANOVA) as a test of fixed effect of infrared
arming and DAT on different parameters was done using SAS
ixed procedure (SAS V9.1) (SAS Institute, 2003). ANOVA of some

elected parameters was done using CropStat 7.2 and mean com-
arison was done with LSD values at the 5% level. The combined
NOVA of cumulative CH4 and N2O was done with statistical tool

or agricultural research (STAR 1.0).

. Results

.1. Temperatures: Plant canopy, water, and soil

Infrared warming was  done throughout the duration of the rice-growing season
n  the 2010 WS (4 August–20 October; 44–121 DAT), 2011 DS (7 Feb–20 May; 18–120
AT), and a fallow season (26 May–15 July; 6–56 DAF). However, canopy temper-
tures only for earlier growth stages during the 2010 WS (44–101 DAT) and 2011
S (18–51 DAT) are presented herein (Fig. 3). Although canopy temperatures in the
011 fallow season are not shown in this report, seasonal average canopy tempera-
ures measured from the reference and heated plots were 26.23 and 28.16 ◦C for the
010 WS  and 26.12 and 28.94 ◦C for the 2011 DS, respectively (Fig. 3). The increase in
aily maximum, mean, and minimum temperatures observed from heated plots was
ignificantly different from the corresponding reference plots (Table 2). The increase
n  canopy temperature during daytime varied from 0.99 to 1.44 ◦C (1.19 ◦C) while
uring nighttime it was  from 2.49 to 2.65 ◦C (2.61 ◦C) for the 2010 WS.  Similarly, the

ncrease varied from 0.92 to 1.5 ◦C (1.14 ◦C) and from 1.78 to 2.61 ◦C (2.51 ◦C) during
aytime and nighttime, respectively, for the 2011 DS.

The temperatures of the floodwater (Fig. 4a and b) and soil (Fig. 4c and d) varied
◦ ◦
ithin the range of 26–33 C during the 2010 WS  and 25–37 C during the 2011

S.  The average growing-season temperature of water and soil was higher during
he DS than the WS by 0.2 and 0.5 ◦C, respectively. Infrared warming significantly
p  < 0.0001, Table 2) increased both water and soil (5-cm depth) temperatures in the
010 WS and 2011 DS (Fig. 4). However, the magnitude of the increase was  much

able 4
umulative CH4 and N2O emissions and global warming potential from reference and he

Temperature treatment 2010 WS GWP† (g CO2 eq

CH4 (g m−2) N2O (g m−2) 

Reference plot 38.0 ± 11a 0.18 ± 0.03a 1005 ± 265a

Heated plot 31.0 ± 12a 0.13 ± 0.04a 802 ± 307a

ithin a column, numbers followed by same letters are not significantly different by LSD
007).
Season × Temperature 2 0.12 0.8924 2 1.32 0.3152
Pooled error 23 23

smaller than the increase in canopy temperature. The average seasonal increases in
water temperature in heated plots above the reference plots were 0.56 and 0.41 ◦C,
while the increase in soil temperature was 0.42 and 0.37 ◦C, respectively, for the
2010 WS and 2011 DS.

3.2. Seasonal variation in CH4 and N2O emissions in reference and heated plots

The CH4 emission rates from both reference and heated plots showed highly
significant seasonal variations, i.e., with days after transplanting (DAT) (Fig. 5a and
b). However, the effect of warming (temperature) and its interaction with DAT was
not significant for CH4 emission rates (Table 3). CH4 emission rates increased with
rice growth and peak emissions were observed during flowering stage (85–90 DAT),
and  they decreased toward maturity stage in both reference and heated plots in both
the 2010 WS and 2011 DS (Fig. 5a and b). CH4 emission rates showed two peaks.
The early-season peak emissions appeared from 30 to 40 DAT, while the mid-season
peak occurred from 80 to 90 DAT. CH4 emission rates declined gradually (2010 WS)
to  rapidly (2011 DS) after final drainage at crop maturity.

