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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)

10

9

8

7

6

5

4

3

2

1

0

0 20 140100806040
Days after planting

b

120 160

Final
harrow

Midtillering Flowering

N2O (mg m-2 d-1)

8

7

6

5

4

3

2

1

0

CH4 (mg m-2 d-1)

Prilled urea
Slow-release N

a

Crop Fallow



134

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).
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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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