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Abstract

The Interregional Research Program on Methane Emissions from Rice Fields established a network of eight meas-
uring stations in five Asian countries.  These stations covered different environments and encompassed varying
practices in crop management. All stations were equipped with a closed chamber system designed for frequent
sampling and long-term measurements of emission rates.  Even under identical treatment—e.g., continuous flood-
ing and no organic fertilizers—average emission rates varied from 15 to 200 kg CH4  ha–1 season–1.  Low tempera-
tures limited CH4 emissions in temperate and subtropical stations such as northern China and northern India.
Differences observed under given climates, (e.g., within the tropics) indicated the importance of soil properties in
regulating the CH4  emission potential.  However, local variations in crop management superseded the impact of
soil- and climate-related factors.  This resulted in uniformly high  emission  rates  of  about  300 kg CH4 ha–1

season–1 for the irrigated rice stations in the Philippines (Maligaya) and China (Beijing and Hangzhou). The station
in northern India (Delhi) was characterized by exceptionally low emission rates of less than  20 kg CH4 ha–1

season–1 under local practice. These findings also suggest opportunities for reducing CH4  emission through a
deliberate modification of cultural practice for most irrigated rice fields.

Introduction

Rice is the basic food for nearly half the people on earth,
most of them concentrated in Asia.  One hundred forty
million ha of rice are harvested annually, occupying
about 10% of the arable land worldwide (IRRI, 1993a).
Rice production has surged over the past 30 yr, driven
in the beginning by the doubling of yields and expan-
sion of the cultivated area.  Irrigated rice, which ac-
counts for more than 75% of global rice production,
has been responsible for most of this production growth
(IRRI, 1993b).

Although rice production has so far kept up with
population growth, new studies suggest that an addi-
tional 50-70% of the current rice supply will be needed
during the 1990-2025 period (Pingali et al., 1997).
While land resources are shrinking, present trends sug-

gest that tomorrow’s rice land will be under even more
pressure (Greenland, 1997). Possible effects of climate
change add to the problem of sustaining the natural re-
source base while raising production to feed more peo-
ple.  Uncertainties become even higher as agriculture
itself has a significant effect on global warming through
the release of greenhouse gases to the atmosphere such
as CH4  emissions from flooded rice fields (Neue, 1993).

The potential of rice fields to emit CH4  has long
been noted, but comprehensive field measurements
were started only in the early eighties. This work was
mainly driven by atmospheric science that aimed to
clarify the global budget of the greenhouse gas CH4

(Cicerone & Shetter 1981; Seiler et al., 1984).  In spite
of a wealth of field data on CH4 emissions from differ-
ent rice-growing environments, the available results still
do not allow a conclusive estimate on the global emis-
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sions from rice.  Recent estimates of the CH4  source
strength of rice fields still range from 20 to 100 Tg CH4

yr-1 (IPCC, 1996; Neue & Sass., 1998). Major uncer-
tainties are related to (1) diverging environments for
growing rice resulting in pronounced spatial and tem-
poral variation and (2) different experimental ap-
proaches, especially regarding sampling frequency and
observation period, for recording CH4  emission rates.

The interregional research program on CH4  emis-
sions has established a network of stations equipped
with standardized measurement systems. These auto-
mated systems allowed continuous records of CH4

fluxes over entire seasons. In some stations, emissions
were recorded over  5 consecutive years. The concerted
measurement program allowed clear distinction be-
tween inherent differences and those resulting from crop
management.

This program on CH4  emissions was a joint ef-
fort of the International Rice Research Institute (IRRI),
the Fraunhofer Institute for Atmospheric Environmen-
tal Research (Garmisch-Partenkirchen, Germany), and
agricultural research institutes in China, India, Indone-
sia, Philippines, and Thailand (Figure 1).  The collabo-
rating countries cover  67% of the global rice area while
only two of those countries, India (42.2 million ha) and
China (33.7 million ha), comprise  50% of the global
rice area. The work was funded by the United Nations
Development Programme/Global Environment Facil-

ity from 1993 to 1999.  The overall objective was to
provide baseline data for accurate estimates of regional
CH4  emissions from different rice-growing regions
while fostering sustained growth in rice production in
developing countries.  Research has focused on quan-
tifying CH4  emissions from major rice ecosystems (ir-
rigated rice, rainfed rice, and deepwater rice) in Asia,
evaluating processes that control CH4 fluxes from
ricefields, and identifying mitigation technologies for
CH4 emissions that maintain or enhance rice produc-
tivity in a sustainable rice system.  This work was part
of a broader effort by IRRI to examine the interaction
of rice and global climate change including greenhouse
gas emissions and the vulnerability of rice production
to a changing climate (Wassmann et al., 1998;  Ziska et
al., 1998; Moya et al., 1998).

The results of the project are presented compre-
hensively within this special issue through 16 articles—
i.e., nine articles comprising detailed results from all
measurement station (Table 1), a series of four articles
on modeling and upscaling of emissions (Matthews et
al.,  this issue) and a series of three articles that cut
across the results of all collaborating stations. This first
article of the latter series aims to describe the back-
ground, methodology, and experimental stations of the
project, and to compare emissions under identical fer-
tilizer applications as well as site-specific irrigation
practices. The other articles of this series deal with the

Figure 1. Stations of the Interregional Research Programme on Methane
Emission from Rice Fields
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impact of different rice ecosystems (Wassmann et al.,
this issue, c) and the crop management options to miti-
gate CH4 emissions (Wassmann et al., this issue, b).

Background and rationale of this study

Recent observations provide compelling evidence that
the global climate is changing as a direct result of hu-
man activities (IPCC, 1996). Release of chloro-
fluorocarbons damages the stratospheric ozone layer,
which increases biologically harmful ultraviolet radia-
tion reaching the earth.  The global increase in carbon
dioxide (CO2), along with other trace ‘greenhouse’ gases
CH4 and nitrous oxide (N2O), traps outgoing thermal
radiation, leading to increased temperature at the earth’s
surface.  The agricultural sector releases the greenhouse
gases (CH4) through rice cultivation and livestock and
(N2O) through intensified fertilizer use in various crop-
ping system (GEIA, 1993).

Most of the historical and current greenhouse gas
emissions have originated from developed countries
(IPCC, 1996).  Different nations, however, have dis-
tinct capabilities for coping with climate change, a fact
recognized by the United Nations Framework Conven-

tion on Climate Change.  In major rice-growing coun-
tries, rice researchers should play a crucial role in ad-
dressing the goals stipulated in the convention: con-
ducting nationwide inventories of greenhouse gas emis-
sions and preparing national programs for mitigating
these emissions.

The tropospheric mixing ratio of CH4, one of the
main greenhouse gases, has increased from its
preindustrial level of about 700 ppbv to 1720 ppbv at
present (Khalil & Shearer, 1993). Although CH4 con-
centrations have remained stable during the early 1990s
(Dlugokencky et al., 1994), recent concentration records
indicate a reestablishment of the trend of increasing CH4

concentrations. The overall budget of atmospheric CH4

is relatively well established, however, the strength of
individual sources such as rice production is still un-
certain (Rennenberg et al., 1995). The total annual
source strength of all CH4 emissions is about 500 Tg,
exceeding the total sink by 37 Tg yr-1 (IPCC, 1996).
The main sink mechanism is photochemical oxidation
with the hydroxyl radicals in the troposphere. Isotopic
measurements reveal that 70-80% of the atmospheric
CH4 is of biogenic origin with natural wetlands as the
largest source (Khalil & Shearer, 1993). Other biologi-

Table 1.  Characterization of experimental sites

Soil properties Detailed
Station, country Ecosystem Geographic information

coordinates Texture pH Org C Total (this issue)
(%) N (%)

Beijing, China Irrigated 39o  93′ N Silty clay 7.0 0.99 0.09 Wang et al.
116° 47 ′E loam

Hangzhou, China Irrigated 30o 23′ N Silty clay 6.2 2.4 0.22 Lu et al.
120o 20′ E

New Delhi, India Irrigated 20o 38′ N Sandy clay 8.2 0.45 0.069 Jain et al.
70o 10′ E loam

Maligaya, Philippines Irrigated 15o 67′ N Silty clay 6.1 1.3 0.09 Corton et al.
120o 88′ E

Cuttack, India Rainfed 20o 50′ N Clay loam 7.0 0.54 0.048 Adhya et al.
86o 00′ E

Jakenan, Indonesia Rainfed 6o 68′ S Silty loam 4.7 0.48 0.05 Setyanto et al.
111o 20′ E

Los Baños, Philippines Rainfed 14o 18′ N Silty clay 6.3 1.5 0.14 Wassmann et al.
121o 25′ E Abao et al.

Prachinburi, Thailand Deepwater 13o 92′ N Clay 3.9 1.2 0.17 Chareonsilp  et al.
101o 25′ E
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cal sources are related to agricultural production,
namely livestock and rice.

Since the first field data from rice fields in Cali-
fornia (Cicerone & Shetter, 1981) and southern Europe
(Seiler et al., 1984; Holzapfel-Pschorn et al.,  1985),
extensive data sets from various rice-growing environ-
ments have indicated a pronounced variability of CH4

emissions in space and time. The existing database on
CH4 emission from rice fields includes intensive stud-
ies conducted in Italy (Schütz et al., 1989); USA (Sass
et al., 1990); China (Khalil & Rasmussen, 1991;
Wassmann et al., 1993; Wang et al., 1994);  India
(Parashar et al., 1994), Japan (Kimura et al., 1991; Yagi
et al., 1996) and Southeast Asia (Jermsawatdipong et
al., 1994; Nugruho et al., 1994;  Yagi et al., 1994; Neue
et al., 1995; Wassmann et al., 1995; Husin et al., 1995).
Global CH4 emission from wetland rice fields is esti-
mated  to  be 60  Tg yr-1, with a  range  of  20-100  Tg
yr-1 (IPCC, 1996).  Superimposed on this uncertainty
in present emission rates are rapid changes in the in-
tensity and mode of rice production. Changes in crop
management affect CH4 emission in various ways, but
the net impact of historical as well as projected progress
in rice technology is difficult to assess.

While rice is preferably grown under submerged
conditions, predominantly anaerobic flooded rice soils
promote the production of CH4 by anaerobic decompo-
sition of the organic matter (native or added). The CH4

budget of rice fields is determined by the availability
of methanogenic substrate generated from organic
residues, plant-borne material and, if applied, organic
fertilizers.  Methane emission is the interactive prod-
uct of three processes (Neue et al., 1997): (1) CH4 pro-
duction controlled by Eh, pH, and mineralizable car-
bon and temperature;  (2) CH4 oxidation controlled by
free oxygen diffusing through the rice plant, partial CH4

pressure, and temperature; and (3) vertical transfer con-
trolled by water depth and rice plant growth stage.

Field stations and methods

The eight field stations of this study were distributed
over five countries in Asia (Figure 1) and represent a
wide range of rice environments (Table 1).  Four sta-
tions concentrated on irrigated rice while the rainfed
and deepwater stations included irrigated rice as refer-
ence treatment.  Except for Jakenan, all soils were
clayey with varying proportions of silt and sand (Ta-
ble 1).  Chemical properties ranged from an acid sulfate
soil (Prachinburi) to an alkaline soil (New Delhi) and

from low concentrations of native C and N (Jakenan)
to very high concentrations of these elements
(Hangzhou).  The different temperature regimes are
schematically displayed in Figure 5.

Methane fluxes were determined with an auto-
mated closed chamber method (Figure 2). This meas-
urement system used in this study, a modified version
of the system originally described by Schütz et al.,
(1989), consisted of the following components.

Field chambers

Twelve chambers made of transparent plexiglas were
distributed in the field according to a complete block
design (Wassmann et al., 1994). Each chamber had a
basal area of 1 m2. The height was 1.2 m in irrigated
and rainfed rice (Figure 2a), while chambers in
deepwater rice were 1.6 m high (Figure 2b).  The cham-
bers were placed tightly on steel frames that penetrated
20 cm into the soil.  Round holes in these frames al-
lowed water exchange during flooding, but these could
be sealed for measurements during dry conditions.
Chambers were equipped with hinged covers that could
be opened or closed by a pneumatic system.  An open
stainless steel tube penetrated into the inner chamber

Figure 2. Field chambers set up under dry conditions (top: Jakenan)
and deepwater conditions (bottom: Prachinburi)
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for sampling. Two fans inside each chamber ensured
thorough mixing during enclosure and effective gas ex-
change with ambient air during opening.

Valve module

The valve module consisted of two valve sets—i.e., one
for the pneumatic system to open and close the cham-
bers and one for the lines connecting a pump to the
inner chamber (Figue 3). Valve operations were trig-
gered by a time control system installed in a PC. The
operation sequence encompassed a 2-h cycle in which
each chamber was opened for 114 min and closed for
16 min.   Closing periods were staggered, so that only
one pair of chambers was closed at a given moment.
During closure, air was collected at 2-min intervals
yielding four air samples per chamber.

Calibration module

The valve module was connected to a three-port valve
that could periodically be switched to the calibration
module. This module consisted of a gas cylinder filled
with calibration gas and a control system that main-
tained ambient pressure in the lines connected to the
transfer unit. During one 2-h cycle, calibration gas was
tapped four times (0-2 min, 34-36 min, 68-70 min, and
102-104 min).

Transfer module

This module allowed the transfer of gas—either air from
the chambers or calibration gas—to the injection mod-
ule. The gas flow was driven by a pump and was con-
trolled through electronic regulators.

Figure 3. Schematic view of the measuring system
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Injection module

The gas was passed through a sample loop that was
connected to a 10-port valve. Switching of this valve
resulted in injection of a gas aliquot into the analytical
device. The injection module could also be used for
manual sampling without modification, e.g., during the
stand-by time of the automatic system between crop-
ping seasons. The analytical system consisted of a gas
chromatograph (Shimadzu GC-8A) equipped with a
Porapak column and a flame ionization detector.

Data acquisition

The signals from the gas chromatograph were converted
to relative concentration values by an integrator and
then logged by a computer. The computer was also
equipped with the time control device that triggered all
valve switches of the automatic system and a tempera-
ture acquisition system. Eight temperature sensors were
distributed in the soil at 5, 10, and 15 cm depths in the
floodwater and in the air.

Methane emission rates were derived from the
temporal increase in CH4 concentration inside the closed
box (IAEA, 1992). The logged raw data underwent sev-
eral steps of computation and quality assurance:
1) The temporal increase in CH4 concentration was

computed for each box. This procedure included
a linearity test to detect possible artifacts due to
leaks.

2) Flux rates were computed from the concentra-
tion increase in each chamber and were aggre-
gated for replicate chambers for each run. After
a conformity test of these replicates, the vali-
dated values for one run were compiled into 24-
h cycles of emission flux rates for each treat-
ment.

3) Occasional gaps in emission records over one
24-h cycle were recalculated by using specifi-
cally developed algorithms for diel flux patterns
(Buendia et al., 1997).

Soil pH and soil Eh were measured manually at
least once a week during the cropping season.  Soil pH
was measured with a commercially available electrode,
while the Eh electrodes were manufactured using a glass
tube and platinum wire. The pH electrode was exposed
temporarily at 7.5 cm depth,  whereas the Eh electrode
remained in the soil at this depth.

Methane concentration in the soil solution was
determined at weekly intervals. The solution was ex-
tracted from soil depths of 0, 5, 10, and 15 cm using a
porous tube connected to a vacutainer tube (Alberto et
al., 1999). Methane concentrations in the solution were
derived from headspace analysis after shaking the
vacutainer tube (Alberto et al., 1999).

Methane ebullition has been recorded to be equal
to the total surface flux between plants. Flux rates was
measured weekly by placing 40 × 15 × 20 cm cham-
bers between rice hills (Wassmann et al., 1996). Gas
samples from the inner chamber volume were collected
after 24 h of exposure and were analyzed immediately
for CH4 concentration.

Results

Reference treatment

Methane emissions showed pronounced variations
among sites—even under identical crop management.
Figure 4 shows the results obtained for the reference
treatment of this study—i.e., continuous flooding, pure
mineral fertilizer, and  cultivar IR72. The values for
New Delhi, Cuttack, Los Baños, Jakenan, and Maligaya
represent actual emission rates, whereas those for
Prachinburi, Hangzhou, and Beijing had to be adjusted
due to slight modifications in crop management
(Chareonsilp et al., this issue; Lu et al., this issue; Wang
et al., this issue). The results reflect pronounced varia-
tions from season to season. Interseasonal variations
were especially large for Los Baños where different
management of stubbles further amplified interseasonal
differences (Wassmann et al., this issue, a).

Rice fields in New Delhi, Cuttack, and Beijing
emitted less than 100 kg CH4 ha-1 over one season. Emis-
sions reached more than 200 kg CH4 ha-1 for some sea-
sons in Los Baños, Hangzhou, Jakenan, and Maligaya.
The database also indicates differences in seasonal pat-
terns of CH4 emission, depending on temperature re-
gime (Figure 5).  With constant or increasing tempera-
ture, the bulk of CH4 was emitted during the ripening
stage of the plant. Maximum temperature in the middle
of the cropping season resulted in highest emission dur-
ing the reproductive stage, while a decreasing tempera-
ture trend enhanced the relative contribution of the veg-
etative stage. However, these emission patterns were
modified by organic manure as well as drainage peri-
ods. Application of manure as well as midseason drain-
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Figure 4. Seasonal emissions with mineral fertilizers under local irrigation schemes (see text for further explanation); one calendar year
comprises one or two crops at the respective station

age enhanced the contribution of the vegetative stage
(Wassmann et al., this issue, a,c).

Local crop management practices

Local water management practices differed among the
four irrigated stations of this project. Only in Maligaya
did the local practice correspond to the reference treat-
ment (i.e., continuous flooding). At Hangzhou and
Beijing, the local irrigation practice encompassed a
drainage period at midseason (Lu et al., this issue; Wang
et al., this issue). In New Delhi, high percolation rates
on the sandy soil required continual replenishing of the
floodwater, a technique referred to as intermittent irri-
gation (Jain et al., this issue).

Seasonal emissions with mineral fertilizers and
organic manure in these four irrigated stations are il-
lustrated in Figure 6a,b.  The results with local irriga-
tion practice and mineral fertilizer (Figure 6a) are simi-
lar to those obtained using the reference treatment for
these four stations (Figure 4).  Results from the four
stations fall on a relatively straight line from low to
high emission: New Delhi < Beijing < Hangzhou <
Maligaya.

Organic amendment, however, resulted in a dif-
ferent picture. While emissions from New Delhi were
still very low, emissions from the other three stations
were increased greatly by addition of organic manures.
The most notable response was recorded in Beijing,
where emissions from the plots treated with organic
manure were more than 10 times higher than from those
receiving mineral fertilizer (Wang et al., this issue).
Emission rates for organic amendments fell in similar
ranges for both Chinese stations. High standard devia-
tions with organic manure can be attributed to the dif-
ferent nature and quantities of the amendments—i.e.,
rice straw, pig manure, biogas residues, and others
(Wassmann et al., this issue, b).

Discussion

Site-specific differences under identical treatments are
apparently related to a combination of both climate and
soil parameters. The significance of the soil can be de-
duced by comparing the stations in Southeast Asia.  In
spite of comparable temperature regimes, CH4 emissions
at Maligaya, Jakenan, Los Baños, and Prachinburi field
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Figure 5. Schematic display of temperature and emission patterns (see text for further explanation)

stations differed over a large range (Figure 4). How-
ever, no individual soil parameter could be singled as
responsible for the emission potential (Table 1). Mi-
crobial CH4  production is affected by  (1) the quality of
soil organic matter and (2) the availability of alterna-
tive electron acceptors (Wassmann et al., 1998; van
Bodegom et al., this issue; Matthews et al., this issue).
Other soil properties such as texture may also interfere
in various ways with CH4 production, oxidation, and
transport (Sass et al., this issue).

The magnitude of CH4 emissions at the different
sites also depended on crop management.  The prevail-

ing irrigation patterns differed among rice-growing re-
gions.  The four sites of irrigated rice in this study rep-
resented three different types: continuous flooding (as
in the reference treatment) in Maligaya, midseason
drainage in Hangzhou and Beijing, and intermittent ir-
rigation in New Delhi. The emission potential associ-
ated with these irrigation patterns (Figure 6) was high-
est for continuous flooding and lowest for midseason
drainage (Wassmann et al., this issue, c).

The emission potentials of the project stations also
differed in their response to organic amendments (Fig-
ure 6).  Again, this could be attributed to a combination
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of soil- and climate-related factors.  Emission rates at
the New Delhi site showed almost no increase with or-
ganic amendments.  High percolation rates resulted in
an inflow of oxygen into the soil and downward dis-
charge of methanogenic substrate resulted in low emis-
sion rates (Yagi et al.,1990;  Inubushi et al., 1992). Thus,
emissions were low, irrespective of the amount of or-
ganic matter applied.

The pronounced increase due to organic amend-
ments in Beijing could be related to  seasonal pattern
of the flux.  The temperature regime in Beijing sup-
pressed emissions during the late stage (Figure 5).
Changes in the early stage therefore had a higher im-
pact on the overall emissions as compared with  a crop-
ping season with high temperatures at the end.  The
discernible effect of organic amendments was gener-
ally limited to the early stage of the season (Wassmann
et al., 1996).

Due to the common use of organic fertilizers in
China, the emission rates displayed in Figure 6b repre-
sented local practices of crop management for Beijing
and Hangzhou.  On the other hand, farmers in the Phil-
ippines and northern India generally omit organic ma-
nure, so that the values depicted in Figure 6 for Maligaya

and New Delhi correspond to the local management
practices. Local management resulted in similar emis-
sion rates of approximately 300 kg CH4  ha-1 in each
season in Maligaya, Beijing, and Hangzhou.  The sta-
tion in New Delhi had distinctly low emission rates (less
than 20 kg CH4  ha-1 and season) under a crop manage-
ment typical of northern India.  Other rice-growing re-
gions in India may have higher emissions than the site
in New Delhi (Adhya et al., 1994), although the avail-
able database for Indian rice production is still not con-
clusive.

Spatial variations in CH4 emissions from differ-
ent rice-growing areas have previously been docu-
mented for individual countries (Parashar et al., 1994;
Yagi et al.,  1994).  Extensive literature reviews have
yielded even larger ranges of CH4 emission rates from
different sites (Wassmann et al., 1993; Neue & Sass,
1998).  However, data sets compiled from different stud-
ies are only partly comparable due to different meas-
urement techniques and field treatments; even defini-
tions of “irrigated” rice deviated between different stud-
ies (Neue & Boonjawat, 1998). This project has, for
the first time, established an interregional network with
standardized measurement systems and a field design
appropriate for a multilocation trial. The concerted
measurement program allowed a clear distinction be-
tween inherent differences and those resulting from crop
management.

Conclusion

The automatic measurement system used in this study
allowed investigation of different crop management
practices with high sampling frequency and long dura-
tion of the observation period. Application of a uni-
form reference treatment provided relative emission
potentials for each station of this study.  However, CH4

emission is highly sensitive to water regime and or-
ganic inputs, so that local variations in crop manage-
ment can supersede the impact of soil and climate fac-
tors. These distinct features of the rice fields can be
characterized as (1) baseline and (2) actual emission
potentials. In the case of the two Chinese stations of
this study, baseline emissions differed by a factor of 6,
whereas the actual emissions from these field sites were
similar.

The site-specific identification of baseline emis-
sion and actual emission is essential for future devel-
opment of mitigation strategies.  Deliberate modifica-
tion of agronomic practices can have the greatest im-
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pact in rice land with a large gap between baseline and
actual emissions.  Further investigations on the socio-
economic feasibility of mitigation technologies could
therefore be targeted to site-specific settings with these
characteristics.
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Abstract

Methane (CH4) emission rates were recorded automatically using the closed chamber technique in major rice-
growing areas of Southeast Asia. The three experimental sites covered different ecosystems of wetland rice—
irrigated, rainfed, and deepwater rice—using only mineral fertilizers (for this comparison). In Jakenan (Indone-
sia), the local water regime in rainfed rice encompassed a gradual increase (wet season) and a gradual decrease
(dry season) in floodwater levels. Emission rates accumulated to 52 and 91 kg CH4 ha-1 season-1 corresponding to
approximately 40% of emissions from irrigated rice in each season. Distinct drainage periods within the season
can drastically reduce CH4 emissions to less than 30 kg CH4 ha-1 season-1 as shown in Los Baños (Philippines). The
reduction effect of this water regime as compared with irrigated rice varied from 20% to 80% from season to
season. Methane fluxes from deepwater rice in Prachinburi (Thailand) were lower than from irrigated rice but
accumulated to equally high seasonal values, i.e., about 99 kg CH4 ha-1 season-1, due to longer seasons and assured
periods of flooding. Rice ecosystems with continuous flooding were characterized by anaerobic conditions in the
soil. These conditions commonly found in irrigated and deepwater rice favored CH4 emissions. Temporary aera-
tion of flooded rice soils, which is generic in rainfed rice, reduced emission rates due to low CH4 production and
high CH4 oxidation. Based on these findings and the global distribution of rice area, irrigated rice accounts glo-
bally for 70-80% of CH4 from the global rice area. Rainfed rice (about 15%) and deepwater rice (about 10%) have
much lower shares. In turn, irrigated rice represents the most promising target for mitigation strategies. Proper
water management could reduce CH4 emission without affecting yields.

Introduction

The human population continues to increase by 85 mil-
lion people a year; the developing world will add an-
other 2 billion people over the next three decades. In-
tensification of rice cultivation to meet the demand for
rice by the increasing human population is imperative,
especially in Asia where approximately 90% of the rice
is grown and consumed (IRRI, 1993a). Given the ex-
pected doubling in rice production in Asia, research on

improving rice yield should focus on strategies that do
not harm the environment. Rice fields represent glo-
bally one of the main sources of the greenhouse gas
methane (CH4) (GEIA, 1993;  IPCC, 1996), but the glo-
bal source strength of rice cultivation remains uncer-
tain. The diversified conditions in crop management
and environments for growing rice are not sufficiently
characterized for accurate estimates (Sass et al., 1990;
Rennenberg et al., 1992; Neue & Roger, 1994; Yagi et
al., 1994; Byrnes et al., 1995; Wassmann et al., 1998).
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Rice land is commonly differentiated into four
ecosystems (IRRI, 1993a): irrigated rice (51% of glo-
bal rice area) with full control of the water regime;
rainfed rice (27%), which can be either drought-prone
or flood-prone; deepwater rice (10%) characterized by
intense inundation; and upland rice (11%). Upland rice,
however, does not encompass flooding and thus, can
be neglected as a CH4 source.

This paper comprises results obtained within an
interregional research project on methane emissions
from rice fields—a joint effort of the International Rice
Research Institute (Philippines), the Fraunhofer Insti-
tute for Atmospheric Environmental Research (Ger-
many), and national agricultural research institutes in
Asia. The project investigated various aspects of CH4

emissions from rice fields such as the impact of crop
management that are presented in this issue for each
station separately. The results presented here cut across
the data sets obtained in three different sites (Setyanto
et al., this issue; Wassmann et al., a, this issue;
Chareonsilp et al., this issue) to assess the impact of
the rice ecosystem on CH4 emission.

The distinction among irrigated, rainfed, and
deepwater rice is a common feature of the available
statistics of rice area (IRRI, 1997). A specific assess-
ment of these ecosystems will therefore directly im-
prove the accuracy of regional and global estimates of
the CH4 source strength—as opposed to uniform emis-
sion factors for all ecosystems. The IPCC guidelines
for compiling national inventories of greenhouse gas
emissions (IPCC, 1997) distinguish between rice fields
that are (1) permanently flooded and (2) those with
unstable flooding regime. Rainfed rice fields fall under
the latter category, while deepwater rice is character-
ized by long flooding periods. For irrigated rice, a gen-
eral description of the water regime is more difficult
because local variations of the water management can
lead to very different flooding patterns. The basic per-
ception of irrigated rice used in this study follows the
description in the rice statistics “as shallow flooded with
anaerobic soil during crop growth” (IRRI, 1993b). Irri-
gation water is assured throughout the year but is typi-
cally only supplied when needed, i.e., during the dry
season.

Materials and methods

The automatic measuring systems and the measurement
protocols were identical in the three stations as described
in detail in Wassmann et al.,b (this issue). In all field

experiments presented in this study, rice was fertilized
with mineral compounds only.

The fields in Jakenan (Indonesia) were fertilized
with urea as N source (NPK=120-26-45) and were
planted with IR64, a variety commonly used in rainfed
rice. Irrigated plots were flooded permanently; water
regimes in rainfed plots directly depended on actual
precipitation (Setyanto et al., this issue). In Los Baños
(Philippines), urea (NPK=120-30-30) was applied to
grow IR72. Experiments in 1994 and 1996 compared
different water regimes, i.e., permanent flooding rep-
resenting irrigated rice vs two drainage periods (at mid-
tillering and before harvest) emulating rainfed condi-
tions (Wassmann et al., a, this issue). In the other sea-
sons, only rainfed water regimes were investigated.

The experiment in Prachinburi (Thailand) fol-
lowed local fertilizer practice for deepwater rice: burn-
ing of 12.5 t of rice straw  ha-1 and additional urea ap-
plication of 54 kg ha-1 (Chareonsilp et al., this issue).
Fertilizer rates in deepwater rice are generally lower
than in high-yielding rice systems because yields do
not respond to higher doses. Rice fields were planted
with local deepwater varieties (HTA60 in 1994 and
1995, PNG in 1996 and 1997). The experiment in
Prachinburi also encompassed irrigated rice, but these
plots were occasionally affected by technical problems
in maintaining shallow water levels at the peak of the
deepwater season. Different season lengths of
deepwater (220 d) and irrigated rice (110 d) required a
staggered cropping calendar in the dry season (only ir-
rigated rice) and wet season (deepwater and irrigated
rice) (Chareonsilp et al., this issue).

The three stations of this study have similar tem-
perature regimes as described for Los Baños by
Wassmann et al. (1994). Soils in Jakenan (pH 4.2, or-
ganic carbon 0.33%), Los Baños (pH 6.3, organic car-
bon 1.46%), and Prachinburi (pH 3.9, organic carbon
1.22%) showed wide ranges of acidity and organic car-
bon content.

Results

Emission data obtained in this experiments were com-
piled in Tables 1 and 2 while more detailed informa-
tion on biomass, yield, and other variables can be ob-
tained from Setyanto et al. (this issue) for Jakenan,
Wassmann et al., a (this issue) for Los Baños, and
Chareonsilp et al. (this issue) for Prachinburi. The high
standard deviations of these experiments (Tables 1 and
2) indicated strong day-to-day fluctuations in emission
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Table 1. Average CH
4
 emission rates (± standard deviation) from rainfed and irrigated rice over different wet (WS) and dry seasons (DS) in

Jakenan and Los Baños

Jakenan CH
4
 emission Los Baños CH

4 
emission

Season ecosystem (mg CH
4
 m-2 d-1) Season ecosystem (mg CH

4
 m-2 d-1)

1993-94 WS Rainfed 19 (±33) 1994 DS Rainfed 45 (±22)
Irrigated 166 (±64) Irrigated 227 (±126)

1994 DS Rainfed 90 (±70) 1994 WS Rainfed 11 (±5)
Irrigated 134 (±102) Irrigated 27 (±16)

1994-95 WS Rainfed 63 (±69) 1995 DS Rainfed 8 (±5)
Irrigated 124 (±70)

1995-96 WS Rainfed 52 (±57) 1995 WS Rainfed 8 (±7)
Irrigated 81 (±60)

1996 DS Rainfed 59 (±69) 1996 DS Rainfed 8 (±6)
Irrigated 184 (±83) Irrigated 10 (±9)

1996-97 WS Rainfed 32 (±47) 1996 WS Rainfed 34 (±11)
Irrigated 171 (±105) Irrigated 40 (±20)

1997 DS Rainfed 106 (±71) 1997 DS Rainfed 27 (±23)
Irrigated 217 (±96)

1997-98 WS Irrigated 132 (±59) 1997 WS Rainfed 14 (±8)

1998 DS Irrigated 100 (±53)

Table 2. Average CH
4
 emission rates (± standard deviation) from deepwater and irrigated rice over different wet (WS) and dry seasons (DS) in

Prachinburi

Season Ecosystem CH
4 
emission Season Ecosystem CH

4 
emission

(mg CH
4
 m-2 d-1) (mg CH

4
 m-2 d-1)

1994 WS Deepwater   84 (±35) 1997 DS Irrigated 43 (±57)
Irrigated   17 (±5)

1995 WS Deepwater   33a (±28) 1997 WS Deepwater 32 (±33)
Irrigated 135b (±168)

1996 DS Irrigated   33 (±25) 1998 DS Irrigated 17 (±12)

1996 WS Deepwater   35 (±45) 1998 WS Irrigated 144 (±154)
Irrigated 198 (±161)

a Flood damage in the middle of the season, data corresponds to 2-mo period before flood damage.
b Delayed season due to flood damage (rice plants were planted again after flood damage).
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rates. The conformity among replicates, i.e., chambers
on different plots of an identical treatment, was ensured
through rigid quality assurance protocols (Wassmann
et al.,b, this issue).

Jakenan (Indonesia): rainfed vs irrigated rice

The experiment in Jakenan encompassed rainfed and
irrigated rice grown in different plots within the same
field and with identical cropping calendar (Setyanto et
al., this issue). The cropping system in Jakenan encom-
passed two harvests per year as illustrated for the 1996/
97 annual cycle in Figure 1. At the onset of the wet
season in October, the soil was still dry and CH4 emis-
sion rates were very low. Strong rainfall triggered high
emissions in the rainfed plots while relatively dry peri-
ods resulted in lower emission rates (Figure 1). The
dry season crop started in February with wet soils en-
tailing relatively high emissions in the early phase of
the rainfed crop (Figure 1). Dry season crops in Jakenan
are generally subjected to drought during the maturity
stage of the plants and are thus characterized by low
emissions during the late stage of the rainfed crop. How-
ever, erratic rainfall as in May 1997 yielded higher
emission rates in rainfed rice than was typically ob-
served during this period (Figure 1).

Permanent flooding in the irrigated plots resulted
in substantially higher emission rates than rainfed rice
(Table 1). Over the course of eight consecutive sea-
sons, CH4 emission from rainfed  rice corresponded to
37% of the emission from irrigated rice (Table 3). In
most seasons, the rainfed conditions did not affect the
growth of the locally used variety IR64 as compared
with irrigated plots (Setyanto et al., this issue). Emis-

sion/yield indices, i.e., the ratio between cumulated
emission and grain yield, were also consistently higher
for irrigated rice (Table 3).

Los Baños (Philippines): rainfed vs irrigated rice

Methane flux rates obtained in the 1994 dry and wet
seasons clearly demonstrated the lower emission po-
tential of rainfed rice as compared with irrigated rice
(Figure 2). Drainage occurring during the first half of
the season drastically reduced emission rates; they re-
mained low, even when the fields were reflooded. Emis-
sion rates averaged only 20% and 41% of the values
for irrigated rice in the respective season. The results
of the other seasons confirmed the low level of emis-

Figure 1. Methane emission rates (area) and rainfall (bars) during
two consecutive seasons (1996-97) in Jakenan

Figure 2. Methane emission rates during 1994 dry and wet season
in Los Baños
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season. The rice crop was sown in May when the field
was not yet flooded. The experimental field in
Prachinburi contained acid sulfate soils; pH levels were
below 5 at the onset of the season (Figure 3). Methane
emissions were low in the initial stage of the season
and gradually increased with progressive flooding.
Long-term flooding of the soil neutralized pH values
until the water receded.  The receding water resulted in
the emergence of soil-entrapped CH4, as can be seen
from the single peak in emission rates in Figure 3.

While deepwater rice was only grown in the wet
season, the experimental layout of Prachinburi station
allowed an irrigated crop in wet and dry seasons
(Chareonsilp et al., this issue). Deepwater rice has sub-
stantially lower average emissions than irrigated rice
(Table 2), whereas the cumulated emissions over one
season are similar  (Table 3). This finding can be ex-
plained by different season lengths, i.e., about 110 d
for irrigated and about 220 d for deepwater rice. High
emission/yield indices of deepwater rice (Table 3) could
primarily be attributed to low yields in this adverse eco-
system (Chareonsilp et al., this issue). Deepwater rice
had the highest emission/yield indices of all rice eco-
systems.

Discussion

A comprehensive overview on cumulated emission rates
at the three stations is given in Figure 4. All rice eco-
systems showed strong variations over time. Seasonal
emissions varied not only between dry and wet sea-
sons of a given year but also between annual cycles.

Table 3. Baseline emissions and baseline emission/yield indices in
different rice ecosystems at Jakenan, Los Baños, and Prachinburi

Station Ecosystem CH
4 
emission Emission/yield

(kg CH
4
 ha-1 index (kg

season-1) CH
4
 grain-1)

Jakenan Rainfed 58 25
Irrigated 137 38

Los Baños Rainfed 40 4
Irrigated 76 18

Prachinburi Deepwater 81 53
Irrigated 99 30

sion rates from this ecosystem in Los Baños. Total
emission from rainfed rice during the eight seasons of
this experiment was 154 kg CH4 ha-1, whereas irrigated
rice released more than 200 kg CH4 ha-1 in the 1994 dry
season alone. In 1996, however, emissions from irri-
gated rice were also low and the relative impact of the
dual drainage was small (Table 1). Due to equally high
yields, the computed emission/yield indices for rainfed
rice were generally lower than those for irrigated rice
(Table 3).

Prachinburi (Thailand): deepwater rice

The seasonal pattern of the water level, pH, and CH4

emission was displayed in Figure 3 for the 1996 wet

Figure 3. Methane emission rates, pH, and water level development during the 1996 season in deepwater rice (Prachinburi)
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Figure 4. Seasonal emissions of irrigated and rainfed rice in
Jakenan and Los Baños as well as irrigated and deepwater rice in
Prachinburi
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high proportion of relatively inert organic material and
only a small fraction that was used for methanogenesis
(Wassmann et al., 1998). However, the reasons for soil-
related differences will have to be clarified after more
laboratory data become available.

Figure 4a,b clearly illustrated the high emission
potential of irrigated rice. In Jakenan as well as in Los
Baños, emission rates from this ecosystem were con-
sistently higher than from rainfed rice. Although the
water regimes in both rainfed sites were different, i.e.,
gradual changes in Jakenan and distinct drainage peri-
ods in Los Baños, the relative impact of the lower
rainfed conditions were comparable at both stations
(Table 3). Low emission potentials appeared to be a
common feature of rainfed rice systems; only excep-
tionally high and evenly distributed precipitation may
possibly result in emission potentials reaching those of
irrigated systems.

Unstable water regimes affect virtually all physi-
cochemical parameters and biological processes in rice
fields (Neue, 1993). Receding floodwater—which may
be induced by farmers in an irrigated system or by low
precipitation in a rainfed system—triggered a short peak
in CH4 emissions due to emergence of soil-entrapped
CH4 (Wassmann et al., 1995; Denier van der Gon et al.,
1996). Over the entire season, however, intermittent
irrigation led to a reduction in emission. This is also
shown in several field studies by other researchers (Sass
et al., 1992; Yagi et al., 1996; Husin et al., 1995; Kimura
et al., 1991; Kimura 1995). In the experiments of this
interregional network, the redox potentials of the soil
increased rapidly after the floodwater had receded
(Wassmann et al., a, this issue; Lu et al., this issue; Wang
et al., this issue). Oxygen input into the soil impeded
CH4 production and stimulated CH4 oxidation.

In our experiment in Los Baños, the fields were
re-flooded after a 3-wk drainage period. However, the
impact of a drainage event was still detectable when
the soil was fully reduced again (Wassmann et al., 1995).
The decisive factor for this prolonged impact was most
likely the large pool of alternative electron acceptors
that became oxidized during the drainage event and
impeded CH4 production in the succeeding period. This
assumption was derived independently through ecosys-
tem modeling by van Bodegom et al. (this issue) and
Matthews et al. (this issue). Drainage at the end of the
growing season, however, released the fully developed
CH4 pool in the soil to the atmosphere with only a mi-
nor effect on the total amount of CH4 emitted
(Wassmann et al., 1995).

These strong interseasonal and interannual variations
underscore the importance of long-term observations
for assessing emission potentials of rice ecosystems.
Apart from the ecosystem comparison, these results also
indicated variations among irrigated sites with identi-
cal crop management. Irrigated rice had higher emis-
sion rates in Jakenan than in Los Baños (Figure 4a,b),
although water regime and fertilizer were similar.
Cultivar effects could be excluded because the cultivars
IR64 (Jakenan) and IR72 (Los Baños) showed similar
emission potentials when grown simultaneously at ei-
ther site (Setyanto et al., this issue; Wassmann et al., a,
this issue). Emissions from rainfed rice were also higher
in Jakenan than in Los Baños.

Both stations had a similar temperature regime,
so that differences may be related to soil properties.
Apparently, CH4 emission was not impeded by low or-
ganic carbon content in the soil in Jakenan as compared
with the relatively high organic content of the soil in
Los Baños. The soil type found in Los Baños had a
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The unique properties of deepwater rice require
a more distinguished consideration for a comparison
of emission potentials. Deepwater rice can only be
grown using specific cultivars so that impacts of water
regime and cultivars could not be singled out in a com-
parison with other rice ecosystems. Differences in crop
calendars and season lengths also impeded direct com-
parisons of seasonal emissions; irrigated rice can be
grown in dry and wet seasons whereas deepwater rice
is confined to wet seasons (Figure 4c). However, the
long-term average obtained for irrigated rice in
Prachinburi (Table 2) could be used as an orientation
on the magnitude of CH4 emitted from both ecosys-
tems. Thus, the seasonal emission rates were in a simi-
lar range—i.e., 81 kg CH4 ha-1 for deepwater and 99 kg
CH4 ha-1 for irrigated rice. In spite of high plant biomass,
yields in deepwater rice reached only up to 3.2 t ha-1

(Chareonsilp et al., this issue). These low values of grain
yield  translated  into high emission/yield indices (Ta-
ble 3).

Considering the global distribution of rice eco-
systems (Figure 5), irrigated rice has by far the highest
CH4 source strength of all rice ecologies. Based on the
results of this study, irrigated rice accounts for 97% of
the CH4 emission from rice fields in East Asia and for
60% of the CH4 emitted from South and Southeast Asian
rice fields, respectively (Figure 5). Rainfed and
deepwater rice are negligible for East Asia and they

contribute 24% and 16%, respectively, to the CH4 source
strength of South and Southeast Asian rice (Figure 5).

These regional estimates imply considerable un-
certainties. In many regions, irrigated rice typically
undergoes distinct drainage periods during the crop-
ping season. If these periods are limited to the late stage
of the season, the impact on cumulative CH4 fluxes is
minor (Wassmann et al., 1995). On the other hand, emis-
sions were substantially reduced by drainage in the
middle of the season, as typically practiced in vast parts
of China. Due to the small proportions of other rice
ecosystems in East Asia, this practice will only mar-
ginally affect the relative dominance of irrigated rice.
For South and Southeast Asia, site-specific modalities
in the water management of irrigated rice could locally
reduce the absolute source strength but will not alter
the overall assessments. Irrigated rice contributes about
70-80% of the CH4 emitted from rice in Asia. Since
Asia comprises about  90% of the world’s rice area, the
contribution in the global scale will be almost identi-
cal.

The findings of this study are roughly in line with
the emission factors postulated by IPCC (1997), i.e.,
irrigated = 1, drought-prone rainfed = 0.4, flood- prone
rainfed = 0.8, and deepwater = 0.8. However, these re-
sults are contrasted by previous findings from India
where Parashar et al. (1994) identified rainfed rice as
the largest CH4 source and reported only minor emis-

Figure 5. Area and relative emission potential per season of different rice ecosystems in East, South, and Southeast Asia
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sions from irrigated rice. In large parts of northern In-
dia, irrigated rice is grown on sandy-loamy soils with
high percolation rates requiring frequent replenishment
of the floodwater (Jain et al., this issue). These condi-
tions result in a constant inflow of oxygen into the
soil and thus, low emission rates in rice fields typical
of this area (Jain et al., this issue). In other parts of
India, however, irrigation patterns correspond more
to the type described here in this study (Adhya et al.,
1994), so that results obtained in the north may not be
generalized for the entire country. Furthermore,
Parashar et al. (1994) defined irrigated and rainfed rice
in a way different from that used in  common rice sta-
tistics (Neue & Boonjawat, 1998). This may also ex-
plain the big gaps between their findings and those of
other studies that consistently yielded high emissions
in irrigated rice (Sass et al., 1992; Husin et al., 1995;
Yagi et al., 1996).

Conclusions

Agricultural production is constantly changing in re-
sponse to socioeconomic pressure and technological
progress. New irrigation facilities were introduced into
large areas during the initial stage of the green revolu-
tion (Pingali et al., 1998). However, the trend of irri-
gated rice area since 1961 (IRRI 1995) showed sig-

nificant differences among Asian countries (Figure 6).
For example, irrigated rice area has stagnated in the Re-
public of Korea but has more than doubled over the last
decade in Bangladesh. On the other hand, the quality of
irrigation schemes has degraded substantially in recent
years (Pingali et al., 1998) that may have translated into
reduced emissions from a portion of the irrigated rice
land. In future, this degradation process will probably
be reversed due to increasing rice demand, so that the
dominance of irrigated rice as a source of CH4 should
not be affected.

However, high emissions from irrigated rice should
not be seen as an argument against irrigation develop-
ment. Given the ever increasing food demand, advanced
irrigation is one of the key elements for the agricultural
sector in developing countries. Irrigated rice is not only
the largest source of CH4 but also the most promising
target for mitigating CH4 emissions from rice. Irrigation
patterns could be altered to reconcile high productivity
and low emissions as shown for midseason drainage in
central China (Lu et al., this issue). Integrated approaches
that combine crop models and process models describ-
ing carbon dynamics in the soil (Matthews et al., this
issue) may yield site-specific “win-win” options for
achieving these targets.
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Abstract

Methane (CH4) emissions from rice fields were determined using automated measurement systems in China,
India, Indonesia, Thailand, and the Philippines. Mitigation options were assessed separately for different baseline
practices of irrigated rice, rainfed, and deepwater rice. Irrigated rice is the largest source of CH4 and also offers the
most options to modify crop management for reducing these emissions. Optimizing irrigation patterns by addi-
tional drainage periods in the field or an early timing of midseason drainage accounted for 7-80% of CH4 emis-
sions of the respective baseline practice. In baseline practices with high organic amendments, use of compost (58-
63%), biogas residues (10-16%), and direct wet seeding (16-22%) should be considered mitigation options. In
baseline practices using prilled urea as sole N source, use of ammonium sulfate could reduce CH4 emission by 10-
67%. In all rice ecosystems, CH4 emissions can be reduced by fallow incorporation (11%) and mulching (11%) of
rice straw as well as addition of phosphogypsum (9-73%). However, in rainfed and deepwater rice, mitigation
options are very limited in both  number and potential gains.  The assessment of these crop management options
includes their total factor productivity and possible adverse effects. Due to higher nitrous oxide (N2O) emissions,
changes in water regime are only recommended for rice systems with high baseline emissions of CH4.  Key
objectives of future research are identifying and characterizing high-emitting rice systems, developing site-spe-
cific technology packages, ascertaining synergies with productivity, and accounting for N2O emissions.

Introduction

There is an increasing pressure on the rice-growing re-
sources, especially in Asia where more than 90% of
rice is grown and consumed (Blake, 1992; Becker,
1993). Rice cultivation over thousands of years has
sustained Asian population, which is currently grow-
ing at 1.8% a year. Wetland rice fields, however, re-
lease the greenhouse gas methane (CH4) and thus, af-
fect the radiative budget of the earth (Minami & Neue,
1994; Neue & Sass, 1999). Given the expected dou-
bling in rice production in Asia, conducting research
that will help developing countries grow more rice on
limited land, in ways that do not harm the environment
and that benefit both farmers and consumers, will be

critical. There is a need to evaluate the interaction be-
tween climate change and rice production to provide a
sound basis for future decisions and technology devel-
opments by policymakers, agriculturists, environmen-
talists, rice producers, and rice consumers alike.

Global climate change has been recognized as a
major threat for future development in the United Na-
tions Framework Convention on Climate Change
(UNFCC) in 1992. The ultimate goal of the convention
is the stabilization of greenhouse gas concentration in
the atmosphere at a level that would prevent anthropo-
genic interference with the climate system.  Before tar-
get stabilization can be specified, a national greenhouse
gas inventory is necessary for each country to formu-
late mitigation policies for international agreements. On
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the other hand, large portions of Asia’s rice fields are
located on lowlands that were natural wetlands before
agricultural use. These areas have already been a source
of CH4 in their pristine state. The introduction of rice
substantially enhanced the turnover of organic mate-
rial and, in the next step, CH4 emissions.

The Interregional Research Program on Methane
Emissions from Rice Fields has established a network
of measurement stations in China, India, Indonesia,
Thailand, and the Philippines. This work was initiated
by the International Rice Research Institute, Philippines,
in collaboration with national agricultural research in-
stitutes and the Fraunhofer Institute for Atmospheric
Environmental Research, Germany, to quantify emis-
sions from major rice-growing systems and to identify
possible strategies for mitigation.  Generic strategies
on mitigating CH4 emissions have been formulated re-
cently (Lindau et al., 1993; Wassmann et al., 1993; Neue
et al., 1995; Ranganathan et al., 1995; Shin et al., 1996;
Yagi et al., 1997, Minami, 1997), but information on
their feasibility and efficiency in different rice-grow-
ing environments is still lacking. The immense vari-
ability in environmental and management factors in the
144 million ha of annually harvested rice fields (IRRI,
1993) demands site-specific assessments on mitigating
emissions.

Flux measurements at the eight sites of this net-
work showed a large variability in CH4 emissions ad-
dressed in this series of articles. The first volume of
this series (Wassmann et al., this issue, b) dealt with
site-to-site variation under a given crop management.
The second volume focused on differences among irri-
gated, rainfed, and deepwater rice (Wassmann et al.,
this issue, c). In this third volume, we evaluate crop
management impacts with emphasis on possible miti-
gation options. Moreover, we assessed the findings of
this network in the context of future research needs.

Materials and methods

Methane measurements were conducted with a stand-
ard automated closed chamber system  designed and
manufactured by the Fraunhofer Institute for Atmos-
pheric Environmental Research (Wassmann et al.,this
issue, b).  The design of the system is suitable for con-
tinuous CH4 flux measurements in the different rice
ecosystems over long time periods. Each station in the
network was supplied with 12 closed chambers, so that
four treatments could be investigated with three repli-
cates of each.

The database used in this study comprises only
seven stations:
• Beijing,China (Z.Wang et al., this issue)
• Hangzhou, China (Lu et al., this issue)
• Maligaya, Philippines (Corton et al., this issue)
• Cuttack, India ( Adhya et al., this issue)
• Jakenan, Indonesia (Setyanto et al., this issue)
• Los Baños, Philippines (Wassmann et al., this issue,

a; Abao et al., this issue)
• Prachinburi, Thailand (Chareonsilp et al., this issue)

These stations were located in principal rice-
growing areas in Asia and represented irrigated rice
(Beijing, Hangzhou, and Maligaya), rainfed rice
(Jakenan, Cuttack, and Los Baños) and deepwater rice
(Prachinburi). Another station of this network (New
Delhi) did not yield clues for mitigating emissions be-
cause baseline emissions were already very low (Jain
et al., this issue; see Figure 1 for comparison). The
rainfed and deepwater stations included irrigated rice
for comparative purposes. Measurements  were started
in 1993 and ended in 1998, covering up to 10 consecu-
tive seasons per station.

Results and discussion

Rice is grown in very diverse environments, applying
a wide range of crop management practices as can be
seen in GIS data in Knox et al. (this issue). Mitigation
strategies can only be defined for specific target sys-
tems. According to ecosystem and crop management,
five different baseline practices were distinguished as
follows:
Irrigated I1 (continuous flooding, organic

amendments)
I2 (midseason drainage, organic
amendments)
I3 (continuous flooding, no organic
amendments)

Rainfed: R
Deepwater: D

Irrigated rice accounts for 51% of the harvest rice
area in Asia. For this ecosystem, water regime and or-
ganic amendments are the major determinants for the
magnitude of CH4 emissions (Wassmann et al., this is-
sue, c). Continuous flooding and fresh organic manure
resulted in highest emissions, whereas emissions were
reduced in some cases by several orders of magnitude—
through temporary soil aeration and omission of organic
manure. Other management components such as type
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of inorganic fertilizer, rice cultivar, etc. had a modulat-
ing effect on emissions (i.e., they affected emissions
within a range that was set by water management and
organic amendment) (Wassmann et al., this issue, c).
Rainfed (27% of the harvest rice area) and deepwater
rice (10% of the harvest rice area) offer very limited
management options and are not further split into dif-
ferent baseline practices.

The experiments of the network encompassed
simultaneous records of different crop management
options. From this database, we have extracted pairs of
two management options, i.e., one representing a base-
line practice (I1, I2, I3, R, or D) and the other a distinct
modification of this management practice termed as
“mitigation practice.” Figure 1 shows seasonal emis-
sions recorded for the respective baseline practice. All

CH4 emission (kg ha-1)
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4
 emissions of experiments with baseline practices (see text for explanation of baseline practice). Year and season of

the experiment are given in labels. First letter of Hangzhou, Beijing, Maligaya, Jakenan, Los Baños, New Delhi, Cuttack, and Prachinburi
indicate experimental station
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baseline practices showed pronounced variations in
emission rates across sites and seasons.

The impact of the diverse mitigation practices on
CH4 emissions and rice yields are given in Tables 1 to 4
for each baseline practice separately. Results are spe-
cifically given for seasons because emissions showed
pronounced interseasonal variations. This can be illus-
trated by the results from Maligaya where CH4 emis-
sions were generally high in the wet and low in the dry
season (Figure 2). This interseasonal shift appears to
be an influence of solar radiation and temperature dif-
ference during the early crop growth (Corton et al., this
issue). Furthermore, these seasons also showed differ-
ences in the impact of mitigation practices. For exam-
ple, ammonium sulfate was an efficient tool for miti-
gating emissions in the wet season, whereas its impact
was insignificant in the dry season (Figure 2).

Baseline practice I1 (continuous flooding, organic
amendments)

The results listed in Table 1 underscore the potential of
water regime to reduce CH4 emissions from irrigated
rice. Midseason drainage consistently lowered emis-
sions as compared with a baseline practice of continu-
ous flooding, but the reducing effect varied with both
station and season. The reduction in emissions was sta-
tistically significant in seven out of the eight experi-
ments; only the 1997 WS experiment at Maligaya
showed an insignificant effect (Table 1). The reduction
effect was highest when midseason drainage was sup-
plemented by replacing organic manure with urea
(Beijing, 1995 SS).

The practice of alternate flooding and drying of
the field reduced emissions by about  60% as compared

Table 1. Mitigation practices for baseline practice I
1
 (continuous flooding, organic amendments): seasonal emission refers to mitigation prac-

tice; reduction effect refers to emission from mitigation practice as compared with emission from baseline practice; seasons are specified as dry
(DS), wet (WS), early (ES), late (LS), and single season (SS)

Seasonal Reduction effect Yield
Mitigation practice emission Net Relative       Experiment impacta Remark

(kg ha-1) reduction reduction§ (%)
(kg ha-1) (%) Station Season

Midseason drainage 385 118 23** Beijing 1995 SS   14*
312 245 44 ns Hangzhou 1995 SS   –1 ns
51 38 43** Maligaya 1997 DS   –2 ns

323 25   7 ns Maligaya 1997 WS     2 ns
Alternate flooding/drainage 216 341 61** Hangzhou 1995 SS     0 ns

207 296 59** Beijing 1995 SS   12*
Rice straw compost 178 242 58** Maligaya 1996 DS     4 ns Baseline practice: fresh rice straw

353 599 63** Maligaya 1996 WS     2 ns
Phosphogypsum (3 t ha-1) 308 112 27** Maligaya 1996 DS     1 ns

599 353 37** Maligaya 1996 WS     1 ns
Direct wet seeding 272 76 22** Maligaya 1997 WS –28* Baseline practice: transplanting

75 14 16** Maligaya 1997 DS –15*
Direct wet seeding and
   midseason drainage 48 41 46** Maligaya 1997 DS –19* Baseline practice: transplanting

150 198 57** Maligaya 1997 WS –36*
Midseason drainage and
   no organic matter 26 477 95** Beijing 1995 SS   –4 ns

239 318 57** Hangzhou 1995 SS   –3 ns

ans = insignificant, * = significant at p > 0.1, ** = highly significant.
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Table 2. Mitigation practices for baseline practice I
2
 (midseason drainage; organic amendments); see Table 1 for explanations

Seasonal Reduction effect Experiment Yield
Mitigation practice emission Net Relative impact

(kg ha-1) reduction reduction Station Season (%)
(kg ha-1) (%)

Alternate flooding/drainage 207 178 46** Beijing 1995 SS -1.6
217 95 30** Hangzhou 1995 SS 2.8
177 48 21** Hangzhou 1998 ES 0.5
215 64 23** Hangzhou 1998 LS 4.2

Early single drainage 15 13 46** Beijing 1998 SS -1.7
Early dual drainage 21 7 25 ns Beijing 1998 SS 0.3
Late dual drainage 26 2 7 ns Beijing 1998 SS 1.2
Biogas manure 53 6 10** Hangzhou 1997 ES 3.0

151 28 16** Hangzhou 1997 LS -0.6
Rice straw winter application 200 25 11** Hangzhou 1998 ES -0.5
Mulching rice straw 248 31 11** Hangzhou 1998 LS 0.0

with continuous flooding (Table 1). Alternate flooding/
drying as well as midseason drainage had either no sig-
nificant impact on yields or even increased rice pro-
duction as compared with continuous flooding. How-
ever, temporary soil aeration could enhance emission
of nitrous oxide (N2O)  (Bronson et al., 1997a,b; Abao
et al., this issue), another potent greenhouse gas. When
baseline levels of CH4 emissions are high (as for I1),
midseason drainage can still be regarded as an efficient
mitigation option in spite of concomitant increments in
N2O emissions (see discussion below).

The impact mechanisms of temporary soil aera-
tion on CH4 emissions have been discussed thoroughly
in volume 2 of this series (Wassmann et al., this issue,
c) as well as in various station reports (Wassmann et
al., this issue, a; Lu et al, this issue; Wang et al., this
issue).  One rice crop requires about 1,240 mm water
(Yoshida, 1981). To meet this water demand, wetland
rice has evolved over the centuries as a well-adapted
cultivation technique sustaining high yields. As opposed
to upland systems, wetland cultivation also provides
numerous advantages in terms of soil chemistry and
erosion control. Large portions of Asia’s rice land are
on native wetlands that do not allow cultivating any
crop other than rice (at least in the wet season).

The CH4-reducing effect of midseason drainage
could substantially be enhanced in conjunction with
direct wet seeding (Table 1). The practice of direct wet
seeding alone accounted for a reduction effect of 16-
22% in the seasonal emissions as compared with the
baseline practice of transplanting. In Maligaya, the dif-
ference between direct-seeded and transplanted rice oc-
curs relatively early in the season (Figure 3). Direct-

seeded rice develops high root biomass during early
stages and reaches maximum root biomass soon after
panicle initiation (De Datta & Nantasomsaran, 1991).
Roots of transplanted rice develop slower but can pen-
etrate into the deeper layer of the puddled soil as com-
pared with the relatively compact soil under direct wet
seeding. However, the precise mechanism involved in
reducing CH4 emissions through direct wet seeding still
has to be clarified. Direct wet seeding is getting increas-
ingly popular in major rice-growing regions. Substan-
tial savings in labor requirements make this type of crop
establishment economically viable, although yields are
lower.

Application of rice straw compost significantly
reduced CH4 emissions as opposed to fresh rice straw
(Table 1). The straw in the experiment in Maligaya was
processed in an aerobic composter (Corton et al., this
issue) so that CH4 emissions during the composting
process can be neglected. Addition of phosphogypsum
also reduced CH4 emissions. Phosphogypsum is a waste
byproduct from processing of phosphate rock fertilizer
and consists mainly of calcium sulfate dihydrate. The
reduction effect of compost can be explained by a de-
pletion of methanogenic substrate,  whereas phospho-
gypsum triggers inhibition of methanogenesis through
sulfate-reducing bacteria (Corton et al., this issue).

Baseline practice I2 (midseason drainage, organic
amendments)

In many rice-growing regions, the local practice of ir-
rigation encompasses a drainage period in the early or
midseason. While this drainage period itself exerts a



28

Table 3. Mitigation practices for baseline practice I
3
 (continuous flooding, no organic amendments); see Table 1 for explanations

Mitigation practice Seasonal Reduction effecta Experiment Yield Remark
emission Net Relative impact
(kg ha-1) reduction reduction Station Season (%)

(kg ha-1) (%)

Preharvest drainage 251 (26) (12*) Los Baños 1994 DS -6 ns
10 0 0 ns Los Baños 1996 DS -13 ns
28 12 30** Los Baños 1996 WS 23 ns

Dual drainage at midtillering
    and preharvest 45 180 80** Los Baños 1994 DS -4 ns

11 16 59** Los Baños 1994 WS -11 ns
8 2 20** Los Baños 1996 DS -9 ns

34 6 15** Los Baños 1996 WS -1 ns
Alternate flooding/drying 14 4 22 ns New Delhi 1997 WS -9 ns
Direct wet seeding 25 (10) (67) Thailand 1998 DS 20

25 (10) (67) Thailand 1998 DS 20
256 (27) (12**) Jakenan 1993 WS 59*

Ammonium sulfate 230 36 14** Maligaya 1994 WS -2 ns Pure ammonium
184 20 10** Maligaya 1995 DS -2 ns sulfate in Maligaya;

327 191 37** Maligaya 1995 WS 13 ns Ammonium sulfate

9 18 67** Los Baños 1997 DS -15 ns Blended with urea

7 6 46** Los Banos 1997 WS 16 ns
Tablet urea 104 66 39** Jakenan 1996 WS 1 ns

163 18 10 ns Jakenan 1997 DS 8 ns
Phosphogypsum 145 83 36** Maligaya 1995 DS -2 ns

225 41 15** Maligaya 1994 WS -6 ns
241 25 9** Maligaya 1994 WS 1 ns
143 388 73** Maligaya 1995 WS 13 ns

Rice stubbles and roots removed 14 26 65** Los Baños 1996 WS 19 ns
High-yielding variety (IR64) 115 26 18 Jakenan 1994 DS 10 ns Baseline practice: IR72

New plant type 7 1 13** Los Baños 1995 DS -28 ns Baseline practice: IR72

6 2 25** Los Baños 1995 WS -50*
Traditional variety 5 3 38* Los Baños 1995 DS -25 ns Baseline practice: IR72

Hybrid rice 6 2 25* Los Baños 1995 WS 0 ns Baseline practice: IR72

4 4 50 ns Los Baños 1995 WS 69*
1 0 (12 ns) Los Baños 1998 DS -2 ns
1 0 (3 ns) Los Baños 1998  DS 15*

Direct wet seeding and  midseason
    drainage 15.96 74 82 Maligaya 1998 DS -4 ns
Direct wet seeding and  alternate
    flooding/drying 6.84 83 92 Maligaya 1998 DS -11*

aFigures in brackets indicate a net increase in emission
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mitigation effect, CH4 emissions may further be reduced
by a number of modifications (Table 2). Alternate flood-
ing and drying in weekly intervals decrease emissions
by 21-46%. Shifting the drainage period to an early
stage or adding a second drainage period can also miti-
gate emissions by 7-46%.

Emissions from baseline practice I2 can also be
reduced through the management of organic amend-
ments. As compared with pig manure application, the
use of cattle manure and biogas residues (both are
prefermented materials) reduced emissions by 77 and
10%, respectively. Rice straw can be applied during
the winter fallow or can be mulched on the soil sur-
face; both practices reduced CH4 emissions by 11% as
compared with incorporation of fresh straw into the soil
during harrowing.

Baseline practice I3 (continuous flooding, no organic
amendments)

All modifications of floodwater regime that were con-
sidered for baseline practice I1 may also be applied for
reducing emissions in this baseline practice. A late drain-

age period alone did not reduce emissions efficiently,
whereas a preceding drainage in the early stage had a
pronounced reduction effect of 15-80% (Table 3). Di-
rect wet seeding, however, yielded a net increase for
baseline practice I3 (without organic amendment) while
it had a reductive effect for baseline practice I1 (with
organic amendment). Direct-seeded rice has a higher
total root biomass (De Datta & Nantasomsaran, 1991)
and thus may introduce more organic material into the
soil. This additional substrate for methanogenic bacte-
ria is more significant in a soil environment with low
organic inputs as opposed to a soil with high organic
inputs. While this explanation may provide an initial
clue for the observed discrepancies, a fully satisfactory
hypothesis on the impact of direct wet seeding on CH4

emissions is still not possible. The impact of direct wet
seeding in combination with midseason drainage and
alternate flooding/drying, respectively, may primarily
be attributed to  changes in water regime and, only to a
lesser extent, to effects on plant growth.

Emissions from baseline practice I3 could be re-
duced by 10-67% through application of ammonium
sulfate as opposed to urea (Table 3). Competition be-

Table 4. Mitigation practices for baseline practice R (rainfed rice) and baseline practice D (deepwater rice); see Table 1 for explanations

Seasonal Reduction effect Experiment Yield
Mitigation practice emission Net Relative impact Remark

(kg ha-1) reduction reduction Station Season (%)
(kg ha-1) (%)

Baseline practice R
Farmyard manure 56 22 28** Jakenan 1995 WS Baseline practice

92 (19) (26**) Jakenan 1996 DS Rice straw
Compost 65 67 51** Cuttack 1996 WS -15* Baseline practice:

    Sesbania
Azolla 68 64 48** Cuttack 1996 WS 4 ns Baseline practice:

    Sesbania
Nitrate inhibitor (Nimin) 77 (7) (10) Cuttack 1997 WS 24*
Nitrate inhibitor (DCN) 61 9 13 Cuttack 1997 WS 31*
Tablet urea 45 (8) (22**) Jakenan 1996 WS -2 ns Baseline practice: prilled

    urea
102 (14) (16**) Jakenan 1997 DS 13 ns

Baseline practice D
No mineral fertilizer 213 19 10** Prachinburi 1994 WS 11 ns Baseline practice:

    mineral fertilizer with
    burned ash

Mineral fertilizer 201 7 4 ns Prachinburi 1994 WS -3 ns
48 19 28** Prachinburi 1995 WS -7 ns

Compost straw 145 (85) (142**) Prachinburi 1997 WS -8
No mineral fertilizer and RS 53 14 21 ns Prachinburi 1995 WS -42 ns
Mineral fertilizer  and mulching RS 127 (58) (84**) Prachinburi 1996 WS -3 ns
Mineral fertilizer and RS 619 (550) (797**) Prachinburi 1996 WS 24 ns
No tillage with mulching RS 100 (40) (67**) Prachinburi 1997 WS -9
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Figure 3. Methane emissions in 1997 dry and wet seasons (Maligaya) under different crop establishment methods

Figure 2. Methane emissions in 1995 dry and wet seasons (Maligaya) using different mineral fertilizers

tween sulfate-reducing and methanogenic bacteria could
be singled out to explain this effect (Corton et al., this
issue). Likewise, the reductive effect of phosphogypsum
could be explained by the sulfate content of this mate-
rial (Corton et al., this issue). Application of tablet urea
(a method for minimizing N losses) reduced CH4 emis-
sions by 10-39%. The experiment with stubbles and
roots removed underscores the significance of  residue
management for CH4 emissions, but this cannot be trans-
lated into a feasible mitigation option in farmers’ field.
Cultivar selection may become a mitigation option in
the future, but the available database is still inconclu-

sive to draw definite recommendations on suitable va-
rieties.

Baseline practices R (rainfed rice) and D (deepwater
rice)

Table 4 shows a limited number of CH4 mitigation op-
tions for rainfed and deepwater rice. While farmyard
manure and rice straw have a similar emission poten-
tial, compost and azolla are a preferable manure type
as opposed to sesbania. Based on the available data-
base, nitrification inhibitors and tablet urea did not rep-
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resent efficient tools for mitigating CH4 emissions in
rainfed rice.

Deepwater rice also offers very limited manage-
ment options to reduce CH4 emissions. Plant biomass
is substantially higher than in irrigated and rainfed rice,
so that straw management plays a crucial role in con-
trolling emissions. The common practice of straw burn-
ing reduced CH4 emissions during the ensuing grow-
ing season but contaminated the air with aerosols and
gases including CH4 during the burning process. Mulch-
ing of rice straw entails more emissions than ash appli-
cation but less emissions than direct incorporation of
fresh straw. This technique may still be recommended
as a preferable straw management practice in deepwater
rice.

Interaction with productivity of rice systems

Productivity of rice systems can be expressed as total
factor productivity (grain output divided by all inputs
taken together) (Dawe & Dobermann, 1999). While
most of the suggested mitigation options did not affect
yields significantly (Table 1-4), their profitability is
primarily determined by fertilizer and labor inputs.
Economically sound doses of fertilizers may also be
beneficial for the greenhouse gas budget because (i)
excessive supply of N entails N2O emissions (Smith et
al., 1997; Freney, 1997) and (ii) deficiencies of nutri-
ents such as phosphorus increases root exudation and
subsequently CH4 emissions (Lu et al., 1999).

Replacing urea with ammonium sulfate, however,
may be limited by economic disadvantages. Ammonium
sulfate is more expensive than urea based on N con-
tent—i.e., the costs are about twice as high in the Phil-
ippines (FADINAP, 1999). On the other hand, ammo-
nium sulfate has gained some acceptance as fertilizer
(its consumption in Indonesia corresponds to 13% of
urea consumption) (FADINAP, 1999) due to easy han-
dling, storage, and application qualities. In rice produc-
tion, ammonium sulfate is used mostly in the seedbed.
Phosphogypsum is a byproduct of phosphate fertilizer
manufacture; distinct opportunities for this soil addi-
tive for reducing CH4 emission can be seen in sulfur-
deficient soils.

The mitigation options addressing straw manage-
ment and crop establishment entail changes in labor
inputs. Farmers generally prefer removal of straw from
the rice land because it can exacerbate soil tillage if
present in large quantities. Composting of rice straw,
on the other hand, represents additional work and lim-
its farmer acceptance. However, the use of organic

amendments particularly rice straw is being promoted
by most national extension services. Composting the
rice straw may offer a number of benefits for soil fertil-
ity and tillage as opposed to fresh rice straw incorpora-
tion.

Biogas production could represent a low-cost
source of energy for farmers, especially those with ani-
mals. In combination with rice production, biogas tech-
nology can achieve a twofold reduction of greenhouse
gases (Wassmann et al., 1993):  (1) prevention of CO2

emissions by using renewable energy source and (2)
reduction of CH4 emissions from rice fields by replac-
ing fresh manure with prefermented material. Biogas
generation was successfully promoted in particular re-
gions of China (e.g., Sichuan Province comprises about
7 million generators). Technical problems in operating
small-scale biogas generators, however, have impeded
their functionality and effectively stalled a further dis-
semination of these devices in rural areas (Wassmann
et al., 1993). The beneficial greenhouse budget may
become decisive arguments in favor of biogas genera-
tion in the future.

Direct wet seeding is an economically viable tech-
nique as opposed to the labor-intensive transplanting
of rice plants although yields are lower. However, di-
rect wet seeding is only recommended in systems with
high organic inputs, which may also increase labor cost
as compared with mineral fertilizer application.

The supply of water may incur costs for some
rice farmers, e.g., through pumping. Moreover, water
will become a scarce commodity in the future. Water-
saving techniques can offer distinct trade-offs for miti-
gating CH4 emissions as shown in this study for
midseason drainage and alternate flooding/drying.
While intermittent irrigation can substantially increase
water use efficiency (Didiek, 1998), good timing of
drainage and irrigation is essential to prevent soil
compaction and subsequent water losses in reflooding
the field (Tuong et al., 1996).

Midseason drainage is commonly practiced in
Chinese rice fields as part of a high-yielding crop man-
agement, whereas Southeast Asian rice fields are gen-
erally not drained during the growing season. In the
wet season, high precipitation constrains the effective-
ness of field drainage. In the dry season, farmers are
reluctant to remove water from the fields because of
uncertain water supply for the remaining growing pe-
riod. However, improved irrigation schemes could help
in developing irrigation patterns that improve produc-
tivity and reduce CH4 emissions.
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Overall assessment of mitigation practices

The preferable mitigation options are listed in Table 5
for irrigated rice. While irrigated rice can be altered in
virtually all aspects of crop management, mitigation
options in rainfed and deepwater rice are very lim-
ited. However, Table 5 does not include (a) the use of
chemical fertilizers, (b) straw burning, and (c) selec-
tion of rice cultivars as mitigation option for these rea-
sons:

1. The possible mitigation effect of chemical
fertilizers may be offset by CO2 emissions
through industrial N2 fixation. One mole of
ammonia fixed through the Haber-Bosch
process produces 1.436 moles of CO2

(Schlesinger, 1999). Application of 120 kg
N ha-1—as in the chemical fertilizer treat-
ments of our experiments—translates into
off-site emissions of 541.5 kg of CO2. Using
a conversion factor of 21 for the global warm-
ing potential of CH4 in comparison with CO2,

(IPCC 1995), this off-site emission of CO2 cor-
responds to the radiative forcing of 25.8 kg CH4

ha-1.
2. Emissions of CH4 resulting from rice straw

burning are in the range of 0.43-0.90 % of the
carbon content, which is similar to the range
through straw application into the soil (Miura
& Kanna, 1997). Moreover, straw burning emits
significant quantities of other greenhouse gases
such as CO and N2O (Miura & Kanna, 1997)
and adversely affects local air quality.

3. The database on rice cultivars affecting CH4

emissions is still inconsistent. The two impor-
tant traits that determine the CH4 emission po-
tential of rice cultivars are (a) root exudation
and (b) gas transfer through the aerenchyma
(Butterbach-Bahl et al., 1997). However, the
CH4 emission potential of a given cultivar ex-
hibits enormous variation when grown under
different greenhouse and field conditions
(Wassmann & Aulakh, 1999). These variations

Table 5. Mitigation matrix for different baseline practices of irrigated rice; reduction effect for each mitigation practice is given in parentheses;
arrows indicate that mitigation practice can be adopted to other baseline practices although experimental results are not available

Modified crop Baseline practice I
1

Baseline practice I
2

Baseline practice I
3

management (continuous flooding/ (midseason drainage, (continuous flooding,
organic amendment) organic amendment) no organic amendment)

Water Midseason drainage (7-44%) Midseason drainage (15-80%)
regime

Alternate flooding/ Alternate flooding/ Alternate flooding/
drying (59-61%) drying (21-46%) drying (22%)

Early/ dual drainage (7-46 %)

Organic amendments Compost
(58-63%)

Biogas residues
(10-16 %)

Mineral amendments Phosphogypsum Phosphogypsum (9-73%)
(27-37%) Ammonium sulfate (10-67%)

Tablet urea  (10-39%)
Straw management Fallow incorporation

(11%)
Mulching
(11%)

Crop establishment Direct wet seeding
(16-22%)



33

complicate  determination of cultivar-specific
emission  potentials (Aulakh et al., 1999).
Therefore, at this point, it is difficult to rec-
ommend preferable rice cultivars for mitigat-
ing CH4 emissions. Nevertheless, selection of
cultivars may become an important option in
the future when information on the interac-
tion of genotype and environment in determin-
ing the respective traits become available.

Modifications of irrigation patterns are only rec-
ommended when substantial amounts of organic mate-
rial is used (Table 5). Modifications of the water re-
gime are likely to affect emissions of other greenhouse
gases from rice production, namely N2O (Bronson et
al., 1997a,b; Abao et al., this issue). This greenhouse
gas contributing about 6% of the anthropogenic green-
house effect (IPCC, 1996) is generated through nitrifi-
cation and denitrification occurring in soils (Rennenberg
et al., 1996). When rice fields are continuously flooded
during the growing season, N2O emissions are prima-
rily limited to the fallow period at which fields  experi-
enced alternative dryness and wetness from rainfall
(Abao et al., this issue). Water regimes that encompass
drainage periods stimulate nitrification (through soil
drying) and denitrification (through soil wetting). There-
fore, all strategies to reduce CH4 emissions by
midseason or frequent drainage may enhance N2O emis-
sions. Based on a global warming potential of 310 for
N2O as opposed to 21 for CH4 (IPCC, 1995), the ob-
served net reductions of 118 kg CH4 ha-1 (Beijing) and
245 kg CH4 ha-1 (Hangzhou) with midseason drainage
would theoretically be compensated for by concomi-
tant increments in N2O emissions of 8 and 16.5 kg N2O
ha-1, respectively. However, total N2O emissions under
comparable flooding regimes as in these experiments
were 1.6 kg N2O ha-1 in northeast China (Chen et al.,
1997) and 2.4-6.2 kg N2O ha-1 in central China (Cai et
al., 1997); the average for the entire country  under dif-
ferent crop management practices is given at 2.4  kg
N2O ha-1 (Xing & Xu, 1997). Thus, modification of
water regime appears as a promising option to achieve
net gains in greenhouse gas emissions when the base-
line of CH4 emissions is very high. In low CH4-emit-
ting rice systems, however, the net effect of modifying
water regimes may in fact become negative in terms of
radiative forcing of the gases emitted (Bronson et al.,
1997b).

The overall aim cannot be to reduce CH4 emis-
sions to a zero level. A large portion of Asian rice fields
are located on lowlands that would be flooded natu-

rally (at least for some time over the year). Natural
wetlands are a source of CH4, so the net effect of grow-
ing rice on this land is less than the actual emissions.
Furthermore, CH4 emission deriving from rice is only
a small driver of global warming that is mainly caused
by CO2 emitted through combustion of fossil fuels. Even
for CH4 alone, the contribution of rice fields to the glo-
bal CH4 budget ranges from 2% to 5% (Matthews et
al., this issue). On a national scale, however, rice is still
the prevailing CH4 source in most of Asia. In most coun-
tries of South, Southeast, and East Asia, emissions from
rice fields are too high to be ignored as a possible av-
enue for reduction.

Recommendations

While this study has identified possible candidates for
mitigating emissions, the successful implementation of
different crop management practices for reducing emis-
sions will depend on the outcome of future research.
The following objectives must be targeted:
• Identifying high CH4-emitting rice systems
• Characterizing site-specific settings for mitiga-

tion
• Developing packages of mitigation technologies

on regional bases
• Ascertaining synergies with improving produc-

tivity
• Accounting for N2O emissions

Identifying high CH4 -emitting rice systems

Given the spatial variability in emission rates, the most
promising approach for effective mitigation is target-
ing those rice systems with high CH4 emission
potentials. Identification of high CH4-emitting rice sys-
tems requires geographic data on rice ecosystems, crop
management, soil, and climate. Ideally, these data
should be incorporated in a geographic information
system (GIS) that can be linked to a CH4 model. An
initial GIS database (Knox et al., this issue) and a CH4

model (Matthews et al., this issue) have been devel-
oped as part of this project. The accuracy of both com-
ponents, however,  may be improved in the future. In-
corporation of regional soil surveys in major rice- grow-
ing areas would substantially improve the accuracy of
upscaling as compared with the use of global soil maps.
Moreover, the current database covers only the five
collaborating countries of the project and therefore
should be extended to other rice-growing areas.
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Characterizing site-specific conditions for mitigation

Methane emissions from rice fields cannot be reduced
by using a ‘blanket’ strategy for the different rice-grow-
ing systems. The distinction of baseline scenarios (as
done in the present study) is an initial step to classify
rice systems for identifying adequate mitigation options.
However, more site-specific information is needed to
define the best strategy under certain natural and so-
cioeconomic settings. Again, GIS databases could be
deployed for such site characterizations.

Developing sound packages of mitigation technologies

Concepts for reducing CH4 emissions have to consider
intrinsic links between individual modifications—e.g.,
changes in straw treatment have to concur with appro-
priate soil tillage, timing of fertilizer application with
irrigation pattern, etc. Furthermore, it seems unlikely
that the optimum reduction effect can be accomplished
by one modification only. Packages of technologies
have to be based on a site-specific characterization as
listed above.

Ascertaining synergies with improving productivity

As for other innovations, the success of mitigation strat-
egies in farming practice will ultimately depend on their
economic performance. Possible trade-offs beween
mitigation strategies and productivity could be derived
from the following relationships:
• Methane and N2O emissions represent major

pathways for energy and nutrient losses, respec-
tively, for the rice system.

• A balanced nutrient supply prevents excessive
emissions related to phosphorus deficiencies and
oversupply of N.

• Modern rice plants are characterized by low root
exudation leading to relatively low CH4 emis-
sion rates.

• Temporary soil aeration reduces CH4 emission
while yields may increase and water demand may
decrease depending on plant and soil type, re-
spectively.

• The increment in CH4 emission rates triggered
by organic material can greatly be reduced by
biogas techniques and applying fermented
(composted) crop residues, which in turn im-
proves soil fertility.

Accounting for N2O emissions

It is imperative to ensure a positive net balance in green-
house gas emissions through recommended changes in
crop management. The effects on N2O have to be elu-
cidated further for incorporation in a decision support
system.

Conclusions

The largest share of historical and current greenhouse
gas emissions has come from developed countries, but
different countries have distinct capabilities for coping
with climate change in the widest possible cooperation
(Dixon et al., 1996). These principles were acknowl-
edged in the Framework Convention on Climate
Change. With the specifications of the Kyoto Protocol,
agriculture research may in the future increasingly be
concerned with greenhouse gas emissions and its pre-
vention (Smith, 1999). In countries with predominant
rice cultivation, rice research could play a crucial role
in accomplishing the national goals stipulated in this
convention.

The achieved outputs of the Interregional Pro-
gram on Methane Emission from Ricefields have
opened up the possibilities to immediately develop some
specific mitigation technologies for defined target ar-
eas. However, the implementation of mitigation strate-
gies has to be seen in the context of a socioeconomically
sound rice production. Increasing rice production is im-
perative for future generations. The challenge for rice
research is to develop technologies that increase rice
yields and—at the same time—reduce greenhouse gas
emissions.
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Abstract

Methane (CH4) emissions were measured with an automated system in Central Luzon, the major rice producing
area of the Philippines. Emission records covered nine consecutive seasons from 1994 to 1998 and showed a
distinct seasonal pattern: an early flush of CH4 before transplanting, an increasing trend in emission rates reaching
maximum toward grain ripening, and a second flush after water is withdrawn prior to harvesting. The local prac-
tice of crop management, which consists of continuous flooding and urea application, resulted in 79-184 mg CH4

m-2 d-1 in the dry season (DS) and 269-503 mg CH4 m-2 d-1 in the wet season (WS). The higher emissions in the WS
may be attributed to more labile carbon accumulation during the dry fallow period before the WS cropping as
shown by higher % organic C. Incorporation of sulfate into the soil reduced CH4 emission rates. The use of
ammonium sulfate as N fertilizer in place of urea resulted in a 25-36% reduction in CH4 emissions. Phosphogypsum
reduced CH4 emissions by 72% when applied in combination with urea fertilizer.  Midseason drainage reduced
CH4 emission by 43%, which can be explained by the influx of oxygen into the soil.  The practice of direct seeding
instead of transplanting resulted in a 16-54% reduction in CH4 emission, but the mechanisms for the reducing
effect are not clear. Addition of rice straw compost increased CH4 emission by only 23-30% as compared with the
162-250% increase in emissions with the use of fresh rice straw. Chicken manure combined with urea did not
increase CH4 emission. Fresh rice straw has wider C/N (25 to 45) while rice straw compost has C/N  = 6 to 10 and
chicken manure has C/N = 5 to 8. Modifications in inorganic and organic fertilizer management and water regime
did not adversely affect grain yield and are therefore potential mitigation options. Direct seeding has a lower yield
potential than transplanting but is getting increasingly popular among farmers due to labor savings. Combined
with a package of technologies, CH4 emission can best be reduced by (1) the practice of midseason drainage
instead of continuous flooding, (2) the use of sulfate-containing fertilizers such as ammonium sulfate and
phosphogypsum combined with urea; (3) direct seeding crop establishment; and (4) use of low C/N organic ferti-
lizer such as chicken manure and rice straw compost.
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Introduction

There is an urgent need to increase rice production in
the Philippines to feed a population that is growing to
70 million. Per capita consumption of rice in the Phil-
ippines is currently 103 kg. The development of reli-
able, efficient irrigation systems is the remaining best
option as rice areas continue to decrease. Rice produc-
tion in the coming years is expected to lean toward more
intensification in terms of increased cropping per year
and the use of high-input technologies. Expansion and
intensification of the irrigated rice area could increase
CH4 emission from rice fields.

Irrigated rice fields have high potential to pro-
duce CH4 because continuous flooding favors CH4 pro-
duction and emission. However, irrigated rice cultiva-
tion is one of the few anthropogenic sources where the
management of CH4 is possible. Thus, it becomes a criti-
cal focus of mitigation efforts. Mitigation technologies,
however, must be formulated parallel to the need to
increase and sustain high productivity. One major step
is to identify mitigation options by investigating the
influence of various factors on the processes of CH4

production and consumption. The field experiment pre-
sented here was part of an interregional network on CH4

emissions from rice fields (Wassmann et al., this is-
sue). The objectives of our research were (1) to meas-
ure CH4 fluxes in irrigated rice fields under different
cultivation practices in a major rice-growing area of
the Philippines; (2) to evaluate processes that control
CH4 formation; and (3) to identify mitigation options
to reduce CH4 emission from irrigated rice fields while
sustaining high yield.

Materials and methods

Field site

The experimental site at PhilRice Central Experiment
Station in Maligaya, Muñoz, Nueva Ecija, is located at
15° 40' 21" N latitude and 120° 53' 26" E longitude.
The province of Nueva Ecija is situated in the central
plain of Luzon, the top rice-producing region in the
Philippines with a total irrigated land area of 300,341
ha. The central plain is a terrace in a river valley with a
slope of <1% and elevation of 35 m above sea level.
Annual mean precipitation is 1780 mm with distinct 4-
5 mo dry season (DS) and 4-6 mo wet season (WS).
The project site is fully irrigated and cropped twice in a
year, one in the WS and another in the DS. The soil at

PhilRice Maligaya site is derived from alluvium parent
material and is poorly drained.  It is classified as fine,
montmorillonitic, isohyperthermic Ustic Epiaquerts
(Maligaya clay). Some of its physicochemical proper-
ties are listed in Table 1.

Duration of experiment

Field experiments measuring CH4 emission from irri-
gated Maligaya clay were conducted for nine consecu-
tive seasons (five dry + four wet) from 1994 to 1998.

Crop management practices

The DS cropping usually starts in the second week of
January and ends in late April or early May. The WS
cropping starts in late June to mid-July and ends in mid-
to late October. The crop was harvested leaving a 28-
38 cm stubble for the next crop, except in 1996 when
the crop was harvested close to the ground leaving only
the roots. The amount of stubble left in the field after
harvest is equivalent to 2.4-4.0 t ha-1 dry matter.  In all
experiments, the roots were incorporated to decay. The
crop residues were incorporated during land prepara-
tion, which is usually 15-30 d before planting. The field
was flooded 2-3 d before the start of land preparation.
In 1997, the differences in date of residue incorpora-
tion between T1/T3 and T2/T4 were due to the refer-
ence dates which was the date before transplanting for
T1/T3 and days before sowing for T2/T4. The use of
organic amendments, using either fresh rice straw, rice
straw compost, chicken manure, or commercial bio-or-

Table 1. Some characteristics of Maligaya soil at  PhilRice Central
Experiment Station at Muñoz, Nueva Ecija, Philippines

pH (H
2
O) 6.88

pH (CaCl
2
) 6.36

Organic carbon (%) 1.32
Total nitrogen (%) 0.09
Ammonium nitrogen (cmol kg-1) 0.72
CEC (cmol kg-1) 34.28
Active iron (µg g-1) 75.02
Olsen phosphorus (mg kg-1) 3.10
Exchangeable potassium (cmol kg-1) 0.10
Available zinc (mg kg-1) 1.48
Available sulfate (mg kg-1) 13.54

% clay 43.00
% silt 51.40
% sand 5.60
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ganic fertilizers commenced in 1996. After transplant-
ing, the field was kept moist without standing water for
7-10 d after which a 5-cm water level was kept in con-
tinuously flooded treatments. About 14 d before har-
vest, water was withdrawn from the plots so that the
soil was dry during harvest. In 1997 and 1998, water
regime treatments such as midseason drainage and in-
termittent irrigation treatments were imposed.
Midseason drainage was done by withdrawing water
for 7-10 d before the panicle initiation stage. The soil,
however, was not allowed to crack. In the intermittent
irrigation treatment, floodwater was left to dry out and
water was introduced again when the soil started to
crack. This was done continuously throughout the crop-
ping season.  Nitrogen was supplied as either urea or
ammonium sulfate at 90-180 kg N ha-1.  The rate was
120 kg N ha-1 in the reference treatment (T1) both in
the DS and WS of 1994-96 cropping. Rice variety IR72
was used from 1994 to 1996; IR64 in 1997; and PSBRc
28 in 1998. Fourteen-day-old seedlings were trans-
planted at 20- × 20-cm spacing giving a population of
25 hills m-2. Seeding rates in direct-seeded rice were
140 kg ha-1 in 1997 and 40 kg ha-1 in 1998, giving a
tiller density of 1,104-1,745 m-2.

Experiment layout and treatments

Treatments in each cropping season are shown in Table
2. Four treatments in each season were arranged in
twelve 5- × 11.6-m plots using randomized complete
block design with three replications. The treatments
imposed were designed to investigate CH4 emission as
influenced by 1) the amount of N application, 2) the
use of sulfate (SO4

-2)-containing fertilizers such as
phosphogypsum and ammonium sulfate, 3) the use of
fresh or rice straw compost, 4) crop establishment
method, 5) water management, and 6) combinations of
treatments 1-5. In 1994 DS, the fertilizer rates and va-
riety in T3 reflected the prevailing practice of farmers
in Nueva Ecija. This practice was modified in T4 by
balancing the amount of N, P, and K. T1 was the refer-
ence treatment across seasons and years, while T2 was
the amount of fertilizer targeting high rice yield in the
Maligaya site. The aim was to compare CH4 emission
under current fertilizer application practice for high
yield with those under farmers’ practice.

The effect of inorganic amendments on CH4

fluxes was tested in the 1994 and 1995 experiments.
The rate of N was varied from 120 to 180 kg ha-1, sup-
plied either as urea or as ammonium sulfate.

Phosphogypsum, a sulfur-containing byproduct of phos-
phate fertilizer manufacture, was tested at the rate of
0.5-1.0 t ha-1 in 1994 WS, at 6.0 t ha-1 in 1995 WS, and
at 3.0 t ha-1 in 1996 DS and WS. Finally, in 1998 DS,
the combination of cultural practices for high yield with
the least CH4 emission—use of low C/N organic ferti-
lizer, ammonium sulfate as N fertilizer, direct-seeding
crop establishment, midseason drainage, and intermit-
tent irrigation—were tested.

Measurements

Methane flux. CH4 fluxes were measured continuously
every 2 h from transplanting until 7 d after harvest.
Continuous measurement was facilitated by chamber
method — automatic sampling technique (IAEA 1993).
The system used was designed by the Fraunhofer Insti-
tute for Atmospheric Environmental Research (Ger-
many) and installed at PhilRice in September 1993.  The
measuring system was composed of gas-collecting
plexiglas boxes installed in 12 plots connected by stain-
less steel and copper tubing to a field laboratory
equipped with datalogger, gas chromatograph (GC), and
computer for a fully automated gas sampling and analy-
sis. Air samples trapped in plexiglas boxes were imme-
diately pumped and flushed through the stainless steel
tubing to the GC. One measurement cycle lasting 2 h
started with sampling of a CH4 gas standard followed
by a series of sampling of air trapped in the boxes and
ended with the CH4 standard. During the 2-h cycle, six
pairs of boxes closed successively; each pair of boxes
closed for 16 min and sampled four times alternately. A
datalogger program automatically controlled the clos-
ing and opening of the boxes and the timing of gas sam-
pling and analysis. Methane concentration data were
transmitted from the GC integrator to the computer af-
ter each measurement cycle.  Each treatment was meas-
ured from three boxes representing three replications.

 Analysis of CH4 concentration. The concentra-
tion of CH4 in the gas samples was analyzed in a GC
(Shimadzu GC-8A) equipped with flame ionization
detector and porous polymer beads Porapak N 80/100
mesh column. Analysis was performed at 60 °C col-
umn temperature and 100 °C detector temperature with
N2 as carrier gas.

Statistical analysis.  The statistical analysis of
mean CH4 emission was done using the STATISTICA
software.  For each experiment, the daily data per treat-
ment were evaluated as to type of distribution (i.e.,
normal or skewed).  If the distribution is normal, t-test
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Table 2. Summary treatments from 1994 dry season to 1998 dry season in PhilRice Central Experiment Station

Year/season Treatment T1 T2 T3 T4

1994/DS Cultivar IR72 IR72 IR64 IR64
Crop establishment Transplanted Transplanted Transplanted Transplanted
Water regime Flooded, 5 cm Flooded, 5 cm Flooded, 5 cm Flooded, 5 cm
NPK 120-30-30 180-60-30 171-25-25 117-34-31

1994/WS Cultivar IR72 IR72 IR72 IR72
Crop establishment Transplanted Transplanted Transplanted Transplanted
Water regime Flooded, 5 cm Flooded, 5 cm Flooded, 5 cm Flooded, 5 cm
NPK 120-30-30 120-30-30 120-30-30 120-30-30
N source Urea Ammosula Urea Urea
Phosphogypsum - - 0.5  t ha-1 1.0 t ha-1

1995/DS Cultivar IR72 IR72 IR72 IR72
Crop establisment Transplanted Transplanted Transplanted Transplanted
Water regime Flooded, 5 cm Flooded, 5 cm Flooded, 5 cm Flooded, 5 cm
NPK 120-40-40 120-40-40 180-40-40 180-40-40
N source Urea Ammosul Urea Ammosul

1995/WS Cultivar IR72 IR72 IR72 IR72
Crop establishment Transplanted Transplanted Transplanted Transplanted
Water regime Flooded, 5 cm Flooded, 5 cm Flooded, 5 cm Flooded, 5 cm
NPK 120-40-40 120-40-40 180-40-40 120-40-40
N source Urea Ammosul Urea Urea
Phosphogypsum - - - 6.0 t ha-1

1996/DS Cultivar IR72 IR72 IR72 IR72
Crop establishment Transplanted Transplanted Transplanted Transplanted
Water regime Flooded, 5 cm Flooded, 5 cm Flooded, 5 cm Flooded, 5 cm
NPK 120-40-40 90-40-40 90-40-40 90-40-40
Organic material - 4 t ha-1  FSRb 2.5 t ha-1 RSCc 4 t ha-1  FSR1

Phosphogypsum - - - 3.0 t ha-1

1996/WS Cultivar IR72 IR72 IR72 IR72
Crop establishment Transplanted Transplanted Transplanted Transplanted
Water regime Flooded, 5 cm Flooded, 5 cm Flooded, 5 cm Flooded, 5 cm
NPK 120-40-40 90-40-40 90-40-40 90-40-40
Organic material - 4 t ha-1 FSR 2.5 t ha-1 RSC 4 t ha-1 FSR
Phosphogypsum - - - 3.0 t ha-1

1997/DS Cultivar IR64 IR64 IR64 IR64
Crop establishment Transplanted Direct-seeded Transplanted Direct-seeded
Water regime Continuously Continuously Midseason Midseason

flooded, 5 cm flooded, 5 cm drained drained
NPK 150-60-60 150-60-60 150-60-60 150-60-60
Organic material 300 kg ha-1 300 kg ha-1 300 kg ha-1 300 kg ha-1

Commercial Commercial Commercial Commercial
bio-organic bio-organic bio-organic bio-organic
fertilizer fertilizer fertilizer fertilizer

1997/WS Cultivar IR64 IR64 IR64 IR64
Crop establishment Transplanted Direct-seeded Transplanted Direct-seeded
Water regime Continuously Continuously Midseason Midseason

flooded, 5 cm flooded, 5 cm drained drained
NPK 90-30-60 90-30-60 90-30-60 90-30-60
Organic 300 kg ha-1 300 kg ha-1 300 kg ha-1 300 kg ha-1

material Commercial Commercial Commercial Commercial
bio-organic bio-organic bio-organic bio-organic
fertilizer fertilizer fertilizer fertilizer
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was used (parametric analysis).  If the distribution is
not normal, sign test was used (nonparametric analy-
sis).  The T value for t-test and the Z value for sign test
were determined.  Then the significance was determined
from the value of probability (Table 4).

Results

The results of the 5-yr experiment were summarized
by season in Table 3. In 1994 DS, flux measurement
was discontinuous during the first 58 d owing to meas-
urement system problems.  Many data points during
this period were actually interpolated between two ac-
tual measurements (Figure 1). IR64 with 117 kg N ha-1

gave slightly higher CH4 fluxes for the period 38-83
DAT (Figure 1).  This resulted in a mean emission of
114 mg CH4 m-2 d-1 that was highest (z values = 3.2**,
7.5**, 8.2**) among the treatments.  The reference treat-
ment, IR72 with 120 kg N ha-1, gave a mean emission
of 90 mg CH4 m-2 d-1.  The mean emission was lower
than the reference treatment (64 mg CH4 m-2 d-1, z value
= 8.6**) in IR72 with 180-60-30 fertilizer and in IR64
with 171-25-25 fertilizer applied (74 mg CH4 m-2 d-1, z
value = 8.0**).  An increasing trend in mean CH4 emis-
sion was observed as rice growth progresses. The maxi-
mum was reached toward grain ripening. Two weeks
before harvest, when irrigation was withdrawn, a flush
of CH4 emission occurred which was reduced to a neg-
ligible amount after 5-7 d.  IR72 (T1) and (T2) treat-
ments gave higher yields of 8.36 t ha-1 and 9.26 t ha-1,
respectively, than IR64 (T3) and (T4) with yields of
6.79 t ha-1 and 7.36 t ha-1.  Accordingly, the amount of
CH4 produced per ton of grain yield was lower in IR72.
But the total aboveground biomass production did not
differ among treatments.

In the 1994 WS, a distinct seasonal pattern which
is an early flush of CH4 before transplanting, followed

by an increasing rate of emission reaching maximum
toward grain ripening, and a second flush CH4 after
water was withdrawn before harvest was established
(Figure 2).  T1 (urea, 120 N) gave slightly higher fluxes
starting at 30 DAT through 90 DAT, resulting in a mean
emission of 266 mg CH4 m-2 d-1. Ammonium sulfate
(T2) and (T3) urea + 0.5 t phosphogypsum (PG) ha-1

gave slightly lower mean emission of 232 mg CH4 m-2

d-1(z value = 6.6**) and 227 mg CH4 m-2 d-1(z value =
7.2**), respectively. The observed reduction in total
seasonal CH4 emission was about 14% in the ammo-
nium sulfate (230 kg CH4 ha-1) compared with the urea
treatment (266 kg CH4 ha-1). A 9-15% reduction of to-
tal seasonal emission was observed with application of
0.5 to 1.0 t PG ha-1. The mean emission and the amount
of CH4 emitted per ton yield were the same in treat-
ments with SO4

-2 (from ammonium sulfate as N ferti-
lizer and urea plus PG). The grain yield as well as total
aboveground biomass produced did not differ among
the treatments.

The results of the 1995 DS also showed the dis-
tinct seasonal pattern of CH4 emission.  Measurement
was discontinued after 80 DAT owing to a problem in
the system.  Thus, the second flush upon withdrawal of
water before harvest was not observed. All treatments
gave similar magnitude of CH4 flux during the first 15
DAT (Figure 3). Starting from 25 DAT until 70 DAT,
CH4 fluxes in urea treatments were higher than those in
ammonium sulfate treatments. Using ammonium sulfate
in place of urea reduced mean emission from 184 mg
CH4 m-2 d-1 to 166 mg CH4 m-2 d-1 (z value = 3.8**) at
lower  N  level  (120 kg N ha-1) and from 205 mg CH4

m-2 d-1 to 131 mg CH4 m-2 d-1 (z value = 6.7**)  at higher
N level (180 kg N ha-1). Increasing the amount of N
applied from 120 to 180 kg ha-1 using urea slightly in-
creased (z value = 3.4**) mean CH4 emission.  How-
ever, with ammonium sulfate, the higher N rate reduced

Table 2 continued

Year/season Treatment T1 T2 T3 T4

1998/DS Cultivar PSBRc 28 PSBRc 28 PSBRc 28 PSBRc 28
Crop establishment Transplanted Transplanted Direct-seeded Direct-seeded
Water regime Continuously Continuously Midseason Intermittent

flooded, 5 cm flooded, 5 cm drained irrigation
NPK 150-60-60 150-60-60 150-60-60 150-60-60
N source Urea Urea Ammosul Ammosul
Organic material - 1.5 t ha-1 2.5 t ha-1 2.5 t ha-1

Chicken manure Rice straw Rice straw
compost compost

aAmmonium sulfate. bFresh rice straw. cRice straw compost.
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Table 3. Methane emissions from 1994 dry season to 1998 dry season in the PhilRice Central Experiment Stationa

Year/season Measurement T1 T2 T3 T4

1994/DS Mean emission (mg  m-2 d-1) 90 64 74 114
Season length (d) 105 105 91 91
Seasonal flux (kg CH

4
 ha-1) 95 67 67 104

Biomass (t ha-1) 12.63a 13.32a 13.36a 12.79a
Grain yield  (t ha-1) 8.36ab 9.26a 6.79c 7.36bc
kg CH

4
 per ton yield 11.36 7.24 9.87 14.13

1994/WS Mean emission (mg  m-2 d-1) 269 232 227 243
Season length (d) 99 99 99 99
Seasonal flux (kg CH

4
 ha-1) 266 230 225 241

Biomass (t ha-1) 11.46a 12.54a 11.82a 11.50a
Grain yield  (t ha-1) 5.22a 5.10a 4.90a 5.27a
Kg CH

4
 per ton yield 50.96 45.10 45.92 45.73

1995/DS Mean emission (mg  m-2 d-1) 184 166 205 131
Season length (d) 111 111 111 111
Seasonal flux (kg CH

4
 ha-1) 204 184 228 145

Biomass (t ha-1) 13.79a 13.07a 14.44a 15.00a
Grain yield  (t ha-1) 6.54a 6.40a 6.45a 6.34a
Kg CH

4
 per ton yield 31.19 28.75 35.35 22.87

1995/WS Mean emission (mg  m-2 d-1) 503 317 516 139
Season length (d) 103 103 103 103
Seasonal flux (kg CH

4
 ha-1) 518 327 531 143

Biomass (t ha-1) 13.92a 13.90a 12.75a 14.33a
Grain yield  (t ha-1) 3.30a 3.72a 3.36a 3.78a
Kg CH

4
 per ton yield 156.97 87.90 158.04 37.83

1996/DS Mean emission 165 433 184 318
(mg  m-2 day-1)
Season length (d) 97 97 97 97
Seasonal flux (kg CH

4
 ha-1) 160 420 178 308

Biomass (t ha-1) 15.35a 13.29ab 12.18b 10.08bc
Grain yield  (t ha-1) 7.30a 7.13a 7.41a 7.20a
Kg CH

4
 per ton yield 21.92 58.91 24.02 42.78

1996/WS Mean emission (mg  m-2 d-1) 272 952 353 599
Season length (d) 100 100 100 100
Seasonal flux (kg CH

4
 ha-1) 272 952 353 599

Biomass (t ha-1) 14.60a 14.05a 13.37a 13.05a
Grain yield  (t ha-1) 5.17a 5.22a 5.35a 5.27a
Kg CH

4
 per ton yield 52.61 182.38 65.98 113.66

1997/DS Mean emission (mg  m-2 d-1) 91 73 52 46
Season length (d) 98 91 98 91
Seasonal flux (kg CH

4
 ha-1) 89 75 51 48

Biomass (t ha-1) 12.5a 11.2a 13.5a 10.2a
Grain yield  (t ha-1) 7.91b 6.71a 7.74b 6.42a
Kg CH

4
 per ton yield 11.25 11.18 6.59 7.48

1997/WS Mean emission (mg  m-2 d-1) 375 323 347 178
Season length (d) 93 84 93 84
Seasonal flux (kg CH

4
 ha-1) 348 272 323 150

Biomass (t ha-1) 12.4a 13.4a 14.1a 11.7a
Grain yield  (t ha-1) 5.36b 3.84a 5.45b 3.41a
Kg CH

4
 per ton yield 64.92 70.83 59.27 43.99
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Table 3 continued.

Year/season Measurement T1 T2 T3 T4

1998/DS Mean emission (mg  m-2 d-1) 79 80 14 6
Season length (d) 114 114 114 114
Seasonal flux (kg CH

4
 ha-1) 90 91 16 7

Biomass (t ha-1) 16.4b 14.7b 24.2a 23.2a
Grain yield  (t ha-1) 8.0ab 8.5a 7.7b 7.1c
Kg CH

4
 per ton yield 11.25 10.71 2.08 0.98

aIn a row, numbers followed by the same letter are not significantly different at the 5% level by DMRT.

mean emission by 21% (z value = 2.9**).  Grain yield
and total aboveground biomass produced did not differ
among treatments. The lowest amount of CH4 (22.87
kg CH4  t-1 grain yield) was observed with ammonium
sulfate applied at 180 kg N ha-1.  In the 1995 WS, urea
+ PG treatment gave consistently lower CH4 fluxes from
15 DAT until harvest as compared with the other treat-
ments (Figure 4). No measurement was done before
transplanting because of some problem in the system
that started during the DS cropping. The same seasonal
pattern of emission with a previous cropping was ob-
served. Ammonium sulfate treatment also gave fluxes
consistently lower than those in the urea treatments
throughout the growing season. Seasonal flux in urea
treatments at 180 kg N ha-1 (daily average of 516 mg
CH4 m-2) was the same as that at 120 kg N ha-1 treat-
ment  (daily average of 503 mg CH4 m-2).  The higher
amount of N applied from urea slightly increased CH4

emission during the 1995 DS but this was not signifi-
cant during the 1995 WS.  Ammonium sulfate treat-
ment gave a mean emission of 317 mg CH4 m-2 d-1 while
urea + PG treatment gave only 139 mg CH4 m-2 d-1. The
use of ammonium sulfate reduced seasonal CH4 flux
by 37% (z value = 8.5**), while the combination of
urea + PG reduced CH4 emission by 72% (z value =
10.0**). The lowest amount of CH4  (37.83 kg CH4 t-1

grain yield) was observed with PG addition to urea.
Grain yield and total aboveground biomass produced
did not differ among treatments.

In the 1996 DS, a similar distinct seasonal pat-
tern of CH4 emission was observed (Figure 5). Meth-
ane fluxes in the 4 t ha-1 fresh rice straw treatment were
consistently highest among the treatments throughout
the growing period. The magnitude of CH4 fluxes was
about twice as high as in the urea treatment starting at
22 DAT until 70 DAT. The CH4 fluxes from urea-treated
plots were parallel with those of fresh rice straw-treated
plots starting at 70 DAT. Mean emission increased from

165 to 433 mg CH4 m–2 d–1 (z value = 9.8**) with the
addition of 4 t ha-1 fresh rice straw. The addition of 3 t
ha–1  PG  in  rice straw-treated plots increased the mean
emission to only 318 mg CH4 m–2 d–1 (z value = 9.8**).
The addition of PG in T4 with 4 t ha–1 fresh rice straw
did not fully counteract the high CH4 fluxes (Table 3).
Methane fluxes in the rice straw compost  treatment
(T3) were similar to the urea treatment throughout the
season. Mean CH4 emission in compost-treated plots
(184 mg CH4 m–2 d–1) was only slightly higher than the
reference treatment (165 mg CH4 m-2 d-1, z value =
2.3**) where no organic amendment was added. The
amount of CH4 produced (22 kg CH4 t-1 grain yield)
was lowest in the urea treatment and followed by the
rice straw compost treatment (24 kg CH4 t-1 grain yield).
The total aboveground biomass was lower when 30 kg
inorganic N was replaced with organic N from fresh
rice straw and rice straw compost. The grain yield, how-
ever, did not differ among treatments. In the 1996 WS,
there were very high CH4 fluxes in the fresh rice straw
treatment from 15 d before transplanting until 25 DAT
(Figure 6). Within 40 d from the application of fresh
rice straw, CH4 flux was high in the fresh rice straw-
treated plots. Starting from 25 DAT until 100 DAT, the
CH4 fluxes in the fresh rice straw plots were parallel
with those of urea and rice straw compost plots. How-
ever, the application of 4 t ha-1 fresh rice straw consist-
ently gave the highest CH4 fluxes throughout the grow-
ing season. The addition of fresh rice straw increased
seasonal CH4 flux by 250% (from 272 to 952 kg CH4

ha–1), considerably higher than the 30% increase (from
272 to 353 kg CH4 ha–1) with addition of  2.5 t ha–1 rice
straw compost.  The addition of 3 t ha–1 PG to fresh rice
straw-treated plots decreased the seasonal CH4 flux to
almost one-half of the amount (from 952 to 599 kg CH4

ha–1)  where fresh rice straw alone was added. On the
other hand, CH4 fluxes in the rice straw compost treat-
ment were only slightly higher than those in the urea
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treatment during the period 15 d before transplanting
to 25 DAT.  Mean CH4 emission amounted to 272 mg
CH4 m-2 d-1 in the urea treatment and 353 mg CH4 m-2 d-

1 (z value = 7.9**) in the rice straw compost treatment.
The lowest amount of CH4 emitted was observed in the
reference treatment where no straw was added, both in
the DS (22 kg CH4 t-1 yield) and WS (53 kg CH4 t-1

yield). In both seasons,  grain yield did not differ among
treatments.

In the 1997 DS, the distinct seasonal pattern of
CH4 emission was also observed (Figure 7). The first
flush of CH4 flux was observed during the early growth
stage.  More CH4 flux was observed in direct-seeded

rice than in transplanted rice during the early stage be-
cause there was no standing water in transplanted rice
until 7-10 DAT. When irrigation water was introduced,
all the treatments had the same CH4 emission from 20
DAT until midseason drainage was introduced.  After
the midseason drainage, CH4 flux was significantly re-
duced. The CH4 flux increased again upon reflooding,
but did not reach the same level as that in continuously
flooded treatment. The second flush of CH4 flux was
observed after water was withdrawn before harvest.  The
magnitude of CH4 flux during this second flush was
higher in the continuously flooded treatment for both
transplanted and direct-seeded rice. Direct-seeded rice

Table 4.  Results of statistical analysis of mean CH
4
 emission (mg CH

4
 m-2 d-1)a

Year/ Treatment Treatment Mean emission z valuesb

season  no. (mg CH
4
 m-2 d-1) T2 T3 T4

1994/DS T1 120 kg N ha–1: IR72 90 8.6** 8.0** 3.2**
1994/DS T2 180 kg N ha–1: IR72 64  - 3.5** 7.5**
1994/DS T3 171 kg N ha–1: IR64 74  -  - 8.2**
1994/DS T4 117 kg N ha–1: IR64 114  -  -  -
1994/WS T1 120 kg N ha–1 urea 269 6.6** 7.2** 4.8**
1994/WS T2 120 kg N ha–1 ammosul 232  - 0.4 ns 1.9 ns
1994/WS T3 120 kg N ha–1 + 0.5 t ha–1 PG 227  -  - 6.6**
1994/WS T4 120 kg N ha–1 + 1.0 t ha–1 PG 243  -  -  -
1995/DS T1 120 kg N ha–1 urea 184 3.8** 3.4** 3.4**
1995/DS T2 120 kg N ha–1 ammosul 166  - 4.5** 2.9**
1995/DS T3 180 kg N ha–1 urea 205  -  - 6.7**
1995/DS T4 180 kg N ha–1 ammosul 131  -  -  -
1995/WS T1 120 kg N ha–1 urea 503 8.5** 0.8 ns 10.0**
1995/WS T2 120 kg N ha–1 ammosul 317  - 8.5** 5.3**
1995/WS T3 180 kg N ha–1 urea 516  -  - 10.0**
1995/WS T4 120 kg N ha–1 urea + 6 t ha–1 PG 139  -  -  -
1996/DS T1 120 kg N ha–1 urea 165 9.8** 2.3** 9.8**
1996/DS T2 Urea + 4 t ha–1 rice straw 433  - 9.8** 7.9**
1996/DS T3 Urea + 2.5 t ha–1 compost 184  -  - 8.9**
1996/DS T4 Urea + 4 t ha–1 rice straw + 3 t ha–1 PG 318  -  -  -
1996/WS T1 120 kg N ha–1 urea 272 9.9** 7.9** 9.9**
1996/WS T2 Urea + 4 t ha–1 rice straw 952  - 9.9** 9.9**
1996/WS T3 Urea + 2.5 t ha–1 compost 353  -  - 9.5**
1996/WS T4 Urea + 4 t ha–1 rice straw + 3 t ha–1 PG 599  -  -  -
1997/DS T1 Transplanted, continuous flooding 91 3.0** 3.2** 4.7**
1997/DS T2 Direct-seeded, continuous flooding 73  - 4.9** 8.4**
1997/DS T3 Transplanted, midseason drained 52  -  - 0.1 ns
1997/DS T4 Direct-seeded, midseason drained 46  -  -  -
1997/WS T1 Transplanted, continuous flooding 375 4.0** 0.5 ns 8.0**
1997/WS T2 Direct-seeded, continuous flooding 323  - 1.5 ns 8.2**
1997/WS T3 Transplanted, midseason drained 347  -  - 7.3**
1997/WS T4 Direct-seeded, midseason drained 178  -  -  -

aThe analysis was done using STATISTICA software.  For each experiment, daily data per treatment were evaluated as to the type of
distribution (i.e., normal or skewed).  If distribution is normal, t-test is used (parametric analysis).  If distribution is not normal, sign test is
used (nonparametric analysis).  T value (t-test) and Z value (sign test) were determined.  The significance was determined from the value of
probability. bComparison is between treatment no. vs T2 or T3 or T4.  Level of significance:  ** = highly significant (1% level);  * =
significant (5% level); ns = not significant.
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Figure 1.  Effect of inorganic amendment on CH
4
 emission from

rice field grown to IR72 at PhilRice, Maligaya, Philippines, 1994
DS.

Figure 2.  Effect of inorganic amendment on CH
4
 emission from

rice field grown to IR72 at PhilRice, Maligaya, Philippines, 1994
WS.

produced the same biomass as transplanted rice. How-
ever,  grain  yield of transplanted IR64 (7.7 and 7.9 t
ha-1) was significantly higher than that of direct seeded
rice  (6.4 and 6.7 t ha-1). Midseason drainage signifi-
cantly reduced CH4 emission but not grain yield, hence
reducing the amount of CH4 produced from 11.3 and
11.2 kg CH4 t-1 to 6.6 and 7.5 kg CH4 t-1 grain yield,
respectively. In 1997 WS, the CH4 flux was high dur-
ing the early vegetative growth and greater in trans-
planted than in direct-seeded rice (Figure 8). The re-
duction in CH4 flux after midseason drainage was not
distinct during the WS unlike in the DS.  Water is diffi-
cult to control during the WS.  The second flush of CH4

flux before harvest was also observed.  CH4 flux was
higher in continuously flooded plots than in midseason-
drained plots. The final aboveground biomass in direct-
seeded rice was again the same in all treatments. Also,
as in the DS, the grain yield of transplanted IR64 (5.36
and 5.45 t ha-1) was significantly higher than that in

direct-seeded rice (3.41 and 3.84 t ha-1). Midseason
drainage did not reduce the mean CH4 emission in trans-
planted rice (375 vs 347 mg CH4 m-2 d-1 (z value = 0.5
ns). In direct-seeded rice, however, the mean CH4 emis-
sion in midseason-drained plot was reduced by 45% (z
value = 8.2**). The significant reduction in CH4 emis-
sion in midseason-drained, direct-seeded rice resulted
in the lowest amount (44 kg CH4 t-1 grain yield) com-
pared with the 64.9 - 70.8 kg CH4 t-1 grain yield in con-
tinuously flooded rice.

In 1998 DS, the increasing trend in CH4 emis-
sion as rice growth progresses and the flush of CH4

before harvest were again observed, particularly in con-
tinuously flooded plots (Figure 9). Grain yield in trans-
planted rice was higher (8.0-8.5 t ha-1) than in  direct-
seeded rice (7.1-7.7 t ha–1), although biomass produc-
tion in direct-seeded rice was much higher than  that in
transplanted rice. There was significant reduction in CH4

emission of direct-seeded rice with intermittent irriga-
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Figure 4.  Effect of inorganic amendment on CH
4
 emission from

rice field grown to IR72 at PhilRice, Maligaya, Philippines, 1995
WS.

Figure 3.  Effect of inorganic amendment on CH
4
 emission from

rice field grown to IR72 at PhilRice, Maligaya, Philippines, 1995
DS.

tion treatment (from 90 kg CH4 ha–1 to 7 kg CH4 ha–1)
and midseason  drainage treatment (from 90 kg CH4

ha–1 to 16 kg CH4 ha–1). These two treatments gave only
1 and 2.1 kg CH4 t–1 grain yield as compared with 11.3
and 10.7 kg CH4 t–1 grain yield in continuously flooded
transplanted rice. Although intermittent irrigation re-
sulted in negligible CH4 emission, the yield was slightly
lower.

Discussion

Effect of cropping season. The CH4 emission at a given
treatment was higher during the WS by 2 to 3 times the
emission during the DS. Dry season CH4 emissions in
the reference treatment, i.e., 120 kg N ha-1 (urea N)  were
95, 204, and 160  kg CH4 ha-1 in 1994, 1995, and 1996,
respectively. Wet season emissions amounted to 266,
518, and 272 kg CH4 ha-1 in 1994, 1995, and 1996, re-
spectively. Not only was there a variation between crop-
ping season but there was also an annual variation in
CH4 emission.  The T1 (reference treatment)  showed
wide differences in seasonal flux from year to year. This
will pose problems in monitoring mitigation measures
in farmers’ fields. Table 5 shows that the DS months
(December to April) had an average  daily temperature

Table 5. Seasonal mean and range of air temperature during the 5-yr
CH

4
 measurement in PhilRice, Maligaya, Muñoz, Nueva Ecija, Phil-

ippines

Temperature (°C)

Year Seasonal mean Minimum Maximum
DS WS DS WS DS WS

1994 27.1 27.1 23.1 23.4 32.3 36.4
1995 26.4 27.3 22.4 25.2 29.2 29.2
1996 26.3 29.6 22.2 24.2 31.6 40.8
1997 26.7 28.4 20.9 24.9 30.3 30.8
1998 26.6 - 23.8 - 28.9 -
  Mean of 5 26.62 28.10 22.48 24.42 30.46 34.30
  seasons
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Figure 5.  Effect of organic amendment on CH
4
 emission from rice

field grown to IR72 at PhilRice, Maligaya, Philippines, 1996 DS.

The difference was the same at the 25-50 cm depth (i.e.,
0.52% OC before the DS cropping and 0.65% OC be-
fore the WS cropping). Furthermore, the field was still
wet during the fallow period between WS and DS crop-
ping.  Bronson et al. (1997b) reported that CH4 emitted
from wet fallow periods is significant and should be
considered when monitoring CH4 emission from rice
soils. Methane emissions during the wet fallow period
during October and November before the DS crop could
have resulted from decaying roots and stubble. Meth-
ane is not emitted during the April - May dry fallow
period before the WS crop and accumulation of labile
carbon shown by higher % OC may have resulted.

Effect of  inorganic fertilizer. Most  likely  the
SO4

-2 was responsible for the reduced CH4 emission
from ammonium sulfate- than from urea-treated plots.
Saenjan and Wada (1990) reported that the presence of
sulfate suppressed CH4 formation. The CH4 formation,
both in flooded rice fields and in submerged soil under

of 26.6 °C, while the WS months (June to November)
had  28.1 °C. Maximum air temperature was lower in
DS months by 4 and 9 °C  during 1994 and 1996, re-
spectively. But in 1995 and 1997, the maximum tem-
perature for DS and WS were the same. Holzapfel-
Pschorn and Seiler (1986) reported a marked influence
of soil temperature on the CH4 flux. Most isolates of
methanogenic bacteria are mesophilic with temperature
optimum of 30 °C to 40 °C (Vogel et al., 1988). The
difference in daily mean temperature between the DS
and the WS cropping period  was, however, too small
(1.6 °C) to explain the higher CH4 emission during the
WS. Temperature, theoretically, would deter or enhance
the rate, not the magnitude, of emission. Contributing
to this difference may be differences in labile organic
carbon (OC) between the two seasons. Analysis of the
OC before the 1998 DS and 1998 WS  cropping showed
an average of 1.15% OC before the DS cropping and
1.27% OC before the WS cropping at 0-25 cm depth.

Figure 6.  Effect of organic amendment on CH
4
 emission from rice

field grown to IR72 at PhilRice, Maligaya, Philippines,1996 WS.
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Figure 8.  Effect of crop establishment and water regime on CH
4

emission from rice field grown to IR64 at PhilRice, Maligaya,
Philippines, 1997 WS.

laboratory condition, is carried out largely by the trans-
methylation of acetic acid and by CO2 reduction, uti-
lizing H2, butyric acid, etc. as hydrogen donors (Takai,
1970).  Sulfate ions serve as an alternative to CO2 as
electron acceptors for the oxidation of organic matter
(Delwiche & Cicerone, 1993). Differences on the ef-
fect of ammonium sulfate and urea fertilizer on CH4

formation was reported by Wang et al. (1993) to be re-
lated to the effect on soil pH.   Ammonium sulfate-
treated plots had 25% to 56% less CH4 emission aver-
aged over the years and seasons compared with the urea-
treated plots. Since addition of SO4

-2-containing N fer-
tilizers hardly changes the measured soil Eh and soil
pH, the competition of SO4

-2-reducing  and CH4-pro-
ducing bacteria for substrates hydrogen and acetic acid,
and possibly toxicity to the CH4-producing bacteria
from H2S produced after SO4

-2 reduction, are likely
mechanisms for the decreased CH4 production in am-
monium sulfate-treated plots. Hori et al. (1993) con-

firmed the possibility of competition for the usage of
hydrogen between CH4 formation and SO4

-2 reduction
in strongly reduced rice soil. Competition for hydro-
gen, however, is less likely than that for acetic acid
because the degree of competition for hydrogen is con-
trolled by many factors.  The  added SO4

-2 from the
ammonium sulfate fertilizer must have stimulated the
SO4

-2-reducing bacteria.
Increasing the rate of N from urea slightly in-

creased CH4 emission. Lindau et al. (1990, 1991) also
reported increasing CH4 fluxes with increasing rates of
urea application.  The increase in CH4 emission with
addition of higher N rate from urea could be due to the
inhibitory effect of NH4

+ on CH4 oxidation (Conrad &
Rothfuss, 1991).

Impact of phosphogypsum.  Phosphogypsum (85-
90% gypsum) is a waste product from the production
of phosphoric acid by the wet process. The overall SO3

content of PG is 44-46% (Alcordo & Rechcigl, 1993).