CH4 emission rates showed high standard deviation throughout the growing
season, and were particularly higher in the 2010 WS than in the 2011 DS  (Fig. 5a
and  b). Average seasonal emission rates between the reference plots (388 and
476  mg m−2 d−1) and heated plots (308 and 412 mg m−2 d−1) were not significantly
different (p > 0.05) in both the 2010 WS and 2011 DS, respectively (Table 4). Nev-
ertheless, the cumulative CH4 emissions differed with rice growth stages and were
higher during the maturity period in the 2010 WS,  while they were observed to be
higher during the reproductive period in the 2011 DS (data not shown). N2O emis-
sions were negligible throughout rice growth in both reference and heated plots in
the  2010 WS and 2011 DS (Fig. 5c and d). However, peak emissions were observed
after harvesting of rice in the 2011 DS in both reference and heated plots. Both aver-
age emission rates and cumulative emissions over seasons were not significantly
different between reference and heated plots (Table 4).

Differences in emission rates and cumulative emissions of both CH4 and N2O
were observed between the WS and DS, with higher emissions in the 2011 DS than
in  the 2010 WS.  The total cumulative CH4 emissions were approximately 1.5 times
higher in the 2011 DS than in the 2010 WS (Table 4). However, these differences
were below statistical significance (Table 5). The emissions during fallow season
are  described separately under Section 3.3. On the other hand, cumulative N2O
emissions were significantly higher in the 2011 DS than in the 2010 WS  (Table 5).
Global warming potential (GWP), calculated based on the cumulative emissions of
CH4 and N2O, showed no significant difference between reference and heated plots
(p  > 0.05) in both seasons (Table 4). However, a comparison of GWP  between WS
and DS planting showed approximately 1.5 times higher GWP  in the DS  than in the
WS.

3.3. CH4 and N2O emissions in the fallow period after dry-season rice

Continuous measurements of CH4 and N2O emissions from 26 May  to 15 July
2011 (6–56 DAH) were conducted in the same experimental setup after harvesting
the  rice in DS 2011. All the rice straw harvested (7.4 t ha−1) from the previous crop
was  incorporated (22 May 2011) thoroughly into the field. The frequency of rain-
fall (Fig. 6c) during this period made the field continuously flooded (0.1–7.0 cm).

CH4 emission rates were negligible for the first 2 weeks of flooding. The emis-
sion  rates increased rapidly thereafter, with peak emissions between 30 and 40
days of flooding, and then declining (Fig. 6a). The highest emission rates recorded
were 2600 and 2080 mg  m−2 d−1 for reference and heated plots, respectively. Dur-
ing  the 2-month fallow period, cumulative CH4 emissions were 57 and 44 g m−2 for

ated plots during 2010 WS  and 2011 DS.

. m−2) 2011 DS GWP† (g CO2 eq. m−2)

CH4 (g m−2) N2O (g m−2)

54.0 ± 13a 0.29 ± 0.04a 1445 ± 723a

47.0 ± 8a 0.35 ± 0.06a 1278 ± 639a

 at the 0.05 level. † Global warming potential based on 100-year time frame (IPCC,
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Fig. 3. (a) and (b) Hourly average rice canopy temperatures in reference and heated plots during 2010 WS (4 August to 4 October) and 2011 DS (8 Feb–12 March) (n = 4); (c)
and  (d) hourly average canopy temperatures and rise of canopy temperature in the heated plots during 2010 WS and 2011 DS versus time of day. Each hourly value in (c)
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nd  (d) is the average of 58 and 57 days for 2010 WS and 2011 DS, respectively.

eference and heated plots, respectively. Those amounts were similar to the amounts
f  CH4 emitted during the 2011 DS. However, the emission rates were not signifi-
antly different between reference and heated plots (p > 0.05). On the other hand,
2O emission rates were negligible throughout the fallow period in both reference
nd heated plots (Fig. 6b).

.4. Diel variations in CH4 and N2O emissions

CH4 emission rates increased from 0800 and the highest emissions were
bserved from 1100 to 1400 (Fig. 7a). However, those emission rates were not sig-
ificantly different from 0500 to 2000 (p > 0.05) at any of the growth stages, i.e.,
2  DAT (active tillering), 63 DAT (panicle initiation) 90 DAT (flowering), and 112
AT (maturity) (Fig. 7a). Nevertheless, the emission rates were positively corre-

ated with both air (r = +0.25, n = 24) and soil (r = +0.57, n = 24) temperatures (Fig. 7c
nd d).

The average CH4 emission rates at 42, 63, and 90 DAT did not vary significantly,
ut relatively lower emissions were observed at 112 DAT, i.e., when the field was
rained. On the other hand, N2O emissions were negligible at 42, 63, and 90 DAT
hen the field was continuously flooded (3–10 cm). Higher emissions were observed

t  112 DAT after draining the rice field. The emission rates did not differ significantly
ccording to the time of day (Fig. 7b).

.5. Rice growth and yield

There were no significant differences in plant height and number of tillers
etween reference and heated plots throughout the growing period in the 2010 WS

nd 2011 DS (data not shown). The highest numbers of tillers were observed around
0  DAT in both seasons. Similarly, straw weight, grain weight, harvest index, number
f  panicles hill−1, spikelets panicle−1, and spikelet sterility also showed no signif-
cant differences with temperature treatments in both seasons (p > 0.05) (Table 6).
owever, there were differences in straw weight and grain weight between the
WS and DS, which were relatively higher during the 2011 DS than in the 2010 WS
(Table 6).

4. Discussion

4.1. Performance of T-FACE

The target set-point differences for the increase in canopy
temperatures of the heated plots compared with the reference
plots were 3.0 ◦C at night and 1.5 ◦C during daytime. Generally,
the infrared heater was able to provide greater warming in calm
nighttime conditions (2.51–2.65 ◦C) than in daytime (1.14–1.19 ◦C)
(Fig. 3), probably because of lower wind speed and closed stomata
(Kimball, 2005; Luo et al., 2010; Wall et al., 2011). These results
are in close agreement with previous studies (Kimball et al., 2008;
Rehmani et al., 2011; Wall et al., 2011). Although fluctuations
occurred with a rise in temperature, the T-FACE system was able
to raise the canopy temperatures of the heated plots close to the
target point (0.4 ◦C below the set-point difference).

The magnitude of warming of both water and soil was lower
(0.4 to 0.6 ◦C) than the increase in canopy temperature. Unlike in
our study, previous studies reported increased soil temperature by
1.3 ◦C in wheat fields (Wall et al., 2011) and by 1.7 ◦C (Kimball et al.,

2008) and 2.0 ◦C (Wan  et al., 2002) on grassland at 10-cm depth.
The soil temperature increase reported by Kimball et al. (2008)
was similar to the amount of the nighttime canopy temperature
increase. Similarly, Hu et al. (2010), Luo et al. (2010), and Rui et al.



94 Y.K. Gaihre et al. / Agriculture, Ecosystems and Environment 184 (2014) 88–100

2010 WS 2011 DS

a)
b)

d)c)

Drainage
Drain age

24

28

32

36

40

120100806040200

Days after tr ansp lan ting ( DAT)

W
at

er
 te

m
pe

ra
tu

re
 (

o C
)

Referenc e Heated

24

28

32

36

40

120100806040200

Days afte r tran splantin g (DAT)

So
il 

te
m

pe
ra

tu
re

 (o C
) Reference Heated

24

28

32

36

40

120100806040200

Days after transplanting (DAT)

W
at

er
 te

m
pe

ra
tu

re
 (

o C
) Reference Heated

24

28

32

36

40

120100806040200

Days after transplanting (DAT )

S
oi

l t
em

pe
ra

tu
re

 (o C
) Reference Heated

F d (d)) 

2  (1400

(
4
t
s
s
f
t
t
h

4

s
r
b

T
E

W

ig. 4. Daily average water temperature ((a) and (b)) and soil temperature ((c) an
011); data are average of four replicate plots monitored during gas sampling time

2011) reported significant increases in soil temperature from 0 to
0-cm depth on grazing land. The lower increase in soil tempera-
ure in our study than in those for upland crops is probably due to
tanding water, which may  act as an insulating body that keeps the
oil temperature uniform. Moreover, the floodwater was  flowing
reely between reference and heated plots. Therefore, in order for
he warming of water and soil to be similar to the increase in canopy
emperature in experimental plots, each experimental plot should
ave controlled irrigation that restricts the free flow of water.