Figure 7.  Effect of crop establishment and water regime on CH
4

emission from rice field grown to IR64 at PhilRice, Maligaya,
Philippines, 1997 DS.
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Figure 9.  Combined effect of crop establishment, water regime,
and inorganic and organic amendments on CH

4
 emission from rice

field grown to PSBRc28 at PhilRice,  Maligaya, Philippines, 1998
DS.

When applied to the soil, PG solubilizes, producing Ca+2

and SO4
-2 ions.  When PG was combined with urea, there

was a significant reduction (z value = 10.0**) in mean
CH4 emission because of the SO4

-2 effect on CH4 pro-
duction. The effect of high amounts of ammonium
sulfate and PG on CH4 emission was similar. This con-
firms that it was the SO4

-2 and not the NH4
+ that had

affected the reduction in CH4 emission. Denier van der
Gon and Neue (1994) also reported a 55-70% reduc-
tion in CH4 emission in an Aquandic Epiqualfs with
amendment of 6.66 t ha-1  gypsum. Even with addition
of green manure, the gypsum significantly decreased
CH4 emission (Denier van der Gon & Neue 1994).
Addition of 3 t ha-1 of PG to fresh rice straw resulted in
a 27% reduction in CH4 emission compared with that
from plots amended with fresh rice straw alone. The
amount of carbon in fresh rice straw could be so high
that the SO4

-2 from PG was not enough for sulfate-re-
ducing bacteria to compete with the CH4-producing

bacteria to fully counteract the high CH4 fluxes. How-
ever, another application of PG in succeeding cropping
increased the cumulative effect of SO4

-2.  The succeed-
ing cropping with same rate of PG and fresh rice straw
resulted in a  37% reduction in CH4 emission. PG is a
cheaper source of SO4

-2 than ammonium sulfate and
urea is a less expensive source of N fertilizer.  Thus,
the combination of urea as N fertilizer and PG as SO4

-2

source could be  a management option to reduce CH4

emission especially in sulfur-deficient irrigated lowland
rice. Sulfate is normally reduced after the depletion of
nitrate and other more energetically favorable reactions
in anaerobic rice soils (Connel & Patrick, 1968, 1969;
Ponnamperuma, 1972).  Sulfate is reduced to H2S which
is toxic to rice at a concentration of approximately 0.07
ppm (Mitsui et al., 1951; Freney et al., 1982).  How-
ever, H2S seldom accumulates at toxic concentrations
in most rice soils, since H2S is either immediately pre-
cipitated as metallic sulfide, chiefly FeS, or is oxidized
to sulfate or elemental sulfur in the rice rhizosphere by
chemosynthetic microorganisms (Huang, 1991).  The
reoxidation of S-2 to SO4

-2 in the rhizosphere  may also
suppress CH4 emission over long periods of time
(Freney et al., 1982). This is the reason why addition of
up to 6 t ha-1 PG in Maligaya clay with 75.02 µg g-1

active iron (Fe) did not manifest sulfide toxicity in the
rice plant. In addition, PG was reported to have soil-
conditioning effect in saline soils (Alcordo & Rechcigl,
1993). The annual world production of PG was esti-
mated at 125 million Mg, and only  4% (5 million Mg)
of it is used in agriculture and in gypsum board and
cement industries.  The remaining 120 million Mg PG
accumulates annually as waste (Alcordo & Rechcigl,
1995).  These could be used as soil ameliorant to de-
crease CH4 emission in lowland rice.

Effect of organic amendment. Seasonal CH4

fluxes from fresh rice straw-treated plots were 2.5 to
3.5 times greater than that from urea plots.  Even the
addition of PG in fresh rice straw treatment did not fully
counteract these high CH4 fluxes (Table 3).  On the other
hand, CH4 fluxes in the rice straw compost treatment
were similar to those in the urea treatment throughout
the season.

Yagi and Minami (1990) reported that annual
emission rates from plots receiving 6 t ha-1 of rice straw
in addition to mineral fertilizer increased approximately
2 to 3 fold as compared with the mineral fertilizer plots,
irrespective of soil type. Compost was also reported by
Yagi and Minami (1990) to have only slightly increased
emission compared with control plots. The readily
mineralizable carbon (RMC) in the organic amendment
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was one of the principal factors affecting CH4 emission
from flooded soils (Yagi & Minami, 1990). Even with-
out organic amendment, the readily mineralizable soil
organic matter in rice soil is the main source for the
fermentation products that finally drive CH4 formation
in wetland rice soils (Neue, 1993). Composting of the
rice straw aerobically decreased the C/N from a range
of 25-45 in fresh rice straw to a range of 6-10 in rice
straw compost.  This resulted in lesser carbon substrates,
which in turn reduced CH4 emission.  The incorpora-
tion of rice straw during land preparation stage increased
CH4 emissions during the early vegetative stage until
30 DAT.  Methane must have been produced from vola-
tile fatty acids that were intermediate products of rice
straw decomposition. In Texas, rice straw (8-12 t ha-1)
increased CH4 emissions but rice yields dropped (Sass
et al., 1991a,b).

Rice straw applications increased emissions 2-
2.5 times but did not affect yield.  Alberto et al. (1996)
reported that straw incorporation increased dissolved
CH4 tenfold.  Similar to the observation of Alberto et
al. (1996), CH4 emission was low in urea-and rice straw
compost-treated plots 15 d before transplanting until
45 DAT and then paralleled those plots having straw
treatment at later stages of rice growth (Figure 6). The
early flush in CH4 emission must have come from the
decomposition of soil organic matter and added organic
substrates such as rice straw.  At the later stages, it is
the root exudates and the decaying roots that become
the major carbon source for CH4 production (Alberto
et al., 1996). Methane fluxes were slightly higher in
the chicken manure treatment compared with the urea
treatment at 35-45 DAT and 65-75 DAT (Figure 9).  The
seasonal emission, however, was the same in urea-
treated plot  and  in chicken manure plus urea treat-
ment.  Chicken manure has a narrow C/N that is be-
tween 5 and 8.  The CH4 emission per unit of carbon
from chicken manure was comparable with that of the
rice straw compost that had a C/N of 6-10.

Effect of water regime and crop establishment.
Methane fluxes under two water regimes (continuously
flooded and midseason-drained)  and two crop estab-
lishment methods (direct seeded and transplanted) were
compared. The first flush of CH4 fluxes during the early
vegetative stage (Figures 7&8) could be due to decom-
posing stubble incorporated during land preparation and
from the commercial bioorganic fertilizer applied dur-
ing the final harrowing. Methane flux was reduced af-
ter midseason drainage due to aeration. This midseason
drainage could be beneficial to the rice plant. The drain-
ing of rice fields for short-term periods in China at the

end of tillering and before heading improved yields and
reduced CH4 emission (Wang, 1986).  In Japan, the in-
termittent irrigation of rice fields resulted in lower CH4

emission than those reported from western countries
(Yagi & Minami, 1990). Bronson et al. (1997a) reported
that midseason drainage (2-wk duration) at either maxi-
mum tillering or panicle initiation suppressed CH4 flux.
However, N2O flux increased sharply during the drain-
age period, until reflooding, when it dropped back to
zero. Midseason drainage as a strategy to reduce CH4

emission should be on a short duration (7-10 d) and
timed when the rice plants  have used up the fertilizer
N applied at basal and vegetative stages.  Reflooding
should be done before the application of N fertilizer at
the panicle initiation stage. Intermittent irrigation,
though it significantly reduced (92%) CH4 emission,
must be carefully evaluated as a mitigation strategy.
Bronson (1994) reported that urea or ammonium sulfate
fertilizer from irrigated rice fields have N2O losses to a
maximum of 0.1% of the applied fertilizer.  With inter-
mittent irrigation, where water regime is variable, more
N2O could be emitted as a result of higher rates of nitri-
fication and denitrification that occur than in continu-
ously flooded conditions.  Multiple-aeration water man-
agement treatment emitted 88% less CH4 and did not
reduce yield (Sass et al., 1992).  However, this inter-
mittent drainage must be managed carefully to prevent
losses of N and corresponding emission of N2O through
increased nitrification and denitrification (Neue, 1993;
Bronson et al., 1997a).

Direct-seeded rice reduced CH4 emission by 16-
54% compared with transplanted rice. The mechanism
explaining this difference is not yet clear.  The root sys-
tem of direct-seeded rice is expected to differ from that
of transplanted rice.  It is probable that the roots of di-
rect-seeded rice are shallower than that of transplanted
rice.  With more roots present at the 0-10 cm depth,
there could be more CH4 oxidized to CO2, thus reduc-
ing the CH4 emission.  Unfortunately, rooting charac-
teristics of direct-seeded rice (as compared with trans-
planted rice) were not investigated in this experiment.

Mitigation strategies

The management practices tested in this 5-yr experi-
ment have been primarily designed to look for mitiga-
tion strategies that are workable under Philippine con-
ditions.  It was postulated that some aspects of crop
management, including the management of inorganic
fertilizers, organic fertilizers, water regime, and crop
establishment, could be effectively modified to miti-
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gate CH4 emissions from irrigated rice fields.  Mitiga-
tion of CH4 emissions, while targeting high yields,  has
been the prime target in using sulfur-containing inor-
ganic amendments, in increasing N fertilizer applica-
tion, in using rice straw compost, in practicing
midseason drainage, and in practicing direct seeding.
Whatever mitigation measure to reduce CH4 emission
has to ensure that it will not decrease grain yield.  This
is the most important consideration if these mitigation
strategies are to be adapted by farmers.  Results show
significant reduction (25-36%) in CH4 emissions with
the use of ammonium sulfate as N fertilizer source in-
stead of urea.  The addition of 6 t ha-1 PG to urea has
resulted in 72% reduction in emissions.  Midseason
drainage reduced CH4 emission by 43%, while inter-
mittent irrigation resulted in 92% reduction. Direct seed-
ing, instead of transplanting, reduced CH4 emission by
16-54%.  Expectedly, the application of rice straw com-
post did not reduce emissions but rather increased it by
23-30%.  But this is very small compared with the in-
crease of 162-250% in emissions due to fresh rice straw
application.  Also, the use of chicken manure did not
enhance CH4 emissions in one experiment.  The use of
organic fertilizer and nutrient cycling from crop residues
is presently being encouraged in view of soil fertility
in the long term.  In the last experiment (1998 DS) , the
different management strategies (ammonium sulfate
fertilizer, rice straw compost, direct seeding, midseason
drainage, and intermittent irrigation) were combined
in two treatments and the result was a dramatic reduc-
tion of CH4 emission (83-93%).  This, however, needs
to be verified in WS and in another DS experiment. It
is important to note that these modifying treatments that
successfully reduced emissions did not adversely af-
fect grain yield.  The practice of direct seeding is an
exception, where grain  yield  was lower by 0.8-1.3 t
ha-1 in the DS and 1.8 t ha-1 in the WS. Direct seeding is
already widely practiced in major rice-growing areas
during the DS; in central Philippines (Panay Island),
90% of the farmers are practicing direct seeding both
during DS and WS cropping. Development of high yield
technology for direct-seeded rice cultivation is one of
the current research thrusts of PhilRice.

The workability of the above mitigation strate-
gies under the Philippine situation needs evaluation.
Results of a survey conducted in October-November
1998  showed that rice farmers in Nueva Ecija com-
monly use urea and complete (14-14-14) fertilizer, not
ammonium sulfate because urea N is cheaper than
ammonium sulfate.  Ammonium sulfate is used mostly
in seedbed preparation.  However, 14-14-14 fertilizer

also contains sulfur. Thus,  the use of this fertilizer may
also contribute to reduced CH4 emissions.  Farmers in
the Philippines are not deliberately practicing midseason
drainage or intermittent irrigation.  Drainage of soils
within the season is determined by the availability of
rain or irrigation water.  Since water is becoming scarce
in many instances, farmers normally would not delib-
erately remove water at definite periods of the season
because of the uncertainty of water availability.  On the
other hand, because of water becoming a limiting re-
source, especially during the DS, the midseason drain-
age practiced by farmers in China and Japan will be
favorable to the Filipino farmers’ management of their
scarce resources.  The use of organic amendments, par-
ticularly rice straw, is presently being encouraged in an
effort to recycle nutrients and improve the fertility of
rice soils.  As a mitigation strategy, composting the rice
straw aerobically must be promoted rather than fresh
rice straw incorporation. A rapid rice straw composting
technology is available. Most farmers, however, found
composting and spreading of straw laborious.  Farmers
burn their rice straw instead of incorporating it into the
soil so as not to encourage  pests such as rats.  The
adoption of mitigation strategies by farmers may not
be as hard as it is assumed because of the following
reasons.  First, our results showed that there was no
real adverse effect on yield.  Second, mitigation meas-
ures proposed are compatible with building soil fertil-
ity (use of rice straw compost), proper management of
water (midseason drainage vs continuous flooding), and
savings on labor (direct seeding vs transplanting).
Third, farmers are beginning to observe the effect of
global warming from longer drought (El Niño) and flood
(La Niña) periods.

Conclusion

The 5-yr CH4 measurements have established a pattern
of emission common to DS and WS.  The emissions,
however, are magnified in the WS, and seasonal emis-
sion was found to be 2-3 times as much as that in the
DS.  This was partly explained by the 1.6 °C higher
daily mean temperature in the WS. However, tempera-
ture theoretically would deter or enhance the rate of
emission, not its magnitude. One obvious contributor
to CH4 emissions is the carbon input (Neue et al., 1994).
Dry matter production and also the stubble left for the
next season did not significantly differ between the two
seasons.  The difference in decomposable carbon be-
tween the two seasons could possibly explain this dif-
ference in WS and DS emissions. There was 0.12%
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more % OC in the soil before the WS cropping than
before the DS cropping.  Furthermore, CH4 from the
decaying roots and stubble during the wet fallow pe-
riod during October and November before the DS crop
could have been emitted but was not measured. Increas-
ing the rate of urea N from 120 to 180 kg ha-1 increased
seasonal CH4 emission by only ~15% in the WS. Using
ammonium sulfate in place of urea at 120 kg N ha-1

resulted in 25%  reduction in annual average of CH4

emission. Increasing ammonium sulfate rate to 180 kg
N ha-1 increased the reduction in annual average  CH4

emission by 36%. The effect of 0.5-1.0 t ha-1 PG was
similar to that of ammonium sulfate at 120 kg N ha-1. A
significant effect of PG on CH4 emission (72% reduc-
tion) was obtained at 6 t ha-1.  The residual effect of the
857 kg ammonium sulfate (180 kg N ha-1 yr-1) and 6 t
ha-1 yr-1 PG application was not clear.  It is possible that
one time application in a year or every 2 yr or continu-
ous application is required to obtain the desired effect.
Organic amendment such as fresh rice straw with wider
C/N increased CH4 emission to twice that of mineral
fertilizer alone.  Rice straw compost and chicken ma-
nure, which have narrower C/N, had little effect on CH4

emission. Even the addition of PG with fresh rice straw
could not fully counteract the high CH4 emission.

Introduction of midseason drainage water man-
agement is one cultural practice that could be used to
reduce CH4 emission by as much as 90% compared with
continuously flooded rice. This, however, has to be
timed to obtain the highest N fertilizer use efficiency
and minimize N2O emissions. Another interesting re-
sult obtained was the lower mean CH4 emission in di-
rect-seeded than in transplanted rice. Also, direct-seeded
rice had a shorter season length than transplanted rice,
which could further contribute to lower seasonal CH4

flux. This was despite the higher number of tillers per
m2 in direct-seeded rice.  It would be interesting to in-
vestigate the root development, root distribution, and
root characteristics of direct-seeded rice, which con-
tributed to this lower emission.

Several management options to mitigate CH4

emissions from irrigated rice field were identified.  In
terms of their effectiveness in reducing CH4 emissions
compared with the control treatment (urea fertilizer,
transplanted rice, and continuously flooded), these are
ranked as follows: (1)  6 t ha-1 PG combined with urea
fertilizer, (2) midseason drainage 7-10 d before panicle
initiation, (3) use of ammonium sulfate fertilizer as N
source, and (4) direct seeding crop establishment.  If
organic fertilizer is combined with inorganic fertilizer
in integrated plant nutrient management, low C/N or-

ganic fertilizers such as chicken manure and rice straw
compost  will not significantly increase CH4 emission.
The measurements reported here were carried out in a
heavy clay soil.  Whether the same results will be ob-
tained using a different soil in a different environment
remains a consideration for future measurements.
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Abstract

Methane (CH4) emissions from irrigated rice fields were measured using an automatic sampling-measuring sys-
tem with a closed chamber method in 1995-98.  Average emission rates ranged from 11 to 364 mg m-2 d-1 depend-
ing on season, water regime, and fertilizer application.  Crop management typical for this region (i.e., midseason
drainage and organic/mineral fertilizer application) resulted in emission of 279 and 139 mg CH4 m-2 d-1 in 1995 and
1997, respectively.  This roughly corresponds to emissions observed in other rice-growing areas of China.  Emis-
sions were very intense during the tillering stage, which accounted for 85% of total annual emission, but these
were suppressed by low temperature in the late stage of the season.  The local irrigation practice of drying at mid-
season reduced emission rates by 23%, as compared with continuous flooding.   Further reduction of CH4 emis-
sions could be attained by (1) alternate flooding/drying, (2) shifting the drainage period to an earlier stage, or (3)
splitting drainage into two phases (of which one is in an earlier stage). Emission rates were extremely sensitive to
organic amendments:  seasonal emissions from fields treated with pig manure were 15-35 times higher than those
treated with ammonium sulfate in the corresponding season. On the basis of identical carbon inputs, CH4 emission
potential varied among organic amendments. Rice straw had higher emissions than cattle manure but lower emis-
sions than pig manure. Use of cultivar Zhongzhuo (modern japonica) reduced CH4 emission by 56% and 50%, in
1995 and 1997, respectively, as compared with Jingyou (japonica hybrid) and Zhonghua (tall japonica). The re-
sults give evidence that CH4 emissions from rice fields in northern China can be reduced by a package of crop
management options without affecting yields.

Introduction

Methane (CH4) is an important greenhouse gas and it
affects the chemistry and oxidation capacity of the at-
mosphere (Bolle et al., 1986; Rasmussen & Khalil,
1986; Thompson & Cicerone, 1986). The CH4 concen-
tration in the atmosphere has doubled during the last
200 yr (IPCC, 1992). Rice fields have been identified
as a major source of atmospheric CH4, contributing
about 10-15% to global CH4 emission (Neue, 1993;
Sass, 1995). Owing to the rice demand of the rapidly
growing population, rice cultivation and productivity

will continue to increase in the coming decades. This
increase in yield and harvest area of rice may further
increase CH4 emission if present practices are not
changed toward lowering emission potentials.

China is the largest rice-producing country in the
world. Rice harvested area in 1994 was estimated at
30.1 million ha and average rice yield was 5.83 t ha-1

(Agricultural Year Book of China, 1995).  On the other
hand, Chinese rice fields emit substantial amounts of
CH4.  In recent years, research on CH4 emission from
Chinese rice  fields is building up (Wang et al., 1990;
Chen et al., 1993a,b; Min et al., 1993; Wassmann et al.,
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1993a,b; Cai et al., 1995; Shao et al., 1996; Wassmann
et al., 1996; Yao et al., 1996; Kern et al., 1997; Tao &
Du, 1998).

The 4-yr study presented here was conducted
within an international network of measuring stations
for determining CH4 emissions from rice fields
(Wassmann et al., this issue, a).  Nonvalidated data of
the first two seasons of this study have been presented
in a non-authorized publication (Wang et al., 1999) by
a first author who was not a member of the project team.

The Beijing station represents a typical single rice
cropping system in northern China and was the only
network station in a temperate climate. The objectives
of the studies at the Beijing station were (i) to quantify
CH4 fluxes from rice fields in northern China; (ii) to
assess the impact of management practices common to
this region; (iii) to evaluate effects of low temperatures
in the early and late cropping seasons; and (iv) to de-

velop mitigation strategies with low CH4 emission in a
sustainable rice system for this region.

Materials and methods

Field preparation

Field experiments were conducted at the experimental
farm of the Institute of Crop Breeding and Cultivation,
Beijing, China, for four rice seasons starting in 1995.
Some characteristics of the soil (silty clay loam) are
shown in Table 1. The details of field trials conducted
from 1995 to 1998 are shown in Table 2.  Each rice
season encompassed four treatments in randomized
complete block design with four replicates. Fields were
flooded 1 or 2 d before transplanting for harrowing and
leveling. The individual plot size was 4.5 × 5 m.

Methane emission rates

Methane emissions were monitored by an automatic
sampling and measuring system (Wassmann et al., this
issue, a). Methane emission was continuously meas-
ured every 2 h from each field chamber (1 m × 1 m
base and 1.2 m high) during the entire growing season.
Methane concentrations of air samples were measured
with Shimadzu GC-8A equipped with Porapak N col-
umn and a flame ionization detector.

Table 1. Some characteristics of rice soil in the Beijing experimen-
tal station (per kg dry soil)

pH 7.99
Organic carbon (g kg-1) 9.95
Total nitrogen (g kg-1) 0.91
Cation exchange capacity (cmol kg-1) 13.20
Olsen phosphorus (mg kg-1) 133.00
Exchangeable potassium (cmol kg-1) 0.11

Table 2. Summary of modifying treatments for experiments, 1995-98

Treat- Water Ammonium sulfate Organic manure Date Date
Year ment  management Variety trans- harvest-

  no. Basal Topdressing Type Organic N Organic C planted ed
(kg N ha-1) (kg N ha-1) (kg N ha-1) (kg N ha-1)

1995 1 Local irrigation practice 30 60 Pig manure 60 1783 Zhongzhuo 06/04 10/17
2 Alternate flooding/drying 30 60 Pig manure 60 1783
3 Continuous irrigation 30 60 Pig manure 60 1783
4 Local irrigation practice 40 110 - - -

1996 1 Local irrigation practice 40 80 None - - Zhongzhuo 05/24 10/08
2 40 80 - - - Jingyou
3 40 80 - - - Zhongzhua
4 40 80 - - - IR72

1997 1 Local irrigation practice 40 80 None - - Zhongzhuo 05/21 10/06
2 20 60 Pig manure 40 1059
3 27 80 Cattle manure 13 1059
4 31 80 Rice straw 9 1059

1998 1 Local irrigation practice 28 60 Compost 32 1059 Zhongzhuo 05/19 10/06
2 Dual drainage (early) 28 60 32 1059
3 Dual drainage (late) 28 60 32 1059
4 Single drainage (early) 28 60 32 1059
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Temperature, soil pH, and Eh

Temperatures of air, floodwater, and soil at 5, 10, and
15 cm depths were measured by temperature probes
connected to a data logger. Soil pH and soil Eh at 7.5
cm depth were measured manually with Philips pH/Eh
meter every 2 d from transplanting until harvest.

Statistical analysis of experimental data was ac-
complished using STATISTICA program (Statsoft, Inc.
1993). The data in each treatment were evaluated as to
type of distribution. If  distribution was normal, the t-
test was used;  when it was not , the sign test was used.

Results and discussion

Characterization of seasonal fluxes

A typical pattern of CH4 emissions under a local crop
management is shown in Figure  1 jointly with tem-
perature, field water level, soil Eh, and pH.  The ferti-
lizers in this 1996 experiment consisted of a mineral
fertilizer only (ammonium sulfate) (Table 2).  Local
water management included persistent flooding (at 4-
cm water depth) that was interrupted by a midseason
drainage. The field was dried at the end of the season.

Figure 1. Seasonal pattern of (a) temperature and water level (Zhongzhuo); (b) CH
4
 emission (daily averages) of three cultivars; and (c) soil

pH and Eh (Zhongzhuo) in rice soil at Beijing station during the 1996 rice season
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Methane emission rates rapidly increased during
the first 40 d after transplanting (DAT) when tempera-
tures were relatively high (Figure 1a). Methane emis-
sions fluctuated strongly between 45 and 60 DAT due
to a combination of climatic and management factors.
Relatively cold weather between  45 and 50 DAT de-
creased emissions, field drainage after 51 DAT resulted
in a release of entrapped CH4 gas in the soil followed
by a rapid decrease (Figure 1a,b). After reflooding at
68 DAT, CH4 emissions remained at low levels. At the
end of the season, temperatures were below 15 °C and
CH4 emission rates were virtually zero. Methane emis-
sion in the early season accounted for 85% of the total
amount emitted over the season. Methane emission af-
ter midseason drainage until harvest was only a small
fraction of the total CH4 emitted from rice fields.

The seasonal pattern of CH4 emission reflected
the influence of temperature changes and midseason
drainage. The pattern can be broken up into three phases
(Figure 1b): (1) emission rates increase at tillering stage;
(2) emissions fluctuate at reproductive stage as influ-
enced by drainage; (3) emissions decrease at late growth
stages due to temperature drop and field drainage.

The redox potential was governed by the local
practice in water management. Flooding resulted in soil
Eh decrease while field drying caused an increase in

soil Eh (Figure 1c).  Generally, soil Eh decreased from
positive values to the critical value of CH4 production
(–120 to –150 mV) (Wang et al., 1993) within 1-3 wk
after field flooding. Anaerobic conditions promoted CH4

formation. Drainage resulted in a sudden increase in
redox potential (Figure 1c). The effect of soil pH on
CH4 emission was negligible under field condition in
Beijing. These findings were confirmed by similar
trends in Eh and pH throughout the entire observation
period from 1995 to 1998.

Effect of water regime

The patterns of CH4 emission from rice fields as af-
fected by water regime are shown in Figure 2. The ex-
periment in 1995 compared three different water re-
gimes: (1) local practice (field drying at 50 - 68 DAT
and at 112 - 138 DAT); (2) alternate flooding/drying (7
times drying: 12 - 16, 25 - 32, 44 - 50, 59 - 64, 73 - 78,
86 - 91, and 100 - 135 DAT); and (3) continuous flood-
ing (dry only at 32 d before harvest).  All fields were
fertilized with pig manure. Methane emission started
to increase within the first week of flooding. For all
treatments, seasonal maximum values occurred at maxi-
mum tillering stage. Continuous flooding resulted in
the highest rates while alternate flooding/drying plots

Figure 2. Seasonal patterns of temperature and CH
4
 emission (daily averages) as affected by water regime, 1995 rice season. Arrows under

the x axis denote the growth stages of maximum tillering (MT), panicle initiation (PI), flowering (FL), and maturity (MA)
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gave the lowest CH4 emission among the three water
regimes. Low temperatures during maturity stage re-
sulted in uniformly low emission rates.

Table 3 presents the mean and seasonal CH4

fluxes, biomass, and grain yields for 4 yr. In 1995, CH4

emission from local irrigation practice  was 86% higher
than alternate flooding/drying and 23% lower than con-
tinuous flooding. Local practice of irrigation provided
highest biomass and grain yields, although only differ-
ences with continuous flooding were significant (P <
0.05). These results reveal that midseason drainage and
alternate flooding/drying can be a promising mitiga-
tion strategy that does not affect yields.

In 1998, the field experiment included four dif-
ferent types of drainage (Table 2). As in previous years,
local practice (T1) encompassed late single drying at
55 - 68 DAT. Treatment T4 represented an early single
drainage (35 - 48 DAT), whereas the drainage was split
into 2 separate weeks in T3 (35 - 41 DAT and 55 - 61
DAT) and T2 (25 - 31 DAT and 45 - 51 DAT). All fields
received mineral fertilizer and compost, resulting in
relatively lower emission rates even before the drying
periods (Figure 3a, b). Local practice of irrigation re-
sulted in the highest CH4 emission that was obviously

related to the relatively late onset of the drainage pe-
riod at 55 DAT. Likewise, the late timing of two sepa-
rate drainage periods also entailed higher emission rates.
The most effective  drainage period for mitigating CH4

emissions is 35 and 48 DAT as can be seen by compar-
ing T2 and T4. In the 1998 experiment, however, results
are attached to strong spatial variations as can be seen
in the phase before drainage was applied to T1 and T4

plots.
Average emission rates were 20 mg m-2 d-1 with

local practice of irrigation (T1), 19 mg m-2 d-1 with late
dual drainage (T2), 15 mg m-2 d-1 with early dual drain-
age (T3), and 11 mg m-2 d-1 with early season drainage
(T4). Methane emissions in T2 and T3 were reduced by
5% and 25%, respectively, as compared with T1 while
similar yields were obtained (Table 3). T4 gave 46%
reduction in CH4 emission as compared with T1 and
yields were also similar. The results indicated that the
local practice of irrigation could further be optimized
to reduce CH4 emission while sustaining rice yields.

The significance of water regime for CH4 emis-
sions from Chinese rice fields was also shown in other
field studies in China. As compared with continuous
irrigation, alternate flooding/drying reduced emissions

Table 3. Mean and seasonal methane emission rates, biomass, and yields per modifying treatment, 1995 -98, Beijing

Mean Seasonal Above- Grain
Year Treatment Modifying emission emission ground yield

      no. treatment (mg m2 d-1)  (kg ha-1) biomass (t ha-1)
(t ha-1)

1995 1 Local irrigation practice + pig manure 279 b 385 20.66 a 6.49 a
2 Local irrigation practice + mineral fertilizer   19 d 26 17.73 b 5.43 b
3 Continuous irrigation + pig manure 364 a 503 18.73 b 5.61 b
4 Alternate flooding/drying + pig manure 150 c 207 19.98 a 6.48 a

1996 1 Modern japonica (Zhongzhuo)   16 d 22 16.62 b 7.70 a
2 Japonica hybrid (Jingyou)   36 a 49 15.06 c 6.80 b
3 Tall japonica (Zhonghua)   32 b 44 18.14 a 6.90 b
4 Modern indica (IR72)   23 c 32 14.74 c 4.50 c

1997 1 Pig manure/mineral fertilizer 139 a 191 15.83 a 7.74 a
2 Cattle manure/mineral fertilizer   31 b 43 14.72 a 6.67 a
3 Rice straw/mineral fertilizer 102 a 141 14.71 a 6.94 a
4 Mineral fertilizer     4 c 6 15.27 a 6.94 a

1998 1 Late single drainage (local practice)   20 a 28 17.05 a 7.73 a
2 Early dual drainage   19 a 26 17.61 a 7.82 a
3 Late dual drainage   15 a 21 16.94 a 7.75 a
4 Early single drainage   11 b 15 15.68 a 7.60 a

aMean emission data at the same season of the same year following the same letter are not significantly different at P < 0.05.
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by 60% (Chen et al., 1993b) and 49% (Cai et al., 1994)
while midseason drainage reduced emissions by 39%
(Chen et al., 1993b). The reductive effect of alternate
flooding/drying as compared with midseason drainage
is approximately 22% as shown in a field study in
Hangzhou (Zhejiang Province) conducted with the same
measurement system used in this study (Lu et al., this
issue).

Effect of rice cultivar

Seasonal patterns of CH4 emission from rice cultivars
are shown in Figure 1. When CH4 emission started to
increase in the second week after transplanting, rice
cultivars differentiated in their CH4 emission potential.

Both Jingyou (japonica hybrid) and Zhonghua (tall
japonica) gave higher CH4 fluxes, whereas CH4 emis-
sion from Zhongzhuo (modern japonica) was lower.
Field drainage and low temperatures at the end of the
season substantially reduced CH4 emissions for all
cultivars.

Average emission rates from Zhongzhuo,
Jingyou, and Zhonghua were 16 mg m-2 d-1, 36 mg m-2

d-1, and 32 mg m-2 d-1, respectively (Table 3). Also shown
are data for IR72, a modern indica variety. However,
the growth of this tropical cultivar was obviously af-
fected by low temperatures, so that the low emission
rates may be related to insufficient biomass assimila-
tion. Among the temperate varieties, Zhongzhuo had
the lowest emission rates and the highest yield. There-

Figure 3. Effect of field drying time and duration on CH
4
 emission (daily averages) during the 1998 rice season (horizontal bars [broken

line] indicate drying periods [block] within 20 to 75 d after transplanting)
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fore, it appears feasible and effective to maintain sus-
tainable yield and to mitigate CH4 emission by cultivar
selection. However, results for Chinese cultivars are not
yet conclusive to allow a cultivar-specific ranking of
emission potentials (Lu et al., this issue).

Effect of mineral and organic fertilizers

Fertilizer impacts were investigated in the seasons of
1995 and 1997; both experiments were conducted with
local farmers’ irrigation practice. Organic manure
greatly promoted CH4 emissions as compared with min-
eral fertilizers (Table 3). Seasonal CH4 fluxes (cumula-
tive) in plots with pig manure exceeded those in plots
with ammonium sulfate by a factor of 15 in 1995 and a
factor of 35 in 1997 (Table 3). The experiment in 1997
included cattle manure and rice straw (Figure 4).  Meth-
ane fluxes were low and did not differ among the four
treatments during the first 7 DAT.  Then, CH4 emission
increased sharply and the differences became wider after
10 DAT.  The maximum CH4 fluxes were recorded 26
DAT for pig manure, 36 DAT for rice straw, and 52
DAT for cattle manure.

The relative impact of organic manure in the
Beijing station is considerably higher than in other rice-

Figure 4. Impact of organic amendments on CH
4
 emission (daily averages) from rice fields during the 1997 rice season

growing regions—e.g., in the tropics (Wassmann et al.,
this issue, b). Apparently, the soil at the Beijing station
is very efficient in converting the organic amendment
during the first half of the season when temperatures
are relatively high. Temperatures were low at the end
of the season.  Lowering the temperature suppressed
the CH4 emission peak derived from plant-borne mate-
rial that is commonly observed in tropical rice fields
(Wassmann et al., this issue,b).

Average fluxes were 139 mg CH4 m-2 d-1 in pig
manure-treated plots, 31 mg m-2 d-1 in cattle manure-
treated plots, 102 mg m-2 d-1 in rice straw-treated plots,
and 4 mg m-2 d-1 in pure mineral fertilizer-treated plots
(Table 3).  Higher CH4 emission rates from pig manure
and rice straw were due to higher contents of easily
decomposable organic carbon than in cattle manure
(data not shown). In the 1997 experiments, all organic
manure types resulted in similar grain yield, underscor-
ing the potential of organic manure management as a
viable mitigation option in sustainable rice production.
Compost amendment in 1998 resulted in a similar range
of emissions as the mineral fertilizer treatments in pre-
vious years. Therefore, composting of organic amend-
ments can also be considered a tool for achieving low
emission rates.

Cattle manure + mineral fertilizer
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These results on fertilizer effects are in line with
previous findings obtained in Chinese rice fields. Ap-
plication of pure mineral fertilizer resulted in less than
50% of the CH4  emissions that emanated from fields to
which mixed organic/mineral fertilizers were applied
(Chen et al., 1993b; Cai et al., 1994; Wassmann et al.,
1996). The impact of compost was comparable with
the impact of biogas residues reported earlier
(Wassmann et al., 1993b). Both composted manure
types consisted of prefermented material that had  a
lower emission potential than fresh organic amend-
ments.

Impact of local crop management practices on CH4

emissions

The common crop management in Beijing corresponds
to T1 in the experiments of 1995 and 1997 (Table 2)—
i.e., mineral fertilizers mixed with pig manure, irriga-
tion which includes midseason drainage, and a modern
japonica cultivar. This practice resulted in average emis-
sion rates of 279 and 139 mg CH4 m-2 d-1 in 1995 and
1997, respectively. These values are well within the
range reported for other field measurements in China
as can be seen in an extensive compilation of emission
data in Cai (1997). In the Beijing area, a previous field
experiment using a different type of manure (horse
dung) and other irrigation schemes produced CH4  emis-
sions of 861 mg CH4 m-2 d-1 with continuous flooding
and 350 mg CH4 m-2 d-1 with intermittent irrigation
(Chen et al.,1993b). The unusually high application rate
of organic manure in the experiments conducted by
Chen et al. (1993) could explain the high emission rates.

Crop management consisting of midseason drain-
age and combined organic/mineral amendments was
investigated in southeastern China and found to have
resulted in CH4 emissions of  259 mg m-2 d-1 (Chen et
al., 1993b) and 140 mg m-2 d-1 (Cai et al., 1994). Lu et
al., (this issue) presented the results of an extensive field
study in Hangzhou (Zhejiang Province) conducted with
the same measurement system as in this study; emis-
sions with midseason drainage and combined mineral/
organic fertilizers accumulated to 58-284 kg CH4 ha-1.
The corresponding values for Beijing are similar (Ta-
ble  3);  it seems likely  that seasonal emissions in north-
ern China are not distinctively higher or lower than in
other rice-growing areas of the country.

However, cropping systems in central, southern,
and eastern China often encompass two rice seasons
per year and—in many cases—have better supply of
water. Continuous flooding increased CH4 emissions

by a factor of 2.3 as compared with midseason drain-
age (Lu et al., this issue). Wang et al. (1990) recorded
187 mg  CH4 m-2 d-1  in early rice and 672 mg CH4 m-2

d-1 in late rice as long-term averages in continuously
flooded fields in Zhejiang Province. In Hunan Prov-
ince, Wassmann et al. (1993b) recorded 340 mg CH4

m-2 d-1 in early rice and 451 mg CH4 m-2 d-1 in late rice
using mineral fertilizer plus rice straw in continuously
flooded fields. For Sichuan Province, the emission rates
were estimated to be in the range of 1,440 mg CH4 m–2

d–1 (Khalil et al., 1991), but this record appears to devi-
ate substantially from other emission data (see Cai,
1997).

Mitigation strategies

Methane mitigation options used in rice fields must both
reduce CH4 emission and sustain rice production. Wa-
ter control is one of the most important factors in rice
production. Midseason drainage and alternative flood-
ing/drying management reduced CH4 emissions by 23-
59% while yield increased by 16%. Water management
would be the most promising mitigation option in China
where irrigation water is available and irrigation/drain-
age systems are established.

Application of organic manure is a common prac-
tice to maintain soil fertility but it increases CH4 emis-
sion from rice fields. This effect on CH4 emission may
be reduced by composting manure and rice straw rather
than applying the fresh material.  An alternative way is
rotation application of organic amendment and min-
eral fertilizer. Since  CH4 emissions differ among rice
cultivars, variety selection may be a feasible and an
effective way to combine low CH4 emission and high
rice production.

Conclusion

Methane emissions from rice fields in northern China
are relatively high in spite of low temperature during
the latter part of the growing season.   Methane emis-
sion rates under local practice in the temperature zone
of China ranged from 139 to 279 mg m-2 d-1. Cumu-
lated emissions per season were the range observed for
other parts of China, but emission rates were more sen-
sitive to organic amendments. These results indicate
that CH4 emissions can be reduced by a package of tech-
nologies that includes water management, composting
of organic amendments, and use of selected cultivars
without affecting yield.
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Seasonal maxima of CH4 emissions occurred at
tillering and accounted for 85% of total seasonal flux.
Therefore, it is crucial to reduce seasonal CH4 flux by
controlling CH4 emission early in the growing season.
Plant growth in the later stages can be optimized for
high yields without any impact on CH4 emissions. How-
ever, further studies are needed to convert these find-
ings into recommendations for the farmers.
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Abstract

Methane (CH4) emissions from rice fields were monitored in Hangzhou, China, from 1995 to 1998 by an auto-
matic measurement system based on the “closed chamber technique.”   The impacts of water management, organic
inputs, and cultivars on CH4 emission were evaluated. Under the local crop management system, seasonal emis-
sions ranging from 53 to 557 kg CH4 ha-1 were observed with an average value of 182 kg CH4 ha-1. Methane
emission patterns differed among rice seasons and were generally governed by temperature changes. Emissions
showed an increasing trend in early rice and a decreasing trend in late rice. In a single rice field, CH4 emissions
increased during the first half of the growing period and decreased during the second half. Drainage was a major
modifier of seasonal CH4 emission pattern. The local practice of  midseason drainage reduced CH4 emissions by
44% as compared with continuous flooding; CH4 emissions could further be reduced by intermittent irrigation,
yielding a 30% reduction as compared with midseason drainage. The incorporation of organic amendments pro-
moted CH4 emission, but the amount of emission varied with the type of organic material and application method.
Methane emission from fields where biogas residue was applied was 10-16% lower than those given the same
quantity (based on N content) of pig manure.  Rice straw applied before the winter fallow period reduced CH4

emission by 11% as compared with that obtained from  fields to which the same amount of rice straw was applied
during field preparation. Broadcasting of straw instead of incorporation into the soil showed  less emission (by
12%).  Cultivar selection influenced CH4 emission, but the differences were smaller than those among organic
treatments and water regimes. Modifications in water regime and organic inputs were identified as promising
mitigation options in southeast China.

Introduction

Methane (CH4) is one of the important greenhouse gases
in the atmosphere (Dlugokencky et al., 1994). The in-
crease of CH4 in the atmosphere contributes to global
warming and affects the chemical changes in the at-
mosphere (Cicerone & Oremland, 1988; GEIA, 1993;
Khalil & Shearer, 1993; IPCC, 1996). Rice fields are
one of the major atmospheric CH4 sources (Cicerone
& Shetter, 1981; Sass et al., 1990; Rennenberg et al.,
1992; Neue et al., 1994; Wassmann et al., 1995; Neue
& Sass, 1998; Wassmann et al., 1998). Rice plants are

actively implicated in CH4 production, oxidation, and
transportation (Seiler et al., 1984; Holzapfel-Pschorn
et al., 1985; Schutz et al., 1989; Neue et al., 1997). It is
imperative to evaluate the contribution of rice agricul-
ture to global CH4 emission.

China is an important rice-producing country, ac-
counting for  22.6% of the world rice harvested area
and 36.3% of rice grain production (IRRI, 1993a,b;
1995). Rice fields in China have been considered as an
important contributor to the increasing CH4 concentra-
tion in the atmosphere (Cai et al., 1994,  1995a,b;  Khalil
& Rasmussen, 1991; Wang et al., 1998). The objec-
tives of this study were to characterize and quantify
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CH4 emission from rice fields in southeast China and
to develop feasible mitigation options. This study is part
of an international network of measuring stations for
determining CH4 emissions from rice fields in Asia. The
experimental site was located in Hangzhou, which rep-
resents a typical area of single and double rice crop-
ping system in southeast China. The climate is subtropi-
cal and the soil and natural conditions  favor rice culti-
vation.

Materials and methods

Experiments were conducted in a rice field at the ex-
perimental farm of the China National Rice Research
Institute in Hangzhou, China. The soil has a pH of 6.2,
24.2 g organic C, 2.27 g total N, and 14.4 cmol CEC
kg-1 soil. The details of the experiments conducted from
1995 to 1998 are shown in Table 1. The experiment in
each rice season consisted of four treatments in a
randomized complete block design with three replicates.
Field was flooded, harrowed, and leveled 1 or 2  d be-
fore transplanting. The size of each individual plot was
5 × 5 m.

Methane emission rates were determined by an
automatic measurement system based on the “closed
chamber technique.” The technical details of the sys-
tem used in this measurement were described by
Wassmann et al. (this issue, a).  Sampling of gases from
the chambers was done in a 2-h cycle allowing four
measurements of the CH4 inside each chamber, at 30-
min intervals  each measurement. Methane emission
rate was calculated by regressing the four CH4 meas-
urements with each closing period.  All sampling op-
erations and data  acquisition were controlled by a com-
puter equipped with a timing device.  Bihourly CH4

emissions (12 readings d-1) were continuously obtained
during the entire growing season.  Besides CH4 emis-
sion rates, air temperature and soil temperatures at 5
and 10 cm depth were also automatically recorded con-
tinuously by the computer-regulating system at inter-
vals of 10 min.

Dissolved CH4 concentration at soil depths of 5,
10, and 15 cm were measured three times a week by a
procedure  described by Lu et al. (1999).

Statistical analysis of experimental data was ac-
complished using STATISTICA program (Statsoft, Inc.
1993). The data in each treatment were evaluated as to
the type of distribution. If distribution is normal, t-test
is used; if distribution is not normal, sign test is used.

Results and discussion

Seasonal pattern and rate of CH4  emissions

Typical of double rice cropping pattern in southeast
China, early rice is grown from April to July and late
rice is grown from July to November. The treatments
in the 1997 experiment consisted of urea only, urea plus
pig manure, and urea plus biogas residue (Table 1).  Lo-
cal water management was applied, which encompassed
persistent flooding (at 4 cm water depth) with 1 wk
interruption at midseason. The seasonal patterns of CH4

emission were clearly governed by both temperature
change and midseason drainage (Figures 1 and 2). In
early rice, air temperature increased with plant growth.
Emissions increased gradually with 2 two short-period
peaks at 30 d and 60 d after transplanting (DAT).  These
two peaks coincided with the two drainages. Methane
emission rates decreased rapidly after the second short-
period peak. This was due to the second drainage and
the low air temperature.  At the end of the season, the
field was drained, and CH4 emission rates were low.
The patterns in late rice differed from those in early
rice. Air temperature in late rice was high during  the
early growth stage, but decreased with plant growth.
Correspondingly, CH4 emission rates increased rapidly
and were high  after transplanting;  the emissions then
decreased steadily with plant growth and sharply de-
creased during midseason drainage (50 DAT).  After
60 DAT until harvest, the emission rates remained at a
low level and were virtually zero. The low air tempera-
tures would be the main reason for the low CH4 emis-
sions. Methane emission at this period was only a small
fraction of the total emitted CH4 in late rice.

Besides the double rice system, local farmers also
grow a single crop of rice. We measured CH4 emission
from single rice fields in 1995, 1996, and 1997.  Gen-
erally, the emission patterns in single rice differed from
those in early rice and late rice (Figure  3). In  the con-
tinuous flooding case, CH4 emission increased with
plant growth and reached a maximum  at heading stage
(60 DAT);  then it decreased gradually. A quick decrease
in CH4 emission rates occurred at 100 DAT.  The rea-
son for this could be the effect of drainage in some plots.
Emission rates sharply decreased at 65 DAT for the
treatments of local practice irrigation and intermittent
irrigation. Emissions remained  low  during the late
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Table 1. Summary of treatments and field management of experiments in Hangzhou (1995-1998)

Inorganic input Organic input
(kg N ha–1) (kg ha–1)b Transplantc Harvestc

Year Seasona Treatment
Basal Topdressed Org N Org C

1995d Single Local practice irrigation/green manure 60 60 38.5 600 05/30 10/10
Intermittent irrigation/green manure 21.5 60 38.5 600 05/30 10/10
Continuous irrigation/green manure 21.5 60 38.5 600 05/30 10/10
Local practice irrigation/no green manure 21.5 60 n n 05/30 10/10

1996e Early Modern indica (Zhongfu 906) 60 60 n n 05/07 07/24
Japonica hybrid (Jin 23a/71) 60 60 n n 05/07 07/24

Late Modern japonica (Xiusui 11) 60 60 n n 07/26 11/08
Indica hybrid (II-you 1568) 60 60 n n 07/26 10/30

Single Modern japonica (Chunjiang 06) 60 60 n n 06/20 10/30

Indica hybrid (Shanyou 10) 60 60 n n 06/20 09/26

1997e Early No organic  manure 60 60 n n 05/04 07/20
Pig manure 40 60 20 371 05/04 07/20
Biogas residue 40 60 20 266 05/04 07/20

Late No organic manure 60 60 n n 07/22 11/17
Pig manure 40 60 20 371 07/22 11/17
Biogas residue 40 60 20 266 07/22 11/17

Single Modern indica (IR72) 60 60 n n 06/10 09/20

1998f Early Local practice irrigation/no rice straw 60 60 n n 04/29 07/18
Local practice irrigation/rice straw 48.4 60 11.6 600 04/29 07/18
Intermittent irrigation/rice straw 48.4 60 11.6 600 04/29 07/18
Local practice irrigation/rice straw 48.4 60 11.6 600 04/29 07/18
  incorporated in winter fallowg

Late Local practice irrigation/no rice straw 60 60 n n 07/21 11/09
Local practice irrigation/rice straw 48.4 60 10.7 600 07/21 11/09
Intermittent irrigation/rice straw 48.4 60 10.7 600 07/21 11/09
Local practice irrigation/mulched strawh 48.4 60 10.7 600 07/21 11/09

aSingle crop season was from June to October, early rice in double cropping system was from May to July, and late rice was from July to November; bn = no organic
inputs; cDate; dIn 1995, modern japonica (Chujiang 06) was used for all treatments; eLocal practice irrigation was applied for all treatments of 1996 and 1997; fIn
1998, modern japonica (Zhongfu 906) was used for early season and modern japonica (Xiushi 11) for late season; gRice straw was incorporated into the soil 5 mo
before transplanting (during winter fallow); hRice straw was mulched to the field at the surface (no incorporation into the soil) directly before transplanting.

growth stages, although the field was reflooded.  The
emission pattern of the single rice crop during early
growing stages was similar to that  of  early rice, whereas
emission rates during late growing stages were similar
to those of late rice. Average total emission was 167-
557 kg CH4 ha-1, which was higher than both early rice
and late rice.

Wang et al. (1998) reported that the CH4 emis-
sion from rice fields in China ranged from 28 to 206
mg m-2 d-1 for early rice, 76-526 mg m-2 d-1 for late rice,
and 69-1,352 mg m-2 d-1 for single rice. Cai et al. (1994,
1995b) reported that  CH4 emission in central China
ranged from 46 to 1,060 mg m-2 d-1. Our results showed
that the CH4 emission rates in southeast China were

69-284 mg m-2 d-1 for early rice, 96-252 mg m-2 d-1 for
late rice, and 87-425 mg m-2 d-1 for  single rice (Table
2). The total seasonal emissions rates ranged from  53
to  225 kg ha-1 for early rice, 101-279 kg  ha–1 for late
rice, and 88-557 kg ha-1 for single rice.

Effects of water regime on CH4 emission

The water regime of rice soil is a main factor control-
ling CH4 emission (Sass et al., 1992; Adhya et al., 1994;
Kimura, 1994; Neue & Sass, 1994; Husin et al., 1995;
Yagi et al., 1996).  In China, field drainage in the mid-
dle of the season is practiced for better growth of rice
plants. The agronomic advantage of this practice is the
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Figure 2. The seasonal patterns of CH
4
 emissions, air temperature,

and water layer depth in the late rice season of 1997, Hangzhou

Figure 1. The seasonal patterns of CH
4
 emissions, air temperature,

and water layer depth in early rice season of 1997, Hangzhou

reduction of excess tillers and the promotion of root
growth. The experiment with single rice in 1995 com-
pared three different water regimes: (1) local practice,
i.e., normal irrigation with midseason drainage; (2) in-
termittent irrigation with alternate flooding and drain-
age at about 10-d interval; and (3) continuous flood-
ing. All these fields were fertilized with pig manure.
The patterns of CH4 emissions are illustrated in Figure
3. Continuous flooding resulted in highest emission,
followed by local practice irrigation, while intermit-
tent irrigation plots gave the lowest CH4 fluxes among
the three water regimes.  A midseason drainage sharply
decreased CH4  emission.

Methane emission from the local practice of irri-
gation was 44% lower and CH4 emission from inter-
mittent irrigation was 61% lower than that of continu-
ous flooding (Table 2).  There were no significant dif-
ferences in biomass and grain yields among the four
treatments.  These results revealed that proper drain-
age during the growing season could be a promising
mitigation strategy that does not affect yields. Moreo-
ver, this finding has been corroborated by results from
other stations of the network (Wassmann et al., this
issue,b).

Effects of organic inputs on CH4 emission

The impacts of organic inputs were investigated in the
seasons in 1997 (pig and biogas residue) and 1998
(fresh, decomposed, and mulched rice straw). Organic
amendments promoted CH4 emissions as compared with
mineral fertilizers (Table 2).  In early rice (1997), pig
manure increased CH4 emission by 11% , while biogas
residue did not increase CH4 emission (Table 2 , Figure
1). In late rice, both pig manure and biogas residue sig-
nificantly increased CH4 emission, especially during the
early growing season.  Total emission was 26% higher
than in the urea-treated plots. The application of biogas
residue increased CH4  emission slightly. The 1998 ex-
periment  was designed to test the effects of rice straw
with different application methods. In the early season,
rice straw was incorporated into the soil either before
the winter fallow or at the time of field preparation be-
fore transplanting.  Application before the winter fal-
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Table 2. Mean and cumulative CH
4
 emission rates, biomass, and yields per modifying treatment (1995-1998, Hangzhou)a

Mean Cumulative Aboveground Grain
Year Season Modifying treatment emission emission biomass yield

(mg m–2 d–1) (kg ha–1) (t ha–1) (t ha–1)

1995 Single Local practice irrigation/green manure 238.3 a 312.1 14.51 a 6.49 a
Intermittent irrigation/green manure 165.4 c 216.6 14.68 a 6.67 a
Continuous irrigation/green manure 425.1 a 556.8 14.85 a 6.68 a
Local practice irrigation/no green manure 182.2 b 238.7 14.72 a 6.63 a

1996 Early Modern indica (Zhongfu 906) 123.7 a 95.2 8.54 a 5.15 a
Japonica hybrid (Jin 23a/71 115.8 a 89.1 8.38 a 4.93 a

Late Modern japonica (Xiusui 11) 95.8 a 100.6 9.72 a 5.06 a
Indica hybrid (II-you 1568) 117.0 a 112.3 8.48 a 4.85 a

Single Modern japonica (Chunjiang 06) 138.4 b 182.6 9.31 a 5.21 a
Indica hybrid (Shanyou 10) 169.9 a 166.5 9.64 a 5.60 a

1997 Early No organic manure 69.7 b 53.0 10.75 b 6.27 b
Pig manure 77.2 a 58.6 11.01 ab 6.37 ab
Biogas residue 69.1 b 52.5 11.36 a 6.56 a

Late No organic manure 121.0 c 141.6 14.01 6.02 a
Pig manure 153.0 a 179.0 14.07 a 6.37 a
Biogas residue 128.8 b 150.7 14.46 6.33 a

Single Modern indica (IR72) 86.8 87.6 14.42 6.24

1998 Early Local practice irrigation/no rice straw 179.6 d 141.9 10.80 a 6.20 a
Local practice irrigation/rice straw 284.2 a 224.∞ 10.89 a 6.16 a
Intermittent irrigation/rice straw 224.2 c 177.1 10.90 a 6.19 a
Local practice irrigation/rice straw 253.5 b 200.3 10.74 a 6.13 a
   incorporated in winter fallow

Late Local practice irrigation/no rice straw 166.5 d 184.9 12.56 a 6.31 a
Local practice irrigation/rice straw 251.7 a 279.4 12.62 6.44 a
Intermittent irrigation/rice straw 193.3 c 214.5 13.33 a 6.71 a
Local practice irrigation/mulched straw 223.1 b 247.7 12.99 a 6.44 a

aData at the same season of the same year following the same letter are not significantly different at P <0.05.

Figure 3. Effect of water regime on CH
4
 emission from rice field in

the single rice season of 1995, Hangzhou
Figure 4. Methane emission as affected by mode of rice straw
application in the late rice season of 1998, Hangzhou
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Figure 6. Comparison of accumulated CH
4
 emissions between

conventional rice and hybrid rice: a) early rice, b) single rice, and
c) late rice seasons, 1996, Hangzhou

Figure 5. Methane emission as affected by time of rice straw
application in the early rice season of 1998, Hangzhou

low decreased emission by 11% (Figure 5, Table 2).  In
the late season, rice straw was mulched on the field
surface and incorporated into the soil at the time of field
preparation. The plot with rice straw mulch reduced
CH4 emission by 11% compared with rice straw incor-
porated (Table 2).

The quality and quantity of added organic amend-
ments and the application methods greatly affected CH4

production and emission.  The lower CH4 emission rates
from biogas residue were obviously due to the previ-
ous fermentation of the easily decomposable organic
C.  In the 1997 experiments,  pig manure and biogas
residue resulted in different CH4 emission rates but the
same grain yields,  indicating that the type of organic
manure is a mitigation option in a sustainable rice sys-
tem. Mulching rice straw on the field surface and in-
corporating rice straw in the winter fallow periods pro-
moted aerobic decomposition of rice straw, which then
resulted in the reduction of CH4 emissions. These two
methods resulted in  similar grain yields as the com-
mon method (i.e.,  incorporation of rice straw into soil
at the time of field preparation), indicating that appli-
cation methods of organic amendments can also be
taken as important options for achieving low CH4 emis-
sion from rice agriculture.

Effects of rice cultivars on CH4 emission

The experiments on rice cultivars were conducted in
the early, late, and single rice seasons in 1996.  The
accumulated CH4 emissions of rice cultivars are shown
in Figure 6.  In early and late rice, the CH4 emission
rates showed slight differences between hybrid variety

and conventional variety at late growth stages.  In the
single-rice season, accumulated CH4 emission of hy-
brid rice was higher than that of conventional rice dur-
ing the early growth stages, but this was reversed in the
late growing season.  In the late rice season, the accu-
mulated emission of hybrid rice was constantly higher
than that of the conventional variety.

The total CH4 emissions were 92.5 kg ha–1 for
Zhongfu 906 (indica) and 89.1 kg ha-1 for Jing 23 A/T1
(hybrid) in the early rice season; 100.6 kg ha–1 for the
Xiushui 11 (japonica) and 112.3 kg ha–1  for the II-You
1568 (hybrid) in the late rice season; and 182.6 kg ha–1

for Chunjiang 06 (conventional) and 166.5 kg ha–1 for
Shanyou 10 (hybrid) in the single rice season (Table
2).  Less emission of hybrid rice in the single-rice sea-
son was due to its shorter growing period (98 d) as com-
pared with 132 d of in-line cultivars (Table 1).  The
difference in CH4 emission rates among the tested
cultivars ranged from 6.8% to 11%. This difference was
smaller than the difference among treatments of water
regimes and organic inputs. However, screening and
breeding rice cultivars with low CH4 emission rates
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seem to deserve future research effort, considering that
farmers can easily accept (without any additional input
and field management) rice cultivars with low CH4

emission rates and high yields.

Dissolved  CH4  concentration in soil solution and its
relationship to CH4 emission

The seasonal patterns of dissolved CH4 concentrations
differed between early rice and late rice. In the early
rice season, dissolved CH4 remained 2-3 µg ml-1 until
30 DAT.  Then the concentration decreased sharply due
to first midseason drainage. After reflooding, CH4 con-
centration increased again and peaked at a higher level
(6.58 µg ml-1).  Methane concentration was lower to-
ward the end of the season because of the dryness of
the soil.  For late rice, temperature was high during the
early stages. Dissolved CH4 concentration was main-
tained at 4-6 µg ml-1 until 45 DAT.  Methane  concen-
tration then decreased to a very low level due to
midseason drainage and low temperature in the late
growing season (Figure 7).

Application of organic manure triggered a rapid

increase in CH4 concentration.  The average CH4 con-
centrations were 2.2 µg ml-1 for urea, 3.09 µg ml-1 for
urea plus pig manure, and 2.46 µg ml-1 for urea plus
biogas residue. In the late rice season, average CH4 con-
centrations were 3.07, 3.8, and 3.22 for urea, urea plus
pig manure and biogas residue, respectively.

Seasonal CH4 emissions were closely related to
dissolved CH4 concentration in soil solution at differ-
ent soil depths. The highest relationship was found at
the 5 cm depth. The correlations differed among differ-
ent rice seasons. In early rice, r2 was 0.68 at 5 cm depth,
0.48 at 10 cm depth, and 0.33 at 15 cm depth. For late
rice, r2 ranged from 0.88 to 0.95 for different depths.
The average CH4 concentrations were 1.9, 2.8, and 3.0
mg ml-1 for soil depth of 5, 10, and 15 cm, respectively,
in early rice and 2.9, 3.5, and 3.7 µg ml-1, respectively,
in late rice. The CH4 concentration increased with soil
depth in the range of 0-15 cm depth.

Conclusions

Methane emission patterns in southeast China rice fields
were the interactive results of temperature changes and
irrigation regimes. Midseason drainage and intermit-
tent irrigation sharply reduced CH4 emission.  In gen-
eral, CH4 emission rates increased with plant growth in
the early rice fields; decreased with plant growth in the
late rice fields; and increased during the first half growth
period and decreased during the second half  in  single
rice fields.

Organic inputs promoted CH4 production and
emission. Selecting the appropriate organic manure type
(i.e., decomposed manure) and application method may
reduce CH4 emission without a yield decrease. The im-
pact of cultivar on CH4 emission depends on  the sea-
son and growth stage. Cultivar choice may become an
important mitigation option for regional and/or global
CH4 emission, but the mechanisms of varying emis-
sion potential of cultivars have to be clarified before-
hand.

Southeast China is in the subtropical climatic zone
and is the major rice-producing area in the country. With
a growing population, China’s rice production must in-
crease to 0.6 billion  over the next 30 yr. This growing
demand is most likely to be met by intensifying rice
production in existing rice areas. Methane emission
from rice fields and mitigation options should be as-
sessed within the overall context of rice cultivation. This
will also require national and international scientific
efforts and, above all, strong regulations for environ-
ment protection.

Figure 7. Seasonal patterns of dissolved CH
4
 concentrations in soil

solution: a) early rice and b) late rice seasons of 1997, Hangzhou
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Abstract

Methane (CH4) emission fluxes from rice fields as affected by water regime, organic amendment, and rice cultivar
were measured at the Indian Agricultural Research Institute, New Delhi, using manual and automatic sampling
techniques of the closed chamber method. Measurements were conducted during four consecutive cropping sea-
sons (July to October) from 1994 to 1997.  Emission  rates  were  very  low  (between  16 and 40 kg CH4 m–2

season–1) when the field was flooded permanently. These low emissions were indirectly caused by the high perco-
lation rates of the soil; frequent water replenishment resulted in constant inflow of oxygen in the soil. The local
practice of intermittent flooding, which encompasses short periods without standing water in the field, further
reduced emission rates. Over the course of four seasons, the total CH4 emission from intermittently irrigated fields
was found to be 22% lower as compared with continuous flooding. The CH4 flux was invariably affected by rice
cultivar. The experiments conducted during 1995 with  one cultivar developed by IRRI (IR72) and two local
cultivars (Pusa 169 and Pusa Basmati) showed that the average CH4 flux from the intermittently irrigated plots
without any organic amendment ranged between 10.2 and 14.2 mg m-2 d-1. The impact of organic manure was
tested in 1996 and 1997 with varieties IR72 and Pusa 169. Application of organic manure (FYM + wheat straw) in
combination with urea (1:1 N basis) enhanced CH4 emission by 12-20% as compared with fields treated with urea
only. The site in New Delhi represents one example of very low CH4 emissions from rice fields. Emissions from
other sites in northern India may be higher than those in New Delhi, but they are still lower than in other rice-
growing regions in India. The practice of intermittent irrigation—in combination with low organic inputs—is
commonly found in northern India and will virtually impede further mitigation of CH4 emissions in significant
quantities. In turn, the results of this study may provide clues to reduce emissions in other parts of India with
higher baseline emissions.

Introduction

Methane (CH4) is a radiatively active trace gas which
is present in the atmosphere and is 30 times more effi-
cient than CO2 in trapping heat (Ramanathan et al.,
1985). Current atmospheric concentration of CH4 is
around 1.72 ppmv, but it is predicted that until the year
2100, CH4 levels may rise to 3-4 ppmv which may have
a significant effect on global warming (US-Environ-
mental Protection Agency, 1991). The increase of CH4

in the atmosphere contributes to global warming and
affects chemical changes in the atmosphere (GEIA,
1993; Khalil & Shearer, 1993; IPCC, 1996; Cicerone
& Oremland 1988). Rice fields are one of the major
atmospheric CH4 sources (Cicerone & Shetter, 1981;
Neue & Sass, 1998; Neue et al., 1994; Rennenberg et
al., 1992; Sass et al., 1990; Wassmann et al., 1993, 1998;
Mitra et al., 1999). Soil properties, water management,
organic amendment, and temperature have been re-
ported as the major factors controlling the amount of
CH4 emitted from rice fields (Schuetz et al., 1989; Sass
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et al., 1991).  There are few reports on the effect of rice
cultivars on CH4 emission (Parashar et al., 1991; Lindau
et al., 1995;  Wang et al., 1997; Mitra et al., 1999). It
has also been reported that rice plants take an active
part in CH4 production, oxidation, and transportation
(Holzapfel-Pschorn et al., 1985; Neue et al., 1997;
Schuetz et al., 1989; Seiler et al., 1984).

India is an important rice-producing country,
comprising 28.6% of world rice area (Huke & Huke,
1997). During recent years, several studies on CH4 emis-
sion from Indian rice fields have been carried out by
different researchers to study the effect of soil type,
season, water regime, organic and inorganic inputs, and
cultivars (Sinha, 1995; Parashar et al., 1991; Mitra,
1992; Parashar et al., 1994; Adhya et al., 1994; Mitra et
al., 1999).  A broad measurement campaign (1989-91)
covering selected rice-growing areas of India indicated
a very low source strength ranging from 3.4 to 5.4 Tg
yr-1 (Mitra, 1992). In spite of considerable improvement
in the available database in recent years, large uncer-
tainties remain.

The present study was conducted within an in-
ternational network of eight measuring stations for de-
termining CH4 emissions from rice fields (Wassmann
et al., this issue, a). The objectives of this study at the
station in New Delhi were
1) to characterize and quantify the CH4 budget un-

der local settings;
2) to assess the effects of water management, or-

ganic amendments, and different cultivars on
CH4 emission; and

3) to develop crop management strategies with low
CH4 emission in a sustainable rice system for
this region.

Materials and methods

Field preparation

Field experiments were conducted at the Indian Agri-
cultural Research Institute (IARI) research farm, New
Delhi, during rainy season (July to October), 1994-97.
The soil of the experimental site is sandy loam, slightly
alkaline, moderately permeable Ustochrept (old allu-
vium). The fertility status of the soil is medium with
respect to available N, P, and K. The physicochemical
characteristics of the soil are given in Table 1. Percola-
tion rates were very high and accounted for 20 mm d-1.

The field experiments were laid out with four
treatments in each year (Table 2). Every year of meas-

urement encompassed a comparison of cultivars (IR72
vs local cultivars; Table 3) and water management (con-
tinuous vs intermittent flooding). Organic amendments
were introduced in 1997 and 1998. Twenty-five to
thirty-day-old rice seedlings were transplanted in  5- ×
5-m plots keeping 20- × 20-cm spacing among hills.
Urea was applied at rates of 120 kg N ha–1 (as sole fer-
tilizer) or 60 kg N ha–1 (in combination with organic
manure) and was split in two equal doses (at 10 and 30
d after transplanting). Organic amendments consisted
of  farmyard manure plus  wheat straw, which were
added  20 d  before  transplanting at rates of 60 kg N
ha–1. Phosphorus and potassium were added to the soil
of all plots as a basal dose of 50 kg P2O5 and 40 kg K2O
in the form of single superphosphate and muriate of
potash, respectively.

Water management

A high percolation rate of the soil required constant
supply of water to maintain a water level of 5 cm (± 2
cm) in continuously flooded plots (Figure 1c). In inter-
mittently irrigated plots, the floodwater was replenished
to a level of 5-10 cm whenever the soil moisture de-
clined near saturation level (Figure 1f) . The process of
periodic flooding of the field was continued through-
out the experiment.

Gas sampling and CH4 flux measurement

Methane fluxes were monitored using automatic as well
as manual sampling systems. The automatic system was
set up in the vicinity of the rice fields at IARI farm in
early 1995. The automatic system has been described
in detail by Wassmann et al. (this issue, a). Methane
measurements were carried out mostly by manual sam-
pling (otherwise stated) and was done by using the
closed chamber technique described by Hutchinson and
Mosier (1981). The closed chambers (30 × 50 × 100

Table 1.  Physicochemical characteristics of IARI soil (Ustochrept,
old alluvium, sandy loam)

Parameter Value Parameter Value

Sand (%) 66.0 Organic carbon (%) 0.41
Silt (%) 17.1 CEC [cmol(p+)kg ha-1] 7.3
Clay (%) 16.1 Available N (kg ha-1) 338.52
Bulk density (g cm-3) 1.33 Available P (kg ha-1) 20.04
pH (1:2 soil:water) 8.2 Available K (kg ha-1) 250.95
EC ( dS m-1 ) 0.32 Percolation rate (mm d-1) 20.0
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cm) were made of acrylic (Perspex) sheet and the joints
were sealed with silicone grease to make them leak-
proof. The acrylic chambers were placed over the
aluminum jackets preinserted into the soil to a depth of
5 cm in each plot well in advance (1 d before sam-
pling) to ensure minimum disturbance to the soil at the
time of gas collection in the chambers.  The water seal
surrounding the acrylic chamber in a channel made the
system airtight.  Gas samples were drawn at 0, 10, and
20-min interval through a three-way stopcock after in-
stallation of chamber using an airtight syringe (capac-

ity 50 ml). The mixing of the gas inside the chamber
was achieved during sampling by drawing air out of
the chamber head space into a syringe and releasing it
back into the chamber (8-10 times) before the final sam-
ple was withdrawn. Thereafter,  a little higher volume
of gas samples (about 15 ml) was transferred into a
preevacuated vacutainer (capacity12.5 ml) closed with
an airtight rubber stopper by a hypodermic needle (26
gauge) to maintain higher pressure than the atmosphere
to avoid contamination or dilution of the collected sam-
ple. The samples were analyzed by using a gas chro-
matograph, HP 5890 series II GC fitted with FID and
Porapak N column. Column, detector, and injector tem-
peratures were maintained at 70, 130, and 130 °C, re-
spectively. In both GC, nitrogen was used as the carrier
gas, hydrogen as the fuel gas, and zero air as the sup-
porting gas with flow rates of 20, 30, and 250 ml min-1,
respectively. The CH4 flux (F) was calculated using the
following equation (Debnath et al., 1996):

F= [(Ct – C0) / t] × H × 42.857 mg m-2 h -1

where t is time interval (min), H is height of headspace
(m), C0 is initial concentration of CH4 at time 0 (ppmv),
and Ct is final concentration of CH4 at time t (ppmv).

Table 2.  Details of experiments and treatments, 1994-97

Mineral Organic Biomass Grain Methane
Year Cultivar Water management    NPK amendment (t ha-1) yield emission

(kg ha–1) (kg N ha–1) a  (t ha–1) (kg ha–1) b

1994 IR72 Continuous flooding 120:50:40 - 16.8 5.1 39.8 a
IR72 Intermittent irrigation 120:50:40 - 16.4 5.2 32.4 b
Pusa 169 Continuous flooding 120:50:40 - 14.2 4.9 34.8 ab
Pusa 169 Intermittent irrigation 120:50:40 - 13.9 4.8 30.0 ab

1995 IR72 Continuous flooding 120:50:40 - 17.6 5.5 22.67 a
IR72 Intermittent irrigation 120:50:40 - 17.2 5.5 9.71 b
Pusa 169 Intermittent irrigation 120:50:40 - 13.1 5.2 12.47 ab
Pusa Basmati Intermittent irrigation 120:50:40 - 21.8 4.9 13.44 ab

1996 IR72 Continuous flooding 120:50:40 - 11.8 4.4 23.00 a
IR72 Intermittent irrigation 120:50:40 - 11.8 4.2 17.90 b
IR72 Intermittent irrigation   60:50:40 60 11.1 4.2 22.10 ab
Pusa 169 Intermittent irrigation   60:50:40 60 9.1 3.2 20.30 ab

1997 IR72 Continuous flooding 120:50:40 - 14.0 6.8 16.58 a
IR72 Intermittent irrigation 120:50:40 - 12.6 6.2 12.93 a
IR72 Intermittent irrigation   60:50:40 60 12.0 6.0 14.42 a
Pusa 169 Intermittent irrigation   60:50:40 60 11.8 5.6 15.28 a

aOrganic amendment = farmyard manure (50%) and wheat straw (50%) bMeans followed by the same letter do not differ significantly at p < 0.01 level.

Table 3.  Physiological characteristics of different rice cultivars used
in the 1994-97 experiment

Character Pusa 169 IR72 Pusa Basmati

Plant height (cm) 95 90 105
No. of panicle-bearing tillers m-2 400 415 350
Av leaf area tiller–1 (cm2) 100 85 95
Leaf area index 4.6 4.5 4.1
Specific leaf weight 4.5 5.4 6.1
Grain yield (t ha-1) 5.1 5.3 4.6
Biological yield (t ha-1) 10.7 12.4 11.8
Harvest index (%) 47 45 40
Days to maturity 120 ± 5 125± 5 135 ± 5
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Soil pH, redox potential (Eh), and temperature
measurement

The redox potential (Eh) was measured using a battery
operated pH cum voltmeter (Philips). The platinum tip
of the electrode was inserted into each plot under in-
vestigation at the root zone (12-15 cm depth) through-
out the growing season, whereas the reference electrode
(calomel) was placed at the surface only to maintain
electrical contact (Ponnamperuma, 1972). Sufficient
time (8-10 min) was given for the volt reading to get
stabilized before recording. The pH of the submerged

soil was measured using a portable pH meter (Systronics
Griph D pH meter/Philips). Soil and air temperatures
were measured by using the digital thermometer and
soil thermometer (mercury), respectively, giving tem-
perature values in °C. Soil temperature was measured
at a depth of 10 cm.

Results and discussion

The available database consists of four consecutive sea-
sons (1994-97). Emission measurements from 1994,
1995, and 1996 were conducted through manual sam-
pling, whereas emission data of 1997 were based on
automatic measurements.

Figure 1. Seasonal patterns of CH4 emission (a, d), soil Eh and pH (b, e), and water level (c, f) in continuously flooded and intermittently
flooded rice (IR72), 1995 season
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Seasonal patterns

The seasonal patterns of CH4 emission (Figure 1a), soil
Eh (Figure 1b), soil pH (Figure 1b), and water levels
(Figure 1c) are depicted for the continuously flooded
field in 1995. Fluctuations in water level in both 1995
(Figure 1c) and 1996 (Figure 2c) clearly illustrate the
high percolation rates at this site. Irrigation water had
to be added several times a week to maintain flooding
of the field. Due to this constant inflow of oxygen, Eh

showed a pronounced fluctuation throughout the sea-
son and reached only temporarily values below –100
mV (Figure 1b). Floodwater fluctuations had no im-
pact on pH values that remained stable around 8.00.

Methane emission rates varied throughout the
season without any distinct trend or pattern. The rela-
tionship to Eh development is evident from Figure 1:
low emission rates coincided with high Eh and high
emissions with low Eh. Relatively low temperatures
during the final stage of the season may have caused a
distinct period of low emission and high Eh.

Figure 2. Seasonal patterns of CH4 emission (a, d), soil Eh nd pH (b, e) and water level (c, f) in continuously and intermittently flooded rice
(IR72), 1996 season
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Effect of water regime

The impact of different water regimes on emission rates
varied from year to year (Table 2). Differences in CH4

emission were pronounced in 1 yr (1995), i.e., continu-
ous flooding caused higher emission rate than inter-
mittent irrigation, and only small in other years (1994,
1996, 1997). It has been observed that except for 1997,
in case of cultivar IR72 on an average, intermittent irri-
gation significantly reduced CH4 emission (by 29%) as
compared with continuous flooding (Table 2). How-
ever, the irrigation mode of fields with continuous flood-
ing was substantially different from rice fields in other
regions because high percolation of the soil required
frequent replenishment of the receding floodwater. In
our experiments, the mean CH4 emission rate during
the 4 yr of experimentation amounted to 25.57 and 18.33
kg ha-1 under intermittent and continuous flooding, re-
spectively, corresponding to a 28% decrease by adopt-
ing the practice of intermittent irrigation over continu-
ous flooding. This reduction was accomplished at the
expense of slightly lower (3.2%) grain yields (Table
2). Lower grain yields were also observed by Yagi et
al. (1994) in intermittently irrigated rice fields in Ja-
pan.

Seasonal emission patterns under different water
regimes are shown in Figures 1 and 2 jointly with Eh.
The 1995 experiment (Figure 1) and 1996 experiment
(Figure 2) showed different patterns of redox develop-
ment. In 1995, the soil remained at redox levels of more
than –100 mV throughout the first half of the growing
period. High Eh values under intermittent flooding were
reflected by very low emission rates from this field. In
1996, the Eh decreased immediately to the –100 mV
level and the differences between treatments were small.
The reasons for these divergences among seasons and
treatments are not clear. At this low level of emission
rates, the CH4 budget appears to be relatively unstable
so that small changes (e.g., in the fallow treatment) may
have caused prominent effects. In absolute terms, how-
ever, differences among seasons and treatments are still
small since all emission rates were in a comparably low
range.

Intermittent flooding leads to an overall reduc-
tion of emission rates, but emissions could be enhanced
during short intervals. Automatic measurements dur-
ing the 1997 season documented a sudden pull of emerg-
ing CH4 lasting for 4 d (Figure 3). This incident is simi-
lar to the emergence of gaseous CH4 after harvest drain-
ing that is commonly observed in irrigated rice
(Wassmann et al., 1994).

Effect of cultivars

The three cultivars tested in this experiment were the
high-yielding cultivars IR72 and Pusa 169 as well as
the tall cultivar Pusa Basmati. The physiological charac-
teristics of these cultivars are given in Table 3. The IRRI
variety, IR72, had higher emission rates than the local
variety Pusa 169 in 1994 and 1996, whereas Pusa 169
had higher emissions in 1995 and 1997. The reasons
for these discrepancies among cultivars and among sea-
sons are still not clear. IR72 had a higher yield poten-
tial and higher biomass in all the experiments (Table
2). The 1994 experiment indicated that the cultivar-spe-
cific difference occurred uniformly under different
water regimes (Figure 4). Both cultivars showed almost
identical patterns (data not shown). Pusa Basmati
showed higher emissions than IR72 in the 1995 experi-
ment and this variety developed higher biomass which
might be one of the reasons for its higher CH4 emission
potential. Some reports  also show the dependence of
CH4 emission on biomass (Cicerone et al., 1983; Sinha,
1995).

Effect of organic amendment

Organic amendment inputs promoted CH4 emissions,
but total emission remained less than 25 kg CH4 ha-1

(Table 2). This finding is contrasted by results from
other network stations with irrigated rice where total
emissions generally exceeded 100 kg CH4 ha-1 after
manure application (Wassmann et al., this issue, a). Pre-
vious field experiments also reported larger impacts of
organic amendments in both absolute and relative terms
(Neue et al., 1994; Wassmann et al., 1993; Chen et al.,
1993). The low impact of organic manure in the ex-
periment in New Delhi could be related to high perco-
lation rates. Constant inflow of oxygen into the soil and
downward discharge of methanogenic substrate resulted
in low CH4 production (Yagi et al., 1990; Inubushi et
al., 1992). Thus, emissions were very low even when
organic matter was applied.

The seasonal patterns of CH4 emissions in IARI
rice fields during 1996 and 1997 wet seasons as affected
by organic amendment are shown in Figure 3. Differ-
ences among treatments were relatively low through-
out the season. In other stations of the network, organic
amendments stimulated emissions during the first half
of the season (Wassmann et al., this issue,b). At the
New Delhi station, no definite response pattern could
be delineated on the conversion of organic amendment
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to CH4 emission, which was substantially lower than
the other sites of this network (Wassmann et al., this
issue, a).

Conclusion and mitigation options

Emission rates at the New Delhi site were by far the
lowest in the network of eight stations. The reasons for
intersite differences are discussed in Wassmann et al.
(this issue, a). The distinct feature of the New Delhi
station was a very high percolation rate (20 mm d-1)
requiring periodic replenishment of floodwater through
intermittent drainage. While sandy loamy soils (the
abundant soil type of northern India) are characterized
by relatively high percolation, the conditions at the New
Delhi site appear to be rather at the extreme end for
irrigated rice. Local differences in soil and crop man-
agement may slightly modify source strengths of CH4

emission within northern India, but it seems likely that
the practice of intermittent flooding will result in a rela-
tively low level of CH4 emission rates throughout this
region. In eastern and southern India, however, envi-
ronmental conditions differ largely from New Delhi and
should be assessed by separate studies (e.g., the study
by Adhya et al., 2000 [this issue] conducted in Cuttack

[eastern India]).
In India, out of 42.3 million ha of rice cultivation

area, 19.6 million ha are irrigated (Huke & Huke, 1997).
In general, organic soil amendments are very low in
Indian rice production systems. Even if technically pos-
sible, mitigation strategies will only have a small net
effect on the CH4 source strength as opposed to organi-
cally amended fields. On the other hand, intermittent
irrigation is one of the best options for mitigating CH4

emission in continuously flooded fields, e.g., in south-
ern India.  In our experiment, there was a net decrease
of 28% in CH4 emission (over four consecutive sea-
sons) by applying intermittent irrigation over continu-
ous flooding. This practice did not affect yields and
may also be exploited for water saving. Site-specific
adaptations will be required for an optimum effect con-
sidering rice yields, water consumption, and CH4 emis-
sions. In this process, appropriate selection of rice
cultivars may also become a tool to control CH4 emis-
sion from rice fields. At present, however, the database
on the impact of local varieties from India as well as
varieties developed at IRRI is insufficient to devise dis-
tinct recommendations on cultivar use.

Figure 3. Effect of organic amendments on CH4 emission during
the 1996 (a) and 1997 (b) crop seasons from intermittently
irrigated rice fields (IR72)

Figure 4. Seasonal patterns of CH4 emission as affected by rice
cultivar in an intermittently (a) and continuously flooded (b) rice,
1994 wet season
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Abstract

Methane (CH4) emissions were determined from 1993 to 1998 using an automated closed chamber technique in
irrigated and rainfed rice. In Jakenan (Central Java), the two consecutive crops encompass a gradient from low to
heavy rainfall (wet season crop) and from heavy to low rainfall (dry season crop), respectively. Rainfed rice was
characterized by very low emission at the onset of the wet season and the end of the dry season. Persistent flooding
in irrigated fields resulted in relatively high emission rates throughout the two seasons. Average emission in rainfed
rice varied between 19 and 123 mg CH4 m-2 d-1, whereas averages in irrigated rice ranged from 71 to 217 mg CH4

m-2 d-1. The impact of organic manure was relatively small in rainfed rice. In the wet season, farmyard manure
(FYM) was completely decomposed before CH4 emission was initiated; rice straw resulted in 40% increase in
emission rates during this cropping season. In the dry season, intensive flooding in the early stage promoted high
emissions from organically fertilized plots; seasonal emissions of FYM and rice straw increased by 72% and 37%,
respectively, as compared with mineral fertilizer. Four different rice cultivars were tested in irrigated rice. Average
emission rates differed from season to season, but the total emissions showed a consistent ranking in wet and dry
season, depending on season length. The early-maturing Dodokan had the lowest emissions (101 and 52 kg CH4

ha-1) and the late-maturing Cisadane had the highest emissions (142 and 116 kg CH4 ha-1). The high-yielding
varieties IR64 and Memberamo had moderately high emission rates. These findings provide important clues for
developing specific mitigation strategies for irrigated and rainfed rice.

Introduction

Rice is grown in Indonesia in a wide range of environ-
ments comprising 10.6 million ha of harvested area
(IRRI, 1995). The highly productive land, which is pri-
marily located in Java and Sumatra, is irrigated low-
land (72% of total rice area). Smaller portions of the
rice land are classified as rainfed (7%) lowland, flood-
prone (10%), and upland (11%). Indonesia used to im-
port rice previously but has attained self-sufficiency
since 1984 (IRRI, 1995). This success was mainly at-
tributed to an annual production increase of 4-5 % in
the 1970s and 1980s. Rice is the staple food of the In-
donesian people and the major source of income in
many rural areas.

However, rice production is a major source of
greenhouse gases such as methane (CH4) (Neue et al.,
1990; Cicerone et al., 1992).  The increase of CH4 con-
centration in the atmosphere contributes to global warm-
ing (Ramanathan et al., 1985) and affects the chemis-
try of the atmosphere (Bolle et al., 1986; Rasmussen &
Kahlil, 1986).  Global annual CH4 emissions from rice
fields were estimated in very wide range—from 25 to
100 Tg (IPCC, 1996). One of the main reasons for these
uncertainties is the lack of field investigations address-
ing the variety of cultivation techniques used. Only a
few studies using manual sampling techniques are avail-
able for Indonesia (Kimura et al., 1994; Husin et al.,
1995).
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The modalities of rice cultivation have undergone
pronounced changes in previous decades, notably in
irrigation facilities, fertilizer application, and cultivar
traits. Virtually all these agronomic practices affect the
conditions for CH4 production, oxidation, and transport
(Neue & Roger, 1993), whereas the net result of these
changes remains uncertain.

The study presented here was conducted within
an international network of measuring stations for de-
termining CH4 emissions from rice fields (Wassmann
et al., this issue, a). The station is located in an area
with predominant rainfed systems while irrigation rice
is scattered in the regions. The objectives of the studies
at the Jakenan station were
• to quantify CH4 fluxes from rice fields in Cen-

tral Java, one of the important rice areas of In-
donesia;

• to assess the impact of management practices
common to this region;

• to evaluate processes that control CH4 emission
in an equatorial climate; and

• to develop mitigation strategies with low CH4

emission in a sustainable rice system for this re-
gion.

Field site and methods

Field experiments were conducted from 1993 to 1998
at the Jakenan station located in Central Java (Indone-
sia). Experiments included irrigated and rainfed rice; a
comparison between these two ecosystems is presented
in Wassmann et al. (this issue, b). Soil properties listed
in Table 1 indicate relatively high acidity, low CEC,
and low content of organic material. The soil is classi-
fied as Acric Tropoqualf and has a silty loam texture.

Central Java has an equatorial climate with heavy
rainfalls typically occurring from November to April.
Annual precipitation varied from 950 mm to 2200 mm
over the last four decades with a long-term average of
1588 mm. Farmers in this region  plant two consecu-
tive rainfed crops with a short intermediate fallow. These
seasons are commonly denoted as wet season
(gogorancah) and dry season (walik jeramih), although
each of them encompasses a gradient from dry to wet
and from wet to dry conditions, respectively. In rainfed
systems, the wet season crop is dry-seeded, whereas
the dry season crop is transplanted. Farmers with ac-
cess to irrigation water plant two crops of irrigated rice;
both crops are transplanted.

A closed chamber technique was used to deter-
mine CH4 emission continuously through an automated
system (Wassmann et al., this issue, a).

The standardized measuring systems had the fol-
lowing basic features:  (i) three chambers per treatment
distributed in the field according to a complete block
design;  (ii) a pneumatic system for alternate chamber
closing (for 16 min to record emission) and opening
(for 104 min to equilibrate with ambient air);  (iii) a
sampling system providing direct air transfer from the
inner volume of the chambers to a sample loop and a
direct injection of aliquots into the gas chromatograph
(GC); and (iv) an analytical system (GC plus integra-
tor) linked to a data acquisition device.

Results and discussion

Characterization of seasonal emissions

Figure 1 shows seasonal patterns of CH4 emission rates
for two consecutive seasons. The experiments in the
1996-97 wet season and the 1997 dry season were con-
ducted with urea as N source in irrigated and rainfed
rice (Table 2).

In irrigated rice, flooding started at 4 d before
transplanting (for soaking of the soil) and ended a week

Table 1.  Soil physical and chemical characteristics of Jakenan Ex-
periment Station.

Parameters Value

Soil texture (%)
Sand 29
Silt 58
Clay 13

pH (H
2
O) 4.7

Total N (%) 0.05
Total organic carbon (%) 0.48
Available P

 
(ppm) 21

Exchangeable cations (meq/100 mg)
Ca 2.13
Mg 0.44
K 0.04
Na 0.12
Al 1.45
CEC 6.14

Microelement (ppm)
Fe 41
Mn 10
Cu 1
Zn 2
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Figure 1. Seasonal patterns of CH
4
 emissions in rainfed and irrigated rice during the 1996-97 wet season and 1997 dry season

Figure 2. Methane emissions in rainfed rice as affected by amendments, 1995-96 wet season and 1996 dry season (tick marks on the x axis
indicate 20-d intervals)
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Table 2. Summary of treatments and management practices for the Jakenan experiments, 1993-98.

Year Season Treat- Treatment description Inorganic input Organic Date Date
ment (kg ha–1) input trans- har-
No. Water Other management (Org N) planted vested

management Type Basal Topdressed

1993-94 Wet 1 Irrigated IR72/transplanted/20×20 Urea 0 120 10/23 02/19
2 Irrigated IR72/direct seeded/20×20 Urea 0 120 10/23 02/19
3 Rainfed IR64/transplanted/15×20 Urea 0 120 10/02 02/16
4 Rainfed IR64/direct seeded/20×20 Urea 0 120 10/02 02/16

1994 Dry 1 Irrigated IR72 Urea 0 120 03/01 06/13
2 Rainfed IR64 Urea 0 120 03/01 05/26
3 Rainfed IR72 Urea 0 120 03/01 05/26
4 Irrigated IR64 Urea 0 120 03/01 05/26

1994-95 Wet 1 Rainfed Urea Urea 0 120 11/16 03/16
2 Rainfed Farm manure Urea 0 109 11 11/16 03/16
3 Rainfed Farm manure Urea 0 98 22 11/16 03/16
4 Irrigated Urea Urea 0 120 01/06 04/07

1995 Dry 1 Rainfed Urea Urea 0 120 03/22 07/17
2 Rainfed Farm manure Urea 0 120 11 03/22 06/08
3 Rainfed Farm manure Urea 0 120 22 03/22 06/08
4 Irrigated Urea Urea 0 120 04/11 06/29

1995-96 Wet 1 Rainfed Urea Urea 0 120 10/27 02/18
2 Rainfed Rice straw Urea 0 78.4 42 10/27 02/18
3 Rainfed Farm manure Urea 0 75.4 45 10/27 02/18
4 Irrigated Urea Urea 0 120 11/21 02/10

1996 Dry 1 Rainfed Urea Urea 0 120 02/28 05/24
2 Rainfed Rice straw Urea 0 120 41 02/28 05/24
3 Rainfed Farm manure Urea 0 120 45 02/28 05/24
4 Irrigated Urea Urea 0 120 02/28 05/24

1996-97 Wet 1 Irrigated Prilled urea Prilled urea 0 120 10/30 02/06
2 Irrigated Tablet urea Urea tablet 0 120 10/30 02/06
3 Rainfed Prilled urea Prilled urea 0 120 10/14 02/06
4 Rainfed Tablet urea Urea tablet 0 120 10/14 02/06

1997 Dry 1 Irrigated Prilled urea Prilled urea 0 120 02/12 05/06
2 Irrigated Tablet urea Urea tablet 0 120 02/12 05/06
3 Rainfed Prilled urea Prilled urea 0 120 02/12 05/06
4 Rainfed Tablet urea Urea tablet 0 120 02/12 05/06

1997-98 Wet 1 Irrigated Dodokan Urea 0 120 12/02 03/02
2 Irrigated IR64 Urea 0 120 12/02 03/08
3 Irrigated Menberamo Urea 0 120 12/02 03/14
4 Irrigated Cisadane Urea 0 120 12/02 04/06

1998 Dry 1 Irrigated Dodokan Urea 0 120 05/28 08/10
2 Irrigated IR64 Urea 0 120 05/28 08/17
3 Irrigated Menberamo Urea 0 120 05/28 08/18
4 Irrigated Cisadane Urea 0 120 05/28 09/01
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before harvest in each season. Therefore, CH4 emis-
sions increased relatively fast after transplanting and
remained on a relatively high level between 100 and
200 mg CH4 m-2 d-1 throughout the seasons (Figure1a,
c). The emission peaks at the end of the season indicate
the presence of soil-entrapped CH4 gas that is released
after drainage (Wassmann et al., 1994; Denier van der
Gon et al., 1996).

For rainfed rice, CH4 emission rates were virtu-
ally zero during the first month of the wet season when
the soil is still very dry.  Frequent rainfall in November
and December gradually increased the flooding inten-
sity and thus, CH4 emission rates (Figure 1b). How-
ever, emission rates were generally below 100 mg CH4

m-2 d-1 in the wet season.  High flux rates at the onset of
the dry season (Figure 1d) can be attributed to persist-
ent flooding in combination with a substrate supply de-
rived from organic residues, i.e. stubble and roots of
the preceding crop. After 20 d, emission rates were sup-
pressed in rainfed rice to values below 100 mg CH4 m-

2 d-1.  Rainfed fields were also drained a week before
harvest, but the emerging CH4 pool from the soils was
either negligible (wet season) (Figure 1b) or relatively
small (dry season) (Figure 1d) as compared with irri-
gated rice (Figure 1a,c).

For irrigated rice, the cumulated emission com-
puted for dry and wet seasons are in a similar range
(Table 2).  Rainfed rice generally had a lower emission
in the wet season, although the differences varied
broadly from year to year (Table 3).  Apparently, dry
periods at the early stage have a stronger impact on
seasonal emissions than dry periods at later plant stages.

Impact of organic amendment

In the 1995-96 wet season and the ensuing 1996 dry
season, the field experiments encompassed three dif-
ferent combinations of mineral and organic amendments
in rainfed rice (Table 3). All field trials received urea;
one field trial received an additional dose of rice straw
and one trial an additional dose of farmyard manure
(FYM) (Table 3).  Organic amendment had only a mi-
nor impact at the onset of the wet season (Figure 2).
Soils were still dry in this period, so that the bulk of the
organic material was decomposed aerobically. Even
when the fields were flooded, emissions were in an iden-
tical range in the plots without and those treated with
FYM. Application of FYM had no detectable impact
on CH4 emission in the 1995-96 wet season while in
the 1994-95 wet season, it even reduced CH4 emission
as compared to urea-applied plots (P < 0.05) (Table 3).

Application of rice straw, however, resulted in
enhanced emission rates during the middle season (Fig-
ure 3).  The seasonal emissions are 40% higher than
the urea- and FYM-applied plots (P < 0.05) (Table 3).
This increment in CH4 emission can be attributed to a
relatively high resilience of rice straw to aerobic de-
composition.  Rice straw is only partially decomposed
during the first month of aerobic conditions in the soil.

The different decomposition rates of FYM and
rice straw were also discernable during the dry season.
Both types of amendments increased emission rates
within the first month after planting, but FYM produced
consistently higher emissions than rice straw during this
period. Again, this difference can be attributed to a faster
decomposition of FYM. In contrast to the preceding
season, however, anaerobic conditions prevailed in the
soil and led to a relatively faster CH4 production at the
start of the experiment.

Methane emission rates converged for all treat-
ments after the initial stage. The overall impact of FYM
in the dry season corresponded to a 72% increase in
CH4 emission. The increment triggered by rice straw
(37%) roughly corresponded to the relative impact dur-
ing the preceding wet season (Table 3).

Impact of rice cultivars

Four different cultivars were tested in the 1997-98 wet
season and 1998 dry season (Table 2); this comparison
was conducted in irrigated rice. The most distinctive
feature among these cultivars was the length of crop-
ping season (Figure 3). Dodokan was an early matur-
ing cultivar and was harvested after 90 d in the wet
season and 75 d in the dry season. The cultivars IR64
and Memberamo had similar season lengths with 98 d
(wet season) and 82 d (dry season). Cisadane required
the longest time for maturing with 125 d and 75 d, re-
spectively. IR64 produced the highest yield followed
by Memberamo, Dodokan, and Cisadane (P ≤ 0.05) (Ta-
ble 3).

Methane emission rates are shown in Figure 3
for Dodokan, IR64, and Cisadane; emission rates for
Memberamo and IR64 were almost identical. Emissions
of all cultivars were in a similar range and showed simi-
lar patterns. Preharvest drainage triggered the emer-
gence of entrapped CH4 from the soil, resulting in an
emission peak shortly before harvest. Then, CH4 emis-
sion rates subsided rapidly after harvest. Due to differ-
ent harvesting dates, the emission peaks were staggered
for the different cultivars (Figure 3).
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Table 3. Summary of methane fluxes, biomass, and grain yield from the Jakenan experiments, 1993-98a

Year Season Treat- Treatment description Mean Seasonal Biomass Yield
ment emission emission (t ha–1) (t ha–1)
no. Water Other management (mg m–2 d–1) (kg ha–1)

management

1993-94 Wet 1 Irrigated IR72/transplanted/20×20 166 a† 229 5.0 b 4.7 b
2 Irrigated IR72/direct seeded/20×20 152 a 256 14.3 a 7.1 a
3 Rainfed IR64/transplanted/15×20   28 b 59 13.2 a 6.5 a
4 Rainfed IR64/direct seeded/20×20   19 b 26 4.9 b 4.4 b

1994 Dry 1 Irrigated IR72 134 a 141 6.9 b 2.6 b
2 Rainfed IR64   90 b 77 9.5 a 3.8 a
3 Rainfed IR72   66 c 69 8.7 a 3.6 a
4 Irrigated IR64 163 a 115 6.7 b 2.9 b

1994-95 Wet 1 Rainfed Urea   63 b 75 11.0 a 4.9 a
2 Rainfed Farm manure   55 d 65 9.7 a 4.1 a
3 Rainfed Farm manure   58 c 69 11.9 a 5.1 a
4 Irrigated Urea 124 a 105 11.9 a 4.7 a

1995 Dry 1 Rainfed Urea     -b - 8.6 b 3.4 a
2 Rainfed Farm manure     - - 8.2 b 3.3 a
3 Rainfed Farm manure     - - 7.6 b 2.9 a
4 Irrigated Urea     - - 9.5 a 3.7 a

1995-96 Wet 1 Rainfed Urea   52 b 56 10.9 a 4.8 a
2 Rainfed Rice straw   73 a 78 12.2 a 5.3 a
3 Rainfed Farm manure   52 b 56 11.4 a 4.9 a
4 Irrigated Urea   81 a 87 10.5 a 4.4 a

1996 Dry 1 Rainfed Urea   59 c 53 10.6 a 4.4 a
2 Rainfed Rice straw   81 c 73 11.9 a 4.6 a
3 Rainfed Farm manure 102 b 92 10.6 a 4.5 a
4 Irrigated Urea 184 a 166 10.4 a 4.6 a

1996-97 Wet 1 Irrigated Prilled urea 171 a 170 14.9 b 7.4 a
2 Irrigated Urea tablet 105 b 104 14.9 b 7.4 a
3 Rainfed Prilled urea   32 d 37 16.3 a 6.9 b
4 Rainfed Urea tablet   39 c 45 15.9 a 6.8 b

1997 Dry 1 Irrigated Prilled urea 217 a 181 - 4.6 a
2 Irrigated Urea tablet 197 a 163 - 5.0 a
3 Rainfed Prilled urea 106 c 88 - 4.2 a
4 Rainfed Urea tablet 123 b 102 - 4.8 a

1997-98 Wet 1 Irrigated Dodokan 110 d 101 - 4.5 c
2 Irrigated IR64 132 b 128 - 7.0 a
3 Irrigated Memberamo 133 ac 137 - 6.0 b
4 Irrigated Cisadane 113 cd 142 - 4.2 c

1998 Dry 1 Irrigated Dodokan   71 c 52 - -
2 Irrigated IR64 100 b 81 - -
3 Irrigated Memberamo 118 b 97 - -
4 Irrigated Cisadane 121 a 116 - -

aData at the same season of the same year following the same letter are not significantly different at P < 0.05. bMissing data.
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Figure 3. Methane emissions in irrigated rice as affected by cultivars, 1997-98 wet season and 1998 dry season (tick marks on x axis
indicate 20-d intervals, arrows indicate length of growing season for each cultivar)

These seasonal patterns resulted in significantly
different cumulative values of emission rates (P ≤ 0.05)
(Table 3). In the case of cultivars tested in this experi-
ment, the differences in CH4 emissions were greatly
related to season length. Based on this finding, progress
in breeding short-maturing cultivars should be benefi-
cial for an environmentally sound rice production.

However, the results of the 1994 dry season indi-
cate that cultivars with identical season length can also
show significant differences in CH4 emissions (Table
3). IR72 had a lower emission in irrigated rice (18%)
and rainfed rice (17 %) than another high-yielding va-
riety IR64 (P < 0.05). The reasons for this difference
are not clear, but low yields of IR72 (Table 3) indicate
the suboptimum growth of IR72 that may have affected
emissions.

Impact of other management practices

The first season of the experiment in Jakenan (1993/94
wet season) was conceived to explore promising pa-
rameters for future field studies. The individual rice hills
were spaced in one field trial in 15-cm × 20-cm dis-

tance, whereas all other trials during the entire Jakenan
experiment had 20-cm × 20-cm spacing. The different
spacing was conducted in rainfed rice, and CH4 emis-
sions in this season was on an extremely low level (av-
erage < 30 mg CH4 m-2 d-1) for both field trials in this
season (Table 3). The observed differences between
these field trials therefore can not be generalized.

In the same season, direct seeding was compared
with transplanting. These modes of crop establishment
were tested for irrigated rice and emission rates were
relatively higher (Table 3). Direct seeding resulted in
8% reduction in CH4 emission as compared with trans-
planting, but the difference was not significant. There-
fore, this singular experiment also cannot be used to
conclude ubiquitously valid statements on the impact
of direct seeding vs transplanting.

The application mode of urea affected CH4 emis-
sion rates in the 1996/97 wet season and 1997 dry sea-
son. In irrigated rice, deep placement of urea tablets
decreased CH4 emission rates by 39% in wet season
(significant at P < 0.05) and 10% in the dry season as
compared with broadcasting of prilled urea (Table 3).
In rainfed rice, however, tablet urea caused an increase
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of 21% (P < 0.05) and 16% (P < 0.05) in wet season
and dry season, respectively (Table 3). Yields were simi-
lar for prilled and urea tablet, so that the reasons for
this diverging effect in irrigated and rainfed rice remain
unclear at this point.

Conclusion

The results of this study represent the most compre-
hensive data set on CH4 emission from equatorial rice
systems. The range of CH4 emission rates from Indo-
nesian rice fields were previously reported using manual
sampling techniques (Kimura et al., 1994; Husin et al.,
1995). The field experiment in Jakenan allows a pro-
found assessment of CH4 emissions through continu-
ous measurements over an observation period of 5 yr.
The field layout encompassed virtually all agronomic
parameters affecting CH4 emissions from irrigated and
rainfed rice. This article focuses on crop management
while preliminary results on temporal patterns and pos-
sible mitigation strategies were presented by Buendia
et al. (1997). The difference between irrigated and
rainfed rice is discussed by Wassmann et al. (this issue,
b).

Based on data presented in this study, organic
amendments had a much lower impact on CH4 emis-
sions in rainfed rice than in irrigated systems (Yagi &
Minami, 1990; Sass et al., 1991; Wassmann et al., 1995).
Easily decomposable material such as FYM is predomi-
nantly decomposed aerobically when applied in the wet
season. In the dry season, the impact is also substan-
tially smaller than in the irrigated stations of this
interregional network. Therefore, the application of
organic manure can be regarded as an integral part of
sustainable crop management in rainfed rice, even by
considering greenhouse gas budget of rice fields as one
criterion.

The results for irrigated rice provided an impor-
tant clue for the selection of cultivars. Previously, dif-
ferent emission potentials have been related to CH4

transport capacity of the aerenchyma and root exuda-
tion (Butterbach-Bahl et al., 1997; Wang et al., 1997).
For the set of cultivars tested in Jakenan, these differ-
ences appear to be minor and emission potentials are
determined by season length. This finding can be used
for a preselection of cultivars to identify those with low
emission potentials. Breeding attempts to shorten the
season length are also beneficial for an environment-
friendly rice production with less emissions of green-
house gases.
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Abstract

Methane (CH4) emission from rice fields at Cuttack (State of Orissa, eastern India) has been recorded using an
automatic measurement system (closed chamber method) from 1995-1998. Experiments were laid out to test the
impact of water regime, organic amendment, inorganic amendment and rice cultivars. Organic amendments in
conjunction with chemical N (urea) effected higher CH4 flux over that of chemical N alone. Application of Sesbania,
Azolla and compost resulted in 132, 65 and 68 kg CH4 ha–1 in the wet season of 1996 when pure urea application
resulted in 42 kg CH4 ha-1. Intermittent  irrigation  reduced  emissions by 15% as compared to continuous flooding
in the dry season of 1996. In the wet season of 1995, four cultivars were tested under rainfed conditions resulting
in a range of emissions from 20 to 44 kg CH4 ha–1. Application of nitrification inhibitor dicyandiamide (DCD)
inhibited while Nimin stimulated CH4 flux from flooded rice compared to that of urea N alone.Wide variation in
CH4 production and oxidation potentials was observed in rice soils tested. Methane oxidation decreased with soil
depth, fertilizer-N and nitrification inhibitors while organic amendment stimulated it. The results indicate that CH4

emission from the representative rainfed ecosystem at the experimental site averaged to 32 kg CH4 ha–1 yr–1.

Introduction

Rice fields are considered to be an important anthropo-
genic source for methane (CH4) (Neue et al., 1995) and
contribute up to 20% or ~100 Tg CH4 to the global
budget on an annual basis (Houghton et al., 1996). With
intensification of rice cultivation during the coming
decades (IRRI 1999), CH4 emission from this economi-
cally important but ecologically fragile ecosystem is
anticipated to increase (Anastasi et al., 1992). Despite
recent studies on identification of controlling variables
(Neue et al., 1997), the uncertainty in the global CH4

source strength estimate for rice paddies is still very
high among all the established CH4 sources (Houghton
et al., 1996) due to large spatial differences (Yagi, 1997).
Such uncertainty in the source strength estimate largely
stems from different soil types as well as variations

between crop management in space and time. Refine-
ment in methodologies and more measurements incor-
porating site-specific practices are essential for an ac-
curate assessment of the contribution of paddy ecosys-
tem to global CH4 budget as well as to devise method-
ologies for its abatement.

India produces annually 80 m t of rice on an
area of 42.3 m ha corresponding to 28% of the global
rice lands (Sharma et al., 1995). The rice growing ar-
eas of India can be broadly categorized into rainfed
upland, rainfed lowland and irrigated medium land,
representing about 15, 40 and 45% of total rice area of
the country. In India, 48% of the country’s rice area is
irrigated while the rest is grown under rainfed situa-
tions. Extrapolating CH4 flux measurement data from
rice fields of USA and Europe, the total CH4 emission
from Indian rice fields was estimated to be 37.8 Tg CH4

yr–1 (US-EPA, 1990). However, based on the actual field
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measurements conducted in select rice growing areas,
mean CH4 emission from Indian rice fields ranged be-
tween 2.7 and 6.4 Tg CH4.yr-1 (Adhya et al., 1994; Mitra,
1992, Parashar et al., 1997). Under the IRRI-UNDP
collaborative project (Wassmann et al., this issue, a),
we measured CH4 flux from both rainfed and irrigated
fields under the influence of different controlling fac-
tors such as organic amendments, water management,
rice cultivars and chemical inhibitors. In addition, stud-
ies were also conducted to estimate the source strength
of CH4 for select Indian rice soils by measuring their
CH4 production and oxidation potentials and factors in-
fluencing these processes.

Materials and methods

Field experiments were conducted during the dry (Janu-
ary-May) and wet (July-December) seasons, beginning
with the wet season of 1995 and continued till the wet
season of 1998 in the research farm of Central Rice
Research Institute, Cuttack (State of Orissa). The farm
is situated at 20°25’N latitude and 85°55’E longitude.
During 1995-98, the mean rainfall during dry and wet
seasons was 85 and 1352 mm, respectively. The monthly
mean maximum and minimum temperatures were in
the range of 26.5-37.7 °C and 12.7-26.7 °C, respec-
tively. The mean sunshine hours during dry and wet
seasons were 8.1 and 5.8 h d–1, respectively.

The experiment in each rice season consisted of
four treatments in randomized block design with three
replicates and concentrated on specific variables. The
summary of the treatments for the period of 1995-98 is
provided in Table 1. The soil was a typic Haplaquept
(Table 2) with a percolation rate of 0.23 cm d-1. The
individual plot size was 5 × 5 m. The field was ploughed
thoroughly and flooded 2-3 d before transplanting for
puddling and leveling. Rice seedlings (21 d old) were
transplanted at a spacing of 15 × 15 cm with 2 seed-
lings hill-1. For the dry season crop, the field was irri-
gated to maintain the floodwater level between 5-10
cm during the entire period of crop growth excepting
for the treatment on alternate flooding. For the alter-
nate flooding treatment (1997 dry season), the field plots
were irrigated at every 15 d interval to a maximum
floodwater level of 10 cm. During the wet season, the
crop was grown exclusively under rainfed conditions
—floodwater level remained shallow i.e., 3-15 cm dur-
ing most part of its growth.

Methane emission from field experiments was
sampled and analyzed by automatic gas sampling and
analysis system installed under the IRRI-UNDP Pro-

gram. This system consisted of gas collection cham-
bers made up of plexiglas (1 × 1 × 1.2 m) and the sam-
pling system. The boxes were fitted with top covers
that open and close automatically through a pneumatic
system that was controlled by a microcomputer through
a specific software developed by the Fraunhofer Insti-
tute for Atmospheric Sciences, Germany.

Measurement of CH4 flux from different rice
cultivars (1995 wet season) were obtained by manual
measurement method (Adhya et al., 1994) at 5-d inter-
vals from the day of transplanting till maturity. Sam-
pling for CH4 flux measurements were made at 0900-
0930 and 1500-1530, and the average of morning and
evening fluxes was used as the flux value for the day.
For measuring CH4 emission, six hills of rice plants
were covered with a locally fabricated perspex box (53
cm length × 37 cm width × 71 cm height). A battery-
operated air circulation pump with air displacement of
1.5 l min-1, connected to polyethylene tubing was used
to mix the air inside the box and draw the air samples
into air-sampling bags at fixed intervals of 0, 15, and
30 min. The air samples from the sampling bags were
analyzed for CH4.

Potential CH4 production was measured from
select rice soils whose properties are listed in Table 2.
The soils were collected from the plough layer (0-25
cm), air dried under shade, ground and passed through
a sieve (>2 mm) and stored in glass bottles at room
temperature. Twenty grams portions of air-dried soil
samples were placed in 100 ml spouteless beakers and
40 ml of sterile distilled water was added to flood the
soil. The beakers were closed with a rubber stopper with
provisions for gas ports for headspace gas sampling,
platinum electrode and placement of pH electrode as-
sembly. Soil samples in beakers were incubated under
N2 atmosphere at 30 °C for 40 d, as described by Lantin
et al. (1995). At regular intervals, headspace gas sam-
ple was analyzed by gas chromatography for quantifi-
cation of CH4 produced.

Methane oxidation potential of the soils was
measured by the method of Bharati et al. (1999a). Soil
samples (surface and subsurface) from different field
experiments were collected with a PVC core sampler
(2 cm dia) and the cores were sectioned at different
depth intervals (0-5, 5-10, 10-15 cm). The profile sam-
ples of each of six cores from the same treatment, after
removal of root pieces and stones, were mixed thor-
oughly and the moisture content of the samples was
brought to approximately 60% moisture holding capac-
ity by removing excess moisture with Whatman filter
paper. Portions of the soil (10 g) were placed in 130 ml
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sterile serum bottles and allowed to equilibrate with
the ambient air for 3 d in the dark in an incubator at 30
± 2 °C. Soil samples from places other than those of
the field experiments were first activated in a green-
house by putting 5 kg of each soil in earthenware pots
and seedlings of rice plants (CR 749-20-2) planted to
it. The soil from the pots was similarly sampled with a
PVC core sampler and incubated in serum bottles.

Methane oxidation was initiated by sealing the serum
bottles with neoprene septa and injecting the headspace
with 5 ml of pure CH4 to provide approximately 2,100
mmol of CH4 g–1 air-dried soil. Soil samples were incu-
bated in an incubator (30 + 2 °C) in the dark. At select
intervals, headspace gas sample (5 ml) of the serum
bottles was analyzed for CH4 until 10 d. After each sam-
pling, the headspace was replaced with an equivalent

Table 1. Summary of the treatments in 1995, 1996, 1997, and 1998

Treatment T1 T2 T3 T4

1995 (wet season)
Cultivara Lalat Tulasi Gayatri IR72
Crop establishment Transplanting Transplanting Transplanting Transplanting

15 × 15 cm 15 × 15 cm 15 × 15 cm 15 × 15 cm
Water regime Rainfed Rainfed Rainfed Rainfed
Mineral NPK 60-30-30 60-30-30 60-30-30 60-30-30
Planting date 95/07/16 95/07/16 95/07/16 95/07/16
Harvesting date 95/11/02 95/11/18 95/11/02 95/11/02

1996 (wet season)
Cultivar CR 749-20-2 CR 749-20-2 CR 749-20-2 CR 749-20-2
Crop establishment Transplanting Transplanting Transplanting Transplanting

15 × 15 cm 15 × 15 cm 15 × 15 cm 15 × 15 cm
Water regime Rainfed Rainfed Rainfed Rainfed
Mineral NPK 60-30-30 40-30-30 40-30-30 40-30-30
Organic Na 0 Green manure Compost : 20 Green manure

(Sesbania) : 20 Azolla : 20
Planting date 96/07/19 96/07/19 96/07/19 96/07/19
Harvest date 96/10/30 96/10/30 96/10/30 96/10/30

1997 (dry season)
Cultivar CR 749-20-2 CR 749-20-2 CR 749-20-2 CR 749-20-2
Crop establishment Transplanting Transplanting Transplanting Transplanting

15 × 15 cm 15 × 15 cm 15 × 15 cm 15 × 15 cm
Water regimea Continuous flooding Continuous flooding Alternate flooding Alternate flooding

Mineral NPK 60-30-30 60-30-30 60-30-30 60-30-30
Organic C 0 Rice straw 0 Rice straw

(2 t ha-1) (2 t ha-1)
Planting date 97/02/25 97/02/25 97/02/25 97/02/25
Harvest date 97/05/31  97/05/31 97/05/31 97/05/31

1998 (dry season)
Cultivar CR 749-20-2 CR 749-20-2 CR 749-20-2 CR 749-20-2
Crop establishment Transplanting Transplanting Transplanting Transplanting

15 × 15 cm 15 × 15 cm 15 × 15 cm 15 × 15 cm
Water regime Normal irrigation Normal irrigation Normal irrigation Normal irrigation

Mineral NPK 0-40-40 120-40-40 120-40-40 120-40-40
Inorganic amendmenta 0 0 Nimin DCD

(1% of added urea) (30 kg ha-1)
Planting date 98/02/12 98/02/12 98/02/12 98/02/12
Harvest date 98/05/18 98/05/18 98/05/18 98/05/18

aModifying treatment focused during the season
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amount of high purity Ar to maintain the pressure equi-
librium.

Methane concentrations in samples collected
from field and laboratory experiments were analyzed
with a Shimadzu GC-8A gas chromatograph (GC)
equipped with FID and a Porapak N column. The col-
umn and detector were maintained at 70 and 110 °C,
respectively. The gas samples from field experiments
were automatically injected through a sample loop (3
ml) with the help of an on-column injector using a
multiport valve. Samples of CH4 from production and
oxidation experiments were analyzed by injecting the
gas samples through a secondary injection port. The
GC was calibrated before and after each set of meas-
urement using 5.38, 9.03, and 10.8 ml CH4 ml-1 in N2 as
primary standard and 2.14 ml CH4 ml-1 in air as sec-
ondary standard. Under these conditions, the retention
time of CH4 was 0.65 min and the minimum detectable
limit was 0.5 ml ml–1.

Results and discussion

Methane emission from rice fields

Organic matter amendment. Methane flux from flooded
plots planted to rice (CR 749-20-2) under different or-
ganic amendments, was monitored during the wet sea-
son of 1996. Seasonal flux of CH4 was high following
the application of fertilizer-N and organic amendments
further enhanced it (Table 3). All the organic treatments
in combination with urea effected higher CH4 flux over
that of chemical-N (urea) alone. Organic amendment
affected an immediate increase in emission values (up
to 400 mg CH4 m-2 d-1). After 10 days emission rates
decreased to less than 100 mg CH4 m-2 d-1 but remained
consistently on a higher level than the other treatments
(Figure 1). Over the season, the ranking in emission
from these four treatments was Sesbania (212% increase
as compared to urea alone) > Azolla (61% increase) >

Table 2. Physicochemical characteristics of the soils used in the study

Soil separates
Location Soil type pH EC Organic Total CEC

(dS m–1) C N (meq 100 g–1 Clay Silt Sand
(%) (%)  soil ) ( %) (%) (%)

Balasore Alluvial 6.69 1.70 1.36 0.14 16.40  30.50  39.30 30.20
Bhubaneswar Laterite 5.89 0.82  0.71 0.06 11.63 9.00 11.20 79.80
Cochin Sandy loam 6.10  0.77 1.36 0.09 7. 83 16.18 15.82 68.00
Cuttack Alluvial 6.16 0.50 0.86 0.09 15.00 25.90 21.60 52.50
Hyderabad Laterite 7.90 14.57 0.60 0.07 51.50 50.00 26.00 24.00
Kalahandi Black 6.90  3.78  0.52 0.04 9.00 18.60 21.50 59.90
Khuntuni Laterite 5.87  0.16  0.21 0.08 15.20 35.00 33.30 31.70
Pokkali Acid sulfate 3.90 5.01 4.86 0.21 19.20 40.60 49.60 9.80
Sukinda Laterite 6.87 1.10 0.62 0.04 6.00 14.60 10.60 74.80

Table 3. Methane emission from a rainfed alluvial field planted to rice (cv CR 749-20-2) under the influence of urea N in combination with
different organic amendments (1996 wet season)

Treatmentsa Mean emissionb Seasonal flux Grain yieldc Kg CH4 % change
(mg m2 d-1) (kg ha-1) (t ha-1)  t-1 grain yield

Urea N 41.06 +   41.47 42.30 3.02 + 0.82 14.00 -
Sesbania + Urea N 128.12 + 115.35 131.97 3.50 + 1.12 37.70 212
Compost + Urea N 63.53 +   65.33 65.44 2.98 + 0.52 21.96 55
Azolla + Urea N 65.74 +   69.30 67.71 3.65 + 0.45 18.55 60

aAll organic amendments made on equal N basis (20 kg N ha–1) with urea to provide a total of 60 kg N ha-1. bMean of daily observations in a cropping season (n
= 103) + SD. cAv of three replicate observations + SD.
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compost (54% increase) > urea. Among the three or-
ganic amendments tested, Azolla had the lowest ratio
between CH4 flux and yield (Table 3). Azolla is often
used as a biofertilizer in south and southeast Asia in-
cluding China (Liu & Zheng, 1992), India (Singh &
Singh, 1997), Bangladesh (Islam et al., 1984) and Viet-
nam (Lumpkin & Plucknett, 1982) to improve the N
balance of paddy fields and is either incorporated as
green manure at the beginning of the cropping season

or grown as a dual crop alongwith rice, in the standing
water of flooded fields. Our studies indicate that amend-
ment with Azolla although increased CH4 flux over that
of chemical-N alone, the effect was compensated for
by higher grain yield.

Organic matter amendment to flooded soil in-
creased CH4 production and emission (Cicerone et al.,
1992; Sass et al., 1991; Wassmann et al., 1996; Yagi &
Minami, 1990). Readily mineralizable soil organic
matter is the main source of fermentation products in
flooded soils and sediments that are driven to CH4 by
strict anaerobic bacteria (methanogens) (Ferry, 1992).
Results obtained from this study indicate substantial
increase in CH4 efflux from rainfed paddy following
amendment with organic sources.

Water management. Flooding the soil creates
anaerobiosis and conditions favorable for CH4 produc-
tion and emission. Thus, floodwater regime can have a
strong influence on CH4 emission rates from rice fields
(Minami, 1994; Wassmann et al., 1995; Yagi et al.,
1996) and a single midseason drainage is considered to
reduce seasonal CH4 rates by about 50% (Sass et al.,
1992). In a controlled experiment during the dry sea-
son of 1997, seasonal CH4 flux as influenced by con-
tinuous flooding vis-à-vis alternate flooding (intermit-
tent irrigation) was investigated.

Mean  CH4  emission  was   lowest  (13.80  mg
m–2 d–1) in field plots that were alternately flooded as
compared to continuously flooded (16.32 mg m–2 d–1)
field plots (Table 4) leading to a 15% reduction in sea-
sonal CH4 flux. Amendment with rice straw at 2 t ha-1

significantly increased CH4 production under both con-
tinuously flooded and intermittently flooded field plots
with the maximum increase under the continuously
flooded conditions (Figure 2). However, grain yield was
higher under rice straw-amended, intermittently flooded
field plots, resulting in the least amount of CH4 t-1 grain
yield.

Figure 1. Effect of urea N in combination with different organic
amendments on CH4 emission from rainfed rice fields planted to
CR749-209-2, Cuttack, 1996 wet season

Table 4. Methane emission from an irrigated alluvial field planted to rice (CR749-20-2) as affected by water regime and straw amendment,
1997 dry season

Treatmenta Mean emissionb Seasonal flux Grain yieldc Kg CH4 % change
(mg m–2 d-1) (kg ha-1) (t ha-1)  t-1 grain yield

Continuously flooded 16.32 + 27.61 18.61 3.21 + 0.93 5.80 -
Continuously flooded + rice straw 31.73 + 51.61 36.18 3.52 + 1.28 10.28 94
Alternately flooded 13.80 + 18.89 15.73 3.47 + 0.82 4.53 -15
Alternately flooded + rice straw 23.81 + 42.05 27.14 3.11 + 1.61 8.73 46

aRice straw was added at 2 t ha-1; for alternate flooding treatment, the field plots were flood-irrigated at 15-d intervals. bMean of daily observations in a cropping
season (n = 114) + SD. cAv of three replicate observations + SD.
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In a greenhouse study, with soil from this field
site, intermittent flooding resulted in distinctly less CH4

than continuous flooding (Mishra et al., 1997). In
rainfed rice ecosystem, drying and wetting of soil oc-
curs naturally and frequently with alternate drought and
rainy periods. While such situations would automati-
cally reduce CH4 flux from a rainfed ecosystem, effi-
cient water management in areas with effective drain-
age facility would further limit CH4 flux.

Cultivar variation. Rice plants serve as the ma-
jor conduit for the transfer of CH4 from the reduced
soil layer to the atmosphere and more than 90% of CH4

fluxes from paddy soils are mediated by the rice plants
(Denier van der Gon & Neue, 1996; Holzapfel-Pschorn
et al., 1985; Schutz et al., 1989). In view of the inher-
ent variability in plant architecture, metabolic activity
and gas transport potential among different rice cultivars
(Neue & Sass, 1994), cultivar variation in CH4 efflux
from rice has attracted attention (Satpathy et al., 1998;
Wang  et al., 1997).

The role of rice cultivar on CH4 emission from
flooded fields was investigated in a field experiment in
the wet season of 1995. Among the four modern im-
proved rice cultivars tested, cv. Lalat gave the highest
seasonal CH4 flux (44.41 kg ha-1) and the degree of CH4

efflux followed the order of Lalat > IR 72 > Gayatri >
Tulasi. Cultivars Gayatri and Tulasi had lower CH4 flux
(Table 5), thereby producing –13% and –22% CH4 over
that of IR72. Wide variations among rice cultivars tested
with regard to CH4 flux opens up possibilities for breed-
ing rice cultivars with low CH4 emission potential.

Nitrification inhibitors. Nitrification inhibitors are
being increasingly recommended for intensive agricul-
ture to regulate fertilizer N losses (Prasad & Power,
1995) from flooded paddy. In addition to their acknowl-
edged role in controlling various processes of N losses,
nitrification inhibitors like acetylene (wax coated cal-
cium carbide) and nitrapyrin have been shown to in-
hibit CH4 emission from flooded soil planted to rice
(Bronson & Mosier, 1991; Keertisinghe et al., 1993).
In a field experiment during the dry season of 1998,
the effect of two nitrification inhibitors, dicyandiamide
(DCD) and Nimin (alcoholic extract of Azadirachta
indica) on CH4 efflux from flooded paddy was investi-
gated.