.2. Seasonal variation in CH4 and N2O emissions
CH4 emissions from continuously flooded rice fields showed
ignificant seasonal variation (p < 0.001). Emissions increased with
ice growth until the flowering stage, and then they declined in
oth reference and heated plots in both the 2010 WS  and 2011 DS

able 6
ffect of canopy temperature on yield and yield-contributing components in 2010 WS  an

Yield and yield-contributing
components

2010 WS 

Reference plot 

Straw weight (g DW m−2) 733.31a

Grain weight (g DW m−2) 389.25a

Harvest index 0.35a

No. of panicles hill−1 13.13a

Spikelets panicle−1 77.25a

Sterility (%) 30.97a

ithin a row and within a season, numbers followed by same letters are not significantly
during 2010 WS (14 July to 20 October 2010) and 2011 DS (27 January to 27 May
–1500). Marked data points represent gas sampling days.

(Fig. 5a and b). Different patterns of seasonal emissions are already
well documented (Adhya et al., 1994; Gaihre et al., 2011; Hou et al.,
2000; Lu et al., 2000; Neue and Sass, 1994; Singh and Dubey, 2012;
Yang and Chang, 1999). Seasonal emission patterns are regulated
by labile C, particularly dissolved organic carbon (DOC) in the root
zone (Lu et al., 2000; Zhan et al., 2011). In general, two emission
peaks appeared, i.e., an early-season peak at tillering stage (30–40
DAT) and a mid-season peak at flowering stage (80–90 DAT). Early-
season peak emissions occur if the soil has high OM or organic
amendments have been added (Neue et al., 1997; Wassmann et al.,
2000), while late peak emissions at the reproductive stage are due
to an increase in available C from root exudates (Gaihre et al., 2011;

Lu et al., 2000; Neue et al., 1997; Yao et al., 2000). The substances
from rhizodeposition are readily available for methanogenesis and
transformation efficiency is high (Aulakh et al., 2001; Kimura et al.,
2004). Hence, the rice plant at flowering to ripening stages offers

d 2010 DS.

2011 DS

Heated plot Reference plot Heated plot

794.22a 881.83a 889.61a

487.64a 489.91a 556.09a

0.38a 0.36a 0.38a

13.05a 13.70a 13.75a

81.41a 97.17a 92.38a

19.64a 26.31a 20.64a

 different by LSD at the 0.05 level.
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 relatively favorable ecological niche for a methanogenic micro-
ial community (Singh and Dubey, 2012). Moreover, the higher CH4
missions at the flowering stage are associated with the increased
H4 transport capacity of rice due to well-developed aerenchyma
issues (Adhya et al., 1994). CH4 transport capacity increased with
lant growth, and this was higher when there was high root vol-
me  during the reproductive stage (Yao et al., 2000). Decreasing
H4 emissions after 90 DAT toward maturity were probably due to
he decreasing DOC with reduced root exudates (Zhan et al., 2011)
nd to the decreasing transport capacity of the aerenchyma tissues.
oreover, in our study, the field was drained at maturity stage;

ence, CH4 emissions declined due to drying of the field.
N2O emissions were not detected throughout the rice-growing

eriod in both the WS  and DS. This result is in good agreement
ith earlier studies stating that N2O emissions from continuously
ooded fields are usually negligible (Bronson et al., 1997b; Chen
t al., 1997). In continuously flooded soil, the large amount of N2O
ould be further reduced to N2 before being emitted from the soil.

ome emissions were observed after harvesting of rice in the 2011
S, probably because of the nitrification of the accumulated NH4
uring the flooding period (Buresh et al., 2008; Khalil et al., 2004).
owever, emissions did not occur in the 2010 WS  even after har-
est of the rice probably because the soil was still saturated. There
s an inverse relationship between CH4 and N2O emissions. N2O

missions can be observed only during non-flooded periods, before
ransplanting of rice or immediately after drainage of the field when
H4 emissions are not evident (Hou et al., 2000). This inverse rela-
ionship reveals that there is a risk of increasing N2O emissions
 reference and heated plots during ((a and (c)) 2010 WS  and ((b) and (d)) 2011 DS;

when water management strategies such as alternate wetting and
drying are adopted to reduce CH4 emissions (Bronson et al., 1997b;
Wassmann et al., 2004).

The higher CH4 emissions during the DS than in the WS  can
be explained by the differences in plant growth, solar radiation,
and temperature between the two seasons. These results are con-
sistent with previous findings (Huang et al., 1997; Sass et al.,
1990; Wassmann et al., 1994) that showed the positive correlation
between total seasonal CH4 emissions and aboveground biomass
of rice. The positive correlation can be found under ideal cropping
conditions, in which climate factors and the availability of carbon
substrate from sources other than rice plants are similar (Sass et al.,
1990; Sass and Cicerone, 2002). The positive correlation between
rice biomass and CH4 emissions suggests that photosynthetically
fixed C is allocated uniformly within the rice plant, which also led
to greater rhizodeposition (Tokida et al., 2010). In contrast, Corton
et al. (2000) observed higher emissions during the WS  than in the
DS even though aboveground biomass was higher during the DS,
suggesting that grain yield and aboveground biomass alone are not
good predictors of CH4 emissions. The higher CH4 emissions during
the WS  were explained by the higher labile organic C (Corton et al.,
2000) and higher soil temperature (Bronson et al., 1997a). On the
other hand, Denier van der Gon et al. (2002) reported a negative cor-
relation between grain yield and CH4 emissions. This could be due

to the availability of more photosynthetic C as root exudates since
it was not being used in seed production. In their study, however,
they removed the spikelets to reduce the plants’ capacity to store
photosynthetically fixed C in grains and assumed that it would be
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ig. 6. Temporal changes in (a) CH4, and (b) N2O emission rates, (c) daily solar ra
ay–15 July 2011) after harvesting of dry season rice; vertical bars in (a) and (b) in

vailable as root exudates. Therefore, low rice yield with removal of
pikelets increased CH4 emissions. Nevertheless, most of the CH4
mitted from rice fields could be derived from photosynthetic C
xed by rice plants; thus, a positive correlation is expected between
ice yield and CH4 emissions as long as there is uniform allocation
f photosynthetic C within different parts of the rice plant (Sass and
icerone, 2002). Thus, the additional allocation of photosynthetic

 to grain instead of roots might reduce CH4 emissions as demon-
trated by Denier van der Gon et al. (2002). Moreover, rice cultivars
ary in their exudation of fixed C (Aulakh et al., 2001). In our study,
owever, the same variety was used for both the WS  and DS and the
ifference in CH4 emissions might be due to other climatic factors
uch as solar radiation and/or temperature. The DS is usually char-
cterized by strong solar radiation and high temperature, which
ay  affect both rice growth and CH4 emissions (Wassmann et al.,

994). Since N2O emissions were negligible, global warming poten-
ial was determined solely by CH4 emissions. Therefore, with CH4
missions, GWP  was higher in the DS than in the WS.

.3. CH4 and N2O emissions during the fallow period

CH4 and N2O emissions during the fallow season depend on soil
oisture status. A fallow rice field is generally considered a sink for

H4 and a source of N2O as long as the field remains dry (Liu et al.,
007). It is well known that a dry fallow favors nitrification and
roduces N2O, while a wet  fallow enhances methanogenesis and
roduces CH4 (Bronson et al., 1997b). In our study, the CH4 emission
ate was very high, especially after 3–4 weeks of soil flooding. These

missions could have resulted from decaying roots, stubble, and
ncorporated rice straw. It is well known that rice straw increases
H4 emissions since it has easily decomposable C that releases more
ethanogenic substrate (Bronson et al., 1997a; Corton et al., 2000).
n, air temperature and rainfall; and (d) soil temperature during fallow period (20
 the standard error of means (n = 4).

CH4 emissions in fields without rice plants essentially occurred by
ebullition of gas bubbles (Nouchi et al., 1994). Significant emissions
occurred for the first 3–4 weeks and declined thereafter, probably
due to a decline in easily decomposable C. On the other hand, N2O
emissions were negligible as the soil was continuously flooded due
to frequent rainfall throughout the fallow season. Moreover, N2O
emissions might have decreased because of rice straw incorpora-
tion into the soil since it immobilizes soil N and reduces the amount
of available N for nitrification and denitrification (Muhammad et al.,
2011; Yao et al., 2010). Wang et al. (2011) reported a 50% reduction
in N2O emissions from a rice-growing field with rice straw incorpo-
ration. This result reveals that a wet fallow season, especially when
rice straw is incorporated into the soil, is not a significant source of
N2O, but it acts as a significant source of CH4 emissions. In only a
2-month fallow period, the amount of CH4 emitted almost equaled
the amount of CH4 emitted in the DS.