Seasonal flux of CH4 (Figure 3) increased by 94%
following application of fertilizer-N (urea). Among the
nitrification inhibitors tested DCD reduced CH4 emis-
sion by 13%, while Nimin, at the concentration used in
this study, increased CH4 flux by 9.6% over that of urea-
N alone (Table 6). Nitrification inhibitors are known to
inhibit CH4 oxidation and CH4-oxidizing microbial
population (Hanson & Hanson, 1996), but their exact
role in CH4 emission is not clear. Inhibition of CH4 pro-
duction in DCD-amended alluvial soil was related to
high redox potential, low pH, Fe2+ and readily
mineralizable carbon content as well as lower popula-
tion of methanogenic bacteria and their activity (Bharati
et al., 1999b). It is possible that low source strength of

Figure 2. Cumulative CH4 efflux from an irrigated alluvial field
planted to rice under the influence of water management and rice
straw amendment, 1997 dry season

Table 5. Methane emission from a rainfed alluvial field planted to different rice cultivars under uniform conditions, 1995 wet season

Rice cultivar Mean emissiona Seasonal flux Grain yieldb Kg CH4 % change
(mg m–2 d-1) (kg ha-1) (t ha-1)  t-1 grain yield

IR72 23.36 + 17.62 25.84 2.37 + 0.80 10.90 -
Gayatri 19.89 + 14.55 22.58 3.15 + 1.05 7.16 -13
Tulasi 17.85 + 11.89 20.21 3.28 + 1.45 6.16 -22
Lalat 39.58 + 26.41 44.41 3.85 + 0.72 11.53 72

aMean of observations in a cropping season (n = 22) + SD. bAv of three replicate observations + SD.



101

CH4 due to inhibition of CH4 production, resulted in a
low emission of CH4 in DCD-amended plots. Two ni-
trification inhibitors tested in this study significantly
increased grain yield over that of urea-N alone, prob-
ably due to better N-use efficiency (Prasad, 1998). The
results with DCD amendment have applied significance
in view of low CH4 flux with increased N use efficiency
and higher grain yield.

Methane production in tropical rice soils

CH4 production rates of the nine soils studied showed
appreciable differences among themselves and were of
lower magnitude in almost all the soils except that of
Balasore soil (Figure 4). Temporal pattern of produc-
tion rates during 50 d of incubation indicated three dif-
ferent classes of production patterns, namely (I) sup-
pressed (Kalahandi, Pokkali, Sukinda, and
Bhubaneswar), (II) delayed (Cuttack, Khuntuni, Cochin,
and Balasore) and (III) immediate (Hyderabad).

Kalahandi soil was not microbially active as indicated
by a slow reduction of the soil following flooding.
However, in spite of fast reduction and near neutral pH,
CH4 production was low in acid sulfate soil (Pokkali)
and could be due to the presence of sulfate and volatile
sulfides in the soil. Methane production rates were low
throughout the incubation period for the soils classi-
fied in category I. On the contrary, CH4 production in
category II soils was low during the first 10 d followed
by an increase around 30 d of incubation. Interestingly,
in Hyderabad soil, CH4 production reached its peak
within first 10 d of incubation after which it declined.
In a laboratory incubation study, Wang et al. (1993)
classified the soils in two groups, the first group where
CH4 production was inhibited until 10 d while in the
other group CH4 production was not inhibited. Among
the soils used in the present study, only Hyderabad soil
falls in the second group.

A correlation analysis of different soil characters
and CH4 production rates is indicated in Table 7. Meth-
ane production was significantly correlated only with
soil CEC over 10 d incubation while no significant cor-
relation existed between any of the soil characters and
CH4 production for incubation period of 50 d. In a study
on CH4 production capabilities of eleven Philippine rice
soils, Wassmann et al. (1998) indicated significant posi-
tive relationship between concentrations of organic C
and organic N for soils incubated over 8 wk period.

While soil physicochemical properties are known
to affect CH4 production through various pathways, soils
used in the present study did not reveal any such effect.
The scope of the present study involving incubation of
select native rice soils is of limited nature and probably
can not be extended to field situations where growing
rice plants will affect CH4 production by providing ex-
ogenous substrates through root exudates and dead and
decaying roots. However, the results indicate the in-
herent spatial variability among different rice soils and
further studies with a wider range of soils and different

Figure 3. Cumulative CH4 efflux from an irrigated alluvial field
planted to rice as influenced by urea N and nitrification inhibitors,
1998 dry season

Table 6. Methane emission from an irrigated field planted to rice (CR749-20-2) as affected by urea N and nitrification inhibitors, 1998 dry
season

Treatmenta Mean emissionb Seasonal flux Grain yieldc Kg CH4 % change
(mg m–2 d-1) (kg ha-1) (t ha-1)  t-1 grain yield

No N control 41.09 + 19.47 36.15 2.49 + 1.23 14.5 -
+ Urea N 79.66 + 47.87 70.10 3.43 + 2.05 20.4 94
+ Urea N + Nimin 87.32 + 83.79 76.84 4.25 + 2.43 18.1 113
+ Urea N + DCD 68.98 + 60.63 60.69 4.48 + 1.51 13.5 68

aUrea N was added at 120 kg N ha-1. Nimin was applied at 1% of urea-N and DCD was applied at 30 kg ha-1. bMean of daily observations in a cropping season
(n = 96) + SD. cAv of three replicate observations + SD.
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ane as a sole carbon and energy source (Conrad, 1996).
In studies on CH4 oxidation in select rice soils,

CH4 oxidation potential varied widely among different
soils. Alluvial soils from Cuttack and Balasore had high
oxidation potential while laterite soils of Bhubaneswar,
Khuntuni and Sukinda had low oxidation potential (Ta-
ble 8). The oxidation potential also varied depending
upon the growth stage of the rice plant.

Organic amendment increased the CH4 oxidation
potential of the field soil while fertilizer N inhibited
the process (Table 9). CH4 oxidation potential also de-
creased depending upon the depth. In an earlier study
from this laboratory, Methane oxidation was low at
deeper layers (Kumaraswamy et al., 1997). Applica-
tion of N fertilizers, especially NH4

+-containing com-
pounds inhibit the process of CH4 oxidation (Conrad &
Rothfuss, 1991). In the present study, CH4 oxidation
was inhibited in soils amended with urea N. Applica-
tion of nitrification inhibitors DCD and Nimin with urea
N further inhibited the CH4 oxidation process (Table
10).

Approximately 95% of the CH4 produced in
flooded soils is oxidized to CO2 before it’s release to
the environment and thus CH4 oxidation plays an im-
portant role in the biogeochemical cycling of CH4. Our
studies indicate high spatial variability in CH4 oxida-
tion in different soils. The process of CH4 oxidation is
also subject to several agricultural processes including
organic amendment and application of inorganic ferti-
lizers and nitrification inhibitors. While accelerating
CH4 oxidation can be a feasible approach to mitigate
CH4 emission, detailed studies both under greenhouse
and field conditions are essential before this process
can be developed as a field-scale technology.

Figure 4. Methane production potential of selected rice soils of
India

Table 7. Correlation analyses of physicochemical soil properties (independent variables) and incubation results (dependent variables)

Parameter pH EC CEC Organic Total Clay Silt Sand
C N

10-d capacity of CH4 production
r  0.336  0.107   0.954   0.199   0.078  0.342 0.095   0.425
a –0.420  0.100 –0.088   0.109   0.103 –0.116 0.057   0.204
b  0.081 –0.009       0.010** –0.021 –0.214  0.007 0.001 –0.002

50-d capacity of CH4 production
r  0.078  0.250  0.119   0.071 0.292 0.080   0.354   0.232
a  0.153  0.761  0.662   0.589 0.113 0.399 –0.051   0.919
b  0.061 –0.132 –0.007 –0.043 4.640 0.005   0.023 –0.008

r = correlation coefficient; a = intercept; b = slope; ** = significant at 1% level.

amendments would probably help in explaining the
basic mecahnisms of variability of CH4 production and
emission from these soils.

Methane oxidation in flooded rice soils

In submerged rice paddies, the oxic surface soil-water
interface modulates the CH4 flux to the atmosphere
through microbial CH4 oxidation. About 80% of CH4

produced in anaerobic soil is oxidized to CO2 in the
aerobic thin surface layer and rice rhizosphere (Conrad
& Rothfuss, 1991). The biochemical process carried
out exclusively by a group of autotrophic bacteria, the
methanotrophs, is unique in their ability to utilize meth-
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Conclusion

Flooded paddy is one of the most important anthropo-
genic source of atmospheric CH4. Research worldwide
indicates that organic amendments, water management,
fertilizer management and candidate rice cultivars af-

fect the flux of CH4 from this economically important
ecosystem. Studies conducted under the IRRI-UNDP
Interregional Research Program using automatic meas-
urement system have clearly indicated that (I) although
organic amendment increased CH4 flux under rainfed
conditions, application of Azolla resulted in a lower CH4

Table 8. Methanea oxidation potential of selected rice soilsb planted to rice (CR749-20-2) under greenhouse conditions

Plant growth stage
Soil type Tillering Panicle initiation Maturity

k t1/2 (d) k t1/2 (d) k t1/2 (d)

Balasore 0.161 4.30 0.183 3.78 0.152 4.55
Bhubaneswar 0.021 32.96 0.199 3.47 0.043 16.10
Cochin 0.108 6.41 0.169 4.09 0.144 4.80
Cuttack 0.340 2.03 0.294 2.35 0.352 1.96
Khuntuni 0.030 23.07 0.047 14.72 0.029 23.87
Sukinda 0.056 12.36 0.032 21.63 0.041 16.88

aConcentration of CH4 added to headspace air was 2100 mmol g-1 air-dried soil. bSoils collected from 0-5 cm depth of planted pots.

Table 9. Methane oxidation potential of an alluvial soil at different depths from a flooded field planted to rice (cv. CR 749-20-2) under the
influence of urea N in combination with different organic amendments

Soil depth

Treatmentsb 0-5 cm 5-10 cm 10-15 cm

k t1/2 (d) k t1/2 (d) k t1/2 (d)

Urea N 0.619 1.11 0.340 2.03 0.156 4.43
Sesbania + urea N 0.771 0.89 0.663 1.04 0.292 2.37
Compost + urea N 0.683 1.01 0.672 1.03 0.614 1.12
Azolla + urea N 0.621 1.11 0.603 1.14 0.578 1.19

aConcentration of CH4 added to headspace air was 2100 mmol g-1 air-dried soil.bAll organic amendments made on an equal N basis (20 kg N ha-1) with urea to
provide a total of 60 kg N ha-1.

Table 10. Methanea oxidation potential of a flooded alluvial soil at different depths under the influence of fertilizer N and nitrification inhibitors

Soil depth

Treatmentsb 0-5 cm 5-10 cm 10-15 cm

k t1/2 (d) k t1/2 (d) k t1/2 (d)

No N control 0.409 1.69 0.104 6.66 0.076 9.11
+ Urea N 0.318 2.18 0.062 11.17 0.037 18.71
+ Urea N + Nimin 0.238 2.91 0.059 11.73 0.018 38.46
+ Urea N + DCD 0.096 7.21 0.032 21.63 0.036 19.23

aConcentration of CH4 added to headspace air was 2100 mmol g-1 air-dried soil. bUrea added at 120 kg N ha-1. Nimin applied at 1% of urea and DCD applied at
30 kg ha-1.
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flux per ton of grain yield; (II) CH4 emission was re-
duced by 15% when intermittent irrigation was
practiced during the dry season; and (III) nitrification
inhibitor DCD distinctly inhibited CH4 flux.
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Abstract

This article comprises 4 yr of field experiments on methane (CH4) emissions from rice fields conducted at Los
Baños, Philippines. The experimental layout allowed automated measurements of CH4 emissions as affected by
water regime, soil amendments (mineral and organic), and cultivars. In addition to emission records over 24 h,
ebullition and dissolved CH4 in soil solution were recorded in weekly intervals. Emission rates varied in a very
wide range from 5 to 634 kg CH4 ha-1, depending on season and crop management. In the 1994 and 1996 experi-
ments, field drying at midtillering reduced CH4 emissions by 15-80% as compared with continuous flooding,
without a significant effect on grain yield.  The net impact of midtillering drainage was diminished when (i)
rainfall was strong during the drainage period and (ii) emissions were suppressed by very  low levels of organic
substrate in the soil. Five cultivars were tested in the 1995 dry and wet season. The cultivar IR72 gave higher CH4

emissions than the other cultivars including the new plant type (IR65597) with an enhanced yield potential. Incor-
poration of rice straw into the soil resulted in an early peak of CH4 emission rates. About 66% of the total seasonal
emission from rice straw-treated plots was emitted during the vegetative stage. Methane fluxes generated from the
application of straw were 34 times higher than those generated with the use of urea. Application of green manure
(Sesbania rostrata) gave only threefold increase in emission as compared with urea-treated plots. Application of
ammonium sulfate significantly reduced seasonal emission as compared with urea application. Correlation be-
tween emissions and combined dissolved CH4 concentrations (from 0 to 20 cm) gave a significant R2 of 0.95 (urea
+ rice straw), and 0.93 (urea + Sesbania), whereas correlation with dissolved CH4 in the inorganically fertilized
soils was inconsistent. A highly significant correlation (R2 =0.93) existed between emission and ebullition from
plots treated with rice straw. These findings may stimulate further development of diagnostic tools for easy and
reliable determination of CH4 emission potentials under different crop management practices.
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Introduction

Global mean temperature of the earth’s surface has risen
by about 0.3-0.6 °C due to anthropogenic interference,
namely the emissions of greenhouse gases (Hadley
Center, 1998). By 2100, increases in temperature be-
tween 1 and 3.5 °C are expected to take place due to
global warming because human-induced warming of
the atmosphere is likely to continue. The most impor-
tant greenhouse gases are carbon dioxide (CO2), meth-
ane (CH4), nitrous oxide (N2O), and halocarbons. Car-
bon dioxide accounted for 70-72% of the additional
greenhouse effect accumulated since industrialization
while CH4 has contributed 21-22% (Oberthur & Ott,
1999). Except for a brief episode in 1992/1993, the at-
mospheric concentration of CH4 is consistently show-
ing an upward trend (Tyler et al., 1999).

Wetland rice fields are an important source of
CH4, but uncertainties in the source strength remain high
(Bachelet & Neue, 1993). Methane emissions from rice
fields are governed by a complex set of parameters that
link the physical and biological characteristics of
flooded soil environments with specific agricultural
management practices. In particular the impact of dif-
ferent management practices has been addressed in sev-
eral field studies over recent years. Methane emissions
are influenced by water regime (Kimura, 1992; Sass et
al., 1992; Buendia et al., 1997), cultivars (Neue et al.,
1996; Wang et al., 1997; Butterbach-Bahl et al., 1997),
and application of organic and inorganic amendments
(Schütz et al., 1989; Yagi & Minami, 1990; Sass et al.,
1991; Cicerone et al., 1992). Overall, the interaction of
these controlling factors makes it difficult to arrive at
better prediction and estimates of CH4 emission from
rice fields. Variations within a 24-h cycle, one season,
and a multiyear observation period demand long-term
records with high temporal resolution that can best be
accomplished by automated systems.

The pressure on Asia’s land resources to produce
more rice will aggravate in the coming years due to
increasing population and demand for food.  Rice cul-
tivation practices have to adjust to facilitate higher yield.
Future technologies will rely on the adoption of high-
yielding cultivars, efficient water management, and in-
creased use of fertilizers.  Some production practices
may promote CH4 emissions while others may infer a
net decrease of the CH4 source strength. The extent to
which different rice ecosystems and currently employed
technologies contribute to CH4 emission is not known.
A mechanistic understanding of crop management im-

pacts is pivotal in achieving an environmentally sound
future rice production in the future.

The Philippines comprises 3.4 million ha of rice
land, of which 61% is irrigated and 32% is rainfed
(IRRI, 1997). The CH4 source strength of irrigated rice
land in the Philippines has been addressed in several
publications (Wassmann et al., 1994; Corton et al., this
issue). This study describes the amplitude in CH4 emis-
sions as affected by different water management prac-
tices, rice cultivars, and organic amendments to cover
the scope of CH4 emissions found in the region. The
specific objectives of this field study conducted within
an international network of measuring stations
(Wassmann et al., this issue,b) at the station in Los
Baños were
1) to quantify CH4 fluxes as affected by a wide

range of management practices;
2) to evaluate processes that control CH4 emis-

sions; and
3) to identify mitigation strategies for CH4

emission in a sustainable rice system.

Methods and materials

Experiments were conducted in a rice field at the ex-
perimental farm of the International Rice Research In-
stitute in Los Baños, Laguna, Philippines (14° 09’N,
121° 15’E). Los Baños is located in the warm humid
tropics (FAO-AEZ classification) with annual rainfall
of 2027 mm, mean solar radiation of 16.1 MJ m-2 d-1,
mean temperature of 26.8 °C (highest at 36.0 °C in May)
and mean rainy days of 155 in a year. The soil is classi-
fied as Aquandic Epiaqualf with soil pH of 6.6, 1.2%
organic C, 14% total N, 2.8% active Fe, 19 mg kg-1

available P , and 0.92 mg kg-1 available K. The soil has
silt-clay texture (44% silt and 43% clay).

Details of the experiments in the dry seasons (DS)
and wet seasons (WS) from 1994 to 1997 were sum-
marized in Table 1. Three aspects of rice cultivation
were evaluated as to their influences on CH4 emission:
water regime (1994 and 1996); cultivar (1995), and
organic/inorganic amendments (1997). The treatments
of water regime consisted of continuous flooding (main-
taining 5 cm of floodwater throughout the season),
preharvest drainage (drainage at 14 d before harvest
until harvest), and dual drainage (drainage at mid-
tillering for 20 d and drainage at 14 d before harvest).
The 1997 experiment encompassed amendments of rice
straw, green manure (Sesbania rostrata), urea, and am-
monium sulfate. Three cultivars were evaluated in 1995
DS and four cultivars in 1995 WS.
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Twelve experimental plots (4 m × 5 m) were laid
out using a randomized complete block design. One
season experiment comprised 3 or 4 treatments with
four or three replicates, respectively (Table 1). Rice
plants (21 d old) were transplanted at 20- × 20-cm spac-
ing. Plots were applied with 120-30-30 kg ha–1 of N (as
urea), P2O5, and K2O, respectively, except for studies
on organic and inorganic amendments where N appli-
cations were modified (Table 1).

Methane emission rates were determined by an
automatic system based on the “closed chamber tech-
nique.” The technical details of the measurements and
data acquisition were described by Wassmann et al (this
issue,b). Emission rates were determined in 2-h inter-
vals; four records of the CH4 concentrations inside each
chamber were used for regression analysis.

Methane ebullition was quantified using small
plexiglas chambers (l:40 cm, w:20 cm, h:20 cm) placed

Table 1. Summary of modifying treatments for 1994-97 experiments, Los Baños

Organic amendment Inorganic amendment

Year Season       Water Input Plant Typeb Rate Cultivar Transplantc Harvestc

managementa residues  (kg N ha-1)
Type Rate (kg N ha -1)

1994 Dry Continuous flooding None 0 Incorporated Urea 120 IR72 13/01 22/04
Preharvest drainage None 0 Incorporated Urea 120 IR72 13/01 22/04
Dual drainage None 0 Incorporated Urea 120 IR72 13/01 22/04

Wet Continuous flooding None 0 Removed Urea 120 IR72 14/07 22/10
Preharvest drainage None 0 Removed Urea 120 IR72 14/07 22/10
Dual drainage None 0 Removed Urea 120 IR72 14/07 22/10

1995 Dry Dual drainage None 0 Removed Urea 120 IR72 11/01 16/04
Dual drainage None 0 Removed Urea 120 IR65597 20/01 16/04
Dual drainage None 0 Removed Urea 120 Dular 20/01 16/04

Wet Dual drainage None 0 Removed Urea 120 IR72 04/06 11/10
Dual drainage None 0 Removed Urea 120 IR65597 04/06 03/10
Dual drainage None 0 Removed Urea 120 PSBRc14 04/06 03/10
Dual drainage None 0 Removed Urea 120 Magat 04/06 03/10

1996 Dry Continuous flooding None 0 Incorporated Urea 120 IR72 09/01 18/04
Preharvest drainage None 0 Incorporated Urea 120 IR72 09/01 18/04
Dual drainage None 0 Incorporated Urea 120 IR72 09/01 18/04

Wet Continuous flooding None 0 Incorporated Urea 120 IR72 09/07 17/10
Preharvest drainage None 0 Incorporated Urea 120 IR72 09/07 17/10
Dual drainage None 0 Incorporated Urea 120 IR72 09/07 17/10
Continuous flooding None 0 Removed Urea 120 IR72 09/07 17/10

1997 Dry Dual drainage None 0 Incorporated Urea 150 IR72 10/01 20/04
Dual drainage None 0 Incorporated Urea + AS 150 IR72 10/01 20/04
Dual drainage Rice straw 60 Incorporated Urea 90 IR72 10/01 20/04
Dual drainage Sesbania 60 Incorporated Urea 90 IR72 10/01 20/04

Wet Dual drainage None 0 Incorporated Urea 150 IR72 09/07 14/10
Dual drainage None 0 Incorporated Urea + AS 150 IR72 09/07 14/10
Dual drainage Rice straw 60 Incorporated Urea 90 IR72 09/07 14/10
Dual drainage Sesbania 60 Incorporated Urea 90 IR72 09/07 14/10

aDual drainage = midtillering and preharvest drainage.bAS = ammonium sulfate. cDate (dd/mm).
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for 24 h between plant rows (Wassmann et al., 1996).
These measurements were conducted once a week with
four chambers per treatment; ebullition records cov-
ered the entire flooding period (before and after trans-
planting) and also included the drainage periods dur-
ing the growing season. Weekly records were interpo-
lated to compute cumulative ebullition rates. Dissolved
CH4 was determined in soil solution that was sampled
through tubing of porous ceramic (Alberto et al., 2000).
Measurements were conducted in weekly intervals.

Statistical analysis of experimental data was ac-
complished using STATISTICA program (Statsoft, Inc.
1993). Significant differences among treatment means,
for fluxes, were determined as to the type of distribu-
tion. T test is used for normal distribution and sign test
is used for non-normal distribution.

Results and discussion

Effect of water regime

Different water regimes did not affect biomass and grain
yields in 1994 and 1996 seasons (Table 2) in either sea-

son. In 1994 DS, field drying for 20 d starting at mid-
tillering (19 d after transplanting [DAT]) resulted in a
substantial reduction in CH4 emission (Figure 1a). While
the emission rates from the flooded plots showed a
steady increase, draining in the early phase of the grow-
ing season  resulted in constant levels of emission rates.
A late drainage between 85 and 99 DAT triggered a
short-term spike in emissions followed by a deep plunge
that lasted until harvest (Figure 1a). This practice did
not have a significant impact on overall emissions (Ta-
ble 2). Seasonal patterns of ebullition rates in flooded
conditions were closely related to the seasonal emis-
sion patterns (Figure 1b). Ebullition rates were reduced
when field drying was imposed and showed only a
moderate increase during the second half of the grow-
ing season.

In the two seasons of 1996, however, the reductive
effect of drainage at midtillering was not as pronounced
as in 1994. Different reasons may be singled out for the
relative similarity among the different treatments in each
of these seasons. In the 1996 DS, CH4 emission was
generally on a very low level (Figure 2a). Even the
preharvest drainage did not stimulate any release of en-

Figure 1. Effect of water regime on CH4 emission (a) and ebullition (b) in 1994 DS
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Table 2. Mean CH4 emission rates, cumulative CH4 emission (before and after transplanting), and relative contribution by ebullition (in
relation to cumulative emission), aboveground biomass, and yield per modifying treatments (1993-97)

After transplanting Before transplanting
Mean Cumulative Ebullition Cumulative Above- Grain

Year Season Modifying treatment emission emission (%) emission ground yield
(mg m-2d-1) (kg ha-1) (kg ha-1) biomass (t ha-1)

(t ha-1)

1994 Dry Continuous flooding 227 b 225 11 n.d 7.9 a 5.3 a
Preharvest drainage 254 a 251 10 n.d. 8.3 a 5.0 a
Dual drainage   45 c 45 7 n.d. 8.0 a 5.1 a

Wet Continuous flooding   27 b 27 20 n.d. 7.5 a 3.8 a
Preharvest drainage   35 a 35 25 n.d 6.9 a 4.1 a
Dual drainage   11 c 11 27 n.d 7.0 a 3.4 a

1995 Dry IR72     8 a 8 8 1 6.1 b 5.5 a
IR65597     7 b 7 22 1 8.0 a 4.0 a
Dular     6 b 5 15 0 7.0 ab 4.1 a

Wet IR72     8 a 8 11 0 7.9 a 3.1 b
IR65597     6 b 6 11 0 7.9 a 1.5 c
PSBRc14     6 b 6 12 0 7.1 ab 3.1 bc
Magat     4 c 4 18 0 6.3 b 5.1 a

1996 Dry Continuous flooding   10 a 10 5 0 7.1 a 4.6 a
Preharvest drainage   10 b 10 9 0 6.6 a 4.0 a
Dual drainage      8 c 8 9 0 7.1 a 4.2 a

Wet Continuous flooding   40 a 40 20 6 7.0 a 3.0 a
Preharvest drainage   28 b 28 17 8 7.3 a 3.6 a
Dual drainage   34 b 34 26 10 7.8 a 2.9 a
Continuous flooding   14 c 14 7 3 7.1 a 3.5 a

1997 Dry Urea   27 c 27 15 0 9.0 a 5.4 a
Urea + ammonium sulfate        9.0 d 9 6 1 6.5 ab 4.6 ab
Urea + rice straw 634 a 634 55 26 4.5 b 3.5 b
Urea + green manure 119 b 119 12 17 7.6 a 4.8 a

Wet Urea   14 c 13 37 3 6.0 a 3.0 a
Urea + ammonium sulfate     7 d 7 15 1 6.9 a 3.5 a
Urea + rice straw 621 a 602 52 30 5.5 a 3.0 a
Urea + green manure   42 b 40 45 7 7.2 a 3.7 a

aData following the same letter in the same season of the same year are not significantly different at P < 0.05.

trapped CH4, indicating a low CH4 production over the
course of the flooding period. In the preceding three
seasons, plant residues were completely removed from
the field (Table 1). Plant residues were incorporated
before 1996 DS, but depletion in soil organic matter
was apparently not yet compensated for and this con-
strained CH4 production in the soil. Methane emissions
in the succeeding 1996 WS (Figure 2b) were back on
the level found 2 yr earlier. However, heavy rainfalls in

the drainage period have reversed the potential impact
of the midtillering drainage. The amount of rainfall
during midtillering drainage of 1996 WS was 153 mm,
whereas the corresponding amount in the other drain-
age experiments in 1994 was less than 2 mm.

Dual drainage gave 80% and 59% reduction in
seasonal emission as compared with continuous flood-
ing in 1994 DS and WS (Table 2). This proportional
reduction is higher than the effect observed by Sass et
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al. (1992) in a Texas rice field. Their study reported a
50% reduction in emission rates in plots treated with
normal water management imposing a single midseason
drainage. In a previous experiment in Los Baños,
midseason drainage at either midtillering or panicle
initiation was suppressing CH4 emission up to 60%
(Bronson et al., 1997).

In 1996, low levels of soil organic matter and high
precipitation drastically diminished the reductive effect
of drainage on CH4 emissions. Field studies in Indone-
sia (Nugroho et al., 1997) and Japan (Ishibashi et al.,
1997) also reported low or inconsistent net effects of
drainage events on CH4 emissions, but timing and fre-
quency of drainage periods differed in these field stud-
ies. Due to large variations in net effects obtained in
different locations and under different climatic condi-
tions, field drying cannot be recommended as a blan-
ket strategy for mitigating CH4 emissions. Moreover,
drainage events stimulate N2O emissions that may off-
set possible gains in CH4 emissions (Bronson et al.,
1997). However, an early drainage may still be consid-
ered a mitigation strategy for specific baseline prac-

tices, i.e. those with high organic inputs (Wassmann et
al., this issue,b).

The impact mechanism of field drying on CH4

emission may be derived from the seasonal courses of
dissolved CH4 in soil solution (Figure 3a,b). Methane
concentrations were very low in the dry season and were
further reduced by midtillering drainage (Figure 3b).
This reduction is due to inflow of oxygen-inhibited CH4

production and oxidized CH4 dissolved in the soil so-
lution. In rice field with high levels of CH4 emission,
midseason drainage also released entrapped gaseous
CH4 as soil pore spaces started to open (Lu et al., this
issue). In Los Baños, this peak in emissions was only
observed (i) during late drainage periods and (ii) in the
early drainage period of the 1997 experiments follow-
ing high inputs of organic manure. In the other experi-
ments, an early drainage event caused low emissions
throughout the remaining season.

Effect of residue management

Methane emissions are extremely sensitive to incorpo-
ration of plant residues. This can be illustrated by the
results of 1996 WS when the removal of plant residues
resulted in a 65% reduction of emissions under con-
tinuous flooding (Table 2). Ebullition rates and dis-
solved CH4 were high at the early growth stage due to
decomposing plant stubbles incorporated during land
preparation (Figure 3c). Removal of plant residues from
the field resulted in low levels of ebullition rates and
dissolved CH4 in the early phase of the growing season
(Figure 3d). As the plants developed, root exudates and
decomposing roots provided substrates for CH4 produc-
tion which resulted in similar level of dissolved CH4 in
plots with and without stubbles (Figures 3c and 3d).
However, ebullition rates were still higher in plots with
incorporated residues than those without residue incor-
poration. This prolonged effect may be attributed to
pockets of gaseous CH4 residing in the soil for longer
time spans.

Effect of organic and inorganic amendments

In the 1997 experiment, incorporation of rice straw re-
sulted in an early peak of CH4 emissions. About 66%
of the total seasonal emission from plots treated with
these amendments were emitted during the vegetative
stage of the dry WS (Figure 4a,b). However, soil dry-
ing at midtillering abruptly terminated this period of
high emission rates. After reflooding, CH4 emissions

Figure 2. Methane emission as affected by different water regimes
in 1996 DS (a) and WS (b)

Continuous flooding
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in the rice straw plots were higher than in the other
plots, but did not return to the high initial values. Green
manure triggered a lower increment in emissions than
rice straw (Table 2); its impact was virtually offset af-
ter the drainage event (Figure 4a,b).

The differences between organic and inorganic
treatments were also reflected in dissolved CH4 con-
centrations in soil solution (Table 3). The drainage
events (19-39 DAT) drastically reduced dissolved CH4

concentrations in all treatments, but the ranking among
the treatments (rice straw > green manure > urea >

ammonium sulfate) basically remained throughout the
season. Mean values for rice straw treatment were 19
times (DS) and 15 times (WS) higher than for urea treat-
ment. The corresponding value for the green manure
treatment exceeded the urea treatment by factors of 3.9
(DS) and 6.6 (WS). Ammonium sulfate, on the other
hand, had significantly lower values than urea (factors
of 0. 2 and 0.7 for DS and WS, respectively).

In 1997 DS, CH4 emission rates were significantly
correlated to dissolved CH4 concentrations (across 0 to
20 cm depth); R2 values were 0.65 (urea), 0.81 (urea +

Figure 3. Concentration of dissolved CH4 and ebullition in plots with different irrigation schemes and residue management in 1996 wet and
dry seasons: continuous flooding/ with residues/ dry season (a); dual drainage/ with residues/ dry season (b); continuous flooding/ with
residues/ wet season (c); and continuous flooding/ without residues/ wet season (d)
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ammonium sulfate), 0.95 (urea + rice straw), and 0.93
(urea + green manure). In 1997 WS, significant corre-
lations were restricted to the straw plots (R2 = 0.94)
and green manure plots (R2 = 0.99) only. The average
concentration across the soil column from 0 to 20 cm
(Table 3) showed better correlation to emission rates
than any of the individual depth layers (data not shown).

Organic amendments were applied at 14 d be-
fore transplanting and resulted in high CH4 release of
CH4 before transplanting (Table 2). High emissions in
the preseason indicate that both rice straw and green
manure contain sizable amounts of readily decompos-
able substances which favored CH4 production. Dur-
ing the growing period, ebullition from the rice straw
treatment remained on a high level; ebullition rates were
significantly correlated to emissions in the rice straw
plots:

Emission = 211.13 + 1.65 * ebullition
R2 = 0.93 **

However, there was no significant correlation
observed for the other treatments as seasonal patterns
of ebullition and emissions were distinct.

Ebullition contributed to more than 50% to the
overall emission in the rice straw plots which is a higher
percentage than in the other treatments (Table 2). Due
to the sturdy structure of straw, soil puddling results in
a patchy distribution of straw aggregates representing
clusters of high organic contents in the bulk soil. A frac-
tion of the CH4 produced in these clusters will force its
way through the soil pore spaces and floodwater in the

Figure 4. Methane emission as affected by inorganic and organic
amendments, 1997 DS (a) and WS (b)

Table 3. Means of CH4 concentrations (µl CH4 ml soil solution–1)
across the soil column (0-20 cm) at different days after transplanting
(DAT) in 1997 dry and wet seasons; letters indicate P < 0.05 signifi-
cance level (DMRT) for given DAT; data following the same letter in
the same season of the same year are not significantly different at P <
0.05.

DAT Urea Urea + Urea + Urea +
ammonium rice green

sulfate straw manure

Dry season
3 0.19 c 0.09 d 4.47 a 1.92 b

10 0.52 c 0.14 d 14.45 a 3.68 b
13 0.62 c 0.15 d 14.39 a 3.88 b
18 0.69 c 0.16 d 13.08 a 3.27 b
20 0.70 c 0.13 d 11.68 a 3.25 b
25 0.56 c 0.15 d 7.70 a 2.26 b
27 0.55 c 0.16 d 5.20 a 1.32 b
39 0.04 c 0.01 d 2.56 a 0.11 b
41 0.12 b 0.01 d 3.19 a 0.09 c
46 0.10 b 0.02 c 4.60 a 0.09 b
48 0.08 b 0.02 c 4.47 a 0.08 b
53 0.06 b 0.02 d 3.14 a 0.08 c
55 0.09 c 0.03 d 5.91 a 0.15 b
60 0.08 c 0.01 d 3.40 a 0.14 b
67 0.14 c 0.03 d 2.69 a 0.23 b
69 0.28 c 0.05 d 4.17 a 0.51 b
74 0.35 c 0.13 d 3.64 a 0.66 b
81 0.27 c 0.05 d 2.26 a 0.59 b
87 0.65 c 0.13 d 3.78 a 1.35 b
Ø 0.32 c 0.08 d 6.04 a 1.25 b

Wet season
6 0.87 c 0.71 c 19.28 a 12.84 b

12 0.73 c 1.08 d 10.69 a 5.43 b
19 0.93 c 0.53 d 12.41 a 3.77 b
27 0.51 c 0.08 d 1.19 a 0.76 b
34 0.03 b 0.00 c 0.11 a 0.02 b
42 0.03 c 0.01 d 1.41 a 0.07 b
51 0.06 c 0.01 d 1.88 a 0.14 b
55 0.07 c 0.01 d 1.82 a 0.21 b
63 0.07 c 0.01 d 1.82 a 0.21 b
70 0.40 c 0.14 d 4.11 a 1.13 b
Ø 0.37 c 0.26 d 5.47 a 2.46 b
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form of emerging gas bubbles. However, concentrations
of CH4 in the solution of the bulk soil are also enhanced
(Table 3), so that more CH4 will diffuse to the
rhizosphere followed by emission through the
aerenchyma. However, given a limitation of the CH4

transport capacity of rice plants (Aulakh et al., this is-
sue), such high CH4 concentrations in the soil solution
would, in turn, also intensify the passage through the
water column, namely ebullition.

Computed over two seasons, CH4 fluxes from the
straw treatment were 34 times higher than those from
urea treatment (Table 2). This increment appears very
high as compared with observations made in the United
States (Sass et al., 1991; Lauren et al., 1994), Japan
(Yagi & Minami 1990; Watanabe et al., 1995), Indone-
sia (Nugroho et al., 1994) and India (Rath et al., 1999).
However, a recent study in northern China found a simi-
lar increment in emission rates caused by straw appli-
cation (Wang et al., this issue).

Site-to-site differences in the response to iden-
tical organic amendments were attributed to a combi-
nation of soil- and climate-related factors (Wassmann
et al., this issue, b). The net effect on emission depended
on soil type; Subadiyasa et al., (1997) observed a 36-
41% increase in an Alfisol and a 45-48% increase in an
Inceptisol using identical amounts of rice straw. Peri-
odic straw application over several years generally re-
sulted in high emissions, e.g. a fivefold increase in to-
tal CH4 emissions was observed in California rice plots
in which rice straw had been incorporated each for 4
consecutive years (Bossio et al., 1999). Moreover, the
increment in emission rate depended on timing of straw
application. An early incorporation of straw 3 mo be-
fore transplanting reduced CH4 emissions by 23% as
compared with the common practice of incorporation
at the end of the fallow period (Shin et al., 1996).
Nugroho et al. (1997) observed that the relative incre-
ment in emissions triggered by straw application var-
ied from 23 to 98% in fields planted with different
cultivars.

Green manure application gave only threefold
increase in emission as compared with urea-treated plots
which is in line with previous findings (Lauren et al.,
1994; Bronson et al., 1997). Sulfate application signifi-
cantly reduced seasonal emission due to competition
between CH4-producing and methanogenic bacteria
(Denier van der Gon & Neue, 1996). In 1997 DS, use
of straw as additional source of N resulted in a signifi-
cant reduction in grain yield. No significant differences
in yield were observed in the 1997 wet season.

Effect of cultivars

Field experiments of the 1995 DS and WS  encompassed
five different cultivars (Table 1): the modern cultivars
IR72 (DS and WS) and PSBRc14 (WS), the new plant
type IR65597 (DS and WS), the traditional cultivar
Dular  (DS), and the hybrid Magat (WS). There were
no significant differences in grain yields among
cultivars in the 1995 DS  (Table 2). In the 1995 WS,
the hybrid tested in this experiment (Magat) produced
more grain yield than other cultivars.

For both seasons, IR72 consistently gave the high-
est seasonal CH4 emission. However, no specific plant
trait could be singled out as determinant of the high
emission potential of this cultivar (Table 4). Plants of
PSBRc14 have  morphological features similar to those
of IR72. In contrast, rice plants of Dular are very tall
and have a low number of tillers and a low root biomass.
Dular plants are characterized by a delayed develop-
ment that appears to limit emissions in the early stage
(Table 4). Plants of Magat are taller and have a higher
yield potential than IR72.

IR65597  deserves special attention because it
belongs to the advanced lines currently under develop-
ment at IRRI. This new plant type should be able to
raise the existing yield barrier by 25% based on the
following features: (i) low number of tillers as can be
seen in Table 4, (ii) large panicles, (iii) and a vigorous
root system (IRRI, 1997). The new plant type had simi-
lar emission rates as IR72 during most parts of both
seasons, but maximum values of IR72 exceeded those
of the new plant type in 1995 DS and WS (Figure 5).
This temporary divergence in emission patterns resulted
in 24% lower emissions for IR65597 over both sea-
sons. It should be noted, however, that emissions were
generally on a very low level during these seasons due
to the removal of plant residues from the field. The
comparison among cultivars may deviate from these
findings when background levels of CH4 production and
emission are high.

In 1995 DS, the relative contribution of ebullition
was very high in the IR65597 plots (Table 2) indicat-
ing, in turn, a low contribution of the plant-mediated
transport to overall emission. In the succeeding WS,
however, the ebullition in the IR65597 plots had a simi-
lar contribution as IR72.

The different plant parameters were statistically
analyzed for correlation with cumulative fluxes re-
corded in 1995 DS and WS. About 86% in the change
of cumulative emission (EMcum) was explained by the
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contribution of ebullition (R2 = 0.001). Apparently, the
interaction of different plant traits in determining CH4

emission and ebullition rates is very complex. Huang
et al. (1997) found that daily CH4 emission was corre-
lated to aboveground vegetative biomass and to root
biomass; total seasonal CH4 emission was positively
correlated to rice aboveground biomass. In spite of sta-
tistical relationships found in this field and other field
experiments, a mechanistic understanding is still lack-
ing at this point.

A screening of 10 cultivars yielded variations in
CH4 emissions by 440% (Satpathy et al., 1997).
Cultivars grown in the same regions show distinct vari-
ations, indicating a possible reduction of regional source

combined effect of plant height (PHT), tiller number
(TNO), root length (RLT), root weight (RWT), and
biomass (BIO). The effect of RLW, RLT, RWT, and
BIO were more stable (t values equal 2.7, 2.7, 4.2, re-
spectively) as compared with PHT and TNO. The equa-
tion is

EMcum  =  -178.5 – 1.92*PHT + 0.38*TNO +
22.10*RL – 0.40*RW + 0.32*BM  ; R2=0.86

The relative contribution of ebullition was nega-
tively correlated to tiller number (R2 = 0.26) and root
weight (R2 = 0.40). No significant correlation was de-
termined between cumulative emission and percent

Table 4.  Means of plant parameters, cumulative CH4 emission (from transplanting to day of measurement), and contribution of cumulative
ebullition (related to cumulative emission) at different days after transplanting (DAT) in 1995 DS and WS; data following the same letter in the
same season of the same year are not significantly different at P < 0.05 (not tested for cumulative emission and ebullition)

DAT Cultivar Plant height Tillers Root length Root weight Aboveground Cumulative Contribution of
(cm) (no m–2) (cm) (g m–2) biomass emission ebullition

(g m–2) (mg m–2) (%)

Dry season
29 IR72 52.0  b 300 a 15.5  b 8.0  b 50.5  a 267 8

IR65597 57.2  a 275 a 19.0  a 14.8  a 56.3  a 203 37
Dular 52.8  b 175 b 18.2  ab 3.5  b 21.3  b 136 28

57 IR72 65.6  b 425  a 20.6 227.3  a 487.0 423 8
IR65597 72.8  b 300  b 19.6 159.3  ab 375.5 359 27
Dular 121.3a 300  b 20.2 104.8  b 444.8 263 20

71 IR72 78.2  b 350 nd nd nd 575 7

IR65597 84.6  b 300 nd nd nd 495 23
Dular 140.5a 325 nd nd nd 416 15

Wet season
28 IR72 58.3 368.8  a 18.8  a 329.9  a 137.1  a 135 8

IR65597 64.9 241.7  b 17.0   b 206.0  b 101.6  b 111 9

PSBRc14 63.5 356.2  a 17.5   a 297.7  a 139.1  a 146 12
Magat 64.1 412.5  a 17.7   a 294.1  a 140.1  a 150 8

56 IR72 93.4 425.0 16.7 209.5  b 744.5  ab 272 13
IR65597 99.8 300.0 17.9 252.7  ab 619.5  b 255 11
PSBRc14 93.1 400.0 14.6 338.2  a 827.2  a 270 11
Magat 103.8 425.0 15.8 307.5  a 879.2  a 292 11

84 IR72 103.3  c 400.0 14.8 123.5 1248.2 456 16
IR65597 117.7 ab 275.0 16.0 108.7 1153.7 386 15
PSBRc14 109.6  bc 400.0 13.5 145.7 1150.2 409 15
Magat 118.9  a 425.0 14.9 118.5 1364.2 416 15
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strengths through cultivar selection. Cultivars com-
monly found in China differed in their emission poten-
tial by 9-56% (Shao & Li, 1997) and 19% (Cai et al.,
1994); four Indian cultivars differed by 1-42.6% (Mitra
et al, 1999), two Italian cultivars by 24-31% in differ-
ent growing seasons (Butterbach-Bahl et al., 1997), and
two Texan cultivars by 47% (Sigren et al., 1997). Ac-
cording  to  Lindau  et  al.  (1995), semidwarfs  emitted
38% less than tall cultivars, but our results indicated a
33% higher emission potential for the semidwarf IR72
than the tall cultivar Dular.

The two decisive functions of rice plants in regu-
lating CH4 emissions are (i) gas transfer through the
aerenchyma and (ii) root exudation (Wassmann &
Aulakh, 2000). However, an assessment of cultivar-spe-
cific emission potentials is compounded by the fact that
these two traits show an enormous plasticity under field
conditions (Aulakh et al., 2000). The aerenchyma for-
mation  and  root  exudation  are  affected  by  cultivar
and soil parameters such as nutrient availability (Lu et
al., 1999), physical impedance (Marschner 1996), and
redox potential (Kludze et al., 1993) that may super-

sede possible differences between cultivars. Therefore,
the results of this experiment should be taken as an ini-
tial step to accomplish a thorough understanding of CH4

emissions as affected by different cultivars.

Conclusions and recommendations

The available data set covering 4 yr of field experi-
ments at Los Baños, Philippines, clarified some impor-
tant issues on measurement approaches, extrapolation,
and mitigation of CH4 from rice fields. Ebullition and
dissolved CH4 in soil solution can be used to diagnose
emission potentials of given rice fields—as long as spe-
cific conditions are met. These two parameters can be
taken as  fairly good indicators for emission rates un-
der two prerequisites: (i) fields are continuously flooded
and not drained during the growing season, and (ii) size-
able amounts of organic matter are applied to the soil.
Ebullition rates and dissolved CH4 concentrations are
easy to record—as compared with emission data over
sufficient time spans—and may be used for screening
of CH4 emission potentials in a large number of rice
fields. In particular, the localization of ‘hot-spots,’ i.e.
rice fields with very intense CH4 release, would be a
promising application for this screening approach. A
systematic screening for high-emitting systems could
corroborate and eventually correct regional CH4 budg-
ets derived from upscaling of local measurements. High-
emitting systems also represent prime targets for im-
plementing mitigation measures. For low-emitting sys-
tems, however, these parameters have limited diagnos-
tic values and records of emission rates are indispensa-
ble for assessment of emission potentials.

The results of this study underscore the signifi-
cance of organic inputs for emission rates. The removal
of plant stubbles from the preceding crop displaced an
essential starting substrate for methanogenesis in field
trials at Los Baños. Many resource-limited areas still
depend on organic manure as a primary source of nu-
trients. Straw and green manure provide readily
mineralizable carbon sources that enhance the reductive
capacity of soils which finally drive CH4 formation and
emission. Substituting organic manures by mineral fer-
tilizers reduced CH4 emissions but entailed emissions
of CO2 and N2O during fertilizer production and appli-
cation, respectively (Wassmann et al., this issue, a).

Drainage periods during the cropping season are
generic to rainfed rice. Irrigated rice fields can also
encompass distinct drainage periods, either caused by
water shortage in the irrigation scheme or as part of the

Figure 5. Methane emission as affected by different cutivars (IR72
and IR65597), 1995 DS (a) and WS (b)
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(1997) Understanding the nature of methane emission
from rice ecosystems as basis of mitigation strategies.
Appl Energy,  56:433-444

Butterbach-Bahl K, Papen H & Rennenberg H (1997) Im-
pact of gas transport through rice cultivars on methane
emission from rice paddy fields. Plant Cell Environ 20:
1175-1183

Cai ZC, Xu H, Zhang HH & Jin JS (1994) Estimate of meth-
ane emission from rice paddy fields in Taihu Region,
China. Pedosphere 4:297-306

Cicerone RJ, Delwiche CC, Tyler SC & Zimmermann PR
(1992) Methane emissions from California rice paddies
with varied treatments. Global Biogeochem Cycles 6:
233-248

Corton TM, Bajita J, Grospe F, Pamplona R, Wassmann R &
Lantin RS (2000)  Methane emission from irrigated and
intensively managed rice fields in Central Luzon (Phil-
ippines). Nutr Cycling Agroecosyst (this issue)

Denier van der Gon HAC & Neue HU (1994)  Impact of
gypsum application on the methane emission from a
wetland rice field. Global Biogeochem. Cycles 8:127-
134

Hadley Center (1998) Climate change and its impacts.  UK
Meteorological Office, Bracknell

Huang Y, Sass RL & Fisher FM Jr (1997) Methane  emission
from Texas rice paddy soils. 2. Seasonal contribution of
rice biomass production to CH4 emission. Global Change
Biol 3:491-500

IRRI – International Rice Research Institute (1997) Rice Al-
manac. 2nd edition, Los Baños, Philippines, 181 p

Ishibashi E, Akai N, Itoshima Y, Kawanaka K & Yanai M
(1997) Effect of soil type and water management on
methane emission from paddy fields in Okayama Pre-
fecture. Jpn J Soil Sci  Plant Nutr 68:417-422

Kimura M (1992) Methane emission from paddy soils in Ja-
pan and Thailand. In: World Inventory of Soil Emission
Potentials. Batjes N H & Bridges E M (eds), pp 43-79,
WISE Report 2, ISRIC, Wageningen

Kludze HK, DeLaune RD & Patrick WH  Jr (1993)
Aerenchyma formation and methane and oxygen ex-
change in rice. Soil Sci Soc Am J 57:386-391

Lauren JG, Pettygrove GS & Duxbury JM (1994) Methane
emissions associated with a green manure amendment
to flooded rice in California. Biogeochemistry 24:53-65

Lindau CW, Bollich PK & DeLaune RD (1995) Effect of rice
variety on methane emission from Louisiana rice. Agric
Ecosyst  Environ 54:109-114

Lu Y, Wassmann R, Neue HU & Huang C (1999) Impact of
phosphorus supply on root exudation, aerenchyma for-
mation and methane emission of rice plants. Biogeo-
chemistry (in press)

Lu WF, Chen W, Duan BW, Guo WM, Lu Y, Lantin RS,
Wassmann R & Neue HU (2000) Methane emission and
mitigation options in irrigated rice fields in Southeast
China. Nutr Cycling Agroecosyst (this issue)

local management practice (Wassmann et al., this
issue,a). The impact of field drying showed large sea-
son-to-season variations but still exerted a considerable
reduction effect on overall emissions over 2 yr. As a
consequence of these large variations, CH4 source
strengths of rainfed rice with unstable water should ul-
timately show large interannual variations than CH4

released from rice fields with continuous water supply.
In view of mitigation options in irrigated rice, modi-
fied water regimes may effectively be ruled out for sea-
sons with high precipitation.

The results of this study also clarified that there
is no inextricable link between grain yield and CH4

emission. In turn, this would allow developing rice
cultivars with less CH4 emissions but higher grain yield.
However, the available data base on cultivar effects does
not yet allow a clear guidance on the preferable plant
traits to be incorporated by breeding.
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Abstract

Field experiments were conducted in the Prachinburi Rice Research Center (Thailand) from 1994 to 1998.  The
major objective was to study methane (CH4) emission from deepwater rice as affected by different crop manage-
ment.  Irrigated rice was investigated in adjacent plots, mainly for comparison purposes.  The 4-yr average in CH4

emission from deepwater rice with straw ash (burned straw) treatment was 46 mg m-2 d-1 and total emission was 98
kg ha–1 yr–1. For irrigated rice, the average emission rate and total emission for the straw ash treatment was 79 mg
m–2  d–1 and 74 kg ha–1 yr–1, respectively.  Low emission rates may partially be related to acid sulfate soil of  the
experimental site. Without organic amendment, the seasonal pattern of CH4 emission from deepwater rice was
correlated with an increase in biomass of rice plants. Emission rates from deepwater rice depend on the production
of biomass and the straw management as well. Methane emission was greatest with straw incorporation, followed
by straw compost incorporation, zero-tillage with straw mulching, and least with straw ash incorporation. The
seasonal pattern of CH4 ebullition in deepwater rice was consistent with seasonal emission, and total ebullition
corresponded to 50% of total emission.  Dissolved CH4 concentrations in the surface soil (0-5 cm) were similar to
those in the subsoil (5-15 cm), and the seasonal fluctuation of dissolved CH4 was also consistent with the seasonal
CH4 emission. Increase in plant density and biomass of irrigated rice grown by pregerminated seed broadcasting
enhanced CH4 emission as compared with transplanting.

Introduction

The atmospheric concentration of greenhouse gas meth-
ane (CH4) has been increasing rapidly over the past 300
years (Cicerone & Oremland, 1988; Khalil &
Rasmussen, 1989). While CH4 is generated biologically
from the decomposition of organic matter under anaero-
bic conditions, flooded rice field has been identified to
be one of the agricultural sources of CH4 (Bouwman,
1990; Bartlett & Harriss, 1993; Wassmann et al., 1993;
Neue & Sass, 1994; IPCC, 1995).  Recent global esti-
mates of emission rate from wetland rice fields range
from 20 to 100 Tg yr-1 (IPCC, 1992).  Methane fluxes
from irrigated and rainfed lowland rice fields were well
documented by several field studies (Yagi & Minami,
1990; Sass et al., 1991; Cicerone et al., 1992; Denier
van der Gon & Neue, 1995; Bronson et al., 1997;
Watanabe et al., 1998).  Little is known about CH4 flux
from deepwater rice.

The deepwater rice area in the world is about 9
million ha, of which 60% is in the Indian subcontinent,
35% in Southeast Asia (mainly in Myanmar, Thailand,
Vietnam, and Cambodia) and 5% in West Africa
(Catling, 1992). In Thailand, the area of deepwater rice
is approximately 0.5 million ha (Charoendham et al.,
1994) corresponding to 2% of the total rice land. Rice
production in Thailand is about 22 million t, most of
which was consumed locally, with only 25% exported
(IRRI, 1995).

Deepwater rice fields in Thailand reach water
depths of 0.7-2 m during the peak of the flooding sea-
son in October/November.  Deepwater rice requires
elongating plants which produce from 9.4 to 12.5 t
residues ha–1 which, in turn, are left on the fields.  In
traditional practice, plant residues remain on the field
throughout the fallow period.  This practice causes dif-
ficulties in plowing the land for the next growing sea-
son.  Hence residues are commonly burned in Febru-



122

ary to March to facilitate land preparation.  Seeds of
deepwater rice are broadcast immediately after the first
or second tillage.  Harvest time is from late December
to mid-January and average grain yield is 2 t ha-1.

The Prachinburi Rice Research Center (PRRC)
participated in the Interregional Research Program on
Methane Emission from Rice Fields (1994-98) coordi-
nated by IRRI (Wassmann et al., this issue, a).  The
specific objectives of this PRRC field study were (i) to
quantify CH4 emissions from deepwater rice ecosys-
tems, (ii) to evaluate processes that control CH4 fluxes
from rice fields, and (iii) to develop mitigation tech-
nologies while maintaining or enhancing rice produc-
tivity in a sustainable deepwater rice system.

Materials and methods

Soil and field management

The PRRC soil is clayey, acid sulfate soil.  Some of the
physicochemical properties of PRRC soil are shown in
Table 1.  Deepwater rice was seeded in late May to
early June. The dry land was plowed twice and dry seeds
were broadcast directly onto the soil at 94 kg ha-1.
Chemical fertilizers were applied in two doses:   basal
application 30 d after seed germination at 25-31-0 kg
NPK ha-1  and topdressing when water depth was 30-40
cm at 29-0-0 kg NPK ha-1.  Nitrogen was applied as
urea. Application rate of straw (applied as fresh, com-
post, or straw ash) was 12.5 t ha-1 fresh weight corre-
sponding to 54 kg N ha-1. Deepwater rice was harvested
in late December.

Irrigated rice was transplanted except for the 1996
and 1998 wet season experiments when seeds were
broadcast.  Stubble was removed from the irrigated plot

before land preparation.  Chemical fertilizers for irri-
gated rice were applied in three doses: basal at 40-30-
30 kg NPK ha-1, midtillering, and panicle initiation at
40-0-0 kg NPK ha-1. Mineral N was applied as urea.

Experimental layout and treatment arrangement

Methane emissions from rice fields were monitored
from 1994 to 1998 with an automatic system
(Wassmann et al., this issue).  The deepwater rice field
was divided into nine plots measuring 7 m × 7 m  ar-
ranged in randomized complete block design with three
replications. While the water level in these nine plots
followed the pattern of deepwater rice in the area, three
adjacent plots (5 m × 7 m) were separated from the
other area by a dam.  In these plots, water levels were
controlled to simulate irrigated rice fields.  This field
layout with one chamber in each plot facilitated simul-
taneous records of CH4 emissions from deepwater and
irrigated rice fields during the wet season.  In the 1997
and 1998 dry seasons, each of these irrigated plots was
used for one treatment and was equipped with three
chambers.

Methane emission measurement

The principles of sampling and analytical procedure
were described by Schütz et al. (1989); technical de-
tails in the system applied in this network were de-
scribed by Wassmann et al. (this issue).  The automatic
measurement system was programmed to monitor CH4

flux continuously for 16 min every 2 h (12 measure-
ments a day) from planting until a week after harvest.

Methane ebullition was determined weekly by
capturing gas bubbles emerging from the water surface
(Wassmann et al.,1996).  Plexiglas boxes were installed
on the soil surface between rice hills.  After 24 h, gas
sample was withdrawn from each box and analyzed for
CH4 concentration using a gas chromatograph. Flood-
water height inside each box was also determined for
headspace calculation (Neue & Sass,1993). Dissolved
CH4 in the soil were measured weekly according to the
techniques described by Wassmann et al. (1996).

Auxiliary data measurement

Amount of rainfall, water depth, soil pH, and redox po-
tential (Eh) were measured daily. Growth of plants was
evaluated monthly by harvesting 10 plants from each
plot for biomass and height determination. Grain yield
was determined after harvest.

Table 1. The physical and chemical characteristics of soil in
Prachinburi Experiment Station

Soil property Analysis

pH 3.93
Organic matter (%) 1.93
N (%) 0.18
K (%) 0.04
P (ppm) 4.5
Clay (%) 62.9
Silt (%) 26.7
Sand (%) 10.4
CEC (cmol) (+) kg–1) 21.8
Fe (%) 1.2
Mn (mg kg–1) 33.6
SO4

–2 (mg kg–1) 371
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Statistical analysis of experimental data was ac-
complished using STATISTICA by Statsoft. The data
in each treatment were evaluated according to the type
of distribution. When the distribution was normal, t test
was used; when it was not normal, sign test was used.

Results and discussion

Seasonal patterns in deepwater rice

The distribution and amount of rainfall in Prachinburi
is shown for the 1994 wet season (Figure 1).   Average
annual rainfall was 1750 mm.  The period of strong
rainfall began in April/May and stopped in October/
November. The field was initially flooded in June.  Wa-
ter levels typically rose at the rate of 2-5 cm d-1, and
reached the maximum depth of 70-80 cm in October
(Figure 1). In 1995, however, the water level rose rap-
idly to 145 cm by mid-September.  Water level started
to recede in November and the field was dry by mid-
December (Figure 1). Temperatures in air, water, and
soil in deepwater rice field varied between 22-35 °C,
25-29 °C, and 26-27 °C, respectively (data not shown).

The pH of dry soil was 3.8-4.0 and increased
gradually after flooding to values of 4.3-6.5 (Figure 2).
Soil Eh decreased after flooding and remained  below
–150 mV for most of the season (Figure 2).

The local practice of applying burned rice straw
resulted in very low emission rates during the early
growth stage (Figure 3). Emission rates gradually in-
creased at flowering stage and reached maximum at

ripening before harvest (December).  After harvest,
emission rates declined sharply and leveled off. The
increase of emission rates with plant growth was cor-
related with the continuous increase in biomass of
deepwater rice.  Due to the absence of organic amend-
ments, the methanogenic material could either come
from root exudation, decaying roots, or aquatic biomass.
Emission rates showed pronounced fluctuations at the
end of the season when the field dried out.

Effect of crop management on CH4 emissions in
deepwater rice

Different crop management options for deepwater rice
were evaluated from 1994 to 1998 (Table 2).  Grain
yields and biomass of deepwater rice were rated uni-
form, irrespective of crop management, except for
higher grain yields through fresh straw application in
1996 (Table 2).  Under favorable conditions in 1994
and 1996 wet seasons, average grain yield of deepwater
rice was 3 t ha-1.  However, plants were heavily dam-
aged by flooding in 1995 and partially damaged by in-
sect disease in 1997 and yields were lower.

In 1994, CH4 emissions were about 200 kg ha-1

in all treatments, i.e. chemical fertilizer, burned straw,
and without fertilization (Table 2). Apparently, CH4

emission was limited in all fields by low organic car-
bon levels for CH4 production as previously described
in other experiments without organic amendments
(Schütz et al., 1989; Yagi & Minami,1990).

Figure 1. Distribution of rainfall (column) and water depth (line) in a deepwater rice field in PRRC, 1994 wet season
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Figure 2. Seasonal patterns of soil Eh and pH in deepwater rice field with different straw management, 1997 wet season

Figure 3. Methane flux rate (emission and ebullition) and dissolved CH4 concentrations (at 0-5, 5-10, 10-15, and 15-20 cm soil depths) in
deepwater rice field with treatment of burned straw application, 1996 wet season

1
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The experiments included a variety of different
straw treatments: (i) straw burned, (ii) straw incorpo-
ration, (iii) straw mulching on zero-tillage field, and
(iv) straw compost (Table 2).  In 1996, incorporation
of fresh straw into the soil strongly enhanced CH4 emis-
sion (Figures 3-5).  The seasonal emissions were high-
est for rice straw incorporation (619 kg ha-1), moder-
ately high for zero tillage (127 kg ha-1), and low for
burned straw (69 kg ha-1) (Table 2, Figures 3-5).   In the
1995 wet season, the data were limited to the initial 2
mo when the characteristic difference between those
treatments had not yet fully evolved.

The experiment in 1997 included straw compost
as an additional treatment (Figure 6).  Seasonal CH4

flux in plots with rice straw compost (145 kg ha-1) was

higher than with mulching (100 kg ha-1) and burned
straw  (60 kg ha-1) (Table 2). In comparison with the
straw ash treatment of the respective year (1996 and
1997), composted straw increased emissions by a fac-
tor of 2.4, fresh straw by a factor of 9, and mulching by
1.7-1.8.  The decomposition of straw during the
composting process reduced potential precursors of
CH4, hence CH4 production after compost application
was relatively low.

Methane ebullition and dissolved CH4 in deepwater rice

Methane ebullition was evaluated in the 1996 experi-
ments.  Seasonal patterns of CH4 ebullition rates were
consistent with those of emission rates (Figures 3-5).

Table 2.  Methane emission rates, biomass, and grain yields of rice in 1994-98 wet season

Year Ecosystem/modifying Cultivar Mean Cumulative Biomass Grain
treatment CH4 emission CH4 emission (t ha–1) yield

(mg m-2 d-1)a (kg ha–1) (t ha–1)

1994 Deepwater/urea HTA60 87±42 201 26.9 2.99
Deepwater/straw ash HTA60 84±35 194 27.3 3.07
Deepwater/no N HTA60 92±48 213 29.3 3.42
Irrigated/urea IR72 17±5 18 - 3.42

1995 Deepwater/urea HTA60 24±20 48 (10)b 25.6 0.75
Deepwater/straw ash HTA60 33±28 67 (12)b 27.8 0.81
Deepwater/fresh straw HTA60 26±20 83 (18)b 1.3 0.47
   incorporated
Irrigated/urea RD25c 135±168 119 - 3.6

1996 Deepwater/straw PNG 64±55 127 16.6 2.82
   mulching
Deepwater/straw ash PNG 35±45 69 19.8 2.91
Deepwater/fresh straw PNG 311±145 619 19.8 3.60
   incorporated
Irrigated/urea SPR2 198±161 289 20.2 3.14

1997 Deepwater/straw PNG 54±36 100 9.7 1.22
   mulching
Deepwater/straw ash PNG 32±33 60 10.8 1.34
Deepwater/straw PNG 78±62 145 16.7 1.23
   compost
Irrigated/urea KDML 105 22±26 22 13.1 -

1998 Deepwater/straw PCR1d - - 17.6 3.31
   mulching
Deepwater/straw ash PCR1d - - 17.8 3.16
Deepwater/straw PCR1d - - 17.3 3.08
   compost
Irrigated/urea KDML 105 144±154 188 8.0 1.66

a± = standard deviation of mean. bFlood damage, accumulated emission data in parenthesis computed for 2-mo period before flood damage.
cRD25 was retransplanted after flood crisis. dEmission data of deepwater rice in 1998 not completed.
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Figure 4. Methane flux rate (emission and ebullition) and dissolved CH4 concentrations (at 0-5, 5-10, 10-15, and 15-20 cm soil depths) in
deepwater rice field with treatment of zero tillage plus mulching straw, 1996 wet season

Figure 5. Methane flux rate (emission and ebullition) and dissolved CH4 concentrations (at different soil depths) in deepwater rice field with
treatment of straw incorporation, 1996 wet season
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Addition of rice straw enhanced ebullition in absolute
terms but decreased its relative contribution to overall
emission. The total CH4 from ebullition in the treat-
ments of straw incorporation, zero tillage, and straw
burned corresponded to 14%, 47%, and 59% of total
emission, respectively. When CH4 production in soil
was high, CH4 was primarily emitted through
aerenchyma of rice plants rather than through ebullition.

Seasonal patterns of dissolved CH4 were rela-
tively uniform among the different straw treatments in
1996 (Figures 3-5).  The stimulation of emissions by
straw incorporation was not reflected by high CH4 con-
centrations in soil solution.  Apparently, the bulk of CH4

produced in the soil escaped rapidly to the atmosphere—
without longer storage in aqueous media.  Concentra-
tions of dissolved CH4 at the surface soil (0-5 cm depth)
did not significantly differ from those at the 5-20 cm
depth (Figures 3-5), indicating relative homogeneity of
the soil in the vertical direction.

Possible technology for mitigating CH4 emissions from
deepwater rice

Mitigation options in deepwater rice can be assessed
through experiments in 1994, 1996, and 1997 (Table
2).  Due to the lack of water control, deepwater rice
offers limited options to modify crop management.
Burned straw incorporation, instead of fresh straw in-

corporation, gives 89% reduction in CH4 emission.
Burning of straw, however, causes local air pollution
and is therefore not recommended as a mitigation op-
tion. Zero tillage and mulching also reduced emissions
as compared with fresh straw incorporation. Although
yields were lower than with incorporation of fresh straw,
yield levels were still in the same range as for burned
straw application.  Hence, zero tillage and mulching
would be the most promising mitigation technology for
deepwater rice in Thailand. There are, however, some
problems such as crop establishment, weed control, and
land preparation that may have to be addressed.

Methane emissions from irrigated rice

Methane emission rates in irrigated rice were deter-
mined in the wet and dry seasons from 1994 to 1998
(Tables 4-5).  The experiments were conducted for pur-
poses of comparison, i.e., to determine the emission
potential of deepwater rice in comparison with irrigated
fields; only the dry season experiments of 1997 and
1998 encompassed a comparison of treatments.

Emission rates in irrigated rice in Prachinburi
reflected pronounced variations over time.  In the dry
seasons, emissions were generally in a low range, be-
tween 15 and 42 kg ha–1. Low emissions were attrib-
uted to high acidity of the soil.  Soil pH remained be-
low pH 6 for 60 d after flooding, i.e., half of the veg-

Figure 6. Seasonal CH4 emissions from deepwater rice field with different straw management, 1997 wet season
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Table 4.  Methane emissions, biomass, and grain yields of three high-
yielding irrigated rice cultivars in 1997 dry season

Cultivar Mean Cumulative Biomass Grain yield
CH4 emission CH4 (t ha–1) (t ha–1)
(mg m-2 d-1) emission

(kg ha–1)

Poe-Thong 43±60 41 22.9 3.9
SPR1 43±59 41 21.7 2.8
SPR60 44±57 42 21.0 3.2

etation period.  In the wet season, cumulative emis-
sions exceeded 100 kg m-2 in 1995, 1996, and 1998,
while emissions in 1994 and 1997 were below 50 kg
ha–1 (Table 6). One explanation for the different emis-
sions could be that the experimental setup did not en-
sure full hydrological isolation of the irrigated plots.
Limited control of water levels required an adjustment
in the timing of the irrigated crop to allow shallow water
levels during crop establishment.  While the dam around
the plots prevented high flooding, soil pH was appar-
ently affected by seepage from the adjacent deepwater
plots even before irrigation started.  In the wet seasons
with high emissions, the pH levels were relatively
favorable (pH > 5; data not shown).

In the 1997 dry season, CH4 emissions were de-
termined in three high-yielding varieties: Poe-Thong,
SPR1, and SPR60.  There were no significant differ-

Table 5. Methane emissions, plant densities, biomass, and grain yields of high-yielding irrigated rice KLG1 as affected by crop establishment
in 1998 dry season

Planting Spacing/ Plant Mean Cumulative Biomass Grain
method seed rate density CH4 CH4 (t ha–1) yield

(tillers m–2)  emission emission (t ha–1)
(mg m-2 d-1)  (kg ha–1)

Transplanting 20×20 cm 444 17±12 15 11.3 1.5
Pregerminated seed broadcasting 94 kg seed ha–1 657 26±20 25 16.0 1.8
Pregerminated seed broadcasting 188 kg seed ha–1 645 26±15 25 15.4 1.8

Table 3. Methane emission and biomass of irrigated rice cultivar SPR2 grown in three soils under pot and field
cultivation, 1996 dry season

Soil location Soil Soil Organic Mean Cumulative Biomass
texture pH matter CH4 emission CH4 emission (t ha–1)

(%) (mg m-2 d-1)  (kg ha–1)

PRRC (pot) Clay 3.9 1.93 19 ±   9 17 5.9
Ayutthaya (pot) Clay 4.9 1.10 5 ±   3 5 6.6
Hinsorn (pot) Sandy loam 5.3 0.77 100 ± 45 91 6.4
PRRC (field) Clay 3.9 1.93 33 ± 25 28 7.0

ences among three cultivars, with total CH4 emissions
being 41-42 kg ha-1 (Table 4).  This is probably the re-
sult of the similar production of biomass among three
cultivars although the grain yield was relatively higher
for Poe-Thong.

In the 1998 dry season, CH4 flux was determined
in irrigated rice with different planting methods: (i)
transplanted with spacing of 20 × 20 cm, (ii)
pregerminated seed broadcast at 94 kg ha-1, and (iii)
pregerminated seed broadcast at 188 kg ha-1.  Total CH4

emissions in plots using seed broadcasting were  25 kg
ha-1 (for both seed rates) which were significantly higher
than that in transplanted plot (15 kg ha-1) (Table 5).  This
variance  was apparently related to a difference in plant
growth. Broadcasting pregerminated seeds at 94 and
188 kg ha-1  yielded 657 and 645 tillers m2, whereas
transplanting resulted in only 444 tillers per m2.  Simi-
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Table 6.  Average methane emission from deepwater rice with straw
burned treatment (A), irrigated rice (B), and rainfed rice (C) from
1994 to 1998

Year/season Cultivar Mean Cumulative
CH4 emission CH4 emission
(mg m-2 d-1) (kg ha–1)

(A) Deepwater rice
1994 wet season HTA60 84 194
1995 wet season HTA60 33 67
1996 wet season PNG 35 69
1997 wet season PNG 32 60

Av 46 98

(B) Irrigated rice
1994 wet season IR72 17 18
1995 wet season RD35 135 119
1996 dry season SPR2 33 28
1996 wet season SPR2 298 289
1997 dry season PT 43 41
1997 dry season SPR1 43 41
1997 dry season SPR60 44 42
1998 dry season KLG1 17 15

Av 79 74

(C) Rainfed rice
1997 wet season KDML 105 22 22
1998 wet season KDML 105 144 188

Av 83 105

larly, the grain yields and biomass were significantly
higher for seed broadcasting than for transplanting (Ta-
ble 5). Apparently, high plant density and biomass en-
hanced CH4 emission from rice field. In the later growth
stage, rice plant in all plots was approximately 50%
damaged by disease and insect pests, hence grain yields
in this experiment were relatively lower than those in
other year experiments (Table 5).  Consequently, the
emission rate observed in this experiment was also rela-
tively lower than in other years.

Conclusion

The results of this study showed that deepwater rice
had low CH4 emission rates, but due to long season
lengths, seasonal emission rates accumulate to relatively
high levels.  The 4-yr observation of CH4 emission from
deepwater rice with the burned straw treatment corre-
sponded to a daily average of 46 mg m-2 d-1 and a sea-
sonal average of 98 kg ha-1 yr-1.  Average emission from
irrigated rice was 79 mg m-2 d-1 and 74 kg ha-1 yr-1, re-

spectively,  and  that from rainfed rice was 83 mg m–2

d–1 and 105 kg ha–1, respectively (Table 6).
However, the comparison between deepwater and

irrigated rice may be affected by site-specific condi-
tions (Wassmann et al., this issue, b).  In the acid sulfate
soil of Prachinburi, pH of the soil reached a neutral
range within 2 mo of flooding.  While this pattern will
drastically reduce emissions from irrigated rice (with
110 d growing period), the soil impact on deepwater
rice is less severe due to its long growing period.

The only practical option for reducing CH4 emis-
sions in deepwater rice is proper straw management.
Mulching of straw in zero-tillage fields slightly en-
hanced CH4 emission as compared with burned straw
application but significantly reduced emissions as com-
pared with fresh straw incorporation.  Apparently, the
straw on the surface of the soil was partially decom-
posed during the fallow period.  However, further re-
search is needed to integrate these findings into an over-
all strategy of sound crop management for high yields
and low emissions.
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Abstract

The development of the MERES (Methane Emissions in Rice EcoSystems) model for simulating methane (CH4)
emissions from rice fields is described. The CERES-Rice crop simulation model was used as a basis, employing
the existing routines simulating soil organic matter (SOM) decomposition to predict the amount of substrate avail-
able for methanogenesis. This was linked to an existing submodel, described elsewhere in this volume (Arah &
Kirk, 2000), which calculates steady-state fluxes and concentrations of CH4 and O2 in flooded soils. Extra routines
were also incorporated to simulate the influence of the combined pool of alternative electron acceptors in the soil
(i.e., NO3

-, Mn4+, Fe3+, SO4
2-) on CH4 production. The rate of substrate supply is calculated in the SOM routines of

the CERES-Rice model from (a) the rate of decomposition of soil organic material including that left from the
previous crop and any additions of organic matter, (b) root exudates (modified from the original CERES-Rice
model using recent laboratory data), and (c) the decomposition of dead roots from the current crop. A fraction of
this rate of substrate supply, determined by the concentration of the oxidized form of the alternative electron
acceptor pool, is converted to CO2 by bacteria which outcompete the methanogenic bacteria, thereby suppressing
CH4 production. Any remaining fraction of the substrate supply rate is assumed to be potentially available for
methanogenesis. The CH4 dynamics submodel uses this potential methanogenesis rate, along with a description of
the root length distribution in the soil profile supplied by the crop model, to calculate the steady-state concentra-
tions and fluxes of O2 and CH4. The reduced form of the alternative electron acceptor pool is allowed to reoxidize
when soil pores fill with air if the field is drained. The MERES model was able to explain well the seasonal
patterns of CH4 emissions in an experiment involving mid- and end-season drainage and additions of organic
material at IRRI in the Philippines.

Introduction

Methane (CH4) is one of the principal greenhouse gases
and has been estimated to account for 15-20% of cur-
rent radiative forcing (Bouwman, 1991). Rice field soils,
characterized by O2 depletion, high moisture, and rela-
tively high organic substrate levels, offer an ideal envi-
ronment for the activity of methanogenic bacteria, and
are one of the major anthropogenic CH4 sources. Glo-
bal emission estimates for this source range from 20 to
100 Tg yr-1 (Sass & Fisher, 1997), which may be 4-
30% of the total anthropogenic contribution to the at-

mosphere, making it one of the CH4 sources with the
largest uncertainty. Precise estimates have been diffi-
cult due to the large spatial and temporal variability in
CH4 measured at different sites due to differences in
climate, soil properties, duration and pattern of flood-
ing, rice cultivars and crop growth, organic amend-
ments, fertilization, and cultural practices. Spatial in-
formation on these factors along with mechanistic
modeling of CH4 fluxes would help to improve these
estimates, but the use of geographical information sys-
tems coupled with ecosystem models has so far been
limited (e.g., Bachelet & Neue, 1993).
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It has been estimated that rice production must
almost double by the year 2020 in order to meet the
demand of an increased population, which may increase
CH4 production by up to 50% (Bouwman, 1991). How-
ever, the Intergovernmental Panel on Climate Change
has recommended immediate reductions of 8% in an-
thropogenic emissions of CH4 to stabilize atmospheric
concentrations at current levels (IPCC, 1996). The only
feasible way in which these two opposing requirements
can be met are by using crop management practices
that reduce CH4 emissions without affecting crop yields.
Manipulation of some or all of the factors causing vari-
ability in CH4 emission rates mentioned above may offer
a way in which this reduction target is met.

To address these issues, a multinational project,
coordinated by the International Rice Research Insti-
tute (IRRI) in collaboration with selected national ag-
ricultural research systems in major rice-growing coun-
tries of Asia, was established in 1993. The aims of the
project were (a) to provide more accurate estimates of
CH4 emission rates and (b) to develop strategies that
would mitigate CH4 emissions from rice fields without
sacrificing crop yields. Experimental data on CH4 emis-
sions and the factors influencing them were collected
from eight sites in five Asian countries, namely India,
China, Indonesia, Thailand, and the Philippines. An
important part of the project was the use of these ex-
perimental data to develop a simulation model describ-
ing the processes involved in CH4 emission. This model
could then be used, together with databases of weather,
soils, and crop management, to provide estimates of
current CH4 emissions and to evaluate potential miti-
gation strategies.

This modeling component of the project is sum-
marized in this series of papers. In this first paper, the
development of the process-based simulation model is
described. Subsequent papers in the series describe
validation and sensitivity analysis of the model
(Matthews et al., 2000a), the databases used (Knox et
al., 2000), and the extrapolation of the experimental
data to the national and regional levels (Matthews et
al., 2000b).

Previous CH4 models

A number of models have been developed in recent
years to predict the rate of emission of CH4 from rice
fields. Early models used regression relationships be-
tween rates of emission and either the crop biomass
(e.g., Aselmann & Crutzen, 1990; Taylor et al., 1991;
Bachelet & Neue, 1993; Bachelet et al., 1995; Kern et

al., 1997) or grain yield (e.g., Anastasi et al., 1992).
These relationships were based on the assumption that
the higher the biomass production of the crop, the more
substrate would be available for CH4 production, ei-
ther from increased crop residues or from higher rates
of rhizodeposition.

As our knowledge of the processes involved in
CH4 emission from flooded soils has increased, how-
ever, subsequent models have gradually replaced this
empiricism with more mechanistic descriptions. For
example, Nouchi et al. (1994) describe a model in which
CH4 emissions for the first 73 d of the crop are calcu-
lated using a function dependent on the leaf area of the
rice crop, the concentration of dissolved CH4 in the soil
water, and a constant crop conductance calculated from
previous work. After 73 d, crop conductance was ex-
pressed as an empirical function of temperature.

Cao et al. (1995) present a more mechanistic
model describing CH4 production and oxidation in rice
fields. In this model, soil organic carbon was assumed
to be partitioned between three main pools based on
their rate of decomposition. The carbon in these pools
was assumed to be released by decay according to first-
order reactions, which, together with that released from
the growing rice plants as root exudates and dead root
tissue, was available as substrate for methanogens.
Methane production was calculated as a function of this
substrate, modified by factors accounting for the influ-
ence of the soil redox potential (Eh), pH, temperature,
floodwater depth, and addition of mineral fertilizers.
The seasonal pattern of Eh was a required input of the
model. The fraction of the CH4 produced that was oxi-
dized by methanotrophs was calculated using an em-
pirical function based on the dry matter of the crop.
Methane emission rate was then calculated as the dif-
ference between rate of production and rate of oxida-
tion.

Huang et al. (1998) used two pools in their model
to represent soil organic matter, with different poten-
tial decomposition rates for each; these could be modi-
fied by multipliers representing the influence of soil
texture and temperature. Variations in soil water con-
tent were not accounted for. Rhizodeposition rate was
calculated as a function of aboveground biomass on a
given day, account being also taken of varietal differ-
ences and soil texture effects. The amount of substrate
available for CH4 production was taken as the sum of
that from SOM decomposition and rhizodeposition. As
with the Cao et al. (1995) model, CH4 production was
affected directly by soil Eh, although this was simu-
lated by a negative power function rather than as a model
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input. The fraction of CH4 produced that is oxidized by
methanotrophs was described by an empirical function
related to the aboveground biomass of the crop as a
proportion of the maximum biomass reached at the end
of the season. Aboveground biomass was calculated
with a logistic growth equation whose parameters were
empirically related to final grain yield.

Other approaches have focused on individual
processes involved in CH4 emissions. Lu et al. (2000)
developed a model for CH4 production derived from
incubation studies, while Cai et al. (1996) present a
model describing CH4 oxidation in incubations. The
mechanistic basis for modeling concentrations and
fluxes of O2 and CH4 in real systems was set out by
Lassiter & Plis (1994), and was implemented first for
peat lands (e.g. Walter et al., 1996; Arah & Stephen,
1998). This last model was subsequently developed
further to describe profiles of CH4 and O2 in rice soils
(Arah & Kirk, 2000), a version of which is also used in
the work we describe in this paper.

None of these models just described explicitly
simulate the effect of the alternative electron acceptors
in the soil (i.e. NO3

-, Mn4+, Fe3+, and SO4
2- ions), the

quantity of which strongly influence the time CH4 pro-
duction begins after initial flooding. In the models of
Cao et al. (1995) and Huang et al. (1998), for example,
this was accounted for by the pattern of decline of Eh.
However, Eh is a difficult variable to simulate for rea-
sons discussed by van Bodegom et al. (2000), who then
make an attempt to simulate directly the behavior of
these alternative electron acceptors and their influence
on CH4 production in rice soils by considering the ef-
fects of NO3

-, Mn4+, Fe3+, and SO4
2- ions separately.

Although all of these models marked major steps
forward in the simulation of CH4 dynamics in rice soils,
they all have limitations in some way or another. For
example, in most, the growth of the crop is described
in an empirical way, limiting their ability to describe
the effects of various management practices on both
crop performance and substrate C supply from the crop.
Similarly, not all can simulate the processes involved
in the intermittent draining and reflooding of rice fields,
while in several, CH4 oxidation rate is calculated as a
fraction dependent on crop status rather than as a func-
tion of the processes involved. There is a clear need,
therefore, to bring together into one model routines
describing
• crop growth and rhizodeposition over the season;
• soil organic matter decomposition under anaerobic

conditions;

• the effect of alternative electron acceptors in the soil
such as NO3

-, Mn4+, Fe3+, and SO4
2- ions;

• a mechanistic description of CH4 oxidation and
fluxes of CH4 from the soil; and

• the influence of crop management practices such as
water management and application of organic and
inorganic fertilizers.

We have attempted to do this by using the
CERES-Rice crop simulation model (Ritchie et al.,
1998) as a basis (Figure 1). The advantage of using this
model is that it already includes soil organic matter de-
composition routines, along with routines describing
the relevant crop management options such as water
management and applications of organic and inorganic
fertilizers, allowing us to evaluate the effects of vary-
ing any of these on both crop yields and CH4 emis-
sions. We have incorporated a subroutine describing
the effect of alternative electron acceptors on CH4 pro-
duction and have linked all these to the model of Arah
& Kirk (2000) describing the interaction between CH4

and O2 in the soil. We have also improved the calcula-
tions of root exudation with data recently obtained from
laboratory experiments.

Methods

Much of the development of the model described in
this paper is derived from data from an experiment car-
ried out at IRRI in the 1997 dry season, referred to here-
after as the IRRI-1997DS experiment. A full descrip-
tion of the experimental methodology is given by
Wassmann et al. (2000), but a brief summary is included
here for convenience. Relevant treatments were (a) no
organic amendments, (b) 10 t dry matter (DM) ha-1 of
rice straw was added to the field 14 d before planting,
and (c) 3 t DM ha-1 of green manure was added 14 d
before planting. The plots were planted with IR72 on
10 January and harvested on 20 April 1997. All treat-
ments received 150 kg N ha–1 as urea in addition to the
organic amendments. Stubble from the previous crop
was cut to ground level and removed before plowing,
but any dead root material was left remaining in the
soil. All plots were drained in the middle of the season
from 23-40 d after planting (DAP) (i.e., for 17 d) and
again at the end of the season from 85 DAP until har-
vest (for 15 d). Bihourly measurements of CH4 emitted
from each treatment were made using the methodol-
ogy described by Wassmann et al. (2000) and integrated
to give daily emission rates.
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Model development

Background

Methanogenesis is the last stage in the mineralization
of organic matter under anaerobic conditions. Carbon
as a substrate for methanogenic microorganisms is as-
sumed to come from three sources: the decay of or-
ganic matter (both freshly added and humus), the death
of root tissue from the crop, and carbohydrate exudates
from living root tissue. Depending on the pathway fol-
lowed, the breakdown of organic matter (CH2O) can
result in the production of H2 and CO2 or acetate
(CH3COO-) (Conrad, 1989). Methanogenic bacteria can
then produce CH4 either from the H2 and CO2 (i.e., CO2

+ 4 H2 ➝  CH4 + 2 H2O), or from the acetate (i.e.,
CH3COO- + H+ ➝  CO2 + CH4). Whichever route is fol-
lowed, the summary reaction can be written as

2(CH2O) ➝  CO2 + CH4 (1)

Thus, a maximum of 50% of the carbon present
in organic matter can be converted to CH4, a value which
has been confirmed by laboratory measurements
(Tsutsuki & Ponnamperuma, 1987). The actual amount
depends on the soil pH, temperature, and the presence
in the soil of other ions (e.g., NO3

-, Fe3+, Mn4+, SO4
2-)

which can act as electron acceptors for microbial respi-
ration, resulting in the production of CO2 rather than
CH4.

A certain proportion of the CH4 that is produced
can be oxidized to CO2 by methanotrophic bacteria if it
happens to pass through an O2-rich environment:

CH4 + 2 O2 ➝  CO2 + 2 H2O (2)

Such environments may occur in the thin layer
of topsoil interfacing with the floodwater, and in the
rhizosphere where CH4 and O2 gradients overlap due
to diffusion of O2 from the atmosphere down through
the aerenchyma to the roots. The rates of diffusion of
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Figure 1. Schematic diagram of the structure of the MERES crop/soil model. Components on the loop are calculated on a daily basis.
Shaded components represent the modifications made to the basic CERES-Rice model to take into account the effect of the alternative
electron acceptor pool and the calculation of the steady-state fluxes and concentrations of CH4 and O2. Root death and exudation rates are
calculated in the root growth routines. Water management options are executed in the water balance calculations and organic and inorganic
fertilizer management in the OM and N dynamic routines
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O2 downward and of CH4 upward through the plant and
floodwater are dependent on the concentration gradi-
ents of the respective gases between atmosphere and
soil and the conductance of the routes followed.

Simulation of all these processes, therefore, re-
quires calculations of (a) the rate of production of
substrate available for methanogenesis, (b) the rate of
production of CH4 from this substrate, (c) the rate of
oxidation of this CH4, and (d) the rates of CH4 flux from
soil to atmosphere through the rice plant, ebullition, or
diffusion through the floodwater. For (a), we have made
use of the routines in the CERES-Rice crop model de-
scribing root death, root exudation, and organic matter
decomposition, and have added new routines describ-
ing the effect of the alternative electron acceptors on
CH4 production. For (b), (c), and (d), we have used the
model simulating the steady state concentrations and
fluxes of CH4 and O2 described by Arah & Kirk (2000).
Each of these components is described in more detail
below.

The CERES-Rice crop simulation model

CERES-Rice (Ritchie et al., 1998) is a process-based,
management-oriented model simulating the growth and
development of rice. We decided to use it as it has been
relatively well tested in a range of environments (e.g.,
Bachelet et al., 1993) and already has routines describ-
ing the main crop components involved in CH4 dynam-
ics, i.e., organic matter decomposition, root growth and
death, and root exudation. Interestingly, Cao et al.
(1995) use the CERES-Rice model in their approach,
but only for the calculation of crop dry matter produc-
tion for estimating rhizodeposition and the fraction of
CH4 oxidized —the existing routines in CERES describ-
ing organic matter decomposition and root processes
were not used.

A full description of the CERES-Rice model is
given by Ritchie et al. (1998). Briefly, the model oper-
ates on a daily time-step (Figure 1) and calculates
biomass production, which is then partitioned to the
leaves, stems, roots and grain, depending on the phe-
nological stage of the plant. Submodels calculate the
water balance and N transformations in the soil, and
crop uptake of water and N. Under fully irrigated con-
ditions, the height of the surrounding bund and the ini-
tial floodwater depth can be specified—subsequent
floodwater depth is simulated taking into account in-
puts from rainfall or irrigation and losses from
evapotranspiration, percolation, and runoff over the
bund. In the N submodel, mineralization of N is linked

to the routines describing the decomposition of organic
matter, described in more detail in the next section. The
soil profile is characterized by its initial organic matter
and N content, water-holding properties, and texture.
Differences between genotypes are accounted for
through the use of a set of coefficients specific to each
genotype. The user is able to specify various crop man-
agement options such as sowing and/or planting dates,
water management (e.g., dates and amounts of
irrigations), fertilizer management (dates, amounts, in-
corporation depth, and types of fertilizers applied), or-
ganic matter management (dates, amounts, incorpora-
tion depth, and types of organic amendments applied),
and crop harvest dates.

Decomposition of soil organic matter

The approach used in the CERES-Rice model to simu-
late soil carbon dynamics (Godwin & Jones, 1991) is
to assume two types of organic matter—these are the
fresh organic matter (FOM) pool, which includes crop
residues and green manure, and a more stable organic
or humic pool (HUM). The FOM pool is further di-
vided into three arbitrary pools corresponding approxi-
mately to the carbohydrate, cellulose, and lignin frac-
tions. It is assumed that initially any fresh organic mat-
ter is distributed as 20% carbohydrate, 70% cellulose,
and 10% lignin. The model requires as input data the
amount of straw added, its C/N, and its depth of incor-
poration, along with an estimate of the amount of root
residue from the previous crop, all of which are used to
initialize the FOM pools. Initialization of the HUM pool
is calculated from the soil organic carbon as specified
in the soil data file.

Each of the three FOM pools is assumed to have
a different potential relative rate of decay—under
nonlimiting  conditions,  the  decay  constants  (Rp(max),
d–1) as reported by Seligman & van Keulen (1981) are
0.2, 0.05 and 0.0095 d-1 for pool p (p ∈ (carbohydrate,
cellulose, and lignin)) respectively. However, these
potential relative rates of decay are usually limited by
soil temperature, soil moisture, and the C/N of the de-
caying material. Thus, actual decay rates (dOp/dt, kg C
ha-1 d-1) are calculated as

dOp/dt = Op Rp(max) • f (Ts) • g (θs) • h(κs) (3)

where Op (kg ha-1) is the amount of organic matter re-
maining in the pool p on the day in question, and f(Ts),
g(θs) and h(κs) are dimensionless multipliers for soil
temperature (Ts, °C), soil moisture (θs, m3 water m-3 soil),
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and the pool C/N (κs, kg C kg-1 N), respectively. The
forms of the f(Ts), g(θs), and h(κs) functions are described
by Godwin and Jones (1991) and are shown in  Figure
2. It can be seen that decomposition rates in flooded
soils (θs =θSAT) are about half those in moist but well-
drained soils (θs =θDUL) (Figure 2b).

A similar procedure is used to estimate the rate
of decay of the humus pool (dOH/dt, kg C ha-1 d-1), ex-
cept that the pool C/N multiplier κs is not used and the
potential relative rate of decomposition (RH(max), d-1) is
much slower, with a value of 0.000085 d-1. The total
amount of carbon released by decay of organic matter
on a given day (RCdecay, kg C ha-1 d-1), and therefore avail-

able as substrate for methanogenic microorganisms, is
the sum of the decay rates of the individual pools:

RCdecay = dOH/dt + Σ (dOp/dt) (4)

Rhizodeposition: root exudates and root death

The contribution to CH4 production of organic matter
originating from living rice plants through root exu-
dates and root death, collectively referred to as
rhizodeposition, was first recognized by Seiler et al.
(1984). The peak in emission rates commonly observed
toward the end of the growing season was ascribed by
these authors to be due to the increase in decaying root
tissue or root exudates after flowering. Watanabe and
Roger (1985) suggest that the amount of carbon released
by rhizodeposition over a growing season can exceed
that contained in the root biomass by a factor of four.
Cao et al. (1995) refer to a number of studies on annual
crops indicating that rhizodeposition accounts for 35-
60% of carbon transferred to roots.

In the model of Cao et al. (1995), both of these
sources were treated as one. As a way to understanding
the underlying processes, we have attempted to treat
them separately.

Root exudates. Root exudates contain high-mo-
lecular-weight substances such as mucilage and
ectoenzymes, and low-molecular-weight substances
(LWS)  such  as  organic acids, phenols, and amino
acids. The total amount of carbon exuded has been
shown to be closely related to root dry weight (r2 =
0.919) and aboveground DM production (r2 = 0.954)
(Wang et al., 1997). We have used data from Lu et al.
(1999) to estimate the rate of exudation of organic com-
pounds per unit of root biomass (Figure 3). The rela-
tionship was relatively linear at  about  0.6 mg C (g
root)–1 d–1 up until the time of flowering, after which it
increased to an average of 1.6 mg C (g root)–1 d–1. The
rate of root exudation (g C m–2 d–1), therefore, is calcu-
lated as the product of these values (depending on the
crop growth stage) and the root weight in each soil layer
which is simulated in another part of the CERES-Rice
model.

Root death. Very little information exists on the
rate of root death in rice. Root death in the CERES-
Rice model is assumed to be a constant 2% of existing
root dry weight (Wroot, kg DM ha-1) in each soil layer
per day, i.e.,

RCroots = 0.4 × 0.02 × Wroot (5)
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Dry matter lost from the plant in this way is assumed to
enter the FOM pools with the same proportion of 0.2:
0.7:0.1 allocated to the carbohydrate, cellulose, and
lignin pools as described previously. The carbon in this
DM therefore becomes available as substrate for
methanogens according to the decomposition rate of
each of the three pools described in the previous sec-
tion.

Using these parameters for root exudation and
death gave total rhizodeposition figures of about 18%
of the aboveground biomass at final harvest, toward
the top end of the range of 5-20% obtained by Shamoot
et al. (1968) in a greenhouse study with 11 plant spe-
cies (but not including rice). Our value also agrees
closely with the 17% predicted by the model of Huang
et al. (1998) after 110 d.

The effect of alternative electron acceptors on CH4

production

As long as O2 is present in the soil, it acts as the sole
electron acceptor for microbial respiration. However,
after a rice soil is flooded, O2 dissolved in the floodwa-
ter and soil is consumed rapidly. The need for electron
acceptors by anaerobic organisms results in the reduc-
tion of a number of other oxidized species of ions in
the soil. Reductions of NO3

- to NO2
-, N2O to N2, Mn4+

to Mn2+, Fe3+ to Fe2+, SO4
2- to S2- all resulting in the

production of CO2, and finally CO2 to CH4, occur
sequentially, provided available carbon sources exist
(Patrick Jr & Delaune, 1977). Thus, CH4 production
will not occur until most of the NO3

-, N2O, Mn4+, Fe3+,
and SO4

2- ions in the soil have been reduced.

Methanogenesis is thought to be inhibited by the pres-
ence of alternative electron acceptors because bacteria
using these electron acceptors outcompete methanogens
for substrate. This is particularly so in the case of O2

where aerobic bacteria are able to maintain concentra-
tions of catabolic substances so low that methanogens
cannot compete.

The models of Cao et al. (1995) and Huang et al.
(1998) accounted for this sequence of events by relat-
ing CH4 production rate to the soil Eh—CH4 produc-
tion was switched on at an Eh value of –200 mV and
switched off at values above this. In both models, Eh
was described statically, being required as a model in-
put in the first case, and as a negative power function
in the second. The rate of Eh decline after flooding at
the start of the season, however, is dependent on sev-
eral factors, including the type of soil (i.e., the quantity
of alternative electron acceptors present), and the
amount of fresh organic matter present at the start of
the season (e.g., from previous crop residues and or-
ganic amendments). It is difficult to simulate Eh using
these factors (van Bodegom et al., 2000), and so we
decided to take a different approach.

We have assumed the presence in the soil of a
pool of alternative electron acceptors in oxidized form
(AEAox), which reacts with the substrate C from decom-
position to form CO2, becoming reduced in the process
(AEAred). For simplicity, we have not differentiated be-
tween any of the species of ions and have specified the
quantity of AEA present in moles of C equivalents m-3,
assuming a 1:1 stoichiometric relationship between
substrate C and the AEA, i.e.,

(CH2O) + AEAox ➝ CO2 + AEAred + 2 H+ (6)

Methane production can occur when there are still
some alternative electron acceptors remaining in the
bulk soil, for various reasons. While methanogenic bac-
teria are generally outcompeted completely by the ni-
trate-, iron- and manganese-reducing bacteria, they are
only partially so by the sulfate-reducing bacteria (e.g.,
van Bodegom et al., 2000). Similarly, heterogeneity in
the soil system (i.e., in microenvironments which have
exhausted all their electron acceptors), and the ability
of methanogens to use specific organic substrate mol-
ecules (e.g., methyl amides, methyl sulfides) not used
by the other bacteria can also result in CH4 production
before the AEAox are completely reduced.

Deriving the relationship between CH4 produc-
tion and the concentration of the alternative electron
acceptor pool in the soil ([AEAox], mol Ceq m-3) is not a
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metabolized into CO2 and CH4 according to equation
1). This appears to be about 39 d after incorporation of
the rice straw, or about 25 d after planting (Figure 4).
Integrating the amount of carbon that was calculated to
have reacted with the AEAox pool from the date of in-
corporation until 39 d later (the area between the solid
and dashed lines in Figure 4) gives a value of
1,590 kg C ha-1, which can be taken as the size of the
AEAox pool in C equivalents (Ceq). Converting this to a
mean concentration, assuming a soil depth of 50 cm,
gives a value of around 26.5 mol Ceq m-3.

Knowing the initial size of the AEAox pool, it is
then possible to calculate its size as a function of time
between the date of rice straw incorporation and 39 d
later, by reiteratively subtracting the amount of carbon
reacting with the AEAox pool each day (the difference
between the solid and dashed lines in Figure 4) from
the size of the pool on the preceding day. The same
procedure was also followed for the treatments with no
organic amendments and with 3 t ha-1 green manure
added, assuming the initial AEAox pool size of
1,590 kg C ha-1 calculated from the rice straw treatment.
The measured rates of CH4 emissions on each day dur-
ing this period can then be plotted against the size of
the AEAox pool (converted to a concentration
(mol Ceq m-3)) for each treatment (Figure 5). The rela-
tionship shows clearly that as the concentration of the
AEAox pool declines, CH4 production increases. A re-
gression line can be fitted through the data with the
equation y = 0.2 [1.0 – x/24.0] (r = 0.87, n = 120, P <
0.01). We have, therefore, assumed a two-stage proc-
ess in the relationship between potential CH4 produc-
tion (PCH4*, mol C m-3 s-1) and [AEAox] (mol Ceq m-3):

for [AEAox] > [AEAox]* PCH4* = 0.0
[AEAox]* > [AEAox] > 0.0 PCH4* = min (0.2 * (1-[AEAox]/[AEAox]*), S)

[AEAox] = 0.0 PCH4* = S (7)

where [AEAox]* is the critical concentration of the oxi-
dized alternative electron acceptor pool (mol Ceq m-3)
above which no CH4 production occurs (taken as
24.0 mol Ceq m-3 from the line in Figure 5), and S is the
rate of substrate-C production (mol Ceq m-3 s-1). The rate
of change of the oxidized alternative electron acceptor
pool (d[AEAox]/dt, mol Ceq m-3 s-1) is given by

d[AEAox]/dt = S – 2.0 × PCH4* (8)

and  the  rate  of change of the reduced form of the
alternative electron acceptor pool (d[AEAred]/dt, mol Ceq

m-3 s-1) by
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Figure 4. Estimation of the alternative electron acceptor pool size in
the IRRI soil. Substrate supply rate (solid line) is that predicted by
the organic matter decomposition routines of the CERES-Rice model
after addition of 10 t ha–1 rice straw, CH4 emission rate (dotted line)
is that measured in the rice-straw treatment of the IRRI-1997DS ex-
periment. The dashed line represents the amount of carbon that is not
oxidized by the AEAox pool (i.e. produced according to Equation 1).
The area between the solid line and the dashed line represents the
size of the AEAox pool in kg (C equivalents) ha–1

straightforward task due to a paucity of measured data.
However, a first approximation can be made from meas-
ured CH4 emissions when a large amount of organic
matter is applied to the field such that most of its de-
composition occurs before there is appreciable oxida-
tion of CH4 produced as a result of O2 being introduced
through rice plant aerenchyma. Such a dataset is pro-
vided by the IRRI-1997DS experiment described above.

The first step is to estimate the initial concentra-
tion of the AEAox pool of the IRRI soil. Assuming a
carbon content of 0.31 kg C (kg DM)-1, 10 t DM ha-1 of
rice straw represents the addition of 3,100 kg C ha-1.
Figure 4  shows the rate of substrate production
(kg C ha-1 d-1) predicted by the organic matter decom-
position routine of the CERES-Rice model (solid line)
for this treatment. Assuming that for every mole of car-
bon released as CH4, there must have also been one
mole of carbon released as CO2 (equation 1) and as-
suming that there is negligible reoxidation of CH4 pro-
duced, we can calculate that the amount of carbon not
reacting with the AEAox pool is twice the measured CH4-
C emission rate, and by difference, the amount react-
ing with the AEAox pool can be calculated. The point at
which these two curves intersect represents the stage at
which the AEAox pool has been completely converted
into a reduced form (i.e., all the substrate is then being
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d[AEAred]/dt = –d[AEAox]/dt (9)

Account also needs to be taken of reoxidization
of the AEA pool in the case of midseason drainage when
air reenters the soil profile. For this, we assumed that
this oxidation rate (d[AEAred]/dt, mol Ceq m-3 d-1) is re-
lated to the air-filled porosity (ε, m3 air m-3 soil), i.e.

d[AEAred]/dt = k × ε / ε* × [AEAred] (10)

where k is a rate constant (units: d-1), ε* is the maxi-
mum air-filled porosity (m3 air m-3 soil) of the soil, and
[AEAred] is the concentration of the reduced form of the
alternative electron acceptor pool (mol Ceq m-3). The
two air-filled porosity values can be calculated as ε =
(1.0 - ρ/2.65 - θ) and ε* = (1.0 - ρ/2.65 - θL), where ρ is
the bulk density (g cm-3) of the soil, and θ and θL

(m3 water m-3 soil) are respectively the actual soil wa-
ter content and the soil water content at the drained
lower limit of the soil. Trial and error indicated that
k = 0.06 d-1 gave realistic results, with complete
reoxidization of the AEA pool occurring in about 2 wk.
This value is comparable with that of 7.6 × 10-7 s-1

(= 0.068 d-1) for FeS used by van Bodegom et al. (2000)
in their model. It is assumed that all of the AEA pool
remains in either its oxidized or reduced forms — i.e.,

that losses by leaching, denitrification, etc. are negligi-
ble—and that there is no diffusion or mass flow of the
AEA pool between soil layers.

Steady-state concentrations and fluxes of CH4 and O2

To simulate the interactions between O2 and CH4

throughout the soil profile, we have used the submodel
described by Arah & Kirk (2000) elsewhere in this vol-
ume. For convenience, a brief description of this
submodel is included here along with details of how it
links to the main CERES-Rice model. Concentration
profiles of nonadsorbed materials (O2 and CH4 in our
case) can be described by the differential equation:

= D – (Lyw) + O + P – Q – R – E; (0 ≤ z ≤ Z)  (11)

where z is the depth below the surface (m), D is the
coefficient of diffusion of the material through the bulk
matrix (m2 s-1), L is the rate of leaching (m3 s-1); O is the
root-mediated influx (m3 s-1), P is the rate of produc-
tion of the material (m3 s-1), Q is the rate of consump-
tion of the material (m3 s-1), R is the root-mediated ef-
flux (m3 s-1), and E is the rate of ebullition (m3 s-1). Dif-
fusion depends on the bulk concentration y (z, t), leach-
ing and consumption on the solution-phase concentra-
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tion yw (z, t), and root-mediated efflux and ebullition on
the gas-phase concentration ya (z, t). Root-mediated
influx and production are assumed independent of y, yw

and ya, though they may of course depend on other prop-
erties of the system (surface concentrations, concen-
trations of other substrates, root density profiles).

Methane production. The Arah & Kirk (2000)
submodel requires the potential rate of CH4 production
(PCH4*, mol C m-3 s-1) as an input, which we have as-
sumed is that calculated in equation 7 after the effects
of the AEAox pool have been taken into account. How-
ever, the presence of O2, even in small concentrations,
affects the enzyme mechanisms of the methanogenic
bacteria, so that the actual rate of CH4 production can
be considerably less than this potential rate. Actual CH4

production (PCH4, mol m-3 s-1) in a given soil layer is
therefore calculated as

PCH4 = P*CH4 /(1 + η [O2]) (12)

where η is a parameter (units: m3 mol-1) representing
the sensitivity of methanogenesis to the concentration
of O2 ([O2], mol m-3). Thus, when there is no O2 present,
the CH4 production rate is equivalent to its potential
rate, but this rapidly decreases to near zero as O2 enters
the system. A value of 400 m3 mol-1 was used for η
(Arah & Stephen, 1998). We have assumed that the size
of the microbial population does not limit CH4 produc-
tion during the growing season (Schütz et al., 1989).

Methane oxidation. The rate of CH4 consump-
tion (QCH4, mol m-3 s-1) by the methanotrophic bacteria
(see equation 2) in a soil layer is given by the Michae-
lis-Menten equation

QCH4 = P*CH4 (13)

where P*CH4 is the potential rate of methanogenesis
defined previously, [CH4] and [O2] are the concentra-
tions of CH4 and O2 (mol m-3) respectively, and k1 and
k2 are Michaelis-Menten constants (units: mol m-3) for
a dual-substrate reaction. Oxygen consumption rate
(QO2, mol m-3 s-1) consists of a component due to this
CH4 oxidation and also a component due to aerobic res-
piration of the substrate:

QO2 = 2QCH4 + 2P*CH4 (14)

where 2P*CH4 represents the maximum rate of aerobic
respiration (mol O2 m-3 s-1) when O2 is not limiting.
Values of 0.33, 0.44, and 0.22 mol m-3 were used for k1,
k2, and k3, respectively.

Plant-mediated gaseous transport. Rice, like
many other wetland plants, possesses channels
(aerenchyma) within its stem and roots which have
evolved to allow O2 to diffuse from the atmosphere to
the roots to allow aerobic respiration by the root cells
in an otherwise anoxic environment. Both O2 and CH4,
therefore, are able to be transported between atmos-
phere and soil via this route, usually in opposite direc-
tions. On a seasonal basis, transport of CH4 through the
aerenchyma is probably the most important pathway
by which emissions reach the atmosphere. The contri-
bution of plant-mediated transport may exceed 90% at
given moments (Seiler et al., 1984), but over the sea-
son this contribution typically ranges from 38 to 85%
(Wassmann et al., 1996). Nouchi et al. (1990) have de-
scribed the process. Dissolved CH4 in the soil water
surrounding the roots diffuses through to the root cor-
tex via the water in the cortex cell walls (the apoplastic
pathway) driven by the gradient in concentration. Meth-
ane is gasified within the root cortex and transported to
the shoots via the aerenchyma, where it is eventually
released through the micropores in the leaf sheaths at
the base of the leaf, not the stomata. A very small amount
may be carried in the transpiration stream.

In the original Arah & Kirk (2000) model, the
fluxes of O2 and CH4 through the plant were separated
into inward fluxes (O, mol m-3 s-1) and outward fluxes
(R, mol m-3 s-1). These fluxes were expressed as a func-
tion of the conductance of the pathway through the plant
(λ, m air m-3 soil), the diffusivity of the respective sub-
stance through air (Da, m2 s-1), and the concentration
difference (mol m-3) of the substance between source
and sink. We have combined these fluxes into one (F =
O - R), in which the sign of the flux denotes its direc-
tion. As in the original model, we have assumed that
the conductance of the plant pathway is proportional to
the root length density (Lv, cm root cm-3 soil) present in
each soil layer, such that λ = λr Lv, where λr represents
the specific conductivity (units: m air (m root)-1) of the
root system. Thus, the flux (F, mol m-3 s-1) for each sub-
stance (O2 or CH4) is given by

F = λr (Lv × 104)Da (ya0 – ya) (15)

where ya0 is the concentration of the respective sub-
stance in the atmosphere (O2: 7.76 mol m-3; CH4: 7.5 ×
10-5 mol m-3), and ya is its concentration in the gaseous
phase in each soil layer. A positive value for F repre-
sents flux from atmosphere to soil, and a negative value
vice versa. A value of 3.0 × 10-4 m air (m root)-1 was
used for λr.  Diffusion constants (Da) of O2 and CH4 in

[CH4] [O2]
(k1 + [CH4]) (k2 + [O2])

[O2]
(k3 + [O2])
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air  were  taken as 2.02 × 10-5 m2 s-1 and 1.06 × 10-5

m2 s-1, respectively.
Diffusion. Only minor amounts of CH4 are trans-

ported by diffusion across the air-water interface
(Shearer & Khalil, 1993). Calculation of the diffusion
rate between layers in the soil-water-atmosphere con-
tinuum is the same as in the original Arah & Kirk (2000)
model, as described by the first term in equation 11.

Leaching. Again, the method of calculating move-
ment of O2 and CH4 by leaching is the same as in the
original Arah & Kirk (2000) model. Percolation rate (L
in equation 11) is calculated in the water balance part
of the main CERES-Rice model, and used as an input
to the Arah & Kirk submodel after conversion to the
appropriate units (i.e. mm d-1 to m3 water m-2 s-1).

Ebullition. We have modified the algorithm de-
scribing ebullition rate from that in the original Arah &
Kirk (2000) model by expressing the rate of ebullition
(E, mol m-3 s-1) as a function of the concentration of the
substance in solution (yw, mol m-3)

E = max [0, (yw – yw
*)/ke] (16)

where yw* is the solubility (mol m-3) of the substance in
water, and ke is a constant (units: s) equal to the time-
step of the simulation. Thus, if yw exceeds yw*, ebullition
occurs, but if yw is less than yw*, there is no ebullition.
As the time-step in the CERES-Rice model is 1 d, ke

takes a value of 8.64 × 104 s. Although this approach
allows for ebullition of O2, in practice this does not occur
as O2 concentrations never reach the yw* value. Meth-
ane lost by ebullition is assumed to travel straight to
the surface to be released into the atmosphere, with no
oxidation by methanotrophs occurring en route. Rates
of loss of CH4 from the system through ebullition on
an areal basis (i.e., kg CH4-C ha-1 d-1) are therefore cal-
culated by summing the ebullition rates from each layer.

Values of yw* (at 25 °C) used were 1.23 mol m-3

and 1.31 mol m-3 for O2 and CH4, respectively. Cur-
rently, there is no temperature dependence of yw* in-
cluded in the model, but this could be incorporated in
future versions.

Stored CH4. It is commonly observed on drain-
ing a rice field that there is a sharp peak in CH4 emis-
sions immediately following the drainage, which is gen-
erally ascribed to the release of entrapped and dissolved
CH4 in the soil water. To simulate this peak, we have
assumed that if the floodwater drops to zero, 50% of
the existing total CH4 stored in the soil (in both gase-
ous and aqueous forms as calculated by the Arah &
Kirk submodel) is released as emissions on each day.

Allowing only 50% to be released per day rather than
the total amount gives a lower but wider peak match-
ing more closely to that observed.

Implementation of the CH4 dynamics submodel.
In the Arah & Kirk (2000) submodel, the floodwater
and soil profile are divided into approximately 1 cm
layers, and equations 12 to 16 solved for [O2] and [CH4]
for each layer using the reiterative Newton-Raphson
technique, to give the steady-state concentrations of O2

and CH4. As changes in the rates of methanogenesis
dynamics occur over time periods of much less than a
day (typically 10-3-10-5 d-1) and the CERES-Rice model
operates on a daily time step, we feel that it is valid to
assume steady-state conditions on a daily basis. Cur-
rently, it is assumed that each layer is homogeneous;
no attempt is made to subdivide each layer into
rhizosphere and bulk soil compartments. The original
Arah & Kirk submodel was translated from Turbo Pas-
cal into Fortran for compatibility with the CERES-Rice
model. An ‘ interface’ subroutine passes data from
CERES-Rice to this submodel and receives data back
from the submodel for use in the main model, in each
case making the appropriate conversions for units and
resolution of soil layers. Reflecting its parentage, we
have called the combined crop/soil model MERES
(Methane Emissions from Rice EcoSystems) (Figure 1).

Effect of inorganic fertilizers

It was assumed that the carbon in urea fertilizer,
(NH2)2CO, does not contribute to CH4 production. On
application, urea undergoes hydrolysis to form NH4

+

ions and HCO3
- ions, the latter of which establish an

equilibrium with CO2 production depending on pH.
Methanogens can use CO2 but require a source of H2 in
order to do so. As most free H2 in the soil has been
produced from the decay of organic matter, it is stoi-
chiometrically related to the carbon from the same
source, and so there is no excess H2 to combine with
the carbonate-C. Urea as a source of carbon for CH4

production can therefore be ignored.
In the case of ammonium sulfate (AS) fertilizer,

the SO4
2- is added to the oxidized alternative electron

acceptor pool. In the CERES model, any fertilizer ap-
plied is partitioned between the floodwater and soil
according to a ‘mixing efficiency’ depending on the
method of application specified in the input file. Where
fertilizer is broadcast onto flooded soil, for example,
this mixing efficiency is such that about 15% enters
the soil, and the rest is dissolved in the floodwater. It
was assumed that on application of AS, the partition-
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ing of SO4
2- between floodwater and soil was the same

as for the NH4
+ ions, and that there is subsequently no

transfer of SO4
2- between floodwater and soil.

In the original version of the CERES-Rice model,
it is only possible to make one application of fertilizer
on a given day. In some of the treatments, however,
both urea and AS were applied at the same time; the
model code was therefore modified to allow this.

Results

Decay of organic matter

A comparison of the simulated decay of rice stubble
and observed data from three studies is shown in Fig-
ure 6. Agreement is good, although there is a tendency
for the model to overestimate the rate of decomposi-
tion in the latter part of the season. Possible reasons for
this are discussed later.

Dynamics of the AEA pool

Predicted changes in the concentration of the pool of
alternative electron acceptors in the top 10 cm of the
soil for the rice-straw treatment of the IRRI-1997DS
experiment are shown in Figure 7. It was assumed that
this pool was in the fully oxidized state at the start of
the simulation when flooding of the field occurred at
21 d before planting (-21 DAP). Addition of 10 t ha-1

of rice straw was 7 d later, which resulted in rapid re-
duction of these electron acceptors and release of or-
ganic carbon as CO2, so that by 10-12 DAP, all of the
AEA pool in this layer was in its reduced form. At this

point, CH4 production rate was limited only by the
amount of substrate available.

At 23 DAP, the field was drained for a period of
17 d, as can be seen from the simulated floodwater level
(Figure 7). As air entered the soil profile during the
drainage period, the AEA pool was slowly reconverted
from its reduced form to the oxidized form, although
with the rate constants used in the model, complete
reoxidation did not occur. On reflooding, conditions
once more became anoxic and the AEA pool was again
converted into its reduced form, although at a slower
rate due to slower substrate production. The field was
drained for a second time around 2 wk before harvest,
when a similar pattern of behavior of the AEA pool was
predicted.

Methane fluxes

The seasonal patterns of the various CH4 fluxes in the
rice-straw treatment of the IRRI-1997DS experiment
are shown in Figure 8. The CH4 production rate rises
rapidly after the addition of the rice-straw 14 d before
planting, to a maximum around the time of planting.
Most of the CH4 produced during this time is emitted
through ebullition, due to the absence of plants. As the
crop grows from planting onward, the fraction of CH4

emitted through ebullition declines gradually, with an
increasing fraction being transported through the plants,
so that by about 70 DAP, almost all of the CH4 emitted
is through the plant and ebullition rates are almost neg-
ligible. Over the season, 24% of the total CH4 emitted
was through the plant, and 76% was through ebullition.

Witt et al. (1998)

Neue (1985)
Bucher (unpubl.)
CERES-Rice
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Fraction of stubble remaining

Figure 6. Comparison of simulated (solid line) and observed
(symbols) fractions of rice stubble organic material remaining as a
function of time since incorporation into flooded soils in field
experiments at IRRI. Observed data are from Witt et al. (1998),
Neue (1985), and S. Bucher (unpubl. data)
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Figure 7. Simulated AEAox concentration in the top 10 cm of the soil
profile for the rice-straw treatment of the IRRI-1997DS experiment.
Rice straw was added at the rate of 10 t ha–1 14 d before planting. The
field was drained from 23-40 DAP and from 85 DAP until harvest,
as indicated by the simulated floodwater level
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The rate of oxidation also increases steadily over
the season, as the plant conductance to gaseous trans-
fer increases and more O2 can diffuse into the
rhizosphere. However, the proportion of CH4 produced
that is then oxidized is never large, and constitutes only
some 7% of the seasonal total. The rates of CH4 loss by
diffusion are also negligible. As might be expected, all
CH4 fluxes drop to zero during the two drainage peri-
ods when CH4 production ceases.

Comparison of simulated and measured CH4 emissions

Comparison of the predicted and measured rates of CH4

production over the season for the rice-straw and green
manure treatments of the IRRI-1997DS experiment is
shown in Figure 9. There is generally good agreement,
although in the rice straw treatment the model
overpredicted the plume of CH4 at the second drainage
just before harvest. In the green manure treatment, the
initial plume of CH4 emission immediately after incor-
poration could not be captured by the model, and the
plume predicted by the model to occur on draining the
field was not evident in the observed data.

Discussion

The soil organic matter decomposition routines of the
CERES-Rice model appear able to match measured data
well (Figure 6) with no modification or calibration from
the original. The slight deviation of observed and simu-
lated values from about 70 d onwards, which corre-
sponds mainly to the decomposition of the lignin pool,
may be due to the resistance of lignin to anaerobic deg-
radation, such that it does not decompose at all in an-
oxic habitats. Currently, the decomposition rate of this
pool in the model is influenced by soil water content in
the same way as for the two other FOM pools (Figure
2b), but future improvements may include a modifica-
tion to the multiplier function so that at the saturated
water content, this rate is zero for the lignin pool only.
Cao et al. (1995) have approached this problem by as-
suming the water content multiplier is 0.4 at the satu-
rated water content for all pools (i.e., slower decompo-
sition) rather than the 0.5 used in the CERES-Rice
model.

The temperature multiplier used by the CERES-
Rice model (Figure 2a), linear from 5 °C and above,
may also need to be treated with some caution — bac-
teria usually have clearly defined optima. Cao et al.
(1995) use a function with an optimum between 30 and

40 °C, declining below and above these values, respec-
tively, the shape of which at least seems more realistic.
For the time being, we have decided to leave the exist-
ing function unaltered, as no sites used in the upscaling
exercise, described in Part IV of this series, experience
soil temperatures in excess of 40 °C.

Unlike Cao et al. (1995), we have assumed that
the pH of the soil has little effect on CH4 production.
Although the optimum pH for CH4 production has been
shown to be 7.0, with none below 5.7 or above 8.5
(Wang et al., 1993), pH is strongly linked to changes in
the soil redox potential (Eh) so that at the Eh at which
CH4 production occurs, the soil pH is usually close to
7.0 anyway, regardless of its starting point (Wassmann
et al., 1998). Similarly, we have also not included a
separate effect of floodwater depth as Cao et al., (1995)
have done—we have assumed that any effect of this is
taken account of in the calculation of O2 flux into the
floodwater/soil profile by the Arah & Kirk submodel.

The ways in which environmental factors affect
CH4 production still need to be clarified. We have as-
sumed that the main effect of temperature and soil wa-
ter content is on the rate of production of substrate as
just discussed and not on the rate of CH4 generation
from this substrate. This is supported by studies that
have shown that the syntropic microbial processes in-
volved in supplying substrate were more sensitive to
temperature than methanogenesis itself (e.g., Conrad
et al., 1987), and also follows the approach taken by
both Cao et al. (1995) and Huang et al. (1998) in their
models. Available evidence suggests that the effect of
temperature on oxidation rate is small (Dunfield et al.,
1993).

The submodel we have used to simulate the ef-
fect of the pool of alternative electron acceptors on CH4

production is essentially a simplified version of that
described by van Bodegom et al. (2000). The main dif-
ference between the two approaches is that in the lat-
ter, the ion species  (i.e., NO3

-, Mn4+, Fe3+ and SO4
2-)

making up the pool are considered individually. While
this approach is undoubtedly the more rigorous, we con-
sider that the uncertainties of our knowledge of the proc-
esses involved justify the simpler approach we have
adopted, particularly when used for upscaling exercises
with a paucity of available data at the global scale on
the concentrations of these ions in soils (see Part IV).
Concentrations higher than AEAox* (see Figure 5), when
no CH4 is produced, correspond to the activity of the
NO3

- and Fe3+ reducing bacteria in the van Bodegom
(2000) model, while concentrations between 0.0 and
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Figure 8. Predicted seasonal patterns of various CH4 fluxes for the treatment in which 10 t ha–1 of rice straw was added 14 d before planting
(IRRI-1997DS experiment). The field was drained from 23-40 DAP and from 85 DAP until harvest. (a) emission and production, (b)
oxidation and diffusion, and (c) plant and ebullition fluxes. Note differences in y-axis scales
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AEAox* correspond to the activity of the sulfate-reduc-
ers only partially competing with the methanogens for
substrate. However, the relation between CH4 produc-
tion and AEAox is also governed by the heterogeneity of
the organic matter distribution in the soil and the pres-
ence of other organic substrates such as methyl amides
and methyl sulfides that can be used by the methanogens
but not by the other bacteria. Thus, the relationship we
have used in the current model is a ‘blanket’  relation-
ship that takes into account all of these factors.

Estimating the size of the AEA pool in different
soils is clearly a problem that needs to be addressed.
The accuracy of the method we have used to determine
the size of the AEA pool depends on the validity of the
assumption that the amount of CH4 produced that was
reoxidized was negligible, which seems reasonable in
a period where the rice crop was small and therefore
not likely to transport significant quantities of O2

through the aerenchyma. However, any errors in this
assumption would underestimate the amount of CH4

produced and therefore overestimate the size of the
buffer. Similarly, the procedure is only possible if large
quantities of carbon have been added as organic amend-
ments such that the AEA pool is completely exhausted

in a short time. In this case, 10 t ha-1 of rice straw was
required to achieve this, but in most experiments, much
less, if any, organic material is added.

As an alternative way to estimating the size of
the AEA pool, we have used soil analysis data in which
the concentrations of the main ion species of the pool
were measured for the Maahas soil at IRRI (Yao et al.,
1999). Converting the Fe3+, Mn4+, SO4

2–, and NO3
- con-

centrations to C equivalents according to the stoichi-
ometry of the summary reactions gives a total AEA pool
concentration of about 63.3 mol Ceq m–3. This provides
an upper limit to the estimate, but the ‘effective’ con-
centration is likely to be less than this due to a propor-
tion of the ions in the AEA pool being unavailable for
oxidation of organic matter due to occlusion, fixation,
or their general insolubility—the latter particularly in
the case of Fe3+. Comparison of this value just calcu-
lated with the value of 26.5 mol Ceq m-3 calculated ear-
lier would suggest that, in the Maahas soil at least, only
about 42% of the measured AEA pool is actively in-
volved in reacting with the substrate. Further work is
clearly needed to see if this proportion is a general one
for all soils.

The proportion of CH4 produced that was oxi-
dized by methanotrophs was predicted to be only 7%
in the data set we have used. This is considerably lower
than previous estimates of 50-80% (e.g., Sass et al.,
1991). Similarly, Neue and Roger (1993) reported labo-
ratory studies showing that 50-90% of the CH4 pro-
duced in the soil can be oxidized before it reaches the
surface. On the other hand, Frenzel et al. (1992) calcu-
lated that 50-90% of CH4 transported to the rhizosphere
is oxidized, which would suggest that a lower fraction
of the total CH4 produced was oxidized. Comparing
seasonal totals, however, may be misleading, particu-
larly in our case where a large proportion of the total
CH4 emitted is from the large organic matter supply
early in the season before the crop reaches a stage where
it is able to significantly influence oxidation rates.
Where little or no organic matter is added, it might be
expected that the oxidized/produced ratio be much
higher. Calculation of this ratio on predicted instanta-
neous fluxes toward the end of the season (84 DAP),
when most of the initial carbon source has decomposed,
indicate that the rate of oxidation is about 20% of the
production rate.

In this first version of the MERES model, we have
not included the effect of soil texture on CH4 emissions
noted by some authors (e.g., Sass & Fisher, 1995; van
Bodegom et al., 2000) as the mechanisms involved are
far from clear. Cao et al. (1995) use the relationship

Figure 9. Comparison of observed and simulated seasonal patterns
of CH4 emissions in treatments of the IRRI-1997DS experiment
with additions of (a) 10 t ha–1 of rice straw and (b) 3 t ha–1 of green
manure. Both were added 14 d before planting
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M = 0.25 + 0.75 S, where M is the value of the zero-to-
unity multiplier and S is the sand fraction of the soil. M
is used to modify the decomposition rate of only the
recalcitrant and lignin FOM pool. Huang et al. (1998),
use a different relationship in their model,
M = 0.325 + 2.25 S, to modify decomposition rates of
both OM pools and the rate of rhizodeposition. Initial
simulations evaluating a number of possible mecha-
nisms suggest that the effect on seasonal totals of CH4

emissions may be small anyway (van Bodegom et al.,
2000). Nevertheless, for completeness, we intend to sur-
vey our existing data sets on incubation studies and in-
clude a function in the next version of the MERES
model to modify CH4 production rate according to soil
texture.

For the time being, we have assumed that the
specific conductivity (λr) of the plant to gaseous trans-
fer is constant throughout the growing season, so that
changes in the conductance of the plant to gaseous trans-
fer are due to changes in root length density only. This
approach seems to work well in predicting the pattern
of the plant-mediated CH4 flux over the season (Figure
8). However, there is evidence that the conductance of
the rice plants to CH4 transport decreases as the plant
ages (e.g., Nouchi et al., 1990), particularly toward the
end of the season. Nouchi et al. (1990) suggested that
this was due to reduced permeability of the root epi-
dermis during ageing, but it can also be explained by
root death reducing the size of the root system. Cer-
tainly, changes in root porosity due to continued expo-
sure to low Eh values have been reported (Kludze et
al., 1993). However, it is not certain to what extent this
contributes to overall plant conductance. Butterbach-
Bahl et al. (1997), for example, consider that the main
site of resistance to gaseous movement is the transition
from root to stem — they found that a high CH4 trans-
port capacity was associated with an increase in the
relative pore diameter in this zone. Similarly, Ueckert
et al. (1990) found that the size of aerenchyma was the
main plant parameter that controlled O2 transport
through the plant to the rhizosphere. If this is the case,
relating plant conductance to cross-sectional stem area
(e.g., tiller number) rather than root length density as
we have done, may be a better approach. However, in
view of the uncertainty in this relationship, we con-
sider for the time being that the assumption of a con-
stant relationship between conductance and root length
is justified, particularly as cross-sectional stem area and
root length are likely to be strongly correlated over a
season anyway. Nevertheless, if better ways of estimat-

ing plant conductance are discovered, these can be eas-
ily incorporated into the model. The effect of varying
λr on overall CH4 emissions, particularly in relation to
differences between varieties (e.g., Butterbach-Bahl et
al., 1997) also needs to be explored.

The assumption that ebullition rate is proportional
to the difference between the aqueous concentration of
CH4 in the soil and its solubility concentration is obvi-
ously a simplification from reality, but appears to work
adequately in describing the seasonal pattern of CH4

flux lost from the soil in this way (Figure 8). Certainly,
the relative effects of plant-mediated and ebullition
fluxes match observed patterns well, with most emis-
sions early in the season due to ebullition and an in-
creasing dominance of plant-mediated flux as the sea-
son progresses. The seasonal total of 76% of emissions
through ebullition predicted by the model for the rice-
straw treatment of the IRRI-1997DS experiment is high,
but is comparable with the 70% reported by Crill et al.
(1988) from peat lands. Similarly, Bartlett et al. (1988)
measured values between 49 and 64% for the Amazo-
nian floodplain. A value of 60% has been reported for
rice fields in studies where ebullition rates were high at
the beginning of the season due to additions of organic
matter (e.g., Denier van der Gon & Neue, 1995;
Wassmann et al., 1996). In rice fields where little or no
organic material is added, ebullition normally contrib-
utes only 10-20% to the seasonal CH4 emission (e.g.,
Schütz et al., 1989; Nouchi et al., 1994). There is clearly
a wide range in the estimates of the contribution made
by ebullition to overall CH4 emissions, depending
mainly on the balance between substrate supply and
the presence of plants to act as a conduit.

Walter et al. (1996) use a method similar to ours
of calculating ebullition rates in their model, but as-
sume that bubble formation occurs when the aqueous
CH4 concentration exceeds 0.5 mol m-3 rather than the
1.31 mol m-3 we have used. Their value takes into ac-
count a mixing ratio of 25% of CH4 in the bubble with
the remaining 75% being inert N2. However, using this
value would have the effect of increasing ebullition rates
still further and could not explain the high ebullition
fractions predicted by our model. Clearly, further work
is necessary to simulate the processes involved in bub-
ble formation more mechanistically. Consideration
could be given in future versions of MERES to describ-
ing the formation and release of bubbles in terms of
when the partial pressure of entrapped CH4 within the
soil exceeds the hydrostatic pressure (Wang et al., 1995).
Similarly, the effects of soil temperature and solar ra-
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diation on increasing ebullition rates that some work-
ers have reported (e.g., Nouchi et al., 1990) also need
to be looked into.

Despite some of its limitations just discussed, we
conclude that the MERES model describes the basic
features of CH4 emissions from rice fields with reason-
able accuracy. Furthermore, it contains the crucial com-
ponents required for adequately evaluating (a) the ef-
fects of altered crop management practices on CH4

emissions, and (b) upscaling experimental measure-
ments to national and regional levels using the weather,
soils, crop management, and rice-growing area data de-
scribed in Part III of this series (Knox et al., 2000).
Further papers deal with the validation and sensitivity
analysis of the model (Matthews et al., 2000a), and the
results of the upscaling exercise itself (Matthews et al.,
2000b).
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Abstract

Rainfed rice (Oryza sativa L.)-based cropping systems are characterized by alternate wetting and drying cycles as
monsoonal rains come and go.  The potential for accumulation and denitrification of NO3

- is high in these systems
as is the production and emission of CH4 during the monsoon rice season. Simultaneous measurements of CH4 and
N2O emissions using automated closed chamber methods have been reported in irrigated rice fields but not in
rainfed rice systems. In this field study at the International Rice Research Institute, Philippines, simultaneous and
continuous measurements of CH4 and N2O were made from the 1994 wet season to the 1996 dry season.  During
the rice-growing seasons, CH4 fluxes were observed, with the highest emissions being in organic residue-amended
plots.  Nitrous oxide fluxes, on the other hand, were generally nonexistent, except after fertilization events where
low N2O fluxes were observed.  Slow-release N fertilizer further reduced the already low N2O emissions compared
with prilled urea in the first rice season.  During the dry seasons, when the field was planted to the upland crops
cowpea [Vigna unguiculata (L.) Walp] and wheat (Triticum aestivum L.), positive CH4 fluxes  were low and
insignificant except after the imposition of a permanent flood where high CH4 fluxes appeared.  Evidences of CH4

uptake were apparent in the first dry season,  especially in cowpea  plots, indicating that rainfed lowland rice soils
can act as sink for CH4 during  the upland crop cycle. Large N2O fluxes were observed shortly after rainfall events
due to denitrification of accumulated NO3

–.  Cumulative CH4 and N2O fluxes observed during this study in rainfed
conditions were lower compared with previous studies on irrigated rice fields.

Introduction

Rainfed rice-based production systems make up 25%
of the world’s area of harvested rice (IRRI, 1998).  These
systems are characterized by a monsoon season in which
rice is grown in the wet season and various upland crops
are grown in the dry season without irrigation (Tripathi
et al., 1997).  At any time of the year, rains can flood
the soil, resulting in denitrification and leaching of  ac-
cumulated NO3

- (Buresh et al., 1989; George et al.,
1993).

Production and emission of CH4 , a “greenhouse
gas” about 30 times more radiatively active than CO2,
is an important feature in the cycle of C in flooded rice

soils.  Methane and CO2 are the final products of or-
ganic matter decomposition under anaerobic conditions.
Emission of CH4  from rice fields makes up about one-
fifth of all sources of CH4 emitted to the atmosphere
globally (IPCC, 1992). Nitrous oxide (N2O) is about
300 more radiatively active than CO2 (mass basis, con-
sidering residence time in the atmosphere (Rodhe,
1990). Agriculture is the main source of most N2O
emissions.  Nitrous oxide is produced from soil proc-
esses as an intermediate product of microbial nitrifica-
tion and denitrification (Granli & Bockman, 1994).  The
potential of N2O emission increases when the amount
of N available for microbial transformation is enhanced
through fertilizer application (Eichner, 1990), cropping
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of legumes, return to soil of manures and crop residue
(Aulakh et al., 1991), and mineralization of soil biomass
and other forms of soil organic matter.  In previous work,
we found that  residue incorporation had no effect on
N2O emissions in fallow rice fields (Bronson et al.,
1997b) but could reduce N2O fluxes during a rice grow-
ing season with midseason drainage (Bronson et al.,
1997a).

Previous research by our team involved meas-
urements of  CH4 and N2O emissions in irrigated rice
fields using automated chambers from double-cropped
irrigated rice fields (Bronson et al., 1997a) and the short
rainfed fallow periods (Bronson et al., 1997b).   This
study represents a continuation of  those studies in which
we hypothesized that CH4 and N2O emissions will be
of different magnitude and pattern in rainfed rice-up-
land cropping systems compared with double-cropped
irrigated rice.

Materials and methods

Experimental site and field design

The field studies were conducted at the International
Rice Research Institute, Los Baños, Philippines on
Maahas clay soil (pH 7.0, 1.2 g N kg-1, CEC of 17.2
cmol(+) kg-1). The experiments covered two cropping
cycles with wet and dry seasons and the fallow periods
in between. Rice was grown under rainfed lowland con-
ditions in the wet seasons while wheat and cowpea was
grown in the dry seasons.

The treatments during the 1994 wet/rice season
were
1. Prilled urea (90 kg N ha-1 applied in three equal

splits at final harrowing, midtillering, and flow-
ering)

2. Polyon 12, a slow-release N fertilizer urea (90
kg N ha-1 applied at final harrowing)

In the 1995 dry season, the treatments/crops were
1. Weed-free fallow
2. Cowpea (30 kg urea N ha-1 applied pre-plant)

planted in previous prilled  urea plots
3. Cowpea (30 kg urea N ha-1 applied pre-plant)

planted in previous slow-release N plots
4. Wheat (60 kg urea N ha-1 applied pre-plant)

In the 1995 wet/rice season, the treatments were
1. Urea (90 kg N ha-1 applied in three equal splits

at final harrowing, midtillering, and flowering)
in weed-free fallow plots

2. Urea (90 kg N ha-1 applied in three equal splits
at final harrowing, midtillering, and flowering)
with cowpea residue removed

3. Urea (30 kg N ha-1 applied in three equal splits
at final harrowing, midtillering, and flowering)
and 3 t ha-1 dry cowpea residue incorporated at
final harrowing

4. Urea  (90 kg N ha-1  applied in three equal split
applications at final harrowing, midtillering, and
flowering) with 3 t ha-1 dry wheat residue incor-
porated at final harrowing

During the 1996 dry season, the treatments/crops
were
1. Weed-free fallow
2. Cowpea (30 kg N ha-1 applied pre-plant in plots

with previous cowpea residue removed)
3. Cowpea (30 kg N ha-1 applied pre-plant in plots

with previous cowpea residue incorporated)
4. Wheat (90 kg N ha-1 applied pre-plant in plots

with previous wheat residue incorporated)

Measurement of CH4 and N2O fluxes

An automated chamber  system which operated for 24
h a day was used to measure CH4 and N2O fluxes.  The
details of the system were described in Bronson et al.
(1997a).  Fluxes were measured from all plots every 2
h.  Two-hour flux rates were averaged over 12-h day-
time and 12-h night time periods for each treatment.
Cumulative fluxes for each season were also calculated.
This measurement system was used continuously from
the 1994 wet season to the 1996 dry season.

Grain yield determination

Harvesting was done on a 2- × 2-m area in the middle
of each experimental plot.  The crops were cut at ground
level and put in cloth bags and dried.  After drying, the
grains were threshed and weighed.  Grain yields were
adjusted to 14% moisture.  For cowpea, the pods were
collected and the seeds separated, dried, and weighed.

Statistical analysis

Analysis of variance was done using SAS (SAS, 1987)
on 12-hourly and seasonal CH4 and N2O fluxes.
Duncan’s multiple range test was used at P= 0.05 level
of probability to distinguish treatment differences.
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Results and discussion

1994 wet season

Methane fluxes for both prilled urea and slow-release
N showed the same pattern during the entire season
wherein two peaks were observed (Figure 1a).  The first
major  peak of CH4 activity was at 40 d after trans-
planting (DAT) or maximum tillering when CH4 fluxes
rose to about 4 mg CH4-C m-2 d-1.  The second peak was
observed at 70 DAT where CH4 fluxes increased to 7
mg CH4-C m-2 d-1.  The two distinct  peaks of CH4  flux
observed may be attributed to increase in tillers which
serve as CH4  channels and decomposing roots which

provide C source for CH4-producing bacteria (Neue et
al., 1994). There was no significant difference in cu-
mulative CH4 fluxes between the two N fertilizer
sources, slow-release and prilled urea (Table 1).  Sea-
sonal fluxes of CH4 were lower than those reported by
Bronson et al. (1997a) for a nearby irrigated site of
higher soil organic matter content.

During the fallow period after the 1994 wet sea-
son, CH4 fluxes drastically decreased shortly after har-
vest to less than 1 mg CH4-C m-2 d-1 for both treatments
(Figure 1a) until the end of the fallow period.

Nitrous oxide fluxes were generally less than 1
mg N2O-N m-2 d-1 during the entire rice-growing sea-
son.  In the prilled urea treatment, low but distinct N2O

Figure 1. Methane (a) and N2O (b) fluxes during the 1994 wet season (rice crop and fallow period)
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fluxes appeared shortly after fertilizer applications at
final harrow, midtillering, and flowering.  Low N2O
emissions with small peaks after N fertilization events
and high CH4 emissions in rice have been observed by
other workers (Bronson et al., 1997a; Cai et al., 1997).
A maximum flux of 1.7 mg N2O-N m-2 d-1 was observed
at midtillering.  Slow-release N resulted in very low
N2O flux rates throughout the season and showed no
distinct peaking pattern (Figure 1b).  Cumulative sea-
sonal N2O fluxes were significantly higher in prilled
urea than in slow-release N (Table 1). In the fallow
period, N2O fluxes were also generally higher in prilled
urea than in slow-release N fertilizer (Figure 1b).  This
is one of the first reports of N2O emissions from slow-
release N fertilizer in rice.  Minami (1994)  first re-
ported that slow-release N fertilizer in carrots can re-
duce N2O emissions compared with ammonium sulfate.
Delgado and Mosier (1996) reported N2O flux meas-

urements using polyolefin-coated urea in an upland
crop—spring barley.  They reported initial mitigation
of N2O fluxes with coated urea compared with prilled
urea, but the opposite result was observed in the latter
part of the growing season. The  amounts of N2O sea-
sonal emission in our study were much smaller than
those reported by Bronson et al. (1997a) on the same
soil with higher soil organic matter under irrigated con-
dition.

1995 dry season

Starting in the 1995 dry season, the field experiments
encompassed four  treatments per season. Cumulative
flux results of all treatments are shown in Table 1 while
the respective figures on seasonal patterns show only
two out of four treatments to allow a visual distinction
among the graphs (Figure 2a,b).

Table 1.  Grain yields of rice, cowpea, and wheat, and cumulative CH4 and N2O fluxes as affected by crop and residue management under
rainfed conditions during 1994-96 dry and wet seasons.a

Cropping period Fallow
Year/ Treatment
season CH4 N2O Yield CH4 N2O

emission emission (t ha-1) emission emission
(mg C m-2) (mg N m-2) (mg C m-2) (mg N m-2)

1994/WS Rice, 230 a 9.7 a 6.0 11.1 a 48.6 a
prilled urea
Rice, 220 a 0.3 b 5.9 1.5 a 41.2 a
polyon 12

1995/DS Cowpea, urea
(after urea) –67.8 b 31.9 b 0.99 12.6 a 34.7 a
Cowpea, urea
(after polyon) –37.8 b 38.3 b 1.11 19.8 a 67.1 a
Fallow,
(weed-free) 2.8 a 36.8 b – 14.5 a 42.2 a
Wheat,
urea 4.4 a 64.5 a 1.41 24.7 a 59.2 a

1995/WS Rice, urea,
no residue 530 b 24.9 a 5.2 10.2 a 40.0 a
Rice, urea, cowpea residue 1560  a 23.2 a 5.3 3.9 a 56.0 a
Rice, urea 560 b 24.5 a 5.4 29.8 a 59.1 a
Rice, urea, wheat residue 2580 a 11.5 a 5.1 40.7 a 40.6 a

1996/DS Cowpea, urea
(after no residue) –15.3 a 10.6 b 0.9
Cowpea, urea
(after cowpea residue) –15.1 a 27.7 b 1.0
Fallow  (weed-free) 2.4 a 28.5 b –
Wheat, urea 1.8 a 61.2 a 1.1

aValues in the same season of the same year followed by the same letter in a column are not significantly different by Duncan’s multiple range test at P = 0.05.
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Methane fluxes during the entire dry season crop
were generally very low and ranged from -7 to 5 mg
CH4-C m-2 d-1 (Figure 2a). For all treatments, CH4 up-
take by the aerobic soil was evident throughout the sea-
son particularly in the cowpea plots.  Only plots planted
to cowpea showed net  cumulative CH4 uptake for the
season (Table 1). Methane uptake or consumption in
soil is a result of CH4 oxidation by methanotrophic bac-
teria (Lidstrom & Stirling, 1990).  Methane uptake has
been reported in temperate native grasslands and in fer-
tilized cropped fields (Bronson & Mosier, 1993) and in
tropical forests and agricultural soils (Keller et al.,
1990).  Only recently have reports been made of CH4

consumption in rice soils (Singh et al., 1998; 1999).  It
is not clear why the cowpea plots exhibited the highest
CH4 uptake rates.   Nitrogen fertilizer addition in the
wheat plots may have inhibited CH4 uptake (Bronson
& Mosier 1994; Singh et al., 1999), but this would not
explain the similar result for the unfertilized fallow treat-
ment.

In the fallow period after the 1995 dry season,
CH4 fluxes were generally below detection limit for all
treatments. Methane fluxes as high as 3 mg CH4-C m–2 d–1

appeared about a week after the imposition of a perma-
nent flood prior to rice cultivation (Figure 2a).

Figure 2. Methane (a) and N2O (b) fluxes during the 1995 dry season (upland crop and fallow period)

Prilled urea plots planted to cowpea

Wheat with urea
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Nitrous oxide fluxes appeared shortly after seed-
ing and 25 and 55 d after seeding of cowpea and wheat,
events which coincided with the time of fertilizer ap-
plication. Fluxes of N2O fluxes were generally low
(mean <2 mg N2O-N m-2 d-1) during the entire season.
Plots planted to wheat showed the highest cumulative
fluxes (Table 1) since these plots received the highest
amount of N (90 kg N ha-1). Nitrous oxide fluxes were
generally low during the ensuing fallow period except
at 52 d after harvest where N2O fluxes as high as 9
(Figure 2b) mg N2O-N m-2 d-1 appeared after a large
rainfall event. Smaller N2O fluxes also appeared after
the imposition of a permanent flood prior to rice trans-
planting (Figure 2b).  These trends of N2O fluxes were
similar to the report of Bronson et al. (1997b) for a
rainfed fallow, although the magnitude of the fluxes
was lower.

1995 wet season

Methane fluxes appeared shortly after transplanting in
all treatments, but the residue-amended plots had higher
CH4 emissions than the unamended plots (Figure 3a).
Initially, CH4 fluxes were higher in cowpea residue-
added plots than wheat-residue plots (data not shown).
Thereafter, wheat residue-amended plots showed higher
CH4 fluxes. Cowpea had more easily decomposable C
than wheat, but more C on a dry-weight basis was added
as wheat straw.  Wheat straw-amended plots showed
the highest cumulative CH4 fluxes followed by cowpea
residue-added plots (Table 1). The maximum cumula-
tive CH4 flux of 2.6 g CH4-C m-2 with wheat residue
was lower than those reported by Bronson et al. (1997a)
with similar amounts of straw addition on an irrigated
soil.   Plots that were weed-free in the previous fallow
and those that did not receive any residue had the same
magnitude of CH4 fluxes (Table 1).  Stimulation of CH4

fluxes in rice following organic amendments have been
reported extensively (Yagi & Minami, 1990; Sass et
al., 1990; Neue et al., 1994).

In the fallow period after the 1995 wet season,
there was a rapid decline of CH4 fluxes after harvest
especially with residue-amended plots as CH4 entrapped
in the soil was completely released.  Thereafter, CH4

fluxes remained at a lower level of <10 mg CH4-C m-2

d-1 (Figure 3a).
Nitrous oxide fluxes were again low during the

rice-growing season except shortly after transplanting
and at 65 d after transplanting which corresponded to
fertilization applications where N2O fluxes rose to as
much as 2.5 mg N2O-N m-2 d-1 (Figure 3b).   Fluxes of

N2O continued at a low level  (<2 mg N2O-N m-2 d-1)
after harvest (Figure 3b). Rainfall events during this
fallow period resulted in increased N2O emission to as
high as 8 mg N2O-N m-2 d-1 (Figure 3b).

1996 dry season

During the 1996 dry season, CH4 fluxes were generally
insignificant with values ranging from –4 to 4 mg CH4-
C m-2 d-1 (Figure 4a).  Unlike in the previous 1995 dry
season, negative CH4 fluxes were few and small (Ta-
ble 1).  Again, as in the 1995 dry season,  cowpea plots
without residue added had the highest cumulative CH4

uptake (–12.6 mg CH4-C m-2 d-1) during the entire fal-
low period.  The reasons for the much lower CH4 up-
take levels in this dry season than in the previous one
are not clear, but this was probably related to the less
frequent rains.  Soil moisture is one of the main con-
trolling factors in CH4 uptake in rice soils (Singh et al.,
1999).

Nitrous oxide fluxes appeared right after seeding
for all treatments with residue-amended plots showing
the highest N2O fluxes. Nitrous oxide emissions, how-
ever, remained low (<2 mg N2O-N m-2 d-1) during the
entire season except during fertilizer application where
small (<4 mg N2O-N m-2 d-1) but significant N2O fluxes
appeared. Particularly, after a big rainfall event of >3
cm, a dramatic increase in N2O fluxes was observed
from plots with wheat straw amended in the previous
season. Nitrous oxide flux rose to  as high as 16 mg
N2O-N m–2   d–1 in these plots.  Similar to the 1995 dry
season, plots planted to wheat had the highest seasonal
flux of N2O (Table 1).

Crop yields

Rice grain yields were similar between treatments of a
given season (Table 1). Rice yields were very low in
dry seasons due to water stress under rainfed condi-
tions (Table 1). Cowpea seed yields were stable at about
1 t ha-1 regardless of season or treatment (Table 1).
Wheat yields were low as expected in a tropical envi-
ronment.

Conclusions

The results from this study revealed that positive CH4

fluxes were evident during the rice-growing season but
not during the fallow periods or dry seasons except when
the field  was subjected to submergence prior to rice
transplanting.  Addition of residues such as cowpea,
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Figure 3. Methane (a) and N2O (b) fluxes during the 1995 wet season (rice crop and fallow period)

wheat, or rice  straw enhanced CH4 emissions.  Meth-
ane uptake was observed during the first dry season
particularly in cowpea plots, apparently due to the ac-
tivities of CH4-oxidizing bacteria.  Nitrous oxide fluxes
were insignificant during the rice-growing period ex-
cept after fertilization events where low but significant
N2O peaks were observed.  During the fallow periods,
larger  N2O fluxes were seen shortly after large rainfalls
(>2 cm), apparently due to denitrification of accumu-
lated NO3.  The use of slow-release N  fertilizer  re-
duced N2O emissions, although the emissions  from
prilled urea were already low. These findings in rainfed

rice-upland crop systems are similar to our previous
studies in irrigated double-cropped rice fields, with the
important exception that these rainfed studies showed
lower CH4 and N2O emissions and some CH4 uptake.
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Figure 4. Methane (a) and N2O (b) fluxes during the 1996 dry season (cowpea crop and fallow period)
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Abstract

The MERES (Methane Emissions from Rice EcoSystems) simulation model was tested using experimental data
from IRRI and Maligaya in the Philippines and from Hangzhou in China. There was good agreement between
simulated and observed values of total aboveground biomass, root weight, grain yield, and seasonal methane
(CH4) emissions. The importance of the contribution of the rice crop to CH4 emissions was highlighted.
Rhizodeposition (root exudation and root death) was predicted to contribute about 380 kg C ha-1 of methanogenic
substrate over the season, representing 37% of the total methanogenic substrate from all sources when no organic
amendments were added. A further 225 kg C ha-1 (22%) was predicted to come from previous crop residues, giv-
ing a total of around 60% originating from the rice crop, with the remaining 41% coming from the humic fraction
of the soil organic matter (SOM). Sensitivity analysis suggested that the parameter representing transmissivity to
gaseous transfer per unit root length (λr) was important in determining seasonal CH4 emissions. As this transmissivity
increased, more O2 was able to diffuse to the rhizosphere, so that CH4 production by methanogens was reduced and
more CH4 was oxidized by methanotrophs. These effects outweighed the opposing influence of increased rate of
transport of CH4 through the plant, so that the overall effect was to reduce the amount of CH4 emitted over the
season. Varying the root-shoot ratio of the crop was predicted to have little effect on seasonal emissions, the
increased rates of rhizodeposition being counteracted by the increased rates of O2 diffusion to the rhizosphere.
Increasing the length of a midseason drainage period reduced CH4 emissions significantly, but periods longer than
6-7 d also decreased rice yields. Organic amendments with low C/N were predicted to be more beneficial, both in
terms of enhancing crop yields and reducing CH4 emissions, even when the same amount of C was applied. This
was due to higher rates of immobilization of C into microbial biomass, removing it temporarily as a methanogenic
substrate.

Introduction

Methane (CH4) is one of the principal greenhouse gases
and has been estimated to account for 15-20% of cur-
rent radiative forcing. Rice soils, characterized by O2

depletion, high moisture, and relatively high organic
substrate levels, offer an ideal environment for the ac-
tivity of methanogenic bacteria and are one of the ma-
jor anthropogenic CH4 sources. Precise estimates of

source size have been difficult because of the large spa-
tial and temporal variability in CH4 emission rates meas-
ured at different sites due to differences in climate, soils,
rice cultivars used, and crop management practices.
Representation and integration of these factors within
a geographical information system, coupled with the
development of mechanistic models describing the
processes involved in CH4 production and emission, is
a logical way forward.
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Part I of this series (Matthews et al., 2000a) de-
scribes the development of a process-based model of
CH4 dynamics in rice fields, in which the CERES-Rice
crop simulation model was linked to a submodel (Arah
& Kirk, 2000) calculating the steady-state concentra-
tions of CH4 and O2 in flooded soils. Routines to ac-
count for the influence on CH4 production of the pool
of alternative electron acceptors in the soil were also
developed. The model was able to simulate well the
seasonal pattern of CH4 emissions from a rice field in
the Philippines in which rice straw had been incorpo-
rated as an organic amendment.

Most of the parameters in the model were physi-
cal constants for which the values were known precisely.
However, for four of the parameters (i.e., the active frac-
tion of the alternative electron acceptor pool, the root
death constant (δr), the specific root exudation rate (εr),
and the transmissivity of the roots to gaseous transfer
(λr), values were not known exactly, and reasonable
estimates had to be made. It is the purpose of this paper
to validate the model against observed data from a
number of experiments carried out as part of the UNDP-
funded project described elsewhere in this volume, and
to evaluate the sensitivity of the model to various pa-
rameters, including the four mentioned above.

Methods

Model validation

Data from three sets of experiments within the UNDP
project were used for testing and validating the model.
These were the ones carried out at the International Rice
Research Institute (IRRI) at Los Baños (latitude 14.18°
N; longitude 121.25° E; altitude 21 m) in the Philip-
pines, those from PhilRice at Maligaya (latitude 15.75°
N, longitude 120.93° E, altitude 48 m), also in the Phil-
ippines, and those at Hangzhou (latitude 30.23° N; lon-
gitude 120.20° E; altitude 45 m) in China. A summary
of the experiments and their treatments is shown in Ta-
ble 1.

IRRI experiments

These experiments were conducted in both the dry and
wet seasons of each year from 1994 to 1997, with treat-
ments including frequency and timing of drainage, dif-
ferent rice genotypes, and amounts and types of inor-
ganic fertilizers and organic amendments. Each plot was
sealed with a plastic sheet to exclude lateral seepage as
well as percolation. At the beginning of the drainage

period, floodwater was allowed to flow out of the field,
and no irrigation water was applied throughout the
drainage period. During this period, the soil was al-
lowed to dry out, and cracks were observed. Total
aboveground biomass and yield were determined at fi-
nal harvest, and root biomass was determined about 2
wk before this.

In all of these experiments, stubble from the pre-
vious crop was removed to ground level, and in three
experiments (1994 WS, 1995 DS, 1995 WS), root
residues were also removed by sieving the soil. In the
remaining experiments, the contributions of C from the
previous crop residues were estimated in the following
manner. From the data of Bronson et al. (1998), it was
calculated that 1 cm of stubble represents 163 kg dry
matter (DM) ha–1 for high N levels (190 kg N ha–1), and
93 kg DM ha–1 for zero N. It was also assumed that there
was little decomposition of stubble remaining above
ground between seasons. Root residues underground,
however, did decompose. Their contribution to the soil
organic matter (OM) pools was estimated from meas-
urements of root weights taken in the previous crop
just prior to harvest. The mean of these measurements
across all experiments and treatments was 1450 kg DM
ha-1, measured on average about 14 d before the final
harvest. This represented a root-shoot ratio (i.e., root
dry weight to aboveground dry weight) of 11.8%. Al-
though aboveground biomass was on average 11.5%
higher in the DS than in the WS, there were no signifi-
cant differences between absolute root weights at the
end of the two seasons. To determine the quantity of
this root biomass remaining at the start of the follow-
ing season, the model was run from the dates of the
root measurements until the date that the field was
reflooded. For the period following the DS crop, this
was from early-April to mid-June (72 d) and from early
October to mid-December (79 d) following the WS
crop. During this time, it was assumed that there was
no crop present and no standing water, so the model
was simulating only soil processes under an aerobic
fallow. The contribution of any weeds was ignored. It
was also assumed that the initial root biomass was par-
titioned between the three fresh organic matter (FOM)
pools in the ratio of 20% carbohydrate, 70% cellulose,
and 10% lignin. These simulations predicted a mean
value of 395 kg DM ha-1 (27% of the original total) re-
maining at the end of the fallow period before the WS
(i.e., April-June). However, the distribution of this re-
maining OM between the respective pools had changed
to 2%, 71%, and 27%, reflecting their relative speeds
of decay. The corresponding value for the fallow pe-
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Table 1.  Main cultural details of experimental treatments used in testing the MERES model. Roots are estimated in terms of dry weight
remaining from the previous crop at the start of the season. Drains are number of times per season the field was drained of water

Dataset ID Date of Date of Variety Roots Stubble Straw Manure Drains
planting harvest (kg ha-1) (kg ha-1) (kg ha-1) (kg ha-1) (no.)

IRRI

I94DS-T1 13 Jan 94 22 Apr 94 IR72 330 0 0 0 0
I94DS-T2 13 Jan 94 22 Apr 94 IR72 330 0 0 0 1
I94DS-T3 13 Jan 94 22 Apr 94 IR72 330 0 0 0 2
I94WS-T1 14 Jul 94 22 Oct 94 IR72 0 0 0 0 0
I94WS-T2 14 Jul 94 22 Oct 94 IR72 0 0 0 0 1
I94WS-T3 14 Jul 94 22 Oct 94 IR72 0 0 0 0 2
I95DS-T1 11 Jan 95 16 Apr 95 IR72 0 0 0 0 2
I95DS-T2 11 Jan 95 16 Apr 95 IR65597 0 0 0 0 2
I95DS-T3 20 Jan 95 16 Apr 95 Dular 0 0 0 0 2
I95WS-T1   4 Jul 95 11 Oct 95 IR72 0 0 0 0 2
I95WS-T2   4 Jul 95 11 Oct 95 IR65597 0 0 0 0 2
I95WS-T3   4 Jul 95 11 Oct 95 PSBRc14 0 0 0 0 2
I95WS-T4   4 Jul 95   3 Oct 95 Magat 0 0 0 0 2
I96DS-T1   9 Jan 96 18 Apr 96 IR72 330 0 0 0 0
I96DS-T2   9 Jan 96 18 Apr 96 IR72 330 0 0 0 1
I96DS-T3   9 Jan 96 18 Apr 96 IR72 330 0 0 0 2
I96WS-T1   9 Jul 96 17 Oct 96 IR72 395 0 0 0 0
I96WS-T2   9 Jul 96 17 Oct 96 IR72 395 0 0 0 1
I96WS-T3   9 Jul 96 17 Oct 96 IR72 395 0 0 0 2
I96WS-T4   9 Jul 96 17 Oct 96 IR72 395 0 0 0 0
I97DS-T1 10 Jan 97 20 Apr 97 IR72 330 0 0 0 2
I97DS-T2 10 Jan 97 20 Apr 97 IR72 330 0 0 0 2
I97DS-T3 10 Jan 97 20 Apr 97 IR72 330 0 10,000 0 2
I97DS-T4 10 Jan 97 20 Apr 97 IR72 330 0 0 3,000 2

Maligaya

M96DS-T1 22 Dec 95 15 Apr 96 IR72 370 0 0 0 1
M96DS-T2 22 Dec 95 15 Apr 96 IR72 370 0 4,000 0 1
M96DS-T3 22 Dec 95 15 Apr 96 IR72 370 0 2,500 0 1
M96DS-T4 22 Dec 95 15 Apr 96 IR72 370 0 4,000 0 1
M96WS-T1 28 May 96   4 Oct 96 IR72 490 0 0 0 1
M96WS-T2 28 May 96   4 Oct 96 IR72 490 0 4,000 0 1
M96WS-T3 28 May 96   4 Oct 96 IR72 490 0 2,500 0 1
M96WS-T4 28 May 96   4 Oct 96 IR72 490 0 4,000 0 1

Hangzhou

H95S-T1 30 May 95 10 Oct 95 Chunjiang 06 0 820 0 0 2
H95S-T2 30 May 95 10 Oct 95 Chunjiang 06 0 820 0 2,000 4
H95S-T3 30 May 95 10 Oct 95 Chunjiang 06 0 820 0 2,000 2
H95S-T4 30 May 95 10 Oct 95 Chunjiang 06 0 820 0 2,000 1
H96E-T2   7 May 96 24 Jul 96 Zhongyou 906 92 820 0 0 3
H96E-T4   7 May 96 24 Jul 96 Jin 23A/71 92 820 0 0 3
H96S-T1 20 Jun 96 30 Oct 96 Chunjiang 06 92 820 0 0 4
H96L-T2 26 Jul 96   8 Nov 96 Xiu-shui 11 980 820 0 0 4
H96S-T3 20 Jun 96 26 Sep 96 Shan-you 10 92 820 0 0 4
H96L-T4 26 Jul 96 30 Oct 96 Il-yiu 1568 980 820 0 0 4
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riod before the DS (i.e., October-December) was
330 kg DM ha-1 (23% of the original total) remaining,
of which 1%, 69%, and 30%, respectively, was in the
three FOM pools. These estimated values were used to
initialize the FOM pools at the start of each treatment
in which the roots or stubble had not been removed. As
the original CERES-Rice model assumes a distribution
of 20:70:10 for crop residue organic matter regardless
of its degree of decomposition, the model code was
modified to read the appropriate distributions as inputs
from the crop management data input file (the X-file).
For all pools, it was assumed that the C content of the
DM was 0.31 kg C (kg DM)-1 (Bronson et al., 1998).

In the IRRI 1997DS experiment, organic amend-
ments were added – in treatment 3, 10 t ha-1 of rice straw
were applied, and in treatment 4, 3 t ha-1 of green ma-
nure in the form of Sesbania rostrata prunings were
applied, both at 14 d before planting. It was assumed
that the C content in the DM was 0.31 kg C (kg DM)-1

in both cases, and that the C/N were 50 and 15
kg C (kg N)-1, respectively (Bronson et al., 1998). These
organic amendments, therefore, both contribute about
60 kg N ha-1.

The model was set to maintain a constant depth
of floodwater throughout the season, except for the
times that the field was drained. This was achieved in
the model by setting the irrigation mode to automatic
so that water was added whenever the floodwater level
fell below a prescribed depth. Drainage during and at
the end of the season was simulated by setting both the
bund height and floodwater depth to zero on the day of
draining, and to 10 cm and 5 cm, respectively, on the
day when the field was reflooded. During these times
of drainage, no water was added, although any rain that
fell was taken into account and would influence the
soil water balance.

In all the experiments with the exception of
1997DS, urea was applied at the rate of 120 kg N ha–1

in four equal splits throughout the season. For all of
these, it was assumed that the fertilizer was broadcast
onto flooded soil with 30% of it being incorporated into
the soil.

Maligaya experiments

Eight experiments with four treatments each were car-
ried out at PhilRice at Maligaya in the Philippines from
the 1994 DS to the 1997 WS. Due to difficulties in set-
ting up equipment in several of the experiments, reli-
able measurements of seasonal CH4 emissions were
obtained in only two of these, the 1996DS and 1996WS.

Both of these experiments investigated the effects of
the addition of rice straw (both fresh material and com-
post) and the use of phosphogypsum (K2SO4, so named
as it is a byproduct during manufacture of phosphoric
acid). Variety IR72 was used in all treatments of both
experiments, and the field was drained one week be-
fore harvest. N fertilizer was applied in the form of urea
in three splits such that the total N applied (including
that in the organic amendments) was 120 kg N ha–1. No
stubble was left remaining from the previous crop.

Root residues from the previous crop were left in
the soil in each experiment, with a similar methodol-
ogy being used to calculate the quantity and quality
remaining at the start of the next season as that done
for the IRRI experiments. Root weight measurements
at the end of the season were not made, but using the
same root-shoot ratio of 11.8% measured in the IRRI
experiments, end-of-season root weights were calcu-
lated from the total aboveground biomass figures as
1,525 and 1,540 kg DM ha–1 for the DS and WS, re-
spectively. These mean values for each season were used
for initialization of the relevant SOM pools because
although there may have been differences in final root
weights between treatments in each season, it was not
possible to link these treatments with the ones in the
following season that were in the same part of the field.
Mean dates of harvest were 25 Apr and 16 Oct for each
season, with the next season starting on average on 16
Jun and 22 Dec, respectively. Using the mean weather
data, the model predicted 490 kg DM ha–1

(0.012:0.737:0.251) and 370 kg DM ha–1 (0.010:
0.690:0.299) of root residues remaining at the start of
the WS and DS, respectively.

Soil parameters were obtained for the Maligaya
soil from Wassmann et al. (2000), and weather data re-
corded at PhilRice over the period of the experiments
were used to run the model.

Hangzhou experiments

At the Hangzhou site, experiments were carried out in
1995 and 1996 to evaluate the effect of various drain-
age regimes and different varieties, including hybrid
rice. In the 1995 experiment, all roots and stubble
biomass were removed before the start of the season,
so that there was no input of carbon from previous crop
residues. In the 1996 experiment, treatments 1 and 3
were left fallow until early June, when they were planted
with single rice. Treatments 2 and 4 were planted in
early May with an early rice crop, and again in late
July with a late rice crop. Root measurements were not
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made at this site, so the root mass remaining at the end
of the season was estimated from the final biomass us-
ing a method similar to that used in the Maligaya ex-
periments (assuming the same root-shoot ratio of
11.8%). This gave a value of 1,530 kg root DM ha–1 at
the end of October. Model simulations predicted that
about 92 kg root DM ha–1 (6% of the original total) was
remaining at the start of early June (T1 and T3) with a
distribution of 0%, 23%, and 77% between the three
pools. A similar procedure gave 980 kg root DM ha–1

(20%:70%:10%) for treatments 2 and 4. For all four
treatments, it was estimated that 820 kg DM ha–1 (=
5 cm) of stubble was remaining from the previous crop.

In the 1995 experiment, treatment 1 received
120 kg N ha–1 of urea, while treatments 2, 3, and 4 re-
ceived 2000 kg DM ha–1 of S. rostrata green manure
and 82 kg N ha–1 as urea. In the 1996 experiment, all
treatments received 120 kg N ha–1 of urea. Irrigation
was set to maintain a floodwater depth of 5 cm auto-
matically, except during the times of drainage. In all
treatments, the field was drained for a short time be-
fore harvest, and in addition, various midseason drain-
age regimes, ranging from one to three periods, were
imposed.

Genotype parameters for the varieties
Chunjiang 06, Jin 23A/71, Zhongyou 906, Xiu-shui 11,
Shan-you 10, and Il-yiu 1568 used in the experiments
were estimated by adjusting the length of the basic veg-
etative period to match observed phenological dates.
Weather data recorded at the site over the period of the
experiments were used to run the model.

Sensitivity analysis

The model was used to evaluate the sensitivity of sea-
sonal CH4 emissions to changes in various parameters.
In each case, the 1996 weather data at IRRI, Maahas
soil parameters, and IR72 genotype parameters were
taken as the standard conditions. In most cases, to avoid
complications due to excess water from rainfall,
simulations were made for the DS only, with irrigation
being set to automatically maintain the floodwater depth
at 5 cm throughout the growing season until harvest.
Fertilizer was applied at the rate of 120 kg N ha–1 as
urea in four equal splits. For both seasons, the quantity
of stubble and root biomass left from the previous crop
at the start of the simulation was standardized at 500
and 400 kg DM ha–1, respectively.

For the sensitivity analysis, the model was run
several times, with the parameter being evaluated vary-
ing in a number of steps over a predefined range, with

all other parameters being held constant at the standard
value. We recognize that this ‘one factor at a time’ ap-
proach has limitations in that it does not explore all of
the input space and does not account for interactions
between the input variables (Saltelli, 1999), but we
consider that the approach is adequate for our purposes,
particularly as we are more interested in investigating
the response surface of CH4 emissions generated by
variations in particular inputs rather than the rank of
input variables in terms of degree of sensitivity.

Influence of the crop

The presence of the crop can influence seasonal CH4

emissions in two ways. First, it is a source of organic
material through the loss of dead root material and exu-
dation of carbon-containing compounds from the live
roots (collectively referred to as rhizodeposition). Sec-
ond, the aerenchyma in the stem can act as a conduit
for gaseous exchange, allowing O2 from the atmosphere
to reach the anaerobic soil and CH4 to be transported
easily from the soil to the atmosphere. These two influ-
ences will tend to counteract each other — an increase
in the size of the root system should result in higher
rates of rhizodeposition, thereby increasing the substrate
available for methanogenesis. On the other hand, in-
creasing the size of the rhizosphere so that more O2 can
reach the soil will result in greater inhibition of CH4

production and a greater fraction of that which is pro-
duced being oxidized by methanotrophs. However, the
enhanced transport of CH4 from the soil to the atmos-
phere via the aerenchyma reduces its residence time in
the soil, thereby lessening the chance that it will be
oxidized. The actual influence of the root system size
on seasonal CH4 emissions, therefore, depends on the
balance between these different processes.

To start with, we evaluated the sensitivity of sea-
sonal CH4 emissions to changes in the parameters rep-
resenting the two components of rhizodeposition, the
root death coefficient (∂r, d–1) and the specific root exu-
dation rate (εr, mg C (g root)–1 d–1). Values of ∂r were
varied  from  0 to 0.05 d–1, and from 0 to 5 mg C (g
root)–1 d–1 for εr. The values of εr spanned those of 0.6-
1.2 mg C (g root)–1 d–1 reported by Lu et al. (1999) and
the 5 mg C (g root)–1 d–1 of Wang et al. (1997). While
each parameter was being analyzed, the other was held
at its standard value; these were 0.02 d-1 and
0.913 mg C (g root)–1 d–1 for ∂r and εr, respectively.

We then investigated how changes in trans-
missivity to gaseous transfer per unit root length (λr)
influence seasonal CH4 fluxes in rice soils, by running
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the model with values of the λr parameter varying from
0 to 3 × 10–5 m air (m root)-1, using weather data for the
1996 dry season at IRRI. A second set of simulations
was then made varying the size of the root system by
modifying root growth rate calculated in the model by
a multiplier factor within the range of 0.5-2.0. This gave
a fourfold range of root-shoot values from 0.05 to 0.22,
allowing an evaluation of the possible plant breeding
strategy of selecting for genotypes with different root
sizes as a mitigation option.

Initial size of oxidized alternative electron acceptor pool

To investigate the sensitivity of seasonal CH4 emissions
to the initial size of the oxidized AEA pool, the model
was run using weather and crop management data for
the dry season, with the irrigation option set to main-
tain the floodwater depth at 5 cm. For simplicity, it was
assumed that there was no midseason or end-of-season
drainage. Soil analysis data from Yao et al. (1999) was
used to determine the range of likely values of the ef-
fective AEA pool size from 8 to 40 mol Ceq m-3. For
comparison, the Maahas soil at IRRI was estimated to
have an initial AEA pool size of 26.5 mol Ceq m-3

(Matthews et al., 2000a), about midway within the
range. Two scenarios were evaluated—that when a large
amount of organic material (i.e., 10 t ha-1 rice straw)
was added to the soil at the start of the season and that
when no organic material was added.

Seasonal temperature

To investigate how CH4 production over the season is
influenced by mean seasonal temperature, the model
was run using weather data for the 1996 DS and WS.
To vary the temperature throughout the season, the ‘En-
vironmental Modifications’  facility of the CERES-Rice
model was used—the recorded daily maximum and
minimum temperatures were adjusted by amounts rang-
ing from –5 °C to +5 °C in 0.5 °C increments.

Floodwater depth

The model of Cao et al. (1995), based on field data
from subarctic conditions (Sebacher et al., 1986), as-
sumes a linear relationship between the rate of CH4

emission and floodwater depth up to a depth of 10 cm
beyond which there is no further increase. To investi-
gate this further, we ran the model for the WS and DS
at IRRI with the irrigation option set to maintain the

floodwater at specified ‘nominal’  depths ranging from
0.0 to 5.0 cm. In the DS, these nominal depths were
accurately maintained, but in the WS, floodwater depths
exceeded the nominal depths on occasions when rain-
fall was high, as excess floodwater was not drained from
the field.

Length of midseason drainage period

Midseason drainage of rice fields has been proposed as
a possible mitigation option that farmers could prac-
tice to reduce CH4 emissions. As this could potentially
reduce the yields they obtain and therefore reduce the
likelihood of their adopting the practice, it is useful to
evaluate the likely effect of duration of drainage period
on both CH4 production and crop yields. For this, we
ran the model for both the WS and DS at IRRI, with the
field being drained at 20 d after planting for varying
lengths of time ranging from 0 up to 30-d duration. For
simplicity, we also assumed no drainage before harvest
at the end of the season. When the field was not drained,
the model’s automatic irrigation facility maintained the
floodwater level at 5 cm.

Type of organic amendments

To investigate the effect of the type of organic amend-
ments applied on CH4 emissions and crop performance,
two sets of simulations were made — one in which the
amount of C applied was constant, but the amount of N
varied, and the second on which the amount of C ap-
plied varied, but the amount of N was constant. In the
first set of simulations, the model was run with
3000 kg DM ha–1 of organic material of different C/N
being applied. A range of C/N from 5 to 100 kg C (kg
N)–1 was generated by assuming that C concentration
was 0.31 kg C (kg DM)–1 with the N concentration of
the  material  varying from 0.003 to 0.062 kg N (kg
DM)–1. In the second set of simulations, the same C
and N concentrations as in the first set were used, but
the amount of applied organic material varied from 500
to 10,000 kg DM ha–1 in such a way as to maintain the
same amount of organic N applied in each case. In all
simulations, the organic amendments were applied 22
d before planting when the field was first flooded. As
previously, the quantity of stubble and root biomass left
from the previous crop at the start of the simulation
was standardized at 500 and 400 kg DM ha–1, respec-
tively.
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Sulfate fertilizers

Sulfate ions are among the alternative electron accep-
tors (AEA) that can be used in the oxidation of organic
carbon compounds, in this case by the sulfate-reducing
bacteria which compete with the methanogenic bacte-
ria for substrate. Addition of SO4

2- ions in fertilizer,
therefore, has the potential to increase the size of the
AEA buffer (see Matthews et al., 2000a for details),
thereby decreasing the proportion of organic material
being reduced to CH4. Examples of commonly used
sulfate-containing fertilizers are ammonium sulfate and
phosphogypsum (PG) (K2SO4).

To evaluate the effect of the level of applied PG
on seasonal emissions of CH4, the model was run using
standard values for all parameters, but varying the
amount of PG applied as fertilizer from 0 to
10,000 kg PG ha–1. The model takes into account the
addition of SO4

2- ions by assuming that 1 mole of SO4
2-

is used to oxidize 2 moles of substrate carbon (i.e.,
96 kg SO4

2- oxidizes 24 kg C) — the amount of applied
SO4

2- is therefore converted to the AEA units of C
equivalents (Matthews et al., 2000a), by multiplying
by 24/96. The proportion of SO4

2- by weight in PG is
55%, of which it is assumed (similarly to other fertiliz-
ers taken account of in the CERES-Rice model) that a
somewhat arbitrary 30% of that applied enters the soil
and is available for both uptake by the plant roots and
participation in the AEA pool dynamics, the remainder
being dissolved in the floodwater and not available.

Percolation rate

The sensitivity of seasonal CH4 emissions to rates of
loss of CH4 by leaching beyond the soil profile was
investigated by running the model with the rate of per-
colation of floodwater through the profile set at values
ranging from 0 to 10 mm d–1.

Results

Model performance

A comparison of the observed and predicted above-
ground biomass values is shown in Figure 1. In gen-
eral, there was good agreement, although there were
three outlying points representing treatments in the DS
in which there was a midseason drainage. These are
discussed in more detail later. A comparison of the ob-
served and predicted root biomass values and grain yield
values is shown in Figures 2 and 3, respectively. Again,
agreement was good, with the exception of the same
three treatments.

A comparison of the observed and predicted sea-
sonal CH4 emission values is shown in Figure 4. There
was some scatter, but agreement was generally good.

Influence of the crop

The predicted contributions to the total amount of
substrate available for methanogenesis over the season

Figure 1. Comparison between observed and simulated total
aboveground biomass values for the IRRI (open squares) and
Hangzhou (filled circles) experiments. The dotted line encloses the
three experiments at IRRI in which there was a midseason drainage
during the dry season (see text for discussion)
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Figure 2. Comparison between observed and simulated root
biomass values for the IRRI experiments. Root measurements were
not made at the other sites. The dotted line encloses the three
experiments in which there was a midseason drainage during the
dry season (see text for discussion). Straight line indicates the 1:1
line
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by various sources are shown in Table 2. For this, the
model was run for the 1996 DS at IRRI, with a) no
organic amendments added and b) 3,000 kg DM ha–1

of green manure added. Values of all other parameters
were set at standard values described above. With no
organic amendments, rhizodeposition (i.e., root exu-
dates + dead root tissue) contributed about 37% of the
total substrate, previous crop residues a further 22%,
with the remaining 41% coming from long-lived SOM
(humus). Around 59%, therefore, originated from the
rice  crop  in  one way or another.  With  3,000
kg DM ha–1 of green manure added, the absolute quan-
tities from each of the above sources remained the same,
but the proportions fall to 21%, 12%, and 25% for
rhizodeposition, previous crop residues, and humus,
respectively, with the remaining 42% coming from
green manure.

Figure 3. Comparison between observed and simulated grain yield
values for the IRRI (open squares) and Hangzhou (filled circles)
experiments. The dotted line encloses the three experiments at
IRRI in which there was a midseason drainage during the dry
season (see text for discussion). Straight line indicates the 1:1 line

Figure 4. Comparison between observed and simulated seasonal
CH4 emissions for the IRRI (open squares), Maligaya (open
diamonds), and Hangzhou (filled circles) experiments. The 1:1 line
is also shown

Table 2. Predicted contributions (kg C ha–1 season–1) from various sources to total methanogenic
substrate in rice fields growing in the dry season at IRRI with (a) no organic amendments and (b)
3,000 kg DM ha–1 of green manure added 20 d before planting. Figures in parentheses represent
percentage of total substrate

Residues Humus Exudates Dead OM Total
roots amendments

No OM added 227 418 88 285 0 1018
(22%) (41%) (9%) (28%) (0%) (100%)

3,000 kg DM ha–1 added 223 452 88 290 793 1845
(12%) (24%) (5%) (16%) (43%) (100%)
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The relative sensitivity of seasonal CH4 emissions
to the root death coefficient (∂r) and the specific root
exudation rate (εr) are shown in Figure 5. Of the two
parameters, emissions were most sensitive to ∂r, as in-
dicated by the steeper gradient of the relative response
curve. Errors in the estimation of this parameter, there-
fore, could have a significant influence on seasonal CH4

emission estimates. For εr, the response was much less
sensitive, so that even with the fivefold difference in
estimates of εr from the studies of Lu et al. (1999) and
Wang et al. (1997), seasonal CH4 emissions differed by
only 32%.

The influence of changes in the root
transmissivity parameter (λr) on the different seasonal
CH4 fluxes is shown in Figure 6. The effect of increas-
ing λr was to decrease overall seasonal emissions, but
this was mainly due to a decrease in the amount of CH4
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Initial size of oxidized alternative electron acceptor pool

Results of the sensitivity analysis of the initial size of
the oxidized AEA are shown in Figure 8. In both cases,
there was a steady decline in seasonal CH4 emission as
the size of the oxidized AEA pool size increased, de-
clining to nearly zero when no organic material was
added. Even when a large quantity of rice straw was
added, seasonal CH4 emissions declined by 54% over
the range of AEA pool sizes considered. It would there-
fore seem that the initial size of the oxidized AEA pool
is a major factor in determining the emission of CH4

from different soils, suggesting that for accurate esti-
mation of CH4 emission from rice soils, accurate esti-
mates of this pool are essential.

Seasonal temperature

The predicted effect of mean seasonal temperature on
CH4 emissions is shown in Figure 9. As the tempera-
ture rose from 20 °C, emissions were predicted to de-
crease until about 30 °C was reached, beyond which
they began to rise again. Except at the lower tempera-
tures, there was close agreement between the two sea-
sons. Closer examination showed that the pattern of the
response to temperature was almost entirely explained
by the effect on crop duration—the crop matured fast-
est at 30 °C, the optimum temperature for development,
but at temperatures on either side of this value, matu-
rity was progressively delayed. The longer the crop was
in the ground, the more time there was available for
CH4 production. There was little effect of mean sea-

Figure 5. Sensitivity analysis of the two components of rhizo-
deposition, root death coefficient and specific root exudation rate.
Standard values of these two parameters are 0.02 d–1 and 0.913 mg
C (g root)–1 d–1, respectively
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Figure 6. Effect of changes in root transmissivity parameter (λr) on
seasonal CH4 fluxes in the dry season at IRRI
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Figure 7. Predicted effect of changing the root-shoot ratio of the
crop on seasonal CH4 emissions (circles) and on total rhizode-
position (root exudates and dead roots) (squares) over the season.
Standard root-shoot ratio is 0.1

produced due to the inhibitory effect of increased O2

concentrations on methanogenic activity and, to a lesser
extent, on an increase in the amount of CH4 oxidized to
CO2 by increased methanotrophic activity. Increasing
λr also increased the fraction of CH4 emitted through
the plants but reduced the fraction through ebullition.

The effects of varying the root-shoot ratio of the
crop on seasonal CH4 emissions and on total
rhizodeposition over the season is shown in Figure 7.
Despite there being around a fourfold range in the
amount of organic material from rhizodeposition avail-
able for methanogenesis, seasonal CH4 emissions hardly
varied over this range due to the opposing effects of
reduced CH4 production and an increase in the fraction
of this CH4 produced that is oxidized by methanotrophs.
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Figure 9. (a) Predicted effect of mean seasonal temperature on CH4

emissions from rice fields in the wet and dry seasons at IRRI. (b)
Relationship between crop duration and seasonal CH4 emissions.
(c) Mean seasonal CH4 emissions plotted against mean seasonal
temperature

sonal temperature predicted on the average rate of CH4

production over the season.

Floodwater depth

The predicted relationships between the ‘nominal’
floodwater depth and seasonal CH4 emissions for the
WS and DS are shown in Figure 10. In all cases, there
was an increase in emissions as the depth of water in-
creased from 0 to 2 cm, but there was no further in-
crease in emissions beyond this depth. Closer exami-
nation showed that 2 cm was the depth of water that
caused the O2 concentration in the top layer of the soil
to fall to almost zero, thereby causing the soil to be-
come anaerobic and favorable for CH4 production. Dif-
ferences between the WS and DS relationships were
due to the fact that the actual floodwater depth in the
WS was sometimes in excess of the ‘nominally’  main-
tained depth in periods of high rainfall as excess flood-
water was not drained from the field; the effective depth
of water was greater than the ‘nominal’  value in such
cases, resulting in higher CH4 production and emission.

Length of drainage period

The predicted effects of duration of midseason drain-
age period on seasonal CH4 emissions and grain yields
are shown in Figure 11. There was a steady decline in
CH4 emissions in both WS and DS as the duration of
the drainage period increased and the proportion of time
the soil was under anaerobic conditions decreased.

Figure 8. Sensitivity of seasonal CH4 emissions to changes in size
of the alternative electron acceptor (AEA) pool. The open squares
represent the response when 10 t ha–1 of rice straw was added at the
start of the season, while the filled circles represent the response
when no organic amendments were added
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However, the effect of this drainage on crop yields de-
pended on the season. In the WS, there was little effect
on yields with drainage periods up to 30 d in length
mainly because rain during this period was able to main-
tain soil water status at a level sufficient to meet crop
water requirements, but at the same time there being
sufficient air in the soil profile to reduce the amount of
CH4 production. In the DS, however, at drainage
durations longer than about 6 d, there was a decline in
yields to about 50% of the fully irrigated value when
the field was drained for 30 d.
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sponse to changes in C/N. In both sets of simulations,
there was a general decline in grain yields predicted
with an increase in C/N, the decline being steeper in
the constant C simulations at lower C/N.

In the case where the amount of C being applied
was the same, the reasons for the predicted response of
seasonal CH4 emissions to changes in C/N are of inter-
est. Closer examination showed that the lower CH4

emissions at the lower C/N were due to more of the C
in the applied organic matter being immobilized by mi-
crobial activity stimulated by the higher levels of N
present. Although this C started to be released later in
the season through death of microbial biomass, it was
not soon enough for all to become available, so that by
the end of the season, much was still locked up and
therefore not able to contribute to methanogenesis. In
the second set of simulations, as the amount of organic
C  being   applied   was  increasing  proportionally  to
C/N, the predicted linear response of CH4 emissions is
to be expected.

The decline in crop yields at the higher C/N in
the first set of simulations was due to lower quantities
of organic N being supplied through the amendments.
In the second set, although the amount of organic N
applied was the same at each C/N, the proportion of
this N being mineralized and becoming available for
use by the crop declined at the high C/N due to the
influence of C/N on mineralization rate incorporated
into the model (see Figure 2 in Part I of this series).

At the lower C/N, the model also predicted higher
rates of root exudation and root death due to increased

Figure 10. Predicted relationships between ‘nominal’ floodwater
depth and seasonal CH4 emissions. The two solid lines represent
the wet and dry seasons at IRRI with only crop residues present at
the start of the season. The dashed line represents the dry season
with 3000 kg DM ha–1 of rice straw added 18 d before planting

Figure 11. Predicted effect of length of midseason drainage on
seasonal CH4 emissions and grain yields in the dry and wet seasons
at IRRI

Figure 12. Predicted response of seasonal CH4 emissions and grain
yield to application of 3,000 kg DM ha–1 of organic amendments
with varying C/N ratios. Filled circles represent CH4 emissions;
open squares represent grain yield

Type of organic amendments

The predicted effects of organic amendments with dif-
ferent C/N are shown in Figure 12. In the first set of
simulations (where the amount of C applied was the
same in each case), as the C/N of the added organic
material increased, there was a rapid increase in the
predicted seasonal CH4 emissions until a C/N of around
40 kg C (kg N)-1 was reached, beyond which there was
a leveling off. When the amount of C applied varied
but the amount of N applied remained the same, sea-
sonal CH4 emissions increased almost linearly in re-
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Figure 13. Predicted effects of applying varying amounts of
phosphogypsum (K2SO4) on seasonal CH4 emissions (open circles)
and on the size of the AEA pool (filled squares)

Figure 14. Predicted effects of percolation rate on seasonal CH4 emis-
sions and on the fraction of the CH4 produced by methanogenesis
that is lost by leaching

crop growth, but these were not of sufficient magni-
tude to significantly offset the effect of the immobi-
lized C or the reduced supply of C.

Sulfate fertilizers

The effect of varying the amount of applied
phosphogypsum from 0 to 10,000 kg PG ha–1 on sea-
sonal CH4 emission rates is shown in Figure 13. There
was an initial rapid decline in emissions as the applica-
tion rate increased to about 4,000 kg PG ha–1

(~1800 kg SO4
2- ha–1), after which the response leveled

off. As would be expected, there was a linear increase
in  the  size  of  the  AEA pool from about 1,600 kg
Ceq ha–1 to 2,000 kg Ceq ha–1 over the range.

Percolation rate

Seasonal CH4 emissions were predicted to be highly
sensitive to percolation rates between 0 and 4 mm d–1,
dropping to about 25% of their initial value as percola-
tion rates increased over this range (Figure 14). There
was a leveling off in seasonal emissions predicted at
higher percolation rates. The decrease in seasonal emis-
sion rates was reflected in the increasing proportion of
the CH4 produced by methanogenesis that was lost by
leaching.

Discussion

In general, there was good agreement between the simu-
lated and observed values of aboveground biomass, root

biomass, and grain yield of the crops, although there
were consistent discrepancies in some cases (Figures
2, 3, & 4). These corresponded to treatments at IRRI
with a midseason drainage in the DS, for which the
model predicted a decline in biomass and final yield as
a result of water stress suffered by the crop during this
period, whereas the measurements show no effect. In
each case, the drainage period was around 21 d. The
amount of plant-extractable water (PESW) held in the
soil at the start of this period is difficult to estimate due
to the presence of the plastic sheet preventing free per-
colation, but it probably lies within the range of the
48 mm held between the drained upper limit (DUL) and
the drained lower limit (DLL), and the 83 mm held be-
tween the saturated water content (SAT) and the drained
lower limit (to a depth of 50 cm in each case). The model
actually calculates 83 cm. Taking the maximum of these
two estimates and using the potential evaporation cal-
culated using the Penman-Monteith formula, it can be
calculated that all of the available water would be gone
after 15 d. It is therefore difficult to see how the crop
did not suffer from water stress in the last week of the
drainage period with a resulting decline in biomass and
yield, unless the presence of the plastic sheet altered
the hydrological characteristics of the soil (e.g., pool-
ing of water at the bottom) so much that the model can-
not describe it. Certainly, lower grain yields were ob-
served by Yagi et al. (1994) in intermittently irrigated
rice fields in Japan.

Agreement between observed and simulated val-
ues of seasonal CH4 emissions was good, particularly
as it was across three different rice-growing environ-

(kg Ceq ha–1)(kg Ceq ha-1)
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ments, and gives some confidence in the use of the
model for upscaling experimental results to national and
regional levels in Part IV of this series (Matthews et
al., 2000b).

The results show that the influence of the crop
on seasonal CH4 emissions is considerable, perhaps
even more so than the soil itself, contributing some
600 kg C ha–1 season–1 with a large part of this coming
from rhizodeposition by the current crop. This value is
within the range obtained by Cao et al. (1996). The
transmissivity of the rice plant to gaseous transfer can
also have a large effect on the amount of this substrate
that is actually converted into CH4 and on the fraction
of this CH4 that is oxidized to CO2. Variation in these
characteristics, therefore, offers scope for varietal se-
lection to reduce CH4 emissions from rice cultivation.
Indeed, various studies have reported differences in CH4

emission potential between rice genotypes (e.g.,
Parashar et al., 1990; Lindau et al., 1995; Watanabe et
al., 1995a; Mitra, 1999), and even more importantly,
that low emission potential can be achieved while still
maintaining a high yield potential (Wang et al., 1997).
Compared with other mitigation strategies such as in-
termittent drainage, which require substantial changes
in farmer practice, new varieties may be adopted much
more readily by farmers.

Rhizodeposition was predicted by the model to
contribute about 37% of the total substrate, a propor-
tion that agrees closely with the 30-40% estimated by
Cao et al. (1996). High rates of rhizodeposition not only
increase the amount of substrate available for
methanogenesis but also represent a loss of assimilates
for the crop and can therefore be detrimental to yields.
Reduction of the rates of rhizodeposition, therefore,
would likely be beneficial to both yields and CH4 emis-
sions. Unfortunately, the quantification of the two com-
ponent rates of crop rhizodeposition, root exudation and
root death, is the part with the largest uncertainty.

The state of knowledge on exudation from rice
plants is rudimentary, but recent studies have reported
differences between genotypes in the amount of C lost
by root exudation (Wang et al., 1997; Lu et al., 1999),
which, within each study, seems to be more due to the
quantity of roots present rather than the exudation rate
per unit length of root, or specific exudation rate. How-
ever, specific exudation rates varied considerably be-
tween these two studies — the data of Wang et al. (1997)
indicate a value of around 5 mg C (g root)–1 d–1 while
that of Lu et al. (1999) varies from 0.6 to
1.6 mg C (g root)–1 d–1, depending on the stage of
growth of the crop. The sensitivity analysis described

above showed that this difference is significant — there
is a 34% increase in the total substrate available (as-
suming other sources remain constant), with a similar
rise of 32% in the seasonal CH4 emissions (Figure 5).
Clearly, further work is required to clarify these rates
and also the factors that affect them. It is well known
that mechanical impedance, presence of toxic elements
(e.g., Pb, Cd, and Al), nutrient deficiencies, water sta-
tus of the growing medium, and nitrogenase activity
can all affect the amount and composition of root exu-
dates (Wassmann & Aulakh, 2000). Similarly, it is not
known how variation in the constituents of root exu-
dates affects rates of methanogenesis. Lin and You
(1989) noted that root exudates from rice contained
varying amounts of organic acids, carbohydrates, and
amino acids. Among the organic acids, citric was high-
est, followed by malic, succinic, and lactic acid, al-
though there was a large variation in components and
contents of root exudates of different varieties.

Estimates of root death rates are even more un-
certain. To our knowledge, there have been no studies
on rice to measure the amount of C lost over a season
in this way. We have used a value for the relative root
death rate (∂r) of 0.02 d-1, which produces reasonable
behavior in terms of the CH4 dynamics. However, this
value is based only on the figure for total
rhizodeposition being 5-20% of the aboveground
biomass at final harvest obtained by Shamoot et al.
(1968) in a greenhouse study with 11 plant species
which did not include rice. To some extent, errors in
the estimation of root death rates can be offset by nega-
tively correlated errors in the root exudation rates, so
long as the total rate of rhizodeposition is not affected
significantly. For example, the possible higher specific
exudation rate obtained by Wang et al. (1997), discussed
previously, may suggest that the root death rates are
lower than 0.02 d–1. Clearly, more research in this area
is required to be more certain of the relative contribu-
tion of each source of methanogenic substrate.

Our results suggest that the transmissivity of the
plant to gaseous transfer may also be of considerable
importance (Figure 6)—increasing the root
transmissivity parameter (λr) has the effect of both re-
ducing the amount of CH4 produced due to the toxic
effect of O2 on the enzyme systems of the methanogens,
and increasing the proportion of CH4 produced that is
oxidized to CO2 by the methanotrophs. The model pre-
dictions also suggest that it is the first of these two ef-
fects that is the greatest—CH4 production was reduced
to a much greater extent than the increase in the amount
of CH4 oxidized (Figure 6).
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Selecting for genotypes that have a greater con-
ductance to gaseous transfer, therefore, would seem to
be a strategy to follow to reduce the amount of CH4

emitted. Increasing the number of tillers may be one
way of achieving this, although some studies (e.g.,
Mariko et al., 1991; Wang et al., 1997) have found that
CH4 emission rates increase as tiller number increases.
However, most of these studies have measured the rates
of CH4 emission through plants only and, as shown in
Figure 6, the flux of CH4 through the plant increases
(up to a plateau) even though total CH4 emissions
(which include ebullition) are decreasing. There is some
doubt, therefore, whether these pot experiments can be
reliably extrapolated to field conditions. The recipro-
cal pattern of behavior of the plant and ebullitive fluxes
suggest that any CH4 that is produced and not oxidized
will be emitted somehow, either through the plant or
by ebullition.

Our results also suggest that there is little gain to
be made in selecting genotypes with differently sized
root systems alone as a plant breeding strategy to re-
duce CH4 emissions. While reducing the size of the root
system was predicted to reduce the amount of
rhizodeposition over a season (Figure 7) and therefore
the amount of substrate available for methanogenesis,
it also reduced the size of the conduit for O2 to enter the
soil to both inhibit the production of CH4 and increase
the fraction that is oxidized by methanotrophs. These
two opposing influences, therefore, seem to cancel each
other out, resulting in the stable emission response seen
in Figure 7. This presupposes, however, that the value
of the root transmissivity parameter (λr) remains con-
stant, and indeed, that the overall conductivity of the
plant to gaseous transfer is determined by the quantity
of roots present. Certainly, the porosity of the roots to
gaseous diffusion may vary—Kludze et al. (1993), for
example, found that root porosity was increased three-
fold in flooded plants compared with nonflooded or
drained plants. This enhanced the transport of O2 to the
roots, which increased by more than a factor of three.
Whether similar variations exist between genotypes
needs to be clarified—Wassmann et al. (1998) have sug-
gested it is possible, and Wang et al. (1997) did find
differences in the proportion of air spaces in the roots
of three rice cultivars during the heading and ripening
stages, although these differences were not evident ear-
lier. Root air space differences did not correlate with
the oxidation potential of the roots in this study, how-
ever.

It may also be that the main site of resistance to
gaseous movement is the transition from root to stem

(Butterbach-Bahl et al., 1997) and not the quantity of
roots present, so that the main effect of a larger root
system would be on increased rhizodeposition rates.
This may explain the observation by Lindau et al. (1995)
that tall genotypes emit more CH4 than semidwarf va-
rieties, but as unfortunately no plant biomass data were
presented in this paper, this must remain conjecture.
Similarly, Wang et al. (1997) found that genotypes with
the highest root biomass also had the highest CH4 emis-
sion potential. Clearly, these various uncertainties need
to be explored with the model and further experimen-
tation. Cultivar selection may be crucial for mitigating
CH4 emissions—a thorough understanding of the
mechanisms involved is required, therefore, to direct
efforts toward developing high-yielding rice plants with
a limited emission potential.

The main contributor to the predicted decrease
in seasonal emissions with increased temperature was
the shortening of crop duration, with mean emission
rates over the season not being greatly affected. These
effects are similar to those observed experimentally;
although diel emission rates are strongly correlated to
temperature, mean seasonal rates are only poorly so
(Kimura & Minami, 1995). Closer examination showed
that although higher temperatures brought about higher
decomposition rates, and hence higher CH4 emission
rates early in the season from previous crop residues,
these rates fell close to those at lower temperatures once
the rapidly decomposable FOM pools had disappeared.
Thus, mean seasonal emission rates were influenced
more by the total amount of C in the system, which did
not vary much as a result of the higher temperatures.

Results from our study suggest that less depth of
floodwater is required to ensure near-anaerobic condi-
tions than was assumed previously (e.g., Cao et al.,
1995). No further increase in CH4 emissions were found
after about 2 cm of water, compared with the 10 cm
observed in subarctic conditions (Sebacher et al., 1986).
Experimental work is required to confirm this value
for rice fields in tropical environments.

Midseason drainage of rice fields has been pro-
posed as a possible mitigation option that farmers could
practice to reduce CH4 emissions, but as this could po-
tentially reduce their yields, the effect of duration of
drainage period on both CH4 production and crop yields
is of interest. Our results suggest that midseason drain-
age is a viable practice in the WS when there is likely
to be sufficient rainfall to meet crop water requirements
without the field being flooded, with a subsequent re-
duction in the amount of CH4 produced. In the DS, how-
ever, except in the case of relatively short drainage pe-
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riods (less than 6 d), crop yields are likely to decline.
Nevertheless, even if the field is drained for 6 d, the
model suggests that there could be around a 25% re-
duction in CH4 emissions with no loss in yield. Plan-
ners and policymakers, therefore, could use this infor-
mation to decide to what extent farmers might have to
be compensated for lost crop revenue, if CH4 emissions
from rice fields are to be reduced to a specified level.

Much work has been done on the effect on sea-
sonal CH4 emissions of incorporating varying amounts
of rice straw to the field before planting (e.g., Sass et
al., 1991; Nouchi et al., 1994), the results of which have
been summarized by Denier van der Gon and Neue
(1995) and Watanabe et al. (1995b). In general, adding
rice straw leads to an increase in CH4 emissions, as
might be expected from the addition of more C to an
anaerobic system. Similarly, Lindau et al. (1995) found
much higher emissions in a ratoon rice crop due to the
residues of the first crop being left in the field.

Rice straw, however, has a relatively high C/N of
around 50 kg C (kg N)-1 (Bronson et al., 1998). The
strong links between C and N dynamics in the soil raise
the question of whether the addition of organic mate-
rial of different qualities has any effect on the emission
of CH4. Our results predict that material with a lower
C/N (i.e., < 40 kg C (kg N)-1) results in less CH4 being
emitted even though the amount of C being applied re-
mains the same, the main reason, according to the
model, being the greater immobilization of C in micro-
bial biomass stimulated by the larger quantities of N
present. Of course, this C would be emitted later as the
microbes die, but a greater proportion of this will be
after the crop is harvested when conditions are aerobic
and would be emitted as CO2 rather than CH4. Bouwman
(1991) summarized the literature on the effect of man-
agement practices on CH4 emissions and concluded that
although increasing the amount of organic fertilizers
applied increased emissions, composted materials (with
lower C/N) tended to cause a smaller increase. Simi-
larly, in greenhouse experiments, Mariko et al. (1991)
found that additions of rice straw  compost resulted in
a sixfold reduction in CH4 emissions compared with
uncomposted straw. Data on the C and N contents of
various organic amendments are summarized by Kern
et al. (1995) from which the following C/N can be cal-
culated: animal manure 100 kg C (kg N)–1, rice straw
51 kg C (kg N)–1, compost 12 kg C (kg N)–1, green ma-
nure 10 kg C (kg N)–1, and rapeseed cake
8.7 kg C (kg N)–1. Thus, applying green manure rather
than rice straw would appear to be desirable, as not
only is there likely to be a response in grain yield, but

the increase in CH4 emissions would also be less. Ani-
mal manure would appear to be the worst option in terms
of reducing CH4 emissions.

The use of sulfate fertilizers has been suggested
as a way to reduce CH4 emissions by increasing the
size of the soil pool of alternative electron acceptors
(Wassmann et al., 1993). The model predicts a signifi-
cant effect of adding SO4

2- to the soil, emissions being
reduced by 50% when 10,000 kg ha–1 phosphogypsum
(4500 kg SO4

2– ha–1) is added (Figure 13). This com-
pares with a value of 43% reduction in emissions with
addition of sulfate fertilizer at a rate of 685 kg SO4

2–

ha–1 obtained by Schütz et al. (1989) The model of van
Bodegom et al. (1999) predicts a 3% reduction in CH4

emissions when 400 kg ha–1 of ammonium sulfate
(290 kg SO4

2– ha–1) is added. The MERES model dif-
fers from the van Bodegom model in that the effect of
SO4

2- is not simulated explicitly and instead is part of
the general soil pool of alternative electron acceptors.
As such, the partial competition of the sulfate-reduc-
ing bacteria with methanogens for C substrate is not
taken into account. Similarly, we have assumed in
MERES that the mixing ratio of added SO4

2- between
the floodwater and soil is 30%, although this figure is
quite subjective. To some extent, these two assump-
tions will cancel each other out so that differences be-
tween the two modeling approaches are not likely to be
large.

The model predicts that overall seasonal CH4

emissions are quite sensitive to percolation rates in the
range from 0 to 4 mm d–1. Extremely high percolation
rates of around 28 mm d–1 have been reported in north-
ern India (Mitra, 1999) which probably explain the low
CH4 emission rates measured there (~25 kg CH4 ha–1

season–1). For comparison, average percolation (includ-
ing seepage) rates in Philippine rice fields are about 2-
4 mm d–1 (Wickham & Singh, 1978) depending on sea-
son. High percolation rates and the necessary high fre-
quency of irrigation could influence CH4 emission rates
either by increasing the flux of O2 dissolved in the irri-
gation water into the soil or by transporting CH4 pro-
duced downward into groundwater, thereby prevent-
ing it from being emitted from the rice field into the
atmosphere. It is also possible that the rapid flux of
water through the profile transports the methanogenic
substrate away before it can be acted upon by the
methanogens (Yagi & Minami, 1990; Inubushi et al.,
1992), although this is not currently accounted for in
the model.

The results presented in this paper, therefore, in-
dicate that the MERES model is capable of exploring
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quantitatively the major aspects of CH4 production and
emissions from rice fields. In the final paper in this se-
ries (Matthews et al., 2000b), we use the model together
with the spatial databases described in Part III (Knox
et al., 2000) to upscale experimental measurements of
CH4 emissions to national levels and to evaluate vari-
ous mitigation options on the overall emission of CH4

from each of the countries in the study.
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Abstract

As part of a series of papers describing the use of a simulation model to extrapolate experimental measurements of
methane (CH4) emissions from rice fields in Asia and to evaluate the large-scale effect of various mitigation
strategies, the collation and derivation of the spatial databases used are described. Daily weather data, including
solar radiation, minimum and maximum temperatures, and rainfall were collated from 46 weather stations from
the five countries in the study, namely China, India, Indonesia, Philippines, and Thailand. Quantitative soil data
relevant to the input requirements of the model were derived by combining data from the World Inventory of Soil
Emissions (WISE) database, the ISIS database, and the FAO Digital Soil Map of the World (FAO-DSMW). These
data included soil pH; organic carbon content; sand, silt, and clay fractions; and iron content for top and subsoil
layers, and average values of bulk density and available water capacity for the whole profile. Data on the areas
allocated to irrigated, rainfed, upland, and deepwater rice at the province or district level were derived from the
Huke & Huke (1997) database developed at IRRI. Using a geographical information system (GIS), a series of geo-
referenced data sets on climate, soils, and land use were derived for each country, at the province or district level.
A summary of the soil-related derived databases is presented and their application for use in global change modeling
discussed.

Introduction

At the global level, methane (CH4) is the second most
important greenhouse gas because of its strong ability
to absorb infrared radiation. Its concentration in the at-
mosphere has been rising in recent years (Houghton et
al., 1992), which has led to concerns about its role in
global warming. Emissions of CH4 from rice fields are
an important contributor to levels of the gas in the at-
mosphere, with the current best estimate of its source
strength being ~60 Tg CH4 yr–1 with a range of 20-150
Tg CH4 yr–1 (Houghton et al., 1992). This wide range,
making it the most uncertain of all the CH4 sources, is
due to the large variation between sites in measured
CH4 fluxes—such measurements, often limited in
number and obtained only for short periods, may not
necessarily be representative of average emission rates
at the national and regional levels to which they are

frequently extrapolated. However, in view of the sig-
nificance of rice cultivation as a source of CH4 and of
the fact that world rice production must increase by an
estimated 70% in the next few decades to meet the de-
mands of an increasing populaton (IRRI, 1993), esti-
mates of the magnitude of the contribution of rice cul-
tivation to global CH4 emissions need to be refined and
the mechanisms involved better understood. This, in
turn, should enable the development of mitigation op-
tions that could reduce emissions while still allowing
the required increases in rice yield.

Much of the uncertainty in the current estimates
of CH4 emissions from rice cultivation is due to the
large spatial variation between sites in the controlling
factors—climate, soil type, and cultural practices such
as water management, fertilizer, and organic matter ap-
plications. Representation and integration of these fac-
tors within a geographical information system (GIS)
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framework, coupled with the development of mecha-
nistic models describing the processes involved in CH4

production and emission, have been suggested as the
way forward (Bliss, 1990; Matthews, 1993; Batjes &
Bridges, 1995; Neue et al., 1995). Up until now, a ma-
jor limitation to this approach has been the lack of high-
quality databases of climate, soils, and rice-growing
areas for use with the mechanistic models (Shearer &
Khalil, 1993).

Several geographic databases relevant to CH4

emissions from rice lands have been developed and
published in recent years. The FAO soil map of the
world (FAO, 1974) provides the basis for several of
these — Zobler (1986), for example, used it to create a
1° (latitude × longitude) digital soil data set. More re-
cently, it has been used as the basis of the World Inven-
tory of Soil Emissions (WISE) database of soil qualita-
tive characteristics (Batjes, 1997) which is described
in more detail later in this paper. For climate, Leemans
and Cramer (1990) developed a database of global
monthly air temperature and precipitation. Similarly,
for rice production statistics, Matthews et al. (1991)
developed a database indicating the location and the
harvested area of rice cultivation, derived from an ear-
lier database of land use (Matthews, 1983). Several of
these databases have since been used to estimate CH4

emissions at the national or regional scales (e.g.,
Bachelet & Neue, 1993; Bachelet et al., 1995; Kern et
al., 1997).

In Part I of this series (Matthews et al., 2000a), a
mechanistic model, MERES (Methane Emissions in
Rice EcoSystems), simulating the main processes in-
volved in CH4 production and emission in rice fields
was described. This model is based on the CERES-Rice
crop simulation model (Godwin et al., 1990) with ad-
ditional routines describing the influence of alternative
electron acceptors in the soil and steady-state profiles
of O2 and CH4 resulting from CH4 production, oxida-
tion, diffusion, leaching, and flux through plant
aerenchyma (Arah & Kirk, 2000). Previously, the use
of such mechanistic models for analysis of CH4 emis-
sions was limited by the lack of daily weather data they
require to run; however, such a database is now avail-
able for most of the rice-growing areas in Asia (Centeno
et al., 1995).

This paper describes the derivation of geo-refer-
enced databases for input into MERES for upscaling
of experimental measurements of CH4 emissions at a
number of sites in Asia. The model output, aggregated
from province/district to regional and national levels,

is described in a subsequent paper in this series
(Matthews et al., 2000b).

Methods

For modeling CH4 emissions, spatial and temporal in-
formation on a range of parameters are required, in-
cluding
• soils
• climate
• land use (rice cropped areas and current production)
• national and administrative boundaries

This study involved the collation, integration, and
preprocessing of data from various sources, using a
combination of methodologies including GIS tech-
niques, computer program routines, and spreadsheet
analyses. The GIS represented the principal database
management and visualization tool, working in con-
junction with existing databases as an integrated part
of the overall model. A schematic representation of the
methodological framework is given in Figure 1. A brief
description of the data sources and procedures used for
deriving the databases is given.

Data sources

The original FAO-UNESCO Soil Map of the World,
published between 1974 and 1978, has since been com-
puterized to produce a digital soil map of the world
(FAO-DSMW). The database is available in raster or
vector format and subdivided into 10 regions of the
world. The scale of the original map is 1:5,000,000.
The basic level of classification used in the database is
the soil unit. The database comprises an estimated 4,930
mapping units. Where a mapping unit is not homoge-
neous, it is composed of a dominant soil unit and com-
ponent soil units. The latter are further categorized into
associated soils (covering at least 20% of the area) and
inclusions (important soils covering less than 20% of
the area). The FAO-DSMW is supplied with a second
relational database (termed the ‘expansion’  file) which
contains qualitative and quantitative attribute data for
each of the 4,930 mapping units, detailing the propor-
tions of dominant and component soil units in each
mapping unit, together with information on slope and
soil texture class (FAO, 1995).

A global data set of derived quantitative soil char-
acteristics, classified by FAO-UNESCO soil units, has
been produced by Batjes (1997). These data were de-
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World Inventory of Soil
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(Batjes, 1997)

Figure 1. Schematic representation showing database integration (gray boxes denote derived databases)

rived from statistical analyses of the 4,353 soil profiles
held in the WISE database. Median values by soil unit
for soil properties including pH, organic carbon con-
tent (OC), bulk density (BD), and available water ca-
pacity (AWC) were used in this study.

Soil particle distribution (i.e., percent sand, silt,
and clay) and soil iron content, required for estimating
the soil water release characteristics and initial size of
the oxidized alternate electron acceptor pool (see Part
IV, Matthews et al., 2000b), were obtained from the
ISIS database (van de Ven & Tempel, 1994). These data
were in the form of measurements at a number of depths
in each soil profile, but for consistency with the data in
the WISE database, a program was written to aggre-
gate the ISIS data into median values for topsoil (0-30
cm) and subsoil (>30 cm) for each FAO soil unit. These
aggregated data were then merged with the main WISE
database for input into the MERES model.

The location and extent of rice-growing areas in
the five countries were obtained from the Huke and
Huke (1997) database developed at the International
Rice Research Institute (IRRI). This revised database,
covering South, Southeast, and East Asia, was devel-

oped largely on the basis of a wide range of official
data published by various government agencies and data
collated by field research teams from IRRI and the na-
tional agricultural research systems (NARS). The da-
tabase provides detailed statistics, at the province or
district level, on rice production and cropped area un-
der the four main rice ecosystems (irrigated, rainfed,
upland, and deepwater systems). For selected countries,
additional information on administrative regions, popu-
lation size, and hybrid rice production are also included.
For most countries, the database relates to 1990.

To complement the published Huke and Huke
(1997) database, staff of the GIS laboratory at IRRI
have digitized the national and province boundaries for
China, Indonesia, the Philippines, and Thailand, and
the national, state, and district boundaries for India.
These vector data sets for each country were used as
the basic or ‘polygon’  level for modeling CH4 emis-
sions. For China, Indonesia, the Philippines, and Thai-
land, these polygons typically represented a single prov-
ince or subunit of a province. For India, on the other
hand, each polygon represented a district or a subunit
of a district. Subunits occurred in provinces or districts
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containing discontinuous components, such as islands
in coastal regions. Thus, provinces or districts can be
made up of one or more polygons. Sample output given
in the Results section therefore represent data derived
at the polygon level but aggregated to either province
or state level depending on the country.

Daily weather data were collected from various
rice-growing areas in Asia, either by the national
weather bureau in the different countries, by the Cli-
mate Unit at IRRI (10 stations in the Philippines), or
by the participants of the IRRI-WMO Rice-Weather
Project based at IRRI from 1984 to 1986 (Oldeman et
al., 1987). Subsequently, five institutes collaborating
in a project funded by the US Environmental Protec-
tion Agency (EPA) modeling the effects of climate
change on rice production in Asia (Matthews et al.,
1995) continued to collect and supply weather data af-
ter the end of the Rice-Weather project in 1986. The
current database contains 10 or more years of historic
weather data from 87 stations from rice-growing areas
in 11 countries in Asia, of which 46 were used for the
five countries in the present study. The CLICOM sys-
tem (CLImate COMputing system developed by the
World Meteorological Organization, [WMO] 1989) was
used for data storage and data validation. Database man-
agement is undertaken by the Climate Unit at IRRI. A
description of the database, including the procedures
used to ensure data quality and to estimate missing data,
is given by Centeno et al. (1995), and a map showing
the location of the weather stations is shown in
Matthews et al. (1995). A computer program was de-
veloped to convert these data into the appropriate for-
mat for input into the MERES model.

To associate each polygon with the most appro-
priate weather data (as described later), weather sta-
tions were classified according to the agroecological
zone (AEZ) in which they were located (Table 1). The
zoning system used was that developed by the FAO,
based on climatic conditions and landforms that deter-

mine relatively homogeneous crop-growing environ-
ments (IRRI, 1993). The classification distinguishes
between tropical regions, subtropical regions with win-
ter or summer rainfall, and temperate regions. These
major regions are further subdivided into rainfed mois-
ture zones, lengths of the growing period, and thermal
zones based on the temperature regime that prevails
during the growing season. Most of the countries in the
study fell within a single agroecological zone, although
China and India spanned several zones (Figure 2). De-
tails of each weather station and a summary of the long-
term averages of the key climate variables are given in
Table 2. Dates of sowing and transplanting were, in
general, supplied by the collaborating institutions along
with the weather data. Where this information was not
provided, transplanting dates were obtained from IRRI
(1991), and date of sowing in the seedbed assumed to
be 25 d prior to this. Where a range of transplanting
dates was given, generally a date near the start of the
range was used. In some countries, second, and even
third, crops are grown in the same year; these were also
simulated. Sowing dates and ages at transplanting for
each season at each site are shown in Table 2. These
agree well with the dates used by Jansen (1990) with
the exception of those in Indonesia; both, however, are
within the range given in IRRI (1991).

It is recognized that these dates may sometimes
be somewhat arbitrary and not always a reflection of
actual planting dates in a given region. Published crop
calendars for a number of regions are available, but there
is often disagreement between these even for the same
regions, thereby limiting their use. Transplanting dates
depend on the decisions of individual farmers, which
are influenced by actual weather conditions, economic
considerations, and other factors. Often, transplanting
in a region can take place over extended periods, par-
ticularly in tropical regions; in the higher latitudes,
planting date is generally constant.

Derived spatial databases

Using the procedures described earlier but relying pre-
dominantly on GIS techniques, a series of databases
were derived. SPANS GIS v7.0 software (TYDAC,
1994) was used due to its comprehensive functionality
and strong data integration and modeling capabilities.

Table 1. Description of the FAO-defined agroecological zones (AEZ)
used in this study (IRRI, 1993)

AEZ FAO description

1 Warm arid and semiarid tropics
2 Warm subhumid tropics
3 Warm humid tropics
5 Warm arid and semiarid subtropics with summer rainfall
6 Warm subhumid subtropics with summer rainfall
7 Warm/cool humid subtropics with summer rainfall
8 Cool subtropics with summer rainfall
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Figure 2. Regional agroecological zones in Asia (IRRI, 1993)

Creating a database of quantitative soil characteristics
for each province/subprovince

As described earlier, the basic mapping unit in the FAO-
DSMW database is generally a soil association, a group
of soil units occurring in close proximity to each other.
The WISE database, on the other hand, contains soil
quantitative information at the soil unit level. Linking
these two databases, therefore, requires an expansion
of the soil associations of the FAO-DSMW into their
constituent soil units. A schematic representation of the
procedures developed are shown in Figure 1.

To begin with, the digitized province/subprovince
layers for each country were overlaid onto the FAO-
DSMW. The soil associations contained within each
polygon were then extracted into an intermediate data-
base containing the name of each association and the
fraction (fa) of the total area of the polygon it occupied.
The soil units and the proportion (fu) they occupy in

each of the soil associations are described in the sepa-
rate expansion file, a relational database linked to the
DSMW by a sequential code number representing the
association. The second step, therefore, was to replace
each of the soil associations in each polygon with its
constituent soil units. In many cases, the same soil units
occur in different soil associations of the polygon, so
all fractions of the same unit in each polygon were
pooled to give a single fraction for that unit. This was
achieved using a separate program which identified each
polygon in turn taking each soil association and ex-
panding it into its constituent soil units. The proportion
of each soil unit in the association was multiplied by
the proportion of the soil association in the polygon to
give the contribution of each soil unit to its overall pro-
portion in the polygon.

The third step was to calculate the weighted av-
erage of each of the quantitative soil characteristics for
each polygon. However, not all soil units are suitable
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for growing rice — even where cultivation is possible,
certain soil factors (e.g., slope, texture, soil depth, and
stoniness) as well as agroclimatic conditions may pre-
clude successful cultivation. Using a combination of
information from the literature (IRRI, 1978) and from
expert consultation (Batjes, pers. comm., 1998), only
soil units suitable for rice cultivation in each polygon
were selected. In particular, Acrisols, Cambisols,
Fluvisols, Luvisols, Histosols, Vertisols, Planisols, and
most Gleysols were included. For each valid soil unit
present in each polygon, the quantitative soil charac-
teristics (pH, OC, BD, AWC, etc.) were extracted from
the combined data set described above, using the FAO
soil unit code (e.g., G = gleysol) as the common field.
The mean value (Vp) of each soil characteristic in each
polygon was then obtained by summing each variable
across all valid soil units contained in the polygon
weighted by the proportion of each valid soil unit in
that polygon, i.e.,

(1)

where N is the number of valid soil units in the poly-
gon, and Vu is the value of a particular soil characteris-
tic for the soil unit u. For each country, a database list-
ing the mean values for the selected soil characteris-
tics, by polygon, was derived. These data are summa-
rized in Tables 3-7.

Assigning weather stations to each polygon

As individual polygons were to be the basic level for
simulation and because the MERES crop/soil simula-
tion model requires daily weather data as an input, it
was necessary to associate each polygon with a repre-
sentative weather station. This was done by selecting
the nearest station within the same AEZ to the center of
each polygon.

First, to determine the AEZ into which each poly-
gon fell, the boundaries of each AEZ (IRRI, 1993) were
overlaid onto the map containing the province/
subprovince boundaries. Using the GIS, the latitude and
longitude of the geometric centroid of each polygon
were determined. These centroid coordinates were then
used to identify which AEZ each polygon is located in.
In the cases of Indonesia, the Philippines, and Thai-
land, the whole country falls into a single AEZ, namely
3 (warm humid tropics). China, however, spans four
AEZs (5, 6, 7, and 8), while India spans six (1, 2, 3, 5,
6, and 8). In the latter two countries, no attempt was

made to partition a polygon between two AEZs if the
AEZ boundary bisected it, as the resolution of the origi-
nal AEZ map was such that this would represent false
accuracy. The AEZ associated with each polygon, there-
fore, was based only on the position of its centroid.

Second, the nearest weather station in the same
AEZ to this polygon centroid position was determined
using in-built nearest-neighbor procedures. This was
achieved by creating a layer containing the coordinates
(latitude and longitude) of the geometric centroid of
each polygon and overlaying this onto another layer
containing the weather station coordinates. Weather sta-
tions were assigned to each polygon by comparing the
distance between each polygon centroid and weather
station locations and allocating the station with the
shortest distance, provided it was in the same AEZ.

For each country, columns were then added to
the database of quantitative soil characteristics described
in the previous section to include this newly derived
information defining the AEZ and nearest weather sta-
tion for each polygon.

Results and discussion

Derived data sets

A summary of the derived mean values for selected soil
properties are given in Tables 3-7. For convenience (i.e.,
to reduce the number of individual records), data are
aggregated from the polygon level to the province level
(or state level in the case of India) for each country.
This was undertaken by weighting the appropriate val-
ues from each polygon by the fraction of the total prov-
ince/district area occupied by that polygon. In most
cases, as mentioned previously, each province/district
was typically represented by only one polygon. Poly-
gons for which FAO soil data were unavailable (e.g.,
small off-shore islands) were removed from the analy-
sis. These were always of insignificant area in com-
parison with the whole province/district and are unlikely
to contain any significant rice-growing area.

Limitations

The databases described here were derived through in-
tegration and analysis of existing spatial databases, pri-
marily within a GIS framework. The spatial accuracy
of both existing and derived data sets are, however, a
potential source of error; this is a common problem for
any GIS-based analysis. For simplicity, a number of

V
p
 = (V

u
 • f

u
 • f

a
)

1 N

N u=1[ ]Σ
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Figure 3. Province codes for China

Figure 4. State codes for India
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Figure 5. Province codes for Indonesia

assumptions were made in the methodology and their
limitations should be recognized.

The areal coverage, resolution, level of pre-
processing required, cost, and availability remain the
key criteria when determining the suitability of data
sets for modeling and integration within a GIS. Some
of the spatial inaccuracies associated with the original
FAO-DSMW have been discussed by Bachelet and
Neue (1993) and Zobler (1986), the latter of whom iden-
tified limitations when reclassifying the FAO-DSMW
at a 1 × 1° resolution. Other limitations, such as locally
out-of-date information on soil geographic patterns,
have been documented by Sombroek (1990) and
Bouwman (1990). However, the latest FAO database
release has addressed many of these problems, includ-
ing errors in the original digitized version of the maps
and consistency errors in the expansion file (FAO,
1995). Indeed, Richter and Babbar (1991) consider the
FAO-DSMW as the best summary of global scale soil
taxonomic data even though (a) it is based on a wide
range of primary sources which consisted of mostly
surveys and few actual soil data, (b) the quality of the
mapping varies between regions especially in the trop-
ics, and (c) it is not a complete soil classification since
it only includes two to three levels of organization. For

this study, the FAO-DSMW data set was considered
appropriate for quantifying spatial soil variability at the
polygon level, and when linked to the WISE database
via the FAO soil unit code, provided a sound basis for
extrapolating quantitative soil characteristics to the
province/district level. For localities where soil infor-
mation were missing (for example, small island re-
gions), these polygons were ignored, since they were
typically of minor significance with regard to rice pro-
duction and CH4 emissions.

The accuracy of the soil data held in the WISE
database has been discussed by Batjes (1995). Even
within a given soil unit, there may be considerable vari-
ation in measured values of a particular characteristic
(e.g., soil carbon [Batjes, 1997]) which is represented
by a single median value in the database. Nevertheless,
a high degree of quality control over data collation and
recording, coupled with the definition of stringent cri-
teria for accepting data into the WISE database, have
ensured that the spatial and soil profile integrity of the
information in this database has been maintained.

The method we have used for estimating the mean
values of the soil properties for each polygon is also a
potential source of error. We have calculated the pro-
portion of each soil unit in a polygon from the propor-
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Figure 6. Province codes for the Philippines

tion it occupies in a soil association (fu), which is a typi-
cal figure, but may also vary with geographical loca-
tion, and the area fraction (fa) of each soil association
in the polygon. The method assumes that the distribu-
tion of each soil unit in each association is uniformly
distributed, which may not be the case. If, for example,
a particular soil unit is located in one corner of an asso-
ciation, it may be entirely outside the polygon in ques-
tion in the case of an association that spans two or more
adjacent polygons. In this case, the calculation would
assume that the polygon contains a proportion of the
soil unit, whereas in actual fact, it may be totally in a
neighboring polygon. Alternatively, the whole soil unit

may be in the polygon and not at all in any of its neigh-
bours.

The allocation of AEZs to provinces/districts is a
potential source of error. In particular, the scale and
accuracy of the base map (IRRI, 1993) used for defin-
ing AEZs was not of high quality. Difficulties were
encountered when digitizing AEZ boundaries, espe-
cially in regions where the base map provided little dis-
tinction between an AEZ and country boundary. Fur-
thermore, for some provinces/districts, AEZs were de-
fined for which no weather station was available. In
this case, the nearest weather station with a similar AEZ
was allocated.
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The use of geometric centroids represented one
of several potential approaches to allocating weather
stations to each province/district. An alternative ap-
proach for analyzing proximity to point features would
have been to use ‘graded buffering,’ a technique used
to define ‘zones of influence’  away from a particular
polygon. This approach would have worked well for
reasonably symmetrical areas, but for nonsymmetrical,
especially elongated provinces/districts, a weather sta-
tion allocated using this procedure may well have been
unrepresentative of the region as a whole. The preferred
approach of using geometric centroids overcomes this
problem by assigning the weather station to a point

which is representative of the majority of the province/
district. However, where a province/district spans two
AEZs, the shape of the province/district is clearly criti-
cal when locating the geometric centroid. Furthermore,
the use of centroids ignores local topographic variation
(e.g., elevation) across a province/district.

Another source of uncertainty in the results lies
in the sparseness of weather data sites in some coun-
tries; areas in both India and China, for example, are
represented by only a few stations, although fortunately
for our analysis, little rice is grown in these regions
anyway. While an attempt was made to stratify these
areas into AEZs, it is unknown to what extent weather
conditions are homogeneous within a zone. Compari-
son of weather stations in countries within the same
AEZ (e.g., Thailand; AEZ 2) would suggest that there
could be significant variability in climate within a des-
ignated AEZ. However, until further high-quality
weather data become available to enable a more de-
tailed coverage, estimates based on the current data
cannot be more accurate.

The rice database compiled by Huke and Huke
(1997) represents the most comprehensive statistics
available on rice area by type. The areal extent of rice
ecosystems was previously published in the form of
multicolored maps for South, Southeast, and East Asia
(Huke, 1982). These data were constantly updated for
incorporation in World rice statistics (IRRI, 1994) and
computerized for use in a GIS. Obviously, the criterion
for classifying rainfed rice into groups with less and
more than 30 cm water depth may not always be that
distinct. Furthermore, the changing of political bounda-
ries has, in some instances, complicated the data col-
lection (Huke & Huke, 1997). These considerations,
however, have not impeded the use of this database in
the context of this study that was aiming to provide a
broad assessment for Asia.

Application

The final stage of the project involves combining sta-
tistical data from the Huke and Huke (1997) database
on rice cropped areas in each province/district, for each
country, with predicted regional emission rates esti-
mated from MERES. A data-bridge approach was
adopted to pass the spatially derived data from the GIS
to the crop simulation model, then convert the results
back to further analyze and display the data within the
GIS. Although this approach lacks flexibility and speed
when compared with a fully integrated GIS model with
embedded code, for combination methodologies where

Figure 7. Province codes for Thailand
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external models such as MERES require regular up-
dating and modification, this approach is preferable.
The final output includes tables and maps showing the
estimated CH4 emission at the province/district level,
then aggregated to national levels for each country
(Matthews et al., 2000b).

Conclusions

A series of derived databases relating to soils and cli-
mate at province/district level have been produced for
five countries in Asia. These databases provide the geo-
graphical basis for generating improved estimates of
CH4 emission from rice fields in Asia and evaluating
options for mitigation of these emissions. Additionally,
the databases will supplement the world data set of de-
rived soil properties described by Batjes (1997) for use
in further GIS-based studies of soil gaseous emission
potentials.
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Abstract

The process-based crop/soil model MERES (Methane Emissions from Rice EcoSystems) was used together with
daily weather data, spatial soil data, and rice-growing statistics to estimate the annual methane (CH4) emissions
from China, India, Indonesia, Philippines, and Thailand under various crop management scenarios. Four crop
management scenarios were considered: (a) a ‘baseline’ scenario assuming no addition of organic amendments  or
field drainage during the growing season, (b) addition of 3,000 kg DM ha-1 of green manure at the start of the
season but no field drainage, (c) no organic amendments but drainage of the field for a 14-d period in the middle of
the season and again at the end of the season, and (d) addition of 3,000 kg DM ha-1 of green manure and field
drainage in the middle and end of the season. For each scenario, simulations were made at each location for
irrigated and rainfed rice ecosystems in the main rice-growing season, and for irrigated rice in the second (or ‘dry’)
season. Overall annual emissions (Tg CH4 yr–1) for a province/district were calculated by multiplying the rates of
CH4 emission (kg CH4 ha-1 yr-1) by the area of rice grown in each ecosystem and in each season obtained from the
Huke and Huke (1997) database of rice production. Using the baseline scenario, annual CH4 emissions for China,
India, Indonesia, Philippines, and Thailand were calculated to be 3.73, 2.14, 1.65, 0.14, and 0.18 Tg CH4 yr-1,
respectively. Addition of 3,000 kg DM ha-1 green manure at the start of the season increased emissions by an
average of 128% across the five countries, with a range of 74-259%. Drainage of the field in the middle and at the
end of the season reduced emissions by an average of 13% across the five countries, with a range of -10% to -39%.
The combination of organic amendments and field drainage resulted in an increase in emissions by an average of
86% across the five countries, with a range of 15-176%. The sum of CH4 emissions from these five countries,
comprising about 70% of the global rice area, ranged from 6.49 to 17.42 Tg CH4 yr-1, depending on the crop
management scenario.

Introduction

Methane (CH4) is an important greenhouse gas whose
concentration has more than doubled over the past 200
yr (Pearman et al., 1986), a phenomenon causing some
concern in view of its equivalent warming effect being
some 32 times higher than carbon dioxide (CO2).
Flooded rice fields, with their abundant organic matter,
warm temperatures, and anaerobic conditions, provide
an ideal environment for methanogenic activity, and due
to the significant areas under cultivation, are a major
anthropogenic source of CH4. Methane concentrations

remained stable for a brief period in 1992-93, but have
returned to increasing at an annual rate of 8 ppbv since
then (IPCC, 1996).  This is of particular concern as rice
production has been estimated to have to increase by
270 million t, or by 60%, by the year 2020 to keep pace
with projected population increases (Hossain, 1998).
Fortunately, irrigated rice fields are one of the few
sources of atmospheric CH4 in which options are avail-
able to reduce emissions, in this case through crop
management. Estimates of the contribution of rice cul-
tivation to the total global budget have varied widely,
ranging from as much as 280 Tg CH4 yr-1 (Ehhalt &
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Schmidt, 1978) to as low as 12 Tg CH4 yr-1 (Minami,
1993), although more recent estimates have narrowed
this range to 25-54 Tg CH4 yr-1 (e.g., Sass & Fisher,
1997).

Initial approaches of estimation were to use emis-
sion rates measured in field experiments and extrapo-
late these to the global scale. Thus, Holzapfel-Pschorn
& Seiler (1986) and Schütz et al. (1989) used measure-
ments from rice fields in Italy to obtain estimates of
120 (70-170) Tg CH4 yr-1 and 96 (47-145) Tg CH4 yr-1,
respectively. The emission rates they used (3.6-
10 kg CH4 ha-1 d-1 and 2.4-8.0 kg CH4 ha-1 d-1), how-
ever, were somewhat higher than those measured in
most rice fields, illustrating the dangers inherent in ex-
trapolating from field experiments at one location.  This
problem was addressed by Khalil and Shearer (1993),
who developed an inventory of direct flux measure-
ments from a number of studies and modified the in-
formation from Matthews et al. (1991) on the duration
of growing seasons to estimate global and regional an-
nual emission rates.  They arrived at a figure for the
global emission rate of 66 Tg CH4 yr-1.

A second approach to CH4 estimation assumed a
constant fraction of net primary productivity (NPP)
being converted into CH4. For example, Aselmann and
Crutzen (1990) estimated the fraction of the area in 2.5°
latitude by 5° longitude boxes occupied by irrigated
and rainfed rice cultivation, and the NPP of these areas
from published yield data.  Methane emissions were
calculated using values of the CH4-NPP ratio ranging
from 3 to 7%.  A similar approach was used by Taylor
et al. (1991) assuming a CH4-NPP ratio of 5%. Neue et
al. (1990) estimated NPP from rice production statis-
tics (using constants for grain-shoot and root-shoot ra-
tios), taking into account aquatic biomass and weed
biomass.  They assumed that 15% of this was returned
to the soil, of which 30% was converted into CH4, giv-
ing a CH4-NPP ratio of 4.5%, close to those used above.
Matthews et al. (1991) refined the approach of
Aselmann and Crutzen (1990) by estimating the frac-
tion of rice cultivation area in 1° × 1° cells and calcu-
lated detailed rice crop calendars indicating the months
of cultivation of rice by country, each state for India,
and each province for China.  A  mean  daily  emission
rate  of  5 kg CH4 ha–1 d–1 was calculated by assuming
that the global emission was 100 Tg CH4 yr–1. Although
this approach could give some idea of the relative CH4

emissions between the different countries, states, or
provinces, it obviously could not be used to give a glo-
bal estimate. Bachelet and Neue (1993) subsequently
modified the approaches of Taylor et al. (1991), Neue

et al. (1990), and Matthews et al. (1991) by taking into
account the CH4 production potential of soils in the rice-
growing regions using Zobler’s (1986) digitized soil
map, reducing each previous estimate by about 26%.

A third approach was the use of process-based
simulation models using data held in spatial databases
as input to the model. Cao et al. (1996) used their meth-
ane emission model (MEM) together with an updated
version of the data set of rice geographical and sea-
sonal distribution of Matthews et al. (1991).  Tempera-
ture data were obtained from the IIASA Terrestrial Cli-
mate Data set of Leemans and Kramer (1990) and soil
information (texture, OC%, and pH) from the digitized
FAO soil map (Zobler, 1986). In the absence of crop
management information, it was assumed that CH4 was
emitted at the potential rate.

As far as estimates of CH4 emissions from indi-
vidual countries are concerned, China seems to have
received the most attention, probably on the basis that
it has the largest area of rice cultivation, accounting for
around 22% of the world rice area (Cao et al., 1995a).
Data from Huke and Huke (1997) show that the annual
area of harvested rice fields in China was 31 × 106 ha,
of which 95% was irrigated. Khalil et al. (1989) ex-
trapolated field measurements to the whole area to es-
timate the total CH4 emission from China as
55 Tg CH4 yr-1, but  this  was  soon  revised  downward
to 30 Tg CH4 yr-1 (Khalil et al., 1991), and again to
23 Tg CH4 yr-1, (Khalil et al., 1993) on the basis of fur-
ther field experiments. Bachelet and Neue (1993) pro-
duced estimates ranging from 9.1 to 14.9 Tg CH4 yr–1,
using the approaches of Matthews et al. (1991), Taylor
et al. (1991), and Neue et al. (1990), but taking the emis-
sion characteristics of soils into account. Lin (1993)
estimated 11 Tg CH4 yr-1. Cao et al. (1995a) calculated
a value of 16.2 Tg CH4 yr-1 by using a simplified ver-
sion of their process-based CH4 model and a geo-refer-
enced database of soil and weather data for a number
of homogeneous agroecological zones. Although the
types of organic matter applied in rice cultivation in
China is rather diverse, they reasoned that about 30%
of the crop biomass was returned to the soil in one way
or another, either as crop residues or as human and ani-
mal manures. Inorganic fertilizer applications were as-
sumed to reduce CH4 emissions by 20%.

Kern et al. (1995) used data from published stud-
ies to develop regression equations relating CH4 emis-
sion rates to C and N inputs and the duration of the
growing season. The latter was calculated using a ‘grow-
ing degree-days’ concept and temperature data from the
IIASA database (Leemans & Cramer, 1990). Areas of
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rice cultivation were calculated from a vegetation map
produced by the Chinese Academy of Sciences. The
total annual CH4 emission from rice cultivation in China
was estimated in this manner to be 10 Tg CH4 yr–1.
Bachelet et al. (1995), using the same databases and
calculating CH4 emission rates using the methods of
Neue et al. (1990) and Taylor et al. (1991) in addition
to that of Kern et al. (1995), arrived at total annual
emission figures ranging from 7 to 16 Tg CH4 yr–1.

Kern et al. (1997) revised the estimates of Kern
et al. (1995) for China by taking into account manage-
ment practices (intermittent drainage and fertilizer in-
puts) and also new estimates of organic matter addi-
tion, soil drainage, and rice-growing areas. Methane
emissions from continuously flooded fields were cal-
culated using similar regression equations to those used
in their previous paper. Intermittent drainage was as-
sumed to reduce CH4 emission rates to 50% and rainfed
conditions to 40% of these values. Assuming adoption
of intermittent drainage on 33% of poorly drained soils,
CH4 emission estimates were reduced by 10% to
8.9 Tg CH4 yr–1. Reduction of organic inputs by 50%
resulted in a reduction of only 3% to 9.6 Tg CH4 yr–1,
and the combination of 33% adoption of intermittent
drainage and 50% reduction in organic inputs gave a
12% reduction to 8.7 Tg CH4 yr–1. The relatively small
responses to intermittent drainage was due to the area
of rice soils suitable for drainage being not large; on
better drained rice soils, reflooding is difficult, while
on very poorly drained soils, draining is difficult.

The problem throughout has been the correct as-
sociation of CH4 flux rates with the areas of rice pro-
duction they represent. Flux rates can vary widely even
between geographically close areas because of climate,
soil properties, duration and pattern of flooding, rice
cultivars and crop growth, organic amendments, ferti-
lization, and cultural practices (Neue et al., 1995). The
approach of using an empirical ratio between CH4 emis-
sion and NPP is limited—apart from the crop itself,
soil organic matter and applied manure are also impor-
tant sources of substrate for CH4 production.  More-
over, CH4 emission is not dependent on substrate avail-
ability alone—other factors such as the alternative elec-
tron acceptor pool, temperature, and soil water may also
have significant influences. Similarly, simple extrapo-
lation from limited field experiments is also risky, as
shown by the rapid downward revision of estimates for
China as more experimental evidence became avail-
able (Khalil et al., 1989; 1991; 1993). Attempts to take
account some of the factors causing variation in CH4

emission rates by multiple regression (Kern et al., 1995;

1997) using experimental data are a step in the right
direction, but they do not describe the processes in-
volved in CH4 production and emission, and therefore
have limitations in extrapolation to other countries and
regions.

Simulation models based on knowledge of proc-
esses and factors that control CH4 emissions, coupled
with spatial databases in a GIS environment, have been
suggested as the way forward (Neue et al., 1995), and,
indeed, the model of Cao et al. (1995b) represents a
useful contribution in this direction. The work described
in this current series of papers builds on this progress
by developing a detailed CH4 dynamics model to inte-
grate influences of climate, soil, agricultural manage-
ment, and rice growth on CH4 flux rates. In earlier pa-
pers in the series (Matthews et al., 2000a; b), we de-
scribe the development and testing of this model, which
is based on the CERES-Rice crop simulation model
(Alocilja & Ritchie, 1988) and includes a submodel
calculating the steady-state fluxes and concentrations
of CH4 and O2 in flooded rice soils (Arah & Kirk, 2000).
A third paper (Knox et al., 2000) describes the devel-
opment of spatial databases of variables for input into
the model. In this fourth paper, we describe how the
model and the databases were used together to predict
overall CH4 emissions from the countries involved in
the United Nations Development Programe project,
China, India, Indonesia, the Philippines, and Thailand,
under different crop management scenarios.

Methodology

Part III of this series (Knox et al., 2000) describes the
development of a database containing representative
values of soil pH, soil organic carbon, soil iron con-
tent, soil texture, soil water release characteristics, and
soil bulk density, for the polygons making up the five
countries included in the study (i.e., China, India, In-
donesia, Philippines, and Thailand). In general, each
polygon represented the provinces (or districts in the
case of India) in each of the countries, although in some
cases, particularly in coastal areas including islands, a
province/district may have been made up of more than
one polygon. This database was merged with rice pro-
duction statistics (areas cultivated and rice production)
for each province/district obtained from the Huke and
Huke (1997) database, with each record representing
information for a single polygon. To link this data to
the MERES crop simulation model, a ‘driver’ program
was written to take information for each polygon one
at a time, convert this into a form that the model could
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use, run the model as an external stand-alone program,
and collect and collate the relevant data  from the out-
put files produced by the model.  The following sec-
tions describe the way in which the information avail-
able for each polygon was converted into a form that
the crop model could use.

Weather station information and dates of sowing and
planting

Data on weather stations and sowing and transplanting
dates associated with each weather station were con-
tained in a separate database, with each record repre-
senting one station.  A field in the polygon database,
described above, referenced each polygon to a single
weather station as determined by the ‘nearest neighbor’
procedure described in Part III. The ‘driver’ program
matched this field to the appropriate station in the
weather station database, extracted the required station-
related data and inserted these into the appropriate part
of the model input file.

Size of the alternative electron acceptor pool

The MERES model requires an estimation of the ini-
tial concentration of the oxidized alternative electron
acceptor (AEAox, mol Ceq m-3) pool in order to calculate
the quantity of carbon from organic matter decomposi-
tion that is converted to CO2 before conditions have
reached a redox potential (Eh) sufficient for CH4 pro-
duction to occur. The concentrations of the ions involved
(NO3

–, Fe3+, Mn4+, and SO4
2-) are not contained in the

standard WISE database (Batjes, 1997), although Fe3+

concentrations were extracted from the ISIS database
(van de Ven & Tempel, 1994) and merged with the
WISE database as described in Part III of this series.
The problem remains of how to estimate the AEAox pool
concentration from this information.

Data on concentrations of the four species of ions
in 16 rice-growing soils are given by Yao et al. (1999).
From these and from a knowledge of the stoichiomet-
ric relationship between each ion and the quantity of
CO2 released, it is possible to calculate the potential
concentration of the AEAox pool in C equivalents per
unit weight of soil (mol Ceq g-1).  We assumed that the
relevant bacteria would use either 0.5 mole of NO3

–,
4 moles of Fe3+,  2 moles of Mn4+, or 0.5 mole of SO4

2-

to produce 1 mole of C in the form of CO2 from the
organic substrate. Using these values, the estimated
concentrations of the potential AEAox pool range from

26 to 117 µmol Ceq g–1 (Figure 1, y-axis), with a mean
of 53.4 µmol Ceq g–1.

The largest contributor to this potential AEAox pool
is iron, as shown by the strong relationship between
these two variables (Figure 1), with 94% of the varia-
tion of the AEAox pool concentration being explained
by variation in iron concentration. Thus, if iron con-
centration (x, µmol Fe g-1) of the soil is known, it is
possible to use the regression equation y = 0.3015 x
(Figure 1) to estimate the potential AEAox pool concen-
tration (y, µmol Ceq g-1).

Although this gives the ‘potential’ AEAox pool
concentration, the ‘effective’ pool concentration is likely
to be a proportion of this. Due to lack of any other esti-
mates of the value of this proportion, we have assumed
that 42% of the potential AEAox pool is effective in act-
ing as alternative electron acceptors for decomposition
of organic C (see Part I [Matthews et al., 2000a] for
derivation of this value). We recognize that this frac-
tion is based only on Maahas soil at IRRI, but until
more accurate information on how this proportion may
vary between soils on which rice is grown, we feel jus-
tified in using a single value.

The initial concentration of the oxidized AEA pool
(AEAox, mol Ceq m-3) was therefore estimated from the
iron concentration (Fe, g kg-1) of each soil using the
equation

AEAox = 0.3015 × (Fe/MFe) × ρ × 0.42 × ηFe (1)

where MFe  is  the  molecular  weight  of  iron
(55.8 g mol-1), ρ is the bulk density (kg m-3) of the soil,
and ηFe is a dimensionless normalization coefficient.
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-1
)
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Figure 1. Relationship between the iron content and the estimated
size of the potential oxidized alternate electron acceptor pool (AEA

ox
)

for 16 soils from China, Philippines, and Italy (analyzed by Yao et
al., 1999). The equation of the line, constrained to pass through the
origin, is y = 0.3015x (r = 0.968, n=16 P<0.001)
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The coefficient ηFe is used to normalize the Fe values
from the ISIS database to those measured by Yao et al.
(1999) upon which the model was calibrated. A value
of 0.54 for ηFe was calculated from the slope of the
regression between the  free Fe value of each of the 14
sites in China and the Philippines analyzed by Yao et
al. (1999) and the corresponding mean value (calcu-
lated as described in Part III of this series) for the prov-
ince in which each of these sites fell.

Soil water release characteristics

The saturated soil water content (θSAT), field capacity
(θDUL, drained upper limit), and permanent wilting point
(θDLL, drained lower limit) values for each soil were
calculated from the sand (SA, %), silt (SI, %) and clay
(CL, %) fractions using the pedotransfer functions given
by Cosby et al. (1984):

θSAT = 50.5 – 0.142 SA – 0.037 CL (2)
θDUL = θSAT * (0.03/Ψs)-1/b (3)
θDLL = θDUL – AWC/1000 (4)

where Ψs is the soil matric potential (MPa) at satura-
tion, b is the slope of the ln(Ψ)/ln(θ) relationship, and
AWC is the available water content (mm m-1) obtained
from the WISE database (Batjes, 1997). θDUL is assumed
to occur at -0.03 MPa. The parameters Ψs and b were
calculated as

Ψs = exp(1.54 – 0.0095 SA + 0.0063 SI)/1000 (5)
b = 3.10 + 0.157 CL – 0.003 SA (6)

Creating soil profile data for input into the MERES
model

The MERES model requires soil data to be input in the
form of a soil profile, i.e., values for each parameter at
specific soil depths.  We have assumed in each case
that the soil depth is 50 cm and that parameter values
are provided at 10-cm intervals down to this depth. Val-

ues for each of the parameters, pH, % organic carbon,
% silt, % clay, θSAT, θDUL, θDLL, and AEAox, are either
stored as, or are calculated from, mean values of vari-
ables for the topsoil (0-30 cm) and the subsoil (>30 cm)
in the WISE database. Thus, we have assigned the top-
soil values to the profile depths of 10 cm, 20 cm, and
30 cm, and the subsoil values to the 40 cm and 50 cm
depths.  In the case of bulk density (ρ) and available
water content (AWC) data which are stored in the WISE
database as single values for the whole profile rather
than as values for topsoil and subsoil, we have assumed
that these apply to all depths throughout the soil pro-
file.

Genotype parameters

Parameters for the indica genotype IR72 were used for
all areas in India, Philippines, Indonesia, and Thailand.
In China, parameters for japonica genotypes were used
– Chunjiang 06 for latitudes less than an arbitrary line
at 30.5° N (southern China) and Zhongzhuo 93 for lati-
tudes greater than 30.5° N (northern China). Values of
these parameters are shown in Table 1.

Description of scenarios simulated

For each polygon, a total of 16 different simulations
were made (Table 2). These included four scenarios:
two levels of organic amendments (0 and 3,000 kg
DM ha-1) and two levels of field drainage (either none
at all, or drainage in the midseason and at end of sea-
son). For each scenario, two seasons each year (the main
planting season and the dry season) and two rice eco-
systems (irrigated rice and rainfed rice) were simulated.