4.4. Diel variation in CH4 and N2O emissions

CH4 emission rates generally show diel variation, lower in the
early morning and higher in the early afternoon to late afternoon.
Schutz et al. (1990) observed positive correlation of diel soil tem-
perature pattern and CH4 emissions, as other factors that affect
CH4 emissions do not change markedly in such a short period.
Emissions, in general, increased with temperature, and were high-
est during early afternoon (Wang et al., 1997) to late afternoon
(Holzapfel-Pschorn and Seiler, 1986) when both air and soil tem-
peratures were at their maximum, and were lowest during early

morning when temperatures were at their minimum. Similar diel
variations are also reported for N2O emissions and the maximum
emission rates were found during 1000 to 1300 (Hou et al., 2000).
Those emission rates coincided with the temperature variation in
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he upper soil layer. However, Cheng et al. (2008) observed higher
missions during the day than those at night, even though the air
nd soil temperatures were similar between day and night. These
esults suggest when temperature is within optimum range, the
et plant photosynthesis may  contribute greatly to CH4 emissions.

n our study, diurnal variations in CH4 and N2O emissions were not
ignificantly different though both air and soil temperatures dif-
ered with time. However, higher CH4 emission rates were observed
rom 1100 to 1400, showing positive correlation with both air and
oil temperatures. The lack of distinct diel variation may  also be
ue to a smaller change in soil temperature, which was  within the
ange of 27–30 ◦C (Fig. 7).

.5. Effect of temperature on CH4 and N2O emissions

Temperature plays a key role in CH4 emissions (Fey and Conrad,
003). However, previous studies showed that the effect of tem-
erature on CH4 emissions is not consistent (Dijkstra et al., 2012).

n our study, elevated canopy temperature (1.1–2.6 ◦C above ambi-
nt) had no significant effect on CH4 emissions. One reason may  be
hat the increase in canopy temperature may  not have altered plant
hotosynthesis significantly. Then, the net carbon in plant biomass
nd the potential availability of C for methanogens in heated plots

ould not be significantly changed compared to those plants from

eference plots (Yun et al., 2012). Another reason might be that the
ater/soil temperature was only marginally elevated (0.4–0.6 ◦C)

is-à-vis canopy temperature.
Time

ture, and (d) soil temperature at different growth stages of rice in 2011 WS  (n = 6).

It is well known that soil processes such as plant-root respiration
and microbial activities are directly controlled by soil tempera-
ture. Fey and Conrad (2000) demonstrated increased steady-state
CH4 production rates with soil temperature. Similarly, Wang
et al. (1997) reported that methanogenesis was controlled by soil
temperature irrespective of ambient air temperature. However,
methanogens are mesophilic organisms, and higher CH4 emis-
sions were observed between soil temperature of 30 and 35 ◦C and
emission rates declined beyond 35 ◦C (Minami and Neue, 1994;
Parashar et al., 1993; Rath et al., 2002; Schulz et al., 1997). In
our study, soil temperature was within the optimum range for
methanogens in both seasons. An increase in only air or canopy
temperature may  have no effect on soil processes. A small increase
in water/soil temperature may  not have affected methanogene-
sis since the temperature range in the experiment was already
within the optimum range for soil microbial processes. Neverthe-
less, significantly higher emissions were observed when both water
and soil temperatures were elevated along with air temperature
(Gaihre et al., 2013). Similarly, elevation of soil temperature (+2 ◦C)
increased methane emission by 40% (Tokida et al., 2010) to 50%
(Pereira et al., 2013).