Irrigated rice ecosystems obviously have the high-
est potential to produce and emit CH4 because of as-
sured and controlled flooding, high fertilization, and
good rice growth. Irrigated rice was simulated by us-
ing the automatic irrigation option in the MERES
model, which adds water when required in order to
maintain the floodwater level at a specified value, in

Table 1. Genotype parameters of the varieties used in the simulations. See Part I of this series (Matthews et al., 2000a) for a description of
each parameter

Genotype P1 P2R P5 P2O G1 G2 G3 G4

IR72 548 0 390 12.0 46 .0250 1.0 1.0
Chunjiang 06 600 140 380 12.0 46 .0250 1.0 1.0
Zhongzhuo 93 400 60 430 12.0 46 .0250 1.0 1.0
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this case, 5 cm.  Rice production and CH4 emission in
rainfed rice ecosystems vary widely in space and time,
with rainfall within the watershed primarily control-
ling floodwater regimes with periods of droughts and
floods common during the growing season. To simu-
late rainfed rice, we assumed that the field was flooded
at the start of the season, and that any water added after
that time during the season was from rainfall only. Al-
though rainfed scenarios in the second season (normally
the dry season) were simulated (scenarios 1d-4d in Ta-
ble 2), in all cases there was little or no crop yield and
no CH4 emissions due to lack of water. In the subse-
quent analysis, therefore, these scenarios were ignored.

The two levels of organic amendments were cho-
sen to represent the two extremes likely to be applied
by farmers to give ‘best-’ and ‘worst-’ case  scenarios.
In China, recent studies have estimated a mean appli-
cation of organic fertilizers of around
1,000 kg C ha-1 season-1 (Kern et al., 1997), represent-
ing about 3,300 kg DM ha-1 season-1. Most rates of or-
ganic amendments applied by farmers in the other coun-
tries would be likely to be less than this value. The re-
lationship between level of organic amendments and
CH4 emission rates were examined in more detail in
Part II (Matthews et al., 2000b) of this series.

Similarly, the two drainage levels were again
chosen to represent the extremes of likely farmer prac-
tice to examine the sensitivity of overall CH4 emission
rates on the amount of drainage. Midseason drainage
was assumed to occur from 20 d after transplanting for
the following 14 d, and end-of-season drainage was

assumed to occur for 14 d before harvest. Again, the
effect of timing and duration of these drains was exam-
ined in more detail in Part II.

For simplicity, it was assumed that there was 5 cm
of stubble (= 820 kg DM ha-1) and 350 kg DM ha-1 of
root material left from the previous crop in each case.
The soil was assumed to be at the drained upper limit
at the start of the simulation, with incorporation of pre-
vious crop residues and any organic amendments and
flooding of the field occurring on the first day also.
Transplanting occurred 20-25 d later as determined from
the data for each weather station shown in Part III (Knox
et al., 2000). Fertilizer in the form of urea was applied
at a rate of 120 kg N ha-1 in four equal splits of 30
kg N ha-1 at 2 d before transplanting, and 15, 48, and
59 d after transplanting.

Calculating overall emissions for each country

The model simulations predicted CH4 emission rates
for each polygon in kg C ha-1 season-1. These were first
aggregated into mean values for each province or dis-
trict by summing the predicted emission rates of each
polygon weighted by its area and then dividing by the
total area of the province/district.

Overall annual emissions from each province/dis-
trict were then calculated using these mean emission
values and the data compiled by Huke and Huke (1997)
on areas of rice production in each of the main rice
ecosystems (i.e., irrigated, rainfed, deepwater, and up-
land rice). Upland rice was assumed to produce no CH4

Table 2. Description of the 16 simulations made for each polygon

Growing season Rice ecosystem Organic amendments Drainage regime
(kg DM ha-1)

1a Main Irrigated 0 None
2a Main Irrigated 3000 None
3a Main Irrigated 0 Mid- and end-of-season
4a Main Irrigated 3000 Mid- and end-of-season
1b Main Rainfed 0 None
2b Main Rainfed 3000 None
3b Main Rainfed 0 Mid- and end-of-season
4b Main Rainfed 3000 Mid- and end-of-season
1c Second Irrigated 0 None
2c Second Irrigated 3000 None
3c Second Irrigated 0 Mid- and end-of-season
4c Second Irrigated 3000 Mid- and end-of-season
1d Second Rainfed 0 None
2d Second Rainfed 3000 None
3d Second Rainfed 0 Mid- and end-of-season
4d Second Rainfed 3000 Mid- and end-of-season
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at all because it is never flooded for a significant pe-
riod (Neue et al., 1995). Tidal wetlands and deepwater
rice comprise less than 10% of the total rice-growing
area, and their CH4 emission potential may be low be-
cause of salinity and deepwater, respectively (Neue et
al., 1995). As the mechanisms involved in CH4 emis-
sions from these ecosystems are not well understood, a
constant emission rate of 98 kg CH4 ha-1 season-1 ob-
tained from the field experiments in Thailand was as-
sumed. Thus the annual emission (EA, Tg CH4 yr-1) from
a province/district was calculated as

EA = (EMiAMI + EMRAMR + E2IA2I + 98ADW) × 16/12 × 10–9 (7)

where EMI, EMR, and E2I are the mean emission rates
(kg C ha-1 season-1) calculated above for irrigated rice
in the main season, rainfed rice in the main season, and
irrigated rice in the second season, respectively, and
AMI, AMR, A2I and ADW are the areas (ha) of main season
irrigated rice, main season rainfed rice, second season
irrigated rice, and deepwater rice, respectively. The 16/
12 is to convert kg C into kg CH4, while 10-9 converts
kg into Tg.

The annual emissions from each province/district
were then summed to give an overall value for the whole
country.

Results

Spatial distributions of CH4 emissions under the
different scenarios

Maps showing the predicted spatial distribution of mean
CH4 emission rates in the five countries under the four
different scenarios are shown in Figures 2-6. Data are
the total estimated annual CH4 emission from the whole
province/district divided by its total land area. Prov-
inces or districts, therefore, which have little rice grow-
ing in them but have relatively large areas, will have
low average emission rates.

It can be seen that large areas of all countries have
relatively low mean emission rates, less than
50 kg CH4 ha-1 yr-1. The areas with higher CH4 emis-
sion rates generally reflect the areas where the most
rice is grown. As might be expected, the addition of
3,000 kg DM ha-1 of green manure increases the areas
with relatively higher CH4 emission rates, while field
drainage reduces them. The combination of organic
amendments and field drainage generally cancel each
other out, resulting in CH4 emissions close to those in
the baseline scenario.

Overall

The summary of annual emissions from the five coun-
tries is shown in Table 3. The largest emissions are from
China and India due to their large areas of rice grown,
followed by Indonesia, with lesser rates from the Phil-
ippines and Thailand.  Addition of 3,000 kg DM ha-1 of
green manure at the start of the season increased emis-
sions by an average of 128% (Table 3) although in in-
dividual countries this ranged from 74% to 259%. On
the other hand, drainage of the field during the middle
of the season and again at the end of the season re-
duced national emissions by an average of 13%, with a
range between individual countries of -10% to -40%.
The combination of adding green manure and draining
the field together resulted in an average of 86% increase
in CH4 emissions over the baseline, although this var-
ied from 15% to 176% between countries.

Discussion

Our estimates of total CH4 emissions from China, In-
dia, Indonesia, Philippines, and Thailand are generally
a little lower than most previous estimates from each
of these countries (Table 4), although they do agree
closely with those of Sass & Fisher (1997). This is dis-
cussed in more detail in the following paragraphs.

For China, our predicted emission value for the
baseline scenario of 3.73 Tg CH4 yr-1 is considerably
lower than other estimates in recent years (Table 4).
However, significant amounts of organic manures are
added to Chinese rice fields, and in many areas drain-
age during the season is practiced to restrict the num-
bers of unproductive tillers. A more realistic estimate,
therefore, is probably between scenarios 3 and 4, in
which emissions were calculated to be 8.64 and
7.22 Tg CH4 yr-1, respectively. These are only a little
lower than the value of 10 Tg CH4 yr–1 arrived at by
Kern et al (1995; 1997), who used regression equations
relating CH4 emission rates to C and N inputs and the
duration of the growing season from five field experi-
ments. However, there is  considerable uncertainty in
the average rates of application of organic manures -
Kern et al. (1995) assume organic additions of
1,000 kg C ha-1 season-1 on 25% of the rice fields, giv-
ing an average of only 250 kg C ha-1 season-1, a figure
somewhat  lower  than the value of 980 kg C ha-1 sea-
son-1 we have used in scenarios 2 and 4. On the other
hand, in a followup study, these authors obtained simi-
lar emission values of 9.8 Tg CH4 yr-1 when they as-
sumed an average of 1,070 kg C ha-1 season-1 was ap-



208

F
ig

ur
e 

2.
 M

ap
 s

ho
w

in
g 

th
e 

di
st

ri
bu

tio
n 

of
 p

re
di

ct
ed

 e
m

is
si

on
s 

(k
g 

C
H

4 
ha

–1
 y

r–1
) 

fo
r 

th
e 

pr
ov

in
ce

s 
of

 C
hi

na
 u

nd
er

 th
e 

fo
ur

 s
ce

na
ri

os



209

Figure 3. Map showing the distribution of predicted emissions (kg CH
4 
ha–1 yr–1) for the districts of India under the four scenarios
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Figure 5. Map showing the distribution of predicted emissions (kg CH
4 
ha–1 yr–1) for the provinces of the Philippines under the four

scenarios
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Figure 6. Map showing the distribution of predicted emissions (kg CH
4 
ha–1 yr–1) for the provinces of Thailand under the four scenarios
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plied as organic fertilizer (Kern et al., 1997), similar to
our value. Clearly, the constraint to more accurate esti-
mates of CH4 emissions from China is the shortage of
detailed and accurate information on rates of applica-
tion of organic manures, a factor which needs to be
addressed in future studies.

For India, our  baseline estimate of 2.14 Tg
CH4 yr-1 is again considerably lower than many of the
previous estimates, but is comparable with that of Sass
and Fisher (1997). Their estimate was based on results
from a broad measurement campaign from 1989 to 1991
covering selected rice-growing areas of India, which
indicated very low emission rates ranging from 3.4 to
5.4 Tg CH4 yr-1 (Mitra, 1992). This close agreement
between our simulated values and their measured val-
ues suggests that the extremely high percolation rates
of around 28 mm d-1 reported at some sites in northern

India (Mitra, 1999) are not typical of all rice-growing
areas throughout the whole country. Our current
simulations with MERES have assumed the percola-
tion rate to be zero in all five countries due to the lack
of spatial information on this parameter. The influence
of percolation and seepage on CH4 emissions are dis-
cussed in more detail in Part II of this series in
(Matthews et al., 2000b). However, as with China, a
large uncertainty in the estimates for India is in the rates
of application of organic material.

The figures for Indonesia also deserve further
mention. The emissions predicted in the current study
are generally lower than in previous estimates (see
Table 4), with the exception of that of Matthews et al.,
(1991). This was despite differences in the rice-grow-
ing areas used in some cases – for example, Bachelet
and Neue (1993) use an area of 79,440 km2 compared
with the figure of 110,000 km2 we have used from the
Huke and Huke (1997) database.  Closer examination
indicated that several regions in Indonesia had signifi-
cant fractions of peaty soils — Histosols with around
35% organic carbon (OC) and Andosols with 10% OC.
Many of the Histosols are in the low-lying coastal plains
of Sumatra (Bridges, 1997), Kalimantan, and other is-
lands.  The high %OC in these soils would suggest that
emission rates should be high due to the greater supply
of methanogenic substrate from mineralization of this
peaty organic matter. However, the average iron con-
tent of these soils was also the highest of all the five
countries (see Part III, Knox et al., 2000), indicating
the presence of a large AEAox pool which would offset
the effect of the higher %OC levels in terms of CH4

production. Our predicted mean rate of CH4 emissions
for the irrigated main season under each scenario of
99.5-299.3 kg CH4 ha-1 season-1 is well within the range

Table 3. Predicted annual CH
4
 emissions (Tg yr-1) from each of the

five countries in the study. Scenarios are (1) baseline scenario: con-
tinuous flooding and no organic amendments, (2) continuous flood-
ing + 3000 kg DM ha-1 as green manure, (3) field drainage and no
organic amendments, (4) field drainage + 3000 kg DM ha-1 green
manure. Details of each scenario are given in the text.

Scenario
Country Rice area (km2)

1 2 3 4

China 323,910 3.73 8.64 3.35 7.22
India 424,947 2.14 4.99 1.88 4.07
Indonesia 110,088 1.65 2.87 1.00 1.90
Philippines 36,205 0.14 0.50 0.12 0.39
Thailand 96,442 0.18 0.42 0.14 0.32

TOTAL 991,591 7.83 17.42 6.49 13.90
% change
  from baseline 128 -13 86

Table 4. Comparison of annual CH
4
 emissions (Tg yr-1) from China, India, Indonesia, Philippines, and Thailand predicted in recent studies.

Areas shown are from the Huke & Huke (1997) database and may vary slightly from published values in individual studies. Estimates indicated
as Matthews et al. (1991), Taylor et al. (1991) and Neue et al. (1990) are those modified by Bachelet & Neue (1993) to account for soil CH

4

emission potential.

Reference China India Indonesia Philippines Thailand

Rice area (km2) 321,449 428,545 79,439 25,464 92,366

Matthews et al. (1991) 14.92 21.68 2.90 0.99 4.10
Taylor et al. (1991) 13.46 18.35 4.81 1.14 4.73
Neue et al. (1990) 14.71 14.54 3.54 0.82 2.24
Khalil & Shearer (1993) 23.0 15.3 6.2 1.2 4.7
Cao et al. (1996) 12.3 14.4 4.7 - 2.9
Sass & Fisher (1997) 15.0 4.2 3.5 0.51 4.62

Current study 3.35-8.64 1.88-4.99 1.00-2.87 0.12-0.50 0.14-0.32
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of 90-440 kg CH4 ha–1 season–1 values measured by
Husin et al. (1995). Estimates of CH4 emission rates in
previous studies—445 kg CH4 ha–1 season–1 (Bachelet
& Neue, 1993) and 520 kg CH4 ha–1 season–1 (Cao et
al., 1996)—would appear to be somewhat high.

For Thailand, our estimates of 0.14-0.42 Tg CH4

yr-1 were lower than previous estimates, including those
of Sass and Fisher (1997). Closer examination showed
that this was due to the large area there of main-season
rainfed rice—about 84% of total rice area (Huke &
Huke, 1997). The predicted emission rates from these
areas were very low (scenario averages: 4.0-
20.6 kg CH4 ha–1 season–1) because of intermittent rain-
fall during this season allowing aeration of the soil be-
tween rainfall events. The iron contents of soils in Thai-
land are not excessively high (Knox et al., 2000), so
these low emission rates do not seem to be due to the
presence of a large AEAox pool. Previous studies have
not been able to explicitly take into account the effect
of intermittent rainfall on CH4 production and may have
overestimated CH4 emission rates from these areas.

The current study provides a new approach in that
it uses a crop model to estimate several of the compo-
nents of the CH4 flux—the contribution of the rice plant
itself (rhizodeposition), which previously was estimated
from aboveground biomass data alone (e.g., Huang et
al., 1998), and on the length of the growing season,
previously estimated from crop calendars (e.g.,
Matthews et al., 1991). Nevertheless, the results of the
present simulation study depend on the many assump-
tions built into the model used and the quality of the
data used as input. In the case of the MERES model,
many of the relationships describing the behavior of
the processes involved in CH4 emissions have been
derived from a limited number of experiments, some
in laboratory conditions, and are, therefore, not fully
tested, particularly for field conditions.  The rate of root
exudation, for example, is based on one laboratory ex-
periment and needs further testing under a wider range
of conditions, including in the field if possible.  There
is also considerable uncertainty in the root death rate
—this is currently estimated as a constant 2% d–1 of the
root biomass present, but despite it giving reasonable
estimates of rhizodeposition, little measured data exist
to support this value. We have also assumed that the
rate of substrate supply for the methanogens from fer-
mentation is not a limiting factor (i.e., that all substrate
available on a given day is consumed within that day).
While this assumption does seem to produce realistic
behavior in terms of the pattern of CH4 emissions over
the season, independent confirmation is needed. The

transmissivity of the plants to gaseous movement of
CH4 and O2 is also an estimate and is assumed in the
current model to remain constant throughout the sea-
son, although there is evidence to suggest that this is
not the case (Nouchi et al., 1990).

For the soil, a major uncertainty is in the estima-
tion of the initial oxidized alternative electron acceptor
pool. There does seem to be a strong correlation be-
tween the free iron content of the soil and the potential
size of this AEA pool, but it is unclear what fraction of
this potential size is active in accepting electrons from
the breakdown of organic matter, thereby suppressing
CH4 production. We have used a value of 42% based
on estimates from the Mahaas soil at IRRI in the Phil-
ippines, but further work is clearly needed to see if this
is a general one for all soils. The large variability in
many of the quantitative soil characteristics (e.g., soil
organic matter levels, discussed by Batjes, 1997) is also
another source of uncertainty in the soil data. Never-
theless, despite these uncertainties, we feel that this
approach of estimating the influence of the soil quanti-
tatively is an improvement on that of Bachelet & Neue
(1993) in which the CH4 emission potential of different
soils was estimated somewhat subjectively.

Another major area of uncertainty is the quantity
of organic fertilizer applied to rice fields. In terms of
green manure, this is probably only of significance in
China, but previous crop residues may also be an im-
portant source of C for methanogenesis, such as in some
areas of the Philippines where 30-40 cm of stubble may
be left and subsequently incorporated. The main prob-
lem is that data on organic amendments to rice fields
are scarce, although globally the trend appears to be
declining (Neue et al., 1990).  Wen (1984) estimated
the average use of rice straw in Chinese rice agricul-
ture at 3,300 kg DM ha–1 yr–1 and the sum of pig, cat-
tle, and human wastes at about 5,000 kg DM ha–1 yr–1.
Using the % C data provided, this represents the appli-
cation of a total of about 3,400 kg C ha–1 yr–1, or for
two crops a year, about 1,700 kg C ha–1 season–1. Cao
et al. (1995a) estimated that about 30% of the crop
biomass was returned to the soil in some way or an-
other, either through straw or animal or human excreta.
Assuming an aboveground biomass production of
around 15,000 kg DM ha–1 season–1, this represents
about 1,800 kg C ha–1 season–1, similar to the value cal-
culated from Wen (1984). Kern et al. (1995) used na-
tional N fertilizer production to estimate the likely re-
quirements for N from organic fertilizer and calculated
that a mean value of only 250 kg C ha–1 season–1 needed
to be added, considerably lower than other estimates.
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Bachelet et al. (1995) use the same approach. The low
values for organic amendments used in these two stud-
ies may explain the lower overall CH4 emissions
(~10 Tg CH4 yr–1) they obtained for China compared
with others.  Kern et al. (1997) present estimates of
organic amendments ranging from 465 to 2,075
kg C ha–1 season–1, with an average across provinces of
1,075 kg C ha–1 season–1. Thus, there is a considerable
range in the estimated level of organic fertilizers ap-
plied. The value of 3,000 kg DM ha–1 season–1

(~1,000 kg C ha–1 season–1) we have used in the present
work is midway between the two extremes described
and close to the mean of the Kern et al. (1997) esti-
mates.

In our study, we have used the province or dis-
trict as the unit of resolution as this was the level at
which rice growing statistical data were available (Huke
& Huke, 1997). Similarly, we have aggregated all of
the input data to this level, despite some of them exist-
ing at finer levels of resolution.  The quantitative soil
data, for example, are available for individual soil units,
of which there were many in a province.  It can be ar-
gued that it might have been preferable to simulate CH4

emissions from each soil unit, and aggregate  the model
output to the province/district level rather than aggre-
gating the input data, but due to the large increase in
computing time required for this approach, we feel jus-
tified in our approach.  Current simulations for all four
scenarios, two seasons, and two rice ecosystems require
nearly 50 h of continuous running on a 300 MHz desk-
top computer. Simulating at the soil unit level would
require some 20 times this amount.

The sparseness of weather data sites in some
countries is also cause for some concern; large areas in
both India and China, for example, are represented by
only a few stations.  While an attempt was made to
stratify these areas into agroecological zones, it is not
known to what extent weather conditions are homoge-
neous within a zone. Comparison of changes in differ-
ent countries but the same AEZ (e.g., zone 8 in both
China and India) suggests that there could be signifi-
cant variability in climate within a designated zone.
However, until more high-quality weather data become
available to enable a more detailed coverage, estimates
based on current data cannot be more accurate.

Nevertheless, despite these limitations, we feel
that the current study marks significant progress in the
estimation of CH4 emissions from rice fields in the Asian
region. In total, the source strength of the five coun-
tries, which comprise about 70 % of the global rice area,
ranged from 6.49 to 17.42 Tg CH4 yr-1, depending on

the crop management scenario used. There has been a
general decline in the size of the estimated emissions
from a high value of 280 Tg CH4 yr-1 in 1978 (Ehhalt &
Schmidt, 1978).  As noted by IPCC (1992), there was
clearly an overestimation of the source strength of rice
fields in the early studies.

An important output of the project has been the
synthesis from other existing databases of an extensive
database for the region of quantitative soil characteris-
tics important in influencing CH4 emissions. It is also
the first study of its kind to employ a detailed process-
based model integrating the crop and soil processes
important in the production and emission of CH4. This
approach allows an evaluation at the field, national, and
regional levels of the effects of various crop manage-
ment strategies on mitigation of CH4 emissions, of
which we have only considered two—the use of or-
ganic amendments and of field drainage during the sea-
son. However, the use of simulation models and spatial
databases to upscale measurements made in field ex-
periments to higher levels in this way is an evolving
science, and we hope that this study can be used as a
baseline for future studies, in which some of the cur-
rent limitations are addressed, so that increasingly bet-
ter predictions can be made.
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Abstract

Estimates of global methane (CH4) emissions, to which rice cropping systems contribute significantly, are uncer-
tain. The variability and uncertainty of variables governing emission rates and the sensitivity of emissions to these
variables determine the accuracy of CH4 emission estimates. A good tool for quantification of sensitivities is a
process-based model. This paper describes a model that has been validated previously by experimental data. Vari-
ability and uncertainty in processes and variables underlying CH4 emissions are reviewed and the sensitivities of
modeled CH4 emission estimates for process variables are tested. The sensitivity analysis is carried out for two
sites in the Philippines at which CH4 emissions have been measured for several years. The sensitivities of the
model are compared with measured sensitivities, both as a function of input parameters. The model sensitivity
analysis shows that the system is not sensitive to mechanisms of CH4 production or the pathway of gas transport
through the plant. Methane emissions are very sensitive, however, to the description of substrate supply (both from
the soil and from organic fertilizers). Unfortunately, this description also represents a main uncertainty. Uncer-
tainty in CH4 emission estimates will thus remain large as long as this process is not well quantified.

Introduction

Methane (CH4) is one of the principal greenhouse gases
and accounts for 15-20% of the radiative forcing added
to the atmosphere (Houghton et al., 1996). Rice fields
contribute 9-30% to global CH4 emissions (Houghton
et al., 1996; Matthews et al., 1991). Estimates of global
CH4 emissions from rice fields differ largely depend-
ing on approaches, techniques, and databases used for
extrapolation. Lelieveld et al. (1998) estimated 80 ± 50
Tg yr–1 using atmospheric chemistry models and tropo-
spheric CH4 distribution. Upscaling of field measure-
ments generally indicate lower source strengths, in the
range of 50 ± 20 Tg yr–1 (Neue, 1997).

One of the principal causes for uncertainties in
global estimates results from the large intrinsic spatial
and temporal variability in CH4 emissions. Over the
past 15 yr, numerous field experiments identified mag-
nitude, temporal pattern, and controlling factors of CH4

emissions from rice fields (this issue; Denier van der
Gon and Neue, 1995a; Nouchi et al., 1994; Wassmann

et al., 1996). The large number of data that has become
available from these experiments is of great value for
improved understanding of the variability in CH4 emis-
sions. The data show, among other things, that the vari-
ability in CH4 emissions cannot be described by a sim-
ple relationship between CH4 emissions and environ-
mental variables (Walter et al., 1996). This is attributed
to the dynamic (diurnal and seasonal) and non-linear
interactions between the processes underlying CH4

emissions.
It is therefore beneficial to link the available data

on CH4 emissions to knowledge of the underlying proc-
esses, i.e. through a mathematical model. In recent
years, a number of models of CH4 emissions from rice
fields have been published. Some models are empiri-
cal (Hosono & Nouchi, 1997; Huang et al., 1998), which
can be problematic in view of the nonlinear interac-
tions and number of fitted parameters, leading to a loss
in extrapolation reliability. Other models (Arah &
Stephen, 1998; van Bodegom et al., 2000; Cao et al.,
1995) are process-based models. They vary in the pur-
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poses for which they were developed and in the degree
of mechanistic detail included.

Although most models can reproduce the patterns
of CH4 emissions at one experimental site with reason-
able accuracy, their potential for simulating emissions
at other sites remains unknown. This potential depends
on the variability and uncertainty of variables and proc-
esses on a process level and, in the next step, on the
sensitivity of real systems and of models for those vari-
able or uncertain processes.

The objectives of this paper are i) to review the
variability and uncertainty in processes and variables
underlying CH4 emissions, ii) to quantify the sensitiv-
ity of a model for such variability and to compare the
model sensitivity with the real sensitivity where possi-
ble, and iii) to determine the uncertainties in the range
of CH4 emissions.

The sensitivity analysis is based on a process-
based model, fully described below. Arguments for this
model, validation with field experiments and analysis
on model structure are in van Bodegom et al. (2000).
Other process-based models that easily link parameters
with measured entities can be used as well for such an
analysis and will be mentioned when relevant. For the
model sensitivity analysis, two sites, Maligaya (MA94)
and Los Baños (LB97), both in the Philippines, were
chosen to determine the responses to variable changes.
At both sites, CH4 emissions have been measured for
several years (this issue; Corton et al., 1995; Wassmann
et al., 1994; 1996) and soil characteristics, management
and temperature are known (Table 1). The analysis com-
prises two steps. First, a sensitivity analysis of CH4

emissions varying one single variable independently is
presented. The effects of a variable on emissions are

analyzed and compared with literature. Secondly, the
relative sensitivity of modeled CH4 emissions for indi-
vidual variable changes is determined for both sites.
The accuracy to which the model is able to reproduce
and predict encountered CH4 emissions at different ex-
perimental sites can be assessed from a combination of
the relative importance and information on uncertainty
in variables.

Model description

Methane emissions from rice fields are strongly influ-
enced by the presence of the root system. The model
incorporates this explicitly and distinguishes a
rhizosphere and a bulk soil compartment. The processes
involved in emissions—described from the moment of
flooding onward—take place independently in both
compartments (a flow diagram is given in Figure 1). In
the mathematical description of the processes, it is at-
tempted to combine simple process descriptions, while
maintaining the most important characteristics of the
processes. This is done to avoid excessively high data
demand and to allow a future linkage to geographic
information systems for scenario analysis.

Dynamics of compartment contribution

The model calculates the extent of the rhizosphere com-
partment in time from actual root length density (RLD)
(in m m–3), which is empirically related to maximum
root length density (RLDmax) (in m m–3) based on data
by Beyrouty et al (1988), Drenth et al. (1991), Kang et
al. (1995), Slaton et al. (1990), and Teo et al. (1995):

RLD = for RLD < RLDmax

RLD = . e–kmor(time’ – time’mor)
for RLD ≥ RLDmax (1)

in which the time’ is the relative time (time divided by
the length of the growing season) and rgr (dimensionless
relative growth rate), K ((RLDmax-RLDt=0)/RLDt=0), kmor

(dimensionless relative mortality rate of the roots) and
time’mor (relative time at which roots start to die) are
empirical constants (Table 2). The logarithm of RLDmax

is empirically related to the logarithm of aboveground

Table 1. Site characteristics of experimental stations in the case study

Los Baños Maligaya

Soil organic carbon
  content (%)   1.86   1.21
Dithionite extractable
  iron (%)   2.27   1.15
Clay (%) 43 59
Silt (%) 44 33
Average seasonal
  temperature (°C) 26.5 29.6
Rice cultivar IR72 IR72
Yield (t ha-1)   5.4   5.2
Fertilizer addition (kg ha-1) Urea 150 Urea 120, solophos 40,

KCl 40

RLD
max

1+K.e–rgr.time’

RLD
max

1+K.e–rgr.time’
mor
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biomass, based on data by Drenth et al. (1991), Tanaka
et al. (1995), and Teo et al. (1995).

From the actual root length density, the distance
between roots (root_dist) (in m) is calculated, assum-
ing that all roots exchange gases and that roots are ran-
domly distributed through the puddled soil by (based
on Ogston, 1958):

root _dist = (2)

The fraction of the soil dominated by the
rhizosphere (F_rhizosphere) is equal to

F_rhizosphere = (3)

in which rhizo_dist is the estimated extent of the
rhizosphere around a single root (Table 2).
F_rhizosphere cannot become larger than one and is
zero in the absence of plants. The fraction of the bulk
soil is one minus F_rhizosphere. This description of
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the rhizosphere compartment is an extension of the
model in van Bodegom et al. (2000) in which was as-
sumed that optimal plant growth occurred, so that al-
most all CH4 is emitted via the plant at RLDmax.

Process dynamics within the compartments

In both compartments, carbon substrates are produced
by anaerobic mineralization, Pmin, and fertilizer decom-
position (from organic fertilizers and stubble incorpo-
ration), Pfert, both in mol C m-3 s-1. The production rates
are adapted from Yang (1996), assuming that substrates
are consumed directly after release:

Pmin = Cmin . (1-Smin) . Kdmin .e–k
dmin

.time and Kdmin = Rmin . time–S
min (4)

Pfert = Cfert . (1-Sfert) . Kdfert .e–k
dfert

.time and Kdfert = Rfert . time–S
fert (5)

in which Cmin is the soil organic carbon pool and Cfert is
the amount of organic fertilizer added or stubble incor-
porated  (both in mol C m-3). Rmin (in sSmin-1), Rfert (in
sSfert-1), Sfert (-) and Smin (-) are empirical parameters (Ta-
ble 2).

In the rhizosphere, additional substrates are pro-
vided by root exudation, Pexu (in mol C m-3 s-1), described
by a Gaussian curve:

Pexu = Bexu + Aexu .exp (–0.5 .((time’–time’max)/σ)2) (6)

in which Bexu (baseline exudation), Aexu (maximum in-
crease in exudation above the baseline), time’max (rela-
tive time of maximum exudation), and σ (spread of exu-
dation in relative time) are empirical constants (Table
2). Root decomposition, Proot, described by a first-or-
der decay rate (in mol m-3 s-1) also only occurs in the
rhizosphere:

Proot = Kdroot .(pool of dead roots) (7)

in which Kd,root is the relative decomposition constant
for roots (Table 2) and pool of dead roots (in mol m-3)
changes in time under influence of root mortality and
root decomposition.

All available substrate is consumed directly ei-
ther by methanogens or by other anaerobic bacteria
using alternative electron acceptors. Oxygen concen-
trations in the rhizosphere are low (Frenzel et al., 1992)
and it is assumed that these concentrations are too low
to affect CH4 production directly or to cause substan-
tial electron acceptor reoxidation or aerobic respiration
under flooded conditions. Therefore, NO3

- is the first
electron acceptor to be reduced:

= –νNO3 .Σ Px (8a)

in which νNO3 is a stoichiometry factor for the carbon
substrate needed to reduce NO3

- and ΣPx=Pmin+Pfert or
ΣPx=Pmin+Pfert+Pexu+Proot for the bulk soil and
rhizosphere, respectively. After NO3

-, Fe(III) is reduced:

= –vFe .Σ Px (8b)

Methanogens and sulfate reducers are assumed to be
completely outcompeted with respect to their carbon
substrate by nitrate and iron-reducing bacteria, but they
compete—after NO3

- and Fe(III) disappearance—for
available substrate. The competitive strength is propor-
tional to [SO4

2-] and normalized for [SO4
2-]t=0:

               = –vSO4 . .ΣPx (8c)

                 = vCH4 . .ΣPx –CH4_transport_rate (9a)

d[Fe(III)]
dtime
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4
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dtime
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2–]
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[SO
4

2–]
t=0
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]

dtime
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3
–]
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Table 2. Model parameter values (for an explanation on the kind of
parameter, see main text)

Parameter Value Unit Reference

K 85.5 - a
rgr 13.3 - a
k

mor
1.53 - a

time
mor

0.6 - a
rhizo_dist 2.10-3 m b
R

min
1.25.10-4 s-0.415 a

S
min

0.585 - a
R

fert
5.77.10-2 s.-0.623 a

S
fert

0.377 - a
B

exu
0.85.10-6 mol m-3 s-1 a

A
exu

4.41.10-6 mol m-3 s-1 a
time

max
0.552 - a

σ 0.14 - a
K

d,root
6.5.10-8 s-1 c

τ
rhizosphere

9.103 s a
τ 

bulk
1.08.106 s a

B
oxi

0.10 - a
A

oxi
0.63 - a

k
reox

(FeS) 7.6.10-7 s-1 d
k

reox
(Fe(II)) 1.27.10-4 s-1 e

k
reox

(S2-) 5.60.10-6 s-1 e

avan Bodegom et al, 2000., bKirk et al., 1993. cSaini, 1989. dBoudreau, 1996.
eAhmad & Nye, 1990; Cappellen & Wang, 1996; Murase & Kimura, 1997;
Ratering & Conrad, 1998
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ping season (Witt et al., 1999). N reoxidation is thus
neglected. Sulfate is reduced to sulfide that precipitates
with ferrous iron. The precipitate first formed is amor-
phous FeS (Lord and Church, 1983; Rickard, 1975). In
principle, this can react to pyrite, FeS2, but the reaction
rate frequently takes years at low reduced sulfur con-
centrations (Luther et al., 1982; Rickard, 1975) and this
reaction was thus neglected. Reoxidation of FeS is
described by first-order kinetics (Table 2). The amount
of sulfide and ferrous iron that can be reoxidized is cor-
rected for the precipitation of FeS, but emission of H2S
is neglected. An average kreox for sulfide and ferrous
iron was used in all simulations (Table 2).

Reoxidation is described independently of aero-
bic mineralization rates during drainage and CH4 pro-
duction stops at aerobic conditions. Aerobic minerali-
zation rates are thus not important, in contrast to anaero-
bic mineralization rates upon reflooding. Anaerobic
mineralization may be higher than before the aerobic
conditions by an increased availability of organic
substrates that are difficult to mineralize anaerobically
(Cabrera, 1993; Inubushi & Wada, 1987), or lower by
increased depletion of the organic matter pool during
aerobic conditions. The sum of CO2 and CH4 release in
a rice soil was hardly affected after reflooding (Ratering
& Conrad, 1998). Therefore, no change in anaerobic
mineralization rate was included.

With the onset of soil drying, not all soil is di-
rectly aerobic. The aerobic fraction of the soil (in which
e-accred can be reoxidized, while anaerobic processes
continue in the anaerobic fraction) increases propor-
tionally to the square root of time by evapotranspiration
(Stroosnijder, 1982). It is estimated that the puddled
layer is completely aerobic after 6 d (average from
Kirchhof & So, 1996). This approach neglects variabil-
ity between soils and heterogeneities due to soil struc-
ture and might overestimate drying and rewetting ef-
fects.

Sensitivity analysis of system and model

In this section, the model sensitivity is compared with
that of the real system. In some cases, quantitative in-
formation on system sensitivity is known, so that a di-
rect comparison can be made (on the influence of ap-
plication of straw or sulfate fertilizer and of drainage).
In other cases, only qualitative trends are known (on
the change in contribution of different carbon substrates
or on transport characteristics) and the quantitative
model sensitivities are compared with these trends. Fi-
nally, there are cases that only model sensitivities can

After all alternative electron acceptors have been re-
duced, all substrate is converted by methanogens:

=vCH4  .ΣPx  –CH4_transport_rate (9b)

Produced CH4 is transported to an aerobic/anaerobic
interface; root surface (rhizosphere compartment) or
soil-water interface (bulk soil compartment):

CH4_transport_rate = (10)

The transport time coefficient, τ, the average time be-
tween production and the moment of reaching the in-
terface, differs for the rhizosphere and the bulk soil
(Table 2). If the field is dried (e.g., at the end of the
season), gas transport via the soil matrix becomes in-
creasingly faster, described by a decrease in the trans-
port time coefficient (van Bodegom et al., 2000).

Part of the transported CH4 is oxidized at the aero-
bic/anaerobic interface. The fraction that is oxidized at
the soil-water interface is constant (37%, van Bodegom
et al., 2000). In the rhizosphere, the oxidation fraction
changes during the season as root activity—and thus
root oxygen release—changes during the season. This
change in activity is described by equation 6 with a
different ‘B’ and ‘A’ value (Table 2). Non-oxidized CH4

is released to the atmosphere.
For the purpose of the sensitivity analysis, a de-

scription for alternating aerobic/anaerobic periods was
added to the model. The changes in transport of gases
under influence of soil drying are already described
above, but changes in CH4 production and processes
leading to CH4 production occur as well if aeration
changes. These changes were newly incorporated in the
model. With drainage, reduced alternative electron ac-
ceptors (e-accred) are reoxidized. Reoxidation rate
(reoxi_rate) (in mol m-3 s-1) is described by first-order
kinetics:

reoxi_rate = kreox . [e–accred] (11)

in  which  kreox  is  the relative reoxidation constant (in
s–1). Equation 11 assumes that oxygen is not limiting
the reoxidation rates at aeration. Not all e-accred will be
reoxidized. Nitrate is reduced to NO/N2O/N2 that is as-
sumed to be emitted and thus not available for
reoxidation. During the anaerobic phase, ammonia is
formed by anaerobic mineralization. This ammonia and
the nitrate formed by aerobic mineralization during
drainage are, however, taken up by the plant and nitro-
gen concentrations are around zero during the rice crop-

[CH
4
]

τ

d[CH
4
]

dtime
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be calculated (on CH4 oxidation, influence of yield and
of reducible iron).  If the model strongly reacts to these
variables, experiments will be needed for verification.
Confidence in the model is obtained if it reacts simi-
larly as the real system in the first two cases. This helps
to accept the nonverified model results from the third
case. The relational diagram (Figure 1) forms the basis
to organize this section.

Carbon substrate production

Methane can only be produced if carbon substrate is
available. In rice soils, the most important carbon
sources are soil organic matter mineralization, decom-
position of organic fertilizers (like straw), stubble in-
corporation, root exudates, and root decay. The contri-
bution of each of the sources changes during the sea-
son, but quantitative information on the different con-
tributions is scarce. Figure 2 shows the modeled car-
bon production rates in case of a well-performing high-
yielding variety (IR72) and a stubble incorporation of
15% of the aboveground plant biomass. In other field
settings, the contributions may deviate from these find-
ings as root development, and thus root exudation and
root decay, depends on cultivar, nutrients, redox stress,
and soil type. At the moment it is not possible to incor-
porate such changes more refinedly in a model, due to
the lack of quantitative information. Organic fertiliza-
tion (by rice straw) and soil organic matter mineraliza-
tion contribute most to the available substrate pool, es-

pecially during the first half of the season (Figure 2).
This was also found by Nugroho et al. (1997). We will
thus focus on these two sources.

It is generally found that the application of rice
straw leads to higher CH4 emissions. The available data
on the effects of rice straw addition are summarized in
Figure 3a/b. Such data have been used to derive a lo-
gistic curve for the relative increase in CH4 emissions
vs straw application (Denier van der Gon & Neue,
1995a; Watanabe et al., 1995a), but a mechanistic ex-
planation for such a curve was not given. The model
(Figure 3c, default) produces a roughly linear increase
from 0 to 10 t of rice straw, which means that a faster
exhaustion of alternative electron acceptors, causing the
site differences, only has a minor influence. Straw ap-
plication will also affect other processes than organic
matter supply. These other effects contributed consid-
erably to the overall effects of straw application
(Watanabe et al., 1998) and include the influence of
straw on rice crop performance. Nugroho et al. (1994;
1996; 1997) found positive biomass effects at low straw
additions of 5 t ha–1, while Sass and Fisher (1995) and
Kludze and Delaune (1995a) reported rice biomass de-
creases at straw additions of 11-22 t ha–1. The negative
effects might be explained by an inhibition of crop
growth due to the accumulation of fermentative prod-
ucts (Bedford & Bouldin, 1994; Drenth et al., 1991)
and N immobilization. If we include effects on rice
biomass changes in the sensitivity analysis (Figure 3c,
indirect) — simplified to a parabolic curve with a maxi-
mum at 5 t ha–1 and no change at 10 t ha–1—then
modeled data are still in the upper range of the experi-
mental data (Figure 3b). This means that there are
clearly more adverse interactions between rice plant and
straw than were accounted for, especially if more than
10 t straw ha–1 is applied. Possible other interactions
are changes in root oxygen release, plant carbon sup-
ply, or root morphology.

The characteristics of the soil itself also influ-
ence the amount of CH4 emission. The important fac-
tors are 1) the amount of alternative electron acceptors,
2) the rate of transport within the soil, and 3) the amount
of available substrate (soil organic C content, Table 1;
Cmin in equation 4). The (hypothetical) influence of to-
tal soil organic matter contents is presented in Figure
4a by imposing different levels of this parameter. If all
other parameters remain constant, the influence of this
parameter on the model outcome is very large and de-
pends on the amount of alternative electron acceptors
present. The finding, however, may be directly related
to the anaerobic mineralization model itself, although

Time (d after flooding)
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1

0
0 25 50 75 100 125

Carbon substrate production rate
(mol m-3 of a compartment d-1)

Soil mineralization

Straw decomposition

Root exudation

Root decomposition

Figure 2. Modeled change in contribution of different processes to
carbon substrate production in MA94 during the season. In the
rhizosphere, all processes occur, while in the bulk soil compart-
ment, only soil mineralization and straw decomposition occur
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Figure 4. Influence of soil organic matter dynamics on seasonal CH
4

emissions, via an imposed hypothetical variation in (a) total organic
carbon content and (b) texture (via the protection of soil organic
matter). Measured values in organic matter contents at the two sites
are marked

several models seem to be equally valid based on the
scarce data (van Bodegom et al., 2000). Anaerobic min-
eralization processes are thus a very important uncer-
tainty for predictive CH

4
 emission models.

In some models (Huang et al., 1997; 1998), soil
texture is also taken into account. Texture may affect
diffusion of CH

4
 (which will be addressed below) or of

carbon substrates. Diffusion limitations would ulti-
mately lead to substrate accumulation, which has never
been found in field studies. Soil texture, in particular
clay particles, may also protect soil organic matter
against breakdown (e.g., Hassink & Whitmore, 1997).
Quantitative descriptions on the influence of increased
protection on Rmin and Smin are unknown. Therefore, this
texture influence on CH

4
 emissions was tested with a
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different mineralization model, which leads to a new
equation 4 for soil organic matter mineralization:

Pmin = Cmin . (Ffast . Kfast .e–K
fast 

.time + (1–Ffast) .Kslow .e–K
slow

.time) (4’)

in which Ffast is the fraction of the organic matter pool
that is assigned to the fast pool (-) and Kfast and Kslow are
the decomposition constants (s–1) of the fast pool and
the slow pool, respectively.

An increased protection will lead to a decrease
in mineralization rates for the slow pool. This effect of
texture was estimated from Parton et al. (1987), assum-
ing that the slow pool in the two-compartment model
is the same as the recalcitrant and lignin material pool
in Parton et al. (1987):

Kslow = Kdefault .(1–0.75* (fractionclay+silt)) (12)

Kfast and Kdefault were calibrated using texture and soil
mineralization data from anaerobic soil incubations (van
Bodegom et al., 2000). Kslow for other textures can thus
be calculated using equation 12 and means that the
higher clay+silt content, the smaller becomes Kslow. This
influence of texture via soil organic matter dynamics
on CH4 emission estimates is very large, as presented
in Figure 4b by imposing different percentage of
(clay+silt). The trends in Figure 4a,b are similar to the
ones found in a correlative study (Huang et al., 1997).

Methane production

Methanogens, the bacteria producing CH4, mainly use
acetate as a carbon substrate, but other substrates like
H2/CO2 and formate contribute 10-30% to CH4 produc-
tion (Achtnich et al., 1995a; Chin & Conrad, 1995;
Rothfuss & Conrad, 1993). This contribution is less than
the theoretical 33% valid for methanogenic systems
(Gujer & Zehnder, 1983). Homoacetogens, converting
H2/CO2 to acetate, might thus play a role in modifying
the carbon flow. Besides the carbon substrate produc-
tion, other conditions have to be fulfilled to produce
CH4.

The methanogens have to compete for the avail-
able substrates with other anaerobic bacteria, namely
nitrate, manganese, ferric iron, and sulfate reducers.
Bacteria using organic electron acceptors (Lovley et
al., 1996) do not seem important in mineral rice soils
(van Bodegom & Stams, 1999). The competition for
carbon substrates in general follows thermodynamic
rules: nitrate reducers outcompete the other anaerobic
bacteria for the substrates. In practice, nitrate reducers

are of minor importance, however, because nitrate con-
centrations are low in rice soils. All nitrate is thus re-
duced within a few hours (van Bodegom & Stams, 1999;
Achtnich et al., 1995b; Westermann & Ahring, 1987).
Ferric iron reducers are also able to maintain acetate
and H2 concentrations below concentrations that can
be metabolized by sulfate reducers or methanogens
(Lovley & Phillips, 1987). These bacteria suppress
sulfate reduction (Jakobsen et al., 1981) unless the
amount of carbon substrate is not limiting (Lovley &
Phillips, 1986; 1987). The thermodynamic characteris-
tics of sulfate reduction are not very different from CH4

production. The affinity of sulfate reducers for H2 is
higher than the affinity of methanogens (Kristjansson
et al., 1982) suppressing methanogens (Achtnich et al.,
1995b). The differences in affinity for acetate are much
smaller (Oude Elferink et al., 1994) and CH4 produc-
tion and sulfate reduction can occur simultaneously
(Achtnich et al., 1995a). Other anaerobic bacteria can
influence CH4 production also through specific inhibi-
tors such as NO, N2O, or H2S. The inhibition by NO
and N2O occurs already at low concentrations
(Balderston & Payne, 1976; Klüber & Conrad, 1998),
while the effects of inhibition by sulfide are small
(Kristjansson et al., 1982; Winfrey & Zeikus, 1977).

All these interactions were expressed in the model
by an outcompetition of methanogens by nitrate and
ferric iron reducers and a competition with sulfate re-
ducers (eq. 8,9), which is a close approximation for the
competition for acetate. The influences of initial ferric
iron (determined by dithionite extractable iron, Table
1) and sulfate concentrations (mainly determined by
fertilization, i.e. ammonium sulfate) on CH4 emissions
are presented in Figure 5. As in Figure 4, we impose a
fictive variation of one soil parameter, for conditions
of both field experiments. Iron reduction, the dominat-
ing reduction process in soils (Inubushi et al., 1984),
inhibits CH4 production severely. At a given iron con-
tent, CH4 emissions are higher for the soil with the
higher soil mineralization (MA) (Figure 5a). Decreas-
ing the anaerobic phase in rice soils, e.g. through dry
seeding, decreases the period over which CH4 can be
produced, while increasing the relative importance of
iron reduction. With a large effect of iron on CH4 emis-
sion, one can also explain some very high Q10 values
found for CH4 production (Segers, 1998). With an in-
crease in temperature, soil mineralization and thus CH4

production are stimulated not only directly, but alter-
native electron acceptors are depleted faster as well. If
one corrects for this indirect effect, the temperature ef-
fects on CH4 production come in a normal range for
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biological processes. The effects of sulfate additions
are much smaller. This is consistent with field data that
show no CH4 emission reduction (Wassmann et al.,
1993) or a reduction of 20-30% (Schütz et al., 1989a).
If it is assumed that H2 is the dominating substrate for
methanogens, then sulfate reducers will also outcompete
the methanogens. This alternative assumption in the
model hardly changes the outcome (Figure 5b).

Some models (Cao et al., 1995) relate CH4 pro-
duction to redox potential (Eh) and pH, which are in

reality highly correlated (Tsutsuki and Ponnamperuma,
1987). Eh and pH do not seem good parameters for
process-based models, as discussed elsewhere (van
Bodegom et al., 2000). Only if pH<6.0, pH effects may
occur. This might explain why urea application nor-
mally has no effect on CH4 emissions (Nugroho et al.,
1994; Wassmann et al., 1993), while urea application
decreased CH4 emissions in incubation experiments at
application rates higher than 500 mg N kg–1 soil (Yang
& Chang, 1998). Extreme salinity may also lead to a
decreased CH4 production (Denier van der Gon & Neue,
1995b), but this is not accounted for in any model.

Methane transport

Produced CH4 is transported via aerobic interfaces,
where CH4 oxidation takes place, to the atmosphere.
There are four ways to transport CH4: leaching, diffu-
sion through the soil, transport via the plant and
ebullition. High percolation rates reduce CH4, emissions
significantly (Yagi et al., 1998) and will have to be con-
sidered in future models. Methane diffusion through
the soil is a very slow process and hardly contributes to
CH4 emissions (Rothfuss & Conrad, 1993; Schütz et
al., 1989b). The diffusion of CH4 via the plant (in the
rhizosphere compartment), which depends on root den-
sity, is the most important transport pathway to the at-
mosphere. On average, ebullition (in the bulk soil com-
partment) only contributes 10-20% to the seasonal CH4

emission (Byrnes et al., 1995; Nouchi et al., 1994;
Schütz et al., 1989b). In case CH4 production is high at
the start of the season (e.g. due to organic fertilization),
the seasonal contribution of ebullition can be up to 60%
(Denier van der Gon & Neue, 1995a; Wassmann et al.,
1996). This difference can be understood from the con-
ceptual ideas presented in the model.

Gas transport through rice plants is, contrary to
other wetland plants, by diffusion and not by convec-
tion. In turn, CH4 production does not show a short-
term influence of photosynthetic activity (Denier van
de Gon & Neue, 1995a; Wassmann et al., 1994), wind
speed, humidity, light (Frenzel et al., 1992), transpira-
tion (Byrnes et al., 1995), or radiation (Lee et al., 1981).
Gases (both CH4 and oxygen) exchange with the soil at
the tips of roots (Flessa & Fischer, 1992; Kumazawa,
1984), but quantitatively little is known about the frac-
tion of the root surface that is active in gas exchange.
The gases are transported via the aerenchyma of root
and shoot (affected by the porosity) and exchange with
the atmosphere through special micropores in the shoot
(Nouchi & Mariko, 1993). For the quantitative under-
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standing of the flow, it is more important to know the
largest resistance, which is probably at the root-shoot
transition (Butterbach-Bahl et al., 1997). Quantitative
data on this resistance are scarce, but probably this re-
sistance will change during the season as root oxygen
release and root morphology change during the sea-
son. The mechanism of transport through this transi-
tion is not known nor it is known if there is a transport
interaction between tillers of one rice plant. The effects
of those uncertainties might be small as the model
showed hardly any influence of the transport time co-
efficient in the rhizosphere on seasonal CH4 emissions
(Figure 6a). In this simulation, it was assumed, how-
ever, that CH4 oxidation in the rhizosphere was inde-
pendent of transport. In reality this may not be the case
as both processes are diffusion-related. The influence
of transport rates in the rhizosphere on CH4 oxidation
is much larger in models that link these processes (e.g.,
Arah & Stephen, 1998).

The mechanisms of ebullition, gas transport via
gas bubbles, are even less understood. Qualitatively,
one might think of a mechanism in which there is al-
ways an equilibrium between the concentration in the
soil solution and partial pressure of the gas in a bubble
(Watanabe & Kimura, 1995). If the concentration in
the soil increases, gas will be captured in bubbles as
the concentration in the soil solution is limited (depend-
ing on temperature). If the pressure of the bubbles is
larger than the combined pressure of overlying soil
structure, root network and atmosphere, then bubble
release will be triggered. From this conceptual idea, it
can be understood why Mattson and Likens (1990)
found influences of solar radiation, water temperature,
air pressure, and local water table on ebullition and why
ebullition was hardly found at cloudy or rainy days
(Nouchi et al., 1994). Quantitative models on this proc-
ess are not known. Again the effects of these uncertain-
ties in the mechanism on the prediction of seasonal CH4

emissions are small, as (hypothetical) changes in the
transport time coefficient in the bulk soil (Figure 6b),
e.g., caused by differences in soil texture or root den-
sity, hardly influence seasonal CH4 emissions.

Transport time coefficients in bulk soil exceed
those in the rhizosphere by several orders of magni-
tude (Table 2). From the combination of transport times
per compartment and the seasonal changes in contribu-
tion of the compartments, the trends in conductance
(Hosono & Nouchi, 1997) and in CH4 residence times
(Kimura & Minami, 1995; Watanabe & Kimura, 1995)
during the season can be calculated and understood.

The transport time coefficient hardly influences
seasonal CH4 emissions (Figure 6), but it changes the
variation of emissions within the season (results not
shown). Diurnal patterns may be related to fluctuations
in ebullition and root oxygen release(results not shown).
Ebullition may be the main factor, because 1) the mag-
nitude of the diurnal fluctuations is highest at the start
of the season, when rice plants are small (Denier van
der Gon & Neue, 1995a; Husin et al., 1995); 2) diurnal
amplitudes are much higher in unvegetated plots than
in vegetated plots (Nouchi et al., 1994); and 3) diurnal
patterns of CH4 emissions are correlated with tempera-
ture (Sass et al., 1991b) and ebullition is triggered by
temperature changes, while plant-mediated transport is
hardly influenced by temperature. The influence of tem-
perature might also be indirect: at a higher tempera-
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ture, CH4 production is stimulated, leading to an in-
crease in CH4 concentration in the soil. This increased
concentration might again trigger ebullition. Neue et
al. (1997) identified CH4 concentration as a controlling
factor for the diurnal patterns. If this indirect mecha-
nism is indeed important, then some additional influ-
ence due to the plant might be expected, e.g. by diurnal
changes in root exudation and root oxygen release.
Unfortunately, there are no data available on these ef-
fects, but they may explain the differences in diurnal
pattern between rice varieties found by Husin et al.
(1995). As ebullition is not modeled mechanistically in
CH4 emission models, quantification of the factors de-
termining diurnal patterns remains difficult.

When floodwater recedes and the soil falls dry,
all CH4 captured in the soil is released via the air-filled
pores that are formed in the drying process (Denier van
der Gon et al., 1996; Wassmann et al., 1994). The flush
of methane is larger after a longer period of CH4 pro-
duction, as more CH4 has been stored (Watanabe &
Kimura, 1995). Similar effects occur by physical dis-
turbances like cultural practices (Neue et al., 1997). Due
to aerobic conditions developed by the disappearance
of floodwater, the soil (and its electron acceptors)
reoxidizes as well, resulting in suppressed CH4 produc-
tion after reflooding the soil. These negative effects on
CH4 emissions are larger than the flushing effects if the
period of drainage is long enough. Midseason drainage
has therefore become an effective mitigation option to
decrease CH4 emissions. A good timing of (hypotheti-
cal) drainage is important to obtain an optimal result
(Figure 7), whereas the number of dry periods appears
to be less important (results not shown). The modeled
effects of drainage (Figure 7) are similar to what has
been encountered experimentally (Sass et al., 1992;
Nugroho et al., 1994; Yagi et al., 1996). The
simplifications made in the model to describe
reoxidation processes hardly influenced CH4 emission
estimates, as can be seen from the small effects of ne-
glecting FeS formation and oxidation (Figure 7).

Methane oxidation

At the aerobic interfaces, CH4 can be oxidized in the
soil by CH4-oxidizing bacteria, methanotrophs. There
are two types of CH4 oxidizing activity: high affinity
(at low CH4 concentrations) and low affinity (at high
CH4 concentrations) (Bender & Conrad, 1992). For the
study of CH4 oxidation in wetlands, high affinity CH4

oxidation does not need to be considered (Segers, 1998).

Figure 7. Effects of (a) timing of midseason drainage and (b) length
of midseason drainage at 64 DAT, on top of a final drainage on
modeled CH4 emissions, using the data set of MA94 only. Calcula-
tions were carried out with and without straw application and with
and without a correction for the formation and oxidation of FeS. The
situation with no intermediate drainage is marked
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Low affinity CH4 oxidation may in principle occur
anaerobically and aerobically. In the first case, CH4

oxidation may be coupled to nitrate, ferric iron or sulfate
reduction. However, there is no evidence available that
CH4 oxidation coupled to nitrate reduction occurs in
wetlands. Nedwell and Watson (1995) could not show
sulfate reduction to be coupled to CH4 oxidation in
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wetlands. Murase and Kimura (1994) and Miura et al.
(1992) found a concurrence of a depletion of CH4 and
an accumulation in ferrous iron in rice subsoil and in-
terpreted this as a coupled ferric iron reduction/CH4

oxidation. Other interpretations are however also pos-
sible. No enrichments or kinetics of anaerobic meth-
ane oxidizers in rice fields are known.

If we restrict our considerations to aerobic CH4

oxidation, then two sites for oxidation can be distin-
guished: the rhizosphere and the soil-water interface.
At the soil-water interface, CH4 oxidation is confined
to 70-95% of the produced CH4 (e.g., Banker et al.,
1995; Schütz et al., 1989b). This small range indicates
that the presence or absence of the oxygen produced
by algae does not have a large influence on CH4 oxida-
tion. Oxidation at the soil-water interface is bypassed
by ebullition.

The rhizosphere represents a far more dynamic
system with many more uncertainties. Oxygen is re-
leased into the rhizosphere by root oxygen release
(ROL), which is again influenced by root respiration
and root transport resistances. The ROL changes diur-
nally (Satpathy et al., 1997), during the season (Satpathy
et al., 1997), with cultivar (Wang et al., 1997; Kludze
et al., 1994), with nutrient conditions (Kludze &
Delaune, 1995a, b) and with Eh (Kludze et al., 1993).
Moreover, the estimate for ROL highly depends on the
used methodology (Sorrell & Armstrong, 1994). The
oxygen input is thus very variable and uncertain.

The released oxygen is not only used by the
methanotrophs. Part of the oxygen is used for the chemi-
cal and bacterial reoxidation of reduced compounds and
for heterotrophic respiration of low-molecular organic
compounds (Ponnamperuma, 1972; Watson et al.,
1997). The contribution (and its dynamics) of the dif-
ferent processes to oxygen consumption is not known,
but it is known that methanotrophic activity is affected
by salinity (Denier van der Gon & Neue, 1995b), NH4

+

(Conrad & Rothfuss, 1991), and elevated pH and CaCO3

(King et al., 1990). Another complicating factor is that
the aerobic zone moves through the soil (due to the
combination of root growth and oxygen consumption).
Bacterial activity will have to cope with this dynamics.
This may result in growth of methanotrophs as the
number of methanotrophs is higher in the rhizosphere
than in the bulk soil (Gilbert & Frenzel, 1995;
Kumaraswany et al., 1997) and increases during the
growing season (Gilbert & Frenzel, 1995; Watanabe et
al., 1997). It also may result in a limited mortality as
mortality rates of methanotrophs are low at small oxy-

gen and CH4 availability (Roslev & King, 1994; Le Mer
et al., 1996). Quantitative data on such adaptations are
scarce. Finally, it is not certain whether CH4 oxidation
takes place in the rhizosphere or in the roots of the rice
plant (as methanotrophs were found inside the roots
(Gilbert et al., 1998)). Apart from mechanistic uncer-
tainties, there are several uncertainties in the measure-
ment of CH4 oxidation, as discussed by Frenzel and
Bosse (1996) and King (1996). All these uncertainties
make the prediction of CH4 oxidation rates extremely
difficult.

The effects of all these uncertainties on the esti-
mation of CH4 emissions can be quite considerable as
is shown by the model sensitivity of CH4 emissions to
hypothetical variation of this estimate (Figure 8). This
clearly needs further attention. The sensitivity on CH4

oxidation moreover depends on the time in the season
that most CH4 release occurs.

Rice plant influence on the processes

The above analysis shows the major importance of rice
plants for CH4 emissions, via its root system, exuda-
tion, oxygen release, and root-shoot resistance. These
effects have been integrated in correlative models be-
tween CH4 emissions and plant parameters, namely
yield, total rice biomass, root density, plant height and
shoot length. The results are however ambiguous.
Watanabe et al. (1994) found a correlation between
emission and shoot length, while Lindau et al. (1995)
found no correlation between plant height and CH4

emission. Sass et al. (1990) correlated CH4 emission
and aboveground biomass, while such a correlation was
absent in the study of Watanabe et al. (1995b). Nouchi
(1990) found a correlation between the number of till-
ers and methane emissions, while Denier van der Gon
and Neue (1996) did not find such a correlation. The
reason for these different results is that there are differ-
ent influences of the plant on CH4 release. Those influ-
ences will lead to nonlinear results and will moreover
change during the season and with different conditions.
This model can investigate some of those influences.
Other interactions can better be explained by a fully
mechanistic approach, like the one presented by Arah
and Stephen (1998). An example of an interaction that
changes with the conditions is given in Figure 9. In the
first scenario, it is assumed that a constant aboveground
biomass fraction equivalent to 30% of the yield (Table
1) is incorporated into the soil, which is a common, but
unrealistic, assumption in global CH4 emission esti-



243

mates. In such a scenario, the organic matter supply
dominates CH4 emission changes, leading to an almost
linear response with yield. In the second scenario, it is
assumed that the farmer incorporates the same amount
of stubble (e.g., by cutting the rice at a certain constant
height) independent of the yield obtained. In both sce-
narios, the presence of rice plants stimulates CH4 emis-
sions (by providing a substrate for methanogens), but
the response is quite different for the two scenarios.

Plant variables do not only change during the
season and with conditions but also vary between vari-
eties. Differences have been found in the root oxygen
release (Kludze et al., 1994; Kludze & Delaune, 1995a;
Wang et al., 1997), in gas permeability (Butterbach-
Bahl et al., 1997), and root exudation (Kludze et al.,
1999). This leads to large effects of rice varieties on
CH4 emission (Husin et al., 1995; Lindau et al., 1995;
Nugroho et al., 1997; Sass & Fisher, 1995; Watanabe
et al., 1995b). The combined effects have been incor-
porated in the model of Huang et al. (1998) by an em-
pirical variable, the variety index. Lumping the vari-
ous effects in a single variable leads to a loss of a mecha-
nistic basis and hence to a reduction of extrapolation
beyond the range of calibration. The plant physiologi-
cal differences in gas permeability (influencing both
root oxygen release and CH4 transport) and root exu-
dation (important in soils with a low carbon content)
open possibilities for directed variety screening.

Concluding remarks

Uncertainties and variability in the knowledge on un-
derlying processes leading to CH4 emissions from rice
cropping systems were reviewed. Sensitivity of these
uncertainties and variabilities in processes on CH4 emis-
sions were investigated with a process-based model.
Model sensitivities were compared with system sensi-
tivities, as far as these were known, i.e. for the effects
of organic matter supply, drainage, and sulfate addi-
tions. In those cases, the model behaved similarly and
with a similar sensitivity as the real systems. For situa-
tions for which only trends are known (for the trans-
port characteristics and the contribution of different
carbon substrates), the model also behaved similarly.
The model thus fairly reproduces the real variability in
CH4 emissions caused by the variability in underlying
parameter values.

By plotting the relative change in CH4 emission
vs the relative change of a variable within its plausible
range, all model sensitivities can be compared (Figure
10). The figure shows great differences in sensitivities
and a large variety of linear and nonlinear responses.
The responses were different for the two soils. Due to
the high amount of reducible ferric iron in the Los Baños
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soil, this soil is more sensitive to variables influencing
CH4 production (Figure 10b). In the Maligaya soil, vari-
ables influencing carbon substrate production and CH4

production are the most important variables as well,
but CH4 oxidation is also a sensitive variable (Figure
10a). Other well-known uncertainties, like mechanisms
of CH4 production or the pathway of gas transport
through the plant do not seem to be important for the
estimation of CH4 emissions.

This analysis has two main implications. 1) The
influence of straw application on soil-plant responses
and the mechanisms of anaerobic soil organic matter
mineralization belong to the main uncertainties, and also
strongly influence CH4 emissions (as is indicated by
the influence of texture, organic C soil and straw appli-
cation). As long as these processes are not well under-
stood, the predictability and extrapolation of modeled
CH4 emissions will be limited at a field scale level and
thus at a global scale level. The uncertainty in the range

of CH4 emissions will thus remain large. 2) CH4 emis-
sions react nonlinearly to variables describing the un-
derlying processes, especially if interactions between
underlying variables are taken into account (as can be
seen from the different responses of the two soils). This
means that global emission estimates based on average
parameter values over large regions may deviate con-
siderably from the real CH4 emission. For a better glo-
bal prediction of CH4 emission, methodologies that
account for spatial variability in sensitive parameters
(like management and organic matter supply) will have
to be developed.
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Abstract
Late-season methane (CH4) emissions from flooded ricefields appear to be fueled by root exudation and death and
to be transmitted to the atmosphere largely through the plant. We present a general transport-reaction model which
accommodates these phenomena, together with a simplified (“cartoon”) version intended to reproduce the salient
features of most plant-dominated CH4-emitting systems. Our cartoon model is capable of reproducing measured
concentration profiles and fluxes. Sensitivity analysis suggests that cultivars with high specific root transmissivity
may, other things being equal, reduce rather than enhance net emission. Simulations assuming exponential growth
of the root system followed by Gaussian die-back resemble measured flux trajectories and also point to great
variability in the fraction of CH4 oxidized before it reaches the atmosphere. Air entry on drainage reduces simu-
lated CH4 fluxes and the fractions of those fluxes mediated by plants. It also increases the fraction of CH4 oxidized.

Introduction
Methane (CH4) emissions from flooded ricefields typi-
cally show a late-season peak around the time of grain
filling (Holzapfel-Pschorn et al., 1986; Schütz et al.,
1989a; Wassmann et al., 1996; Neue, 1997). The or-
ganic substrate from which that CH4 is derived presum-
ably comes from root exudation and death (Wang 1995;
H. Kludze, IRRI, 1996, pers. commun.), and most of
the CH4 emitted reaches the atmosphere via
aerenchymatous roots (Nouchi et al., 1990; Denier van
der Gon & van Breemen, 1993; Kludze et al., 1993),
part of it being oxidized en route (Schütz et al., 1989b;
Denier van der Gon & Neue, 1996). Supply by and
transport through roots must therefore be taken into
account when setting up a model to account for the late-
season peak. We present and discuss such a model, with
a view to suggesting management options and cultivar
properties which might minimize plant-derived and
plant-mediated CH4 emission.

We first describe a general transport-reaction
scheme governing the behavior of any nonadsorbed
substance which simultaneously moves through and
reacts in an effectively homogeneous soil-plant system.
We then abstract, from what little information is known
about the controlling variables of our model, a simpli-
fied description—a “cartoon” model—of a soil-plant
system which we hope captures the important features

of the plant-dominated latter period of the growing sea-
son. We examine the behavior of this model, explore
its sensitivity to the various parameters which define
it, and discuss links with dynamic crop models. The
cartoon model, in which substrate supply and root
transmissivity are both taken to be proportional to root
length density, applies only to late-season emissions;
the general model from which it is derived applies also
to the early season, where incorporated residues are the
main source of oxidizable organic substrate.

Model
Concentration profiles of nonadsorbed substrates in an
areally homogeneous system are governed by the fol-
lowing differential equation (Arah & Stephen, 1998),
where depth z is zero at the surface:

D represents diffusion through the bulk matrix; L, leach-
ing; O, root-mediated influx; P, production; Q, con-
sumption; R, root-mediated efflux; and S, ebullition.
Temperature (T) is an implicit variable in Equation 1,
influencing the instantaneous rates of all transport and
reaction processes, which nevertheless remain con-
strained by the equation. Diffusion depends on the bulk

∂y
∂t

∂
∂z

∂y
∂z

∂
∂z

= (D     )– (Ly
w
) + O + P – Q – R – S;

(0 ≤ z ≤ Z) (1)
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concentration y (z, t), leaching and consumption on the
solution-phase concentration yw (z, t), root-mediated
efflux and ebullition on the gas-phase concentration ya

(z, t). Root-mediated influx and production are inde-
pendent of y, yw and ya, though they may of course de-
pend on other properties of the system (surface con-
centrations, concentrations of other substrates, root
density profiles). D, L, O, P, Q, R, S and y are effective
areal averages at depth z and time t: they subsume within
themselves any areal heterogeneity present in the real
system.

Boundary conditions at the surface (z = 0) are
y0 (t) = y (0, t) for volatiles (2a)

= 0 for involatiles (2b)

and at the lower boundary (z = Z)

= 0 for all substrates (3)

Equation 2 simply states that the concentration
at the surface is known for volatiles, and that the flux is
zero for involatiles. Equation 3 states that the concen-
tration gradient at the lower boundary of the active layer
is zero. All symbols are defined in Table 1.

Phase conversion

The concentrations y, yw and ya are easily interconverted
assuming equilibrium between solution and gas phases
(there is no surface-adsorbed phase):

yw = αya (4)
where α is the solubility constant. Bulk concentration
is the volume-weighted sum of the phase concentra-
tions:

y = εya + θyw (5)
where ε (z, t) is the air-filled porosity and θ (z, t) the
volumetric moisture constant. Hence,

ya = ⇒ = (6)

yw = ⇒ = (7)

Whatever the forms of D, L, O, P, Q, R, and S,
Equation 1 be may solved numerically by finite-differ-
ence approximation. Both transient and steady-state so-
lutions are available, the latter being particularly attrac-
tive for volatiles, where concentration profiles may be
expected to adjust so rapidly to changes in the driving
variables as to be effectively decoupled from them.

How are the input variables D, L, O, P, Q, ,R, and
S to be generated? On what do they depend?

∂y
∂z

∂y
∂z

Table 1. Symbols used in the equations

Symbol Meaning Control Units

α Solubility constant mol m-3 water (mol m-3 air)-1

ε Air-filled porosity z
,
 t m3 air m-3

θ Volumetric moisture content z
,
 t m3 water m-3

κ Root transmissivity z, t m air m-3

D Diffusion coefficient z
,
 t m2 s-1

L Leaching rate z, t m3 water m-2 s-1

O Root-mediated influx z, t mol m-3 s-1

P Production rate z, t mol m-3 s-1

Q Consumption rate y, z, t mol m-3 s-1

R Root-mediated efflux y, z, t mol m-3 s-1

S Ebullition rate y, z, t mol m-3 s-1

t Time s
y Concentration z, t mol m-3

y
a

Gas-phase concentration z
,
 t mol m-3 air

y
s

Solution concentration z
,
 t mol m-3 water

z Depth m
Z Depth of active layer m

( )
( )

αy
w

αy( ) ( )
( )y
ε+αθ

αy
ε+αθ

αy
a

αy
1

ε+αθ
α

ε+αθ

( )
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Diffusion constant D

The diffusion constant D employed above is that for
diffusion through the bulk medium, which is the con-
centration-weighted sum of the gas- and solution-phase
diffusivities. It is conventionally calculated (Stephen
et al., 1998b) as

D = (8)

where Da is the diffusion coefficient in air and Dw that
in water. We take the tortuosity factor τ in an originally
puddled soil to be equal to unity.

Leaching L

We assume that water in the system is in a state of
pseudo-equilibrium (i.e., there is no change in storage):

L = λ (9)

where λ is the rate at which water supplied by irriga-
tion escapes through the lower boundary of the system.

Root-mediated influx O

This may be represented by some form of exchange in
which only the gas phase moves:

O = κDaya (0, t) (10)

where the transmission constant κ (z, t) is a portman-
teau variable which depends on root length density, root
tip permeability, aerenchyma conductivity, and root
configuration. It is difficult to specify exactly what fac-
tors enter into κ (z, t), but the property κ (z) is measur-
able at arbitrary time t by monitoring the rate at which
argon (Ar) moves through the system when the
headspace is replaced (Stephen et al., 1998a). Where
this has been done, κ (z) has been found to be roughly
proportional to root length density ρ (z) of
aerenchymatous plants.

Root-mediated efflux R

Similarly,

R = κDaya (z, t) (11)

The separation of root-mediated transport into an
influx term (O) and an efflux term (R) is essentially a
computational convenience. It should be clear that net
root-mediated transport depends on the difference be-
tween the gas-phase concentration ya (z,t) at depth z
and that ya (0,t) at the surface.

Ebullition S

The rate at which a particular substance is lost from
depth z through ebullition presumably depends on its
gas-phase concentration ya (z, t), so we can write

S = σya (12)

where σ (z, t) is an ebullition rate constant. No field
data exist which unambiguously point to the importance
of ebullition as a transport process, especially during
the plant-dominated later stages of the growing sea-
son. Since it is these stages we are primarily concerned
with, we take σ (z, t) to be equal to zero.

Transformation processes
Everything so far has been quite general. With appro-
priate values for α, Da, Dw, lZ, y0 and the depth profiles
ε, θ, λ and σ, Equations 1 to 12 apply whatever
nonsurface-adsorbed substance is under consideration.
We cannot retain this degree of generality when dis-
cussing specific substances and transformations. In the
case we set out to simulate here, that of CH4 produc-
tion, transport, oxidation and emission, we need to con-
sider at least two mobile substances (oxygen - O2 - and
CH4) and at least three reactions (oxic respiration, CH4

production, and CH4 oxidation):
CH2O + O2 ➝  CO2 + H2O; respiration (13)
CH2O + CH2O ➝  CO2 + CH4; methanogenesis (14)
CH4 + 2O2 ➝  CO2 + 2H2O; oxidation (15)

Oxidizable organic matter is represented in these
equations as CH2O, oxygen as O2, and methane as CH4.
There are strong reasons for seeking to include other
reactions (iron and sulfate reduction in particular) in a
comprehensive treatment of soil CH4, but stronger rea-
sons (lack of data, computational economy) exist for
leaving them out. We adopt here the minimal defensi-
ble treatment (Watson et al., 1996; Arah & Stephen,
1998). Work currently in progress examines the conse-
quences of introducing these complications.

( )1
τ

εD
a
 + αθD

w

ε+αθ

θz

θ

( )

( )
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Production P

Methanogenesis (Equation 14) is inhibited by solution-
phase O2:

PCH4 = IVM (16)

where VM (z, t) is the CH4 production potential and I (z,
t) is an inhibition function which we take to be

I = (17)

where ywO2 is the solution-phase O2 concentration and
η is an inhibition efficiency constant.

No reaction produces O2:

PO2 = 0 (18)

Consumption Q

Methane is consumed by oxidation (Equation 15),
which follows dual-substrate Michaelis-Menten kinet-
ics:

QCH4
 = V0 (19)

where VO (z, t) is the oxidation potential and KCH4 and
KO2 are Michaelis constants.

Oxygen is consumed by respiration (Equation 13)
and oxidation (Equation 15), the latter requiring two
molecules of O2 per molecule of CH4. We assume
Michaelis-Menten kinetics:

QO2 = VR + 2QCH4
(20)

where VR (z, t) is the respiration potential and KR ,a
Michaelis constant.

Reaction potentials

The reaction potentials VM (z, t), VO (z, t), and VR (z, t)
are the rates at which methanogenesis, CH4 oxidation,
and aerobic respiration would proceed in situ were all
enzymes saturated with the necessary substrates. They
depend on in situ enzyme concentrations and thus on
in situ microbial populations. They change over time.
Our cartoon model seeks to represent these changes as
simply as possible.

Methane-oxygen model

Given the constant parameters of Table 2 (adapted from
Arah & Stephen, 1998, ignoring differences in solubil-
ity and diffusion constant between CH4 and O2 in the
interest of simplicity), equations 1-20 can be solved to
provide transient or steady-state O2 and CH4 concen-
tration profiles y, reaction rates P and Q, and surface
fluxes J for any combination of the controlling vari-
ables ε, θ, κ, λ, σ, VM, VO, and VR. Steady-state surface
fluxes J are simply equal to the difference between pro-
duction P and consumption Q integrated over the depth
(0-Z) of the system (minus any losses due to leaching,
here set equal to zero); root-mediated fluxes are equal
to the difference between efflux R and influx O again
integrated over 0-Z. Nonsteady-state (transient) surface
fluxes are not reported here.

Where, as is usual, one or more of the control-
ling variables may be further simplified, approximated,
or neglected, process-based simulation of CH4 emis-
sion becomes possible using a relatively limited set of
input data.

Cartoon model

In abstracting our cartoon model system, we assume
the following:
1. The soil is saturated and air-filled porosity exter-

nal to roots is negligible (ε = 0 m3 air m–3);
2. Moisture content is uniform with depth (θ = 0.8

m3 water m–3);
3. Leaching is negligible (lZ = 0 m3 water m–2 s–1);
4. Root transmissivity is proportional to root length

density ρ (z, t) with proportionality constant kT (i.e.,
λ = kT ρ; Stephen et al., 1998a);

5. Ebullition is negligible (σ = 0 s–1);
6. Oxidation potential is constant (VO = 5×10–5 mol

m–3 s–1; unpubl. data, IRRI 1996);

( )1
1 +ηy

wO2

y
wCH4

K
CH4

 + y
wCH4

y
wO2

K
O2

 + y
wO2

( )y
wO2

K
R
 + y

wO2

Table 2. Model parameter values

Symbol Value Units

α 0.03 mol m-3 water (mol m-3 air)-1

D
a

10-5 m2 air s-1

D
w

10-9 m2 water s-1

η 400 m3 water mol-1

K
CH4

0.44 mol m-3 water
K

O2
0.33 mol m-3 water

K
R

0.22 mol m-3 water
y

aCH4
 (0,t) 7.5×10-5 mol m-3 air

y
aO2 

(0,t) 8.9 mol m-3 air

( ) ( )
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7. Methane production potential is proportional to
respiration potential (VM = VR / 50; unpubl. data,
IRRI, 1996);

8. Respiration potential is proportional to root length
density ρ with proportionality constant kV (i.e., VR

= kV ρ; unpubl. data, IRRI 1996);
9. Root length density ρ (m root m-3) is normally dis-

tributed with depth, with maximum value ρmax at
depth zmax, and standard deviation equal to zmax / 2:

ρ = ρmax exp   –2 (21)

“Standard” values, denoted by superscript 0, of the pa-
rameters ρmax, zmax, kT and kV are given in Table 3. These
values are defined in order subsequently to explore the
consequences of departure from them.

Assumptions 1-9 are merely ad hoc
simplifications introduced in order to define a standard
system with characteristics we can explore. Where pos-
sible, they are founded on experimental data (largely
conducted at IRRI, otherwise at the Institute of Terrestial
Ecology Edinburgh). We do not take them to be uni-
versally applicable. They can and should be overrid-
den wherever measured data are available. Our aim here
is to examine the behavior of one type of system de-
fined by Equations 1-20, that type being characterized
by assumptions 1-9, not to lay claim to a general de-
scription of what must occur in all rice fields. Some of
the assumptions (1-3, 5) are insignificant or relatively
uncontroversial; others (7-9) depend on an underlying
supposition that root-mediated processes dominate. The
specific values of assumption 4 and Table 3 derive from
incubations conducted at IRRI (data not shown) and
experiments (on root transmissivity in peat) conducted
at ITE and elsewhere (Stephen et al., 1998a; b). We
have no grounds for assuming these values to be gen-
eral. Most of what follows explores the consequences
of their not being so.

Results

Snapshot

Figure 1 illustrates steady-state CH4 and O2 concentra-
tion profiles and Figure 2 shows reaction rates within
the standard soil-plant system defined by equations 1-
21 and assumptions 1-9.

Sensitivity analysis

What if the assumed transmissivity factor kT and the
substrate supply factor kV are allowed to vary? Figure 3
indicates the consequences for simulated steady-state
CH4 flux JCH4 of altering these factors while holding
everything else constant; the abscissa is k’T = kT / kT

0,
the ordinate k’V = kV / kV

0. Figure 4 shows the same
thing for the plant-mediated flux fraction φCH4 (plant-
mediated flux / total flux), Figure 5 for the CH4 oxida-
tion fraction ξ (CH4 oxidized/CH4 produced) and Fig-
ure 6 for the maximum simulated CH4 concentration
ymaxCH4.

Time course

We represent the development of the rice root system
over the course of a 100-d growing season as follows:

= ; (t ≤ tf); zmax = zf ; (t > tf) (22)

= ; (t ≤ tf); = exp  – ;(t > tf) (23)

Table 3. Standard cartoon model parameter values

Symbol Value Units

ρ
max

0 104 m root m-3

z
max

0 0.1 m
k

T
0 10-6 m air m-1 root

k
V

0 10-8 mol m-1 root s-1

0

10

20

30

40

50
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Figure 1. Simulated steady-state CH
4
 and O

2
 concentrations in
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Figure 2. Simulated steady-state CH
4
 and O

2
 reaction rates in

“standard” cartoon model
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Figure 6. Sensitivity analysis of cartoon model: effect on steady-
state maximum CH

4
 concentration ymaxCH4

 (mol m-3) of varying
supply factor k

V
 and transport factor k

T
. Normalized factors k′

V
 and

k′
T
 are divided by the standard values indicated in Table 3
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Figure 7. Root-length density profiles ρ (m root m-3) generated by
developmental model

Table 4. Developmental model parameter values.

Symbol Value Units

r
0

102 m root m-3

r
f

104 m root m-3

z
0

0.01 m
z

f
0.1 m

t
f

70 d
s

t
200 d

Equation 22 represents an exponential increase in mo-
dal rooting depth (zmax in assumption 9) from a starting
value of z0 to a final value zf at time tf. Equation 23
represents a similar but faster increase in modal root
length density ρmax over the same period, followed by a
Gaussian-type decline as roots senesce and are lost. Both
zmax and ρmax increase over time from starting values z0

and ρ0 to maxima zf = zmax
0 and ρf = ρmax

0 at time tf after
which they decline. Values for the developmental pa-
rameters z0, zf, ρ0, ρf, tf and σt are given in Table 4. Again,
we make no claim for the generality of Equations 22-
23 or the parameter values in Table 4; the idea is merely
to provide a simple description of root growth which
looks reasonable and allows us to explore the proper-
ties of the system thereby defined.

Figure 7 illustrates the development of the root-
length density profile ρ defined by Equations 21-23.
Reaction potentials VM and VR and root transmissivity
λ are all proportional to ρ. Figure 8 illustrates the cor-
responding steady-state CH4 concentration profiles yCH4

calculated assuming the standard values of the substrate
supply and root transmissivity factors kV and kT given
in Table 3.

Figure 9 illustrates steady-state CH4 fluxes JCH4

calculated for a range of kV and kT values indicated on
the graph, and Figure 10 the corresponding CH4 oxida-
tion fractions ξ.

Figures 11-12 illustrate the impact of a small de-
gree of air entry on the system properties illustrated in
Figures 9-10. In these simulations, the air-filled poros-
ity ε is set at 0.01 m3 air m-3 throughout; nothing else is
changed.

Normalized transport factor k′
T

Normalized supply factor k′
v
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Discussion

Simulated concentration profiles and reaction rates in
the standard cartoon model (Figures 1 and 2) seem rea-
sonable. Net O2 flux (consumption) JO2

 is 460 µmol m–

2 h–1, net CH4  flux  (emission)  JCH4
  is  480  µmol  m–2

h–1, plant-mediated O2 flux fraction φO2 is 0.84, plant-
mediated CH4 flux fraction φCH4

 is 0.97, and the frac-
tion ξ of CH4 oxidized prior to emission is 0.13. These
are all credible numbers.

Figure 3 indicates that, everything else being
equal, increasing the substrate supply factor kV leads to
an increased CH4 flux JCH4, while increasing the
transmissivity factor kT reduces JCH4. This latter, per-
haps counter-intuitive, effect reflects the fact that trans-
port through roots allows O2 into the system as well as
CH4 out. Enhanced O2 concentrations in the rhizosphere
inhibit methanogenesis and promote oxidation, and the
combined effect of these two processes more than com-
pensates for the greater ease with which CH4 can es-
cape.

Figure 4 indicates, unsurprisingly, that the frac-
tion φCH4 of the CH4 flux transmitted through the plants
increases as root transmissivity increases and decreases
as substrate supply increases.

Figure 5 shows that the fraction ξ of CH4 pro-
duction which is oxidized before reaching the atmos-
phere is a sensitive function of kV and kT. Increasing kV

reduces ξ, presumably because the oxidation potential
VO is held constant in these simulations and increased
production simply overwhelms the oxidation capacity;
increasing kT enhances ξ where transmissivity is low
and reduces it where transmissivity is high, presum-
ably reflecting the intricate balance between the twin
effects of O2—inhibiting CH4 production and promot-
ing CH4 oxidation (and thereby anaerobiosis, and
thereby CH4 production).

Figure 6 is included to indicate those regions in
which the cartoon model becomes untenable. Methane
saturation occurs at around 1 mol m-3, implying that
simulations in the upper left-hand corners of Figures
3-5 are physically implausible. What must occur under
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VM and λ are all proportional to ρ, but other relation-
ships are possible.

Figure 8 shows simulated steady-state CH4 con-
centration profiles driven by the developing root length
density profiles illustrated in the previous figure and
the standard values for kV and kT. The details of the fig-
ure are confusing, indicating the limitations of the
graphical interpolation routine. Nevertheless, the gen-
eral pattern is clear. There is an increase in yCH4

 in the
root zone around tf, but the increase is much less marked
than that for ρ itself (compare the contour-line scales
in Figures 7 and 8). Simulated CH4 concentrations do
not approach saturation; increased transmissivity miti-
gates the effects of increased substrate supply.

The CH4 fluxes JCH4 illustrated in Figure 9, for ρ
as in Figure 7 and various values for kV and kT, indicate
that the cartoon model presented here can reproduce a
wide range of fluxes. They also demonstrate the
nonlinear nature of the system described by Equations
1-20. Increasing substrate supply (kV) by a factor of 2
can lead to a CH4 flux JCH4 enhanced by a factor of 5 or
more; increasing transmissivity (kT) leads to CH4 emis-
sions reduced roughly proportionally.

Figure 10 illustrates the variability over the sea-
son of the fraction ξ of CH4 oxidized prior to emission.
This suggests that it may not be acceptable to assume a
constant value for ξ, as is common.

The degree of air entry invoked in Figures 11-12
(ε = 0.01 m3 air m–3) is undetectable by normal meth-
ods. Nevertheless, even so small a gas phase has sig-
nificant (and explicable) effects on JCH4, φCH4 and ξ. In-
creased O2 penetration into the system inhibits CH4 pro-
duction and promotes CH4 oxidation, leading to much
lower simulated CH4 fluxes and higher oxidation frac-
tions (ξ can exceed unity where the system as a whole
consumes more CH4 than it produces). As diffusive
transport through the bulk medium becomes faster, the
plant-mediated route becomes less significant. All these
trends become more marked as ε increases (simulations
not shown).

Conclusions

Our cartoon model of CH4 production, transport, oxi-
dation, and emission seems to be able to simulate ob-
served late-season CH4 emission events satisfactorily
(e.g., Neue, 1997). It takes as input the soil physical
properties θ (volumetric moisture content) and ε (air-
filled porosity), both routinely simulated in ecosystem
models, and relates its other driving variables (VR, VM,
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such conditions (high kV, low kT) is ebullition, which
we earlier (assumption 5) arbitrarily set equal to zero.
This assumption can easily be altered.

Figure 7 shows how root length density ρ devel-
ops according to Equations 21-23 and the parameters
of Table 4. The general pattern looks credible; actual
values may readily be substituted where available. In
any case, what really matters to the model is not ρ but
the reaction potential profiles VR and VM and the
transmissivity profile λ, all of which must change in
some way as rooting patterns develop. In these
simulations, we adopt the simplest assumption that VR,
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λ) to the root length density ρ (which is also simulated
within a number of ecosystem—or crop—models).
Optimization of the proportionality constants kV and kT

against suitable databases should allow this model to
be incorporated within larger scale models.

We do not need to optimize kV and kT against any
particular data set, however, in order to draw the fol-
lowing conclusions from our model: for any given root
length density profile, (i) cultivars with high specific
substrate supply rates will lead to enhanced CH4 emis-
sions; (ii) cultivars with high specific transmissivities
will reduce CH4 emissions; and (iii) drainage leading
to  even  so small an air-filled porosity as 0.01 m3 air
m–3 can reduce CH4 emissions practically to zero. Fur-
ther, the fraction ξ of CH4 oxidized before it reaches
the atmosphere is not a constant—it depends critically
on the root length density, and thus varies throughout
the season.

The late-season plant-mediated peak in CH4 emis-
sion does not always dominate. There is often an early-
season peak dominated by ebullition as a transport proc-
ess and by transient consumption of a finite pool of
incorporated residue as a substrate supply (e.g., Yagi &
Minami, 1990; Wassmann et al., 1996). Such phenom-
ena can readily be incorporated within our general
modeling scheme, especially where an intermediate
oxidant (nitrate, soluble ferric iron, or sulfate) is intro-
duced. This work is in hand (Matthews et al., this is-
sue).
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Abstract

In this paper, we review the process-level studies that the authors have performed in rice fields of Texas since 1989
and the development of a semi-empirical model based on these studies. In this model, it is hypothesized that
methanogenic substrates are primarily derived from rice plants and added organic matter. Rates of methane (CH4)
production in  flooded rice soils are determined by the availability of methanogenic substrates and the influence of
climate, soil, and agronomic factors. Rice plant growth and added carbon control the fraction of CH4 emitted. The
amount of CH4  transported from the soil to the atmosphere is determined by the rates of production and the
emitted fraction. Model calibration against observations from a single rice-growing season in Texas, USA, without
organic amendments and with continuous irrigation demonstrated that the seasonal variation of CH4 emission is
regulated by rice biomass and cultivar type. A further validation of the model against measurements from irrigated
rice paddy soils in various regions of the world, including Italy, China, Indonesia, Philippines, and the United
States, suggests that CH4 emission can be predicted from rice net productivity, cultivar character, soil texture,
temperature, and organic matter amendments.

Introduction

Atmospheric methane (CH4) is recognized as one of
the most important greenhouse gases. Methane, with
some 15-30 times greater infrared-absorbing capabil-
ity than CO2 on a mass basis, may account for 20% of
anticipated global warming (Rodhe, 1990). The con-
centration of atmospheric CH4, currently at 1.73 ppm,
has been increasing at a rate of about 1% yr–1 but re-
cently has slowed to approximately 0.5% yr–1 (Steele
et al., 1992) and may be approaching a near steady state
(Dlugokencky et al., 1998). The current burden of CH4

in the atmosphere is approximately 4,700 teragrams (1
Tg=1012 g). Recent estimates suggest an annual global
CH4 emission of approximately 550 Tg with 375 Tg
from anthropogenic sources. The contribution from rice
agriculture is estimated to range from 20 to 100 Tg with
an average of 60 Tg (Denier van der Gon, 1996).

Many reports over the past decade have given
the magnitudes of the sinks and sources for CH4. Natu-
ral and agricultural wetlands have received particular

attention because of their importance in global balances,
inverse modeling, and tracer studies. Studies of the last
several years have provided a wealth of information on
the in situ processes and environmental controls of trace
gas production and exchange, but they have done little
to reduce the uncertainty in regional and country esti-
mates of the exchange. Advances are needed in how to
meaningfully scale measurements from point sources
to a regional or larger scale. A first step in scaling field
measurements to a regional or global scale is the de-
velopment of predictive models based on process and
environmental factors. In this paper, we review the proc-
ess-level studies that the authors have performed in rice
fields of Texas since 1989 (Sass & Fisher, 1997) and
the development of a semi-empirical model based on
these studies (Huang et al., 1998a). Rice fields, rather
than natural wetlands, were studied because they pro-
vide an appropriate system to begin to address these
ends. They are primarily composed of a single plant
variety; can be tightly managed with respect to key
variables such as planting times, flooding, and fertili-
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zation, and further, rice agroecosystems are widely dis-
tributed throughout many of the world’s climate zones.

Model rationale and hypotheses

The processes involved in CH4 emission from flooded
rice fields to the atmosphere include CH4  production
in the soil by methanogens, CH4 oxidation within oxic
zones of the soil and floodwater by methanotrophs, and
vertical transport of the gas from the soil to the atmos-
phere.

Methane is produced in the terminal step of sev-
eral anaerobic microbial degradation chains. The meta-
bolic pathways leading to CH4 production include fer-
mentation of methylated compounds and CO2 reduc-
tion with molecular hydrogen (Takai, 1970; Conrad,
1989; Ferry, 1993). Acetate fermentation has been esti-
mated to account for 50-90% of the CH4 produced in
rice fields (Burke & Sackett, 1986; Schütz et al., 1989a;
Thebrath et al., 1992; Rothfuss & Conrad, 1993). The
amount of CH4 produced in flooded rice soils is prima-
rily determined by the availability of methanogenic
substrates and the influence of environmental factors.
The sources of organic carbon for methanogenic
substrates are primarily rice plants via root exudation,
root senescence, and plant litter (Holzapfel-Pschorn et
al., 1986; Schütz et al., 1991; Kludze et al., 1996) or
added organic matter for fertilization (Schütz et al.,
1989a; Yagi & Minami, 1990; Sass et al., 1991; Cic-
erone et al., 1992; Denier van der Gon & Neue, 1995).
Emissions from soil organic carbon mineralization have
been reported from other studies (Holzapfel-Pshorn, et
al., 1986) but were essentially unobserved in Texas stud-
ies (Sass et al., 1990; Tyler et al., 1997). In these stud-
ies, control plots in unplanted fields generally showed
little or no CH4 emissions until short-term bursts of CH4

were observed late in the season. These emissions were
attributed to carbon sources from weeds and/or algal
blooms in the floodwater developing at that time. The
total seasonal CH4  emissions from unplanted plots av-
eraged less than 4% of emissions from plots planted to
rice. The lack of emissions from soil organic carbon
may be due to the management of the Texas fields. In
general, they were fallow the season before experimen-
tal use and were kept fairly aerated during that time by
plowing and disking to reduce weed crop formation.
Also, these experimental soils are low in organic car-
bon (approximately 1.5%). In applying the model to
emissions from China (Huang et al., 1998b), the model
was modified in terms of emission calculations from

the late crop of double cropping situations. This modi-
fication was done to take into account residual soil or-
ganic carbon remaining from the first crop. The analy-
sis is essentially the same as that which would be re-
quired in the general case of soil organic carbon from
areas of high soil organic carbon.

The environmental factors affecting CH4 produc-
tion include soil texture (Neue et al., 1994; Sass et al.,
1994), climate (Schütz et al., 1990; Sass et al., 1991),
and agricultural practices, such as water regime and
management (Inubushi et al., 1990a,b; Sass et al., 1992;
Lewis, 1996; Yagi et al., 1996).

Plant-mediated transport is the primary mecha-
nism for the emission of CH4  from rice fields, with ap-
proximately 90% of CH4 transported to the atmosphere
through the aerenchymal system of the rice plants (Cic-
erone & Shetter, 1981; Holzapfel-Pschorn et al., 1986;
Schütz et al., 1989b). Under high organic fertilization,
ebullition can play a significant role in CH4 transport.
Although ebullition does not appear to be significant
in Texas soils, the model is not dependent on the spe-
cific mode of CH4  transport.

The rice aerenchymal system not only transports
CH4  from the flooded rice to the atmosphere but also
promotes the movement of atmospheric oxygen into
the rhizosphere supporting root respiration and  CH4

oxidation (De Bont et al., 1978; Conrad & Rothfuss,
1991; Gerard & Chanton, 1993).

Experimental basis for the model

Simulation model equations

With an understanding of the processes of CH4 produc-
tion, oxidation, and emission, it is hypothesized that
the rate-determining step in the process is that of CH4

production with a time lag between production and
emission of less than 3 h (Sass et al., 1991). Daily rates
of CH4 production in flooded rice soils are primarily
dependent upon the availability of carbon substrates
from rice plants and added organic amendments and
influenced by the temperature, texture, and redox state
of the soil. The emitted fraction of CH4 is then deter-
mined by the extent of bacterial oxidation of the pro-
duced CH4 (Huang et al., 1998a).

In the absence of other organic inputs, the daily
amount  of  carbohydrate  derived  from  rice  plants,
CR (g m–2 d–1), is postulated to be dependent on the rice
cultivar and biomass represented by the allometric func-
tion:
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CR = α × VI × SI × TI × W1.25 (1)

where α  (g–.25 d–1) is an empirical constant, VI
(dimensionless) identifies the dependence on rice vari-
ety, SI (dimensionless) characterizes the effect of soil
texture, TI (dimensionless) is a soil temperature index,
and W (g m–2) is the rice aboveground biomass on a
given day (Huang et al., 1998a). The factors SI and TI
are explained below. The exponential factor of 1.25
relating carbon substrate to biomass was obtained from
a best-fit analysis as an empirical parameter (Huang et
al., 1998a).

When organic inputs are present, the additional
daily amount of carbohydrates is represented by

COM = SI × TI × (k1 × OMN + k2 × OMS) (2)

where COM (g m–2 d–1) is the daily amount of carbohy-
drate degraded from organic amendments, OMN and
OMS (g m–2) represent the amount of nonstructural and
structural components, respectively, and k1 and k2 (d–1)
represent the first-order decay rates of the two compo-
nents (Huang et al., 1998a). If the model is applied to
situations where an appreciable amount of soil organic
carbon is present and  is mineralized during the season,
this source could possibly be handled by this same treat-
ment since organic amendments are the ultimate source
of this carbon. Different values of k1 and k2 may need
to be applied in these cases.

The daily production rate of CH4 by methanogenic
bacteria, P (g m–2 d–1) is then represented by

P = 0.27 × FEh × (CR + COM) (3)

where FEh (dimensionless) describes the time develop-
ment of the soil redox potential and 0.27 assumes that
three moles of CH4 is derived from one carbohydrate
unit and is the ratio of their molecular weights (0.27 =
3 CH4/C6H12O6) (Huang et al., 1998a).

Having determined the daily CH4 production
rate, the emission rate, E (g m–2 d–1), is given by

E = P × Ef (4)

where Ef is the emitted fraction of CH4 determined by
the rate of CH4 oxidation and  is simulated by

Ef = 0.55 × (1 – W/Wmax)0.25 (5)

where Wmax (g m–2) is the seasonal maximum above-

ground biomass. The constant 0.55 represents the ini-
tial fraction of produced CH4 which is emitted (Huang
et al., 1998a).

Data needed to use the model

Emission values are calculated on a daily basis and
summed over the season to give a seasonal estimate of
CH4 emission. To evaluate the model, one needs daily
estimates of rice crop aboveground biomass and soil
temperature; the relative emission potential of the rice
cultivar used; the percent sand in the field soil; and the
amount, timing, and composition of the organic amend-
ments. Huang et al. (1998a) suggest that daily biomass,
W, can be approximated by using the logistic growth
equation:

dW/dt = r × W × (Wmax – W)/ Wmax (6)

where r is the intrinsic growth rate for aboveground
biomass and Wmax can be approximated from the grain
yield, GY, by the equation (Huang et al., 1997b):

Wmax = 9.46 × GY0.76 (7)

The intrinsic growth rate, r, was experimentally deter-
mined to be 0.08 ± 0.02 d–1 based on 17 cases from four
different cultivars and with 10–13 biomass measure-
ments in each case (Huang et al., 1998a).

A simplified version of the model is also presented
(Huang et al., 1998a) in which seasonal emission val-
ues can be estimated using integrated or average val-
ues of the time-dependent parameters.

Explicit and  implicit assumptions in the model

Several assumptions have been incorporated into this
model, both explicit and implicit. The explicit assump-
tions are easily recognized in that they appear as fac-
tors in the above equations. The implicit assumptions
are less easily recognized but nevertheless are quite
important in understanding how the model can be con-
structed based on experimental evidence.

Methane is produced by bacterial activity in a
highly reduced soil environment. The primary driving
force assumed in the model for the production of CH4

is the availability and quantity of organic substrate sup-
plied by the rice plant and other organic additions. A
part of the produced CH4 is reoxidized in oxidizing
zones of the soil while the rest is transported to the at-



252

mosphere, mainly via the rice plants (Nouchi et al.,
1990) with a lesser amount emitted by diffusion and
ebullition through the soil-water system except in sys-
tems with very high or very decomposable organic
amendments.

Equations 1, 2, and 3 assert that under conditions
of constant soil temperature, soil composition, and soil
redox potential, daily CH4 production is proportional
to the daily carbon substrate production derived from
two sources: rice plants and added organic amendments.
Implicit in this statement is the assumption that the con-
version time from substrate formation to CH4 produc-
tion and emission is less than 1 d. In our studies, we
have measured soil acetate turnover times ranging up
to 7–10 h during the first 5 wk of the season, dropping
to less than 1 h during the later half of the growing
season (Sigren et al., 1997a). These values are less than
the 10-16 h estimated by Schütz et al. (1989a) and 16 h
estimated by Krumböck & Conrad (1991). However,
all three estimates suggest that soil substrate pools in
rice fields are turned over in less than 1 d. Temperature
studies of CH4 production and emission indicate that
CH4 production is the rate-determining step and that
emission through the rice plant occurs effectively in-
stantaneously (Sass et al., 1991).

The model also assumes that acetate is the major
precursor of CH4 in rice fields. Stable isotope measure-
ments suggest that in our fields the percentage of CH4

produced from acetate fermentation ranges from 57 to
80% (Tyler et al., 1997). Schütz et al. (1989a) estimated
that acetate accounted for 50–70% of CH4 production,
whereas Thebrath et al. (1992) said it accounted for
80–90%. Regardless of the magnitude of this fraction,
the model results will be valid if the ratio of CH4 pro-
duction from acetate to that from carbon dioxide re-
duction remains constant in all rice fields and during
the whole season. The similarity of these three find-
ings from different areas of the world suggests that this
may be a reasonable assumption.

In Equation 1, the daily amount of carbon
substrate and hence the daily amount of carbon substrate
derived from rice plants of a particular variety is indi-
cated to be directly related to the current aboveground
biomass. This assumption has been evaluated and vali-
dated from several studies (Huang et al., 1997b).

In Equation 4, daily CH4 emission is related to
CH4  production by multiplying by a time-dependent
factor defining the fraction of CH4 not oxidized. This
assumption is discussed at length in Huang et al.
(1998a). In the model, oxidation is assumed to range
from 55% early in the season to approximately 80%

during the late season. Some research suggests that more
than 50% of the generated CH4  is oxidized during the
early phase of the vegetation period, whereas up to 90%
may be consumed during the late season of rice matu-
ration (Schütz et al., 1989b; Sass et al., 1992; Sigren et
al., 1997a). Other studies suggest a lower amount of
oxidation. Epp and Chanton (1993) reported that CH4

oxidation in the rhizosphere of 3-mo-old rice plants
ranged from 14 to 52%. A good review of the difficul-
ties inherent in measuring the extent of methanotrophy
in rice ecosystems is presented by Denier van der Gon
(1996).

Correlations between CH4 emission and
aboveground biomass have been reported in subtropi-
cal sawgrass system (Whiting et al., 1991) and across a
variety of agricultural and subarctic natural wetland
ecosystems (Whiting & Chanton, 1993). Seasonal CH4

emissions over a 5-yr period have been quantitatively
described over a wide range of conditions (Huang et
al., 1997a,b). In experiments carried out in Texas in
1994 and  1995, Huang et al. (1997b) showed that, over
a 10-wk period after permanent flooding, total seasonal
CH4 emission was positively correlated with rice
aboveground biomass (r2 = 0.845, n = 11). A very strong
dependence of daily CH4  emission on aboveground
vegetative biomass (r2 = 0.887, n = 93) and on root
biomass (r2 = 0.816, n = 33) was also observed. Calcu-
lation from three developmental periods (vegetative,
reproductive, and ripening) of rice plants indicated that
more than 75% of total seasonal CH4 was emitted dur-
ing the last 5-wk period in concert with reproductive
and  ripening stages, while rice biomass production
during the same period amounted to approximately 50%
of the seasonal total. Carbon released as CH4 was found
to be approximately equivalent to 3% and 4.5% of
photosynthetically fixed carbon in the biomass for low-
and high-emitting cultivars.

Little attention has been paid to the relationship
between CH4  production and aboveground biomass.
Sass et al. (1990) reported that daily CH4 emissions from
a flooded rice soil is highly correlated with rice
aboveground biomass (r2 = 0.92) and that CH4 produc-
tion is correlated with root biomass (r2 = 0.56). A
reanalysis of the data from the 1990 study shows a cor-
relation between CH4 emission and aboveground
biomass with r2 = 0.79. During an extended study of
the effects of soil redox potential on CH4 production
and emission (Lewis, 1996), extensive data were col-
lected in 1994 on CH4  production levels as a function
of soil depth. These data have been examined against
aboveground biomass data collected concurrently from
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the same field plots (Huang et al., 1997b). The results,
presented in Figure 1, indicate a good correlation be-
tween CH4  production and aboveground biomass. A
linear best-fit correlation results in an r2 of 0.86. The
curve shown is a best-fit third-order polynomial (r2=
0.89). The model postulates a relationship between daily
CH4 production and aboveground biomass raised to the
1.25 power, which closely resembles the shape of the
polynomial shown in Figure 1 and results in an r2 value
of 0.89.

Although a strong correlation can be shown to
exist between CH4 production and biomass for a single
cultivar, the absolute relationship varies from cultivar
to cultivar. That is, some cultivars appear to allocate
more of the products of photosynthesis to root exuda-
tion than others do. In 1993, CH4 emissions from 10
cultivars commonly used in Texas were investigated
(Sass & Fisher, 1997). The period of maturation ranged
from 114 d (Labelle) to 140 d (Jasmine). Semidwarf
and  conventional cultivars are represented with plant
heights ranging from 90 cm (Lemont) to 140 cm
(Dawn). Cultivars with yield potentials from medium
to high as well as medium and long grain length are
represented. Seasonal CH4 emissions were found to vary
from 17.95 to 41.05 g m–2. A nonparametric test of me-
dians was performed on the seasonal emissions of the
10 cultivars. The cultivars were sorted into three groups
with the low emission group (Labelle and  IR36) sig-
nificantly different from the high emission group (Mars
and  Della), but not from the intermediate emission
group (Lemont, Lebonnet, Dawn, Katy, Brazos, and
Jasmine).

In 1994, the CH4 emission from three of these
cultivars were again measured (Sass & Fisher, 1997),
one from each group: Mars, Labelle, and  Lemont. The
emission data were very similar to the 1993 study. The
integrated seasonal emissions in 1994 vs 1993, respec-
tively, were 34.26 g vs 34.06 g for Mars; 15.95 g vs
17.95 g for Labelle; and 17.97g vs 24.52 g for Lemont.

Other studies of CH4  emissions from different
cultivars have been reported. Methane  emissions from
eight different cultivars grown under similar conditions
near New Delhi, India, differed by as much as an order
of magnitude (Parashar et al., 1991). A study of five
rice cultivars in irrigated fields near Beijing, China, in-
dicated that CH4  emission during the tillering-flower-
ing stage varied by a factor of two (Lin, 1993).

Organic amendments such as rice straw or green
manure increase CH4 production and emission (Neue
& Sass, 1994) by enhancing the reduction of soils and
providing additional carbon sources. Different organic
amendments vary considerably in their effectiveness
in the production of CH4 (Cicerone et al., 1992;
Watanabe et al., 1993). Yagi & Minami (1990) show
that the effectiveness of various organic amendments
in producing CH4  depends on the percentage of readily
mineralized carbon (RMC). As shown in Equation 2,
the model accounts for differences among various added
amendments by dividing the available carbon substrate
into two components in a first-order decay: a faster
decomposing (k1 = 0.027 d–1) portion of “nonstructural”
or RMC and a slower decomposing (k2 = 0.002 d–1)
portion of “structural” carbon (see Murayama, 1984).
In field studies (Sass, unpubl.), we have investigated
the decomposition of rice straw during an entire flooded
rice-growing season. Decomposition was measured by
weighing soil-submerged nylon mesh bags of rice straw
at various intervals during the season. Comparison of
decomposition rates measured in this study with the
rates given in Equation 2 results in a strong correlation
(r2 = 0.96) by assuming a rapidly decomposing straw
fraction of 16%.

The bacterial processes involved in the processes
leading to CH4 emission should be temperature- and soil
structure-dependent. These dependencies are repre-
sented in the model (Equations 1 and 2) by a tempera-
ture index, TI, and a soil index, SI.

The model accounts for soil temperature through
TI, defined by the Arrhenius relationship:

TI = Q10
(Tsoil-30/10)  with Tsoil = 30 (8)

        for 30 ≤ Tsoil ≤ 40 °C

Figure 1. Correlation between CH
4
 production and aboveground

biomass data collected in 1994. Solid circles represent experimen-
tal measurements. The curve shown is a best-fit third-order
polynomial of these data with accompanying equation
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Values of Q10 for methanogenesis range widely in vari-
ous wetland ecosystems (Segers, 1998). Field meas-
urements in irrigated rice systems suggest a Q10 range
from 2 (Khalil et al., 1991) to 4 (Schütz et al., 1989a).
A model value of 3 was assigned to Q10 (Huang et al.,
1998a) based on field and incubation measurements
(Sass et al., 1991). In this study, it was shown that both
CH4 production (anaerobic laboratory incubations) and
CH4 emission (diel field experiments) followed the same
temperature relationships with good agreement with the
Arrhenius relationship. In the same study, diel soil tem-
peratures varied by as much as 4 °C before canopy clo-
sure and by 3 °C after canopy closure later in the sea-
son. There was no observable time shift between trends
in the measured soil temperature and CH4 emission,
indicating a rapid CH4 production and emission response
to temperature. Daily mean soil temperatures ranged
by approximately the same amount throughout the sea-
son, but daily CH4 emission values did not directly cor-
relate with daily mean soil temperature, possibly due
to the influence of other overriding factors such as plant
growth and development.

Soil bacterial activity and hence CH4 production,
oxidation, and emission are found to be influenced by
soil substrate conditions, mainly texture. Sass et al.
(1994) compared a variety of CH4 emission data sets
obtained over a 4-yr period from three adjacent differ-
ent soil types at the Texas Agricultural Experiment Sta-
tion near Beaumont, Texas. A variety of physical and
chemical properties of the soils were compared with

CH4 emissions from fields planted with a single rice
cultivar. It was observed that seasonal CH4 emissions
directly correlated with the percent sand in the soils.
Soil percent sand ranged from 4.3 to 32.5%, while sea-
sonal CH4 emission values ranged from 13.6 to 36.3 g
m-2. The results of this study were directly incorporated
into the model (Huang et al., 1998a) through the soil
index, SI, as

SI = 0.3225 + 0.0225*sand % (9)

This relationship has been modified in the model to
scale the effect of soil texture to be unity when the soil
sand percentage is 30%. Although the experimental
evidence for this effect was based on CH4 emission stud-
ies (Sass et al., 1994; Huang et al., 1997a), it is applied
in the model in calculating CH4 production. This appli-
cation is justified by the observation that production
and emission are very tightly coupled, with production
being the rate-determining step in the process (Sass et
al., 1991).

The temporal development of CH4 production and
emission is dependent on the reducing condition of the
bacterial soil environment. The flooding of rice fields
begins a series of events that lead to reduced soil con-
ditions in which methanogenic activity can occur, be-
ginning with the consumption of molecular oxygen by
aerobic soil bacteria (Bohn et al., 1985). After oxygen
depletion, a series of other terminal electron acceptors
(NO3

–, Mn+4, Fe+3, and  SO4
–2) are bacterially reduced,

lowering the soil Eh from +250 to –100 mV. The criti-
cal soil Eh for the initiation of CH4  production in labo-
ratory   incubations  has  been  reported to  be between
–150 and –160 mV (Wang et al., 1993). Field soils are
more heterogeneous than slurries due to the presence
of microsites and soil aggregate structures; therefore in
situ critical Eh values may be higher and CH4 emis-
sions may be observed even though the measured soil
Eh has not reached a critical value. At any rate, as seen
in Figure 2, initial CH4 emission and critical soil Eh
both develop over approximately the same time inter-
val; approximately 2–3 wk after permanent flooding
(Sigren et al., 1997b). The observed Eh is represented
analytically by the best-fit equation

Eh = 1390 t–0.87 – 250 (10)

where t is the time in days after flooding and the con-
stant 250 represents the normal Eh in mV at the time of
flooding (Huang et al., 1998a). This function is com-
pared with experimental values in Figure 2. The devel-

Figure 2. Methane emission in mg m-2 d-1 (solid squares) and soil
Eh in mV (solid circles) measured in a Texas rice field in 1994.
The Eh values are compared with the analytical expression Eh =
1390 t-0.87-250 (see text) represented by the open circles and
corresponding solid line
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opment of redox conditions appropriate for
methanogenesis depends on the amounts of other ter-
minal electron acceptors in the soils such as iron and
manganese. Equation 10 was able to describe the Eh
development in soils which contained between 6,570
and 11,348 µg g–1 dw soil of total iron and between 905
and 1697 µg g–1 dw soil of manganese. During the rice-
growing season, the concentration of ferrous iron in
these submerged soil increased to steady-state values
ranging from 500 to 3,000 µg g–1 dw soil (Lewis, 1996).
These values compare with studies by Ponnamperuma
(1981) in which ferrous concentrations increased to
values as high as 600 µg g–1 within 1–3 wk of flooding
and by Patrick (1981) in which ferrous ion concentra-
tions increased to values greater than 2,000 µg g–1.

The critical effect of the soil redox condition on
CH4  production and emission is thus during the early
season. Once the critical value is reached, CH4 produc-
tion is dependent on other factors. This effect is treated
in the model by a factor  FEh where

FEh =  exp[–1.7 (150 – Eh)/Eh] (11)
          with Eh =-150 for Eh < –150

which ranges from 0 to 1 in the early season and equals
1 after a critical value of –150 has been reached or ex-
ceeded (Huang et al., 1998a).

In the model, daily CH4  emission rates are calcu-
lated by multiplying production rates by Ef, the emit-
ted fraction of produced CH4 (Equation 4). If one knows

the daily fraction of the produced CH4 which is oxi-
dized, then Ef would simply be equal to [1 – (fraction
oxidized)]. In the model, Ef is approximated by a func-
tion of the daily and maximum aboveground biomass
(Equation 5). The rationale behind this hypothesis lies
in the assumption that soil bacterial activity, including
both CH4 production and oxidation, are coupled to rice
plant development. Evidence of the validity of this as-
sumption is presented in Figure 3. Experimentally de-
termined ratios of CH4 production (laboratory
incubations) and emission (in situ field measurements)
determined at various times during the growing season
are presented from two locations and during four sea-
sons: Vercelli, Italy, 1985 and 1986 (Schütz et al., 1989a)
and  Beaumont, Texas, 1991 and 1994 (Sass et al., 1992;
Lewis, 1996). The same ratio (E/P = Ef) was calculated
by Equation 5 using biomass data for the Beaumont,
Texas 1994 field. Although there is considerable spread
in the experimental ratios, there is generally good agree-
ment between them and with calculated values. A
gradual decrease with time is noted in the ratio, indi-
cating that the fraction of CH4  that is oxidized increases
during the season. Since the model-calculated Ef for
1994 is in reasonable agreement with all four data sets,
it may be reasonable to assume that, in the absence of
reliable biomass data, general Ef values may be used in
calculating CH4  emission values. Conversely, if one
knows the grain yield, one can calculate the biomass
using Equation 7 to obtain the maximum biomass and
then Equation 6. The validity of these relationships has
been documented by Huang et al. (1997b).

Model usage

The model was tested by comparing calculated and re-
ported observed values of seasonal CH4 emissions from
20 studies in Texas and Louisiana, USA; Vercelli, Italy;
Nanjing, Beijing, Sichuan, and Hangzhou, China;
Taman Bogo, Indonesia; and IRRI, Philippines (Huang
et al., 1998a) with considerable success. These studies
were used because literature reports were available
which contained the necessary model parameters of soil
percent sand, average temperature, and grain yield. The
variety used was generally not characterized, so the
variety index was set to 1. The average calculated CH4

emission value was 312 ± 138 mg m–2 d–1 while the
average observed value was 322 ± 144. In a subsequent
paper (Huang et al., 1998b), the model was used to cal-
culate CH4 emission values from China on a provincial
scale. The resulting total calculated country emission
value was reported to be 9.66 Tg with a range from

Figure 3. Experimentally determined ratios of CH
4
 emission/

production (%) determined at various times during the growing
season in Vercelli, Italy, 1985 (closed triangles) and 1986 (open
triangles) and Beaumont, Texas, 1991 (closed circles) and 1994
(open circles). The same ratio (E/P = E

f
), calculated by the model

equation E
f
 = 0.55 × (1-W/W

max
)0.25 using biomass data collected in

Texas in 1994 is depicted by the line (closed squares)
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7.19 to 13.62 Tg, based on estimates of uncertainties in
available data on soils, temperature, grain yields, and
rice cultivars. To test the model using readily available
data, we have calculated daily and seasonal emissions
from a field in Texas and compared the results with
data collected in 1994 (Sigren, 1996). The only param-
eters used were average soil temperature (25.1 °C),
variety index (1.0), soil sand content (27.9%), and grain
yield (570 g m–2). Calculated and observed daily CH4

emission values are shown in Figure 4. The calculated
seasonal CH4 emission was 17.50 g m–2 and the observed
seasonal CH4 emission was 17.97 g m–2 (Sigren, 1996).
Before the model can be used with confidence in other
regions of the world, it will be necessary to compare
daily as well as seasonal calculated and observed emis-
sion values. This should be done as more complete in-
formation becomes available in the literature or as other
scientists attempt to apply this and other models to their
data.

Future extensions of the model

The current state of the model makes it particularly
applicable to the simulation of CH4 emissions from ir-
rigated rice fields with a minimal amount of available
data on climate, soil texture, rice cultivar, and grain
yields. Modifications will be required to account for
the effects of field drainage, a normal management prac-
tice used by farmers in many parts of the world and a

potential strategy for the mitigation of CH4 emissions
(Sass et al., 1992). Also, systems of variable floodwa-
ter application such as in rainfed rice agriculture will
need to be more carefully characterized before modeling
of the process can be accomplished. The model depend-
ence of CH4 production and emission on rice cultivar
as well as biomass is problematic in applying it on a
large scale. Recent work in our laboratory indicates that
plant height or certain aspects of the rice canopy ge-
ometry may be an indicator of the variety index, which
would allow the model to be more easily applied in
cases where varietal data are lacking. In cases where
organic amendments have been applied or where in-
digenous soil organic carbon is an important source of
carbon, CH4 emissions are very dependent on specific
composition and decomposition properties as well as
on field management. More work is necessary to be
able to simulate CH4 emissions from such fields, par-
ticularly with respect to the pre-treatment (such as
composting) the timing of such application (early or
late treatment leading to possible partial aerobic de-
composition), and the use of animal wastes (which have
a much different rate of decomposition than plant mat-
ter). The ultimate goal of this type of model is to be
able to accurately calculate CH4  emissions on a regional
or larger scale based on available geographic informa-
tion system data sets and  remotely sensed data. This
model offers a solid beginning to this goal and a base
for future development.
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Abstract

A computer simulation model was developed for predicting trace gas emissions from agricultural ecosystems. The
denitrification-decomposition (DNDC) model consists of two components. The first component, consisting of the
soil climate, crop growth, and decomposition submodels, predicts soil temperature, moisture, pH, Eh, and substrate
concentration profiles based on ecological drivers (e.g., climate, soil, vegetation, and anthropogenic activity). The
second component, consisting of the nitrification, denitrification, and fermentation submodels, predicts NH

3
, NO,

N
2
O, and CH

4
 fluxes based on the soil environmental variables. Classical laws of physics, chemistry, or biology or

empirical equations generated from laboratory observations were used in the model to parameterize each specific
reaction. The entire model links trace gas emissions to basic ecological drivers. Through validation against data
sets of NO, N

2
O, CH

4
, and NH

3
 emissions measured at four agricultural sites, the model showed its ability to

capture patterns and magnitudes of trace gas emissions.

Introduction

In the context of global climate change, several trace
gases, such as methane (CH

4
), nitrous oxide (N

2
O), ni-

tric oxide (NO), and ammonia (NH
3
), are drawing at-

tention because of their radiative or chemical effects in
the atmosphere. Field measurement campaigns were
launched for quantifying gas fluxes at site scale. Mean-
while, models were developed to extrapolate results
from the site scale to the regional or global scale. Soil
is one of the major sources of the four trace gases. Un-
der cultivated conditions, agricultural soils are subject
to a great deal of anthropogenic disturbance including
tillage, fertilization, irrigation, manure amendment,
weeding, and liming. Anthropogenic activities elevate
soil trace gas emissions and, hence, play an important
role in the atmospheric balance of the trace gases. Vari-
ous models, such as CASA (Potter et al., 1993), CEN-
TURY (Parton et al., 1996), ExpertN (Baldioli et al.,
1994), Hole-in-the-Pipe (Firestone and Davidson,
1989), NLOOS (Riley & Matson 1989), and others were
developed for scaling up gas emission estimates. Each
of the models has its own strategy or philosophy. Some
models tried to use the least number of input param-
eters and more empirical equations to capture basic

patterns of gas fluxes so that these models could be
easily used at the regional or global scale. Some mod-
els tried to include more mechanisms to better track
processes affecting gas production/consumption. To join
the modeling efforts, a University of New Hampshire-
based biogeochemical research group developed a proc-
ess-oriented model to predict NO, N

2
O, CH

4,
, and NH

3

emissions from agricultural ecosystems. Several papers
have reported on the early development of the model,
focusing only on N

2
O and CO

2
 (Li et al., 1992a; 1994).

This paper discusses the latest research progress includ-
ing simulations of NO, CH

4
, and NH

3
.

Model framework

Emissions of NO, N
2
O, CH

4,
 and NH

3
 are highly vari-

able in space and time. The challenges of modeling the
trace gas emissions come from three aspects: (1) some
of the gases (e.g., NO and N

2
O) have multiple sources

(e.g., nitrification, denitrification, and chemo-
denitrification); (2) all the gases are produced and con-
sumed simultaneously in the soils, controlled by the
kinetics of a series of geochemical or biochemical re-
actions; and (3) there are a large number of environ-
mental variables driving the biogeochemical reactions.



260

To construct a process model of soil trace gases, all the
factors including ecological drivers, soil environmen-
tal variables, and biogeochemical reactions should be
integrated into one framework. To handle such a com-
plex system, we adopted the concept of a
biogeochemical field for our modeling practice. Paral-
leling the concept of biogeochemical cycle which de-
scribes the transport and transformation of the chemi-
cal elements, biogeochemical field answers what con-
trols the elements’ behavior. A biogeochemical field is
an assembly of the spatially and temporally differenti-
ated environmental forces that drive biogeochemical
reactions in an ecosystem. For example, the
biogeochemical field driving NO, N

2
O, CH

4,
 and NH

3
-

relevant reactions consists of the environmental forces
deriving from soil temperature, moisture, pH, Eh,
substrate concentration, and other soil environmental
factors. All the soil environmental factors are further
controlled by several ecological drivers including cli-
mate, soil physical properties, vegetation, and anthro-
pogenic activity. All the impacts in the system can be
categorized into two groups. The first group includes
the impacts of ecological drivers on soil environmental
variables; the second includes the impacts of the soil
environmental variables on trace gas-related
geochemical or biochemical reactions (Figure 1). The
goal of our modeling efforts was to build the two groups
of impacts in a model framework.

The denitrification-decomposition (DNDC)
model was constructed with two components. The first
component, consisting of the soil climate, crop growth
and decomposition submodels, predicts soil tempera-

ture, moisture, pH, redox potential (Eh), and substrate
concentration profiles based on ecological drivers (e.g.,
climate, soil, vegetation, and anthropogenic activity).
The second component, consisting of the nitrification,
denitrification and fermentation submodels, predicts
NO, N

2
O, CH

4
, and NH

3
 fluxes based on the soil envi-

ronmental variables. Classical laws of physics, chem-
istry, or biology or empirical equations generated from
laboratory observations were used in the model to
parameterize each specific reaction. The entire model
forms a bridge between trace gas emissions and basic
ecological drivers (Figure 2).

Linking ecological drivers to soil environmental
variables

The first task in model development was to set links
between ecological drivers and soil environmental vari-
ables. Usually, ecological drivers collectively affect soil
environmental variables. Since the combination of eco-
logical drivers in each ecosystem is unique, DNDC
needs site-specific input data of climate, soil, vegeta-
tion, and farming practices for the simulated agricul-
tural land. DNDC integrates the ecological drivers in
the three submodels to generate their collective effects
on soil temperature, moisture, pH, Eh, and substrate
concentrations. The soil climate submodel calculates
soil temperature, moisture, and Eh profiles by integrat-
ing air temperature, precipitation, soil thermal and hy-
draulic properties, and oxygen status. By integrating
crop characters, climate, soil properties, and farming
practices, the plant growth submodel simulates plant

Figure 1. A biogeochemical model is a mathematical expression of biogeochemical field which consists of spatially and temporally
differentiated environmental forces driving a series of biogeochemical reactions in ecosystems. Fluxes of NO, N

2
O, CH

4
, and NH

3
 are

regulated by directions and rates of the relevant biogeochemical reactions
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growth and its effects on soil temperature, moisture,
pH, Eh, dissolved organic carbon (DOC), and avail-
able N concentrations. The decomposition submodel
simulates concentrations of substrates (e.g., DOC, NH

4
+,

and NO
3
-) by integrating climate, soil properties, plant

effect, and farming practices. The three submodels in-
teract with each other to finally determine soil tempera-
ture, moisture, pH, Eh, and substrate concentrations in
the soil profile at a daily time step. Most of the equa-
tions used in this component have been reported in pre-
vious papers (see details in Li et al., 1992a; 1994; 1999).

Linking soil environmental factors to trace
gases

As the second step for developing the DNDC model,
we linked soil environmental variables to production
and consumption rates of trace gases. The links were
set up based on either the basic physical, chemical, or
biological laws, or equations obtained from the experi-
ments under controlled conditions so that the effect of
each soil variable could be distinguished.

NO and N
2
O

Biological oxidation/reduction dominates NO and N
2
O

evolution in soils. Nitrification (i.e., microbial oxida-
tion of ammonium) has been observed to be the main
source of NO and N

2
O under aerobic conditions (Equa-

tion 1). Based on the observations reported by Hooper
& Terry (1979), Bremner et al. (1980), Chalk & Smith
(1983), Tiedje (1988), Sexstone et al. (1985), Anderson
& Levine (1986), Papen et al. (1982), Davidson (1992),
Hutchinson & Davidson (1993), and Bollmann &
Conrad (1998), N

2
O or NO production is proportional

to nitrification rates, although the pathways remain
unknown. The factors controlling nitrification have been
determined to be soil temperature, moisture, pH, and
NH

4
+ concentration (Johansson & Granat, 1984;

Johansson, 1984; Slemr & Seiler, 1984; Williams et al.,
1987; Anderson & Levine, 1987; Anderson & Poth,
1989; Valente & Thornton, 1993; Martin et al., 1998;
Alexander, 1977; Saad & Conrad, 1993; Ingwerson et
al., 1998; Davidson, 1992a, Bock et al., 1986; Ward,
1987). Relationships between environmental factors and
nitrification rates were generalized from the observa-
tions and employed in the DNDC model. The model
predicts nitrification rate by tracking nitrifier activity
and NH

4
+ concentration (see equations 1.1-1.6 in the

Appendix). Following Blagodatsky & Richter (1998)

and Blagodatsky et al. (1998), growth and death rates
of NH

4
+ oxidizers are calculated based on DOC con-

centration, temperature, and moisture. Many observa-
tions indicated that nitrification-induced NO or N

2
O was

a fraction of nitrification rate (Van Niel, 1991;
Baumgartner & Conrad, 1992), and the fraction was
related to temperature (Johansson & Granat, 1984;
Johansson, 1984; Slemr & Seiler, 1984; Williams et al.,
1987; Anderson & Levine, 1987; Anderson and Poth,
1989; Slemr & Seiler, 1991; Valente & Thornton, 1993;
Martin et al., 1998). DNDC calculates nitrification-in-
duced NO or N

2
O production as a function of the pre-

dicted nitrification rate and temperature (equations 1.7
and 1.8 in the Appendix).

Nitrification: NH
4
+ ➝   H

2
NOH  ➝   NOH ➝  NO

2
-  ➝  NO

3
-

↓ ↓
NO N

2
O (1)

Denitrification is another main source of N
2
O and

NO from soils. Denitrification includes a sequential
reduction of nitrate to dinitrogen (N

2
) driven by

denitrifying bacteria under anaerobic conditions (equa-
tion 2) (Firestone et al., 1980; Payne, 1981; Anderson
& Levine, 1986; Poth & Focht, 1985; SSSA, 1987).
Based on field and laboratory observations,
denitrification rates are controlled by soil moisture and
Eh (Matsubara, 1971; Payne, 1973; Payne et al., 1971;
Goreau et al., 1980; Knowles, 1982; Smith, 1980, 1990;
Davidson & Schimel, 1995; Stevens et al., 1998), tem-
perature (Nömmik,1956; Stanford, 1975; Bailey &
Beauchamp, 1973; Dawson & Murphy, 1972), pH
(Wijler & Delwiche, 1954; Khan & Moore, 1968; Focht,
1974; Klemedtsoon et al., 1988; Blackmer & Bremner,
1978; Firestone et al., 1980; Leffelaar & Wessel, 1988;
Ashby et al., 1998), and substrate (e.g., DOC, NO

3
-,

NO
2

-, NO, and N
2
O) concentrations.

Denitrification: NO
3
-  ➝   NO

2
-  ➝   NO ➝   N

2
O ➝   N

2
(2)

The DNDC model simulates relative growth rates
of nitrate, nitrite, NO, and N

2
O denitrifiers based on

soil Eh, concentrations of DOC, and nitrogen oxides. A
simple scheme of “anaerobic balloon” was developed
in the model to divide the soil matrix into aerobic and
anaerobic parts. Tracking oxygen diffusion and con-
sumption in the soil profile, DNDC simulates swelling
and shrinking of the “anaerobic balloon.” Only the
substrates allocated in the anaerobic part are involved
in denitrification (see details in Li et al., 1999). Fol-
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lowing Bader (1978), a simple function describing
multinutrient-dependent growth has been set in the
model to calculate relative growth rates of the
denitrifiers (equations 2.1, 2.2, and 2.3 in the Appen-
dix). Death rate of denitrifiers is simply a constant frac-
tion of the total denitrifier biomass (equation 2.3 in the
Appendix). Following Leffelaar and Wessel (1988), we
assume that the relative growth rates for denitrifiers with
different substrates are independent, and competition
among the bacteria takes place via the common DOC
substrate. The Pirt equation is used to calculate con-
sumption rates of the substrates (equations 2.4 and 2.5
in the Appendix). Since denitrification is a typical se-
quential reaction, we followed the basic laws of sequen-
tial chemical kinetic reactions to calculate NO, N

2
O,

and N
2 
fluxes. As an intermediate of the reactions, NO

or N
2
O flux is determined by the rates of its produc-

tion, consumption, and escape from the reacting sys-
tem. A simplified equation was set in DNDC to calcu-
late diffusion rates of NO and N

2
O in the soil matrix.

The predicted diffusion rate is a function of soil poros-
ity, moisture, temperature, and clay content (equation
2.6 in the Appendix).

CH
4

Methane is an end product of the biological reduction
of carbon dioxide (CO

2
) or organic carbon under anaero-

bic conditions (equation 3) (Wassmann et al., 1993;
Cleemput & El-Seboay, 1985; Zeikus, 1977; Yagi &
Minami, 1990; Watanabe et al., 1993; Holland &
Schimel, 1994; Zhou et al., 1994; Nouchi et al., 1994;
Takai, 1970; Kimura et al., 1992; Kludze & Delaune,
1995; Li et al., 1993). According to the observations
obtained from field or laboratory studies, CH

4
 fluxes

were strongly controlled by soil available carbon (i.e.,
DOC) content (Tao et al., 1994; Shangguan, 1994; Chen
et al., 1992; Cicerone et al., 1992; Cai et al., 1995;
Schütz et al., 1989; Wassmann et al., 1993; De Groot
& Vermoessen, 1991; Inubushi et al., 1984; Sass et al.,
1991; Van Vee & Paul, 1981), soil Eh (Takai, 1956;
Oremland, 1988;  Schipper & Reddy, 1996; Kludze &
DeLaune, 1995; Masscheleyn et al., 1993), and soil tem-
perature (Conrad et al., 1987; Vogels et al., 1988;
Conrad, 1989; Yagi et al., 1990; Parashar et al., 1993;
Wang et al., 1993). The reduction of available carbon
to CH

4
 is mediated by anaerobic microbes (e.g.,

methanogens) that are only active when the soil redox
potential is low enough (Wassmann et al., 1993, Sass
et al., 1991). According to field observations by Kludze

& DeLaune (1994), Wang et al. (1993), and
Masscheleyn et al. (1993), CH

4
 production increased

exponentially with decreasing Eh with a threshold range
of –150 to –200 mV. Methane production increased with
increasing temperature, with an optimum range of 30–
40 °C. Based on the observations, DNDC calculates
CH

4
 production rate as a function of DOC content and

temperature as soon as the predicted soil Eh reaches –
150 mV or lower (equation 3.1 in Appendix).

Methane production: CO
2
 + 8 H+ ➝  CH

4
 + 2 H

2
O (3)

or

Organic C + 4 H+ ➝  CH
4

Methane is oxidized by aerobic methanotrophs
in the soil. Several researchers reported that 50–80%
of CH

4
 produced was oxidized in the same soil (Schütz

et al., 1989; Holzapfel-Pschorn et al., 1985; Sass et al.,
1991; Shangguan et al., 1993; Schipper & Reddy, 1996).
Researchers assumed that CH

4
 produced at low Eh soil

microsites could diffuse into high Eh microsites (e.g.,
the topsoil or the soil around roots), and hence be oxi-
dized rapidly under higher redox conditions (DeBont
et al., 1978; Holzapfel-Pschorn et al., 1985; Schütz et
al., 1989; Schipper & Reddy, 1994, 1996). DNDC cal-
culates CH

4
 oxidation rate as a function of soil CH

4

concentration and Eh (equation 3.2 in the Appendix).
A highly simplified scheme was employed in DNDC
to model CH

4
 diffusion between soil layers based on

CH
4
 concentration gradients, temperature, and poros-

ity in the soil (equation 3.5 in the Appendix).
Many researchers reported that plant-mediated

transport dominated CH
4
 emissions from the soil into

the atmosphere (Kludze & DeLaune, 1995; Schütz et
al., 1989; Nouchi et al., 1994; Cicerone & Shetter,
1981). Linear relationships between CH

4
 emissions and

crop aboveground biomass during the growing season
have been observed by Sass et al. (1990) and Whiting
et al. (1991). DNDC predicts plant-transported CH

4
 flux

as a function of CH
4
 concentration and plant

aerenchyma (equation 3.3 in the Appendix). If the soil
is unvegetated or the plant aerechyma is not well de-
veloped yet, ebullition plays a major role in CH

4
 emis-

sions (Nouchi, 1994; Schütz et al., 1989; Chanton et
al., 1989; Kelley et al., 1990; Byrnes et al., 1995). In
DNDC, we assume that ebullition only occurs at the
surface layer, and ebullition rate is regulated by soil
CH

4
 concentration, temperature, porosity, and plant

aerenchyma (equation 3.4 in the Appendix).
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NH
3

Soil NH
3
 concentration is directly regulated by a chemi-

cal reaction occurring in the soil liquid phase:

[NH
4

+] + [OH-] = [NH
3 (liquid)

] + H
2
O (4)

where [NH
4
+] is ammonium concentration, [OH-] is

hydroxide ion concentration, and [NH
3 (liquid)

] is ammo-
nia concentration in soil water.

DNDC calculates NH
3 (liquid)

 concentration based
on NH

4
+ and OH- concentrations (equation 4.1 in the

Appendix). NH
4
+ concentration in the soil profile is

calculated by the decomposition submodel. The
submodel calculates turnover rates of soil organic mat-
ter at a daily time step (Li et al., 1992a). OH- concen-
tration is determined by soil pH and temperature based
on Stumm and Morgan (1981). The concentration of
NH

3
 in the soil gas phase is proportional to the NH

3

concentration in the liquid phase as well as soil tem-
perature (Glasstone, 1946; Sutton et al., 1993). We as-
sume that daily  emitted fraction of the gas phase NH

3

is related to the soil air-filled porosity and clay content
due to their effects on NH

3
 gas diffusion (equation 4.2

in the Appendix).
Based on field observations by Hooker et al.

(1980) and Parton et al. (1988), ambient NH
3
 can be

absorbed and metabolized by the plants. Plant absorp-
tion rates of NH

3
 have been observed to be related to

NH
3
 concentration in the air around the leaves

(Hutchinson, 1972; Hutchinson et al., 1972; Meyer,
1973, Farquhar et al., 1979, 1980; Lockyer & White-
head, 1986), N shortage in the crops (Harper et al.,1987),
leaf surface moisture (Dabney & Bouldin, 1985; Harper
et al., 1987; Sutton et al., 1993), and plant-growing stage
(Farquhar et al., 1979; Hooker et al., 1980; Schjorring,
1991). A linear relationship between dry NH

3
 deposi-

tion rates and air NH
3
 concentrations was observed by

Hutchinson (1972), Meyer (1973), Cowling & Lockyer
(1981), Aneja et al. (1986), and Sommer & Jenson
(1991). Based on their observations, the concept of N
deposition velocity can be represented by the ratio of
NH

3
 absorption rate (µg m-2 s-1) to air NH

3
 concentra-

tion (µg m-3). Reported velocity values range from 0.003
to 0.034 m s-1 (Cowling & Lockyer, 1981; Aneja et al.,
1986; Sommer & Jenson, 1991) for different crops such
as grass, maize, snap bean, soybean, oats, and fescue.
The maximum value of the range (i.e., 0.034 m s-1) was
adopted in DNDC for calculating NH

3
 absorption rate

by crops. In addition, factors such as plant N status and
leaf surface moisture were also included in the calcula-

tion (equation 4.3 in the Appendix). A highly simpli-
fied scheme was included in DNDC to calculate NH

3

concentrations in the air between the ground and the
top of the canopy, based on the predicted soil NH

3
 flux,

atmospheric background NH
3
 concentration (0.06 ppm,

based on Ayers & Gras [1980] and Tsunogai & Ikeuchi
[1986]), and degree of closure of the canopy. Farquhar
et al. (1979) and Harper et al. (1987) observed NH

3

release from the leaves during the late stages of crop
growth. DNDC tracks total N content in the crops dur-
ing the whole growing season (Li et al., 1994). When
the model detects a decrease in the total plant N con-
tent, the reduced part will be regarded as the NH

3
 flux

released from the plants.
The equations describing the effects of soil envi-

ronmental factors on NO, N
2
O, CH

4
, and NH

3 
were or-

ganized into three submodels. The fermentation
submodel contains all the CH

4
-related equations. This

submodel calculates production, oxidation, and trans-
port of CH

4
 under submerged conditions. The

denitrification submodel contains all the denitrification
equations. This submodel calculates production, con-
sumption, and diffusion of N

2
O and NO during rain-

fall, irrigation, or flooding events. Nitrification-related
equations are included in the nitrification submodel.
As a logical extension of the NH

4
+/ NH

3 (liquid)
/ NH

3 (gas)

equilibrium, functions for NH
3
 production and

volatilization are also included in the nitrification
submodel. The three submodels compose the second
component of the DNDC model.

Input and output

Input parameters required by DNDC include daily tem-
perature and precipitation, soil bulk density, texture,
organic carbon content, pH, and farming practices (e.g.,
crop type and rotation, tillage, fertilization, manure
amendment, irrigation, flooding, grazing, and weeding).
Profiles of soil environmental variables as well as trace
gas fluxes are calculated based on the input data. When
DNDC is used for regional estimates of trace gas emis-
sions, the model needs the spatially and temporally dif-
ferentiated input data stored in geographic information
system (GIS)-type databases in advance (Li et al.,1996).
Based on the input parameters of the ecological driv-
ers, DNDC first predicts daily soil temperature, mois-
ture, Eh, pH, and substrate concentration, and then uses
the environmental parameters to drive nitrification,
denitrification, CH

4
 production/oxidation, and other

relevant geochemical or biochemical reactions. Daily
emissions of NO, N

2
O, CH

4,
 and NH

3 
are finally calcu-
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lated as their daily net fluxes. Most parts of the model
run at a daily time step except the soil climate and
denitrification submodels which run at an hourly time
step. Output parameters from the model runs are daily
soil profiles of temperature, moisture, Eh, pH, and con-
centrations of total soil organic carbon, nitrate, nitrite,
ammonium, urea, ammonia, as well as daily fluxes of
CO

2
, NO, N

2
O, CH

4,
 and NH

3
. All the daily and annual

output data are recorded for future use. For the regional
version of DNDC, the simulated results are recorded
as geographically explicit data in a GIS database.

Model tests

The DNDC model has been tested against several field
studies. The old results related to N

2
O and soil organic

carbon have been published (e.g., Li et al., 1992b; Li et
al., 1994; Li, 1997; Frolking, 1998). Here are reported
four new cases that were examined recently for NO,
N

2
O, CH

4,
 and NH

3
, respectively. The characteristics

of the four agricultural sites are listed in Table 1.

NO

Fluxes of NO were measured at a winter wheat field in
Wu County, Jiangsu Province, China, from 1 Nov 1996
to 9 Feb 1997 by Xunhua Zheng and her colleagues
(1998). Urea and farmyard manure (equivalent to 114
kg N ha-1) were applied on 1 Nov 1996. During the first
40 d following the application, high NO fluxes were
observed in the fertilized plot but not in the control plot
(Figure 3). Predicted results agreed with observed data
and indicated that high fluxes were mainly caused by
elevated nitrification rates following fertilizer applica-
tion. In addition, the relatively high temperature in the
early days of the experimental period also enhanced
urea hydrolysis and nitrifier activity. The temperature
effect can also be seen in the control plot.

N
2
O

Nitrous oxide was measured by Crill et al. (1998) for
two plots, fertilized and unfertilized, in a maize field at
La Selva Biological Station in Costa Rica from No-
vember 1994 to March 1995. Ammonium nitrate and
urea (30-90 kg N ha-1) were applied on 25 Nov and 6
Dec 1994 on the fertilized plot. During the two maize-
growing seasons, N

2
O fluxes were consistently low in

the unfertilized plot. In contrast, in the fertilized plot,
high peaks were observed immediately after fertilizer
application. Simulation results agreed with observed
results showing the same two high peaks as observed
in the field (Figure 4), indicating that the surges of N

2
O

Table 1. Characteristics of four field sites for model validation tests.

Site Crop type Annual average Annual Gas measured Soil Soil Soil
temperature precipitation texture organic pH

(°C) (cm) C

Wu, Jiangsu, China Winter wheat 17.0 115.6 NO Clay loam 0.01 7.0
La Selva, Costa Rica Maize 24.7 438.2 N

2
O Clay 0.028 6.8

Texas, USA Rice 18.7 99.7 CH
4

Loam 0.02 6.5
Fengqiu, Henan, China Rice 14.6 64.2 NH

3
Sandy loam 0.0035 8.8

Figure 3. Measured and predicted NO fluxes from fertilized (a)
and control (b) plots in a winter wheat field at Wu County, Jiangsu,
China, 1 Nov 1996-9 Feb 1997
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emissions were mainly caused by denitrification. Since
soil temperature, moisture, and DOC did not limit
denitrifier activity in the plot, additions of inorganic N
immediately stimulated denitrification and N

2
O emis-

sions. Simulated results indicated that N was a limiting
factor in the soil, although nitrification rates were high
due to the rapid turnover of soil organic matter. The
high demand of plants and soil microbes for N, as well
as the strong leaching effect, did not allow NO

3
- or NH

4
+

to accumulate in the topsoil.

CH
4

Ron Sass and his colleagues (1991) measured CH
4

fluxes from two rice field plots, with and without straw
amended, at Beaumont, Texas. The measured CH

4

fluxes from the straw-amended plot were almost twice
higher than that from the control plot. Field observa-
tions indicated that the higher CH

4
 production in the

amended plot was mainly due to additional available C
produced from straw decomposition. Model simulations

Figure 4. Measured and predicted N
2
O fluxes from fertilized (a) and control (b) plots in a maize field at La Selva Biological Station in

Costa Rica, November 1994-March 1995
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showed similar results (Figure 5). Both measured and
model data showed a slight depression of CH

4
 emis-

sions in the middle of the growing season. Predicted
data showed that the depression was caused by deple-
tion of the labile straw and the undeveloped rice
aerenchyma at that time.

NH
3

At a rice field in Fengqiu County, Henan Provice, China,
Cai and Zhou (1995) measured NH

3
 fluxes from the

rice soils. Ammonium bicarbonate and urea were ap-
plied at the same rate (90 kg N ha-1) to two plots to test
the effect of different fertilizer types on NH

3
 emissions.

Field measurements were conducted at 4-h intervals for
9 d following fertilizer applications. NH

3
 fluxes meas-

ured at the ammonium bicarbonate-applied plot were
initially very high, and then rapidly decreased to al-
most zero in the 4 d after fertilizer application. In con-
trast, at the urea-fertilized plot, NH

3
 fluxes were ini-

tially low, and gradually increased to a maximum value
on the fifth day, and then decreased to a low level 8 d
after application. Patterns of NH

3
 fluxes observed in

the field were simulated by the model (Figure 6). Simu-
lation results showed that the applied ammonium bi-
carbonate immediately increased NH

3
 concentration in

the rice field water due to the equilibrium between NH
4
+

and NH
3
 in the soil liquid phase. High soil pH (8.8)

enhanced NH
3
 volatilization from the rice soil. In con-

trast, it took 4 d for the applied urea to be gradually
hydrolyzed. The hydrolysis slowed down NH

3

volatilization in the urea plot.
Simulated results from the four data sets showed

that (1) DNDC was able to simulate the basic patterns
of NO, N

2
O, CH

4
, and NH

3
 fluxes under various farm-

ing conditions; (2) predicted total emissions during the
experimental span agreed with the measurements (Ta-
ble 2); and (3) measured temporal variations in gas

Figure 5. Measured and predicted CH
4
 fluxes from control (a) and

straw-amended (b) plots in a rice field at Texas A&M University
Agricultural Center near Beaumont in Texas, USA, 1989-90
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Table 2. Comparison between measured and predicted trace gas emissions

Site Gas tested Treatment Experimental days Total flux during experimental span
(no.) Measured Predicted Unit

Wheat field at Wu County, NO Fertilized 95 0.53 0.51 kg N ha–1

   Jiangsu, China Control 95 0.14 0.31 kg N ha–1

Maize field at La selva, N
2
O Fertilized 125 1.25-1.40 1.17 kg N ha–1

   Costa Rica Control 125 0.29-0.46 0.39 kg N ha–1

Rice field at Texas, USA CH
4

Amended 90 98.9 93.8 kg C ha–1

with straw
Control 90 54.7 53.9 kg C ha–1

Rice field at Fengqiu County, NH
3

Fertilized with 9 48.3 55.2 kg N ha–1

   Henan, China ammonium
bicarbonate
Fertilized with 9 31.0 31.9 kg N ha–1

urea
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Figure 6. Measured and predicted NH
3
 fluxes from urea-fertilized

(a) and ammonium bicarbonate-fertilized (b) plots in a rice field at
Fengqiu County, Henan, China. The NH

3
 fluxes were measured in

the field with 4-h intervals although DNDC only predicts daily
NH

3 
emissions

fluxes can be explained with the equations built in the
model.

Discussion

The DNDC model reported in this paper is the result of
a 10-yr effort to predict trace gas emissions from agri-
cultural ecosystems. By linking ecological drivers to
soil environmental variables, and further, to trace gas-
related biogeochemical reactions, DNDC acts as a
bridge between ecological drivers and the chemical el-
ements’ behavior. During development of the model,
we made every effort to incorporate the basic mecha-
nisms or processes into the model, although gaps still
exist in almost every component of the model. For ex-
ample, the highly simplified diffusion equations could
have brought large uncertainties to the simulated re-
sults. Nevertheless, we hope that we have established a
useful tool that can be used not only for synthesizing
existing observations obtained by hundreds of research-
ers during the last several decades but also for testing
new hypotheses for future studies. In comparison with
other models focusing on a couple of trace gases, DNDC

has the advantage of  predicting CO
2
, NO, N

2
O, CH

4,

and NH
3 

simultaneously. This feature could be valu-
able in assessing the net effect of the changing climate
or alternative agricultural management on either the at-
mosphere or agriculture. Linked to GIS databases of
climate, soil, vegetation, and farming practices, DNDC
is ready for regional estimation of trace gas emissions.

Methodology development is also one of the
motivations for this modeling effort. Since V.I. Vernatski
initiated the concept of biogeochemistry in his famous
book La Geochimie in 1924, 75 yr have passed. During
the first 50 yr of this time period, biogeochemistry, as a
scientific discipline, did not develop very fast due to
the lack of social demands. Only during the last two
decades, when global climate change provided new
challenges to the scientific community, did people re-
discover the potential of biogeochemistry in integrat-
ing the macro processes occurring at the ecosystem level
with the micro processes at the molecular or atomic
scale. To meet the new demand, we need to develop
new methodologies based on biogeochemical concepts
or principles. The modeling effort reported in this pa-
per is a continuation of our long-term biogeochemical
studies. The strategy and methodologies used in this
modeling study have been successfully used in several
ecological studies including human health (Li & Yu,
1973) and environmental pollution (BEARG, 1997).
The author hopes this paper will fuel more interest in
the methodology studies in this interdisciplinary realm.
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Appendix: Equations and parameters

1. Nitrification
Equation 1.1. Relative growth rate of nitrifiers
     dG/dt = 0.0166 * (DOC / (1.0 + DOC) + Fm / (1.0 + Fm));

Equation 1.2. Relative death rate of nitrifiers
     dD/dt = 0.008 * BIO * 1.0 / (1.0 + DOC)/ (1.0 + Fm);

Equation 1.3. Net increase in nitrifier biomass
   dBIO/dt = (dG/dt – dD/dt) * BIO * Ft * Fm;
   BIO = ∫24dBIO/dt;

Equation 1.4. Nitrification rate
    Rn = [NH

4
+] * (0.005 *BIO) * pH,  (kg N/ha/day);

Equation 1.5. Temperature factor
    Ft = 3.503(60.0-T/(60.0-34.22) * e3.503*(T-34.22)/(60.0-34.22);

Equation 1.6. Moisture factor
    Fm = 0.8 + 0.21 * (1.0 - wfps), if wfps > 0.05;
    Fm = 0, if wfps <= 0.05;

Equation 1.7. Nitrification-induced NO (kg N/ha/d)
    NO = 0.0025 * Rn * Ft;
Equation 1.8. Nitrification-induced N

2
O (kg N/ha/d)

    N
2
O = 0.0024 * Rn;

    DOC – Concentration of dissolved organic C, kg C/ha;
    BIO – Nitrifier biomass, kg C/ha;
    [NH

4
+] – Concentration of ammonium, kg N/ha;

pH – Soil pH.

2. Denitrification
Equation 2.1. Relative growth rate of NOx denitrifiers (1/h)
    GR

NOx
 = GR

 NOx
(

max
) * [C / (Kc + C)] * [NOx / (Kn + NOx)];

Equation 2.2. Relative growth rate of total denitrifiers (1/h)
    GR = Ft * (GRNO3 

* PH1 + GRNO2 
* PH2 + GR

NO 
 * PH3 + GRN2O 

* PH4);
     Ft = a*2(T - 22.5) / 10.0;

Equation 2.3. Denitrifier growth/death and consumption of soluble carbon (kg C/m3/h)
    Growth rate :  (dBIO/dt)

g
 = GR  * BIO(t);

    Death rate: (dBIO/dt)
d
 = Mc * Yc * BIO(t);

    Carbon consumption rate: dC/dt = (GR / Yc + Mc) * BIO(t);

Equation 2.4. Consumption rates of N oxides (kg N/m3/h)
    d(Nox)/dt  = (GR

NOx
 / Y

NOx
 + M

NOx * 
NOx  / N) * BIO(t);

Equation 2.5. Nitrogen assimilation rate (kg N/m3/h)
    (dN/dt)

a
 = (dBIO/dt)

g
  / CN;

Equation 2.6. NO, N
2
O and N

2
 diffusion rates (%)

    NO and N
2
O: diffuse = (0.0006+0.0013*AD)+(0.013-0.005*AD)*PA*(1-anvf);

    N
2
: diffuse 0 0.017+((0.025-0.0013*AD)*PA*(1-anvf);

GRNO3(max) 
– Maximum growth rate of NO

3
- denitrifiers, 0.67 1/h (Hartel & Alexander, 1987);

GRNO2(max) 
– Maximum growth rate of NO

2
- denitrifiers, 0.67 1/h (Hartel & Alexander, 1987);

GRNO(max) 
– Maximum growth rate of NO denitrifiers, 0.34 1/h (Hartel & Alexander, 1987);

GRN2O(max) 
– Maximum growth rate of N

2
O denitrifiers, 0.34 1/h (Hartel & Alexander, 1987);

Kc – Half-saturation value of soluble carbon, 0.017 kg C/m3 (Shah & Coulman, 1978);
Kn – Half-saturation value of N oxides, 0.083 kg N/m3 (Shah & Coulman, 1978);
C - Soluble C concentration, kg C/m3 (calculated by DNDC);
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NO
x
 - Concentration of NO

3
-, NO

2
-, NO or N

2
O, kg N/m3 (calculated by DNDC);

PH1, PH2, PH3 = a * (soil pH – b), a=0.4, and b=2.5, 3.0, or 3.5, respectively; factors of impact of pH on NO
3

-, NO
2

-, and
NO and N

2
O denitrifiers (Focht,1974);

BIO(t)– Denitrifier biomass at time t, kg C /m3 (calculated by DNDC);
Mc – Maintainance coefficient on carbon, 0.0076 kg C /kg/h (Van Verseveld et al., 1977);
Yc – Maximum growth rate on soluble carbon, 0.503 kg C /kg C (Van Verseveld et al., 1977);
YNO3,

YNO2, 
YNO, 

YN2O – Maximum growth rate on NO
3
-, NO

2
-, NO and N

2
O, respectively, 0.401, 0.428, 0.151, 0.151 kg C /kg

N (Van Verseveld et al., 1977);
M(NO3), 

M(NO2), 
M(N2O), 

M(NO)– Maintainance coefficient on NO
3

-, NO
2

-, N
2
O and NO, respectively, 0.09, 0.035, 0.079, 0.079 kg

N /kg/h (Van Verseveld et al., 1977);
CN – C/N in denitrifiers, 3.45 (Van Verseveld & Stouthamer, 1978).

3. CH
4
 Production and Oxidation

Equation 3.1. CH
4
 production rate (kg C/ha/d)

    CH
4
p = a * AC * Ft;

    Ft = b * e(0.2424 * T); (factor of temperature)

Equation 3.2. CH
4
 oxidation rate (kg C/ha/d)

    CH
4
o = CH4[l] * e(8.6711 * Eh[l] / 1000);

Equation 3.3. CH
4
 flux through plant aerenchyma (kg C/ha/d)

    CH4(aere)
 = 0.5 * CH4[l] * AERE;

    AERE = -0.0009*PGI5+0.0047*PGI4 -0.883*PGI3+1.9863*PGI2-0.3795*PGI+0.0251;
    PGI = (days since planting) / (season days); (plant growth index)
Function 3.4. CH

4
 flux through ebullition (kg C/ha/d)

    CH4(ebullition)
 = 0.025 * CH4[l] * PORO * Ft * (1 - AERE);

    Ft = -0.1687*(0.1*T[l])3 +1.167*(0.1*T[l])2 -2.0303*(0.1*T[l])+1.042;
Function 3.5. CH

4
 diffusion rate (kg C/ha/d)

    Rd = 0.01 * (CH4[l] - CH4[l+1]) * T[l] * PORO;
AC – Available C concentration, kg C/ha;
T – soil temperature, °C;
l – soil layer number;
AERE – plant aerenchyma;
FloodDay – flooding days;
PORO – soil porosity;
CH4[l] – CH4 concentration at layer l, kg C/ha.

4. NH
3
 Volatilization

Equation 4.1. NH
3
 concentration in liquid phase (mol/l)

    [NH3(l)] = [NH
4

+][OH-] / Ka;
    NH

4
+/NH3 equilibrium constatnt: Ka = (1.416 + 0.01357 * T) * 10-5;

    [OH-] = Kw / [H+], mol/l;
    [H+] = 10-pH, mol/l;
    Kw = 10^(0.08946 + 0.03605 * T) * 10-15; (water dissociation constant)

Equation 4.2. NH
3
 concentration in gas phase and flux (kg N/ha)

    NH3(g) = [NH3(l)] * (T/T
0
)2 ;

    Flux(NH3) = NH3(g) * AFPS * (1-Clay), kg N/ha/d;

Equation 4.3. NH
3
 deposit (kg N/ha/d)

    Vg = MaxVg * F(plant-N) * F(lsm);
    F(plant-N) = Plant-N(act) / Plant-N(opt);
    F(lsm) = LSM(act) / LSM(max);
    PlantUp(NH3) = Vg * Air(NH3) * LAI * 0.864;
    Air(NH3) = Base(NH3) + Flux(NH3) * 10^9  / V(canopy) * LAI / (LAI + k2) * k3;
    V(canopy) = Height * 10000;
T

0
– reference temperature, 45°C;

T – soil temperature, °C;
PH – soil pH;
AFPS – soil air-filled porosity;
Clay – soil clay content;
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MaxVg – maximum NH
3
 deposit velocity , 0.05 m/s;

Plant-N(act) – crop N content, kg N/ha;
Plant-N(opt) – crop optimum N content, kg N/ha;
LSM(act) – water content on leaf surface, cm;
LSM(max) – maximum  water content on leaf surface, cm;
Base(NH3) – background NH

3
 concentration, 0.06 ug/m3;

V(canopy) – volume of the room from ground to the top of canopy, m3/ha;
Height – maximum height of plant, m;
LAI – crop leaf area index;
MaxLAI – maximum crop leaf area index;
K2, k3 – constant coefficients;
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Abstract

Experiments were conducted to investigate methane (CH4) production, oxidation, and emission from flooded rice
soils. Incorporation of green manure (Sesbania rostrata) into rice fields led to a several-fold increase in CH4

emission. A stimulatory effect of organic sources on CH4 production in soil samples was noticed even under
nonflooded conditions. Addition of rice straw at 1% (w/w) to nonflooded soil samples held at -1.5 MPa effected a
230-fold increase in CH4 production over that in corresponding unamended soil samples at 35 d, as compared with
a threefold increase in rice straw-amended soil over that in unamended soil under flooded conditions. In a study
involving two experimental  field sites differing in water regimes but planted to the same rice cultivar (cv Gayatri)
and fertilized with prilled urea at 60 kg N ha-1, the field plots with deep submergence of around 30 cm (site I)
emitted distinctly more CH4 than did the plots with continuous water depth of 3-6 cm (site II). Likewise, in another
incubation study, CH4 production in flooded soil samples increased with a progressive increase in standing water
column from  5 mm to 20 mm. Application of carbamate insecticide, carbofuran, at 2 kg ai ha-1 to rice fields
retarded CH4 emission through enhanced CH4 oxidation. Hexachlorocyclohexane was found to inhibit CH4 emis-
sion. The results suggest the need for extensive research efforts to develop technologies  with dual objectives of
environmental protection and crop productivity.

Introduction

The increasing concentrations of trace gases such as
carbon dioxide, methane (CH4), and nitrous oxide in
the earth’s atmosphere are of global concern because
of their potential influence on atmospheric chemistry
and climate pattern (Houghton et al., 1996). Studies con-
ducted between 1978 and 1988 indicate that at-
mospheric CH4 concentration is increasing at about
1.0% yr–1 (Crutzen, 1991). However, the recent trend
in atmospheric CH4 concentration shows that the rate
of increase has slowed down, with an annual increase
of 0.7% (Steele et al., 1992; Khalil & Rasmussen, 1993).
The anthropogenic sources of CH4 include rice fields,
domestic ruminants, biomass burning, landfills, coal
mining, oil and natural gas flaring, animal wastes and
domestic sewage (Crutzen, 1991; Khalil & Rasmussen,
1991). Rice fields alone may account for about 15–20%
of global atmospheric CH4 budget (US-EPA 1990;
Minami & Neue, 1994; Neue et al., 1995). Currently,
global research is intended at estimating the source

strength of rice fields and identifying as well as devel-
oping mitigation technologies for CH4  emission from
flooded rice fields.

Extensive field measurements in Spain (Seiler et
al., 1984), Italy (Holzapfel-Pschorn & Seiler, 1986;
Schütz et al., 1989), Japan (Yagi & Minami, 1990; Yagi
et al., 1994), the United States of America (Sass et al.,
1984), India (Mitra, 1992; Adhya et al., 1994; Parashar
et al., 1996; Sethunathan et al., 1998), China (Chen et
al., 1993; Wassmann et al., 1993a; Shao & Li, 1997),
the Philippines (Neue et al., 1994), and Thailand
(Minami, 1994; Yagi et al., 1994) indicate that there
are large temporal variations in CH4 fluxes and that the
flux is critically dependent upon several factors includ-
ing climate, characteristics of soils, and agricultural
practices. The estimates of global rice field CH4 emis-
sion remain rather uncertain. The Intergovernmental
Panel  on  Climate Change estimated the  global emis-
sion rate from rice fields at 60 + 40 Tg CH4 yr-1

(Houghton et al., 1996). Lelieveld et al. (1998) esti-
mated a total CH4 emission of agricultural origin to be
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260 + 115 Tg yr-1 and rice fields of 80 + 50 Tg yr-1. The
world’s annual rough rice production must increase to
meet the demand of the human population,  from the
present 520 million t to at least 880 million t by 2025
as rice is a staple food for more than half of the world’s
population (Lampe, 1995). Such intensification of rice
cultivation by adopting new cultivation practices may
increase CH4  emission (Anastasi et al., 1992; Neue et
al., 1995). Although a flooded soil planted to rice is
predominantly anaerobic, surface soil, rhizosphere and
standing water are in oxidized state (Ponnamperuma,
1972). Not all CH4   produced in the anaerobic zones is
emitted to the atmosphere. In the oxic zones of flooded
soils, as much as 80% of CH4 produced in the anaero-
bic soil layers is oxidized (Conrad & Rothfuss, 1991).
Methane-oxidizing activity decreases with increasing
depth in flooded soil (Kumaraswamy et al., 1997a). The
production and oxidation of CH4  in flooded rice soils
are controlled by many soil, plant, and microbial fac-
tors. Once the soil is disturbed, CH4  oxidation is inhib-
ited for months or years (Mosier et al., 1991). Undis-
turbed soils have higher CH4  uptake capacity than ag-
ricultural soils (Boeckx et al., 1998). There are, how-
ever, less information on the influence of commonly
used cultural practices on CH4  production, oxidation,
and emission from tropical Indian rice fields. Studies
were initiated in our Institute to identify the cultural
practices that show mitigation potential in flooded rice
fields. Some of the results are summarized in this re-
port and more details of this work together with the
experimental procedures and the analytical methods
used are provided  elsewhere (Sethunathan, 1997; Rao,
1998; Kumaraswamy, 1998; Rath, 1998).

Organic matter application

It has been reported that addition of fresh organic
sources to the rice soil increases the availability of
methanogenic substrates and thereby enhances CH4

production and emission (Neue, 1993). Application of
organic sources such as rice straw, Azolla, blue-green
algae, green manure (leguminous and nonleguminous),
animal and human excreta to rice soils is one of the
common cultural practices. In a laboratory incubation
experiment, the effect of various organic sources on
CH4  production in soil samples was determined under
flooded conditions (Satpathy, 1997). The organic
sources used were rice straw, cellulose, Azolla (a water
fern harboring a nitrogen-fixing blue-green alga, Ana-
baena) compost, blue-green algae (BGA) compost,

farmyard manure (FYM) and green manure (GM). The
rice straw (aboveground parts only), Azolla compost
(Azolla pinnata and Azolla mexicana were composted
in a pit for 7 d after harvest), BGA compost (composted
in a pit for 7 d from BGA mats with dominant species
of Nostoc, Anabaena, Aulosira and Tolypothrix), FYM
(compost of cattle wastes), and GM (leaves and tender
twigs of leguminous plant Sesbania rostrata) were air-
dried in shade, crushed, and sieved to pass through a 2-
mm mesh and stored in polyethylene bags at room tem-
perature. At regular intervals, net production in organic-
amended and unamended samples during 40-d incuba-
tion was monitored by gas chromatography  as described
earlier by  Ramakrishnan et al. (1995). Organic amend-
ments effected a several-fold increase in CH4 produc-
tion in alluvial soil under flooded conditions over that
of  corresponding  unamended  controls during 40-d
incubation,  irrespective  of  organic   sources  used
(Table 1). In general, the stimulatory effect of organic
sources on CH4  production was evident even at 10–15
d of submergence. The stimulation of CH4  production
by organic sources under flooded conditions generally
followed the order: GM> cellulose > rice straw > BGA
compost > Azolla compost > FYM> unamended con-
trol. It is interesting to note that composted organic
sources (Azolla compost, BGA compost and FYM) were
less effective than the fresh organic sources (rice straw,
cellulose, and GM) in stimulating the production of CH4

in alluvial soil  samples. Composted organic sources
are known to support low production of CH4  when com-
pared with the fresh organic sources (Debnath et al.,
1996).

In a followup field study, the effect of certain or-
ganic manures (GM, FYM, or poultry manure) applied
in combination with inorganic N fertilizer (urea) on CH4

emission from flooded rice field plots was determined.
Nitrogen fertilizers were applied at 60 kg N ha-1, 50%
as basal and 50% at the tillering stage of the crop. Ba-
sal (50%) application of fertilizers included GM, FYM,
poultry manure, and prilled urea. Green manure (S.
rostrata), with organic carbon, 42.22%; total N, 4.284%;
grown in neighboring plots, were harvested, chopped,
and incorporated into the field soil. The organic carbon
and total N in FYM were 14.6% and 1.7%, respectively.
Poultry manure collected from a poultry farm contained
organic carbon of 26.1% and total N of 1.7%. Organic
manures were incorporated into the field soil 1 d be-
fore transplanting and prilled urea was broadcast onto
the standing water of the flooded rice fields. The re-
maining 50% N was applied as prilled urea by surface-
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broadcast to all the plots at the tillering stage of the rice
crop (45 d after transplanting). Methane  emission from
the flooded rice fields was monitored in the morning
for 30 min and in the afternoon for 30 min, at different
growth stages of the rice plant, employing the manual
closed chamber method as described earlier (Adhya et
al.,1994). Results indicated that integrated use of or-
ganic (30 kg N ha-1) and chemical (30 kg N ha-1) ferti-
lizers led to a distinct increase in CH4  emission from
rice fields over that of control (Table 2). Urea, applied
alone at 60 kg N ha-1, also effected a significant in-
crease in CH4  emission. Among the organic sources used
in combination with urea, GM was the most stimula-
tory to CH4  emission almost throughout the cropping
season. The stimulatory effect of GM was noticed even
at 115 d after transplanting. Denier van der Gon and
Neue (1995) also reported higher CH4  efflux from GM-

amended field plots than in field plots treated with urea.
Farmyard manure effected only a marginal increase in
CH4  emission over that of control. Interestingly, de-
spite higher organic carbon content (26.2%), poultry
manure inhibited CH4  emission. Methane emission
reached the peak during the maturity stage of the crop
in almost all treatments. It may be mentioned that also
in laboratory incubation studies, GM effected a more
pronounced production of CH4  than did other organic
sources (Table 1). The low emission of CH4  with poul-
try manure might be due to its high sulfur content (1.3%
total sulfur) when compared with the relatively low
sulfur content of GM (0.5% total sulfur), FYM (0.6%
total sulfur), and urea (0.001% sulfate). There is evi-
dence that methanogenesis is inhibited in sulfate-rich
anaerobic environments because of the competition of
sulfate-reducers with methanogens for common

Table 1. Effect of added organic sources on CH4 production (mg CH4  g-1 soil) in flooded alluvial soil samples
under laboratory incubation (Satpathy, 1997)a

Days after flooding
Source

 10 15 20 25 30 35 40

Control -    0.3c     2d   21e   31f   32f   20f
Rice straw 6a  84b 124b 257a 269a 182c 169c
Cellulose 7a  18c 125b 212b 229b 280b 213b
Azolla compost 5a  23c   82c   85d 117d 103d 109d
BGA compost 7a  69b 120b 162c 177c 176c 147c
FYM 1a  10c   22d   24e   72e   77e   82e
GM 1a 181a 216a 243a 282a 338e 303e

aOrganic sources were added to the soil at 1% (w/w) level just before flooding. Mean of five replicates. BGA = blue green algae;
FYM = farmyard manure; GM = green manure (Sesbania rostrata). In a column, means followed by a common letter are not
significantly different at the 5% level by Duncan’s multiple range test (DMRT)

Table 2. Effect of organic manure and urea application on CH
4
 emission (mg m-2 h-1)a from flooded field plots planted to rice (cv CR 1002)

(Satpathy, 1997)

Days after transplanting
Treatment

30 40 60 80 95 115

Control 4.1b 7.8d 20.9a 8.7c 5.8c 42.4b
Urea (30+30 kg N ha-1) 12.0a 9.1d 24.6a 4.1d 6.9c 82.5a
GM (30 kg N ha-1) + urea (30 kg N ha-1)  7.4a 32.5a 26.7a 61.7a 29.1a 109.7a
FYM (30 kg N ha-1) + urea (30 kg N ha-1) 10.4a 17.8b 18.4a 29.6b 18.3b 7.3d
PM (30 kg N ha-1) + urea (30 kg N ha-1) 7.7a 13.9bc 20.2a 6.3c 6.9c 15.5c

aMean of four replicate values. In combined application of organic manure and urea, organic manures were applied to the field as basal and urea was applied at
tillering stage (45 d after transplanting) of the crop. In treatment with urea alone, urea (60 kg N ha-1) was applied in two equal splits, 50% as basal and 50% at
tillering stage (45 d after transplanting) of the crop. GM = green manure (Sesbania rostrata); FYM = farmyard manure; PM = poultry manure. Growth stages:
60, 80, 95 and 115 d of sampling correspond to maximum tillering, panicle initiation, flowering and maturity stages of the crop, respectively. In a column,
means followed by a common letter are not significantly different at the 5% level by DMRT
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substrates such as H2 and acetate (Lovley & Klug, 1983;
Achtnich et  al., 1995) and the toxicity of sulfide formed
during anaerobiosis to methanogenesis (Winfrey &
Zeikus, 1979). There is also report of low production
of CH4  in laboratory-incubated soil amended with
chicken manure (Wang & Patrick, 1995).

Influence of floodwater regimes

Methane production in an alluvial soil, unamended or
amended with rice straw (1% w/w), was examined un-
der nonflooded and flooded conditions during a 40-d
incubation in closed vacutainer tubes (Rath et al.,
1999a).  Methane  production  in  the  alluvial  soil
samples, not amended with rice straw, was negligible
at –1.5 MPa during the 40-d incubation period but in-
creased progressively with an increase in water poten-
tial to –0.01 MPa, 0 MPa (saturated), and flooded
(1:1.25 soil-water ratio) conditions (Table 3). Methane
production in unamended soil increased, relative to that
at –1.5 MPa, 12-fold at -0.01 MPa, 40-fold at 0 Mpa,
and 200-fold under flooded conditions. According to
Ramakrishnan et al. (1995), CH4  production in alluvial

soil (same as that used in this study) held under
nonflooded conditions (60% water-holding capacity)
was less than that in flooded soil. In general, CH4  pro-
duction is low in nonflooded soils as the redox status
of nonflooded soils is not favorable for methanogenic
activities (van Cleemput et al., 1983). Addition of rice
straw  (1% w/w) to soil samples effected a several-fold
increase in CH4  production at all water potential levels
relative to that of the respective unamended soil (Table
4). Net CH4  production in rice straw-amended soil, as
in unamended soil, distinctly increased with an increase
in the soil moisture level. What is particularly interest-
ing is the substantial increase in the CH4 production in
nonflooded rice straw-amended soil, even when held
at –1.5 MPa. Thus, for rice straw-amended soil held at
–1.5 MPa, a 230-fold increase in CH4  production rela-
tive to that of the corresponding unamended soil at 25
d was recorded, as compared with a threefold increase
in the rice straw-amended soil relative to that of una-
mended soil under flooded conditions during the cor-
responding period. However, CH4  production in rice
straw-amended soil was three times higher under
flooded conditions than at -1.5 MPa.

Table 3. Methane production (mg g-1  soil) in alluvial soil samples with different water potentials under laboratory incubation conditions (Rath
et al.,  1999a)a

Days of  incubation

5 10 15 20 25 30 35 40

-1.5 3b 3d 9d 11d 14d 23d 49d 205d
-0.01 3b 16c 20c 27c 32c 48c 352c 2537c
0 (saturated) 3b  28b 44b 610b 1838b 6311b 7603b 8764b
Flooded 12a 43a 294a 1187a 8055a 32852a 37400a 43413a

aMean of three replicate observations. In a column means followed by a common letter are not significantly different  at  the  5% level by DMRT

Table  4.  Methane production (mg g-1  soil) in alluvial soil samples under different water potential, amended with rice straw (1% w/w) and
incubated under laboratory conditions (Rath et al., 1999a)a

Days of  incubation

5 10 15 20 25 30 35 40

-1.5 0.1c 1.3c 25.4c 83.5b 94.4c 52.5c 50.0b 46.5b

-0.01 0.3b 4.9b 30.8bc 94.1b 125.4bc 57.0c 55.7b 48.9b
0   0.4b 5.8b 38.4ab 76.5c 175.0ab 116.1b 70.1b 61.4b
Flooded 1.0a 9.9a 47.7a 175.7a 21.8a 172.2a 150.4a 128.3a

aMean  of  three  replicate  observations.  Rice straw  added  at  1% (w/w).  In a  column, means followed by a common letter are not significantly different at
the 5% level by DMRT.

Water potential
(MPa)

Water potential
(MPa)
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In a followup greenhouse experiment, CH4  ef-
flux from nonflooded and flooded alluvial soil samples
in pots, with or without rice straw addition, planted to
rice was examined (Rath, 1998). Addition of rice straw
to potted soil planted to rice enhanced the emission of
CH4   under both nonflooded and flooded conditions by
7-8 fold over that of the respective unamended control
(Table 5). Flooded soils, rice straw-amended or una-
mended, emitted distinctly more CH4   than correspond-
ing nonflooded pots. Cumulative CH4  emission fol-
lowed the order: flooded rice straw-amended (1,040 mg
CH4 pot-1) > nonflooded rice straw-amended (112 mg
CH4 pot-1) ≥ flooded  unamended  (104 mg CH4 pot-1) >
nonflooded unamended (24 mg CH4 pot-1). Interestingly,
cumulative CH4   emission from nonflooded soil
amended with rice straw was almost on a par with that
of flooded soil not amended with rice straw. There was
a distinct increase in CH4  flux from rice straw-amended
and flooded soils as compared with that of other treat-
ments. Decomposition of rice straw in predominantly
anaerobic flooded soil can lead to the accumulation of
acetate, a major, but a transitory intermediate (Rao &
Mikkelsen, 1977). Acetate is the important substrate
for methanogens in the flooded soils (Takai, 1970).
About 80% of CH4  is formed from acetic acid in rice
soils (Achtnich et al., 1995). This would explain the
substantial accumulation of CH4  in rice straw-amended
pots. What is particularly interesting is the fact that
addition of rice straw distinctly enhanced CH4  efflux
even under greenhouse conditions not only from flooded
soils but also from nonflooded soils. These results from
pot culture experiments support the data generated un-
der laboratory incubation (Rath et al., 1999a). Substan-
tial production of CH4  in nonflooded soils amended with
rice straw probably occurs at anaerobic microsites that

can be abundant in nonflooded soils (Sextone et al.,
1985) and more so in nonflooded soil amended with
organic sources. Thus, application of organic amend-
ments, a conventional practice in rice culture, will have
a significant influence on CH4  emission from both
flooded and nonflooded soils. Continuous flooding was
found to emit more CH4 than alternate flooding and dry-
ing in a greenhouse experiment, and single or multiple
drainage retarded CH4  emission from pots planted to
rice (Mishra et al., 1997). A single midseason drainage
reduces seasonal CH4  emission rates by about 50%
(Kimura, 1992; Sass et al., 1992). Thus, floodwater
management is one of the important mitigation strate-
gies. Intermittent irrigation and mid-season drainage
retard CH4  emission from rice fields but increase the
emission of nitrous oxide, another important greenhouse
gas (Neue, 1993; Wassmann et al., 1993b). Moreover,
in rainfed lowland rice as in eastern and northeastern
India, drainage of water from rice fields is virtually
impossible due to high water table. Hence, there is a
need to evaluate these mitigation strategies before
adopting them as technologies.

Effect of chemical fertilizers and floodwater
depth

The effects of fertilizer management and water regime
on CH4  emission were studied in two sets of field plot
experiments (Rath et al., 1999b). Table 6 presents the
physicochemical properties of the soil at both sites. The
experimental plots of rice field with 30-cm water depth
(site I) were  treated with prilled urea (60 kg N ha–1),
prilled urea (60 kg N ha-1) coated with Nimin (a nitrifi-
cation inhibitor; neem triterpenes, Godrej Agrovet Lim-
ited, Bombay), and urea supergranules (60 kg N ha–1).

Table  5.  Methane emission (mg pot–1 d–1)from nonflooded and flooded soil (in pots) planted to rice (cv IR72), unamended or amended with
rice straw (Rath,  1998)a

    Days after transplanting (DAT)
Treatment

20 25 40 50 65 75 85 95

Nonflooded 0.2c 0.3c 0.3b 0.4b 0.9b 0.5d 0.2d 0.5c
Nonflooded + rice
   straw (1% w/w) 3.4b 1.1b 0.6b 1.0b 1.8a 2.5b 1.6c 3.2b
Flooded 0.4c 0.7b 0.4b 0.9b 0.9b 1.5c 7.2b 3.1b
Flooded + rice
   straw (1% w/w) 22.2a 27.9a 16.1a 4.3a 2.6a 22.9a 26.8a 9.5a

aMean of four replicate observations. In a column, means followed by a common letter are not significantly different at the 5% level by DMRT
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The rice field plots (site II) were treated  with prilled
urea (60 kg N ha–1), GM (60 kg N ha–1), and prilled
urea (30 kg N ha–1) combined with GM (30 kg N ha–1).
In the first experiment in site I, CH4  emission peaked
100-125 d after transplanting followed by a decline in
all plots (Table 7). Methane emission from rice fields
in site I was little affected by broadcast application of
prilled urea. Subsurface application of urea
supergranules was marginally effective in reducing the
CH4  flux over that of control. Evidently, the mode of
application of the fertilizer compounds might have di-
rect effects on CH4  emission in a rice field with 30 cm
water depth. Methane emission was less pronounced
in plots treated with the mixture of urea and Nimin than
in plots with no fertilizer control and prilled urea alone.
Nimin is known to inhibit autotrophic oxidation of NH4

+

to NO2
 - (Sahrawat & Parmar, 1975).

In another field plot experiment, the application
of prilled urea and GM (S. rostrata) to plots with water
depth of 4-6 cm (site II) significantly enhanced CH4

emission over that of control (Table  8). In general,

prilled urea or GM at 60 kg N ha-1 effected a 1.5- to 2-
fold increase in net CH4  emission over that in control.
The application of prilled urea and GM stimulated CH4

emission at the early stage of the crop. Application of
GM in combination with prilled urea further enhanced
CH4  emission significantly over that in treatments with
prilled urea and GM alone. The cumulative CH4  emis-
sion was 1.8-, 1.9-, and 3-fold with prilled urea, GM,
and prilled urea combined with GM, respectively, over
that of control. Both the experimental plots (sites I and
II with water depth of 30 cm and 4-6 cm, respectively)
were planted to the same cultivar, cv Gayatri. Among
the physicochemical properties of soil samples from
the two sites, appreciable differences were detected only
in pH and electrical conductivity, and clay, sand, and
silt contents. The levels of total carbon and nitrogen
were, however, similar at both sites. Interestingly, in
control and prilled urea-treated plots, CH4  emission
from rice plots with water depth of 30 cm was 4-10
times higher than that of rice plots with water depth of
4-6 cm. Increased CH4  emission from rice fields at site

Table 6. Physicochemical characteristics of soil samples from rice field plots (sites I & II) of  the Institute’s experimental farm  (Rath et al.,
1999b)

Soil characteristic  Site I  Site II

pH (1:2 soil : water ratio)  6.40 7.63
Electrical conductivity (dS m-1, 1:2 soil : water ratio) 0.78 2.03
Water-holding capacity (%) 50.0 47.1
Organic carbon (%) 0.57 0.51
Total nitrogen (%) 0.089 0.082
Cation exchange capacity (cmol (+) kg-1) 14.0 11.4
Bulk density (g cm-3) 1.2 1.3
Particle size distribution
Clay (%) 22 9
Silt (%) 12 10
Sand (%) 66 81

Table  7.  Effect of fertilizer management practices on CH
4
 efflux (mg m-2 h-1) from rice field plots with 30-cm water depth (site I), planted to

cv  Gayatri (Rath et al., 1999b)a

Days after transplanting
Treatment

30 50 70 85 100 110 125 130 140

Control  8.3a 21.0a 40.0a 90.7a 62.8a 75.1a 102.9a 58.7a 8.2a
Prilled urea 5.7a 13.1a 26.8a 67.2ab 71.6a 85.2a 94.3a 28.5b 7.8a
Prilled urea + Nimin 5.2a 17.7a 27.1a 48.0b 51.0a 64.8a 77.2a 21.7b 7.4a
Urea supergranule 6.1a 13.2a 30.7a 58.4b 57.6a 74.3a 90.2a 56.2a 12.3a

aMean of four replicate observations. In a column, means followed by a common letter are not significantly different at the 5% level by DMRT
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I with deeper water depth could be attributed to con-
tinuous deep submergence for prolonged period (about
30-cm water depth for 70 d, Figure 1) as compared with
4-6-cm water depth in rice fields (site II) (Figure 2).
Data presented in Figures 1 and 2 also show a more
rapid and sharper drop in redox potential in plots with
30-cm water depth than in rice field plots with water
depth of 4-6 cm. Moreover, field plots at site I pro-
duced more plant biomass than did those at site II. Cu-
mulative flux values showed that control plots with 30-
cm water depth at site I emitted around ninefold more
CH4  than did rice field plots with water depth of 4-6
cm at site II. In plots at site I, maturity duration of the
rice plants increased by about 20 d and the prolonged
growth period due to high water table had also led to a
significant increase in cumulative CH4  emission.

In a followup laboratory incubation study, CH4

production in flooded alluvial soil was monitored at
different depths (5, 8, 10.5, 14, 17, and 20 mm) of stand-
ing water (Rath et al., 1999b). During the initial 20 d of
incubation, there was no appreciable increase in the
concentrations of CH4  among treatments (Table 9).
However, after 20 d, CH4  production from soil sam-
ples was distinctly enhanced with progressive increase
in water level. Following soil submergence, oxygen in
the soil is rapidly consumed by the aerobic microor-
ganisms  and  soil can soon be devoid of molecular
oxygen. Moreover, oxygen is sparingly soluble (37.18
µg g–1) in water and oxygen diffused to the soil can
decrease with increase in standing water column. There-
fore, oxygen-stress conditions in flooded soil may be
more intense in situations with deeper water depth than
with shallow water depth.

There are reports on the inhibitory effects of N
fertilizers on methanotrophic microorganisms in soils.
Application of ammonium sulfate and, to a lesser ex-
tent, urea to  surface, rhizosphere, and subsurface soil
samples from flooded field planted to rice inhibited CH4

-oxidizing activity (Kumaraswamy et al., 1997a). This
difference may be attributed to the competitive inhibi-
tion of CH4  oxidation by the readily released ammo-
nium from ammonium sulfate, while urea can be in-
hibitory only upon release of ammonium by hydroly-
sis. There are reports that ammonium sulfate decreases
CH4  from rice fields (Lindau et al., 1993). Urea addi-
tion enhances CH4  production, probably due to the in-
crease in soil pH following urea hydrolysis and the drop
in redox potential which stimulates methanogenic ac-
tivities (Wang et al., 1992). In spite of the significantly
contrasting effects of these two compounds on CH4

production/emission from rice fields, both had adverse
effect on CH4  oxidation. Yan-XiaoYuan et al. (1996)
also showed that NH4 and NO3 inhibited CH4  oxida-
tion. Urea did not inhibit CH4 oxidation initially, but
strongly inhibited the process after a lag period of 2 d
in a rice soil. In principle, three different causes have
been suggested for the inhibitory effect of nitrogenous
fertilizers, especially NH4-N fertilizers on CH4  oxida-
tion : (i) an immediate inhibition of methanotrophic
enzyme system (CH4  monooxygenase - MMO) (Bedard
& Knowles, 1989); (ii) secondary inhibition through
NO2 

- production from methanotrophic ammonium oxi-
dation (Megraw & Knowles, 1987); and (iii) dynamic
alterations of microbial communities of soil (Adamsen
& King, 1993).

Table  8.    Effect of  fertilizer management  practices on CH
4
 efflux (mg m-2 h-1) from rice field plots with 4-6 cm water depth (site II), planted

to cv Gayatri  (Rath et al., 1999b)a

Days after transplanting
Treatment

25  40 60 75 90 105 120

Control 2.9c 9.5c 9.8d 8.9b 6.7c 0.9b 0.4b

Prilled urea 16.7a 16.5b 18.7b 14.7a 9.7b 3.2 0.4b

Green manure  19.8a 9.6c 13.7c 14.5a 11.7ab 2.2ab 2.2a

Prilled urea 7.6b 36.8a 32.7a 15.3a 14.1a 2.3ab 3.3a
+ green manure

aMean of four replicate observations. In a column, means followed by a common letter are not significantly different at the 5% level by DMRT.
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Figure 2. (a) Variations in water depth (cm), (b) redox potential
(mV) of flooded soil, (c) ambient temperature, and (d) soil surface
temperature of rice field plots of 4-6 cm water depth (site II)

Figure 1. (a) Variations in water depth (cm), (b) redox potential
(mV) of flooded soil, (c) ambient temperature, and (d) soil surface
temperature of rice field plots of 30-cm water depth (site I)
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Nitrification inhibitors are also known to inhibit
CH4 oxidation (Bronson & Mosier, 1994).
Kumaraswamy et al. (1997a) also showed that nitrifi-
cation inhibitors (thiourea, sodium thiosulfate, and
dicyandiamide) inhibited CH4 -oxidizing activity of
flooded rice field samples. These inhibitors had repress-
ing effects on the population of CH4  oxidizers with solu-
ble CH4  monooxygenase activity. A similar trend of

decrease in population of ammonium oxidizers was also
noticed. Nitrification inhibitors such as acetylene and
nitrapyrin can inhibit the growth of nitrifiers,
methanogens, and methanotrophs (Oremland &
Capone, 1988; Bedard & Knowles, 1989). Bronson and
Mosier (1991) reported significant reduction in CH4

emission from rice fields following application of urea
in combination with encapsulated calcium carbide.

Days after transplanting Days after transplanting

Air temperature (°C) Air temperature (°C)
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Lindau et al. (1993) found that CH4  emission from rice
fields decreased by 35% and 14% following applica-
tion of encapsulated calcium carbide and
dicyandiamide, respectively.

Effect of  pesticide application

In modern rice culture, pesticides are increasingly used.
There is little information available on the effects of
pesticides on bacteria involved in the production or
consumption of CH4. Satpathy et al. (1997) found that
application of a commercial formulation of a widely
used organochlorine insecticide, hexachlorocyclohex-
ane (HCH) to flooded rice fields or its technical grade
isomers (α, β, and δ ) to laboratory-incubated flooded
soils retarded the production and emission of CH4 , even
at the field application rate of 1-2 kg ai ha-1 to control

insect pests. Hexachlorocyclohexane inhibited CH4

oxidation, measured using the treated soil samples un-
der laboratory incubation, significantly at  5 µg g–1 soil
and almost completely at 10 µg g–1 soil (Kumaraswamy
et al., 1997b). The commercial formulation of
carbofuran, a carbamate insecticide, when applied at
rates of 2 kg and 12 kg ai ha-1 to a flooded field planted
to rice, resulted in significant inhibition of CH4 emis-
sion (Kumaraswamy et al.,1998). On the 9th day after
application of carbofuran (56 d after transplanting), CH4

emission from untreated field plots was 1.60 mmol CH4

m-2 h-1 as compared with 0.47 and 0.87 mmol CH4 m-2

h-1 in plots treated with carbofuran at rates of 2 and 12
kg ai ha-1, respectively. In the laboratory-incubation
study on CH4  production, the soil samples treated with
carbofuran at rates of 5 and 10 µg g–1 soil accumulated
substantially less CH4  under flooded conditions than

Table 9. Methane production (mg g-1  soil) in soil samples, experimentally flooded to provide different water levels (Rath et al., 1999b)a

Water level Days of incubation
(mm) above
soil surface 5 10 15 20 25 30 35 40

  5.0   5a 32a   77a   235a 2381e 11077f 15034f 21345f
  8.0   5a 41a 113a   365a 4111d 19809e 21973e 25180e
10.5   6a 33a 170a   496a 5849c 23979d 26465d 29488d
14.0 11a 24a 221a   547a 6545bc 26518c 29681c 36814c
17.0   4a 46a 284a   611a 7277ab 30733b 33709b 40242b
20.0   4a 44a 311a 1108a 8034a 32352a 37489a 43538a

aMean of five replicate observations. In a column, means followed by a common letter are not significantly different at the 5% level by DMRT.

Table 10.   Effect of carbofuran application on production and oxidation of CH
4
 in soil samples, and CH

4
 emission from flooded field plots

planted with cv  IR72  (Kumaraswamy et al., 1998)

 Methane production  Methane oxidation*  [µmol of CH
4
 oxidized g-1 soil d-1]  Methane emission

Carbofuran under flooded conditions [*measured on 4th  day of incubation] from field plots
[nmol of CH

4
 g-1 soil d-1] [µmol CH

4 
 efflux m-2  h-1]

Soil samples held at Flooded soil samples
60% water-holding capacity

0 20 239 249 -
5 µg g–1   4 512 545 -
10 µg g–1   3 550 526 -
50 µg g–1 ND 301 292 -
100 µg g–1 30   55 126 -
Treatment  in field  plots -
Control    - - - 945
+ 2  kg ai  ha–1    - - - 505
+ 12 kg ai ha–1    - - - 445

ND = not determined



386

the control during a 30-d incubation period. In contrast,
carbofuran at 100 µg g–1 soil effected a distinct stimu-
lation of CH4  production compared with that of con-
trol. Interestingly, CH4  oxidation, measured using the
soil samples incubated under laboratory conditions,
proceeded more rapidly at low concentrations of
carbofuran (5 µg g–1 soil) than in controls or soil sam-
ples amended with high concentrations of carbofuran
(100 µg g–1 soil). Data presented in Table 10 show that
when  carbofuran  was  applied  at  a  rate of 100 µg g–

1 to the soil samples incubated under flooded condi-
tions, the production of CH4  was stimulated, but its
oxidation was inhibited by this concentration of
carbofuran. At low concentrations of carbofuran, CH4

oxidation was stimulated, and this led to a decrease in
net CH4  production compared with that of control.

Conclusions

Methane emission from flooded rice fields differ mark-
edly with climate, characteristics of soil and rice
cultivar, application of organic matter and mineral fer-
tilizer, and other agricultural practices. Composted or-
ganic sources (Azolla compost, BGA compost, and
FYM) had less effect on the production of CH4  than
the fresh organic sources (rice straw, cellulose, and GM).
Application of poultry manure, due to its high sulfur
content, resulted in low emission of CH4  from rice
fields. Methane emission can be reduced significantly
by adopting certain cultural practices which include
floodwater management and choice of rice cultivars,
fertilizers, and agrochemicals. However, the universal
applicability of these mitigation options can depend on
factors, such as soil characteristics, plant factors and
the associated microbiological processes. Many of these
mitigation options are location-specific, a major con-
straint to their universal adaptability in diverse rice
ecologies. More research is needed to identify suitable
and economically viable management practices for dif-
ferent rice-growing areas and socioeconomic situations.

References

Achtnich C, Bak F & Conrad R (1995) Competition for elec-
tron donors among nitrate reducers, ferric iron reducers,
sulfate reducers and methanogens in anoxic paddy soil.
Biol Fertil  Soils 19:65-72

Adamsen  APS & King  GM (1993) Methane consumption in
temperate and subarctic forest soils: rates, vertical zo-
nation and responses to water and nitrogen. Appl Environ
Microbiol  59:485-490

Adhya TK, Rath AK, Gupta PK, Rao VR, Das SN, Parida
KM,  Parashar  DC & Sethunathan N (1994) Methane
emission from flooded rice fields under irrigated condi-
tions. Biol Fertil Soils 18:245-248

Anastasi  C, Dowding  M & Simpson  VJ (1992) Future CH4

emissions from rice production. J Geophys Res 97:7521-
7525

Bedard  C &  Knowles R (1989) Physiology, biochemistry
and specific inhibitors of CH4, NH4

+ and CO oxidation
by methanotrophs and nitrifiers. Microbiol  Rev  53:68-
84

Boeckx  P, van Cleemput  O & Meyer  T (1998) The influ-
ence of land use and pesticides on methane oxidation in
some Belgian soils. Biol Fertil Soils 27:293-298

Bronson KF &  Mosier  AR (1991) Effect of encapsulated
calcium carbide on dinitrogen, nitrous oxide, methane
and carbon dioxide emissions from flooded rice. Biol
Fertil  Soils 11:116-120

Chen Z, Li D, Shao K & Wang B (1993) Features of CH4

emission from rice paddy fields in Beijing and Nanjing.
Chemosphere 26:239-245

van Cleemput O, El-Sebaay AS &  Baert L (1983) Evolution
of gaseous hydrocarbons from soil: effect of moisture
content and nitrate level. Soil  Biol Biochem 15:519-
524

Conrad  R &  Rothfuss  F (1991) Methane oxidation in the
soil surface layer of a flooded rice field and the effect of
ammonium. Biol  Fertil  Soils 12:28-32

Crutzen  PJ  (1991) Methane’s sinks and sources. Nature
350:380-381

Crutzen PJ (1995) On the role of CH4 in atmospheric chemis-
try: sources, sinks and possible reductions in anthropo-
genic sources. Ambio 24:52-55

Debnath G, Jain MC, Kumar S, Sarkar K & Sinha S (1996)
Methane emissions from rice fields amended with biogas
slurry and farmyard manure. Clim Change 33:97-109

Denier van der Gon HAC & Neue HU (1995) Influence of
organic matter incorporation on the methane emission
from a wetland rice field. Global Biogeochem Cycles
9:11-22

Holzapfel-Pschorn  A &  Seiler  W (1986). Methane emission
during a cultivation period from an Italian rice paddy. J
Geophys  Res  91:11803-11814

Houghton  JT,  Meria Filho  LG, Callander  BA, Harris N,
Kattenberg A & Maskell K (1996) IPCC report on Cli-
mate Change 1995: The Science of Climate Change.
WGI contribution to the IPCC second assessment re-
port on methane emission from rice cultivation. Lon-
don: Cambridge University Press

Khalil  MAK & Rasmussen RA (1991) The global methane
cycle. In: Abrol YP, Wattal PN, Gnanam A, Govindjee,
Ort DR, Teramura (eds) Impact of Global Climate
Changes on photosynthesis and Plant Productivity, pp
641-651, New Delhi: Oxford and IBH Publishing Co



387

Khalil  MAK &  Rasmussen RA (1993) Decreasing trend of
methane: unpredictability of future concentrations.
Chemosphere 26:803-814

Kimura  M (1992)   Methane emission from paddy soils in
Japan and Thailand. In: Batjes NH & Bridges EM (eds).
World Inventory of Soil Emission Potentials, WISE re-
port 2.  Wageningen: International Soil Reference and
Information Centre, p 43-79

Kumaraswamy S (1998)  Studies on methane production and
its fate in rice paddy ecosystem. PhD thesis,
Bhubaneswar : Utkal University

Kumaraswamy S, Ramakrishnan B, Satpathy SN, Rath AK,
Mishra S, Rao VR &  Sethunathan N (1997a) Spatial
distribution of methane-oxidizing activity in  a flooded
rice soil. Plant Soil  191:241-248

Kumaraswamy S, Rath  AK, Bharati  K,  Ramakrishnan  B &
Sethunathan  N (1997b) Effect of pesticides on methane
oxidation in a flooded tropical rice soil. Bull  Environ
Contam  Toxicol  59:222-227

Kumaraswamy  S,  Rath  AK,  Satpathy  SN,  Ramakrishnan
B,  Adhya  TK & Sethunathan  N (1998) Influence of an
insecticide carbofuran on the production and oxidation
of methane in a flooded rice soil. Biol Fertil  Soils  26:
362-366

Lampe  K (1995)   Rice research:food for 4 billion people.
GeoJournal 35:253-259

Lelieveld J, Crutzen PJ  & Dentener FJ (1998) Changing con-
centration, lifetime and climate forcing of atmospheric
methane. Tellus 50B:128-150

Lindau CW, Bollich PK, DeLaune RD, Mosier  AR &
Bronson  KF (1993) Methane mitigation in flooded Loui-
siana rice fields. Biol Fertil Soils 15:174-178

Lovely DR & Klug MJ (1983) Sulfate reducers can
outcompete methanogens at freshwater sulfate concen-
trations. Appl Environ Microbiol 45:187-192

Megraw  SR &  Knowles R (1987) Methane consumption
and production in a cultivated humisol. Biol  Fertil  Soils
5:56-60

Minami K (1994) Methane from rice production. Fert Res
37:169-179

Minami  K &   Neue  HU (1994) Rice paddies as a methane
source. Clim Change 27:13-26

Mishra S, Rath  AK,  Adhya  TK,  Rao  VR & Sethunathan  N
(1997) Effect of continuous and alternate water regimes
on methane efflux from rice under greenhouse condi-
tions. Biol Fertil Soils 24:399-405

Mitra AP (1992)  Greenhouse gas emission in India, 1991
Methane Campaign. Scientific Report No. 20. Council
of Scientific and Industrial Research, and Ministry of
Environment and Forest. New Delhi: National Physical
Laboratory

Mosier  A, Schimel  D, Valentine D, Bronson  K & Parton  W
(1991) Methane and nitrous oxide fluxes in native, fer-
tilized and cultivated grasslands. Nature 350:330-332

Neue  HU (1993) Methane emission from rice fields.
BioScience 43:466-474

Neue HU, Lantin RS, Wassmann R, Aduna JB, Alberto MCR
&  Andales MJF (1994) Methane emission from rice soils
of the Philippines. In: Minami K, Mosier AR & Sass RL
(eds) CH4 and N2O : Global Emissions and Controls from
Rice Fields and other Agricultural and Industrial Sources,
pp 55-63, Tokyo, Japan : Yokendo Publishers

Neue HU, Ziska LH, Matthews RB &  Dai Q (1995) Reduc-
ing global warming-the role of rice. GeoJournal 35:351-
362

Oremland  RS &  Capone DG (1988) Use of specific inhibi-
tors in biogeochemistry and microbial ecology. Adv
Microbial  Ecol  10:285-383

Parashar  DC, Mitra  AP, Gupta  PK,  Rai  J, Sharma  RC,
Singh  N, Koul  S, Ray  HS, Das  SN, Parida  KM, Rao
SB,  Kanungo  SP,  Ramasami  T,  Nair  BU,  Swamy  M,
Singh  G, Gupta SK, Singh AR, Saikia BK, Barua AKS,
Pathak  MG,  Iyer  CSP, Gopalakrishnan M, Sane  PV,
Singh  SN, Banerjee  R, Sethunathan  N, Adhya  TK,
Rao  VR,  Palit P, Saha  AK, Purkait  NN, Chaturvedi
GS, Sen  SP, Sen  M, Sarkar B, Banik A, Subbaraya BH,
Lal S, Venkatramani S, Lal G, Chaudhary A & Sinha SK
(1996) Methane budget from paddy fields in India.
Chemosphere 33:737-757

Ponnamperuma  FN  (1972) The chemistry of submerged soils.
Adv  Agron  24:29-96

Ramakrishnan B, Satpathy SN, Adhya TK, Rao VR &
Sethunathan N (1995)  Methane production in two In-
dian rice soils. Geomicrobiol J 13:193-199

Rao VR (1998) Methane emission from rice based cropping
system. Final report on ICAR AP Cess Fund Project.
Cuttack: Central Rice Research Institute

Rao DN & Mikkelsen DS (1977)  Effect of rice straw addi-
tions on production of organic acids in a flooded soil.
Plant Soil 47:303-311

Rath  AK (1998)  Studies on methane emission from tropical
rice soils. PhD thesis, Bhubaneswar:  Utkal University

Rath  AK, Mohanty  SR, Mishra S, Kumaraswamy  S,
Ramakrishnan B  & Sethunathan N (1999a) Methane
production in unamended and rice-straw amended soil
at different moisture levels. Biol  Fertil  Soils  28:145-
149

Rath AK, Swain B, Ramakrishnan B, Panda D, Adhya TK,
Rao VR & Sethunathan N (1999b) Influence of ferti-
lizer management and water regime on methane emis-
sion from rice fields. Agric Ecosyst Environ 76:99-107

Sahrawat KL &  Parmar BS (1975)  Alcohol extract of neem
(Azadirachta indica L.) seed as nitrification inhibitor. J
Indian  Soc Soil Sci 23:131-134

Sass RL, Fisher FM, Harcombe PA &Turner FT (1990) Meth-
ane production and emission in a Texas rice field. Glo-
bal Biogeochem Cycles 4:47-68

Sass RL, Fisher FM, Wang YB, Turner FT & Jund MF (1992)
Methane emission from rice fields: the effect of flood-
water management. Global Biogeochem  Cycles  6:249-
262



388

Satpathy SN (1997)  Factors affecting methane emission in
tropical rice soil. PhD thesis, Bhubaneswar:  Utkal Uni-
versity

Satpathy  SN, Rath  AK, Mishra S, Kumaraswamy  S,
Ramakrishnan B, Adhya TK & Sethunathan N (1997)
Effect of hexachlorocyclohexane on methane produc-
tion and emission from flooded rice soils. Chemosphere
34:2663-2671

Schütz H, Holzapfel-Pschorn A, Conrad R, Rennenberg H,
& Seiler W (1989) A 3-year continuous record on the
influence of daytime, season and fertilizer treatment on
methane emission rates from an Italian rice paddy. J
Geophys Res 94 :16,405-16,416

Seiler  W, Holzapfel-Pschorn  A, Conrad  R & Scharffe  D
(1984) Methane emission from rice paddies. J  Atmos
Chem 1:241-268

Sethunathan N (1997)  Methane production from tropical In-
dian rice soils. Final report of the project. Department
of Science & Technology, Ministry of Science and Tech-
nology.  Cuttack : Central Rice Research Institute

Sethunathan N, Neue HU, Parashar DC, Wassmann R, Rao
VR, Adhya TK & Ramakrishnan B (1998) Greenhouse
effect and mitigation options. In: Mohanty SK et al. (eds)
Rainfed Rice for Sustainable  Food  Security. Cuttack :
Central Rice Research Institute and  Association of Rice
Research Workers. p 409-424

Sextone AJ, Revsbach NP, Parkin TB & Tiedje JM (1985)
Direct measurement of oxygen profiles and
denitrification rates in soil aggregates. Soil Sci Soc  Am
J 49:645-651

Shao KS &  Li Z (1997)  Effect of rice cultivars and fertilizer
management on methane emission in a rice paddy in
Beijing. Nutr  Cycling  Agroecosyst 49:139-146

Steele LP, Dlugokencky EJ, Lang PM, Tans PP, Martin RC &
Masarie KA (1992) Slowing down of the global accu-
mulation of atmospheric methane during the 1980’s.
Nature 358:313-316

Takai Y (1970) The mechanism of methane fermentation in
flooded paddy soil. Soil Sci Plant Nutr 16:238-244

US-EPA –United States Environmental Protection Agency –
(1990) Overview of methane’s contribution to global
warming. In: Methane Emissions and Opportunities for
Control, EPA 1400/9-90/007. Washington : US-EPA/Air
and Radiation. p 2-24

Wang  ZP, DeLaune RD, Lindau CW & Patrick Jr WH (1992)
Methane production from anaerobic soil amended with
rice straw and nitrogen fertilizers. Fert Res 33:115-121

Wang ZP & Patrick Jr WH (1995) Fertilization effects on
methane production potential in a Chinese flooded rice
soil. Proceedings of the Fourth Annual IRRI-EPA-UNDP
Planning Meeting of Methane Emission from Rice
Fields, 19-25 Nov 1995, Chonburi, Thailand

Winfrey MR &  Zeikus JG  (1979) Microbial methanogenesis
and acetate metabolism in a Meromictic lake. Appl
Environ Microbiol 37:213-221

Wassmann R, Schütz H, Papen H, Rennenberg H, Seiler W,
Dai A, Shen R, Shangguan X & Wang M (1993) Quan-
tification of methane emission from Chinese rice fields
(Zhejiang Province) as influenced by fertilizer treatment.
Biogeochemistry 20:83-101

Wassmann  R,  Papen  H &  Rennenberg  H (1993b) Methane
emission from rice paddies and possible mitigation strat-
egies. Chemosphere 26:201-217

Yagi K &  Minami K (1990) Effect of organic matter applica-
tions on methane emissions from Japanese paddy fields.
Soil Sci Plant Nutr 36:599-610

Yagi  K, Tsuruta  H,  Minami  K, Chairoj  P & Cholitkul  W
(1994)  Methane emission from Japanese and Thai paddy
fields. In: Minami K, Mosier AR, Sass RL (eds) CH4

and N2O : Global Emissions and Controls from Rice
Rields and other Agricultural and Industrial Sources, pp
41-53,  Tokyo, Japan: Yokendo Publishers

Yan XY & Cai ZC (1996) Effects of nitrogen fertilizer, soil
moisture and temperature on methane oxidation in paddy
soil. Pedosphere  6: 175-181



277

Simulation of methane production in anaerobic rice soils by a simple two-
pool model

Y. Lu1,2, J.R.M. Arah1,3, R. Wassmann1,4 & H.U. Neue1,5

1International Rice Research Institute, MCPO 3127, 1271 Makati City, Philippines; 2China National Rice
Research Institute, Hangzhou, Zhejiang 310006, People’s Republic of China; 3AAT Consultants, 15 Clerk Street,
Edinburgh EH8 9JH, United Kingdom; 4Fraunhofer Institute for Atmospheric Environmental Research,
Garmisch-Partenkirchen, Germany; 5UFZ-Center for Environmental Research, Department of Soil Sciences,
Theodor-Lieser Strasse 4, D-06120 Halle, Germany

Key words: methane production, exogenous substrates, simulation, two-pool model, rice soils

Abstract

Methane (CH4) is produced in flooded rice fields by anaerobic decomposition of applied organic residues, root-
derived materials and native soil organic matter (SOM). Since CH4 is an important greenhouse gas it is important
to understand, and to be able to model, the processes which produce it. Anoxic incubation of soils employed in the
cultivation of irrigated rice, with and without the addition of various potentially-available organic substrates,
provides information on potential CH4 emissions which can be incorporated into process-based models. In this
study, a simple two-pool model is employed to simulate the CH4 production of a number of anaerobically-incu-
bated rice soils, and their responses to amendment with a variety of organic substrates. The model differs from
most accounts of SOM transformation in that kinetics are microbially-mediated rather than first-order. Simulation
yields a reproduction of the general trends of CH4 production in response to amendments of acetate, glucose and
rice straw.

Introduction

Increasing atmospheric concentrations of methane
(CH4) contribute to global warming and affect the photo-
chemistry of the atmosphere (Cicerone & Oremland,
1988). Wetland rice soils have been shown to be an
important CH4 source at the global scale (Bartlett &
Harriss, 1993; IPCC, 1995). Estimates of the strength
of this source, however, are uncertain, varying from 20
to 100 Tg yr–1 (Sass & Fisher, 1997; Neue et al., 1997).
Much of the uncertainty is due to the large spatial and
temporal variability of the factors and processes in-
volved in CH4 emission. Modeling the underlying proc-
esses is necessary in order to predict CH4 productions
and emissions from flooded rice fields.

Methane emission from rice fields is the result of
production and oxidation in the soil and transport from
soil to the atmosphere. The field-scale modeling of CH4

emission requires calculations of these basic processes

as precise as possible. In recent years, a number of
models on CH4 production and emissions from rice
paddies have been developed. In these models, the rate
of CH4 production was generally described as function
of the availability of organic substrates and preferen-
tial oxidants (Segers & Kengen 1998;  van Bodegom et
al.,  2000; Matthews et al., 2000), and modifiers such
as soil Eh and pH, soil texture and temperature, crop
growth and variety (Cao et al., 1995; Huang et al., 1998).
Methane oxidation occurs in the rhizosphere and soil
surface layer where O2 is available. The rate of CH4

oxidation was empirically described as a function of
the aboveground biomass of the crop (Cao et al., 1995;
Huang et al., 1998), and more mechanistically as a func-
tion of the depth distribution of root transmissivity (Arah
& Kirk, 2000). Inevitably, however, the predictive
power and the extrapolation reliability of the models
depend on the mechanistic understanding and
submodeling on the individual processes and driving
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variables involved. This paper specifically focuses on
simulation of the CH4-production response of rice soils
to additions of various exogenous substrates under
anaerobic conditions.

Materials and methods

Methane production in anaerobic incubation

Much of the data employed in the development of the
model described here is derived from a previously re-
ported incubation experiment (Lu et al., 2000). A full
description of the experimental methodology is given
in that paper, but a brief summary is included here for
convenience. The four soils—Maahas, Pangil, Luisiana
and Pila—were collected from rice fields in the Philip-
pines (Table 1). These soils represent a broad range in
terms of soil pH (4.5 to 7.8), organic matter content
(l.57 to 3.76%), and inherent CH4 production potentials
(0.171 to 30.5 µmol g–1 soil). Two experiments were
conducted with these soils.

In experiment I, Maahas and Pangil soils were
amended with acetate (100 µg C g–1 soil), glucose (100
µg C g–1 soil) and three types of root exudates (6.7, 9.6,
and 16.0 100 µg C g–1 soil for exudate A, B, and C,
respectively) [exudates were collected in a separate
experiment in which IR72 rice was grown under dif-
ferent levels of P supply (Lu et al., 1999)]. The incuba-
tion procedure consisted of the following steps: 10 g of
air-dried soils (Maahas and Pangil) were mixed with
16 ml deionized water in incubation vessels; vessels
were sealed with rubber stopper and flushed with N2;
soil suspensions were then preincubated at 30 °C for
15 d to ensure the development of anaerobic condition
(Wassmann et al., 1998); 4 ml of stock substrate solu-
tion was spiked into each vessel; the incubation was

continued for another 14 d while CH4 production rates
were determined at 1, 2, 4, 6, 9, 11, 13, and 15 d after
spiking. At the sampling date, soil suspensions were
flushed  with  N2  for 3 min and incubated for exactly
12 h. One ml of gas was then taken by syringe from the
headspace and analyzed for CH4 concentration.

In experiment II, Luisiana, Pila and Maahas soils
were amended with rice straw (1% by weight). Straw
was incorporated into the soil at the start of the incuba-
tion without preincubation. Soils were flushed with N2

and  incubated  at  temperatures  of 25 °C, 30 °C, and
35 °C. Methane was measured at 7, 14, 21, 28, 35, 42,
49, and 56 d after incubation with an identical protocol
as described above.

Model description

In the simulation of soil carbon dynamics (Molina et
al., 1983; Parton et al., 1987; Paustian et al., 1992),
SOM is generally partitioned into several components
with each fraction having a defined turnover rate re-
flecting its resistance to mineralization. It has been sug-
gested that CH4 production in rice soils is mainly re-
lated to decomposition of the labile portions of SOM
(Gaunt et al., 1997). We assume that only the active
fractions of SOM are responsible for CH4 production
in the anaerobic incubation, and we further divide them
into two functional pools: pool F in which decomposi-
tion is rapid, and pool S with a slower rate of decompo-
sition. The decomposition of both pools is mediated by
microorganisms. The model structure is shown in Fig-
ure 1.

At constant temperature, the decomposition rates
of the two pools are

CF = kF F µ (1)
CS = kS S µ (2)

where CF and CS are the decomposition rates of pool F
and pool S (µg C d–1 g–1 soil); F and S are the concen-
trations of pool F and pool S (µg C g–1 soil); kF and kS

are reaction rate constants of pool F and S (µg–1 biomass
C d–1); and µ is the microbial biomass (µg C g–1 soil).

It is assumed that the production of methanogenic
substrate is directly coupled to the anaerobic organic-
matter decomposition. Intermediate fermentation reac-
tions and hydrolysis are not explicitly taken into ac-
count (Segers & Kengen, 1998). The methanogenic
substrate is then converted into CH4 and CO2, with a
factor of 0.5 to produce 0.5 CO2 and 0.5 CH4 for each

Table 1. Characteristics of the soils used in the experiments

Soil characteristic Maahas Pangil Luisiana Pila

pH (1:1 water) 6.40 4.40 4.50 7.4
OC (%) 1.57 3.96 1.84 2.08
Active Mn (%) 0.119 0.0340 0.109 0.058
Active Fe (%) 2.27 5.91 4.63 0.800
Inherent capacity
(µmol g–1 soil)a 0.171 16.0 3.44 30.5
Texture Clay Clay Clay Silt
Soil order Mollisol Inceptisol Entisol Alfisol

aInherent capacity is the cumulative CH4 production within 28 d incubation
without organic amendment
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carbon. Under anaerobic conditions, the decomposition
of both pools produces microbial biomass (µ), CO2 and
CH4. The initiation of CH4 production, however, is ham-
pered by a preferentially reduced buffer (B), which rep-
resents a pool of alternative electron acceptors in the
soil (e.g., NO3

–, Mn4+, Fe3+, and SO4
2–). For simplicity,

we specified the quantity of B (µg C eq g–1 soil) for all
species. Methane production will not occur until most
of this pool has been reduced and become reduced form
(R).

Methane production was calculated by

f3 = 0.5α (1 – ηF)CF (3)
f6 = 0.5α (1 – ηS)CS (4)
α = 1/(1 + σB) (5)

where f3 is the CH4 production rate derived from pool
F (µg d–1 g–1); f6 is the CH4 production rate from pool S
(µg d–1 g–1); and ηF and ηS are the growth constants of
microbial biomass from pool F and S, respectively (g
biomass g–1 C); α and σ are the inhibition factors of
preferentially-reduced buffer (B). When B is zero, α is
equal to 1.

The other units in the model are defined by equa-
tions 6 to 11:

f1 = (CF + CS)B (6)
f2 = ηFCF (7)
f4 = CFB + αCF – F2 – F3 (8)
f5 = ηSCS (9)
f7 = CSB + αCS – F6 – F5 (10)
f8 = kµ µ (11)

where f1 is the rate of reaction between substrate C and
buffer B; f2 and f5 are growth rates of microbial biomass
derived  from  pool F and pool S, respectively (µg d–1

g–1); f4 and f7 are the CO2 production rate from pool F
and pool S (µg d–1 g-–1); f8 is the death rate of microbial
population; and kµ is the biomass mortality constant.

Model parameters were summarized in Table 2.
Statistical analysis and optimization of parameters were
accomplished using ModelMaker program (Version 3.0,
Cherwell Scientific Publishing Ltd, 1997).

Results

Experiment I: addition of acetate, glucose, and exudates

In experiment I, soils were preincubated under N2 for
14 d before substrate spiking. Soil Eh was below –150
mV, according to previous observations (Wassmann et
al., 1998). It is therefore assumed that the soils were

Figure 1. Material flow diagram for the two-pool model

Table 2. Model parameters

Symbol Meaning Unit

B0 Initial redox buffer concentration µg C eq g–1

F0 Initial fast pool concentration µg C g–1

S0 Initial slow pool concentration µg C g–1

µ0 Initial microbial biomass concentration µg C g–1

ηF Fast pool biomass production efficiency g biomass g–1 C
ηS Slow pool biomass production efficiency g biomass g–1 C
kF Fast pool reaction constant µg-1 biomass C d–1

kS Slow pool reaction constant µg-1 biomass C d–1

kµ Biomass mortality constant d–1

σ Methanogenesis sensitivity g µg C eq–1

f µ S

CO2

Rf7

f4

f2

f6

f8

f5

f3

f1

α

B

CH
4
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fully reduced at the time of substrate spiking—i.e., the
initial concentration of preferentially reduced buffer (B0)
is set to zero at the start of substrate spiking.

Acetate and glucose were added to Maahas and
Pangil soils at the rate of 100 µg C g–1 soil. It is as-
sumed that the initial fast pool F is zero and becomes
equal to 100 µg C g–1 soil upon addition of substrate.

The other parameters were optimized with itera-
tive numerical methods to obtain minimized values of
the weighted sum of squares (expressed as χ2). Initially,
optimization was performed with data from the acetate
treatment. Optimized parameters include initial concen-
trations of pool S and microbial biomass, biomass mor-
tality constant, biomass growth constants, and reaction
rate constants of pools F and S. Subsequently for the
glucose treatment, the previously optimized initial mi-
crobial biomass, initial pool S concentration, biomass
mortality constant, biomass growth constants, and re-
action rate constant of pool S were introduced as known
parameters. The reaction rate constant and microbial
growth constant of pool F became the only parameters
optimized. For the control soil, the same approach was
applied while pool F was set to zero.

The results of the optimization are presented in
Table 3. The initial pool S concentration is 3000 µg C
g–1 soil for Maahas and 1,400 µg C g–1 soil for Pangil.
Reaction rate constant of pool S was optimized at 0.001
g–1 biomass d-1 and 0.003 g–1 biomass d–1 for Maahas
and  Pangil,  respectively.  Initial biomass was 5 µg C
g–1 soil for both soils.

A comparison between the experimental and
simulated kinetics is shown in Figure 2. Although dis-
crepancies between simulated and mean values of ex-
perimental data are evident, the trend of simulated re-
sponse to substrate amendments agrees well with that
of the measured data (r2 = 0.84 for Pangil and 0.78 for
Maahas, both significant at P < 0.01).

For the treatment of root exudates, a similar simu-
lation approach as for glucose treatment was applied.
Pool F was set to zero before substrate addition and
became equal to the amounts of added exudate upon
the point of addition. Simulations were performed with
the reaction rate constant and microbial growth con-
stant of pool F being the only parameters to be
optimized. The simulation, however, did not result in a
good fit. Simulation was then performed with all the
parameters for pools S and F, and microbial biomass
set as unknown to permit the optimization program to
search for low χ2 values. However, the model again
showed poor performance (r2 = 0.3 and 0.1 respectively,

Table 3. Optimized values of parameters for treatments of acetate
and glucose

Parameter Unit Pangil Maahas

B0 µg C eq g–1 0 0
µ0 µg C g–1 5 5
σ g µg C eq–1 100 100
S0 µg C g–1 1400 3000
kS g-1 biomass C d–1 0.003 0.001
ηS g biomass g–1 C 0.055 0.070
kµ d–1 0.185 0.615
Acetate
kF g-1 biomass C d–1 0.680 0.022
ηF g biomass g–1 C 0.359 0.426
Glucose
kF g-1 biomass C d–1 0.006 0.001
ηF g biomass g–1 C 1 1 Figure 2. Measured and simulated response of CH4 production to

addition of acetate and glucose: (a) Pangil and (b) Maahas.
Measured data = symbols; model output = lines; bars = standard
errors of measured data
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for Pangil and Maahas) (Figure 3). Possible reasons for
this are discussed later.

Experiment II: amendments of straw and temperature
responses

In these experiments, incubation conditions differed
from those of experiment I in that (a) rice straw was
incorporated at the start of the experiment without pre-
incubation; (b) batches of anaerobic incubations were
conducted under 25, 30, and 35 °C.

The simple two pool model was slightly modi-
fied: (i) reaction rate constants kS and kF at 30 and 35°C
were taken to be proportional to those at 25°C, with
proportionality constants Q5 and Q10; and (ii) straw ad-
dition at time t0 added C to both pool F (taken to be
zero in the absence of straw addition) and pool S. The
values of buffer (B0) and temperature constants (Q5 and
Q10) were optimized together with initial concentrations
of pool S and pool F, reaction rate constants, microbial

biomass, biomass growth constants, and mortality con-
stant. The results of the optimization are presented in
Table 4. The initial pool F concentrations derived from
straw amendments were 200, 2400, and 61 µg C g–1

soil for Maahas, Luisiana, and Pila, respectively. The
corresponding values for pool S were 3200, 1360, and
540 µg C g–1. Reaction rate constants of pool F were
optimized at 0.0008, 0.0005, and 0.012 g–1 biomass C
d–1 for Maahas, Luisiana, and Pila, respectively, and at
0.0002, 0.00015, and 0.004 g–1 biomass C d–1 for pool
S, respectively.

Figure 4 shows a comparison between experimen-
tal and simulated kinetics. The trend of simulated re-
sponse to straw amendments at three temperatures
agreed well with that of the measured data (r2 = 0.88,
0.61, and 0.91 respectively for Luisiana, Pila, and
Maahas, all significant at P < 0.01).

Discussion

Allowing for its simplicity and the number of arbitrary
assumptions it involves, the simple two-pool model
simulates CH4 production in anaerobic soils quite well.
Simulation yields a reproduction of the general trends
of CH4 production in response to amendments of ac-
etate, glucose, and rice straw.

In this model, the production of substrate for
methanogenesis is directly coupled to anaerobic car-
bon decomposition. The rate of carbon decomposition
depends on reaction rate constant, substrate pool con-
centration, and microbial biomass. These kinetics dif-
fer from the first-order form found in most multiple-

Figure 3. Measured and simulated response of CH4 production to
addition of root exudates a, b, and c: (A) Pangil and (B) Maahas.
Measured data = symbols; model output = lines; bars = standard
errors of measured data

Table 4. Optimized values of parameters for treatments of straw ad-
dition with temperature effect

Parameter Unit Luisiana Pila Maahas

B0 µg C eq g–1 3000 0 0
µ0 µg C g–1 1 1 1
σ g µg C eq–1 10 10 10
kµ d–1 0.074 0.11 0.063
Q5 1.26 1.35 1.06
Q10 1.84 1.87 1.75
Control
S0 µg C g–1 560 17400 0
kS g–1 biomass C d–1 0.0015 0.004 0.0002
ηS g biomass g–1 C 0.16 0.02 0.07
Straw
∆S0 µg C g–1 540 1360 3200
F0 µg C g–1 2400 61 200
kF g–1 biomass C d–1 0.0005 0.012 0.0008
ηF g biomass g–1 C 0 0 2.1

30

25

20

15

10

5

0

a

CH4 production rate (µg g-1 d-1)

4

3

2

1

0
1050 15 20 25

Incubation days

b

Control

b
c

a

Control
a
b
c



282

Figure 4. Measured and simulated response of CH4 production to
temperature and rice straw addition: (a) Luisiana, (b) Pila, and (c)
Maahas. Measured data = symbols; model output = lines; bars =
standard errors of measured data.

pool models of SOM decomposition, in which the de-
composition rate of SOM from each pool is usually a
function of substrate quality (lignin content and C-N
ratio) and external factors such as temperature and
moisture (Paustian et al., 1992), but not of microbial
biomass. The microbial biomass is usually taken to be
a most active pool which participates in the carbon cy-
cling (Parton et al., 1987; Paustian et al., 1992;
Nicolardot et al., 1994), but which does not in itself
influence the decomposition rates of other pools. This
implies that the microbial population is always ready
to consume readily metabolized substrates and that dead
biomass is rapidly decomposed. This might not be true
if soils are amended with large amounts of readily de-
composable organic materials, where the development
of microbial population may lag behind the supply of
substrate. Segers and Kengen (1998) indicated that in
the initial phase, the rate of CH4 production was lim-
ited by methanogenic biomass. Under the conditions
of substrate-enriched incubation as in this study, it ap-
pears necessary to include microbial biomass in the
model and to adopt microbially mediated kinetics.

The active SOM pool is partitioned into two pools
in the model. Acetate and glucose, which are immedi-
ately converted to CH4 under anaerobic conditions,
belong to fast pool F, while cellulose and the like cor-
respond to slow pool S. The decomposition of pool F
accounts for the initial phase and the peak of CH4 pro-
duction, while the decomposition of pool S contributes
most to the later phase of CH4 production.

Model parameters F0, S0, and B0 are the initial
concentrations of the active organic carbon and buffer
pools; kF and kS are reaction rate constants. It appears
that reaction rate constant is more important than total
pool concentration, as would be expected over the short
term. For example, in experiment I, although Pangil
showed lower S0, the higher reaction rate constant led
to a higher CH4 production rate than in Maahas (Figure
3). Similarly, in experiment II, although the fast pool
concentration of Pila was lower than Maahas and
Luisiana, the reaction rate constant was much higher
and CH4 production was faster in Pila (Table 4, Figure
4). It should be stressed that F, S, and B are functional
pools, not measurable fractions. They are defined ex-
clusively by their role in the model, and no extraction
procedure can be expected to measure them. There may
be loose correlations between F and dissolved C, and
between B and “active Fe”, for example, but it would
be misleading to expect (or assume) equivalence.
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The performance of the model is poor (r2 = 0.3
and 0.1) in simulating the responses to additions of
exudate (Figure 3). Two reasons may be advanced: the
first is the relative size of the amendments and their
concomitant effects: between 6 and 15 times more C
was added in the acetate and glucose experiments than
in the exudate experiment; trends apparent in Figure 3
are little more than noise in Figure 2. The model may
simply be too insensitive to reproduce the subtle ef-
fects apparent in Figure 3. Another possible explana-
tion concerns the C/N. Acetate and glucose contain no
N. Their addition cannot enhance the efficiency (ηF and
ηS) of microbial biomass production under N-limited
conditions. However, root exudate has a low C/N (lower
than that of rice straw), and may thus promote biomass
growth as well as SOM mineralization even under N-
limited circumstances. Introducing such considerations
into the simple model may improve the model perform-
ance for CH4 production with various organic inputs.

In conclusion, a simple two-pool model for the
prediction of CH4 production under anaerobic incuba-
tion was developed. The model incorporated the effect
of microbial biomass, which we thought necessary un-
der conditions of high organic input in the paddy soils.
In the model, the active soil organic phase was divided
into a fast pool and a slow pool and methanogenic
substrate and CH4 production were directly coupled to
the decomposition of these pools. Methane production
was delayed in the presence of preferentially reduced
oxidants. With exceptions for the treatments of root exu-
dates, the simple model simulated trends of CH4 pro-
duction in response to organic amendments (r2 = 0.61
to 0.91) well. However, it should be indicated that the
model represents only a routine of CH4 production un-
der controlled substrate supply and anaerobic condi-
tion. To be suitable to simulate  field-scale CH4 pro-
duction, it should be integrated with subroutines on
substrate production, soil aeration, and electron-accep-
tor reoxidation and incorporated with modifiers such
as soil texture and temperature and others.

References

Arah JRM & Kirk GJD (2000) Modelling rice-plant-medi-
ated methane emission. Nutr Cycling  Agroecosyst  (this
issue)

Bartlett KB & Harriss RC (1993) Review and assessment of
methane emissions from wetlands. Chemosphere 26(1-
4): 261-320

Cao M, Dent JB & Heal OW (1995) Modelling methane
emissions from rice paddies. Global Biogeochem Cy-
cles 9:183-195

Cicerone RJ & Oremland RS (1988) Biogeochemical aspects
of atmospheric methane. Global Biogeochem Cycles 2:
299-327

Gaunt JL, Neue HU, Bragais J, Grant IF & Giller KE (1997)
Soil characteristics that regulate soil reduction and meth-
ane production in wetland rice soils. Soil Sci Soc Am J
61:1526-1531

Huang Y, Sass RL & Fisher FM Jr (1998) A semi-empirical
model of methane emission from flooded rice paddy
soils. Global Change Biol 4(3):247-268

IPCC – Intergovernmental Panel on Climate Change  (1995)
Climate Change: The Supplementary Report on the IPCC
Scientific Assessment. Cambridge University Press, New
York.

Lu Y, Wassmann R, Neue HU & Huang C (1999) Impact of
phosphorus supply on root exudation, aerenchyma for-
mation and methane emission of rice plants. Biogeo-
chemistry 47:203-218

Lu Y, Wassmann R, Neue HU, Huang C & Bueno CS (2000)
Response of methanogenesis in anaerobic rice soils to
exogenous substrates. Soil Biol Biochem 32:1683-1690

Matthews R, Wassmann R & Arah J (2000) Using a crop/soil
simulation model and GIS techniques to assess methane
emissions from rice fields in Asia. I. Model develop-
ment. Nutr Cycling Agroecosyst (this issue)

Molina JAE, Clapp CE, Shaffer MJ, Chichester FW & Larson
WE (1983) NCSOIL, a model of nitrogen and carbon
transformations in soil: description, calibration, and
behavior. Soil Sci Soc Am J 47:85-91

Neue HU, Wassmann R, Kludze HK, Bujun W & Lantin RS
(1997) Factors and processes controlling methane emis-
sions from rice fields. Nutr Cycling  Agroecosyst 49:
153-161

Nicolardot B, Molina JAE & Allard MR (1994) C and N fluxes
between pools of soil organic matter: model calibration
with long-term incubation data. Soil Biol Biochem
26:235-243

Parton WJ, Schimel DS, Cole CV & Ojima DS (1987) Analy-
sis of factors controlling soil organic matter levels in
great plains grasslands. Soil Sci Soc Am J 51:1173-1179

Paustian K, Parton WJ & Persson J (1992) Modeling soil or-
ganic matter in organic-amended and nitrogen-fertilized
long-term plots. Soil Sci Soc Am J 56:476-488

Sass RL &Fisher FM (1997) Methane emissions from rice
paddies: a process study summary. Nutr Cycling
Agroecosyst 49:119-127

Segers R & Kengen SWM (1998) Methane production as a
function of anaerobic carbon mineralization: a process
model. Soil Biol Biochem 30:1107-1117



284

van Bodegom PM, Wassmann R & Corton TM (2000) A proc-
ess-based model for methane emission predictions from
flooded rice paddies. Nutr Cycling  Agroecosyst (this
issue)

Wassmann R, Neue HU, Bueno C, Lantin RS, Alberto MCR,
Buendia LV, Bronson K, Papen H & Rennenberg H
(1998) Methane production capacities of different rice
soils derived from inherent and exogenous substrates.
Plant Soil 203:227-237



285

Combining upscaling and downscaling of methane emissions from rice
fields: methodologies and preliminary results

H.A.C. Denier van der Gon1, P. M. van Bodegom2, S. Houweling3, P. H.Verburg1 & N. van
Breemen1

1Laboratory of Soil Science and Geology, Wageningen University, P.O. Box 37, 6700 AA, Wageningen, The
Netherlands; 2Free University Amsterdam, Department of Systems Ecology, de Boelelaan 1087, The Nether-
lands; 3Institute for Marine and Atmospheric Research, Utrecht University, The Netherlands

Key words: methane emission, rice fields, temporal scaling, spatial scaling, regional estimates, inverse modeling

Abstract

The uncertainty in the methane (CH4) source strength of rice fields is among the highest of all sources in the global
CH4 budget. Methods to estimate the source strength of rice fields can be divided into two scaling categories:
bottom-up (upscaling) and top-down (downscaling). A brief review of upscaling and downscaling methodologies
is presented. The combination of upscaling and downscaling methodologies is proposed as a potential method to
reduce the uncertainty in the regional CH4 source strength of rice fields. Some preliminary results based on upscaling
and downscaling are presented and the limitations of the approaches are discussed. The first case study focuses on
upscaling by using a field-scale model in combination with spatial databases to calculate CH4 emissions for the
island of Java. The reliability of upscaling results is limited by the uncertainty in model input parameters such as
soil properties and organic carbon management. Because controlling variables such as harvested rice area may
change on relatively short time scales, a land use change model (CLUE) was used to quantify the potential land use
changes on Java in the period 1994-2010. The predicted changes were evaluated using the CH4 emission model.
Temporal scaling by coupling land use change models and emission models is necessary to answer policy-related
questions on future greenhouse gas emissions. In a downscaling case study, we investigate if inverse modeling can
constrain the emissions from rice fields by testing a standard CH4 from rice scenario and a low CH4 from rice
scenario (80 and 30 Tg CH4 yr–1, respectively). The results of this study are not yet conclusive; to obtain fine-
resolution CH4 emission estimates over the Southeast Asian continent, the monitoring network atmospheric mix-
ing ratios need to be extended and located closer to the continental sources.

Introduction

Wetland rice fields are an important source of methane
(CH4), a potent greenhouse gas (Wang, 1976; IPCC,
1994). The first field measurements were done in Cali-
fornia (Cicerone & Shetter, 1981; Cicerone et al., 1983),
followed by extensive studies in Spain (Seiler et al.,
1984) and Italy (Holzapfel-Pschorn & Seiler, 1986;
Schütz et al., 1989). From the 1980s to the 1990s, CH4

emissions from rice fields were measured at numerous
locations. For an overview by country, we refer to
Minami et al. (1994). Since the late 1980s, the data-
base of flux measurements from rice fields has expanded
and the combined field and laboratory studies have
greatly increased our understanding of the processes

controlling CH4 emission from rice fields. However,
the newly available field results revealed a huge varia-
tion of flux rates and methods to select which flux rates
are “representative” of the world’s rice fields are lack-
ing. Hence, the uncertainty in the global CH4 source
strength of rice fields of about ~65% is among the high-
est  of  all  CH4 sources, for  example 60 ± 40  Tg yr–1

(IPCC, 1994) or 80 ± 50 Tg yr–1 (Lelieveld et al., 1998).
Techniques used for extrapolating measurements

and constraining results between different spatial and
temporal scales are generally referred to as “scaling.”
Two approaches to scaling of the CH4 source strength
of rice fields can be distinguished: (1) bottom-up scal-
ing methodologies and (2) top-down scaling method-
ologies, often referred to as “upscaling” and



286

“downscaling,” respectively. Upscaling typically uses
small scale (~ 1 m2) flux measurements that are ex-
trapolated to the regional or global scale. Downscaling
typically uses atmospheric transport and chemistry to
deduce information on CH4 sources and sinks from the
temporal and spatial variation of atmospheric CH4 mix-
ing ratios as measured by global air sampling networks.
In this paper, we give a condensed chronological re-
view of upscaling and downscaling methodologies used
to estimate the CH4 source strength of rice fields. The
advantage of combining upscaling and downscaling to
reduce the uncertainty in the CH4 source strength of
rice fields is discussed and some preliminary results
based on upscaling and downscaling are presented.

Some variables controlling CH4 emissions from
rice fields are quite stable over time—e.g., soil type
and climate. By contrast, other controlling variables may
change drastically on time scales >~5 yr, e.g., harvested
rice area, cropping index, fertilizer use, rice varieties,
and water management. For these variables, the rate of
change and its impacts on emissions have to be quanti-
fied. This asks for temporal scaling, estimating past or
future emissions based on current emissions. Temporal
scaling is necessary to answer policy-related questions
on future greenhouse gas emissions but also to avoid
comparing incompatible results from upscaling and
downscaling methodologies—e.g., if data from the
1980s are combined with those from the 1990s, the
potential impact on the calculations should be carefully
considered.

Upscaling of CH4 emissions from rice fields

Estimates of the global CH4 source strength of rice fields
have been made using various bottom-up scaling ap-
proaches, further referred to as upscaling methodolo-
gies. Table 1 describes, in chronological order, the ma-
jor categories of upscaling methods, without aiming for
completeness. The first attempt to scale up was pub-
lished by Koyama (1963). Koyama measured CH4 pro-
duction of nine Japanese rice field soils upon anaero-
bic incubation as a function of temperature in the range
of 5–40 oC. By assuming that all rice soils are similar
in nature to Japanese rice soils and deriving rice field
areas and average soil temperature from statistics,
Koyama (1963) estimated the global CH4 source
strength of rice paddies as 190 Tg yr-1.

In the 1980s, the first measurements of CH4 emis-
sion from rice fields were published. To estimate the
global CH4 source strength from these measurements,
the harvested area of rice is multiplied by the average

CH4 emission per day times the length of the growing
season (method 2, Table 1). This method is character-
ized by the use of a uniform emission factor. The geo-
graphical location and local management practices are
not taken into account. Various amendments on this
method have been made. For example, upland rice,
which contributes about 12% of the world harvested
rice area and is characterized by no flooding for any
significant amount of time, was not excluded in early
calculations (e.g., Holzapfel-Pschorn & Seiler, 1986;
Schütz et al., 1989) and IPCC (1995) proposed a cor-
rection for growing-season average temperature. Nev-
ertheless, in essence, a uniform emission factor is used.
To deal with the huge variation in measured emissions,
measurements are averaged to yield the uniform emis-
sion factor and the standard deviation is used to calcu-
late the range in the emission estimate. This frequently
used methodology is the basis of most rice field source
strengths in global CH4 budgets. For example, the
EDGAR database (Olivier et al., 1996) assumes a uni-
form emission of 350 mg CH4 m-2 d-1 and a fixed number
of 130 flooding days for each rice crop, except upland
rice which has no flooding for any significant amount
of time. Multiplication of the uniform emission factor
with the number of flooding days and harvested area of
non-upland rice results in a global source strength of
~60 Tg yr-1 (Kreileman & Bouwman, 1994; Olivier et
al., 1996).

The third methodology used for estimating the
global CH4 source strength of rice fields acknowledges
that differences in rice-growing environments will re-
sult in different levels of emission. A certain ecosys-
tem process or function, which is better known than
CH4 emission from the specific rice environments, is
assumed to be proportional to CH4 emission. This proc-
ess is then used as a so-called proxy for CH4 emission
from rice fields. Examples of processes that can be used
as a proxy are net primary production (NPP, method
3a, Table 1) or the amount of carbon returned to the
rice soil during a full rice crop cycle (method 3b, Table
1). The fundamental difference with method 2 (Table
1) is the absence of a uniform emission factor. If the
proxy value, e.g. NPP, varies in an ecosystem, CH4

emission will vary proportionally. The proxy method
is sensitive to the transfer function between the proxy
and CH4 emission. This transfer function is often un-
certain or variable. For example, the proposed fraction
of rice NPP emitted as CH4 ranges from 1.5 to 7%
(Aselman & Crutzen, 1989; Taylor, 1991; Huang et al.,
1997). So, if it is assumed that 6% instead of 3% of the
net primary production is emitted as CH4, the estimated
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Table 1. Bottom-up scaling (upscaling) methodologies that have been used for estimating the CH4 source strength of rice agriculture in
chronological order. Numbers indicate distinctly different methodologies, bullets indicate a modification on a methodology

Upscaling methodologies for CH4 emission from rice fields Source strength (Tg yr-1)

1 CH4 production in incubated rice soil samples multiplied by the estimated
amount of rice soil (Koyama, 1963) 190

2 Uniform emission factor based on flux measurements multiplied by harvested area of rice
(Cicerone & Shetter, 1981; Holzapfel-Pschorn & Seiler, 1986; Schütz et al., 1989, respectively) 59, 70-170, 50-150
• Excluding upland rice area because no potential for CH4 emission -12%
• Growing season average temperature correction (IPCC, 1995) 60-105a

3a CH4 emission proportional to net primary production (NPP), e.g., 3-7% (Aselman & Crutzen, 1989),
5% (Taylor, 1991) of NPP emitted as CH4 60-140
• Including soil CH4 emission potential (Bachelet & Neue, 1993) 47b

3b CH4 emission proportional to carbon returned to the soil: 30% of the soil returned carbon emitted
as CH4 (Neue et al., 1990) 63
• Including soil CH4 emission potential (Bachelet & Neue, 1993) 52b

4 Specific emission factors for specific ecosystems, regions and/or management (IPCC, 1997)
• Rice ecosystem-specific emission factors (Neue & Sass, 1998) 30-50
• Country-specific emission factors (Neue & Sass, 1998) 32c

• National rice regionalization (Yao et al., 1996) 15
(China only)

5 Empirical (regression) models using input from national statistics and / or geographical
information system (GIS)
Kern et al. (1997)      10 ± 3

(China only)
6 Simulation models for CH4 emission from rice fields linked to a geographical information system

Cao et al. (1996) 53
Huang et al. (1998b) 7.2 - 13.6

(China only)

aProposed for national communications by IPCC (1995), not applied on a global scale. Estimated source strength here is based on growing season average
temperature between 25 and 32 °C. bOriginal calculation by Bachelet & Neue (1993) was for Asian rice fields only (~90% of world harvested area). For compari-
son, the source strength is increased proportionally to cover the world rice area. c32 Tg yr–1 is presented as median, 104 Tg yr–1 as maximum.

global source strength using this methodology obviously
doubles.

A fourth method was introduced to make better
use of newly reported CH4 emission data from rice fields
and account for the observed emission differences from
different rice cropping systems (method 4, Table 1).
Based on reported observed CH4 emissions, proposed
OECD/IPCC default guidelines discriminate rice fields
and respective CH4 emissions according to rice ecol-
ogy and introduce factors for organic amendments and
water regimes (IPCC, 1997). A default seasonally inte-
grated CH4 emission of 20 g m-2 is recommended for
continuously irrigated and continuously flooded low-
land rice ecosystems without organic amendments with
proportionately lower values for other rice ecosystems
and a multiplier factor of 2 (range 2-5) for emissions
for the corresponding rice ecosystems with organic
amendments. For an extensive discussion of this
method, we refer to Sass (1999). Method 4 can be fur-
ther expanded by replacing the default seasonally inte-

grated CH4 emission factor with national or regional
emission factors where available (IPCC, 1997; Neue
& Sass, 1998; Sass, 1999).

Calculations using emission factors introduce
unquantifiable measures of uncertainty, mainly because
of two reasons. First, the highly dynamic and nonlinear
interactions between processes underlying CH4 emis-
sions make it difficult to relate CH4 emissions to single
environmental variables. Second, the local variations
in biotic and abiotic parameters controlling CH4 emis-
sion ask for a spatial explicit approach. In recent years,
various geo-referenced databases and digital maps rel-
evant to CH4 emissions from rice fields have been pub-
lished. For example, rice by type of culture (Huke and
Huke, 1997) and the digital FAO soil map of the world
(FAO, 1995). A geographic information system (GIS)
can be used to overlay, integrate, and analyze the rel-
evant data sets to derive a new, spatial explicit data-
base with controlling variables of CH4 emission. The
newly derived database contains controlling variables
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of CH4 emission of a rice field that is assumed to be
representative of a particular spatial resolution and is
used as model input for empirical, often regression-
based, models (method 5, Table 1) or process-based
models (method 6, Table 1). In theory, the lowest reso-
lution database or map in the GIS determines the spa-
tial resolution of the derived database. However, the
classification scheme and the model input parameters
can be optimized with sensitivity analysis of the model
used. Therefore, in practice, the resolution of the de-
rived database is determined by the lowest resolution
database of a critical parameter. The emissions from
the ‘representative’ rice field of the smallest spatial unit
multiplied by their hectarage can be aggregated at the
regional level using the GIS. The major advantage of
spatial explicit upscaling methodologies is the ability
to build up regional profiles of CH4 emissions from
detailed (process) studies. Intricate feedback mecha-
nisms, adaptation strategies, mitigation strategies, and
predicted changes in controlling variables can be tested.
An empirical regression-based model combined with a
GIS was used by Kern et al. (1997) to make a spatial
analysis of CH4 emission from Chinese rice fields and
to evaluate potential mitigation strategies (method 5,
Table 1). Unfortunately, regression-based models are
only valid within their domain. However, the regres-
sion is usually based on a few observations or sites and
extrapolated to numerous locations with combinations
of controlling variables not covered by the observations
used to build the regression model.

To obtain regional CH4 emission estimates with
minimized uncertainty, the use of process-based mod-
els to simulate CH4 emissions using GIS-derived model
input is preferable (method 6, Table 1). Recently, sev-
eral models were developed to predict field-scale CH4

emissions under varying conditions (Cao et al., 1995;
Hosono & Nouchi, 1997; Huang et al., 1998a; van
Bodegom et al., 2000). Field-scale models designed for
larger scale emission estimation should, in anticipation
of difficulties with obtaining input parameters, mini-
mize their demand of input parameters. An example of
how such a field-scale model can be used in combina-
tion with a GIS is presented further in this paper.

Downscaling of CH4 emissions with inverse
modeling

As sources and sinks of trace gases are also reflected in
the spatial distribution and temporal variation of their
atmospheric mixing ratio, an alternative approach con-
sists of inverting observed atmospheric mixing ratios

into a spatial and temporal resolution of the trace gas
sources (Heimann & Kaminski, 1999). To do this, the
atmospheric transport from the source regions to the
observation sites has to be described using simulation
models of atmospheric transport and, depending on the
trace gas studied, atmospheric chemistry because the
atmospheric mixing ratio may change during the at-
mospheric transport from the source region to the ob-
servation site. Atmospheric trace gases for which glo-
bal- or regional-scale sources and sinks have been esti-
mated from observational data using inverse approaches
are CO2, CH4, N2O, halocarbons, and CO. The reasons
for restriction to these trace gases are (1) their life time
is longer than ~1 mo, (2) chemical transformations are
either absent or relatively well understood, and (3) the
mathematical inverse problem of these gases is linear
or may be assumed to be linear in the relevant concen-
tration range (Heimann & Kaminski, 1999). For a com-
prehensive review of global approaches to infer sur-
face trace gas fluxes from observed atmospheric mix-
ing ratios using inverse modeling, we refer to Heimann
& Kaminski (1999).