High temperature may  affect transpiration rate. Chanton et al.
(1997) observed that a small amount of CH4 was  transported due to

transpiration rate-induced bulk flow. However, it is well accepted
that stomata are not responsible for the transport of CH4 from the
rice plant to the atmosphere (Nouchi et al., 1990). For this rea-
son, CH4 transport by the plant was  not significantly affected by
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ranspiration rate (Brynes et al., 1995; Nouchi et al., 1990) because
H4 is mostly released from the culm, which is an aggregation of leaf
heaths, but not from the leaf blade. The aerenchyma tissue of the
ice plant is the most important path for the transport of CH4 from
noxic soil to the atmosphere (Groot et al., 2005). Hence, the fac-
ors that affect its transport capacity may  alter CH4 emissions and
his might be affected by temperature. Hosono and Nouchi (1997)
tudied the effect of temperature on CH4 transport capacity of rice
lants. They observed that transport capacity was directly affected
y root-zone temperature rather than by air temperature. Those
esults also suggest that only increasing plant canopy tempera-
ure (1.1 to 2.6 ◦C, daytime/nighttime) with a marginal increase in
ater/soil temperature would not affect CH4 emission rates, unless

here is a significant increase in photosynthesis, which may  provide
ore C for methanogens thorough increased root exudates.

.6. Effects on growth and yield

An increase in canopy temperature may  affect aboveground
lant processes such as photosynthesis and respiration. In our
tudy, however, there was no significant difference in biomass
eight and rice yield between reference and heated plots (Table 6).
ence, it can be assumed that this increase in canopy tempera-

ure did not increase photosynthesis significantly. This might be
ecause the temperatures were on a flat optimum range for rice
rowth in the humid tropics and the warming treatment might not
e large enough to cause a significant effect on rice yield. Therefore,
n increase in canopy temperature (1.1 to 2.6 ◦C) had little effect on
ice yield. Ottman et al. (2012) found similar results that an increase
n temperature had little effect on yield when wheat was planted
t its normal time of year (mid-winter) (14.9 ◦C). However, in late
spring) plantings when the temperature (22.2 ◦C) was  above opti-

um,  infrared warming exacerbated yield decreases. Therefore,
hen the temperature is above optimum, it induced spikelet steril-

ty and decreased rice yield (Gaihre et al., 2013; Shah et al., 2011). A
0% higher rice yield was observed at temperature 29/21 ◦C, while
ield was almost zero at higher temperature (37/29 ◦C) because of
emperature-induced spikelet sterility (Ziska et al., 1996).

. Conclusions

T-FACE increased canopy temperature by 1.1 and 2.6 ◦C dur-
ng daytime and nighttime, respectively (0.4 ◦C below the targeted
et-point increase). However, only a marginal increase occurred
n both water and soil temperatures, which was likely due to the
ontinuous flow of floodwater across the field. To study the effect
f warming on soil processes, another experiment is needed with
ontrolled irrigation between heated and reference plots so that
ater/soil temperature would also be elevated uniformly as in an
pland crop. Because water and soil temperatures increased only
arginally, the elevated canopy temperature (1.1–2.6 ◦C above

mbient) did not have significant effects on either CH4 or N2O emis-
ions. This suggests that increase of air/plant canopy temperature
2–3 ◦C) alone may  not affect emissions of greenhouse gases. How-
ver, emissions increased significantly when soil and water have
lso been exposed to higher temperature (Gaihre et al., 2013).

Nevertheless, CH4 emission rates showed seasonal variation,
ith higher emissions during flowering stage and lower toward
arvesting stage. Diel variation in CH4 emissions was positively
orrelated with both soil and air temperature, which were higher
rom 1100 to 1400. Cumulative CH4 emissions and global warming

otential differed with growing season: they were 1.5 times higher
uring the DS than in the WS.  During both the rice-growing (con-
inuously flooded) and wet fallow seasons, a significant amount
f CH4 but not of N2O was emitted. Since only 2 months of wet
nd Environment 184 (2014) 88–100

fallow emitted an amount of CH4 similar to that during the DS,
emissions from fallow fields should be included in estimates of
total CH4 budgets of rice fields. No effects of the infrared warming
treatment were found on rice yield or yield components, probably
because the general growing temperatures were near optimum,
and the warming treatment was  not large enough to cause the rice
to experience damaging temperatures.
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