The first applications of inverse modeling tech-
niques to atmospheric problems appeared during the
1980s, for example, investigations of CO2 sources and
sinks (Enting, 1985; Enting & Mansbridge, 1989).
Brown (1993) applied similar mathematical techniques
to study sources of CFC-11 (CFCl3), methyl chloro-
form (CH3CCl3), and CH4. Later, this CH4 inversion
was extended with measurements of isotopic ratios
(Brown, 1995). Initially, global-scale, zonally averaged,
two-dimensional (2D) models were used. The two di-
mensions in atmospheric transport models are height
and latitude. Therefore, the number of distinguishable
unknown sources and sinks is limited in the 2-D model
studies. A source is not defined as an activity that causes
trace gas emission (e.g., rice agriculture, animal hus-
bandry) but as the integrated emission over, for exam-
ple, a latitudinal band (Brown, 1993). Three dimen-
sional (3-D) atmospheric transport models, where also
longitude is included, allow a much better geographi-
cal definition of source location and a relatively large
number of sources and sinks can be distinguished.
Hartley & Prinn (1993) were the first to publish a glo-
bal 3-D inverse modeling study dealing with sources
of CFCl3. To retain uniqueness, Hartley and Prinn
(1993) aggregated their sources to a few geographical
units, such as countries and continents. Hein et al. (1997)
applied a 3-D model to sources and sinks of CH4 and
included measurements of CH4 isotopes. By introduc-
ing a priori information on temporal and spatial distri-
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bution of sources, Hein et al. (1997) could distinguish
a large number of individual CH4-emitting activities,
such as rice agriculture or biomass burning. So, in prin-
ciple, the global atmospheric CH4 concentration distri-
bution can be used to constrain the regional emission.
This is referred to as downscaling from the global to
the regional scale. The inverse modeling method
optimizes the agreement between model-calculated and
observed CH4 mixing ratios by adjusting the magnitudes
of the various CH4 sources and sinks. Often, the adjust-
ment is constrained by specified a priori information
on source distributions, seasonal variations, and asso-
ciated uncertainty ranges.

Combining upscaling and downscaling: a novel
approach to reduce uncertainties in the CH4

source strength of rice fields

When scaling CH4 emissions from one scale to another
using models, it is crucial to validate the model with an
observational data set at the target scale to limit uncer-
tainty and obtain high reliability. For example, if flux
measurements at a scale of 1 m-2 are extrapolated to the
local (100-1,000 ha) or regional (≥104 ha) scale, flux
measurements at the local or regional scale are required.
Measurements of CH4 fluxes at the local scale may be
achieved using micrometeorological methods (Fowler
et al., 1995; Liu et al., 2000). However, both the in-
creased technical complexity compared with a closed
chamber method and the prerequisite of a rather homo-
geneous landscape cause limited availability and ap-
plicability of such local-scale flux measurements. Meas-
urement of CH4 fluxes at the regional scale is feasible
using an aircraft (Choularton et al., 1995; Thohjima et
al., 1997), but this is very expensive. Moreover, this is
not expected to be done in the tropics, where most of
the rice emissions occur, and not likely to cover a semi-
continuous period such as a full rice cropping cycle.
Thus there is a need for alternative approaches that can
be used to obtain a quantitative evaluation of the preci-
sion and reliability of the calculated source strength
estimates at the target (regional) scale.

The major limitation in narrowing the uncertainty
of regional and global CH4 source strength estimates
from rice agriculture is the lack of a constraint on the
regional source strength. In theory, a major improve-
ment could result from constraining the regional source
strength obtained by upscaling with the regional source
strength derived from an independent downscaling ap-
proach and vice versa. For example, upscaling from
the soil-rice ecosystem perspective by using monitored

CH4 fluxes and a field-scale model in combination with
spatial databases to calculate CH4 emissions and
downscaling from the global atmosphere perspective
to a smaller scale by inverse modeling of sources and
sinks of atmospheric CH4. Comparison between CH4

budgets for the same geographical region, derived from
independent upscaling and downscaling approaches,
could result in a reduction of the uncertainty in the
magnitude of individual CH4 sources. Moreover, regions
where the discrepancy between the source strength es-
timates based on upscaling and downscaling is found
to be large could be given higher priority in future re-
search. This would help attain a cost-effective reduc-
tion of uncertainties in greenhouse gas budgets at the
national, continental, and global scales. The feasibility
of combining upscaling and downscaling approaches
to reduce the uncertainty in regional source strength
estimates is assessed through case studies for the is-
land of Java (Indonesia) and China. We present pre-
liminary results for upscaling CH4 emissions from rice
fields on Java and, in a second case study, investigate,
using downscaling from the global to the regional scale,
to what extent CH4 sources of Southeast Asia are con-
strained by available measurements over this region.

A case study on upscaling: CH4 emissions from
Java

The upscaling approach followed consists of using a
process-based, field-scale model to simulate CH4 emis-
sions and using GIS-derived model input (method 6,
Table 1).

Methane emission model description and model input

The CH4 emission model (MEM) used in this case study
is described by van Bodegom et al. (1999). Two com-
partments, the rhizosphere and the bulk soil, are distin-
guished in this model. To simulate CH4 emissions, the
MEM contains simplified process-based descriptions
of CH4 production, transport, and oxidation for each
compartment. The model was validated with experi-
mental data collected in the Philippines (van Bodegom
et al., 2000). Simulated seasonal CH4 emissions did not
significantly differ from measured seasonal emissions
(with a coefficient of variation of 7%). To calculate CH4

emissions, the MEM requires data on reducible soil iron
content (Fe) and soil organic carbon content (OC), rice
variety and rice yield, inorganic and organic fertilizer
input, length of growing season and temperature. Dis-
trict-level data on harvested rice area (irrigated or
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rainfed), rice yield, inorganic fertilizer, and tempera-
ture were based on an integrated set collected from land
use maps and agricultural statistics by Verburg et al.
(1999b) and converted to a gridded map of Java con-
sisting of 329 grids of 20 × 20 km. The rice variety
grown was assumed to be a high-yielding IR variety.
Rice fields of Java are largely planted to one variety,
IR64, which covers 50–70%, depending on the prov-
ince (BPS, 1996b). The length of the growing season
was 119 d (BPS, 1996b). To be able to calculate emis-
sions from rainfed areas, we assumed rainfed rice to be
grown only in the wet season and the flooding pattern
of rainfed rice on Java was based on expert judgement
(Setyanto, pers. commun. 1998). We assumed that part
of the straw (equivalent to 30% of the yield [Neue et
al., 1990]) was returned to the soil and that no other
organic amendments are applied. The soil property data
were derived by overlaying the 20- × 20-km grid map
of Java on to the digital soil map of the world (FAO,
1995) and extracting the fraction of each soil associa-
tion within the 20- × 20-km grids. Next, the FAO soil
associations were broken down into the FAO_74 soil
units (FAO, 1988). The soil units that are presumably
used for growing rice on Java based on Soepraptohardjo
& Suhardjo (1978) and Batjes (pers. commun., 1998)
were selected. The WISE database (Batjes, 1995) was
checked for presence of one or more Asian soil profiles
describing the selected soil units; if no Asian profile
was found, the full database was used. Because the
WISE soil profile database (Batjes, 1995) contains no
data on soil Fe, a subset of the ISIS database (Van de
Ven & Tempel, 1994) was added. A weighted average

of the OC and reducible Fe for the top 20 cm of the
profiles for each soil unit was calculated. Next, an av-
erage soil OC and Fe was calculated by the proportion
of each soil unit suitable for rice growing in the 20- ×
2-km grid cell (block). A similar approach is described
in more detail by Knox et al. (2000).

Upscaling of CH4 emissions from rice for the Island of
Java

The MEM was used to calculate the CH4 emission in g
m-2 in each of the 20- × 20-km blocks for irrigated rice
and rainfed rice. The CH4 emission per 20- × 20-km
block was calculated using the GIS (Figure 1). Aggre-
gated to the Island of Java, a total CH4 emission from
rice agriculture of 0.91 Tg yr-1 is calculated. The re-
sults presented here are preliminary and need to be care-
fully evaluated. However, Figure 1 illustrates the po-
tential of this methodology. Clear spatial patterns can
be recognized and these can largely be explained by
the variation in rice harvested area and soil properties.

A case study on downscaling: CH4 emissions
from rice fields

By applying the inverse model, Hein et al. (1997) com-
puted average magnitude of rice field emissions close
to the a priori value (~70 Tg yr-1) but reduced the un-
certainty  in  this  estimate significantly  (from –50  to
±20 Tg CH4 yr–1). However, no observations in or close
to the rice-growing regions of Asia were used and it is
questionable how well the rice source strength can be

Figure 1. Annual CH
4
 emission from rice fields for Java in 1994 using van Bodegom et al. (1999) with gridded 20- × 20-km land use data

from Verburg et al. (1999b) and soil data derived from FAO (1995) and Batjes (1995) (see text for detailed description of model input
data)

CH
4
 (109 g yr–1)
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Figure 2. Comparison of measurements and model-derived seasonal cycles in atmospheric CH
4
 mixing ratio at stations Quinghai Province

(QPC), Tae-ahn Peninsula (TAP), and the South China Sea, 12 °N (SC4) and 18 °N (SC6). All concentrations are representative of the year
1994. Model calculations are based on ‘standard’ (solid line) and ‘low-rice’(dashed line) emission scenarios

constrained without such observations. In recent years,
the NOAA/CMDL global network of trace gas-moni-
toring stations (Dlugokencky, 1994) expanded and we
were able to add 12 stations, three of them located in
Asia, to the 22 used by Hein et al. (1997). However,
the resulting number of stations, where samples are
taken in weekly intervals only, proved still insufficient
to resolve the complex concentration distribution over
the Southeast Asian continent. Further improvement
was achieved by incorporating the air sampling cruises
on the Pacific and South China Sea (Lang, 1992). This
added another 11 observational points, bringing the
number of locations with atmospheric CH4 mixing ra-
tios suitable for use in our inverse model calculations
to 45. The seasonal variation at four of the most rel-

evant stations for the rice-growing regions of China is
shown in Figure 2. The Tae-ahn Peninsula, Korea (TAP)
station is influenced by many different sources, which
is reflected in the large standard deviation. The Quinghai
Province station (QPC), located on a high mountain in
China (3810 m), mainly samples free tropospheric air
and therefore shows little seasonal variation with small
standard deviation. The other two locations are derived
from the South China Sea cruises, SC4 (12NB) and SC6
(18NB), receiving air masses from the Chinese conti-
nent from August/September through February/March.
Low-resolution inversions, in combination with sparse
nonhomogeneous measurement networks, yield biased
a posteriori estimates (Trampert & Snieder, 1996). This
bias can be reduced by increasing the resolution or by
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Table 2. A priori assumed and a posteriori model-calculated emissions for the ‘standard’ and ‘low-
rice’ scenario, integrated over the globe, northern hemisphere (NH), southern hemisphere (SH), the
10° N–40° N latitudinal band (zone) and the 75° W - 135° W part of the zone (region). Numbers in Tg
CH

4
 yr-1

Scenario Globe NH SH Zone Region

A priori
Standard 528 (±90)a 405 (±81) 123 (±40) 212 (±66) 111 (±56)
Low rice 528 (±77) 384 (±66) 143 (±38) 185 (±47)   74 (±31)

A posteriori
Standard 505 (±24) 340 (±19) 165 (±18) 169 (±25)   77 (±23)
Low rice 508 (±24) 342 (±18) 166 (±17) 164 (±23)   68 (±18)

a95% confidence interval (±2 sigma).

defining regions such that the emission distributions
over these regions are well known. Unfortunately, in
case of CH4, this prerequisite is not satisfied for most
parts of the globe. In our inversion, we define the
sources at the scale of the model grid (8° × 10°), in
contrast to Hein et al (1997) who applied global scale
source distributions. As a consequence, the number of
unknowns (the sources to be estimated) is much larger
than the number of measurements. To obtain a unique
solution for the resulting underdetermined inverse prob-
lem, a priori information is introduced (for detailed
description, we refer to Houweling et al. [2000]).

A priori assumptions

Initially, a priori emission distributions were taken from
Hein et al. (1997). These distributions have been veri-
fied and updated. In addition, minor CH4 sources have
been accounted for—e.g., termites, oceans, continen-
tal shelves, permafrosts, volcanoes, and wild animals.
Anthropogenic CH4 emissions were derived from
Olivier et al. (1996), except for rice agriculture which
have been derived from distribution estimates by
Matthews et al. (1991). Annual totals were adjusted in
agreement with Lelieveld et al. (1998). Local uncer-
tainties were derived from global-scale uncertainty es-
timates, under the assumption that all fluxes are
uncorrelated.

Constraining the magnitude of rice field emissions

To investigate how well inverse modeling can constrain
the emissions from rice fields, we tested two distinctly
different a priori estimates of rice field emissions: 80–
50 Tg CH4 yr–1 (Lelieveld et al., 1998) and our own

“best guess” estimate of 30–15 Tg CH4 yr–1, hereafter
referred to as “standard” and “low-rice” scenario, re-
spectively. The low-rice scenario is backed by recent
emission estimates for Chinese rice fields ranging from
9 to 16 Tg yr–1 (e.g., Dong et al. [2000], Yao et al.
[1996]), reassessment of previously published empiri-
cal methods (Denier van der Gon, 2000a) and assess-
ments based on the revised OECD/IPCC guidelines
(IPCC, 1997) combined with recently reported emis-
sion measurements (Neue & Sass, 1998). The aim of
this exercise is to determine whether atmospheric CH4

measurements favor one or both emission scenarios.
We assumed the same globally integrated CH4 budget
for the two scenarios, which is crucial because other-
wise differences between the standard and low-rice sce-
nario are mainly explained by the difference in the a
priori assumed global budgets. A constant global budget
was achieved by keeping the sum of rice field and tropi-
cal wetland emissions constant, meaning that the low -
rice scenario differs from the standard scenario in that
rice field emissions were substituted for natural wetland
emissions. To analyze the difference between both sce-
narios, we first look at the global integrated emissions
and gradually zoom in to a region where rice is rela-
tively important (10°N, 75°W to 40°N -135°W square).
The a posteriori integrated emissions appear to be quite
insensitive to the applied a priori scenario (Table 2).
Globally, both scenarios show a small decrease of a
posteriori totals, compared with the first guesses. In the
standard scenario, the decrease over the region of in-
tensive rice cultivation is large (–31%) compared with
the global emission change (16%), which can be inter-
preted as a regional decrease superimposed on a global
scale change. To compare the two a priori scenarios in
more detail, we can look at individual measurement
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stations close to a large rice-growing region (Figure 2).
Comparison of the model-calculated mixing ratios at
SC4 and SC6 shows that a peak around September-
October is associated with rice emissions from the Chi-
nese continent; this peak is much higher in the stand-
ard scenario than in the low-rice scenario. Surprisingly,
the observations at South China Sea do not show this
peak, although the concentrations do increase after July/
August due to a change in wind direction bringing air
masses from the continent toward the stations. It is not
yet possible to exclude either the standard or the low-
rice scenario but, in line with Table 2, the results for
the individual stations show that the low rice scenario
is certainly not less realistic.

Temporal scaling of CH4 emissions from rice
fields

Various controlling variables of CH4 emission from rice
may change drastically on time scales >~5 yr—e.g.,
harvested rice area, cropping index, fertilizer use, rice
varieties, and water management. The resulting tem-
poral variations in CH4 emissions due to land use change
or new rice technology are expected to be considerable
(Denier van der Gon, 1999, 2000). However, temporal
scaling of CH4 emissions from rice has not received
much attention yet. The changes are driven by socio-
economic developments and technological advances,
and also depend on biophysical conditions, all of these
are not uniform across Asia. Therefore, global or conti-
nental generalizations are not adequate to capture the
temporal trends in CH4 emissions from rice fields or its
controlling variables. For example, CH4 emissions are
strongly enhanced by organic amendments (Denier van
der Gon & Neue, 1995, Wassmann et al., 1996). The
amount of organic manure applied in Chinese rice ag-
riculture had doubled between 1952 and the early 1980s
(Wen, 1984), whereas in Japan the use of organic ma-
nure declined sharply over the same period (Kanazawa,
1984). Such national trends in rice agricultural man-
agement significantly influence the national emission
from rice fields, in the order of 10–40% (Denier van
der Gon, 1999, 2000). Land use change, a process with
a clear temporal dimension, can also significantly
change the magnitude of CH4 emissions from rice agri-
culture. For example, a future change to a rice–wheat
rotation instead of double rice cropping would signifi-
cantly reduce the harvested rice area and therewith, CH4

emissions from rice agriculture.

Land use change for the case of Java 1994–2010

The impact of land use change on CH4 emission is stud-
ied in a case study for Java with the CLUE modeling
framework. The CLUE modeling framework is a dy-
namic spatial simulation methodology that uses actual
and historical land use patterns in relation to biophysi-
cal and socioeconomic determining factors for the ex-
ploration of realistic land use changes in the near fu-
ture (Veldkamp & Fresco, 1996; Verburg et al., 1999a).
The CLUE methodology uses a multiscale approach to
determine the competitive power of the different land
use types at a certain location. The model can calculate
the changes in land use pattern given a scenario of land
use change at the national level (Verburg et al., 1999b).
Such scenarios can be based on expected changes in
consumption patterns, urbanization, and others. As an
example, a scenario, based on a study by the World
Bank (1992), is evaluated. The major land use change
represented in this scenario, which is assumed to be
representative of realistic future land use changes in
Java, is caused by an increasing demand for
nonagricultural land (e.g., land for urban and manufac-
turing development). Based on demand-supply stud-
ies, it is expected that within agriculture, there will be
shifts away from rice toward horticultural crops and
other cash crops. Model predictions for land use changes
for the period 1994–2010 indicate ‘hot-spots’ of land
use change (Figure 3). Land use dynamics in the up-
lands are generally low. Along the northern coast of
Java, large decreases in rice area are expected. The
model is spatially explicit and it can be seen that the
decrease in rice area of Java takes place in the most
productive and not in marginal (rainfed) ones. This is
important for rice production predictions but also for
CH4 emissions from rice on Java because emissions
depend on soil and management factors. For accurate
temporal scaling of CH4 emissions from rice fields, both
land cover and land management change have to be
included, but incorporation of management aspects in
the model is not yet accomplished.

Land use change and CH4 emission

The output of the land use change model for a chosen
scenario can be used as model input for the CH4 emis-
sion model described earlier. This is feasible because
the areas of change are known and biophysical input
parameters can be derived from the spatial databases
or maps. Here we used the results presented in Figure 3
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as model input, resulting in a CH4 emission map for
2010 comparable with Figure 1 (results not shown). The
change in annual CH4 emission can be calculated by
subtracting the 1994 level emission per 20- × 20-km
block from the calculated 2010 emissions. The spatial
explicit visualization of where changes in CH4 emis-
sion are expected to occur, given the scenario studied,
may help in understanding the overall calculated change
(Figure 4). In this particular case, an emission of 0.80
Tg yr-1 for rice agriculture on Java was calculated, an
overall decrease of 0.12 Tg yr-1 when compared with
1994. In the past, a change in CH4 emission may have
occurred due to abandonment of marginal lands and
making more intensive use of the fertile and easily ac-

cessible lowlands. For the 2010 scenario, the change in
CH4 emission from rice agriculture is mainly caused
by competition between agriculture and housing or in-
frastructure, resulting in a loss of fertile, intensively
managed rice soils.

Discussion

Limitations of the application of CH4 emission models
in spatial upscaling

A major problem in upscaling methodologies as used
here for Java is that essential data on spatial distribu-
tion of one or more crucial variables may be lacking.

Figure 3. Predicted changes in rice area for Java from 1994 to 2010 with the CLUE modeling framework (see Verburg et al. [1999b] for a
detailed description of the selected scenario)

Figure 4. Predicted change in annual CH
4
 emission from rice fields for Java by comparing predicted 2010 emissions with 1994 emissions

using van Bodegom et al. (1999) with gridded 20- × 20-km land use data from Verburg et al. (1999b), soil data derived from FAO (1995)
and Batjes (1995), land use change as predicted in Figure 2 and assuming no change in cropping index and ratio of irrigated rice to rainfed
rice in 2010 as compared with 1994
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Since the model cannot be applied without such data,
the missing data will be replaced by ‘best guesses,’ ex-
pert judgement, derived data, or assumed to be homo-
geneous for the study area. This causes unquantifiable
variability within the ‘representative’ rice field, lead-
ing to an also unquantifiable uncertainty in the final
emission estimates. A related complication is that field-
scale models are validated with data from field studies
where the model-input parameters are accurately meas-
ured or estimation of these parameters is relatively easy
and accurate. When applying the model to larger areas,
the input parameters are not measured but derived from
other sources such as local statistics, maps, etc. The
parameter estimation to be used as model input is a criti-
cal process, which greatly affects the reliability of
model-calculated emissions as is illustrated with two
examples.

Carbon availability for CH4 production

The amount of carbon available for microbial decom-
position is a key factor in process-based models pre-
dicting CH4 emission (Cao et al., 1995; Huang et al.,
1998a; van Bodegom et al., 2000). Sources of decom-
posable carbon are soil organic matter (SOM), organic
amendments, root exudates, turnover of roots, incor-
porated weeds, and remains of previous crops. Although
SOM may be derived from soil maps or surveys, spa-
tial explicit data on all the other sources of decompos-
able carbon are scarce. When data on carbon sources
are missing, assumptions have to be made explicitly or
implicitly. The effect of these assumptions on calcu-
lated emissions is usually not evaluated because quan-
tification is very difficult.

For example, even if no organic amendments are
used in a particular region, local farmer’s management
may significantly affect the amount of carbon returned
to the soil. Incorporation of residues of the previous
crop, further referred to as stubble, before the new crop
is planted is a common farmer’s practice and not con-
sidered a special treatment. Stubble in our definition is
aboveground biomass left in the field after the straw
has been cut off plus the underground roots. The straw
is the part of the plant that is cut with the panicle and it
generally starts from 30 to 40 cm above the soil in a
country such as the Philippines (R.S. Lantin, pers.
commun., 1998). The height of cutting will change if
there is local use for straw such as fuel or animal fod-
der and whether harvest is done mechanically or manu-
ally. But fields with large stubble may be burned to ease
plowing and puddling. In field experiments used for

model validation, straw is usually cut close to the soil
because researchers want to know how much straw was
produced.

The consequences of assumptions on stubble
management for the model of van Bodegom et al. (2000)
were explored. The first scenario assumes that stubble
is 15% of the aboveground biomass of the previous crop
(rel. stubble, Figure 5). Because the aboveground
biomass is estimated from yield data, this scenario re-
sults in an almost linear response of CH4 emission with
yield. The second scenario assumes a fixed stubble in-
corporation of 1.5 t.ha-1 independent of yield obtained
(fixed stubble, Figure 5). The third, rather extreme, sce-
nario assumes all stubble (so including the belowground
remains of the previous crop), removed from the field
(no stubble, Figure 5). This results in strongly reduced
or negligible CH4 emissions. According to the model,
without organic amendments and no stubble incorpo-
ration, the CH4 production in some soils may be very
low due to limited substrate supply combined with high
contents of alternative electron acceptors, such as re-
ducible iron in the case of the Maahas soil of Los Banos.
In such cases, minimal CH4 emissions are predicted.
Calculated CH4 emissions differed considerably, de-
pending on stubble management. This illustrates the
importance of crop residue management for CH4 emis-
sion in the following growing season. In all scenarios,
the presence of rice plants stimulates CH4 emissions
because of substrate supply caused by other plant pa-
rameters such as root exudates and root turnover.

Soil parameter estimation for CH4 emission modeling

Various soil properties such as SOM, texture, or reduc-
ible Fe are important input parameters for field-scale
CH4 emission models (Huang et al., 1998a; van
Bodegom et al., 2000). For regional studies, these prop-
erties are not measured but mostly derived from soil
maps. This introduces several complications that are
generally ignored because good alternatives are lack-
ing. First, classification of soil maps in rice-growing
regions is often heavily based on (geo)morphological
criteria determined in the field rather than laboratory
analysis, and soil classification is usually not based on
topsoil properties since these are considered to be too
variable. Second, when a soil is used for long-term rice
cultivation, some important topsoil parameters may
change due to physical processes—e.g., terrace build-
ing, puddling and plowing, alternate reduction-oxida-
tion cycles, or cultivation practices (IRRI, 1978; Suzuki
et al., 1990). However, rice soils are generally not a
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erties and large within–map unit variabilities were found
(Oberthuer et al., 1996). It should be realized that soil
maps were produced to bring a certain systematic or-
der in soil formation, not to delineate mapping units
for spatial CH4 emission simulations.

Aggregation error

Independent of the accuracy in parameter estimation, a
spatial explicit upscaling approach using field-scale
models is hindered by scale discontinuities. Related
phenomena at different spatial scales respond to com-
pletely different sets of causal factors (Clarke, 1985).
It is therefore questionable whether CH4 emission on
larger scales is still controlled by variations at the field
scale. Furthermore, the nonlinear relationship between
controlling variables and CH4 emission may cause an
aggregation error. For a detailed description of aggre-
gation errors made when modeling large-scale attributes
of ecosystems, we refer to Rastetter et al. (1992). To
illustrate the aggregation error, CH4 emissions were
calculated using the model of van Bodegom et al. (2000)
with SOM and reducible Fe as model input from indi-
vidual soil samples, average values for an administra-
tive unit (kabupaten) and average values for a region
(encompassing three kabupatens) in Central Java (Fig-
ure 6). In this particular case, a factor of 2 in final esti-
mated emission was found, depending on whether a
fine-scale resolution or average values were used be-
cause CH4 emissions react nonlinearly to parameter
changes.

Limitations of inverse modeling approaches to infer
regional CH4 source strength of rice fields

In top-down studies of the global CH4 budget, the mag-
nitude of rice agriculture as a CH4 source is estimated
at 70-100 Tg yr-1 (e.g., Fung et al., 1991; Hein et al.,
1997). A regional top-down study using atmospheric
CH4 measurements in Korea confirmed the estimate of
rice agriculture as a global CH4 source of ~100 Tg yr-1

(Dlugokencky et al., 1993). However, the inverse
modeling method as used by Hein et al. (1997) was not
designed to study regional-scale sources. Global-scale
constraints may well be insufficient to study the com-
plex heterogeneous source signature at smaller scales.
Moreover, the large variation observed in monitoring
CH4 from rice fields and the known dependence of
emissions on say, management, irrigation, and soil type,
indicate that large regional differences in source
strengths of rice fields per unit area are to be expected.

Figure 5. Methane emission calculated using van Bodegom et al.
(1999) for two sites in the Philippines, Maligaya (MA) and Los
Baños (LB) for three different stubble management scenarios
without organic amendments. Stubble is defined here as the
belowground biomass of the previous crop plus the aboveground
biomass of the previous crop left in the field after the straw has
been cut

Figure 6. An example of the effecs of averaging soil data on he
model-calculated average regional CH

4
 emission for a rainfed rice

region in Central Java using van Bodegom et al. (1999)
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soil unit. As a result, topsoil properties of the fraction
of a soil unit used for rice cultivation will differ signifi-
cantly from the average topsoil properties of that soil
unit. Analysis of reconnaissance soil maps in the Phil-
ippines indicated that the value of these maps, when
used for quantitative spatial modeling, is questionable.
The existing soil maps could only explain 0–40% of
the variance for 14 agronomically important soil prop-
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This is not accounted for in current top-down ap-
proaches. Therefore, at present, results of inverse
modeling at the global scale should not be interpreted
as “proof” that emissions from rice fields have to be in
the range of 70–100 Tg yr-1. An alternative low rice
scenario, with rice emissions at 30 Tg yr-1, while keep-
ing the sum of rice and tropical wetland emissions fixed,
explained the variation in atmospheric CH4 equally or,
depending on the station, slightly better than a stand-
ard scenario. Because in the low-rice scenario the rice
plus natural wetland emissions were kept constant, it
was also an “enhanced tropical wetlands” scenario. In-
deed, higher source strength for tropical wetlands may
be realistic. In the standard scenario, the natural wetland
emissions were estimated at 145 Tg yr-1 (Lelieveld et
al., 1998) but Hein et al. (1997), using the inverse
modeling method, estimated natural wetland emissions
as 232 Tg yr-1. Walter (1998), using a process-based
model to derive CH4 emissions, estimated the source
strength of natural wetlands at 263 Tg yr-1 and suggested
that especially the source strength of tropical wetlands
was much higher than previously reported. The inverse
model method needs further improvements to more
precisely answer questions concerning the regional CH4

budget of Southeast Asia. Possible improvements to be
made are improving the a priori source distribution and
fine-tuning of the interhemispheric exchange time us-
ing tracers with well-defined budgets such as F-11 and
SF6.

There are other top-down approaches aiming at
quantification of regional CH4 budgets than the meth-
odology followed in the case study presented in this
paper. Recently, emissions for the European continent
have been estimated by Vermeulen et al. (1999) by
means of a trajectory model and measurements at a rela-
tively high sampling frequency (~200 samples d-1) taken
at Cabauw, The Netherlands. Results of this study show
reasonable agreement with emission inventories such
as EDGAR (Olivier, 1996), indicating that inverse
modeling of regional-scale sources is indeed feasible.
The methodology of Vermeulen et al. (1999) could be
applied to other target regions. However, the number
of available measurement sites and the sampling fre-
quency are critical and at present too low to apply this
technique to Southeast Asia.

Temporal scaling of CH4 emissions from rice

The case study on land use change in Java indicated
that the rice production capacity of the fertile lowlands
may be reduced in the near future (Figure 3). As a re-

sult of these land use changes, our preliminary calcula-
tions indicate a small decrease in the magnitude of CH4

emissions from Java. It is of interest to speculate how
detailed information about one region such as Java may
help to understand developments in other related re-
gions. Despite a decline in rice area on Java, food de-
mands of a growing population will have to be fulfilled.
The average rice yield on Java, 5.2 t ha-1, is ~40% higher
than the average yield of the other Indonesian islands
of 3.7 t ha-1 (BPS, 1996a). So, merely substituting rice
produced on Java with rice produced on the outer is-
lands asks for a considerably larger harvested area than
is lost on Java. Moreover, to realize a growth in Indo-
nesian rice production, while harvested area on Java is
stable or declining, even larger areas on the outer is-
lands have to be converted to rice fields. So, CH4 emis-
sions on Java are expected to decline. But considering
the whole of Indonesia, an increase may be expected
due to more than proportional rice area increases out-
side of Java to compensate for area losses on Java to
cover future rice demand. This type of information may
be highly valuable for predicting future emissions and
designing efficient greenhouse gas mitigation policies.

Conclusions

Independent of the scaling methodology used, valida-
tion of regional CH4 source strength estimates derived
from scaling are severely hampered by the lack of in-
dependent regional-scale emission measurements that
could constrain or be used to validate the scaling re-
sults. For example, as in the case of Java, a monthly
measurement of the CH4 emission of the whole Java
would be extremely useful to validate the output pre-
dicted by the process-based emission model coupled to
the GIS (Figure 1). The comparison of CH4 budgets
based on independent upscaling and downscaling meth-
ods may be a feasible methodology to reduce the un-
certainty in the magnitude of regional CH4 sources if
the selected region can be chosen in such a way that
the number of sources contributing to the regional CH4

budget is small. This is because the downscaling ap-
proach is not source-specific, although, based on iso-
topic composition, a distinction between biogenic and
fossil fuel-related sources can be made. However, an-
other constraint of the downscaling approach is obser-
vational data of atmospheric CH4 mixing ratios. Java is
an example of a place where such observations are not
present. To include such observational data, the size of
the geographic region has to increase, which, in turn,
has consequences for upscaling. China may be an ex-
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ample of a region where surface fluxes from rice agri-
culture can be inferred from inverse modeling of at-
mospheric mixing ratios, but the results are not yet con-
clusive. In general, quantification of regional flux esti-
mates using inversion techniques for verification of
upscaling estimates, national greenhouse gas budgets,
or reduction targets in the Asian region calls for a con-
siderable extension of the monitoring networks. Moreo-
ver, the current observational networks are heavily bi-
ased toward oceanic areas. A better and more detailed
regional determination of continental sources requires
observations closer to these sources (Heimann &
Kaminski, 1999).

The reliability of upscaling results using spatially
distributed data and a CH4 emission model are limited
by the uncertainty surrounding the model input param-
eters. Soil property estimation and local organic car-
bon management significantly influence the calculated
emissions. Increasing the input and accessibility of lo-
cal information and expertise may be an important im-
provement. Moreover, the upscaling methodology used
here for Java allows, in principle, the use of different
models as well as the use of different data input sources.
This is highly recommended to reduce and better un-
derstand the uncertainty of the calculated regional emis-
sion estimate.

Given the limitations, developing other independ-
ent approaches to verify or constrain the regional source
strength estimates should be encouraged. Apparent fea-
sible alternative options include additional experiments
and/or literature reviews to improve the proxy meth-
ods (method 3, Table 1). For example, Huang et al.
(1997) measured the fraction of NPP emitted as CH4 in
Texas rice fields and found a range of 1.2–5.4% of NPP
emitted as CH4. Similar measurements could be done
in other rice-growing regions.

Methane emission models as well as land use
change studies have to be developed in such a way that
they can be linked to each other and an integrated as-
sessment of the effects of land use change can be made.
The preliminary results presented here show that such
a coupling is feasible. This may be essential if we aim
at accurately predicting future CH4 emissions from rice.
Easterling (1997) convincingly argued that regional
studies are essential in support of integrated assessment
modeling of global change processes. To a large ex-
tent, Easterling’s (1997) arguments also apply to the
assessment of the global CH4 source strength of rice
fields. National or subnational policymakers will need
regional studies for mitigation strategies and global

change policy in general because global emission fac-
tors are not reliable at the (sub)national scale. The com-
position of regional greenhouse gas budgets, a multi-
ple source approach, may further reduce uncertainties
in estimates of individual sources. The combination of
upscaling and downscaling approaches may be a fu-
ture tool to reduce uncertainties in greenhouse gas budg-
ets but at present the problems to successfully apply
upscaling and downscaling approaches, at a resolution
where these approaches match, present a major scien-
tific challenge.
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Abstract

Two atmospheric diffusion models, the box model and the ATDL (Atmospheric Turbulent and Diffusion Labora-
tory) model, were used to calculate regional methane (CH4) emissions of rice fields in the Beijing area. Compared
with conventional closed chamber measurements, the box model overestimated CH4 emission because of mete-
orological conditions—the ground inverse layer was not favorable for the application of the model during the rice-
growing season. The ATDL model, on the other hand, handled this unfavorable meteorological condition and gave
reasonable CH4 emission estimates (about 6.1–8.5 mg m–2 h–1) close to conventional measurements (about 0.3–
14.3 mg m–2 h–1) in June, a period generally characterized by significant CH4 emission from rice fields. In Septem-
ber, CH4 emission as measured with closed chambers was negligible (about 0–0.3 mg m–2 h–1), but the ATDL model
still calculated it to be about 2.8–5.3 mg m–2 h–1, albeit at a low level and considerably below the June emission
level. This discrepancy cannot be explained at present and needs further study. Most likely causes are measure-
ment artifacts and/or the presence of minor local CH4 sources (ditches, field depressions) in the study area. The
application of atmospheric diffusion models for regional CH4 emission estimation depends greatly on meteoro-
logical conditions. Moreover, the models tend to give much more reliable results during periods of rather high CH4

emission. This coincides with the time that such regional CH4 emission estimates are most valuable. The atmos-
pheric diffusion models complement the closed chamber method by providing integrated CH4 emission estimates
from 1–100-km2 rice areas. Detailed information about agricultural management of rice fields and other potential
CH4 sources within the study region are necessary to better understand the integrated regional emission estimates.

Introduction

As a radiatively active trace gas and an important reac-
tant in the atmospheric chemical system, the increase
in atmospheric methane (CH4) can significantly influ-
ence global climate and atmospheric chemistry (Cic-
erone & Oremland, 1988). However, still large uncer-
tainties in the global CH4 budget exist, especially for
some major CH4 sources such as rice fields. The closed
chamber method, generally used to measure CH4 fluxes
from rice fields, introduces a large uncertainty when
used to calculate fluxes from large areas because the
chamber covers only about 1 m2, despite the large spa-
tial variations in CH4 emission. To reduce the uncer-
tainties extrapolated by conventional methods, a com-

parison can be made with estimates obtained using other
measurement methods, such as micro-meteorological
techniques or models. Micrometeorological techniques
(e.g., gradient or eddy-correlation method) need highly
sensitive and high-frequency CH4 concentration re-
sponder (Shurpali et al., 1993; Simpon et al., 1995),
while models can give the estimation by relatively or-
dinary CH4 concentration measurement. The models
used for this purpose include the atmospheric tracer
model (Czpiel et al., 1996; Shorter et al., 1996), regres-
sion models (Aselmann & Crutzen, 1990; Bachelet &
Neue, 1993), process-based models (Cao et al., 1995;
Walter et al., 1996), and trajectory models (Veltkamp
et al., 1995).



304

China is one of the most important rice-produc-
ing countries in the world. Methane emission from rice
fields has always been estimated in China by using the
conventional static chamber method (Shao et al., 1993;
Wang et al., 1993; Khalil & Rasmussen, 1993). This
pilot study aims to develop a methodology for regional
validation of CH4 emission by using atmospheric dif-
fusion models to calculate spatial average CH4 emis-
sion from rice fields over a large area.

Methodology

Rice fields can be regarded as an area source of CH4.
Under specific meteorological conditions—i.e., mix-
ing layer formed completely and advection wind as
dominant transport process for the CH4 emitted—the
CH4 emission rate from rice fields can be calculated
through a box model using this formula  (Hanna et al.,
1982, Figure 1):

Q = (1)

where Q is emission rate (mg m-2 s-1); C1 and C2 are
concentrations (mg m–3) upwind and downwind of the
source area, respectively; U is windspeed (m s–1), H is
the height of mixing layer (m), and L is distance (m) in
the wind direction of the virtual box.

The Atmospheric Turbulent and Diffusion Labo-
ratory (ATDL) model is essentially an improved box
model (Hanna et al., 1982). The model divides the whole
area source into a number of small units and substi-
tutes H (the height of the mixing layer) for the vertical
dispersion parameter σz used in the Gaussian diffusion
models. Consequently, the ATDL model can handle the
unfavorable meteorological condition—e.g., the mix-
ing layer was not formed or is too high. Methane is
thus not well mixed vertically as assumed by the box
model. The emission can be calculated by this ATDL
model formula:

Q = (2)

where Q, C1, C2, U, and L represent the same variables
in Equation 1; a and b are parameters relating to the
formula σz = axb, which is in common use in the
Gaussian dispersion model.

The models depend on the measurement of con-
centration difference. Therefore, a numerical simula-
tion was made prior to the experiment and thus indi-
cated (data not shown) to identify unfavorable condi-

tions (e.g.,  emission rate too small, height of mixing
layer too high, or windspeed too high) that prohibit
obtaining an effective concentration difference. Thus,
the meteorological conditions set for the application of
the box model are strict to some degree, though the
model itself is simple. Moreover, the analytical preci-
sion of CH4 concentration measurement in our study is
50 ppb (GC-FID). As a result, measured concentration
differences less than 50 ppb are not suitable for model
calculation.

The experiment

Experimental site

The rice area selected for the experiment was a 50-ha
area, located about 60 km northwest of Beijing. It is a
rather large and homogeneous area, rectangular in
shape, with a length of 2.9 km in the north-south direc-
tion. A small village and a brook can be found in this
region; no other significant CH4 sources are nearby. In
summer and autumn, the dominant wind in the Beijing
area follows the north-south direction. The prevailing
wind direction in the daytime is southern and  windspeed
is often high (about 2.0–4.5 m s–1). At night, the pre-
vailing wind direction is toward the north and
windspeed is usually low (about 1.0–2.0 m s–1). Based
on numerical simulation, 5:00–9:00 in the morning of
June-September was selected as the best time to carry
out the experiment since windspeed and mixing layer
height were low during this time.

.
Monitoring items and instruments

Methane concentrations were measured at the upwind
and downwind sampling sites simultaneously in 15-min
intervals. The air, at a height of 2 m above ground, was
sampled with a 30-ml syringe. Air samples were car-

(C2 – C1) UH

L

(C2 – C1) Ua (1 – b)

(    L) 1–b2
3

π
2

Figure 1.  Methodology of the box model for estimating CH
4

emission from rice fields

√



305

ried back to the laboratory and CH4 concentration was
measured by gas chromatography (GC-FID) as soon as
possible. Random flux measurements were made in the
rice field by using the closed chamber method (Shao,
1993) to get an approximate estimate and comparison
with our model results. Five to six plots at different
locations within the experimental rice area were meas-
ured during the experiment with three replicates each.
The Beijing Meteorological Science Research Institute
made meteorological observations. Height of mixing
layer, wind fields and their vertical profile, atmospheric
stability, air temperature and humidity were measured
by sounding radar, theodolite, sounding balloons,
teleanemometer, and other instruments.

Results

Meteorological conditions and CH4 concentration
differences

The experiment was carried out on 27–29 Jun and 12–
13 Sep. Figures 2 and 3 show typical results of the ex-
periment in June and September. Ground inversion lay-
ers were generally observed during early morning in
both months. The inverse layers at the lower altitude
disappeared very rapidly at about 6:00~7:00 am in June.
Then the mixing layer formed and became very high in
a short time. The ground inverse layer was maintained
longer in September, not disappearing completely un-
til 8:00-9:00 am. The ground temperature increases were
generally faster in June than in September.

Wind direction above 100 m was always differ-
ent in June but it became homogeneous in September.
Ground windspeed was generally higher in September
(about 2.5–8.0 m s–1 under 500 m) than in June (about
0.5-3.0 m s–1 under 500 m). The dominant ground wind
direction was northern both in June and September;
Windspeed was always very low in June (about 0.5–
1.6 m s–1), becoming relatively higher in September
(about 1.5–3.0 m s–1).

Generally, the concentration difference measured
between the upwind and downwind sites of the rice
fields was small at early morning. It increased gradu-
ally and reached a maximum at around 8:00 am, and
then decreased gradually to values smaller than 50 ppb.
Semicontinuous closed-chamber measurements have
shown that CH4 emission from rice fields is lowest
around 5:00 am, gradually increasing to a peak at noon
or early afternoon (Denier van der Gon & Neue, 1995).
The height of the inverse layer and windspeed were
low in the morning, making the concentration differ-

ence between upwind and downwind sample location
relatively high. When the mixing layer is formed and
as it rises gradually, CH4 concentration will be lower
due to dilution and so will the CH4 concentration dif-
ference.

Based on measurements for many days, it was
clear that CH4 concentrations at the measurement sites
were always lower in September than in June and CH4

emissions became much smaller in autumn. As a re-
sult, meteorological conditions and other local CH4

sources have a more adverse influence on the concen-
tration difference during autumn than during summer.
Therefore, small or even negative concentration differ-
ences were often observed in September.

Model results

The emission rates calculated by the box and ATDL
models are shown in ‘Qbm’ and ‘Qam’ column, respec-
tively (Table 1). The CH4 emission rate from the rice
fields calculated with the box model was within the
range of 13.2–30.4 mg m–2 h–1 in June and 10.4–20.0
mg m–2 h–1  in September. The corresponding values cal-
culated with the ATDL model were 6.1–8.5 mg m–2 h–1

in June and 2.8–5.3 mg m–2 h–1 in September.

Flux measurements with the closed chamber method

The random measured CH4 flux was in the range of
0.4–4.8 mg m–2 h–1 in June (Table 2). In September, the
closed chamber measurements revealed that CH4 emis-
sions were close to zero from different plots. After the
first 3 d, flux measurements were stopped since the
fields were dry and CH4 emission was expected to re-
main low. Our experimental area was divided into about
40 portions belonging to some 100 farmer families and
quite different agricultural practices were carried out
in the selected area. As a result, large spatial variations
in emission rate were found in measurements from dif-
ferent rice plots within the experimental rice field in
June, which shows the problem in using the closed
chamber method  reported earlier (Folorunso & Rolston,
1984). However, a full-scale flux measurement by box
chambers in a 50-ha rice area was unpractical. The lim-
ited random flux measurements could only give us an
approximate emission range for the selected experimen-
tal rice area. To give a more reliable comparison with
model estimates, mapping of agricultural practices and
field practices in the selected study area is needed and,
if variability is high, more flux measurements are
needed.
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Figure 2. Typical results of the experiment in June. T = air temperature (°C), U = windspeed (m s–1), A = wind direction, H =
altitude (m), and C = CH

4
 concentration (mg m–3). “05” represents experimental time during 5:00-6:00 am, and so on.
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Figure 3. Typical results of the experiment in September. (See Figure 2 for explanation of abbreviations.)
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Table 1. Methane emissions of experimental rice fields calculated by models

Wind Wind speed Inverse Distance Concentration Calculated
Time direction Ua layer Stability c Ld  (m) difference emission

Aa (ms–1) height (C
2
-C

1
)e            rate (mg m–2 h–1)

degree Hb (m)                      (mg m–3)                  Qbm              Qam

6/27/5:00-6:00 250 0.90 200 E 4101 0.19 30.4 7.8
6/28/6:00-7:00 310 1 150 D 4101 0.13 17.6 6.1
6/29/6:00-7:00 330 1 75 D 3349 0.16 13.2 7.8
6/29/7:15-8:15 350 0.8 100 C 2945 0.15 14.6 8.5
     Av 19.0 7.6
9/13/7:30-8:45 190 0.80 75 E 2945 0.14 10.4 2.8
9/18/7:45-8:30 360 1.40 50 E 2900 0.14 11.8 4.7
9/18/8:30-9:30 350 1.30 150 D 2945 0.08 20.0 5.3
     Av 14.1 4.3

aAv of measured values at the time of calculation. bDetected by sounding balloon at the time of calculation. cPasquill category : A = extremely unstable, B =
moderately unstable, C = slightly unstable, D = neutral, E = slightly stable, F = moderately stable (Pasquill, 1961).dCalculated by size of experimental area,
location of sample sites, and wind direction. eAv of effective concentration difference (i.e., value larger than 50 ppb) measured at the time of calculation

Table 2. Methane emissions (mg m–2 h–1) by random flux measure-
ments using closed chambers in the experimental rice fields

Jun 26-29 Sep 12-18

Flux 0.4-8.5 0
Av 4.7 0

The field investigation shows that water regime
and rice cultivar were similar throughout the experi-
mental region on the whole. However, fertilization prac-
tices, such as use of organic amendment, are different
because different farmers have access to different fa-
cilities and fertilizer sources. At least two distinctly dif-
ferent  fertilizer practices were identified in our study
area: mineral fertilizer plus rice straw or mineral ferti-
lizer only. At the same time and close to our experi-
mental rice area, a project conducted by the China Acad-
emy of Agricultural Sciences (CAAS) in cooperation
with UNDP was proceeding. Methane emissions from
rice fields with different fertilization practices were
measured using their auto-monitoring box chamber
system (Wang et al., 1997). Table 3 shows that the CH4

emission measured from experimental rice fields with
fertilization schemes similar to those in our study (data
from CAAS-UNDP project, Wang et al., this issue),
were in the range found by our random flux measure-
ments (see Tables 2 and 3). In June, the emission from
plots with straw amendment was much higher than from
plots receiving mineral fertilizer only (14.3 and 0.3 mg
m–2 h–1, respectively). To give an exact estimate, the CH4

emission of our 50-ha rice area using the closed cham-
ber results, an exact mapping of plots with and without

Table 3. Methane emission rates (mg m–2 h–1) from rice fields under
two kinds of fertilization conditions, CAAS

Fertilizer treatment Jun 26-29 Av Sep 12-18 Av

Rice straw input 12.6-16.3 14.3 0-0.5 0.3
Chemical fertilizer only 0.2-0.6 0.3 0-0.1 0

rice straw amendments is necessary. This information
is not available and we can only conclude that the aver-
age emission on Jun 26–29 is between 0.3 and 14.3 mg
m–2 h–1. The September period is different because most
rice fields in the Beijing area are drained by that time,
and emissions measured with closed chambers are al-
most zero.

There are typically two CH4 emission peaks dur-
ing the rice-growing season in the Beijing area (Shao,
1993). The first peak coincides with the tillering stage
and is generally much higher than the second one, which
is observed at the heading stage. In the selected rice
fields, the experimental period, Jun 25-29, coincided
with late tillering, toward the end of the first CH4 emis-
sion peak. The Sep 12-18 period corresponds to the milk
grain or early ripening stage, usually characterized by
baseline CH4 emissions. Emission rate during the ex-
periment was expected to be relatively low, especially
in September.

Discussion

In comparison with the closed chamber method, the box
model calculations resulted in much higher emission
rates both for June and September (Table 4). However,
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CH4 emission rates for June calculated by the ATDL
model were in agreement with the closed chamber data.
Emission rates for September calculated by the ATDL
model were higher than those measured by the closed
chamber techniques.

The box model assumes that the emitted CH4 has
been mixed well under the inverse layer. However, the
ground inverse layer existing during the experiment was
unfavorable for vertical mixing of the emitted CH4.
Therefore, the emitted CH4 accumulated near the
ground. Another factor not favorable for mixing was
the low windspeed. Therefore, the measured concen-
tration difference near the ground would be higher than
that assumed in the box model, resulting in high emis-
sion rates calculated by the box model in both months.
The ATDL model could handle this “not-so-ideal” con-
dition because it incorporated the dispersion theory of
the Gaussian diffusion models (instead of the complete
mix theory used in the box model). Reliable results were
thus obtained in June. The discrepancy between closed
chamber results and ATDL model in September can be
explained by 1) the ATDL model overestimating the
CH4 emissions at very low emission levels such as in
September and/or 2) there were still local emissions in
the area — e.g., from other minor sources like ditches,
reservoirs, depressions in the fields, or slow release of
soil-entrapped CH4. In future experiments, a detailed
survey of the study area during periods of low emis-
sions is necessary to explain this discrepancy. In addi-
tion, analytical precision has to be improved in order to
detect concentration differences smaller than 50 ppb
and to identify emissions close to zero with the ATDL
model.

Conclusion

The meteorological conditions in the Beijing area were
unfavorable for CH4 emission estimation from rice
fields with the box model, but the ATDL model gave
results in agreement with those from the conventional
closed chamber method. However, use of the ATDL
model requires high analytical precision and favorable
meteorological conditions. It can therefore be used only

during a certain time of day and not on a day-to-day
basis. The methodology is therefore not suited for iden-
tifying diel emission patterns and only crude estima-
tion of total seasonal emission is possible due to in-
complete season coverage. However, the ATDL model
can measure integrated regional CH4 emissions from
rice fields. The method is therefore complementary to
the closed chamber method and may be a simple way
of answering the pressing question of larger scale emis-
sion estimates (Khalil et al., 1998). Information on soil
and agricultural practices employed in rice fields at the
regional scale are essential in understanding these inte-
grated emission estimates.
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Abstract

A field experiment was conducted in a clayey soil to determine the effects of cultural practices on methane (CH4)
emissions from rice fields. The factors evaluated were a) direct seeding on dry vs wet soil, b) age of transplanted
seedlings (8 d old and 30 d old), and c) fall vs spring plowing. Methane emissions were measured weekly through-
out the rice-growing season using a closed static chamber technique. Transplanted 8-d-old seedlings showed the
highest emission of 42.4 g CH4 m-2 season-1, followed by transplanted 30-d-seedlings (40.3 g CH4 m-2 season-1 ), and
direct seeding on wet soil (37.1 g CH4 m-2 season-1 ). Direct seeding on dry soil registered the least emission of 26.9
g CH4 m-2 season-1. Thus transplanting 30-d-old seedlings, direct seeding on wet soil, and direct seeding on dry soil
reduced CH4 emission by 5%, 13%, and 37%, respectively, when compared with transplanting 8-d-old seedlings.
Methane emission under spring plowing was 42.0 g CH4 m-2 season-1 and that under fall plowing was 31.3 g CH4 m-

2 season-1. The 26% lower emission in the field plowed in spring was caused by degradation of organic matter over
the winter.

Introduction

Irrigated rice fields are known as an important source
of methane (CH4), one of the greenhouse gases. They
are estimated to contribute between 25.4 and 54 t yr–1

(Cole, 1996) of the total 410 to 660 million t yr–1  emit-
ted globally (Houghton et al., 1996).

Methane is the decomposed product of organic
matter under highly anaerobic condition and its pro-
duction is, therefore, closely related to the soil redox
potential. Takai et al. (1956) demonstrated that the re-
dox potential of soils must be below –200 mv to pro-
duce CH4. Wang et al. (1993) also reported that the criti-
cal initial Eh of methanogenesis was –150 to –160mv.
Thus, the effect of cultural practices on CH4 emission
should be studied inasmuch as these practices differ
according to duration of soil submergence during the
cropping season. In addition, root growth and activity,
which may affect CH4 emission because the rice plant
is an important transport medium of CH4 from the rice
fields to the atmosphere, would be diverse under dif-
ferent cultural practices. Plowing time is another cul-
tural method that may influence CH4 emission because
it changes the chemical and physical properties of the

soil. It may eventually affect the decomposition of or-
ganic matter in the soil.

Rice is the major staple food of Korea, and rice
cultivation is necessary for food security. Therefore, it
is important to decrease CH4 emissions from rice fields
without reducing the cultivated area. In this study, we
investigated the effects on CH4 emission of age of trans-
planted seedlings and time of plowing.

Materials and methods

The experimental site was in southeastern Korea. Mean
temperature during cropping season (June to Septem-
ber) is 22.8 °C and precipitation during the period is
800 mm, which is two-thirds of total annual precipita-
tion. The soil at this site is silty clay loam, which has a
good water-holding capacity. Selected soil properties
are presented in Table 1.

Treatment and field management

The experimental design was a randomized complete
block, strip-plot experiment with three replicates. The
main plot treatments were plowing times (two levels)
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and subplot treatments were cultural practices (four lev-
els). The area of each plot was 670 m2 and it had two
chambers in it.

To measure the CH4 fluxes as affected by cultural
practices (particularly direct seeding and age of trans-
planted seedlings), this experiment used the following
treatments: a) direct seeding on dry soil, b) direct seed-
ing on wet soil, c) 8-d-old seedlings transplanted, and
d) 30-d-old seedlings. (The most common cultural prac-
tice in South Korea is transplanting 30-d-old seedlings
[67%], followed by transplanting 8-d-old seedlings
[21%], and direct seeding [11%]). Direct seeding on
dry and wet soil was done on 6 May 1996. Eight-day-
old and 30-d-old seedlings were transplanted on 25 May
and 6 Jun 1996, respectively. Fertilization rates were
150 kg N ha–1, 30 kg P ha–1, and 80 kg K ha–1 in direct-
seeded plots. In transplanted plots, fertilizers were 110
kg N ha–1, 30.5 kg P ha–1, and 80 kg K ha–1.

To measure the effects of plowing time on CH4

fluxes, plowing was done in the fall (23 Nov 1995).
Spring  plowing  to  a  depth  of  15  cm  was  performed
on 22 Apr 1996.  Rice  straw  was applied  at  a rate of
5 t ha–1 just before plowing.

The rice cultivar used in all experimental treat-
ments was Hwanambye, which is a japonica-type rice
requiring about 120 d of growing period.

Fields were continuously flooded until harvest
in all treatments.

Sampling and analysis

Methane emissions were measured with a closed static
chamber of polyacrylic plastic (60 × 60 × 100 cm)with
a fan (DC 12volt, 220 mA) to mix the air (Shin, 1996).
The chamber has a top that opens and closes: the top
remained opened during the cropping season except
when air samples were collected. Wooden footbridges
were installed beside the chamber to prevent CH4 emis-
sion due to soil disturbance during the process of cham-
ber installation and gas sampling.

The samples were collected once a week at 10
am with a stopcock-fitted PP syringe from 15 May to 5
Oct. The collected air samples were analyzed for CH4

concentration by a gas chromatograph (HP 5890 Se-
ries) equipped with a flame ionization detector, using a
Porapak N stainless steel column (80/100 mesh, 0.3 cm
× 2 m) at 40 °C.  Nitrogen was used as the carrier gas at
a flow rate of 30 mL min-1 and a CH4 standard of 0.93
mL L–1 was employed.

Results and discussion

Effects of cultural practices on CH4  flux from rice fields

The CH4 fluxes with different seedling age and seeding
on wet and dry soils are shown in Figure 1.

Methane emissions increased until 22 Aug and
decreased thereafter in all treatments. During tillering
(12 Jun-11 Jul), CH4 flux from direct seeding on wet
soil was highest, followed by 8-d-old and 30-d-old trans-
planted seedlings. Direct seeding on dry soil emitted
the least. The higher CH4 emission from direct seeding
on wet soil as compared with the other treatments may
be attributed to soil redox potential being reduced suf-
ficiently to an anaerobic condition suitable for CH4 pro-
duction.

From panicle formation to heading (16 Jul to 22
Aug), there was a large difference in CH4 emissions
between plots, and the highest CH4 flux, 42 mg m–2 h–1,
was observed in the transplanted 30-d-old seedlings.
This high flux value  was due to a coincidence in the
rise of temperature of both air and floodwater. When
soil is submerged, as temperature increases, rice straw
decomposes rapidly to produce CH4 under anaerobic
condition. The CH4 fluxes obtained from direct seed-
ing on dry soil were least among treatments. The dif-
ferences among cultural practices were negligible at
harvesting stage.

Table 1. Chemical and physical properties of soil used
Soil

pH OM P Exch. cations (cmol+  kg-1) Soildepth
(1:5) (g kg-1) (mg kg-1) texture(cm)

Ca Mg K
  0-15

5.7 29.4 40.6 3.5 0.8 0.3 SiCl15-30
6.0 28.1 38.8 3.6 0.7 0.5 SiCl

Figure 1. Variations in CH
4
 emission as affected by different

cultural practices
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Methane emissions due to cultural practices
throughout the cultivation period are presented in Ta-
ble 2. Average daily CH4 emissions from direct seeding
on dry soil was least (0.17 g CH4 m-2) among the treat-
ments, followed by direct seeding on wet soil (0.24 g
CH4 m-2). The transplanted treatments had the highest
emission (0.31g CH4 m-2). However, based on total
quantity of CH4 emissions over the season, the 8-d-old
seedling  treatment gave values a little higher (42.4g
m–2) than the 30-d-old seedling treatment (40.3 g m–2)
because the cultivation period of the former was longer
than that of the latter. But statistically, these were not
different. So CH4 emissions from 30-d-old transplanted
seedlings, direct seeding on wet soil, and direct seed-
ing on dry soil were reduced by 5%, 13%, and 37%,
respectively, with respect to that from 8-d-old trans-
planted seedlings. Grain yield trend was similar to that
of CH4 emission. But there were no statistical differ-
ences among treatments.

The reason for the low CH4 emission from direct
seeding on dry soil plot was the aerobic condition dur-
ing the early growth stages, resulting in small CH4 pro-
duction from applied organic matter such as rice straw.
The other treatments, on the other hand, were flooded.
In addition, the plant root system, which may affect the
oxidation of soil-entrapped CH4, was better developed
here than in any other treatments because the soil was
not submerged in the early growth stage. In a study of
CH4 emission from direct seeding on dry soil in China,
the practice  reduced CH4 emission by 59-74% com-
pared with the use of 30-d-old seedlings and applica-
tion of pig manure (Liang, 1995).

The negative emission observed in direct seed-
ing on dry soil may be brought about by the activity of
methanotrophic bacteria, which oxidized the CH4 un-
der aerobic condition. This result indicates that the soil,

which is not flooded, can act as a CH4 sink. Similar
CH4 uptake patterns were seen in unflooded rice soils
(Thurlow et al., 1995) and in Indian rice fields (Parashar
et al., 1994).

Effects of plowing time on CH4 flux from rice fields

Seasonal changes in CH4 fluxes due to plowing times
are shown in Figure 2. Three CH4 peaks were observed
during cultivation, regardless of plowing time. With
both spring and fall plowing treatments, the first peak
occurred at 4 wk after transplanting (WAT). The sec-
ond peak occurred at 8 WAT and the last at 12 WAT.
After the third peak, CH4 fluxes were reduced rapidly.
This type of seasonal change in CH4 emission was typi-
cal of flooded rice fields were rice straw was applied.
This result confirms the findings of Minami (1993) and
Neue and Sass (1994). We observed another large flux
at 16 WAT when the floodwater receded. The flux at

Table 2. Methane emissions as affected by cultural practices

Cultural  practice Methane emission (g m-2 d-1) Total Grain
emission yield

Min Max Av (g m-2 season-1) (t ha-1)

Direct seeding
On dry soil – 0.031 0.59 0.17 26.9 aa 5.28
On wet soil 0.003 0.66 0.24 37.1  b 5.38

Transplanting
8-d-old seedling 0.001 0.70 0.31 42.4  b 5.39
30-d-old seedling 0.011 0.76 0.31 40.3  b 5.32

aMeans within a column followed by the same letter are not significantly different at P= .05 LSD level.
LSD(5%) = 5.25

Figure 2. Seasonal changes in methane emissions as affected by
plowing time
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that time could probably be direct soil emission of en-
trapped CH4 after the water receded from the
macropores. Neue et al. (1994) reported a similar ob-
servation of high emission of 90 mg m-2 h-1 at 6 - 8 d
after the floodwater receded.

Methane emissions following spring plowing
were much greater than those following fall plowing.
The fall treatments emitted 3-12 mg m-2 h-1 less than
the spring treatment during ripening. However, after
ripening, the difference between treatments became
small. These results indicate that the effect of plowing
time on CH4 emission was related to the amount of de-
composition of the applied straw, which is a carbon
source for methanogenic bacteria and causes the redox
conditions to become more anaerobic as organic mat-
ter is consumed. Inubushi et al.(1992) reported that rice
straw application at 1 and 2 mo before transplanting,
compared with application just before transplanting,
reduced CH4 emissions by 50% and 63%, respectively.

Average daily CH4 emissions following spring
plowing was 0.29 g CH4 m-2 and that following fall
plowing was 0.22 g CH4 m-2 (Table 3). In terms of total
quantity of CH4 emission during cultivation, the spring
plot  had  42.0 g CH4 m-2 and the fall plot had 31.3 g
CH4 m-2. The grain yield of fall plowing plot was a lit-
tle higher even though there was no statistical differ-
ence.

Conclusion

Among the cultural practices tested, direct seeding on
dry soil was the most effective in reducing CH4 emis-
sion. Moreover, this method also decreased labor for
transplanting. This cultural method is recommended in
situations where the weed control problem could be
resolved.

 As to plowing time, CH4 emissions following fall
plowing were 26% less than those following spring
plowing. In addition, fall plowing promoted early crop
growth because the readily mineralizable nutrients in

Table 3. Methane emissions as affected by plowing time

Methane emission(g m-2 d-1) Total Grain
Plowing time emission yield

Min Max Av (g m-2 season-1) (t ha-1)

Spring 0.002 0.69 0.29 42.0 aa 5.30
Fall 0.001 0.66 0.22 31.3  b 5.36

aMeans within a column followed by the same letter are not significantly dif-
ferent at P= .05 LSD level. LSD(5%) = 6.19

the soil increased as the organic matter decomposed
during winter. Therefore, fall plowing is a more effec-
tive way of mitigating CH4 emission from rice fields
when organic amendment is required.
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Varietal differences in methane emission from Korean rice cultivars
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Abstract

Methane (CH4) emission from eight cultivars planted under uniform field conditions was measured by the closed
static chamber method. Mean daily CH4 emission and seasonally integrated CH4 flux followed similar trends
among the different varieties, irrespective of growth duration. The CH4 flux (g CH4 m-2) among the varieties was in
the order of Dasanbyeo (36.9) < Ilpumbyeo (42.9) < Gyehwabyeo (47.8) < Daeanbyeo (50.9) < Dongjinbyeo
(58.8) < Hwaseongbyeo (59.7) < Odaebyeo (62.9) < Mangeumbyeo (76.0). No significant correlation was ob-
served between CH4 emission factor and root distribution in the 0-5 cm soil profile and dry matter weight in the
canopy at heading stage.

Key words: methane, rice cultivars, root distribution, dry matter weight

Introduction

Methane (CH4) is one of the important greenhouse gases
emitted from both biological and industrial processes
(Houghton et al., 1996). The atmospheric concentra-
tion of CH4 has increased approximately to 246% of
preindustrial concentration (Houghton et al., 1996).

Wetland rice cultivation is a major anthropogenic
source of CH4, contributing 15-35% of total CH4 re-
leased. World rice requirements are predicted to increase
at the compounded rate of 1.75% yr–1 between 1990
and 2025 (IRRI, 1997). Owing to the conversion of up-
land soils for wetland rice cultivation, global CH4 emis-
sions to the atmosphere may increase by 20% over the
next decade (US-EPA, 1991).

Methane has a relatively short atmospheric life-
time (10 yr) compared with CO2, N2O, and
chlorofluorocarbons (CFCs) (50–200 yr) and reduction
from wetland rice in the future could help stabilize or
reduce the global warming potential (Batjes & Bridges,
1992). It is estimated that a 10% reduction in anthropo-
genic emission would stabilize CH4 at current concen-
trations, whereas CO2 (60%), N2O (70–80%), and CFCs
(70–85% reduction) would require much higher levels
(Lelieveld et al., 1993).

To maintain or increase rice yield and to reduce
CH4 emission, new management practices must be de-

veloped for wetland rice agriculture. Suggested miti-
gation options include cultivar selection and breeding,
altered water management, and addition of chemicals
or soil amendments (Neue, 1993; Wassmann et al.,
1993). Early-maturing varieties, intermediate maturing
varieties and late-maturing varieties occupy 10, 30, and
60% of rice areas respectively, in Korea (RDA, 1998).

Some data on varietal effects are currently avail-
able, but information on Korean rice varieties are not
relatively known. The objective of this field study was
to assess the CH4 emission potential of eight rice
cultivars over the cropping seasons.

Materials and methods

Cultivation of rice

A field experiment was carried out at the rice farm of
the National Institute of Agricultural Science and Tech-
nology (Suwon, Korea) in 1997. The soil belongs to
the Hwadong series of fine clayey, mixed, mesic, Aquic
Hapludalfs. Soil pH was 5.9 (1:5 soil/water), soil or-
ganic matter content was 10 g kg-1, content of available
phosphorus was 20 mg kg–1, and exchangeable potas-
sium was 0.26 cmol kg–1. All the plots were given 110-
30.6–66.4 kg NPK ha–1 and rice straw (5 t ha–1). Basal
dressing was done just before transplanting and
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topdressing was applied at 14 and 48 d after transplant-
ing (DAT). Rice straw was applied on the surface in
the fall of 1996 and incorporated in the spring of 1997.

Seven rice japonica-type cultivars—Odaebyeo,
Hwaseongbyeo, Ilpumbyeo, Daeanbyeo, Gyehwabyeo,
Dongjinbyeo, and Mangeumbyeo—and one Tongil-type
cultivar, Dasanbyeo, were cultivated in a 7.5- × 7-m
field. Odaebyeo belongs to the early-maturing group.
Dasanbyeo and Hwaseongbyeo are intermediate-ma-
turing rice varieties. Ilpumbyeo, Daeanbyeo,
Gyehwabyeo, Dongjinbyeo, and Mangeumbyeo are
late-maturing rice varieties. Four seedlings of each
cultivar were transplanted at 15- × 30-cm plant spacing
on 28 May. Plots of 3.1- × 7-m were prepared for each
cultivar in triplicates.

Water in the rice plots was supplied by intermit-
tent irrigation. All plots were flooded until 30 DAT.
Thereafter, the field was intermittently flooded until 2
wk before harvest; intermittently irrigated plots re-
mained without any irrigation until small cracks were
noticed on the soil surface.

Collection and analyses of gas samples

Gas samples were collected using the closed static
chamber method (Shin et al., 1995, 1996), in which
eight rice plants were enclosed in a transparent
polyacrylic plastic chamber with internal dimensions
of 60 × 60 × 110 cm. One chamber was installed in
each experimental plot. Gas samples were collected
between 9 am and noon at 7-d intervals from the day of
transplanting until maturity. Gas samples were taken
using a 60-mL polypropylene syringe fitted with a
Mininert valve.  A Varian Star 3400 gas chromatograph
fitted with a flame ionization detector and in-board data
handling was used to determine CH4 concentration. Gas
samples (2 mL were injected into a stainless steel col-
umn (3 mm outside diameter × 2 m) packed with
Porapak N (80/100 mesh). The temperatures of the col-
umn, injector, and detector were 45, 80, and 200 °C,
respectively. Gas samples were injected using an air-
actuated six-port valve (Valco valves, Houston, TX,
USA) with the aid of a mass flow controller unit (Tylan
Inc., CA, USA). Calibration gas (15.1 ppmv CH4) was
purchased from MG Industries (Malvern, PA, USA).
All collected gas samples were analyzed within 3 h of
field collection. Flux data were subjected to analysis of
variance and Duncan’s multiple range test (P = 0.05)
using the statistical analysis system (SAS, 1988).

Distribution profile of rice roots

Rice roots were collected with PVC samplers (inside
diameter of 19.5 cm) in a series of four at heading stage.
Soils inside the samplers were subdivided into 5-cm
sections and sieved (2 mm) under running water. Roots
left on the sieve were taken and dried at 70 °C in a
drying oven until a constant weight was obtained.

Dry matter weight of canopy

The canopy of rice was collected at heading. It was
dried at 70 °C in a drying oven to constant weight.

Results and discussion

Change in CH4 emission among Korean rice cultivars

The seasonal change in CH4 emission rates is shown in
Figures 1 and 2. The CH4 emission rates increased from
3 wk after transplanting and showed a maximum value
at the end of July, or 62 DAT, which corresponded to
the end of the vegetative stage. Methane  emission rates
decreased twice on 8 Jul and 22 Jul, which was due to
midsummer drainage. Small peaks were observed on
18 Jun, 2 Jul, 15 Jul, and 19 Aug. The peak observed
on 19 Aug corresponded to the tillering stage. After 25
Aug, CH4 flux declined in all varieties.

Rice cultivar did not influence the pattern of sea-
sonal variation in CH4  emission rates. The same pat-
tern mentioned above was observed in 24 plots of eight
varieties. However, the amount of CH4 emitted differed
among the cultivars. The largest CH4 emission was re-
corded in plots planted to Mangeumbyeo (japonica),
while the smallest was in plots planted to Dasanbyeo
(japonica). Methane emission rates from Mangeumbyeo
and Dasanbyeo plots differed significantly (p<0.05). As
shown in Table 1, different values of CH4 emission fac-
tor (g CH4 m–2 d–1) were observed among the eight dif-
ferent varieties: Dasanbyeo (0.298), Ilpumbyeo (0.33),
Gyehwabyeo (0.379)  < Daeanbyeo (0.391) <
Dongjinbyeo (0.452), Hwaseongbyeo (0.482) <
Odaebyeo (0.566), Mangeumbyeo (0.603). On the ba-
sis of CH4 emission, these eight rice varieties can be
grouped as follows: low CH4 emission (Dasanbyeo,
Ilpumbyeo, Gyehwabyeo, and Daeanbyeo), intermedi-
ate CH4 emission (Hwaseongbyeo and Dongjinbyeo),
and high CH4 emission (Odaebyeo and Mangeumbyeo).
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Figure 3. Relationship between root weight at 0-5 cm soil depth at
heading and CH4 emission factor

Figure 4. Relationship between root weight at 5–10 cm soil depth
at heading and CH4 emission factor

Figure 1. Seasonal changes in CH4 emission of different rice
cultivars

Figure 2. Seasonal changes in CH4 emission of different rice
cultivars

Table 1. Methane emission factor and integrated emission factor

Growth CH4 emission Integrated emission factor=
Cultivar durationa (EF)b* EF × growth duration

(d) (g CH4 m–2 d–1) (g CH4 m–2)

Ilpumbyeo 130 0.330 d 42.898
Dasanbyeo 124 0.298 d 36.969
gyehwabyeo 126 0.379 d 47.751
Daeanbyeo 130 0.391 cd 50.877
Hwaseongbyeo 124 0.482 bc 59.725
Donhjinbyeo 130 0.452 bc 58.822
Odaebyeo 111 0.566 ab 62.867
Mangeumbyeo 126 0.603 a 76.022

aValues not followed by the same letter differ significantly at p<0.05 (Duncan’s multiple range test). bTransplanting –45 d after heading.
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The integrated CH4 emission flux (g CH4 m–2 sea-
son–1) showed a similar trend with CH4 emission factor
despite differences in growth period—Dasanbyeo (36.9)
< Ilpumbyeo (42.9) < Gyehwabyeo (47.8) < Daeanbyeo
(50.9) < Dongjinbyeo (58.8) < Hwaseongbyeo (59.7)<
Odaebyeo (62.9) < Mangeumbyeo (76.0).

Relation between root distribution and CH4 flux

The relationship between dry weight of roots at the 0–
5 and 5–10 cm depths and CH4 emission factors were
determined (Figure 3 and 4). Rice roots are assumed to
be associated with the collection, production, and oxi-
dation of CH4. However, the CH4 emission rates were
not correlated with root weight at  0–5 cm depth (Fig-
ure 3). Similar results were reported by Watanabe et al.
(1995). Methane emission rates were negatively related
with root weight at 5–10 cm depth (Figure 4).

Armstrong (1969) and Kludze et al. (1994) re-
ported some differences in cultivar rhizosphere oxy-
genation (per unit area of root and per plant). The dif-
ferences in the amount of oxygen or exudates released
per unit weight of root among cultivars may have more
influence than the total weight of roots.

Relationship between dry weight of canopy and CH4

flux

Dry weight of canopy at heading stage was not corre-
lated with CH4 emission factors (Figure 5). Sass et al.
(1990) found a positive correlation between
aboveground biomass and CH4 emission rates in two

fields using one cultivar. On the contrary, aboveground
biomass in the present study was not correlated with
CH4 emission rates among plots with different cultivars.
These results are similar to those reported by Watanabe
et al. (1995). This indicates that cultivars with large
biomass are not necessarily related to higher CH4 emis-
sion.

Our results indicate that the big difference be-
tween CH4 emission factor and the integrated emission
factor among rice cultivars tested shows a potential miti-
gation option. Rice cultivars low in CH4 emission may
be selected. It was shown in this study that there is no
significant correlation between CH4 emission factor and
dry matter weight of canopy and root at heading stage.
Thus, further studies must be conducted to determine
other factors that could affect varietal differences in CH4

emission.
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Abstract

Azolla is an aquatic fern that has been used successfully as a dual crop with wetland rice. Rice fields are a major
source of atmospheric CH4, which is an important greenhouse gas. In this study, field and laboratory experiments
showed that growing Azolla as a dual crop could enhance CH4 emission from rice fields. In pot experiments,
indications showed that Azolla could mediate CH4 transport from the floodwater of a rice soil into the atmosphere.
It was also found that due to the presence of Azolla, chemical soil properties could be developed, stimulating CH4

production and decreasing in situ CH4 removal.

Introduction

Azolla is a genus of aquatic ferns found floating in
swamps, ditches, lakes, and rivers. Because of its aquatic
nature, rapid growth, ability to fix N2 (due to symbiosis
with Anabaena, a blue-green algae), and high N con-
tent, Azolla has been used as a green manure or a dual
crop in rice cultivation for many years (Wagner, 1997).
It has been shown that incorporation of Azolla as green
manure is beneficial for rice production both in terms
of rice yield and N uptake. Incorporation of Azolla ap-
pears to be equivalent to using urea as a source of N
(Galal, 1997). Azolla also increases N recovery by the
soil and therefore improves soil fertility in the long term
(Kumarasinghe & Eskew, 1993). The use of Azolla as a
floating cover in rice fields is also effective in reducing
NH3 volatilization from applied urea (Vlek et al., 1995).
As a result, Azolla is most beneficial as a sustainable
natural source of N. In addition, it is also useful in re-
ducing weed growth and improving the soil structure
and water economy. The major fundamental constraints
are limitations of water supply and phosphorus and its
susceptibility to temperature changes, pests, and patho-
gens (Kulasooriya, 1991).

Rice fields have to be considered as a significant
source of greenhouse gases (CH4 and N2O) (Bronson
et al., 1997a,b). They account for about 60 Tg CH4 per
year, or about 12% of the global annual CH4 emission

(IPCC, 1996). Much attention has been paid to the in-
fluence of fertilization, organic matter amendment,
water management, and rice varieties on CH4 and N2O
emissions from rice fields. Recently, it has been reported
that growing Azolla in rice fields could enhance CH4

and N2O emissions (Chen et al., 1997). Therefore, it is
important to collect more information on the role of
Azolla on greenhouse gas emissions from rice soils. This
paper gives evidence suggesting that Azolla could en-
hance CH4 emission from flooded rice soils at the level
of CH4 transport, production, and oxidation.

Materials and methods

Pot experiments

Pot experiments were conducted in a greenhouse at the
Ghent University (Belgium). The objectives were to
evaluate the influence of Azolla on soil properties, rice
growth, and CH4 emission from a flooded rice soil. The
soil used originated from a maize field and had the fol-
lowing physicochemical characteristics: pH 7.3, total
C 1.4%, total N 0.14%, 54% sand, 31% silt, and 15%
clay. Plastic pots (20 cm in height and 16 cm in diam-
eter) were filled with 3.3 kg of soil amended with 0.5%
wheat straw. The soil was mixed with de-ionized water
until it was flooded to 2 cm depth. The soil was pre-
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incubated at constant water level for 20 d. During the
entire experiment, the water content was kept constant
and average temperature in the greenhouse was 25 °C.

The four treatments were the flooded soil with-
out rice or Azolla (P1), without rice but with Azolla
(P2), with rice and without Azolla (P3), and with both
rice and Azolla (P4). Each treatment was replicated five
times. Four 18 d-old rice seedlings (variety: Liao Kai
79) were planted in the center of each pot of treatments
P3 and P4. Seven days after planting, urea was added
to the overlying water of all treatments at a rate of 100
mg urea N kg–1 soil. Azolla fuliculoides was cultivated
(Watanabe et al., 1977), and 14 d after planting of the
rice seedlings, 2 g fresh Azolla was spread on top of the
water layer of treatments P2 and P4.

The CH4 emission from the rice soil microcosms
was determined using the static chamber technique
(IAEA, 1992). A chamber (50 cm height and 15 cm
diameter) equipped with a septum to sample the gas
phase was put over the plastic pots. Methane emissions
were collected weekly between day 21 and day 92 af-
ter planting the rice seedlings. At day 50, the O2 con-
centration in the water layer and the NH4

+ content of
the soil (0–20 cm) were determined. The O2 concentra-
tion was measured with an oxygen electrode (Oxi320/
CellOx325, WTW, Weilheim, Germany). Ammonium
N was determined acidimetrically after distillation of
an extract (shaking time: 60 min) of the soil with 1 N
KCl (soil/KCl = 1/2) (Keeney & Nelson, 1982).

In a second pot experiment, the transport capac-
ity of Azolla for CH4 was investigated. Pots with rice
were prepared as described for treatment P3. In this
experiment, Azolla was put as a complete cover onto
the water layer 1 d before CH4 measurements were con-
ducted. When the CH4 measurements were finished,
Azolla was removed from the pot. As such, two treat-
ments were handled: one with rice but without Azolla
(P3) and one with rice and temporally Azolla (P4’). Five
replicates were used. A split chamber (Figure 1) was
used to distinguish between CH4 emitted from the over-
lying water and CH4 escaping via the rice plants. The
rice plants were  separated from the soil chamber via
an air-tight plastic tube and modeling clay (Figure 1).
As such, it was possible to determine separately the
amount of CH4 emitted via diffusion through the water
layer, eventually mediated by Azolla (soil chamber),
and the amount of CH4 emitted via the rice plants (rice
chamber). The CH4 emission was determined on day
53 and day 78 after transplanting the rice. As such, CH4

emission was measured during a period of high flux
and during a period of low flux.

The concentrations of CH4 in rice and soil cham-
bers were measured with a Chrompack CP 9000 gas
chromatograph (GC) (Chrompack, Delft, The Nether-
lands). After injection, part of the gas was directed
through a 1.8 m × 3 mm activated aluminum column
(100-120 mesh). Methane was measured using a flame
ionization detector (FID). Helium was used as carrier
gas (46 mL min–1). The analyses were carried out un-
der the following conditions: injector temperature 65
°C, oven temperature 55 °C, and detector temperature
200 °C. The CH4 concentrations were calculated from
the peak area. As standard gas, 50.3 ± 1.5 ppmv CH4 in
argon was used (L’ air Liquide, Belgium). The
chromatograms were registered and analyzed using
“Winner on Windows” (Thermo Separation System,
Fremont, California).

Field experiments

A field experiment was carried out at the experimental
station of the Institute of Applied Ecology (Shenyang,
China). The objective was to find out whether there
was a difference between CH4 emissions from a rice
field without Azolla (F1), a rice field where Azolla had
been grown for 1 yr (F2), and a rice field where Azolla
had been grown for 5 consecutive years (F3). The ex-
perimental site is characterized in Table 1. The rice and
Azolla species were similar to those used in the pot
experiments.

Figure 1. Split chamber for measuring CH
4
 emission from the

overlying water (soil chamber) and CH
4
 escaping through the rice

plants (rice chamber)

Gas sampling hole
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 roots



323

The soil was flooded on 18 May 1997 and rice
seedlings were planted on 21 May and harvested on 16
Oct. Azolla inoculum (156 g m-2) was spread on fields
F2 and F3 on 11 Jun. Pig manure was applied as a basal
dressing at a rate of 37.5 t ha–1 (± 112 kg N ha–1) on 20
May. The rice fields were also fertilized with 170 kg
urea-N ha–1 (60 kg N ha–1 on 28 May and 27 Jul, and 50
kg N ha–1 on 25 Aug). There was no difference in soil
temperature between the different fields. The average
soil temperature during the growing season was 19.5
°C.

The CH4 emission was determined weekly be-
tween 28 May and 15 Oct, using the static chamber
technique (0.8 × 0.8 × 1.0 m3) (IAEA ,1992). Two cham-
bers were used per field. The chambers were closed
during 40 min and gas samples were collected at 0 and
40 min. The CH4 concentration in the headspace of the
chambers was determined using a Shimadzu GC-14B
GC  (Shimadzu, Tokyo, Japan). After injection, the gas
was directed through a packed column (molecular sieve
5 Å). Methane was measured using a FID. Helium was

used as carrier gas. The analyses were carried out un-
der the following conditions: injector temperature 100
°C, oven temperature 100 °C and detector temperature
200 °C. The redox potential (Eh), pH, water soluble
organic carbon (WSOC) (McCardell & Fuhrmann,
1992) and the NH4

+-N content (Keeney & Nelson, 1982)
of the soil (0-20 cm) were also monitored during the
rice-growing season.

Results and discussion

Pot experiments

For an entire period of 70 d, the presence of Azolla en-
hanced total CH4 emission from a flooded soil without
rice by 75% (P1 and P2, Table 2a). The increase in CH4

emission could be explained by a significant decrease
in dissolved O2 in the overlying water and an increase
in the NH4

+-N content of the soil in the presence of
Azolla (Table 2a). A decrease in O2 in the overlying
water could result in more reduced soil conditions (not
measured), leading to an enhanced CH4 production
(Patrick & DeLaune, 1977). The effect of Azolla on the
redox potential (Eh) of the soil was clearly shown in
the field experiments (Table 3a). In situ oxidation of
indigenously produced CH4 mitigates CH4 emission
from wetland soils (Boeckx & Van Cleemput, 1996;
van der Gon & Neue, 1996). However, NH4

+ can in-
hibit the biological oxidation of CH4 (King & Schnell,
1994). As a result, an increase in the NH4

+-N content of
the rice soil could decrease its CH4-oxidizing capacity.
Thus, based on the O2 and NH4

+ -N data in Table 2a,
CH4 production may be higher and in situ CH4 oxida-
tion may be lower in treatment P2 than in treatment P1.
This results in an enhanced amount of CH4 available
for transport to the atmosphere in treatment P2 com-

Table 1. Characterization of the experimental site in Shenyang,
China

Latitude and longitude 10° 32’ N, 123° 23’ E
Soil temperature during 19.5°C (mean)
   the growing season 9 - 24°C (range)
Annual precipitation 570 - 680 mm
Cropping system Wetland rice, single harvest per year
Rice variety Liao Kai 79
Soil type Meadow brown soils

sand 54%, clay 22%, silt 24%
pH (H

2
O) 6.5

Organic matter (g kg-1) 16.2
Total N (g kg-1) 0.8
CEC (cmol kg-1) 18

Table 2a. Total CH
4
 emission during 70 d; O

2
 concentration in the floodwater, NH

4
+ -N content of the soil (all measured on day 50) and dry

weight (dw) of rice shoots and roots; values between parentheses are standard errors

Treatmenta CH
4
 flux Dissolved O

2
NH

4
+ -N content Rice shoots Rice roots

(g CH
4 
m–2) (Mg L–1) (mg N kg–1 dw) (g dw) (g dw)

P1 123a (10) 14.0a (1.0) 25.9a (1.1)
P2 211b (35) 4.1b (0.2) 33.7b (0.6)
P3 144a (19) 11.5a (0.6) 2.4c (0.4) 14.0a (1.3) 5.5a (0.5)
P4 138a (  7) 5.8b (0.4) 0.8c (0.1) 23.8b (1.6) 11.5b (1.5)

aSee text for treatment description. Treatments followed by the same letter in each column are not significantly different (P <0.05) - one way Anova test with
Student – Newman – Keuls comparison of means
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Table 3. Total CH
4
 emission (during 147 d); water soluble organic carbon (WSOC) and NH

4
+ -N content (data shown here are integrated values

(during 147 d) of the WSOC and NH
4
+ -N contents that were determined each time CH

4
 emissions were measured, see Fig. 2); av pH, av redox

potential (Eh) and porosity of the rice soil of the field experiment; F1 = rice field without Azolla (control), F2 = rice field with first year Azolla,
F3 = rice field with fifth year Azolla

Treatment CH
4
 fluxa WSOC NH

4
+ -N content pH (H

2
O) Eh Porosity

(g CH
4
 m–2) (Mg C g–1 dw) (mg N kg–1 dw) (mV) (%)

F1 12.7 – 15.2 16.8 408 6.8  –50 52
F2 22.0 – 23.9 11.9 650 7.0  –80 54
F3 22.2 – 25.2 9.4 880 7.0 –100 55

aFlux range measured in both static chambers

pared with P1. This explains  the elevated CH4 emis-
sion from treatment P2.

However, Azolla did not increase the total CH4

emission from the soils grown with rice (P3 and P4,
Table 2a), although the O2 concentration of the water
was also markedly lower in the presence of Azolla (P4).
The NH4

+ levels of treatment P3 and P4 were low, prob-
ably because N has been taken up by the rice plants.
Therefore, inhibition of CH4 oxidation will be of minor
importance in these treatments. Thus, based on the ob-
servations of the O2 concentration of the overlying
water, one could also expect a higher CH4 emission from
treatment P4 compared with P3. This was not the case
because of some influence of Azolla on the develop-
ment of the rice plants. The formation of NH4

+ through
N2 fixation by the Azolla-Anabaena association (sup-
plementary to NH4

+ produced via urea hydrolysis) in-
creased the dry weight of the rice roots and shoots (P3
and P4, Table 2a). This rhizosphere was mainly found
in the subsurface layer of the soil. In general, it has
been observed that O2 transport through the rice plants
results in in situ CH4 oxidation in the rhizosphere (Gil-
bert et al., 1998; van der Gon & Neue, 1996). Methane
oxidation may be higher in treatment P4 than in treat-
ment P3 because the volume of the rhizosphere of treat-
ment P4 was twofold that of treatment P3. Thus, due to

the presence of Azolla, chemical soil properties could
be developed, stimulating CH4 production in the deeper
soil layer and at the same time in situ CH4 removal in
the rhizosphere. Methane produced in the deeper soil
layers is oxidized while diffusing through the
rhizosphere. As a result, an increased oxidizing capac-
ity is offsetting the enhanced CH4 production in treat-
ment P4, resulting in less CH4 available to be trans-
ported to the atmosphere.

From a second pot experiment (Table 2b), it could
be deduced that Azolla can mediate transport of CH4

from the overlying water into the atmosphere. In this
pot experiment, Azolla was put onto the water layer 1 d
before CH4 emissions were determined. Thereafter it
was removed again. Thus, the presence of Azolla could
not have affected the rice plant roots or the soil proper-
ties. Azolla served here only as a possible, additional
pathway for CH4 to escape from the soil-water inter-
face. When the total (= water + rice) CH4 emission from
the soil-rice microcosm was relatively high, Azolla sig-
nificantly affected “total” (and “water”) CH4 emis-
sion (day 53, Table 2b). Apparently Azolla could trans-
port CH4, which was released from the soil and dis-
solved in the water layer, into the atmosphere. When
the total CH4 emission was relatively low, “total” and
“water” CH4 emission was not affected by Azolla (day

Table 2b. Effect of Azolla on CH
4
 emission via the overlying water (water) and CH

4
 emission via the rice plants (rice); for treatments, see text

P4’ Azolla covered the water only 1 d prior to CH
4
 measurements; values between parentheses are standard errors

High CH
4
 flux (day 53)a Low CH

4
 flux (day 78)

Treatment (mg CH
4
 m–2 h–1) (mg CH

4
 m–2 h–1)

Water Rice Total Water Rice Total

P3 4.1a (0.2) 16.3a (0.1) 20.4 2.9a   (0.1) 3.1a (0.1) 6.0
P4’ 10.4b (0.2) 18.6a (0.3) 29.0 2.9a (< 0.0) 2.2a (0.1) 5.1

aTreatments followed by the same letter in each column are not significantly different (P <0.05) - one way Anova test with Student – Newman – Keuls comparison
of means
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78, Table 2b). Thus, the transport ability of Azolla prob-
ably also depended on the concentration of dissolved
CH4. However, further experimental evidence is re-
quired to confirm this observation.

Field experiments

It has been shown that the use of Azolla for dual crop-
ping with rice can improve N fertilizer efficiency and
rice yield and can reduce NH3 volatilization from rice
fields (Kumarasinghe & Eskew, 1993). However, re-
cently, it was shown that an Azolla cover increased CH4

and N2O emissions from rice fields (Chen et al., 1997).
From the above pot experiments, it was clear that Azolla
could mediate CH4 transport. However, due to the de-
velopment of a larger subsurface CH4-oxidizing
rhizosphere, the effect of Azolla on CH4 emission could
not be shown in microcosms, wherein Azolla and rice
plants were grown as dual crops (P4). Therefore, the
effect of Azolla on CH4 emission was also investigated
in the field.

Methane emission was measured from rice fields
with and without an Azolla cover. The presence of Azolla
appears to increase CH4 emission (Figure 2). The total
CH4 emission from a rice field grown with Azolla for 1

yr (F2, Table 3) was 65% higher than emission from a
rice field without Azolla (F1, Table 3). When the flood-
water had been inoculated with Azolla for 5 consecu-
tive years (F3, Table 3), CH4 emission was 70% higher
than the control (F1). This finding suggests an effect of
Azolla on CH4 emission. The effect of a successive
growth of Azolla (F3) on CH4 emission seems to be
minimal (F3). However, lack of repetitive measure-
ments does not allow proving the latter statistically.

Here, Azolla also showed some important effects
on chemical soil properties, which could affect CH4

emission. In general, emission of CH4 from rice soils is
controlled by the balance of three processes: CH4 pro-
duction, oxidation, and transport (both from the soil
into the water layer and from the water layer into the
atmosphere). The presence of Azolla (F2 and F3, see
Table 3) appeared to depress WSOC and Eh and to in-
crease  NH4

+-N content and porosity of the rice soil
(Table 3). Insufficient treatment replication, however,
did not allow, comparing F1, F2, and F3 statistically.
Nevertheless, both F2 and F3 showed a possibly higher
CH4 emission. The WSOC tended to be lower in treat-
ments F2 and F3 than in the control treatment (F1).
This result suggests that the C substrate was not the
limiting factor for CH4 emission. The presence of Azolla

Figure 2. Av CH
4
 emission from field experiments in Shenyang during an entire growing season in 1997; F1-rice field without Azolla

(control), F2-rice with first year Azolla, F3-rice field with fifth year Azolla
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appeared to decrease Eh and increase overall NH4
+ -N

content. The Eh decrease could result in an increased
CH4 production (Patrick & DeLaune, 1977) and the
NH4

+ increase could result in a reduced biological CH4

oxidation (King & Schnell, 1994). These two processes
may result in an enhanced net amount of CH4 available
for transport (diffusion) into the overlying water. In
addition, the presence of Azolla seemed to slightly in-
crease soil porosity, thereby improving diffusion of CH4

from the soil into the overlying water. Thus, the pres-
ence of Azolla may enhance all three processes con-
trolling CH4 emission from the rice soil into the over-
lying water. The second pot experiment  indicated that
Azolla could also mediate CH4 transport from the over-
lying water into the atmosphere.

Thus, the observed increase in CH4 emission in
the presence of Azolla could be explained by soil con-
ditions promoting CH4 availability and CH4 diffusion
into the overlying water and by the fact that Azolla
served as an additional pathway for CH4 transport into
the atmosphere. However, more such field experiments
are needed to provide statistical evidence of these re-
sults. Finally, it is also worth mentioning that in the
field experiments, root formation was not concentrated
in the subsurface layer (as observed in the pot experi-
ment). Therefore, CH4 oxidation in the rhizosphere was
probably less intense than that in the pot experiment.
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Abstract

A greenhouse pot experiment was carried out to study the effect of land management during the winter crop season
on methane (CH4) emissions during the following flooded and rice-growing period. Three land management pat-
terns, including water management, cropping system, and rice straw application time were evaluated. Land man-
agement in the winter crop season significantly influenced CH4 fluxes during the following flooded and rice-
growing period. Methane flux from plots planted to alfalfa (ALE) in the winter crop season was significantly
higher than those obtained with treatments involving winter wheat (WWE) or dry fallow (DFE). Mean CH4 fluxes
of treatments ALE, WWE, and DFE were 28.6, 4.7, and 4.1 mg CH4 m–2 h–1 in 1996 and 38.2, 5.6, and 3.2 mg CH4

m–2 h–1 in 1997, respectively. The corresponding values noted with continuously flooded fallow (FFE) treatment
were 6.1 and 5.2 times higher than that of the dry fallow treatment in 1996 and 1997, respectively. Applying rice
straw just before flooding the soil (DFL) significantly enhanced CH4 flux by 386% in 1996 and by 1,017% in 1997
compared with rice straw application before alfalfa seed sowing (DFE). Land management in the winter crop
season also affected temporal variation patterns of CH4 fluxes and soil Eh after flooding. A great deal of CH4 was
emitted to the atmosphere during the period from flooding to the early stage of the rice-growing season; and CH4

fluxes were still relatively high in the middle and late stages of the rice-growing period for treatments ALE, DFL,
and FFE. However, for treatments DFE and WWE, almost no CH4 emission was observed until the middle stage,
and CH4 fluxes in the middle and late stages of the rice-growing period were also very small. Soil Eh of treatments
ALE and DFL decreased quickly to a low value suitable for CH4 production. Once Eh below –150 mV was
established, the small changes in Eh did not correlate to changes in CH4 emissions. The soil Eh of treatments DFE
and WWE did not decrease to a negative value until the middle stage of the rice-growing period, and it correlated
significantly with the simultaneously measured CH4 fluxes during the flooded and rice-growing period.

Introduction

Methane (CH4) is an important greenhouse gas and a
key factor in tropospheric and stratospheric chemistry
(IPCC, 1992). Rice fields are one of the major con-
tributors to the increasing atmospheric CH4 concentra-
tion (Schutz et al., 1989). Since the first field study of
CH4 emission from a rice field was made in California
(Cicerone & Shetter, 1981), research has focused on
studying CH4 emissions from rice fields and exploring
strategies for mitigating them (Schutz et al., 1989; Sass
et al., 1991; Yagi et al., 1994; Wassmann et al., 1993).
Unfortunately, almost all experimental treatments in
previous studies concentrated on the rice-growing pe-

riod. Many questions concerning variables within an-
nual field management have not been answered. For
example, does land management during a nonrice
growth period affect CH4 emission in the following rice-
growing period? If this is the case, CH4 emissions from
rice fields may be reduced with appropriate land man-
agement techniques in the winter crop season.

China is one of the major rice-producing coun-
tries in the world, occupying 22.6% of the total rice-
growing area and contributing 36.3% of the total rice
grain production (IRRI, 1991). Rice soils are diversely
managed in the winter crop season in China: they can
be left fallow or cultivated with different kinds of crop,
given a wet or dry water regime, or amended with rice
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straw at different times. The more popular cropping sys-
tems involve fallow and cultivation of green manure
and winter wheat. There are 2.7-4.0 × 106 ha of rice
fields in China which are continuously flooded in the
winter crop season (Cai, 1995). Rice fields, which main-
tain a water layer during this season, seem to emit par-
ticularly large amounts of CH4 (Cai, 1997). Chinese
farmers now use more rice straw as organic manure
rather than as daily fuel, the consequence of standards
of living and decreasing cost of coal gas. Rice straw
was applied to fields at the beginning of the winter crop
season and before rice transplanting. Different water
management schemes, cropping systems, and rice straw
application times may result in different soil
methanogenic populations and activities that influence
CH4 emission during the following flooded rice-grow-
ing period. Due to their diversity and feasibility, land
management options in the winter crop season may
provide more effective mitigation strategies than those
recommended by studies which focused on the rice-
growing period. In China, early rice field measurements
revealed very high CH4 emission, the highest recorded
throughout the rice-growing period in the world (Khalil
et al., 1991). Thereafter, the majority of mean CH4 fluxes
measured from Chinese rice fields were much lower
(Cai, 1997). Until today, research that aims to explain
this unusually high CH4 emission in the early years in
China is scanty. It is worthwhile to look into the under-
lying mechanisms that resulted in the unusual high CH4

emission in order to map out strategies that will reduce
CH4 emission from rice fields. In China, rice-growing
soils are exposed to three kinds of water management:
intermittent irrigation, continuous flooding during rice-
growing period but dry in the winter crop season, and
flooding all year-round (Cai, 1997). The highest mean
CH4 flux was recorded in a rice field flooded year-round
(Khalil et al., 1991). This suggests that water manage-
ment in the winter crop season may be a very impor-
tant factor influencing CH4 emission during the follow-
ing rice-growing period. To evaluate the effect of land
management, especially water management in the win-
ter crop season, a greenhouse pot experiment was con-
ducted from October 1995 to October 1997. This paper
presents the results of the 2-yr study.

Materials and methods

Soil and experimental design

The experiment was conducted in a greenhouse. The
soil was collected from the experimental farm of Jurong

Agricultural College, Jiangsu Province, immediately af-
ter rice harvest in 1995. It was derived from Xiashu
loess and classified into Typic Haplaquepts (USDA,
1975). Before treatment, the soil was air-dried and
passed through a 5-mm sieve. The soil has 9.87 g or-
ganic carbon kg–1; 1.18 g total N kg–1, and a pH of 6.3.
Experimental pots, 20 cm inner diameter and 30 cm
height, were filled with 6 kg of soil. At the beginning
of the winter crop season, the prepared soils were treated
as follows: dry fallow (DFE and DFL), flooded fallow
(FFE) with more than 2 cm floodwater layer, soil planted
to alfalfa (ALE), and soil planted to winter wheat
(WWE). All treatments had three replications. Thirty
grams of rice straw containing organic carbon (413 g
kg–1, 1995; 451 g kg–1, 1996) was incorporated into the
surface soil in all treatments (except for DFL) before
the alfalfa seed was sowed. Soils in all 15 pots were
flooded on 1 Jun in 1996 and 1997. Twenty-two grams
of air-dried alfalfa containing organic carbon (378 g
kg–1, 1996; 401 g kg–1, 1997) and the same amount of
rice straw were incorporated into the surface soil in treat-
ments ALE and DFL just before flooding. Rice was
transplanted on 14 Jun and 17 Jun and harvested on 12
Oct and 7 Oct in 1996 and 1997, respectively. The rice
stubble remained in the pot after the 1996 rice harvest.

Water management of rice pots

A water layer of more than 2 cm was maintained dur-
ing the rice-growing period for all treatments in 1996
and 1997.

Gas sampling and CH4 measurement

Gas samples were collected with plexiglass chambers
(51 × 51 ×100(h) cm) at 3-7 d intervals after the rice
pots were placed on specially designed wood tables.
Methane concentration in the gas samples was deter-
mined with a gas chromatograph (Shimadzu GC-12A)
equipped with a flame ionization detector.

Soil Eh measurement

When the CH4 flux was measured, soil Eh was also
simultaneously determined by using Pt-tipped elec-
trodes (Hirose Rika Co., Ltd.) and an ORP meter (Toa
RM-1K). The electrodes were inserted into the soil at a
depth of 10 cm and kept in place throughout the rice-
growing period. All soil Eh measurements were made
in triplicate.
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Results and discussion

Figure 1a,b illustrates temporal variations in CH4 fluxes
among treatments with different water management
schemes, cropping systems, and rice straw application
times in the 1996 winter crop season. The patterns of
temporal variations from flooding to rice harvest could
be clearly divided into two sections. For treatments
DFL, ALE, and FFE, CH4 fluxes were substantial dur-
ing the first 21 d after flooding, and CH4 emissions
measured thereafter were still relatively high. On the
other hand, for treatments WWE and DFE, almost no
CH4 emission were observed up to 55 d after flooding;
and CH4 fluxes during the following period were also
very small.

Land management in the winter crop season af-
fected not only the temporal variation pattern of CH4

flux but also the pattern of soil Eh change after flood-
ing (Figure 2a,b). Soil Eh of treatment FFE was very
low and within the active range of methanogenic bac-
teria all the time after flooding. Soil Eh values of the
other four treatments were very high just after flood-
ing, but the patterns of soil Eh change after flooding
differed among treatments ALE and DFL and treatments
WWE and DFE. In ALE and DFL, soil Eh decreased
quickly after flooding, approximating that of FFE 5 d
and 13 d after flooding, respectively. Meanwhile, it took
65 d (DFE) and 79 d (WWE) after flooding for soil Eh
of treatments WWE and DFE to drop to within the ac-
tive range of methanogenic bacteria. The results indi-
cated that the maintenance of soil Eh at a high level for
more than 2 mo after flooding was the main reason for
the almost negligible CH4 fluxes in treatments WWE
and DFE. Some of the results support Trolldenier’s find-

Figure 1.  Temporal variations in CH4 fluxes during the period
from flooding to rice harvest for treatments with different water
management levels, cropping systems, and rice straw application
times in the 1996 winter crop season. (a) Treatments DFE, DFL
and FFE; (b) Treatments ALE and WWE. DFE, dry fallow to
which rice straw was applied just before the winter crop season;
DFL, dry fallow to which rice straw was applied just before rice
transplanting; FFE, flooded fallow to which rice straw was applied
just before the winter crop season; ALE, alfalfa to which rice straw
was applied just before the winter crop season; WWE, wheat to
which rice straw was applied just before the winter crop season

Figure 2. Temporal variations in soil Eh during the period from flood-
ing to rice harvest for treatments with different water management
levels, cropping systems, and rice straw application times in the 1996
winter crop season. (a) Treatments FFE, DFL, and ALE; (b) Treat-
ments DFE and WWE. FFE, flooded fallow to which rice straw was
applied just before the winter crop season; DFL, dry fallow to which
rice straw was applied just before rice transplanting; ALE, alfalfa to
which rice straw was applied just before the winter crop season; DFE,
dry fallow to which rice straw was applied just before the winter
crop season; WWE, wheat to which rice straw was applied just be-
fore the winter crop season.
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ings (1995) that the soil Eh of a rice pot with dry fallow
in the previous crop season decreased very slowly, and
that CH4 flux was very low until soil Eh dropped to
within the active range of methanogenic bacteria about
90 d after flooding.

Land management in winter also significantly
influenced CH4 fluxes during the period from flooding
to rice harvest. The mean CH4 fluxes of different treat-
ments during the period from flooding to rice harvest
in 1996 and 1997 were shown in Table 1. As affected
by cropping system, the CH4 flux of the treatment ALE
was significantly higher than those of treatments WWE
and DFE. The mean CH4 fluxes of treatments ALE,
WWE, and DFE were 28.6, 4.7, and 4.1 mg CH4 m–2

h–1 in 1996 and 38.2, 5.6, and 3.2 mg CH4 m–2 h–1 in
1997, respectively. As affected by water management,
mean CH4 flux of treatment FFE was 6.1 and 5.2 times
higher than that of treatment DFE in 1996 and 1997,
respectively (Table 1). Applying rice straw just before
flooding of the soil for rice growth (DFL) significantly
enhanced CH4 flux by 386% in 1996 and by 1,017%  in
1997 compared with rice straw application before al-
falfa seed sowing (DFE) (Table 1).

Although water and crop residue management
during the winter cropping period can directly influ-
ence soil Eh during the following rice-growing season,
soil Eh is not always a good predictor of CH4 emis-
sions. Methane production occurs when soil suspen-
sion Eh is below –150 mV (Masscheleyn et al., 1993;
Wang et al., 1993). Wang et al (1993) found that CH4

production increased exponentially with decrease in soil
Eh from –150 to –250 mV. As noted above, for prerice
planting treatments ALE, FFE, and DFL, soil Eh rap-
idly decreased into the CH4 production zone and CH4

emissions increased (Figure 2a, Figure 1a,b). Once Eh

below –150 mV was established in the puddled soil,
the small changes in Eh observed up to rice harvest did
not correlate to changes in CH4 emissions (r = 0.11,
0.32, and 0.36 for ALE, DFL, and FFE treatments, re-
spectively, using the equation y = ax2 + bx + c). In con-
trast, simultaneously measured CH4 flux and soil Eh
for treatments WWE and EFE were significantly cor-
related (r = 0.69; y = -1E-05x2 – 0.0126x + 4.96 for
WWE; r = 0.87; y = 6E-05x2 – 0.023x + 1.56 for DFE).
In these prerice crop treatments, reducing conditions
appropriate for CH4 production were not reached until
>60 d after flooding (Figure 2b). As a result, soil Eh
and CH4 emissions were highly correlated throughout
the rice-growing period.

Soil Eh status and its change in direction depend
on the relative concentration of electron donors and
receptors in the soil. Easily decomposable organic car-
bon is a main electron donor; and NO3

-, reducible Mn4+

and Fe3+, and SO4
2- are electron receptors (Yagi et al.,

1994). Laboratory anaerobic incubation demonstrated
a good relationship between CH4 production and soil
organic carbon content (Crozier et al., 1995). Green
manure or rice straw which was applied into soil just
before the rice-growing season played a role as soil
organic matter in affecting soil Eh direction. Although
the soils were not flooded under treatments ALE and
DFL in the winter crop season, addition of green ma-
nure or rice straw before flooding provided the soils
with extra electron donors, energy and carbon sources;
therefore soil Eh of treatments ALE and DFL decreased
faster after flooding and their temporal variations were
close to that of treatment FFE (Figure 2a). On the other
hand, applying rice straw before the winter crop sea-
son allowed the rice straw to decompose during the
whole winter season under aerobic condition when the
soil was planted to winter wheat (WWE) or dry fallow
(DFE) (Figure 2b). This explains the greater mean CH4

fluxes of treatments ALE and DFL than those of treat-
ments WWE and DFE (Table 1).

Water management during the rice-growing sea-
son had a strong influence on CH4 emissions from rice
fields (Sass et al., 1992). Our results showed that water
management in the nonrice growing period also played
an important role. Mean CH4 flux of treatment with
continuously flooded fallow (FFE) in the winter crop
season was 6.1 and 5.2 (1996) and 5.2 and 2.9 (1997)
times higher than those of treatments with dry fallow
and winter wheat (Table 1). Cai et al. (1998)  also found
that CH4 flux from rice fields continuously flooded in
the previous crop season was 2.8 times higher than fields
previously planted to winter wheat. In China, rice fields

Table 1. Mean CH4 fluxesa (mg m–2 h–1) of different treatments dur-
ing the period from flooding to rice harvest in 1996 and 1997

Treatmentb CH4 fluxes in 1996 CH4 fluxes in 1997

ALE 28.60 ± 5.60a 38.17 ± 14.39a
FFE 24.59 ± 2.96a 16.21 ±   1.05b
DFL 19.73 ± 0.83a 35.20 ± 12.18ac
WWE 4.73 ± 1.37b 5.62 ±   1.88bd
DFE 4.06 ± 0.62b 3.15 ±   0.74d

aCH4 fluxes followed by the same letter are not significantly different at P =
0.05. bDFE, dry fallow to which rice straw was applied just before the winter
crop season; FFE, flooded fallow to which rice straw was applied just before
the winter crop season; DFL, dry fallow to which rice straw was applied just
before rice transplanting; ALE, alfalfa to which rice straw was applied just
before the winter crop season; WWE, wheat to which rice straw was applied
just before the winter crop season
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flooded year-round accounted for 8-12% of total rice-
cultivating area. Mainly distributed in southwest China,
they were the dominant contributor to total CH4 emis-
sions from Chinese rice fields (Cai, 1997). If irrigation
and drainage facilities for the year-round flooded rice
fields could be improved substantially and if floodwa-
ter could be drained completely during winter, total CH4

emissions would be significantly reduced.
Methane fluxes from rice fields were strongly

enhanced by incorporation of green manure or rice straw
(Denier van der Gon & Neue, 1995; Yagi & Minami,
1990). The unusually high mean CH4 fluxes of treat-
ments ALE and DFL mainly resulted from the addition
of green manure or rice straw before flooding (Table
1). To mitigate CH4 emission from rice fields, organic
amendments should be minimized. However, this may
conflict with soil fertility aspects, as well as local avail-
ability of fertilizers. In this experiment, rice straw in-
corporation with the surface soil before the winter crop
season, whether soil was fallow or planted to winter
wheat, resulted in very low CH4 fluxes during the fol-
lowing flooded and rice-growing period (Table 1). This
suggests that application time is an important factor that
should be taken into account in evaluating the effect of
rice straw application on CH4 emissions from rice fields.

Conclusions

Land management in the winter crop season signifi-
cantly affected CH4 emission and soil Eh during the
following flooded and rice growth period. The differ-
ence in soil Eh and temporal variation patterns as a re-
sult of land management in the previous crop season
explains why CH4 fluxes and the temporal variation pat-
terns under different treatments were not alike.

Water management in the preceding crop season
was a very important factor that influenced CH4 emis-
sions from rice fields. Compared with the management
of flooded fallow in the winter crop season, a practice
mainly adopted in southwest China, planting winter
wheat or dry fallow, which is rather popular in rice-
growing areas in China, could result in significantly
reduced CH4 emissions during the following flooded
and rice-growing period.

Rice straw, which undergoes aerobic decompo-
sition in the winter crop season after being incorpo-
rated into the soil, had a greatly decreased effect on
CH4 emission during the following flooded and rice-
growing period. Rice straw and possibly green manure
application at a suitable application time not only could

sustain soil fertility and meet the needs of sustainable
agriculture but also could prevent large amounts of CH4

being emitted to the atmosphere.
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Abstract

An incubation experiment to determine the effects of organic and chemical N fertilizers on methane (CH4) produc-
tion potential in a Chinese flooded rice soil was conducted. Organic matter, added as rice straw and organic
manure, increased CH4 production rate significantly. Chemical N fertilizers such as ammonium bicarbonate (AB),
modified ammonium bicarbonate (MAB), and urea (U) did not show a clear effect when they were applied with
rice straw. Field results may be very different because of the involvement of rice plants. Organic manure showed
different promoting effects on CH4 production rate. Pig manure stimulated the production rate most, followed by
chicken and cattle manure. This difference in organic manure was not related to either total C added to the system
or to C/N. The study on bacteria groups related to CH4 production indicated that the different effects of organic
matter may be closely related to content of easily decomposable organic matter. A significant linear relationship
between CH4 production and the logarithm of the number of zymogenic bacteria was found with an r value of 0.96.
This finding suggests that the number of zymogenic bacteria may be used as an index to predict CH4 production
potential in flooded rice fields and other wetlands.

Introduction

Methane (CH4) production in flooded rice soils is a
microbiological process affected by many biochemical
and physical factors in the environment. Organic car-
bon (C) source supply to the soil, whether it comes from
the disposal of crop residues or as organic fertilizer,
appears to be the most important factor in controlling
the CH4 production rate. Nitrogen (N) fertilization,
which is essential for high rice yield, is also likely to
influence CH4 production by changing the properties
of the soil and the litter and root exudates from the rice
plants. Therefore, studying the effects of organic and
N fertilizers, which are widely applied in Asian rice
cropping systems, on CH4 production potential would
be helpful in estimating global CH4 production and ex-
plaining the complexity of field results. Changes in CH4

emission with rice straw application have been observed
in both laboratory and field experiments (Yagi &
Minami, 1990; Wang et al., 1992). Much attention has
also been paid to the influence of urea and ammonium
sulfate application on CH4 emission rate, but results

obtained by different researchers were contradictory
(Yagi & Minami, 1991; Schütz et al., 1989a).

Most studies on the microbiological aspect of CH4

production in flooded rice soil have focused on
methanogens (Asakawa & Hayano, 1995; Asakawa et
al., 1996, 1998). In addition to methanogens, the deg-
radation of organic matter to its most reduced status
(i.e., CH4), however, involves at least two other kinds
of nonmethanogens, the zymogenic bacteria and the ace-
tic acid- and hydrogen-producing bacteria. Metha-
nogenic bacteria are strictly anaerobic autotrophs that
catalyze the terminal step in the anaerobic decomposi-
tion of organic matter. Only a limited number of small
molecules can be used as their substrates, but these small
molecules are mainly supplied by the metabolic activi-
ties of zymogenic bacteria and acetic acid- and hydro-
gen-producing bacteria in most environments such as
flooded rice soil and natural wetland soil. Thus, zy-
mogenic bacteria and acetic acid- and hydrogen-pro-
ducing bacteria should have some relationships with
CH4 production.



334

In this study, we compared the effects of chemi-
cal N fertilizers (ammonium bicarbonate [AB], modi-
fied ammonium bicarbonate [MAB], and urea [U]) and
organic fertilizers (including rice straw, pig, chicken,
and cattle manure) on CH4 production potential in
Beijing rice soil incubated in the laboratory. The number
of zymogenic bacteria, acetic acid- and hydrogen-pro-
ducing bacteria and methanogens were estimated by
the most probable number (MPN) method.

Materials and methods

Soil sample

The soil used in the study was a sandy soil obtained
from a rice field located in Yongfeng County, Haidian
District, Beijing, China. It contained 15.9 g organic
matter kg–1 soil and 0.78 g total N kg–1 soil and had a
pH of 8.1 (1:1, soil/water). Bulk samples from the sur-
face 15 cm of the soil were passed through a 2-mm
sieve, air-dried, and stored at room temperature.

Fertilizers

The organic fertilizers tested in this experiment included
rice straw and pig, chicken, and cattle manure. These
are widely applied to rice in Asia. Their main charac-
teristics are shown in Table 1.

Three chemical N fertilizers, which are exten-
sively used in Chinese rice fields, were tested. The tra-
ditional AB and U are commercially available. The
MAB, AB co-crystallized with dicyandiamide during
production, was obtained from the Fengcheng Ferti-
lizer Manufacturing Co. It has an N content of 17%
and a water content of 3.5%.

Effect of fertilization on CH4 production potential
incubation experiment

In this experiment, 11 treatments were designed as fol-
lows: (1) control, (2) rice straw, (3) AB with rice straw,
(4) AB without rice straw, (5) MAB with rice straw, (6)
MAB without rice straw, (7) U with rice straw, (8) U
without rice straw, (9) pig manure, (10) chicken ma-
nure, and (11) cattle manure. Each treatment was repli-
cated three times.

Twenty g of air-dried soil were placed into 100-
ml incubation bottles. The bottles were sealed with rub-
ber stopper with an inlet and outlet for gas. Forty ml of
distilled water or chemical N fertilizer solution was
added to bring the ratio of water to soil to 2:1. Four mg

of fertilizer N was applied. Organic manure was added
to attain the same N concentration as the chemical N
fertilizer treatment. The  amount of rice straw applied
was 0.1% (dry soil basis).

The soil suspensions were incubated at 30 °C af-
ter they were homogenized. Methane production rate
was measured at 0, 3, 6, 10, 15, 20, 25, 30, 35, and 40 d
after incubation. Meanwhile, soil pH and redox poten-
tial values were also determined. During measurement
of CH4 production rate, the soil suspension was stirred
by a magnetic stirrer and purged with O2-free N2 (250
ml min–1) for 3 min to clear the originally existing gases
away 24 h before the gas sampling time. Just before
gas sampling, the soil suspension was stirred again by
a magnetic stirrer for 3 min to release the CH4 trapped
into the soil suspension. A gas sample was then taken
from the headspace of the bottle by using a 1-ml plastic
syringe. After gas sampling, the incubation bottle was
again purged with O2-free N2 for 3 min, resealed, and
set aside until the next measurement.

Gas analysis

Methane concentration was analyzed using a Shimadzu
gas chromatograph (GC) fitted with a flame ionization
detector. Standard CH4 gas was provided by the Na-
tional Institute of Standard Material, China. The rate of
CH4 production was expressed as µg CH4 g–1 soil d–1.

Separation and measurement of microorganisms

Five ml of soil suspension was collected by a 5-ml steri-
lized plastic syringe after 15 d of incubation. Samples
were inoculated immediately to determine the number
of zymogenic bacteria, acetic acid- and hydrogen-pro-
ducing bacteria, and methanogens. The medium prepa-
rations and procedures for separating and cultivating
these three related bacteria groups have been described
by Hou et al. (1997). The items tested were optical den-
sity (OD) for zymogenic bacteria by colorimetric analy-
sis, H2 for acetic acid- and hydrogen-producing bacte-

Table 1. Main chemical characteristics of organic manure and rice
straw

Type Total C (%) Total N (%) C/N

Pig manure 46.62 3.56 13.10
Chicken manure 34.75 3.30 10.53
Cattle manure 48.18 3.25 14.82
Rice straw 67.14 1.13 59.61
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ria by GC, and CH4 for methanogens by GC, respec-
tively. The MPN was used as the enumeration method
of bacteria.

Statistical analysis

The SPSS 6.0 software package from SPSS Inc. (17
Jun 1993) was used to calculate correlation coefficients
between different variations and to compare differences
in total amounts of CH4 production among treatments
by analysis of variance at the 0.05 probability level.

Results and discussion

Effect of rice straw application on CH4 production
potential

The effect of rice straw application on CH4 production
potential is shown in Figure 1. Methane production in
the treatment without rice straw supplement was at a
much lower rate during the whole period of incuba-
tion, in which the highest production rate was less than
40 µg CH4 kg–1 soil d–1. In situ results might differ be-
cause of the involvement of rice plants. It has been
proved that leaf litter and root exudates from growing
rice plants could enhance CH4 emission by providing
substrates for methanogenesis (Raimbault et al., 1977;
Kludze et al., 1993; Holzapfel-Pschorn & Seiler, 1986;
Schütz et al., 1991). After the application of rice straw,
CH4 production rate increased substantially. Methane
production rate quickly reached a maximum value at 6
d after the start of the incubation. This peak lasted for
around 2 wk before it started to decrease; it was almost
not detectable after 40 d of incubation. This confirms
that the exogenous supply of organic C is an important
contributor to CH4 production. Wang et al. (1992) re-
ported a linear relationship between CH4 production rate
and rice straw addition rate in Crowley rice soil. A field
study (Yagi & Minami, 1990) also showed that rice
straw applied at rates of 6-9 t ha-1 enhanced CH4 emis-
sion rates by 1.8-3.5 times.

Effect of chemical N fertilizers on CH4 production
potential

Chemical N fertilizers—AB, MAB, and U—had a slight
inhibiting effect on CH4 production when they were
applied without the supplement of organic matter (Fig-
ure 2). The CH4 production rates were much lower com-
pared with treatments with rice straw (Figure 3); and
no significant differences existed among the AB, MAB,

Figure 1. Effect of rice straw application on CH4 production
potential (n=3, mean ± SE)

Figure 2. Effect of chemical fertilizer application on CH4 production
potential (without rice straw; n=3, mean ± SE)

Figure 3. Effect of chemical fertilizer application on CH4

production potential (with rice straw; n=3, mean ± SE)
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and U treatments. This suppression might be mainly
attributed to the shift (around 0.5 to 1 unit increase) in
pH value of the tested soil sample away from the range
for CH4 production after application of AB, MAB, and
U.  Some studies showed that most methanogens pre-
ferred to grow at the relatively narrow pH range of 6-8
and optimal pH was around 7 (Alexander, 1977;
Oremland, 1988), although there also exist a few aci-
dophilic and alkaliphilic methanogen strains (Crawford,
1984; Oremland et al., 1982). Studies by Wang et al.
(1995) suggested that addition of U in most acidic soils
enhanced CH4 production, but in all nonacidic and al-
kaline soils, CH4 production was inhibited probably be-
cause of an increase in soil pH by U.  AB, MAB, and U
did not show a clear effect on CH4 production when
they were applied with straw. The total amounts of CH4

production in straw, AB with straw, MAB with straw,
and U with straw were 344, 365, 331, and 352 µg CH4

g–1 soil, respectively. There were no significant differ-
ences among these treatments. The results from both
treatments with and without rice straw showed that
chemical N fertilizers had only slight effect on CH4 pro-
duction rate in nonacidic rice soil, which could be
masked by the importance of C source to CH4 produc-
tion. This further suggests that the exogenous organic
carbon is the key factor to control CH4 production rate
in rice soils. The contradictory field results obtained
by different researchers (Yagi & Minami, 1991; Schütz
et al., 1991a) might be due to changes in soil chemical
characteristics (such as pH) and plant litter and root
exudates following chemical fertilizer application.

Effect of organic manure application on CH4 production
potential

As shown in Figure 4, CH4 production rates quickly
increased following the application of pig, chicken, and
cattle manure. The activities of methanogens and re-
lated bacteria groups existing in air-dried soils were
rapidly restored shortly after incubation. The results also
showed that these three kinds of organic manure had
different promoting effects, with pig manure increas-
ing the CH4 production rate most, followed by chicken
and cattle manure.

The results from correlation analyses (Table 2)
indicate that the difference in CH4 production potential
caused by organic manure seemed neither closely re-
lated to total C added to the system nor to the C/N of
the materials.

Microbiological aspects of production potential
following application of various organic fertilizers

To understand the microbiological mechanism behind
the influence of organic matter on CH4 production, three
related microbial groups involved in degrading organic
matter under strictly anaerobic conditions—zymogenic
bacteria, acetic acid- and hydrogen-producing bacte-
ria, and methanogenic bacteria—were evaluated. The
cell numbers in treatments with organic fertilizers after
15 d of incubation are shown in Table 3. The maximum
cell number of these three bacteria was observed in the
pig manure treatment, whereas the minimum was found
in the cattle manure treatment. These results were con-
sistent with the amount of CH4 produced in the treat-
ments. The correlation between CH4 production poten-
tial and number of related microbial groups showed a

Figure 4. Effect of organic manure application on CH4 production
potential (n=3, mean ± SE)

Table 2. Relationship between CH4 production and amount and C/N
of organic matter added to the system

Item Total Total C C/N
CH4 added

(µg g–1) (g kg–1)

Pig manure 499 2.60 13.10
Chicken manure 302 2.10 10.53
Cattle manure 204 2.95 14.82
Rice straw 344 1.00 59.61
ra -0.13 0.019
Pb 0.87 0.98

a r stands for correlation coefficient between CH4 production and amount and
C/N of organic matter added to the system. bP stands for significance of corre-
lation between CH4 production and amount and C/N of organic matter added
to the system; P>0.05 means no significant correlation
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significant relationship between CH4 production and
the logarithm of the number of zymogenic bacteria (Ta-
ble 3). The correlation between CH4 production and
acetic acid- and hydrogen-producing bacteria and
methanogenic bacteria was lower. These results sug-
gest that the cell number of zymogenic bacteria was
most sensitive to changes in environmental conditions.
We also found this linear relationship between CH4

emission and zymogenic bacteria in a field experiment
(Hou et al., 2000). This means that the number of zy-
mogenic bacteria may be used as an index to predict
CH4 production potential in flooded rice fields (and
wetland). Further studies should be done to test its prac-
ticability.

The dependence of methanogens on their micro-
bial partners is due to the fact that nonmethanogens
release fermentation products, which are the catabolic
substrates for methanogens. The nonmethanogenic bac-
teria can hydrolyze and ferment a wide range of com-
plex organic molecules into small molecular weight
substrates for methanogenic bacteria. The zymogenic
bacteria function at the first step in the anaerobic food
chain. In this laboratory study, all incubation conditions,
except organic matter, were the same. Our results
showed that pig, chicken, and cattle manure had essen-
tially the same effect on soil pH and Eh. The pH of all
treatments was approximately 7 and the Eh value de-
creased to approximately –250 mV. Thus, one reason-
able explanation for the significant correlation between
CH4 production and the logarithm of the number of
zymogenic bacteria should be the larger amount of or-
ganic matter easily decomposed by zymogenic bacte-
ria in the pig treatment compared with those in the
chicken and cattle manure treatments. Accordingly,
more precursors were supplied for methanogenesis. This
suggests, from the point of view of microbiological
ecology, that the different effects of various organic fer-
tilizers on CH4 production potential might be closely
related to amount of easily decomposable organic mat-
ter.

Conclusions

Organic fertilizers including rice straw and organic
manure substantially increased CH4 production poten-
tial in flooded rice soil showing that organic matter
applied in rice cropping systems makes a big contribu-
tion to CH4 emission from rice fields. Chemical N fer-
tilizers had no significant effect on CH4 production po-
tential in nonacidic flooded rice soil.

Various organic fertilizers had different promot-
ing effects on CH4 production, and these differences
appeared to be closely related to composition of organic
matter instead of total C or C/N of the materials. When
studying the contribution of rice cropping systems to
CH4 production, the easily decomposable C content of
the organic material added to the soil must be consid-
ered.

The linear correlation between CH4 production
and logarithm of the number of zymogenic bacteria
suggests that the number of zymogenic bacteria may
predict CH4 production potential in rice fields and pos-
sibly other wetland ecosystems.
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Abstract

Incubation experiments were conducted under controlled laboratory conditions to study the interactive effects of
elevated carbon dioxide (CO2) and temperature on the production and emission of methane (CH4) from a sub-
merged rice soil microcosm. Soil samples (unamended soil; soil + straw; soil + straw + N fertilizer) were placed in
four growth chambers specifically designed for a combination of two levels of temperature (25 oC or 35 oC) and
two levels of CO2 concentration (400 or 800 µmol mol-1) with light intensity of about 3000 Lx for 16 h d-1. At 7, 15,
30, and 45 d after incubation, CH4 flux, CH4 dissolved in floodwater, subsurface soil-entrapped CH4, and CH4

production potential of the subsurface soil were determined. The results are summarized as follows: 1) The amend-
ment with rice straw led to a severalfold increase in CH4 emission rates, especially at 35 oC. However, the CH4 flux
tended to decrease considerably after 15 d of incubation under elevated CO2. 2) The amount of entrapped CH4 in
subsurface soil and the CH4 production potential of the subsurface soil were appreciably larger in the soil samples
incubated under elevated CO2 and temperature during the early incubation period. However, after 15 d, they were
similar in the soil samples incubated under elevated or ambient CO2 levels. These results clearly indicated that
elevated CO2 and temperature accelerated CH4 formation by the addition of rice straw, while elevated CO2 reduced
CH4 emission at both temperatures.

Introduction

Recent anthropogenic emissions of key atmospheric
trace gases (e.g., CO2 and CH4) which absorb infrared
radiation may lead to an increase in mean surface tem-
peratures and potential changes in climate. Continuous
increases in greenhouse gases in the atmosphere have
been attributed to population growth, global reliance
on burning fossil fuel for energy, and changes in land
use practices. The concentration of CO2 in the atmos-
phere may double during the next century (Bolin, 1986).
The concentration of atmospheric methane (CH4) has
been increasing at about 1% yr-1. Most of the atmos-
pheric CH4 is produced by the bacterial activities in
extremely anaerobic ecosystems such as natural and
cultivated wetlands, sediments, sewage, landfills, and
the rumen of herbivorous animals (IPCC, 1995). Rice
fields are considered as one of the most important

sources of CH4, taking into account the recent increase
in harvested rice area in the world. Methane emission
from flooded rice soils occurs through plant-mediated
transport, ebullition, and diffusion (Kimura et al., 1996).
Hitherto, research has been focused on plant-mediated
CH4 emission from rice fields (Inubushi et al., 1989,
1994; Chidthaisong et al., 1996; Kimura et al., 1996,
Huang et al., 1998). Some researchers (Ziska et al.,
1998) have monitored CH4 emission at elevated CO2

concentration and temperature conditions in tropical rice
field using open-top chambers. However, there is a lack
of information on the release pattern of CH4 by ebullition
and diffusion, albeit their possible dominance particu-
larly during the early stage of flooding, and when rice
plants are small (Crill et al., 1988;  Takai & Wada, 1990).
There is a need to accurately predict and elucidate fully
the impact of changing climatic factors on CH4 produc-
tion and emission from flooded rice soils without the
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rice plant. In this context, one may hypothesize that
increasing atmospheric CO2 and/or temperature may
stimulate growth and photosynthetic activity of algae
which is commonly present on submerged soil surface
and floodwater (Wang et al., 1994). Algae may cause
increased inhibition of CH4 flux by providing a physi-
cal barrier to ebullition or by releasing O2 and thereby
stimulating the methanotrophs. Therefore, in this work,
an incubation experiment was conducted under con-
trolled conditions with the main objective to study the
interactive effects of elevated CO2 and temperature on
CH4 production and emission through ebullition and
diffusion (in the absence of plant) from a flooded soil
microcosm.

Materials and methods

Soil and experimental treatments

The soil used for this study was a sandy soil collected
from the plow layer (0-10 cm) of a nonexperimental
farmer’s rice  field  at  Kuju-Kuri, Chiba Prefecture,
Japan. It contained 7.4 g organic C kg–1, 0.8 g total N
kg–1 and had a pH of 6.4. The soil was air-dried, then
sieved (<2 mm) before use. Portions (0.35 kg) of air-
dried soil were weighed into plastic pots (10 cm diam,
10 cm height) covered with aluminum foil, except at
the mouth. Each pot was then fertilized with 269 mg of
P-K fertilizer (equivalent to each of 100 kg P2O5 and
K2O ha-1). The experiment consisted of three treatments:
1) unamended soil; 2) soil amended with rice straw at
1% w/w (equivalent to 8 t ha-1); rice straw dried at 35
oC for 2 d and pulverized with small electric mill be-
fore use; contained 400 g organic C kg–1 and 8 g total N
kg–1; and 3) soil amended with rice straw at 1% w/w
and supplemented with N fertilizer as (NH4)2SO4 at the
rate of 100 mg N kg-1(equivalent to 100 kg N ha-1).

Design of experimental equipment

Four growth chambers were used in this study. Of two
growth chambers receiving a continuous flow of el-
evated CO2 (equivalent to 800 µmol mol-1), one was
set at 25 oC and the other at 35 oC. The two remaining
growth chambers were maintained at near ambient CO2

level (400 µmol mol-1) with one set at 25 oC and the
other at 35 oC. The growth chambers were provided
with light at an intensity of about 3000 Lx for 16 h d-1.

Soil samples in 32 pots for each treatment were trans-
ferred to the respective growth chambers. Each pot was
flooded with 250 ml of distilled water. The pots were
weighed every day and weight loss was compensated
for by adding water to maintain a constant water level
throughout the incubation period.

Analyses

Duplicate pots of each treatment were withdrawn from
each of the incubator after 7, 15, 30, and 45 d of incu-
bation and the following measurements were made as
per procedures explained below.

Measurement of  CH4  emission. Methane flux
from pots was estimated using the method described
by Inubushi et al. (1989). At every sampling, each pot
was transferred into a closed chamber, and after an ini-
tial settling period (< 2 min), the amount of CH4 emit-
ted from the pots during the next 30 min were meas-
ured by taking 1 ml of the gas in the closed chamber
and injecting it into a gas chromatograph (GC)
(Shimadzu GC-7A) with a flame ionization detector.

Measurement of dissolved CH4  in floodwater.
From each pot, 5 ml of the aliquot supernatant water
was directly transferred gently into a 30-ml erlenmeyer
flask using an autopipette. The flask was then sealed
immediately with a butyl stopper and shaken vigorously
for 2 min to mobilize the dissolved gas to the headspace.
Methane was measured as per procedure described
above.

Measurement of entrapped CH4  in subsurface
soil. Immediately after siphoning off the floodwater,
surface (0-1 cm) soil sample from each pot was removed
gently by a spatula. A truncated syringe (6 ml, 12 mm
inner diam) was inserted into the undisturbed subsur-
face soil (below 1 cm) with fixing head of plunger at 1
cm depth. The contents of the soil were transferred gen-
tly into a 30-ml erlenmeyer flask which was then sealed
immediately with butyl stopper. The flasks were then
shaken vigorously for 2 min to mobilize the trapped
gas to the headspace. Methane collected in the
headspace was measured in a GC as described above.

Measurement of CH4  production potential and
soluble C. From each pot, 20-g portions of wet subsur-
face soil was put into a 100-ml glass bottle, to which
20 ml of oxygen-free water was added. The headspace
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gas in the bottle was then replaced with nitrogen gas
before sealing tightly with a butyl stopper. The bottles
were then incubated either at 25 oC or 35 oC (i.e., at
temperatures similar to those in their respective pots)
under dark condition. Methane concentration in the
headspace over 7 d of incubation was determined in a
GC as described above. The amount of soluble carbon
in soil samples was determined by extracting with 0.5
M K2SO4 and dichromate digestion (Inubushi et al.,
1991).

Results and discussion

Methane flux

The CH4 emission rates obtained from various treat-
ments at different intervals during incubation were cal-
culated on a per pot basis and the results are presented
in Figure 1. The amount of CH4 emitted from the una-
mended (control) soil samples was low, ranging between
0 and 4 µg C pot-1 h-1 and thus all the values were com-
parable, irrespective of incubation condition.  The ad-

dition of rice straw led to a severalfold increase in CH4

emission rates over that of the respective unamended
soil samples under all incubation conditions. However,
the rate of increase varied greatly among the different
incubation conditions. The maximum emission rates
were observed in the soil samples incubated under el-
evated CO2 conditions at 35 oC at day 7; under ambient
CO2 at 35 oC  and  under  elevated  CO2 conditions at
25 oC at day 15; in soil samples incubated under 25 oC
ambient CO2 condition at day 30. At 45 d, the emission
rates decreased in all the amended soils, irrespective of
incubation condition. These results indicate that higher
incubation temperature had caused faster decomposi-
tion of organic matter, leading to its increased conver-
sion to CH4.

Averaged over both temperatures, the CH4 emis-
sion rates were about 20-50% less in soil samples incu-
bated under elevated CO2 than in those incubated un-
der ambient CO2. The emission rates in soil samples
amended with straw + N were generally less pronounced
than in those amended with straw alone at an incuba-
tion temperature of 35 oC. Increasing atmospheric CO2

Figure 1. Methane emission from three treatments under four different conditions

25 °C ambient CO2 35 °C ambient CO2

25 °C elevated CO2 35 °C elevated CO2
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concentration tended to decrease CH4 emission from soil
samples amended with straw after 15-d incubation at
35 oC, indicating faster conversion of straw carbon to
CH4 under elevated CO2. However, this effect was not
clear at 25 oC.

Amounts of CH4  dissolved in floodwater during incu-
bation

It is known that CH4 emission in nonplanted submerged
soils occur primarily by ebullition and/or diffusion. But
the diffusion of gases in water is about 10,000 times
slower than in air; therefore the diffusive exchange of
gases drastically slows down when the soils are water-
logged. Thus, the depth of water layer over the soil may
control CH4 fluxes. Sebacher et al. (1986) reported that
CH4  emission rates were linearly related to water depth
up to about 10 cm; depths greater than this did not pro-
mote CH4 emission. Therefore, in this study, similar
water depth (3 cm) was maintained throughout the in-
cubation.

The data in Figure 2 revealed no specific pattern
of the effects of soil amendments or incubation condi-
tions on the amount of water-dissolved CH4. For ex-
ample, the amount of CH4 dissolved in floodwater
(MDFW) of all the control pots generally was very low
and similar throughout the incubation, irrespective of
incubation conditions (i.e., temperature or CO2 levels).
However, in the amended pots, the amount of MDFW
varied considerably with respect to both soil treatments
and incubation conditions. In all the amended soils and
at all incubation conditions, the amount of MDFW cor-
related with CH4  emission. At 15 d , the amount of
MDFW in the straw-amended soil incubated at 25 oC
was  about  threefold higher than in pots incubated at
35 oC under both levels of CO2. However, the amount
of MDFW in soil samples incubated under elevated CO2

was about twice as large as that in soil samples under
ambient CO2, irrespective of temperature. On the other
hand, soil samples amended with both straw and N
showed no specific trend in the amount of MDFW with
respect to incubation period. At 15 d, in the case of

Figure 2. Amount of CH
4
 dissolved in floodwater

25 °C ambient CO2 35 °C ambient CO2

25 °C elevated CO2 35 °C elevated CO2
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ambient CO2, the amount of MDFW was larger in soils
incubated at 35 oC than at 25 oC. However, in the case
of elevated CO2, the reverse was true. After 15 d,
MDFW decreased in all treatments at all conditions.

Averaged over the whole incubation period, the
amount of MDFW in the amended (rice straw or rice
straw + N) soil samples incubated at 25 oC under el-
evated CO2 was about twice as high as that in soil sam-
ples similarly incubated but under ambient CO2.  How-
ever, no such effects of elevated CO2 were observed at
35 oC, although the amount of MDFW was generally
larger in soil samples incubated at 25 oC than that at 35
oC. These results suggest that the elevated level of CO2

increased the concentration of MDFW, whereas the in-
crease in temperature from 25 to 35 oC decreased the
MDFW pool. This implies that at high temperature,
relatively more CH4 would either have escaped to the
atmosphere from the floodwater or have oxidized.

Amount of entrapped CH4  in the subsoil

The amount of entrapped CH4 in subsoils (MES) var-
ied considerably among different amendments and in-
cubation conditions (Figure 3). In most cases, the
amount of MES in the soil samples amended with straw
with and without added N was remarkably similar.
Therefore, the results have been discussed with only
one treatment from the amended soils.

The amount of MES in the control soils incubated
at 25 oC under ambient CO2 was very small (approxi-
mately 1 µg g–1 soil). However, the amount of MES in
the straw-amended soil samples incubated similarly as
above (25 oC, ambient CO2) increased steadily with in-
cubation. On an average, the amount of MES was about
15 times greater in the amended soil samples than in
the control soil. The pattern of change in the amount of
MES in soil samples incubated under elevated CO2 but
at 25 oC was almost similar to that in soil samples incu-
bated under ambient CO2.

Figure 3.  Amount of CH
4
 entrapped in subsurface soil

25 °C ambient CO2 35 °C ambient CO2

25 °C elevated CO2 35 °C elevated CO2
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However, a different pattern was observed in soil
samples incubated under elevated CO2 and at high tem-
perature (35 oC). The amount of MES both in the con-
trol and amended soil samples incubated under elevated
CO2 at 35 oC was highest at 15 d, and it then decreased.
On the other hand, the amount of MES in both control
and amended soil samples incubated under ambient CO2

at 35 oC continuously increased until the end of the in-
cubation. These results indicate that the amount of MES
was greatly affected by incubation conditions. How-
ever, it is interesting to note that at the end of the incu-
bation (45 d), the amounts of MES were similar in all
the amended soil samples, irrespective of incubation
temperature or CO2 level. These results indicate that a
significant amount of the CH4 produced in the soils
during anaerobic decomposition of native or added or-
ganic material was held by the soil itself and that the
different incubation conditions tested in this study
seemed to have different effects on the amount of MES.

Methane production potential

Methane generation is considered to be the terminating
step during anaerobic microbial decomposition of or-
ganic matter and any parameter affecting the biologi-
cal, chemical, or physical characteristics of the flooded
soil environment will influence CH4 production and
eventual emission (Bouwman, 1990; Inubushi et al.,
1994; Wang et al., 1996). There is circumstantial evi-
dence that methanogens, which can metabolize only a
limited number of substrates, are dependent upon as-
sociated microorganisms for supply of substrates.
Therefore, CH4 production is a function of the collec-
tive activities of a broad group of obligate and faculta-
tive anaerobes, which are sensitive to changes in the
soil environment (Wang et al., 1996).

Our results also support the above observations.
In this study, CH4 production of control soil samples
incubated at 25 oC was very low and did not differ

Figure 4. Methane production potential of subsurface soil under different conditions

25 °C ambient CO2 35 °C ambient CO2

25 °C elevated CO2 35 °C elevated CO2
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elevated CO2 levels was almost identical. There was a
highly significant correlation (r= 0.957**) between
soluble organic C and MPP of the soil samples from
elevated CO2 condition at 35 oC after 1 wk of incuba-
tion (Figure 5). These results clearly show that the MPP
of the flooded soil depended primarily on the avail-
ability of labile organic carbon and that incubation
temperature only affected the pattern of CH4 produc-
tion. This finding may imply that methanogens and other
associated anaerobes could adapt better at higher tem-
perature (37 oC), but their activities largely remain un-

greatly between soil samples incubated under elevated
or ambient CO2 levels throughout the incubation pe-
riod (Figure 4). However, the control soil samples in-
cubated at 35 oC produced significantly more CH4  un-
der ambient CO2 than under elevated CO2. It is inter-
esting to note that the CH4 production potential (MPP)
increased by about twofold at 45 d as compared with
that at 15 d of incubation in control soil incubated at
35 oC under ambient CO2. In most cases, the amounts
of MPP in soil samples amended with straw with and
without added N were similar. The results indicate that
CH4 entrapped in subsoil was related to MPP.

Incorporation of straw stimulated MPP in all
amended soil samples, irrespective of temperature and
CO2 level. On an average, the MPP of the straw-
amended soil samples was 15-20 times more than that
of unamended soils. However, the extent of stimula-
tion varied considerably with temperature. At 25 oC,
the MPP increased gradually up to 15 d and then stabi-
lized until the end of the incubation, irrespective of CO2

level. In contrast, at 35 oC, the MPP sharply increased
and reached the maximum at 7 d and then declined
gradually. This flush of CH4 production during early
incubation at higher temperature indicates that the con-
version efficiency from added straw carbon to CH4 by
the methanogenic and associated bacteria was more
pronounced at 35 oC than at 25 oC. Averaged over the
whole incubation period and at both levels of CO2, the
MPP of the straw-amended soil samples was about 25%
greater at 35 oC than at 25 oC. On the other hand, the
MPP of the soil samples incubated under ambient and

Table 1. Estimated CH
4
 budget (mg C pot–1) in pots of two treatments under four conditions

Condition Treatment MP MES MDFW* MF MO MO/MP

Ambient CO
2

Control 0.92 0.219 0.0 0.22 0.48 0.52
25 °C Straw 40.36 5.616 2.0 31.20 3.55 0.09

Ambient CO
2

Control 15.60 3.462 0.2 3.23 8.91 0.57
35 °C Straw 49.01 5.382 1.7 39.95 3.68 0.08

Elevated CO
2

Control 2.73 0.366 0.1 0.49 1.87 0.68
25 °C Straw 45.86 5.367 5.2 20.57 19.91 0.43

Elevated CO
2

Control 3.14 0.069 0.0 0.86 2.21 0.71
35 °C Straw 51.75 5.133 9.4 18.61 28.00 0.54

MP: amount of CH
4
 produced during 45 d; MES: amount of CH

4
 entrapped in subsoil at 45 d; MDFW: amount of CH

4
 dissolved in

floodwater at 45 d; MF: amount of CH
4
 emitted during 45 d; MO: amount of CH

4
 oxidized during 45 d, MO=MP-MES-MDFW-MF. Straw

C: 1.40 g pot–1; soil C: 2.59 g pot–1. *Unit: µg pot–1.

Figure 5. The relationship between amount of soluble C and CH
4

production potential of soil samples under elevated CO
2
 condition at

35 °C after 1 wk of incubation
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affected with increase in atmospheric CO2 level. Sev-
eral investigators have reported the stimulatory effects
of added organic matter on CH4 production in flooded
rice soils (Inubushi et al., 1989, 1994; Wang et al., 1992,
1996; Chidthaisong et al., 1996; Huang et al., 1998;
Singh et al., 1998). Similarly, there are numerous re-
ports that CH4 emission in submerged rice soils in-
creased when soil temperature increased up to 37 oC;
however, optimum temperature for both production and
consumption was 25 oC (Holzapfel- Pschorn et al., 1986;
Bouwman, 1990; Chapman et al., 1996; Huang et al.,
1998). Combining these results, one might hypothesize
that the microbes involved with production of CH4 pre-
ferred the easily decomposable organic materials than
the more resistant native soil organic matter.

Estimated CH4 budget and CH4  oxidation

To summarize various forms of CH4 in the pots, we es-
timated CH4 oxidation (MO) calculated from produced
CH4 (MP) and CH4 emitted (MF) both during 45 d of
incubation and MES and MDFW both at 45 d as

MO = MP - MES - MDFW - MF

in control and straw-amended soil samples. MO was
about 50-70% of MP in control soil samples and in-
creased by elevated temperature and straw amendment.
In straw-amended soil samples, MO was severalfold
higher in CO2 elevated than in ambient soil samples,
indicating again that MO was enhanced by elevated CO2

in this experiment. Overall, about 40% of MP was oxi-
dized in straw-amended soil samples by rising CO2

concentration. However, this estimation, especially for
MP, needs further investigation.

In conclusion, our results clearly demonstrate that
elevated CO2 and temperature accelerated CH4 produc-
tion in rice straw-amended soil samples, while elevated
CO2 reduced CH4 emission at both temperatures.
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Abstract

Greenhouse experiments were conducted under subtropical conditions to understand the mechanism of rice cultivar
differences  in methane (CH4) emission. Three rice cultivars were studied. Differences in CH4 emission rates
among the three rice cultivars became evident in the middle and late growth stages. Rice root exudates per plant
measured as total released C were significantly different among rice cultivars.  The effect of root exudates on CH4

production in soil slurry differed accordingly. The amount of root exudates was not significantly different among
rice cultivars when computed on a dry matter basis, indicating that it is positively correlated to root dry matter
production. The root CH4-oxidizing activity differed among rice cultivars.  IR65598 had a higher oxidative activ-
ity than IR72 and Chiyonishiki. Root air space was not significantly different among rice cultivars at the late
growth stage, indicating that it is probably not a factor contributing to cultivar differences in CH4 emission. The
population level of methanogenic bacteria differed significantly in soil grown to different rice cultivars, but not in
roots, at booting stage and ripening stage. Methanotrophic bacteria population differed significantly in roots among
rice cultivars at ripening. Rice cultivars with few unproductive tillers, small root system, high root oxidative
activity, and high harvest index are ideal for mitigating CH4 emission in rice fields.

Introduction

Rice fields are one of the most important methane (CH4)
sources. Estimated annual CH4 emission from rice fields
range from 57 to 82 Tg  yr–1  (Bachelet & Neue, 1993)
and may contribute 10-15% to global CH4  emissions
(Neue, 1993). Research on measures to control CH4

emission from rice fields to the atmosphere has focused
on rice cultivar, irrigation water management, organic
matter management, and fertilization (Neue et al., 1995;
Neue, 1997; Yagi et al., 1997; Wang et al., 1999). Rice
cultivars received high research priority because high-
yielding rice cultivars with low CH4 emission rates can
be easily extended to farmers’ fields without any addi-
tional input and management. Rice cultivars showed
significantly different effects on CH4 emissions from

rice fields (Neue et al., 1994; Wang et al., 1997a; Wang
et al., 1999).

Methanogens utilize H2 and CO2, methanol, ac-
etate, and methylamides as C sources to produce CH4

(Takai 1970; Vogels et al., 1988) and methanotrophs
use CH4 as substrate in flooded soils. The activities of
both methanogens and methanotrophs result in accu-
mulation of CH4 that escapes to the atmosphere mainly
by diffusion through rice plant aerenchyma (Schütz et
al., 1989; Nouchi et a.l, 1990; Byrnes et al., 1995; Wang
et al., 1997b).  Compared with studies concerning the
process and controlling factors of CH4  emission from
rice fields, studies dealing with  mechanisms of rice
cultivar differences  on CH4 emission rate and the ideal
rice plant types for mitigating CH4 emissions from rice
fields are scanty. Yet, knowledge on microbial activi-
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ties and distributions of methanogens and
methanotrophs as affected by rice cultivars is still lim-
ited (Watanabe et al., 1997).

This study was conducted under greenhouse con-
dition at the Okinawa Subtropical Station, Japan Inter-
national Research Center for Agricultural Sciences. The
aim of this study was to understand cultivar differences
in CH4 emission rate and to describe the ideal rice plant
type for mitigating CH4 emissions.

Materials and methods

Soil and rice cultivars used in the experiment

The alluvial soil  used in the experiments  was collected
from a rice  field in Sandabaru, Ishigaki Island, Japan
(latitude 24° 23' N, longitude 124° 12' E) during the
fallow season. The soil was air-dried, ground, and
passed through a 2.0-mm mesh sieve before it was used.
It has a light clay texture (coarse sand 16%, fine sand
24%, silt 20%,  clay 27%, and CaCO3 5%) with 3.8%
total organic C, 6.6% total organic matter, and pH 7.3
(soil:water, 1:1). Three rice cultivars—IR72 (indica),
IR65598-112-2 (IR65598, tropical japonica), and
Chiyonishiki (japonica)—were planted.

Growth of rice plants

Rice seeds were germinated and grown on a nylon
screen framed with styrofoam floating on culture solu-
tion for 2 wk.  A 2-wk-old rice seedling was transplanted
to a  4-L pot that contained 2.5 kg of soil.  The soil in
pots was submerged 1 wk before transplanting and was
kept flooded throughout the rice-growing season. Com-
bined fertilizer (NPK, 14-6-12) was applied at a rate of
2 g pot–1  (equivalent to 1,000 kg ha–1) before trans-
planting as basal which was mixed well with soil.  An
additional 2 g of the combined fertilizer was topdressed
in two splits: half at tillering stage and half before flow-
ering.

Methane sampling and analysis

Methane emission rates from pots planted to rice were
measured in a greenhouse at tillering (4 wk after trans-
planting, [WAT]), booting (8 WAT), flowering (11
WAT), and ripening stages (14 WAT). Methane sam-
ples were taken with closed chambers (30.5 cm in di-
ameter and 129 cm in height). A small electric fan was
fixed inside each chamber to homogenize the air be-

fore sampling. The experimental pots were put in big
containers that were filled with water to seal the bot-
tom of the chambers during the CH4 flux measurements.
Two to three minutes after placing the pots inside the
chambers, air samples were taken four times with sy-
ringes at 10-30-min intervals.  Methane concentrations
of the air samples were determined with a Hewlett-
Packard 5890 A/II gas chromatograph equipped with a
Porapak R polymer (50-80 mesh) column and a flame
ionization detector.  The temperature settings were 60,
100, and 150 °C for column, injector, and detector, re-
spectively.  Methane fluxes from pots were determined
by measuring the temporal increase of CH4 concentra-
tion of air within the chambers. The CH4 emission rates
were determined from the increasing rate of CH4  con-
centration in the chambers by using the following equa-
tion:

F = 60 × 10-6 × (AH) × (PM/RT) × (dc/dt)

where F is CH4 emission rate, in mg pot–1 h–1; A is bot-
tom area of the chamber, in cm2; H is effective height
of the chamber, in cm; P is pressure, in atm; M is CH4

molecular weight in g; R is gas constant; T is absolute
temperature, in K; dc/dt is increasing rate of CH4 in the
chamber, in µL–1 min–1.

Collection and analysis of root exudation

A two-week-old rice seedling was planted in pots with
4-L culture solution. The pots were covered with
styrofoam to support the plant and to prevent algal
growth. Roots were inserted through small openings
into the culture solution. The culture solution was pre-
pared according to Yoshida et al. (1976).  The solution
was changed weekly. The culture solution was collected
at the fourth and eighth week after the rice plant had
grown in it for 1 wk.  About 50 mL of solution col-
lected from each pot was filtered through filter paper
#1 and 0.45-µm membrane filter to remove root detri-
tus and microbial cells. The filtrates were kept in a re-
frigerator (0 °C) until analysis.

The amount of exudates in each cultivar was de-
termined by the anthrone colorimetric method (Brink
et al., 1960) as the total amount of water-soluble C re-
leased by the rice roots. Two g of anthrone was dis-
solved in 1 L of 95% H2SO4 to form anthrone reagent.
Five mL of exudate sample was mixed thoroughly with
10 mL of the anthrone reagent and the absorbance of
the mixture was measured at 625 nm on a Hitachi U-
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2000 spectrophotometer.  A standard curve was obtained
from the absorbance of glucose standards in which the
C contents were 0.113, 0.592, 1.184, 1.776, and 2.367
mg C  mL–1.   Exudation rates were calculated as mg C
plant–1 d–1 and mg C g–1 root d–1.

Effect of root exudation on CH4 production of soil slurry

Five mL of soil slurry (water content, 177.5%) incu-
bated in a greenhouse for 3 mo was placed in 31.5-mL
test tubes, and the test tubes were closed with W-shape
butyl stoppers. Five mL of root exudates collected from
three rice cultivars at tillering and heading stages was
injected into the tubes.  Headspace of the tubes was
flushed with N2 for about 10 s, then the tubes were
shaken for 1 min on a vortex shaker and  incubated at
30 °C in the dark. Methane produced in the tubes was
sampled for analysis after 3, 7, 14, 21, 28, 35, 42, and
49 d of incubation. The tubes were shaken on a vortex
shaker for 1 min before gas samples were obtained and
1 mL N2 was injected into each of the tubes after each
sampling to maintain normal pressure inside the tubes.
Methane produced was computed using the following
equation:

CH4 (µg g–1 soil)= 3.272 × 10–5 × Hs × Mc × Ds–1

where Hs is the volume of headspace, in cm3; Mc is the
CH4 concentration of air sample, in µL L–1; Ds is the
dry weight of the soil slurry, in g.

Oxidation of dissolved CH4  by rice roots

About 2 g of fresh rice roots was sampled from three
rice cultivars at three growth stages and placed in 31.5
-mL test tubes. Five mL of previously prepared CH4

solution was transferred with a 5-mL Gilson pipette to
each of the tubes to immerse the rice roots. The test
tubes were immediately closed with W-shape butyl stop-
pers and were placed under laboratory condition for 1
d.  A reference solution was prepared by the same pro-
cedure without placing fresh rice roots. Tubes were
shaken for 2 min on a vortex shaker to release CH4 from
the solution to the headspace after 1 d of incubation.
The CH4 concentrations of the air in the headspace were
analyzed with a Hewlett-Packard 5890 A/II gas chro-
matograph. The decrease of CH4  in the CH4 solution
during incubation was calculated as amount of CH4

oxidized by the fresh roots in a given time. Methane
solution was prepared as follows: degas tap water in a

flask under vacuum for 30 min, inject 50 mL pure CH4

gas into the evacuated flask, stir the water inside the
flask gently, and leave the flask overnight.

Root air space

Rice roots from three  cultivars at four growth stages
(4, 8, 11, and 14 WAT) were sampled for measurement
of root air space. Root porosity was measured by the
pycnometer method (Jensen et al., 1969). Roots were
rinsed with tap water. A 50-mL pycnometer was filled
with water and weighed. About 1-2 g  fresh roots were
sampled and gently blotted dry on tissue paper. The
roots  were then introduced into the water-filled pyc-
nometer and reweighed. The roots were later retrieved,
ground into a paste with mortar and pestle, and returned
quantitatively to the pycnometer for reweighing. The
porosity of the roots was determined, using the formula

RAS = ((p&gr) – (p&r))/((r + p) – (p&r)) × 100

where RAS is root air-space, in %; r is weight of root,
in g; p is weight of water-filled pycnometer, in g; p&r
is weight of pycnometer with roots and water, in g;  and
p&gr is weight of pycnometer with ground roots and
water, in g.

Enumeration of methanogenic and methanotrophic in
flooded soil and roots

Flooded soil in pots was transferred to a container with
about 2,000 mL water. The soil was stirred vigorously
to form a soil suspension. Ten mL of the soil suspen-
sion was sampled and placed in an oven at 105 °C for 1
d for measuring water content of the soil suspension.
For enumeration of methanogenic bacteria (MGB),  1
mL of the soil suspension was diluted to 10–2 to 10–7

levels anaerobically in tubes under N2  gas, using
anaerobic dilution fluid (0.5 g of cysteine-hydrochlo-
ride, 0.5 g of Na2S.9H2O, and 1 mL of 1 g L–1 resazurin
solution in 1 L distilled water; pH=7.0). One mL of the
suspension at 10–3 to 10–7 dilution was inoculated to the
tubes containing 5 ml of MGB medium with sterile
syringes. Top gas phase in the tubes was replaced with
H2-CO2 (4:1) after inoculation. There were five repli-
cations for each dilution. The tubes were incubated at
30 °C in the dark for 60 d. The gas phase in the tubes
was assayed with a gas chromatograph for CH4 pro-
duction. The proportion of the positive and negative
tubes in CH4 production indicates the most probable
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number. For enumeration of methanotrophic bacteria
(i.e., methane-oxidizing bacteria [MOB]),  one mL of
the soil suspension was diluted to 10–2 to 10–7 levels in
tubes under ambient air condition, using distilled wa-
ter. One mL of the suspension at dilution of 10–3 to 10–

7 was inoculated to the tubes containing 5 mL of MOB
medium with sterile syringes. Six mL of CH4 passed
through 0.2 µm filter was injected into each tube, lead-
ing to about 18% CH4 in the headspace of each tube
after inoculation.  Control tubes were prepared without
inoculation. There were five replications for each dilu-
tion. The tubes were incubated at 30 °C in the dark for
60 d. The gas phase in the tubes was assayed with a gas
chromatograph for CH4 consumption.  The proportion
of positive and negative tubes in CH4  consumption in-
dicates the most probable number. The medium for
MGB was prepared according to Adachi et al. (1996)
and the medium for MOB was prepared according to
Graham et al. (1992).

About 2 g of fresh roots was sampled and ground
in 20-mL water into paste with mortar and pestle. The
paste was diluted and inoculated in the same way as
the flooded soil for enumeration of MGB and MOB.
The paste was oven dried at 80 °C  for 1 d and  its dry
weight measured.

Results and discussion

Methane emission rates of three rice cultivars

Methane emission rates were low and not significantly
different among the three rice cultivars at tillering stage
(Table 1). This was probably related to high soil redox

potential and small plant size. Methane emission rates
per pot increased at the late growth stages and differed
significantly among the three rice cultivars.  Methane
emission in IR72 was significantly higher than in
IR65598, but not Chiyonishiki, at the booting stage.
IR72 and Chiyonishiki had significantly higher emis-
sion than IR65598 at flowering and ripening.  Methane
emission rates per g of plant dry matter among 3 rice
cultivars differed only at ripening stage. Chiyonishiki
had significantly higher emission rate per gram of plant
dry matter than IR65598, but not IR72, at ripening stage.
Pot-based  CH4   emission rates differed among 3 rice
cultivars at late growth stages.  This finding  is consist-
ent with reports (Wang et al., 1997a) indicating signifi-
cant differences in pot-based CH4 emission rate among
different rice cultivars and growth stages. In this study
dry matter-based CH4 emission rates were not signifi-
cantly different among rice cultivars before ripening,
confirming  earlier observations that CH4  emission rates
were closely related to dry matter production without
discrimination of rice cultivars and growth stages (Wang
et al., 1997a). However, in contrast to  Wang’s findings
(Wang et al., 1997a) the  dry matter-based CH4 emis-
sion rate of IR65598 was significantly lower than that
of Chiyonishiki at ripening stage, although dry matter
production levels are the same.

Root exudations of three cultivars and their effect on
CH4  production of soil slurry

IR72 had significantly higher plant weight and root
weight than IR65598 and Chiyonishiki (Table 2). IR72
released more C per plant than did IR65598 and

Table 1. Plant dry weight and CH
4
 emission rate of three rice cultivars at four growth stages. Values are means of three replicates ± SDa

Growth Cultivar Plant dry wt                         CH
4
 emission rate

stage (g plant–1) (mg pot–1 h–1) (mg g–1 plant h–1)

Tillering IR72   9.33±1.16a 0.380±0.107a 0.042±0.017a
IR65598   7.60±1.08ab 0.304±0.157a 0.040±0.022a
Chiyonishiki   6.59±0.50b 0.239±0.015a 0.036±0.001a

Booting IR72 13.32±0.39a 1.268±0.402a 0.095±0.031a
IR65598 11.60±1.31a 0.707±0.113b 0.061±0.005a
Chiyonishiki 11.91±1.28a 1.161±0.208ab 0.097±0.007a

Flowering IR72 20.82±2.54a 1.648±0.186a 0.080±0.014a
IR65598 15.65±2.28a 0.979±0.279b 0.065±0.029a
Chiyonishiki 17.24±2.54a 1.826±0.209a 0.108±0.019a

Ripening IR72 29.45±2.72a 2.252±0.461a 0.077±0.014ab
IR65598 20.50±4.42b 0.664±0.252b 0.032±0.010b
Chiyonishiki 15.82±3.20b 1.775±0.517a 0.119±0.057a

aData in a column at a growth stage followed by a common letter are not significantly different.
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Chiyonishiki  at both tillering and heading stages. How-
ever, there was no difference in released C among the
three rice cultivars when the released C was computed
on dry root basis. This finding is consistent with the
observation that the amount of C released from root is
closely related to root dry weight  (Wang et al., 1997a).
No difference in root exudation on dry matter basis in-
dicates that root weight discriminates rice cultivars in
root exudation that provides  C source for methane for-
mation. Cultivars with small roots are ideal for miti-
gating methane emissions.

At the heading stage, addition of IR72 root exu-
dates to soil slurry gave highest CH4 production, fol-
lowed by addition of IR65598 root exudates. Addition
of Chiyonishiki root exudates to the soil slurry gave
the lowest CH4 production (Figure 1). The effect of ad-
dition of IR65598 root exudates was more pronounced
than that of adding Chiyonishiki root oxidates although
both varieties were not significantly different in terms
of root exudation. This suggests that the root exudates
of IR65598 were probably preferred by methanogens.
At tillering, the effect of addition of IR72 root exu-
dates on CH4 production in the soil slurry was more
pronounced than that of IR65598 and Chiyonishiki, the
latter 2 cultivars showed similar effect on CH4 produc-
tion of the soil slurry. In general, the effect of adding
root exudates on CH4  production of the soil slurry was
in accordance with the amount of C released from the
roots.

Oxidation of dissolved CH4  by rice roots

Root CH4-oxidizing activity of IR65598 was signifi-
cantly higher than that of Chiyonishiki and slightly
higher than that of IR72 at tillering stage; it was slightly
higher than that of IR72 and Chiyonishiki at flowering
stage (Table 3).  The root CH4-oxidizing activity of

IR65598 was slightly higher than that of Chiyonishiki
and that of both IR65598 and Chiyonishiki were sig-
nificantly higher than those of IR72 at ripening stage.
IR65598 showed the highest root CH4 oxidative activ-
ity among the three rice cultivars in all growth stages.
This may partly explain its low CH4 emission rate. IR72
was higher than Chiyonishiki in root CH4-oxidizing
capacity at tillering  and flowering stages, but lower
than Chiyonishiki at ripening stage, indicating that root
senescence of IR72 may have started early. Root oxi-
dation power as measured by oxidation of α -
naphthylamine decreased when the roots grew older

Figure 1. Effect of root exudates collected in hydroponic rice
cultivation on CH

4
 production in soil slurry. Data are means of six

replicates

Table 2. Plant dry weight, root dry weight, and root exudation of three rice cultivars at tillering and heading stages in hydroponic rice cultiva-
tion. Values are means of 3 replicates ± SDa

Growth Cultivar Plant dry wt Root dry wt                         C released
stage (g plant–1) (g plant–1) (mg plant–1 d–1) (mg g–1 root d–1)

Tillering IR72   9.42±1.68a 1.19±0.31a   6.62±1.45a 5.67±1.19a
IR65598   4.47±0.98b 0.40±0.07b   2.09±0.40b 5.45±1.56a
Chiyonishiki   4.42±0.26b 0.49±0.06b   3.07±0.48b 6.36±1.33a

Heading IR72 37.05±3.33a 4.61±0.26a 23.15±4.00a 5.01±0.76a
IR65598 15.42±3.81b 1.29±0.31b   8.62±2.43b 6.67±0.45a
Chiyonishiki 17.22±2.54b 1.79±0.24b 10.66±1.99b 6.05±1.44a

aData in a column followed by a common letter are not significantly different.



354

(Wang et al., 1997c). Root CH4 -oxidizing capacity dif-
fers greatly among rice cultivars. If rice cultivars have
similar root weights, those with high oxidative capac-
ity are ideal for mitigating CH4 emission. The signifi-
cant difference in root CH4 -oxidizing capacity opens a
chance for screening and breeding cultivars with low
CH4 emission rates.

Root air space of three rice cultivars

IR72 was significantly higher than IR65598 and
Chiyonishiki in terms of root air space on dry root ba-
sis, but not on percentage, at tillering stage (Table 4).
IR72 was significantly higher than IR65598 in root air
space both on dry root basis and on percentage at boot-
ing stage. Root air space both on dry root basis and
percentage was not significantly different at flowering
and ripening among the three rice cultivars. Root air
space facilitates CH4   emission from the soil to the at-
mosphere. It also facilitates transport of oxygen from
the air to the rhizosphere. It is not understood that root
air space should be large or small for mitigating CH4

emission in rice fields. Root air space is probably not
an important factor contributing to  cultivar differences
in CH4   emission rate since it was not significantly dif-
ferent among the three rice cultivars at late growth
stages.

Population levels of MGB and MOB in flooded soil and
in rice roots

The population level of MGB depends on the avail-
ability of C sources, assuming other conditions remain
the  same. The population level of MGB in flooded soil
planted to different cultivars was significantly differ-
ent at booting and ripening stages (Table 5), indicating
that cultivars supplied different amounts of C sources
for methanogens or that  redox of the flooded soil was
altered.  No significant difference in the population level
of MGB in roots at tillering and ripening stages was
observed probably due to the oxidative condition in the
roots. Oxygen diffuses from aboveground shoots via
roots to the rhizosphere. The high concentration of oxy-
gen in the roots depresses MGB growth and may nar-
row the differences among rice cultivars. The higher
population level of MGB in the flooded soil planted to
Chiyonishiki (compared with that in flooded soil planted
to IR72)  at booting stage may be attributed to

Table 3. Root dry weight and oxidative activity of three rice cultivars
at three growth stages. Values are means of 6-10 replicates ± SDa

Growth stage Cultivar Root dry wt CH
4
 oxidized

  (g plant-1) (µg g–1 root d–1)

Tillering IR72 2.70±0.54a 18.78±6.42a
IR65598 2.32±0.40ab 24.85±6.30a
Chiyonishiki 1.54±0.07b 9.55±8.60b

Flowering IR72 4.15±0.96a 15.59±4.33a
IR65598 2.83±0.54b 16.51±6.77a
Chiyonishiki 1.79±0.24b 13.38±3.78a

Ripening IR72 3.63±0.54a 11.11±3.39b
IR65598 3.06±0.84ab 15.99±3.65a
Chiyonishiki 2.23±0.43b 13.85±2.52a

aData in a column followed by a common letter are not significantly different.
The reference CH

4
 concentration was 10.85±0.35 µg mL–1 H

2
O at tillering

stage, 8.60±0.28 µg mL–1 H
2
O at flowering stage, and 8.79±0.36 µg mL–1 H

2
O

at ripening stage.

Table 4. Root air space of three rice cultivars at four growth stages.
Values are means of three replicates ± SDa

Growth stage Cultivar             Root air space
(%) (cm3 g-1 dry root)

Tillering IR72 27.76±4.83a 4.63±0.85a
IR65598 22.26±5.06a 3.16±0.79b
Chiyonishiki 24.72±2.59a 3.42±0.55b

Booting IR72 23.69±2.30a 3.47±0.19a
IR65598 13.16±4.83b 1.70±0.66b
Chiyonishiki 18.40±5.78ab 2.61±0.88ab

Flowering IR72 21.73±5.10a 2.90±0.78a
IR65598 26.66±4.76a 3.27±0.60a
Chiyonishiki 20.33±2.48a 2.93±0.41a

Ripening IR72 16.91±2.82a 2.55±0.57a
IR65598 14.97±3.32a 2.31±0.54a
Chiyonishiki 12.01±3.89a 1.96±0.51a

aData in a column followed by a common letter are not significantly different.

Table 5.  Population level of MGB in flooded soil and rice roots as
influenced by rice cultivarsa

Growth stage Cultivar     MGB in soil    MGB in roots
(no. g–1 dry soil) (no. g–1 dry roots)

Tillering IR72 7.0 × 104 4.9 × 103

IR65598 7.0 × 104 3.4× 103

Chiyonishiki 1.2 × 105 2.9 × 103

Booting IR72 7.1 × 104      -b

IR65598 1.2 × 105      -
Chiyonishiki 8.4 × 105      -

Flowering IR72 2.1 × 105      -
IR65598 1.4× 105      -
Chiyonishiki 1.1 × 106      -

Ripening IR72 6.2 × 105 1.9 × 106

IR65598 5.2 × 104 8.9 × 105

Chiyonishiki 8.6 × 105 6.5 × 106

aData with 10.9-fold difference are significant at 5% level (Alexander, 1982).
bNot enumerated.
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Chiyonishiki’s lower oxidative capacity.  Chiyonishiki
had smaller root system than IR72 and IR65598 (Table
3).  Oxygen release from Chiyonishiki roots might be
less than that  from IR72 roots.  More MGB in the
flooded soil planted to IR72 at ripening stage may be
attributed to IR72’s higher root exudation.  The signifi-
cantly higher population level of MGB in roots at rip-
ening stage than at tillering stage may be raised by the
availability of C sources from root exudation and root
senescence.

The population level of MOB among rice
cultivars differed only in roots at ripening stage (Table
6).  MOB in the roots of IR65598 were significantly
more than those in the roots of IR72 and  Chiyonishiki.
MOB in flooded soil at booting and flowering  were
more than those at tillering and ripening. MOB in roots
of IR65598 at ripening were more than those at tillering
stage.  The rice plant at  booting and flowering stages
grew fast and its  size was large at these rice growth
stages. More oxygen may be transported from the air
to the rhizosphere in these growth stages compared with
other growth stages. This may explain  why more MOB
were observed at the booting and flowering stages.
More MOB in the roots of IR65598 at ripening stage
indicate that these roots had greater oxidizing capacity
than the roots of IR72 and Chiyonishiki.

In summary, the three rice cultivars studied had
significantly different CH4    emission rates on a single-
plant basis. The differences became evident at late
growth stages. IR65598 gave the lowest CH4   emission
rate. Dry matter-based CH4   emission rates among rice

Table 6.  Population level of MOB in flooded soil and rice roots as
influenced by rice cultivarsa

Growth stage  Cultivar MOB in soil MOB in roots
(no. g–1 dry soil) (no. g–1 dry roots)

Tillering IR72 3.1 × 105 5.8 × 105

IR65598 2.0 × 105 3.4 × 105

Chiyonishiki 3.2 × 105 4.5 × 105

Booting IR72 >107      -b

IR65598 >107      -
Chiyonishiki >107      -

Flowering IR72 4.6 × 106      -
IR65598 1.3 × 106      -
Chiyonishiki 3.5 × 106      -

Ripening IR72 2.8 × 105 4.5 × 106

IR65598 3.6 × 104 6.5 × 107

Chiyonishiki 3.7 × 104 4.2 × 106

aData with 10.9-fold difference are significant at 5% level (Alexander, 1982).
bNot enumerated.

cultivars differed only at ripening stage, indicating that
root weight is closely related to the amount of root exu-
dates. Rice cultivars with small roots are ideal for miti-
gating CH4   emissions.  The small root weight results
in few ineffective tillers and high harvest index,  since
rice root weight is closely related to rice dry matter pro-
duction (Wang et al., 1997a).  The large difference in
root CH4-  oxidizing capacity indicates that if rice
cultivars produce the same root weight, then those with
higher CH4 -oxidizing capacity will have lower CH4

emission rates. The population level of MGB increased
in flooded soil planted to rice cultivars giving high root
exudation, while the population level of MOB increased
in the roots of rice cultivars giving higher root  CH4 -
oxidizing capacity.  Rice cultivars with few unproduc-
tive (ineffective) tillers, higher harvest index, smaller
root system, and higher oxidative capacity are ideal for
mitigating CH4 emissions in rice fields.
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Abstract

A major portion (60–90 %) of the methane (CH4) emitted from rice fields to the atmosphere is transported through
the aerenchyma of the rice plants. However, a rapid and accurate method to study the CH4 transport capacity
(MTC) of rice plants is not available. We developed a gas sampling and analytical device based on a closed two-
compartment chamber technique and analyzed the enrichment of the CH4 mixing ratio inside the shoot compart-
ment of cylindrical cuvettes enclosing individual rice plants under ambient conditions. The computer-controlled
analytical system consists of a gas chromatograph (GC) and a pressure-controlled autosampler for eight cuvettes
(seven for plants and one for CH4-calibration gas). The system automates closure and opening of plant cuvettes
using pneumatic pressure, air sample collection and injection into the GC, and CH4 analysis. It minimizes sources
of error during air sampling by continuously mixing headspace air of each cuvette, maintaining pressure and
composition of the headspace inside the cuvettes, purging the dead volumes between the sampler induction tube
and GC, and running a reference CH4-calibration gas sample in each cycle. Tests showed that the automated
system is a useful tool for accurate sampling of headspace air of cylindrical cuvettes enclosing individual rice
plants and enables rapid and accurate fully automated analysis of CH4 in the headspace air samples. A linear
relationship was obtained between CH4 transported by rice plants of two cultivars (IR72, a high-yielding dwarf,
and Dular, a traditional tall cultivar) and concentration of CH4 up to 7,500 ppm used for purging the nutrient
culture solution surrounding the roots in the root compartment of the chamber. Further increase in CH4 emission
by shoots was not observed at 10,000 ppm CH4 concentration in the root compartment of the chamber. The MTC
of IR72 was measured at six development stages; it was lowest at seedling stage, increasing gradually until panicle
initiation. There was no further change at flowering, but a marked decrease at maturity was noted. These results
suggest that the plants have 45–246% greater potential to transport CH4 than the highest CH4 emission rates
reported under field conditions, and plants would not emit CH4 at early growth and at a reduced rate close to
ripening.
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Introduction

Tropospheric methane (CH4) concentrations have more
than doubled over the past 300 yr (Blake & Rowland,
1988; Etheridge et al., 1992), with more recent data
indicating a rate of increase of 0.50-75% a year over
the last decade (Dlugokencky et al., 1994). On the ba-
sis of ice core data, the rapid increase of CH4 concen-
trations is unprecedented during the industrial period
(Raynaud et al., 1993) and is presumably linked to hu-
man activity. As CH4 is one of the main greenhouse
gases accounting for about 19% of the direct radiative
forces of climate (IPCC, 1995), there is a growing in-
terest in the sources and sinks of CH4 and in the influ-
ence of anthropogenic activities on its exchange rates.

Rice cultivation is one of the most important
sources of atmospheric CH4, with a global emission
ranging from 20 to 150 Tg CH4 yr–1 according to IPCC
(1992) and from 30 to 50 Tg CH4 yr–1 according to re-
cent estimates (Neue & Sass, 1998). The development
of methods and strategies to reduce the emission of CH4

from rice fields is a central issue of ongoing efforts to
protect the earth’s atmosphere and to avert possible cli-
matic changes. Rice plants act in three key functions
regulating the CH4 budget: (i) as a source of
methanogenic substrate, (ii) as a conduit for CH4

through a well-developed system of intercellular air
spaces (aerenchyma), and (iii) as an active CH4-oxi-
dizing site in the rice rhizosphere by supporting O2 coun-
ter transport through the aerenchyma system. Several
studies showed that the CH4 emitted from rice fields to
the atmosphere is transported mostly (60–90%) through
the aerenchyma of the rice plants rather than by mo-
lecular diffusion across water-air interfaces or release
of gas bubbles (Cicerone & Shetter, 1981; Holzapfel-
Pschorn & Seiler, 1986; Holzapfel-Pschorn et al., 1986;
Wassmann et al., 1996; Wassmann & Aulakh, 2000).
Thus, one promising strategy to reduce CH4 emissions
from rice fields is to select and cultivate high-yielding
rice cultivars with a reduced CH4 transport capacity
(MTC)  (Butterbach-Bahl et al., 1997).

Nouchi et al. (1990) measured CH4 transport
through rice plants using a manual sampling system
where a plant was enclosed in an acrylic cylindrical
chamber with its roots sealed in a glass vessel that con-
tained nutrient culture solution saturated with a high
CH4 concentration. Then inlet and outlet air samples
were collected from the chamber in Tedlar bags and
were analyzed for CH4 by gas chromatography with
manual injection. The studies by Nouchi et al. (1990)
and Nouchi and Mariko (1993) indicated that the plant-

mediated transport of CH4 is influenced by the concen-
tration of CH4 in the soil solution around plant roots
and the size of the plant. However, keeping in view the
high variability in CH4 emission rates both in time and
space, there is a need for a rapid and accurate method
that can minimize sources of error during air sampling
and CH4 analysis and can handle a large number of
plant-mediated CH4 flux measurements for screening
rice cultivars for reduced MTC. The present study was
undertaken (a) to develop, test, and optimize a reliable
automated sampling and analysis system for the deter-
mination of MTC of different rice cultivars; (b) to
analyze the influence of different concentrations of CH4

in rhizosphere solution on CH4 emission by rice plants;
and (c) to determine MTC of IR72, a high-yielding
dwarf cultivar, at six developmental stages.

Materials and methods

Design of the automated measuring system

The design of the fully automated system for measur-
ing the gas transport capacity of rice plants was based
on the closed chamber technique for single plants. The
main components of the automated system are (a) two-
compartment cuvettes, (b) an autosampler connected
to valve-control and data-logging system, and (c) a gas
chromatograph (GC) connected to a GC-control and
data-logging system (Figure 1). The measuring system
comprises a total of 8 two-compartment cuvettes, seven
for enclosing individual plants and one for calibration.
For the sake of simplicity, only one cuvette is shown in
Figure 1. All the cuvettes were placed in a cage in the
ambient environment in the vicinity of the greenhouse.
The cage had a wooden roof for protecting the electri-
cal connections from rainwater. All other components
of the automated system were installed inside the green-
house laboratory.

Two-compartment cuvettes. Each cuvette can hold
a single plant with its roots in the lower and the shoots
in the upper compartment (Figure 2). Both compart-
ments are made of plexiglass tubes to accommodate
plants of different heights and tillers, shoot compart-
ments of three sizes (5 cm id × 60 cm long; 9 cm id ×
77 cm long; 9 cm id × 117 cm long) were fabricated. A
root chamber of only one size (9 cm id × 18 cm long)
was found to be appropriate for enclosing roots of rice
plants of all sizes. A connector made of plexiglass was
used for fastening the plant and for separating the two
chambers. The rice plant was held in place by sealing
the base of culm with modeling clay (Plastic-fermit,
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Figure 1. Schematic drawing of the automated measuring system for determining CH4 transport capacity of rice plants. Only one of eight
cuvettes is shown here. Arrows labeled as ‘To ERB-24’ indicate the connection with the 24-channel relay board

Nissen and Volk, Hamburg, Germany) and a rubber
stopper divided into two pieces. The two compartments
were sealed from each other by filling agar-agar jelly
(2% agar-agar in water) into the case of the connector.
To ensure complete sealing, a 3-cm water seal was pro-
vided over the agar-agar layer in the shoot chamber.
The root compartment was filled with nutrient culture
solution saturated with a desirable concentration of CH4

by purging CH4 through a gas sieve (air stone) placed
at the bottom. After passing through the culture solu-
tion, excessive CH4 gas could escape to the atmosphere
through two outlets located at the upper edge of the
root chamber (Figure 2). This design ensured the main-
tenance of ambient pressure inside the root chamber.
The CH4 gas injected and dissolved in the culture solu-
tion in the root compartment can escape to the shoot
compartment only via the rice plant. Thus plant-medi-
ated CH4 transport can be measured from the increase
in CH4 concentration inside the closed shoot compart-
ment. The cover of the shoot compartment was opened
and closed automatically by a pneumatic pressure de-
vice. A fan was mounted on the inner side of the shoot
compartment near its upper end to ensure (i) rapid re-
placement of the air inside the shoot compartment by
ambient air when the cuvette is open, and (ii) thorough
mixing of the headspace air of the shoot compartment

to avoid vertical CH4 gradients within the shoot com-
partment when the cuvette is closed.

To monitor temperature inside and outside the
cuvettes, one temperature sensor (PT-100) is installed
inside the shoot chamber of one of the cuvettes and
another inside the cage. The sensors were connected to
a personal computer (PC-1) equipped with DAS-1600/
1400/1200 Series Board software and hardware pack-
age (Keithley Instruments, Taunton, MA, USA) for re-
cording temperature data continuously during the op-
eration of the automated system.

Autosampler, valve control, and data-logging
system. The autosampler comprises an automatic, valve-
controlled CH4 sampling and calibration complex (Fig-
ure 1). The automated, valve-controlled CH4 sampler
mediates air sample transfer from the shoot compart-
ment of each cuvette to the sample loops and a direct
injection of each air sample onto the GC column. A
membrane pump provides a circular airflow from one
cuvette to the sample loop and back to the same cu-
vette equilibrating the headspace air of the shoot com-
partment with that of the sample loop. An electrically
driven 16-port valve is connected to the shoot com-
partment of the eight cuvettes of the measuring sys-
tem. The valve sequentially opens one connection to
one cuvette and switches to the next cuvette in a fixed-



360

Figure 2. Components of a two-compartment cuvette used for enclosing individual rice plants

time pattern. By switching the eight-port sample de-
vice, the air samples are transferred by the carrier N2

gas stream to the GC column. The tubes connecting the
cuvettes with the valves, pump, sampling loops, and
GC are made of stainless steel. In between the meas-
urements of each cuvette, the tubes are flushed with N2

gas.
The magnetic valves controlling the gas fluxes

in the system and the 24-channel relay box (ERB-24,

Keithley Instruments, Taunton, MA, USA) were oper-
ated by the PC-1 equipped with DAS-1600/1400/1200
Series Board software and hardware, which also re-
corded temperature as mentioned above.

Gas chromatograph, GC control and data-log-
ging system. The gas chromatograph (GC-14B,
Shimadzu Corporation, Kyoto, Japan) attached to the
autosampler was equipped with a flame ionization de-
tector (FID) and porapak N column. The column oven

Root
compartment

Connector

Shoot
compartment
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and injection port temperatures were maintained at 80
and 140 °C, respectively. The operating temperature
for the FID was 140 °C. Hydrogen as fuel gas and syn-
thetic air as supporting gas were used with flow rates
of 30 and 50 mL min–1, respectively. Pure N2 was used
as a carrier gas with a flow rate of 25 mL min–1.

Another computer, PC-2 equipped with Shimazu
Class-VP Chromatography Data system (Shimazu Sci-
entific Instruments, Columbia, MD, USA) software,
controlled the operation of the GC. This software also
analyzed and stored the data acquired from the GC.

Both valve- and GC control data-logging systems
were designed to handle up to 45 consecutive runs each
of 120 min (90 h).

Pattern of the measurement cycle

After several preliminary tests using different durations
for the measuring cycle, the final pattern of the meas-
urement cycle used during the investigations was of
24-min duration. It started with a 3-min calibration of
the GC with CH4 calibration gas (100 ppm CH4) fol-
lowed by a 21-min period for sampling the headspace
air in the shoot compartments of the seven cuvettes.
During sampling of each cuvette, the system was
switched consecutively for 3 min in the sample gas
stream by the 16-port valve. An eight-port sampling
device was switched on every 1.5-min for transferring
CH4 calibration gas and air samples to the GC column
with carrier N2 gas stream. To avoid pressure-induced
errors in the sampling volume, the air in the sampling
loop was recompressed to atmospheric pressure by
switching on the pump shortly before and again after
the operation of sampling device. Between the meas-
urements of each cuvette, flushing the valves with N2

cleaned the tubes to avoid contamination of the subse-
quent sample with the residual sample. After the first
sampling cycle, the cuvettes were closed by pneumatic
pressure cylinders and remained closed for another four
cycles (96 min). After a complete run of 120 min (24 +
96 min), the cuvettes were opened again to reset and
equilibrate their headspace CH4 concentration with
ambient air.

Rice cultivation and CH4 transport measurements

Wooden frames (25 cm × 30 cm) covered with nylon
mesh were prepared and about 100 healthy seeds of
IR72 (a high-yielding dwarf rice cultivar) and Dular (a
traditional tall cultivar) were uniformly distributed on
the mesh frames. Each mesh frame was floated on a

nutrient culture solution (3 cm deep) in a plastic tray.
As the seedlings grew, the roots passed through the
nylon mesh and were submerged in nutrient culture
solution, whereas the base part and shoots remained
outside the solution. This procedure facilitated uniform
germination of the seeds and growth of seedlings. The
nutrient solution contained 40 mg N L–1 (as NH4NO3),
10 mg P L–1 (as NaH2PO4

.H2O), 40 mg K L–1 (as KCl),
40 mg Ca L–1 (as CaCl2), 40 mg Mg L-1 (as MgCl2), 0.5
mg Mn L–1 (as MnCl2

.4 H2O), 0.05 mg Mo L–1 (as
(NH4)6MoO24

.4 H2O), 0.2 mg B L–1 (as H3BO4), 0.01
mg Zn L–1 (as ZnSO4 .7 H2O), 0.01 mg Cu L–1 (as CuSO4

.

5 H2O), and 0.01 mg Fe L–1 (as FeSO4 .7 H2O + EDTA
in 1 N KOH) and was adjusted at pH 5.5. Potassium
was supplied as KCl instead of K2SO4 and Mg as MgCl2

instead of MgSO4 in order to avoid inhibitory effects
of sulfate on CH4 production (Westermann & Ahring,
1987; Achtnich et al., 1995).

Two weeks after seeding, the plants were trans-
planted individually into plastic pots (16 cm id × 15 cm
length) each lined with a polyethylene bag and filled
with crushed 2.3 kg Maahas clay soil collected from a
rice field of IRRI. The air-dried Maahas clay had pH
6.4, CEC 34.1 cmole kg–1, 19 mg available P kg–1, 15.7
g organic C kg–1 and 1.9 g total N kg–1. Each pot was
irrigated with water maintaining a 5-cm water layer
overlying the soil surface. Fertilizer N (150 kg ha–1) as
urea in three splits was applied as basal, at maximum
tillering, and at flowering.

For MTC measurements, rice plants were taken
out of the pots with the intact soil and plastic bag. The
plastic bag was cut open and the soil around the roots
was washed off with a gentle water spray. This proce-
dure facilitated soil removal without injuring the roots.
An individual plant was placed in the root compart-
ment of each cuvette containing nutrient culture solu-
tion. The shoot compartments were connected to the
root compartments and sealed. The root compartments
were purged with CH4 and the measuring system was
operated for at least three consecutive runs of 120 min
each.

Calculation of CH4 transport rates through rice plants

During each measuring run of 120 min, a linear increase
in the CH4 mixing ratio was usually observed inside
the closed shoot compartment of each cuvette.
Nonlinear results originated from an experimental setup
that was not gas-tight and therefore were discarded. The
CH4 transport rate through the rice plant was calculated
from the slope of the linear increase of the CH4 con-



362

centration [ppmv min-1] in the headspace of the closed
shoot compartments of each cuvette by equations (1)
and (2):

CH4 transport rate (mole CH4 plant–1 min–1) =
CH4 [ppmv min–1]* 10-6 [1 ppmv–1]
* V * 1/(R * T) (1)

CH4 transport rate (mg CH4 plant–1 d–1) =
 (mole CH4 plant–1 min–1) *
16000 [mg CH4 mole–1] * 1440 [min d–1] (2)

where V = total volume of shoot compartment (L), R =
the universal gas constant equal to 0.08205 liter-atm
°K–1 mole–1, and T = measured temperature in Kelvin
scale (°K).

Experiments

Three experiments were conducted (a) to determine the
accuracy of the measuring system for sampling and
analysis of CH4, (b) to test the influence of CH4 con-
centration in rhizosphere solution on CH4 transport by
rice plants, and (c) to measure MTC of the rice plants
of cultivar IR72 at different stages of development.

Accuracy of measuring system for sampling and
analysis of CH4. The precision of the automated sys-
tem in sampling the headspace of shoot chamber and
analysis of CH4 was tested in two ways. The cuvettes
were installed without enclosing a rice plant and nutri-
ent culture solution. Treatments, in triplicate, included
(A) ambient air, (B) 10 ppm CH4, (C) 580 ppm CH4,
and (D) continuous flushing with 580 ppm CH4 for 360
min. In treatments B and C, the air space in the cuvettes
was flushed for 5 min with 10 and 580 ppm CH4, re-
spectively, and then the cuvettes were closed. In treat-
ment D, cuvettes were flushed with 580 ppm CH4 con-
tinuously during the period of testing. The measuring
system was then operated for three conjunctive runs
(360 min) and CH4 concentration was measured. Si-
multaneously, air samples were drawn manually from
the shoot chamber of cuvettes with airtight syringes and
analyzed on the GC for CH4 concentration.

Influence of CH4 concentration on CH4 transport
by the rice plants. To study the relationship between
CH4 emission rate of rice plants and CH4 concentration
in soil water surrounding the plant roots, nutrient cul-
ture solution was purged with ambient air containing
(A) 1.8 ppm CH4, (B) 2,500 ppm Ch4, (C) 5,000 ppm

CH4, (D) 7,500 ppm CH4, and (E) 10,000 ppm CH4.
Treatment F with 10,000 ppm CH4 without plant was
included to check the scaling between the root com-
partment and the shoot compartment. Plants of IR72
and Dular cultivars at panicle initiation stage were cho-
sen for this experiment because a preliminary experi-
ment indicated maximum MTC of plants at this stage.
In treatments B to F, nutrient culture solution in the
root chamber was saturated with CH4 by bubbling CH4

of different concentrations as per treatment at flow rate
of 2 L min–1 continuously during the course of the ex-
periment. Nouchi and Mariko (1993) found that the rate
of CH4 emission by plants began to increase within 10
min and reached maximum values within 25-40 min
after the start of bubbling CH4 through the culture so-
lution. Our preliminary experiments with bubbling CH4

of a particular concentration at 2 L min–1 flow rate
showed that a period of 40-50 min was sufficient to
create an equilibrium between CH4 in culture solution
and CH4 emitted by plants. Therefore, before initiating
actual measurements, the culture solution was purged
with CH4 of a particular concentration for 1 h. The
measuring system was then operated for three conjunc-
tive runs (3 × 120 min) and CH4 concentrations in the
shoot-compartments were measured. All treatments
were performed in three replicates with three different
plants.

Methane  transport capacity of rice at different
stages of plant development. Methane transport capac-
ity of rice plants of IR72 was studied at six stages of
development—i.e., seedling, early tillering, maximum
tillering, panicle initiation, flowering, and maturity. At
each growth stage, three plants were enclosed in
cuvettes with nutrient culture solution. Culture solu-
tion was purged with 10,000 ppm CH4 gas 1 h before
and continuously during the actual MTC measurements.
The measuring system was operated for three conjunc-
tive runs (360 min) and CH4 concentration was meas-
ured.

Statistical analysis

The data presented are means + standard deviation of
three different plants with each plant analyzed in tripli-
cate. Statistical analysis of experimental data was ac-
complished by standard analysis of variance in com-
pletely randomized design (Cochran & Cox, 1950) us-
ing IRRISTAT statistical software (Bartolome et al.,
1999). Mean separation for different treatments in each
experiment was performed using the least significant
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difference (LSD) test for significance at the 0.05 level
of probability.

Results and discussion

Accuracy of the measuring system for sampling and
analysis of CH4

The precision of the automated sampling and analysis
system was tested by filling the cuvettes with ambient
air, 10 or 580 ppm CH4, or by continuously flushing
the cuvettes with 580 ppm CH4 for 360 min. Fluctua-
tions in CH4 sampling and analysis by the automated
system ranged from negligible to 11% over a period of
360 min (Figure 3). Relatively higher deviations were
associated with the analysis of low concentration of 10
ppm CH4, presumably due to the very wide range of
CH4 concentrations tested. The CH4 concentrations
measured from one-time addition of 580 ppm CH4 and
continuous flushing with 580 ppm CH4 for 360 min
were comparable with deviations within + 5%. The CH4

concentrations measured by the automated system dif-
fered from samples collected manually from the same
treatments with airtight syringes by less than 5% (data

not shown). These results confirm that the system was
reliable in sampling the headspace air of the upper
cuvettes and analysis of CH4 in these samples.

Influence of CH4 concentration on CH4 transport by
rice plants

Methane concentration in the shoot compartment of the
cuvettes closed without a plant did not increase over a
period of 360 min despite continuous purging of cul-
ture solution in the root compartment with 10,000 ppm
CH4 (Figure 4). On the other hand, a linear increase in
the CH4 concentration of the shoot compartment was
observed when a rice plant was included in the cuvette.
Nouchi (1994) observed unavoidable leakage of CH4

through gaps between the rice plant and the modeling
clay. In the present study, after sealing the two com-
partments from each other with modeling clay, the case
of the connector between the compartments was filled
with agar-agar jelly and, in addition, a 3-cm water trap
was provided. This method ensured perfect sealing.

Figure 5 shows the CH4 transported by IR72 and
Dular cultivars purged with four concentrations of CH4

in the root compartment. There was a linear relation-

Figure 3. Fluctuations in CH4 concentration measured by the
automated system. Cuvettes were filled with ambient air, 10 or 580
ppm CH4 at zero time, or were continuously flushed with 580 ppm
CH4 for 360 min. The deviation in % of the respective CH4

standard added into the cuvette is shown
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ship between the amount of CH4 transported by the
plants and the concentration of purging CH4 up to 7,500
ppm. Further increase in CH4 concentration to 10,000
ppm did not affect CH4 transport through the rice plants,
suggesting that maximum transport of CH4 was reached
at 7,500 ppm. This finding illustrates that a CH4 con-
centration of 10,000 ppm in the purging gas is adequate
to determine the maximum CH4 transport through the
plants, irrespective of rice cultivar.

Methane transport capacity of rice plants at different
physiological growth stages

The MTC of IR72 plants was determined at six growth
stages using 10,000 ppm CH4 for purging the
rhizosphere solution. At the seedling stage (plant age
25 d), MTC was lowest with mean values of 8 + 1 mg
CH4 plant-1 d-1; it increased by a factor of about 6 and 8
at the early tillering stage (35 d old) and maximum
tillering (50 d old), respectively (Figure 6). Plants at

panicle initiation (60 d old) showed maximum MTC
(120 mg CH4 plant-1 d-1), and further growth to the flow-
ering stage (80 d old) did not change the MTC. How-
ever, there was a significant decrease in MTC at matu-
rity. In an earlier study, using manual gas collection,
Butterbach-Bahl et al. (1997) also observed a substan-
tial increase in MTC of rice plants of two Italian varie-
ties (Lido and Roma) from young seedlings with an
age of 22 d to an age between 35 and 40 d and no fur-
ther increase during subsequent growth until 60 d of
plant age. The authors did not report a marked decrease
in MTC at maturity as observed in the present study
with plants of IR72.

The MTC of 120 mg CH4 plant–1 d–1 observed at
panicle initiation in our study corresponds to 4,500 mg
CH4 m–2 d–1: 1.5 (plants hill–1) × 25 (hills m–2) × 120
(mg CH4 plant–1 d–1). The density factor of 1.5 plants
hill–1 was calculated from the difference between shoot
biomass of 2 plants hill–1 of IR72 grown in the field
during the same season on the same soil and a single
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plant grown in an individual pot in the greenhouse
(based on 10 random replicated measurements). The
density of 25 hills m–2 is based on a commonly fol-
lowed 20- × 20-cm plant spacing under field condi-
tions. The highest CH4 emission rates reported from
field studies conducted with organic inputs ranged from
about 1,300 mg CH4 m–2 d–1 (Buendia et al., 1997), 2,000
mg CH4 m–2 d–1 (Denier van der Gon & Neue, 1995)
and 3,100 mg CH4 m–2 d–1 (Wassmann et al., 2000).
The results of the present study suggest that the rice
plants have 45–246% greater potential to transport CH4

than the highest emission rates observed under field
conditions. Furthermore, plants would not emit CH4 at
early growth and, to a reduced extent, close to ripen-
ing. If CH4 is produced at a high rate during early growth
of the rice crop, as often found in fields treated with
crop residues or green manure, CH4 will have to move
to the atmosphere through other pathways, such as
molecular diffusion across the water-air interfaces or
release of gas bubbles. This observation is consistent
with the findings of earlier field studies (Schütz et al.,
1989; Wassmann et al., 1996) showing CH4 emission
mainly by bubbling during the first few weeks after
transplanting. However, keeping in view the enormous
genotypic and phenotypic variations among different
rice cultivars, more detailed investigations are needed
to assess the role of plant-mediated transport of CH4 in
CH4 emissions from rice agriculture, e.g., by analysis
of commonly used and new high-yielding cultivars. The
automated measuring system developed and used for
analyzing MTC of cultivar IR72 in this study was
proven to be a useful tool for such an approach.
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Abstract

Of the total methane (CH4) emitted from a rice field during the growing season, 60-90% is emitted through the
rice plants. We determined the methane transport capacity (MTC) of rice plants at different physiological growth
stages using an automatic measuring system under greenhouse conditions. A total of 12 cultivars (10 inbred vari-
eties and 2 hybrids) were studied in sets of two experiments and was distinguished into three groups according to
the patterns of MTC development. MTC is generally increasing from seedling stage to panicle initiation (PI), but
differs in the development from PI to maturity. While the hybrid showed a gradual increase in MTC, the inbred
cultivars showed either minor changes in MTC or a drastic decrease from flowering to maturity. Among tall
cultivars, Dular showed the highest MTC, followed by B40; the lowest MTC was found in Intan. High-yielding
dwarf cultivars showed MTC in the descending order of IR72 > IR52 > IR64 > PSBRc 20. New plant type
cultivars showed very low MTC with IR65600 exhibiting the smallest MTC at PI, flowering, and maturity. Hy-
brids (Magat and APHR 2) showed the largest MTC that continued to increase with plant growth. The MTC
patterns were attributed to growth parameters and the development of morphological characteristics of the
aerenchyma. These results suggest that in tall, dwarf, and NPT cultivars, increase in root or aboveground biomass
during initial growth determines a corresponding increase in MTC. Once aerenchyma has fully developed, further
increase in plant biomass would not influence MTC. However, in the case of hybrids, a positive relationship of
MTC with root + shoot biomass (r = 0.672, p ≥ 0.05) and a total plant biomass including grain (r = 0.849, p ≥ 0.01)
indicate continuous development of aerenchyma with plant growth, resulting in enhanced MTC. In all cultivars,
tiller number, but not height, was linearly related to MTC, indicating that the number of outlets/channels rather
than plant size/biomass determines the transport of CH4. These results clearly demonstrate that rice cultivars differ
significantly in MTC. Therefore, the use of high-yielding cultivars with low MTC (for example, PSBRc 20, IR65598,
and IR65600) could be an economically feasible, environmentally sound, and promising approach to mitigate CH4

emissions from rice fields.
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Introduction

Methane (CH4) is one of the main greenhouse gases,
accounting for about 19% of the direct radiative forces
of climate, with atmospheric concentrations increasing
at a current rate of about 8 ppbv yr-1 (IPCC, 1995). Since
this increase is expected to alter the earth’s climate, there
is a growing interest in the sources and sinks of CH4

and in the development of mitigation options. Rice cul-
tivation is one of the most important sources of atmos-
pheric CH4 with a global emission ranging from 20 to
150 Tg CH4 yr-1 according to IPCC (1992) and 30 to 50
Tg CH4 yr-1 according to recent estimates (Neue & Sass,
1998). Increased land use for rice cultivation and mul-
tiple cropping have increased the strength of this source
of atmospheric CH4 during the last century. In view of
the future rice demand for feeding the increasing world
population, the traits of high-yielding rice cultivars will
further affect the CH4 source strength of rice cultiva-
tion. Therefore, the high contribution of rice cultiva-
tion to the global CH4 budget demands strategies to re-
duce CH4 emissions from rice fields.

Of the total CH4 emitted from a rice field during
the growing season, 60–90% is emitted through the rice
plants (Cicerone & Shetter, 1981; Holzapfel-Pschorn
& Seiler, 1986; Holzapfel-Pschorn et al., 1986;
Wassmann et al., 1996; Wassmann & Aulakh, 2000).
Field studies from China (Lin, 1993; Kesheng & Zhen,
1997), India (Adhya et al., 1994; Shalini et al., 1997;
Mitra et al., 1999), Italy (Butterbach-Bahl et al., 1997),
Japan (Watanabe et al., 1995), and Texas, USA (Sigren
et al., 1997) have indicated substantial differences in
the rate of CH4 emission between different rice cultivars.
These differences in CH4 flux rates could be attributed
to differences in CH4 production, oxidation, and gas
transport capacities of different cultivars. Comparative
studies on different rice cultivars are therefore crucial
for the development of mitigation options. One prom-
ising strategy to reduce CH4 emissions from rice fields,
for example, could be to select and grow high-yielding
rice cultivars with a reduced CH4 transport capacity
(MTC). Considering the enormous genotypic and
phenotypic variations in the genus Oryza (Leon &
Carpena, 1995) that comprises approximately 80,000
known cultivars, a thorough understanding of the
mechanisms involved in CH4 production, oxidation, and
gas transport capacities would help in the selection and
breeding for the traits of high yield and low CH4 emis-
sion potential.

We developed an automated system for accurate
sampling of headspace air of cylindrical cuvettes each
enclosing individual rice plants that enables the rapid
and fully automated analysis of CH4 in the air samples
(Aulakh et al., 1999). The present study was undertaken
(a) to determine the MTC of 12 cultivars (10 inbred
varieties and 2 hybrids) at different growth stages us-
ing this automatic system, (b) to identify cultivars with
low MTC, and (c) to investigate the relationships be-
tween MTC of the rice plants and growth parameters
or morphological characteristics.

Materials and methods

A detailed description of the fully automated measur-
ing system that was used for determining the MTC of
rice plants and the procedure for MTC measurements
are reported in an accompanying paper (Aulakh et al.,
1999).

Methane transport measurements of rice plants during
vegetative growth

A first set of experiments was conducted in the green-
house of the Fraunhofer Institute for Atmospheric En-
vironmental Research (IFU) at Garmisch-
Partenkirchen, Germany, with seven rice cultivars se-
lected from four categories: (a) traditional tall cultivars
(Dular, B40, and Intan), (b) high-yielding dwarf
cultivars developed by the International Rice Research
Institute (IRRI), Los Banos, Philippines (IR72 and
IR64), (c) a new plant type (NPT) from IRRI (IR65597),
and (d) a hybrid from IRRI (Magat). Seeds were sown
on a framed nylon mesh that was floated on a nutrient
culture solution (3 cm deep) in a plastic tray. The nutri-
ent solution contained 40 mg N L-1 (as NH4NO3), 10
mg P L-1 (as NaH2PO4

.H2O), 40 mg K L-1 (as KCl), 40
mg Ca L-1 (as CaCl2), 40 mg Mg L-1 (as MgCl2), 0.5 mg
Mn L-1 (as MnCl2

.4H2O), 0.05 mg Mo L-1 [(as
(NH4)6MoO24

.4H2O)], 0.2 mg B L-1 (as H3BO4), 0.01
mg Zn L-1 (as ZnSO4

.7H2O), 0.01 mg Cu L-1 (as
CuSO4

.5H2O), and 0.01 mg Fe L-1 (as FeSO4 7H2O +
EDTA in 1 N KOH) and was adjusted at pH 5.5. Two
weeks after seeding, the plants were transplanted indi-
vidually into plastic pots (16 cm id × 15 cm length)
each lined with a polyethylene bag and filled with
crushed 2.3 kg soil collected from rice fields of the Ital-
ian Rice Research Institute in Vercelli, Italy. The soil
was a sandy loam and had a pH 6.0, 13.5 g organic C
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kg-1, and 1.5 g total N kg-1. Each pot was irrigated with
water maintaining a 5-cm water layer overlying the soil
surface. Fertilizer N (150 kg N ha-1) as urea in three
splits was applied as basal, at maximum tillering, and
flowering. Four physiological growth stages—seedling,
early tillering, maximum tillering, and panicle initia-
tion (PI)—were selected for measuring MTC of the rice
plants by a procedure reported by Aulakh et al. (2000).
After enclosing individual plants in cylindrical cuvettes,
the nutrient culture solution in the root compartment
was purged with 10,000 ppm CH4 1 h prior to and con-
tinuously during the MTC measurements. The auto-
mated system was operated for three conjunctive runs
(360 min) for MTC measurements. At the end of each
MTC measurement, the plants were divided into roots
and shoots (aboveground portions) and dried in an oven
at 110 °C for biomass determination.

Methane transport measurements of rice plants during
reproduction and maturity

In a second set of experiments in the IRRI greenhouse
at Los Banos, Philippines, 10 cultivars were selected
from four categories: (a) traditional tall cultivars (Dular,
B40, and Intan), (b) high-yielding dwarf cultivars from
the Philippines (PSBRc 20) and IRRI (IR72, IR52, and
IR64), (c) NPT cultivars (IR65598 and IR65600), and
(d) a hybrid from India (APHR 2). Maahas clay soil
collected from a rice field of IRRI was used for the
experiment. The air-dried Maahas clay had a pH 6.4,
15.7 g organic C kg-1, and 1.9 g total N kg-1. Following
the procedure explained above, MTC was studied at
three reproductive growth stages starting with PI
through flowering and maturity. At the end of each MTC
measurement, developed and underdeveloped tillers
were counted and tiller height was measured using
methods by Gomez (1972). Developed tillers are de-
fined as the tallest tillers that were productive at the
end. Underdeveloped tillers comprise remaining tillers
having variable height and were often unproductive.
Tiller height is the distance from ground level to the tip
of the tallest leaf (at vegetative growth stages) or of the
highest panicle (at maturity). Mean height of developed
and underdeveloped tillers in each plant was then cal-
culated. Biomass of roots, shoots, and grains (at matu-
rity only) was determined after drying the samples in
an oven at 110 °C for 3 d.

To test further the relationship between tiller
number and MTC, plants from B40 and IR72 cultivars
with 4, 6, and 8 developed tillers were selected at PI
for MTC measurement.

Statistical analysis

The data presented are means + standard deviation (SD)
of three different plants with each plant analyzed in trip-
licate. Statistical analysis of experimental data was ac-
complished by standard analysis of variance in com-
pletely randomized design (Cochran & Cox, 1950) us-
ing IRRISTAT statistical software (Bartolome et al.,
1999). Mean separation for different treatments in each
experiment was performed using the least significant
difference (LSD) test for significance at the 0.05 level
of probability. Correlation coefficients (r values) be-
tween MTC and different growth parameters (root,
shoot, grain biomass) and morphological characteris-
tics (tiller number and height) were calculated.

Results and discussion

Effect of physiological growth stage on CH4 transport
capacity

The MTC of seven rice cultivars during vegetative
growth (seedling to PI) are summarized in Table 1. In
general, MTC was lowest at the seedling stage (plant
age 25-27 d), with mean values ranging between 2 mg
CH4 plant-1 d-1 (Dular) and 15 mg CH4 plant-1 d-1

(IR65597). At early tillering stage (2 wk later), MTC
increased by a factor of about 5 in B40 (tall), 16 in
IR64 (high-yielding dwarf), and 14 in Magat (hybrid).
Measurements at maximum tillering and PI indicated
insignificant differences in MTC of B40 but a continu-
ous increase in IR64 and Magat. In an earlier study us-
ing a manual gas collection method, Butterbach-Bahl
et al. (1997) observed a substantial increase in MTC of
rice plants of two Italian varieties (Lido and Roma) from
young seedlings (from 22 d of age to between 35 and
40 d) and no further increase during subsequent growth
until 60 d of plant age. Aulakh et al. (2000), using an
automated system, reported the lowest MTC in plants
of cultivar IR72 at the seedling stage and a predomi-
nant increase in MTC with increasing plant growth until
PI, no further change at flowering, but a marked de-
crease at maturity. The results of this experiment re-
vealed  that MTC is generally increasing from seedling
stage to PI.

In a second set of experiments, the MTC of 10
rice cultivars was determined during reproductive stage
and maturity (ripening stage). The results for tall, dwarf,
NPT and hybrid plants are presented in Figure 1. Among
tall cultivars, Dular showed the highest MTC, followed
by B40; the lowest MTC was found in Intan. High-
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yielding cultivars showed MTC in the descending or-
der of IR72 > IR52 > IR64 > PSBRc 20. NPT cultivars
showed very low MTC, with IR65600 having the small-
est value at all three stages (PI, flowering, and matu-
rity) studied. Interestingly, hybrid APHR 2 showed very
high MTC as did hybrid Magat in the first set of ex-
periments. The low MTC of NPT cultivars explains the
lower amounts of CH4 emitted by IR65598 as compared
with those of Dular and IR72 throughout the growing
season in an earlier study of Wang et al. (1997).

The variability in MTC between the different rep-
licates of the same variety at the same growth stage
ranged from 6% observed in Intan up to more than 100%
in Dular at the seedling stage (Table 1) and from 3%
(IR65598) to 35% (Dular) at maturity stage (Figure 1).
In general, the variability among replicates of each
cultivar was high at the early growth stage when MTC
values were minimum, but it decreased with plant
growth. Part of the variability in MTC between the dif-
ferent replicates could be due to the sensitivity of the
automated measuring system that showed + 5 % devia-
tion in analysis (Aulakh et al., 2000). Despite plant-
specific variations, the present results show significant
differences in MTC between individual cultivars at a
given growth stage. However, no uniform developmen-
tal pattern of differences in MTC could be observed.

For example, IR65597, which showed the largest MTC
at the seedling stage, was only at position 3 at maxi-
mum tillering and at PI out of the seven cultivars tested.
On the other hand, Magat, which had a very small MTC
at the seedling stage, showed the largest MTC at PI, 3–
8 times higher than those of the six other cultivars.

Based on the results of both sets of experiments,
the patterns of MTC development with plant growth
could be divided into three types. All cultivars showed
an increase in MTC from seedling to PI but differed in
the succeeding growth stages until maturity. Only the
hybrid (APHR2) showed a gradual increase in MTC.
The inbred varieties showed either minor changes in
MTC (Intan, PSBRc20, IR65600) or a drastic decrease
(2-4 times) from flowering to maturity (Dular, B40,
IR72, IR52, IR64, IR65598). The decrease in MTC at
maturity in eight out of nine inbred cultivars may be
due to dying of root cells, root-stem intersection (base)
and tillers that caused the aerenchyma to collapse, con-
sequently the aerenchyma channels were blocked. On
the other hand, a continuous increase in MTC with plant
growth in the hybrids studied may be due to the simul-
taneous development of the aerenchyma. These assump-
tions, however, need to be tested by microscopic analy-
sis of aerenchyma sections and measurement of the
aerenchyma areas.

Effect of growth parameters on CH4 transport capacity

The growth parameters of the 10 cultivars tested (Ta-
ble 2) revealed large differences among cultivars. Dur-
ing vegetative growth (seedling to PI), a strong corre-
lation was found between MTC and plant root or total
plant biomass in all the cultivars studied, but the nature
of this relationship varied among cultivars (Figure 2).
For instance, Magat showed a linear relationship be-
tween MTC and plant biomass, whereas B40 and IR64
exhibited a logarithmic relationship. On the other hand,
increase in root and shoot biomass during the repro-
ductive period and maturity (Table 2) did not affect
MTC as evident from the very poor correlations in all
cultivars except hybrid APHR 2 (Table 3). Combining
the biomass of root, shoot, and grain resulted in a nega-
tive relationship that was significant in five out of nine
cultivars. These results suggest that in tall, dwarf, and
NPT cultivars, the increase in root or aboveground
biomass during initial growth would determine the cor-
responding increase in MTC. Once aerenchyma has
fully developed, further increase in plant biomass does
not affect MTC. The positive correlation between

Table 1. Methane transport capacity (mg CH4 plant-1 d-1) of rice
plants of traditional tall cultivars (Dular, B40,, and Intan), high-
yielding dwarf cultivars (IR72 and IR64), new plant type cultivar
(IR65597), and a hybrid (Magat) at seedling to panicle initiation
growth stagesa

Growth stage
Cultivar

Seedling Early tillering Maximum Panicle
tillering initiation

Dular   2 ±   2 b       c     9 ±   2   66 ± 2
Intan   7 ±   0       c   20 ±   6   30 ± 8
B40 14 ± 10 65 ± 10   80 ± 10   88 ± 6
IR64   4 ±   2 69 ±   3   68 ±   3 101 ± 6
IR72   7 ±   5       c   54 ± 10 102 ± 4
IR65597 15 ±   4       c   33 ±   8   70 ± 7
Magat   3 ±   1 42 ±   8 137 ± 10 252 ± 9

    Overall LSD (0.05) 22

aMTC of plants grown under greenhouse conditions were studied with a fully
automated measuring system applying the closed chamber technique. The cham-
ber was divided into a shoot and a root compartment. The root compartment
was purged with CH4 and accumulation of CH4 in the shoot compartment was
determined. bStandard deviation. cMeasurements were not made
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Figure 1. Methane transport capacity (MTC) of (a) traditional tall cultivars (Dular, B40, and Intan), (b) high-yielding dwarf cultivars (IR72,
IR52, IR64, and PSBRc 20), (c) new plant type cultivars (IR65598 and IR65600) and a hybrid (APHR 2) at three growth stages during
reproductive period. Data shown are means + SD of three replicate plants each measured in triplicate. Different small letters indicate
significant differences between growth stages (p > 0.05). Different capital letters indicate significant differences between cultivars with a
particular growth stage (p > 0.05). MTC determined as outlined in Table 1
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Figure 2. Relationship between plant biomass and CH
4
 transport

capacity (MTC) of B40 (tall), IR64 (high-yielding dwarf), and
Magat (hybrid) rice cultivars (composite data from four growth
stages). MTC determined as outlined in Table 1

aboveground biomass and CH4 emission by rice plants
observed under field conditions (Sass et al., 1991;
Shalini et al., 1997) may be due to the increase in MTC
of plants during the early vegetative growth and possi-
bly determined by plant-derived CH4 production dur-
ing later growth (Minoda & Kimura, 1994; Wang et
al., 1997).

In the case of the hybrids APHR 2 and Magat, a
strong positive relationship between MTC and root +
shoot biomass (r =0.672, p > 0.05) and total plant
biomass including grain (r =0.849, p > 0.01) was ob-
served. It may therefore be concluded that radial de-
velopment of aerenchyma continues with plant growth
in these hybrids, resulting in enhanced MTC.

Effect of morphological characteristics on CH4

transport capacity

The number of fully developed tillers was largest in
APHR 2, medium in traditional tall and dwarf cultivars,
and lowest in NPT cultivars (Table 2). Traditional
cultivars were tallest (124-136 cm), whereas the tiller
height of all other cultivars ranged from 77 to 95 cm at
maturity. The number of developed tillers at three
growth stages (PI, flowering, and maturity) showed a

significantly positive relationship with MTC (p > 0.05)
in all 10 cultivars with r values ranging from 0.690 to
0.763 (Table 3). Underdeveloped tillers, which keep on
emerging at different times during plant growth and
often end up unproductive, failed to show any relation-
ship with MTC in any of the cultivars including APHR
2. Consequently, the combined number of developed
and underdeveloped tillers did not exhibit a significant
relationship with MTC in all cultivars. When data from
different cultivars were pooled in terms of tall, dwarf,
or NPT plants, the relationship between tiller number
and MTC was insignificant, indicating that each cultivar
has its own typical size and pattern of aerenchyma for-
mation that develops as plant growth proceeds.

MTC measurements of plants from B40 and IR72
cultivars with four, six, and eight tillers at PI (Figure 3)
further showed that the influence of tiller density on
MTC is not only due to radial growth. It is presumably
due to the proportional enhancement in channels/out-
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Figure 3. Methane transport capacity (MTC) of plants of B40 (tall)
and IR72 (high-yielding dwarf) rice cultivars with different tiller
number at panicle initiation. Data shown are means + SD of three
replicate plants each measured in triplicate. Different small letters
indicate significant differences between tillers (p > 0.05). Different
capital letters indicate significant differences between cultivars with
a particular tiller number (p > 0.05). MTC was determined as out-
lined in Table 1
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Table 2. Growth parameters and morphological characteristics of traditional tall cultivars (Dular, B40, and Intan), high-yielding dwarf
cultivars (IR72, IR52, IR64, and PSBRc 20), new plant type cultivars (IR65598 and IR65600), and a hybrid (APHR2) at panicle initiation
(PI), flowering (Fl) and maturity (Mt)

Cultivar Growth Root Shoot Grain Developed Under- Developed Under-
stage biomass biomass yield tillers developed tiller developed

(g plant–1) (g plant–1) (g plant–1) (no. plant–1)  tillers height tiller height
(no. plant–1) (cm)  (cm)

Dular PI 5.2 ± 0.9a 12.9 ± 1.2 - 5.3 ± 1.2 2.3 ± 0.6 115 ± 4 68 ± 25
Fl 5.6 ± 1.4 18.0 ± 1.9 - 6.3 ± 0.6 1.3 ± 0.6 123 ± 0 71 ± 15
Mt 6.1 ± 1.2 16.4 ± 2.3 13.8 ± 0.8 4.7 ± 0.6 2.0 ± 0.0 125 ± 7 86 ±   5

Intan PI 13.5 ± 2.6 12.6 ± 0.3 - 9.3 ± 1.5 2.3 ± 1.5 93 ± 7 53 ±   2
Fl 15.2 ± 3.7 26.4 ± 1.1 - 7.0 ± 2.6 2.0 ± 0.0 124 ± 1 78 ±   0
Mt 15.9 ± 1.0 34.4 ± 1.3 18.3 ± 0.8 6.7 ± 1.5 0.0 ± 0.0 136 ± 9 111 ±   6

B40 PI 3.2 ± 1.1 12.6 ± 0.7 - 6.0 ± 1.0 2.3 ± 0.6 101 ± 9 53 ±   8
Fl 4.6 ± 0.6 18.9 ± 0.9 - 7.0 ± 1.0 1.3 ± 0.6 121 ± 2 59 ±   9
Mt 4.8 ± 0.7 17.5 ± 1.3 12.1 ± 1.3 5.3 ± 1.2 1.7 ± 0.6 124 ± 2 68 ±   7

IR72 PI 5.4 ± 2.0 10.5 ± 1.2 - 7.0 ± 1.0 2.3 ± 0.6 74 ± 4 48 ±   1
Fl 7.1 ± 1.9 24.7 ± 2.3 - 6.3 ± 1.5 2.3 ± 1.5 91 ± 4 63 ±   7
Mt 7.0 ± 1.0 16.7 ± 2.2 16.9 ± 1.0 5.0 ± 1.0 2.7 ± 0.6 87 ± 1 65 ±   3

IR52 PI 6.7 ± 1.4 10.9 ± 2.1 - 7.0 ± 1.0 3.7 ± 0.6 74 ± 2 50 +   2
Fl 6.3 ± 0.5 21.5 ± 3.6 - 6.7 ± 1.2 1.7 ± 0.6 94 ± 3 52 +   2
Mt 6.1 ± 1.5 14.9 ±0.6 13.0 ± 2.2 6.0 ± 0.0 2.3 ± 0.6 91 ± 4 55 +   8

IR64 PI 5.9 ± 0.5 10.3 ± 0.6 - 8.7 ± 1.2 2.0 ± 1.0 69 ± 1 42 +   7
Fl 7.5 ± 2.8 22.2 ± 0.9 - 8.0 ± 1.7 2.0 ± 1.7 87 ± 1 52 +   7
Mt 7.6 ± 1.3 16.3 ± 1.7 14.6 ± 1.8 6.3 ± 1.5 2.7 ± 1.2 82 ± 4 59 +   9

PSBRc20 PI 3.2 ± 1.5 7.2 ± 0.8 - 7.0 ± 1.0 2.7 ± 0.6 75 ± 7 44 +   5
Fl 5.6 ± 0.4 19.9 ± 1.1 - 5.7 ± 1.5 1.7 ± 0.6 87 ± 2 62 + 10
Mt 4.8 ± 0.2 11.9 ± 0.8 13.9 ± 1.7 5.7 ± 0.6 1.0 ± 1.0 85 ± 5 56 +   7

IR65598 PI 4.7 ± 0.5 8.2 ± 1.8 - 3.5 ± 2.1 1.5 ± 0.7 74 ± 0 53 +   8
Fl 6.1 ± 0.8 15.3 ± 2.8 - 3.7 + 1.5 0.0 ± 0.0 89 ± 1 0 +   0
Mt 5.4 ± 0.4 13.5 ± 2.8 13.9 ± 1.7 3.3 ± 0.6 0.3 ± 0.6 93 ± 3 60 +   0

IR65600 PI 3.2 ± 0.5 7.7 + 0.5 - 4.7 ± 1.5 3.3 ± 0.6 80 ± 3 45 +   4
Fl 7.0 ± 0.4 22.5 ± 3.6 - 4.7 ± 1.2 0.7 ± 0.6 94 ± 2 60 +   0
Mt 9.5 ± 3.0 21.0 ± 2.9 10.0 ± 1.1 4.0 ± 0.0 0.3 ± 0.6 95 ± 2 78 +   0

APHR2 PI 5.1 ± 0.8 12.3  ± 2.6 - 8.3 ± 2.1 6.7 ± 1.2 62 ± 2 51 +   1
Fl 6.4 ± 1.6 14.7 ± 6.4 - 11.7 ± 1.5 4.0 ± 3.5 72 ± 1 55 +   0
Mt 6.3 ± 0.5 16.3 ± 0.9 18.3 ± 2.3 12.3 ± 5.9 4.7 ± 1.5 77 ± 1 55 +   5

    LSD (0.05) 1.4 2.1 2.3 1.3 1.0 4 18

aStandard deviation.
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Table 3. Correlation coefficients of CH4 transport capacity of rice plants of traditional tall cultivars (Dular, B40, and Intan), high-yielding dwarf
cultivars (IR72, IR52, IR64, and PSBRc 20), new plant type cultivars (IR65598 and IR65600), and a hybrid (APHR2) with growth parameters
and morphological characteristics

Cultivar Root Shoot Root + Root + shoot Developed Under- Total Developed Under-
biomass biomass shoot + grain tiller developed tiller tiller developed

biomass biomass number tiller number number height tiller height

Dulara -0.125 -0.122 -0.172 -0.857b 0.749c -0.127  0.611 -0.359 -0.614
Intan  0.348 -0.083  0.008 -0.110 0.718c -0.068  0.519 -0.001 -0.355
B40 -0.128 -0.037 -0.064 -0.715c 0.763c -0.073  0.798c -0.399 -0.364
Pooledd -0.397c -0.287 -0.368a -0.549b 0.092  0.046  0.106 -0.108 -0.144

IR72 -0.007  0.039  0.032 -0.700c 0.747c -0.028  0.549 -0.325 -0.452
IR52  0.250  0.089  0.140 -0.691c 0.713c  0.156  0.542 -0.333 -0.359
IR64 -0.083 -0.050 -0.067 -0.745c 0.690c -0.097  0.466 -0.243 -0.506
PSBRc20  0.238  0.147  0.170 -0.304 0.751c  0.108  0.580  0.103  0.282
Pooled  0.312  0.212  0.260 -0.255 0.439b  0.165  0.416c -0.167  0.062

IR65598  0.240 -0.189 -0.129 -0.653 0.716c  0.215  0.68c -0.584 -0.085
IR65600  0.167 -0.101 -0.022  0.075 0.744c -0.200  0.230  0.092 -0.570
Pooled -0.086 -0.337 -0.282 -0.391 0.215 -0.234 -0.026 -0.479 -0.336

APHR 2  0.322  0.652  0.672c  0.849b 0.738c -0.037  0.701c  0.723c  0.160

a In each cultivar, data for panicle initiation, flowering, and maturity were used (n = 9 plants). b Significant at 0.01 probability level. c Significant at 0.05 probability
level. d Pooled data from each category of cultivars (n = 36, 36, and 18 plants for tall, high-yielding dwarf, and new plant type cultivars, respectively)

lets of aerenchyma for the upstream transport of CH4

from the base to the sites of release to the atmosphere.
In an earlier field study, Watanabe et al. (1995) could
not find any relationship between CH4 emission rates
and tiller number. However, under greenhouse condi-
tions with constant supply of CH4 to plant roots, Wang
et al. (1997) reported that tiller number is positively
related to CH4 emission rates. The present results show
that tiller number can become a major controlling fac-
tor of plant-mediated CH4 transport in widely different
cultivars. Therefore, plants with less number of tillers
would minimize CH4 emission from the soil to the at-
mosphere. For example, NPT cultivars that had the
minimum number of tillers, a high proportion of pro-
ductive tillers, large panicles on each tiller, and strong
stems exhibited low MTC.

Tiller height showed neither relationship nor
negative nonsignificant relationship with MTC in all
cultivars except APHR 2 (Table 3). Underdeveloped
tiller height also did not show any significant relation-
ship with MTC in all cultivars. These observations are
consistent with earlier findings of no correlation be-
tween CH4 emission rates and shoot length (Watanabe
et al., 1995). The significantly positive relationship
between developed tiller height and MTC in APHR 2
may suggest a proportionally enhanced continuity of
aerenchyma channels with increasing plant height in

this cultivar. At maturity, hybrid plants were very sturdy
and upright, whereas plants of other cultivars exhib-
ited weak and bent shapes. Further investigations, such
as a study of anatomical appearance of pattern and dis-
tribution of aerenchyma in different parts of rice plants
and microscopic analysis including measurement of
aerenchyma areas are needed to enhance our under-
standing of the differences in aerenchyma development
in different cultivars.

In summary, there are large differences in MTC
of rice plants during different growth stages and among
cultivars. Root and aboveground biomass determines
MTC during initial vegetative growth in all cultivars,
except in hybrids where it is directly related to growth
during the entire plant development. Tiller number is a
major controlling factor of plant-mediated CH4 trans-
port rates in widely different cultivars. Therefore, plants
with less biomass and fewer tillers could minimize CH4

emission. Identification of these plant traits could help
efforts in breeding for high-yielding rice plants with
low CH4 emission potential. For example, cultivation
of NPT cultivars that have the minimum tiller number,
higher proportion of productive tillers and larger pani-
cles (more grains) on each tiller, and that can transport
less amounts of CH4 seems to be an an economically
feasible, environmentally sound, and promising ap-
proach to mitigate CH4 emissions from rice fields.
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Abstract

The influence of six nitrification inhibitors (NI) on CH4 production in an alluvial soil under flooded condition was
studied in a laboratory incubation experiment. The inhibition of CH4 production followed the order of sodium
azide > dicyandiamide (DCD) > pyridine > aminopurine > ammonium thiosulfate > thiourea. Inhibition of CH4

production in DCD-amended soils was related to a high redox potential, low pH, low Fe2+ and lower readily
mineralizable  carbon  content  as  well as lower population of methanogenic bacteria and their activity. In the
presence of higher levels of urea N (40 µg), the inhibitory effect of DCD was only partially alleviated. Results
indicate that several NIs can differentially regulate CH

4
 production in a flooded alluvial soil.

Introduction

Methane (CH4), one of the most abundant gaseous hy-
drocarbons in the environment, is an important green-
house gas and a key factor in the tropospheric and
stratospheric chemistry (Wang et al., 1976). Flooded
rice soil, which contributes up to 20% or ~100 Tg CH4

on an annual basis (Houghton et al., 1992), is one of
the major anthropogenic sources of global CH4. The
projected increase in rice production during the com-
ing decades (IRRI, 1999), is expected to result in fur-
ther increase in CH4 fluxes to the atmosphere if preva-
lent cultivation practices are continued (Anastasi et al.,
1992).

Measurement of CH4 fluxes from rice fields all
over the world show large temporal variation. The flux
differs markedly with climate, soil characteristics and
application of organic materials and mineral fertilizers
(Bouwman, 1990; Cicerone & Shetter, 1981; Lindau et
al., 1990, 1991; Minami, 1995; Schutz et al., 1989; Yagi
& Minami, 1990). Urea is the dominant form of N fer-
tilizer applied to rice in Asia (Vlek & Byrnes, 1986),
but it is subjected to various forms of loss including
nitrification-denitrification (Prasad, 1998). Nitrification
inhibitors (NI) are being increasingly recommended for

rice agriculture to minimize fertilizer N losses (Prasad
& Power, 1995) by limiting the formation of nitrate from
ammonium. Many potential NIs like ammonium
thiosulfate and thiourea (Bremner & Yeomans, 1986)
are produced and used in Japan. Dicyandiamide (DCD),
a commercially available NI, suitable for use with solid
chemical fertilizer in rice cultivation (Gorelik et al.,
1992), is produced and marketed in both Japan and
Germany, while nitrapyrin is licensed for use in the USA
(Hauck, 1984). In addition to their role in controlling
various processes of N losses, NIs such as calcium car-
bide and nitrapyrin have been shown to inhibit CH4

emission from flooded soil planted to rice (Bronson &
Mosier, 1991; Keertisinghe et al., 1993). While NIs are
well-recognized in inhibiting CH4-oxidizing processes
and CH4-oxidizing microbial populations (Hanson &
Hanson, 1996), their exact role in CH4 production is
not well investigated. In a laboratory incubation study,
we studied the influence of six different NIs on CH4

production in a tropical alluvial rice soil under flooded
condition. In addition, effects of DCD alone or in com-
bination with urea N on CH4 production in an alluvial
soil under flooded condition and the associated physi-
cal, chemical, and microbial changes were also inves-
tigated.
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Materials and methods

Soil, treatments, and incubation setup

An alluvial soil (a typic Haplaquept), collected during
fallow period from the experimental farm of the Cen-
tral Rice Research Institute, Cuttack, India, was used
in the study. Physicochemical parameters of the soil
were determined according to the SSSA/ASA guide-
lines (Sparks, 1996) for soil analysis. The soil was sandy
clay loam in texture (256 g clay kg-1, 216 g silt kg-1,
528 sand g kg–1) with pH 6.2, cation exchange capacity
15 meq 100 g–1, electrical conductivity 0.6 dS m-1, or-
ganic C 9.3 g kg–1, total N 1.1 g kg–1, SO4

2–-S 34.2 mg
kg–1, Olsen P 8 mg kg–1. The soil, collected from the
plow layer (0-15 cm), was air-dried, ground and sieved
(< 2 mm) and stored at 4 °C until used in the study.

An incubation method, as described by Adhya et
al. (1998), was used in studies on CH4 production. In
brief, individual 5-g portions of the air-dried soil sam-
ples were placed in B-D Vacutainer tubes (13 ml ca-
pacity) (Becton-Dickinson and Co., NJ, USA). Stock
solutions (1,000 mg L–1) of NIs (Table 1) were prepared
in sterile distilled water immediately before use. The
required amounts of the stock solutions were added
separately to the soil to get a final concentration of 10
mg kg-1 soil. Similarly placed soils without any amend-
ment served as control. All treatments were replicated
five times. After amendments, the soils in tubes were
flooded (1.5 cm standing water) with sterile distilled
water, stoppered with a rubber septum, and incubated
in a BOD incubator (30 + 20C) in the dark up to 40 d.

In a followup experiment on the effect of DCD
on CH4 production in the presence or absence of urea,
the required quantity of DCD was added to similarly
placed soil to provide a final concentration of 15 mg
kg–1 soil. Urea was added at either 0, 20, or 40 mg N
kg–1 soil as per treatment. Soils without any amend-
ment served as control.

To estimate CH4 production in the soil, tubes were
shaken for 10 s on a vortex mixer  to  release  soil-
entrapped CH4 (Wang et al., 1993), if any, and 5 mL of
the headspace gas was collected for CH4 analysis. On
every sampling day, five soil tubes from each treatment
were sacrificed for the estimation of CH4.

Estimation of CH4

Methane was estimated in a Shimadzu GC-8A gas chro-
matograph (GC) equipped with FID and a Porapak N

column (Bharati et al. 1999). The column and detector
were maintained at 70 and 110 °C, respectively. The
gas samples were injected through a sample loop (3
mL) with the help of an on-column injector using a
multiport valve (VICI AG, Schenkon, Switzerland). The
GC was calibrated before and after each set of meas-
urement using 5.38, 9.03 and 10.8 µL CH4 mL–1 in N2

(Scotty(R) II analyzed gases, M/s Altech Associates Inc.,
USA) as primary standard and 2.14 µL CH4 mL–1 in air
as secondary standard. Under these conditions, the re-
tention time of CH4 was 0.65 min and the minimum
detectable limit was 500 µL L-1 .

Methane production (P) was calculated by

dc VH MW. Tst
P  =        ×         × (µg CH4 kg (d.w. soil)

-1)
dt WS MV . (Tst + T)

where dc / dt is the recorded change in the mixing ratio
of CH4 in the headspace over time (ppmv), VH the vol-
ume of headspace, WS the dry weight of soil, MW  the
molecular weight of CH4, MV the molecular volume, T
the temperature (K), and Tst the standard temperature.

Soil and microbiological analyses

Soil samples (40 g) placed in 100-mL beakers after
amendment with either DCD or urea or both were
flooded with sterile distilled water at 1:1.25 ratio. Soils
without any amendment and flooded with only sterile
distilled water served as control. Following flooding,
the soil samples were incubated at room temperature
(28 + 2°C) in diffuse light. On 0, 5, 10, 20, 30, and 40 d
of flooding, the redox potential of duplicate soil sam-
ples from each treatment was measured by inserting a
combined platinum-calomel electrode (Barnant Co. IL,
USA) into the reduced zone (about 1-2 cm below the
oxidized zone) of the soil and measuring the potential
difference in mV (Pal et al., 1979). All the values were
corrected to that of a hydrogen electrode by adding +240
mV to the redox readings. Immediately after the meas-
urement of the redox potential, the pH of the soil was
measured with a portable pH meter (Philips model PW
9424, Philips Analytical, Cambridge, UK).

For measurement of extractable Fe2+, another set
of soil samples (10 g) was placed in sterile test tubes
(150- × 20-mm) and after amendment with either urea
or DCD or both, was flooded with sterile distilled wa-
ter at 1:1.25 ratio. Soil samples, thus flooded, were in-
cubated at room temperature (28 ± 2°C) and two repli-
cates of each treatment were extracted with
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NH4OAC:HCl (pH 2.8) on 10, 20, 30 and 40 d of flood-
ing. The soil extract was filtered and analyzed for Fe2+

by colorimetry after reacting with orthophenanthroline
(Pal et al., 1979). Readily mineralizable carbon (RMC)
was also measured by extracting another set of simi-
larly incubated soil samples with 0.5 M K2SO4 and ti-
trating the extract with ferrous ammonium sulfate after
wet digestion with chromic acid (Vance et al., 1982).

Methanogenic bacterial population of flooded
alluvial soil was enumerated using anaerobic culture
tube technique by the most probable number (MPN)
method (Kasper & Tiedje, 1982). Detection of CH4 in
the headspace of culture tubes was considered as evi-
dence for the presence of methanogens and the popula-
tion was counted (Alexander, 1982).

Statistical analyses

Data were statistically analyzed using statistical pack-
age (IRRISTAT, version 3.1: International Rice Re-
search Institute, Philippines) and means of different
treatments were seperated by Duncan’s multiple range
test (DMRT) at P < 0.05.

Results and discussion

Methane production in both untreated and treated
flooded soils was low up to 20 d of incubation and in-
creased enormously thereafter (Table 2). All the NIs
used in the study significantly reduced CH4 production
over that of the unamended control following the order
of sodium azide > DCD > pyridine > aminopurine >
ammonium thiosulfate > thiourea. Sodium azide inhib-
ited the mean CH4 production by 75% over that of una-
mended control. Sodium azide, a potent NI, is also a
respiratory inhibitor and a microbial inhibitor but is
known to increase N2O emission in soils (Aulakh &
Rennie, 1985). Although ammonium thiosulfate and
thiourea stimulated CH4 production, especially at 40 d
of incubation, the mean CH4 production was lower than
the unamended control. nitrogen-containing compounds
are known to stimulate CH4 production in flooded soils
(Bollag & Czlonkowski, 1984). Possibly the N con-
tained in the two inhibitors was released from the par-
ent compound upon decomposition and stimulated CH4

production. Methane production in DCD amended soil
was significantly lower compared with unamended con-

Table 1. Names, chemical formulas, and sources of nitrification inhibitors used in the study

Nitrification Chemical Pure/
 inhibitor  formula commercial

Aminopurine C
5
H

5
N

5
Pure Sigma, St. Louis

Ammonium thiosulfate (NH
4
)

2
SO

3
Pure E. Merck, Mumbai

Dicyandiamide  NH
2
C(:NH)NHCN Pure Loba-chemie, Mumbai

Pyridine C
5
H

5
N Pure E. Merck, Mumbai

Sodium azide NaN
3

Pure E. Merck, Mumbai
Thiourea NH

2
CSNH

2
Pure E. Merck, Mumbai

Table 2.  Effects of various nitrification inhibitorsa on CH4 production (µg kg-1) in an alluvial soil under flooded conditionb

Days after flooding
Treatment

5 10 15 20 25 30 40 Mean

Unamended control 47bc 126a 157a 168a 573a 2929a 4426c 1204
Sodium azide 40c 42c 48d 58d 135f 541g 1795g 380
Aminopurine 56bc 82b 133ab 140b 569a 2066b 3540e 941
Pyridine 52bc 87b 92c 130bc 346d 1558d 4094d 908
Dicyandiamide 39c 50c 55d 63d 276e 1112f 2844f 634
Thiourea 95a 103ab 117bc 110c 399c 1843c 4791b 1065
Ammonium thiosulfate 71b 90d 103c 125bc 491b 1443e 5098a 1060

aThe nitrification inhibitors were added to the soil at 10 mg kg-1 soil. bMean of five replicate observations. In a column, means followed by a common letter are
not significantly different at the 5% level by DMRT.

Source
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Table 3. Effect of dicyandiamide (DCD) on CH
4
 production (µg kg–1 soil) in an alluvial soil in the presence or absence of urea-N under flooded

conditiona

Days after flooding
Treatment

 5 10 20 25  30 40 Mean

Unamended control 20a 116a 142a 576a 3024a 6549a 1738
Urea-N (20 mg kg-1) 21a  88a 194a 416a 2686a 6174a 1597
Urea-N (40 mg kg-1) 16a  74a 217a 285a   877b 1795c 544
DCD (15 mg kg-1) 21a 72a 114a 208a   654b   636d 2841
Urea-N (20 mg kg-1)  21a 78a   93a 160a   389b   601d 224
  + DCD (15 mg kg-1)
Urea-N (40 mg kg-1)  26a  80a 135a 476a 2682a 5534b 1489
  + DCD (15 mg kg-1)

aMean of five replicate observations  In a column, means followed by a common letter are not significantly different at the 5% level by DMRT.

Table 4. Changes in redox potential and pH of an alluvial soil under flooded condition amended with urea N and/or dicyandiamide (DCD)a

Days after flooding

Treatment 0 5 10  20 30 40

Eh pH Eh pH Eh pH Eh  pH Eh pH Eh pH

Unamended control 203a 6.46a –180a 6.80c –231b 7.01b –300d 6.98c –276bc 7.15a –230b 6.96c
Urea-N (20 mg kg-1) 203a 6.46a –182a 6.82bc –234b 7.02b –301d 7.03b –287cd 7.16a –258c 7.02b
Urea-N (40 mg kg-1) 203a 6.46a –212b 7.15a –259b 7.39a –324e 7.30a –304d 7.16a –267c 7.11a
DCD (15 mg kg-1) 203a 6.46a –177a 6.83bc –216c 7.04b –259b 6.98c –261b 7.07b –189a 6.83d
Urea-N (20 mg kg-1) 203a 6.46a –186a 6.82bc –183a 6.96c –236a 6.95d –240a 6.98c –178a 6.79e
   + DCD (15 mg kg-1)
Urea-N (40 mg kg-1) 203a 6.46a –195ab 6.85b -235b 7.02b –281c 6.96cd–275bc 7.10b –254c 6.98e
   + DCD (15 mg kg-1)

aMean of duplicate observations. In a column, means followed by a common letter are not significantly different at the 5% level by DMRT.

trol and the inhibitory effect persisted throughout the
incubation period of 40 d.

DCD, a commercially available NI suitable for
flooded rice soil system, was used in followup experi-
ments to understand the nature and extent of inhibition
of CH4 production in flooded soil. Application of urea
at 20 mg N kg–1 soil led to a 26.4% increase in the mean
CH4 production compared with unamended soil (Table
3). In contrast, DCD applied alone at 15 mg kg–1 soil
inhibited CH4 production by about 46.03% over the
control. Interestingly, the combined application of DCD
(15 mg kg–1) and urea (20 mg N kg-1) resulted in the
highest inhibition (54.9%) of CH4 production. Although,
higher levels of urea (40 mg N kg-1), in combination
with DCD, partially alleviated the inhibitory effect of
DCD, CH4 production did not exceed that of the una-
mended control. Increasing the level of DCD (30 mg

kg–1), however, did not further reduce CH4 production
(data not shown).

Methane production is linked to a decrease in
redox potential (Eh) and an increase in pH of inundated
soils. Redox potential was low in the unamended
flooded soil (Table 4). Application of urea caused a fur-
ther drop in redox potential of the soil and also resulted
in higher CH4 production. On the contrary, DCD-
amended soil recorded a higher redox status and a cor-
responding lower CH4 production. What is more inter-
esting was that soils, supplemented with urea at 20 and
40 mg N kg-1 soil in combination with DCD, registered
higher redox potential compared with that of urea N
alone. Application of urea increased the pH of the soil,
while DCD amendment with or without urea N regis-
tered a lower pH (Table 4). Fe2+ content was also high
in urea-amended soil but decreased upon amendment
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Table 7. Changes in methanogenic population (MPN × 103 g-1 soil) in
a flooded alluvial soil treated with nitrification inhibitor
dicyandiamide (DCD)

Days after flooding
Treatment

20 40

Unamended control  5.4c 7.5c
Urea-N (20 mg kg-1)  9.0b  9.2b
Urea-N (40 mg kg-1) 11.2a 10.9a
DCD (15 mg kg-1) 2.2d 2.5e
Urea-N (20 mg kg-1 ) 2.8d 2.1e
   + DCD (15 mg kg-1)
Urea-N  (40 mg kg-1 )  5.2c  5.3d
   + DCD (15 mg kg-1)

aMPN = most probable number. In a column, means followed by a common
letter are not significantly different at the 5% level by DMRT.

Table 5. Accumulation of Fe2+ (mg kg-1 soil) in alluvial soil treated
with the nitrification inhibitor dicyandiamide (DCD) under flooded
conditiona

Days after flooding
Treatment

10 20 30 40

Unamended control 2035b 3425d 3785b 1905c
Urea-N (20 mg kg-1) 2069b 3795a 3885a 3400b
Urea-N (40 mg kg-1) 2047b 3596c 3703c 3532a
DCD 15 (mg kg-1) 2125a 3740b 3664d 1815e
Urea-N (20 mg kg-1) 1870c 2805f 3171e 1555f
   + DCD (15 mg kg-1)
Urea-N (40 mg kg-1 ) 2071b 3315e 3755b 2035c
   + DCD (15 mg kg-1)

aMean of two replicates. In a column, means followed by a common letter are
not significantly different at the 5% level by DMRT.

Table 6. Effect of dicyandiamide (DCD) on the concentration of
K

2
SO

4 
extractable carbon (readily mineralizable carbon) content (g

kg-1 soil) of flooded alluvial soila

Days after flooding
Treatment

10 20 30 40

Unamended control 2035b 3425d 3785b 1905c
Unamended control     56ab     44b   204c     78d
Urea-N (20 mg kg-1)     55ab      88a   261a   143b
Urea-N (40 mg kg-1)     56ab     47b   237b   155a
DCD (15 mg kg-1)     63a     44b   152e     46e
Urea-N (20 mg kg-1)     11c     22c   122f     34f
   + DCD (15 mg kg-1)
Urea-N (40 mg kg-1 )     53b     44b   182d     88c
   + DCD (15 mg kg-1)

aMean of two replicate observations. In a column, means followed by a com-
mon letter are not significantly different at the 5% level by DMRT.

with DCD (Table 5). Urea amendment, perhaps, caused
a spurt in the heterotrophic activity resulting in higher
Fe2+ content. Admittedly, higher Fe2+ content is indica-
tive of low redox condition of a flooded soil, a status
conducive to higher CH4 production.

The RMC content of the soil, an indicator of
substrates available to the methanogenic consortia
(Mishra et al., 1997), reached a peak around 30 d after
which it declined (Table 6) with a corresponding in-
crease in CH4 production. Amendment with urea alone
at 20 and 40 mg N kg-1 soil resulted in a higher RMC
content which was available in appreciable amounts
even beyond 30 d of incubation. The RMC contents of
the DCD-amended soil samples incubated with or with-
out 20 or 40 mg urea N kg-1 soil were low. Thus, DCD
amendment might have directly or indirectly influenced
the RMC content, resulting in a low CH4 production.

Strictly anaerobic methanogenic bacteria preva-
lent in the reduced flooded soil produce CH4 (Conrad,
1996). The population of methanogenic bacteria was
stimulated following application of urea N alone while
it was inhibited in DCD-amended soil even in the pres-
ence of urea-N (Table 7). The inhibitory effect of DCD
on MPN of methanogens was more pronounced in soils
amended with low levels of urea N while higher levels
of urea-N alleviated it to a certain extent.

Results of the present study reveal the role of sev-
eral NIs in regulating CH4 production in a flooded allu-
vial soil. The impact, however, varied among NIs. The
inhibitory effect of DCD on CH4 production in the al-
luvial soil studied, appears to be a combined result of
higher redox status, lower pH, lower Fe2+, and RMC
contents that supported a lower population of
methanogenic bacteria. Our study demonstrates that
DCD, applied even in the presence of higher levels of
urea N, exhibited substantial inhibitory effect on CH4

production.
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