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Abstract 

Methane (CH,) flux measurements from rice paddy fields in the world and its controlling factors. especially fertilizer 
effects are summarized. The measurements at rice paddy fields in various locations of the world showed that there 
were large temporal variations of CH, flux and that the flux differed markedly with climate, characteristics of soil 
and paddy, application of organic matter and mineral ferlilizer, and agricultural practices. From the data, it appears 
that identifying and controlling CH, flux factors have a potential to reduce CH, emission from rice cultivation. 
Potential mitigation options include: the form and amount of nitrogen and other chemical fertilizers, the method of 
fertilizer applications. the application of other chemical amendments, water management and cultivation practices. 

Introduction 

Methane .(CH,) is one of-the most .abundant .organic 
gases in the atmosphere. Recently the importance of 
CH4 as a greenhouse gas has been recognized and 
studies have been carried out to assess its contribution 
to global warming. 

More than thirteen years have passed since the first 
evidence for an increase in the concentration of atmo- 
spheric C& was reported [39]. Several time-series 
measurements of the trend of atmospheric CH4 have 
been carried out in various locations of the world up to 
present time. The results obtained show that the aver- 
age increase of atmospheric CH, during last decade 
was about 1% per year (3,411. Analysis of ancient air 
trapped in polar ice cores reveal that the concentra- 
tion of atmospheric CH4 remained almost constant at 
less than about half of the present concentration until 
300 years ago, with an increase in the concentration 
starting in the 19th century [10,20,40]. Although the 
rate of increase has slowed down in the last decade 
[22,42.53], the above concerns still require research to 
construct an accurate budget relating sources and sinks 
of CH, to atmospheric concentrations. 

Methane plays an important role in the photochem- 
ical reactions of the troposphere and the stratosphere, 
and thechanges of its concentration exert a strong influ- 
ence over the atmospheric chemistry [54]. In addition, 
C€f4 is a so-called greenhouse gas along with C02.. 
CFCs and N20, which have strong absorption bands 
and trap part of the thermal radiation from the earth’s 
surface [%I. Therefore, the increasing concentration 
of CH, may affect significantly the global heat bal- 
ance and cause a possible elevation of the global sur- 
face temperature [ 11,381. Methane accounts for almost 
20% of the radiative forcing added to the atmosphere 

Atmospheric CH, is produced by a wide variety of 
natural and anthropogenic processes. Major sources 
of atmospheric CH4 have been estimated by sev- 
eral investigators [2.8,12.14.15.52]. However, there 
are uncertainties in the estimated value of individual 
sources and sinks, and in the leading causes of the 
increasing concentration of atmospheric CH,. 

Rice paddy fields are considered as an (mportant 
source for the observed changes in atmospheric CH4 
concentration because of the recent increase in world 
area. The Intergovernmental Panel on Climate Change 
[I51 estimated the global emission rate from paddy 
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fields to be from 20 to 150 Tg yr-', averaging 60 Tg 
yr-' which accounts for about 5-3070 of the total emis- 
sions from all sources. This figure is mainly based on 
the field measurement of CH, flux from paddy fields in 
the United States, Spain, Italy. China, India, Australia 
and Japan. 

The measurements in rice paddy fields in various 
locations of the world show that there are large tem- 
poral variations of CH, flux and that the flux differs 
markedly with climate, characteristics of soil and pad- 
dy. application of organic matter and mineral fertilizer. 
and agricultural practices. In this paper, I summarize 
research on factors that affect CH4 emissions and dis- 
cuss the effects of fertilizer use on CH, emission from 
flooded rice. Table 1 shows the results of the CH4 
flux measurements from rice paddy fields in the world, 
including partial data, pot data and laboratory data. 
Additional information on CH, production and oxida- 
tion in soils and emission from rice paddy fields were 
discussed in previous paper [331. 

Methane emissions 

Diurnal, seasonal and annual variation in CH4 
emission 
A very clear dependence on temperature is observed 
in the duel variation of CH4 emission. The tempera- 
ture dependence of seasonal emission~patterns is not as 
obvious. Variations in CH4 emission during the grow- 
ing season have been correlated with soil temperature 
in some studies but not in others. Three seasonal max- 
ima were found in Italy [49]. the first shortly after 
flooding, the second during the vegetative stage of the 
rice plants. and the third during the grain filling and 
maturation stage. Although cultivation practice has a 
strong influence on CH4 emission levels, three sea- 
sonal maxima were also observed in Japan [601. In 
China, both two-maxima and three-maxima seasonal 
patterns have been observed [571. In Texas, although 
different in absolute emission values, seasonal patterns 
in three soils over three years had similar character- 
istics [43.44,45,48]. Sass and Fisher [48] compared 
methane emissions over three years from two pad- 
dy fields. Methane emission rates differed each year. 
There was a 2 to 3 fold variation in CH, emission 
over three years. Table 2 shows the annual variations 
in CH4 emission for two to four years in three stud- 
ies [49.61.63]. It shows that CH4 emission rates vary 

every year when agricultural management practice is 
under the same conditions. 

CH4 emission rares and soil characrerisrics 
Methane emission from soil bacterial activity in agri- 
cultural wetlands is influenced by physical, chemical 
and biological properties of soil, organic residues in 
soil and water (including fertilizers and other chemical 
additives). water regime and management, tempera. 
ture (including wet-dry season and planting date), root 
exudates and plant physiology. 

Yagi and Minami [601 investigated the effect of dif- 
ferent soils on CH, emission in the same areas. Emis- 
sion rates differed markedly with the soil type as shown 
in Table 1. Peaty soil fields recorded the highest rates, 
followed by Gley soil and then Andosol. Other studies 
in Thailand [ 16,621 showed that CH4 emission rates 
differed markedly with the soil textures (C. CL. Sic, 
HC and LFS) as shown in Table I .  Seasonal CH4 emis- 
sions showed a clear inverse relation to clay content of 
soils as shown in  Table 3 [48]. 

CH4 emission rares and rhe form and amounr of 
chemical ferfilizers 
Urea and ammonium sulfate account for 80-90% of 
total nitrogen fertilizer required in ricecultivation [13]. 
The effects of urea, ammonium sulfate and other N fer- 
tilizer have on methanogenesis are not clearly under- 
stood and are often.contradictory.[59]. Methane fluxes 
appear to be strongly influenced by the type. rate and 
mithod of N fertilizer application to rice paddies. 

Cicerone and Shetter [6] reported ammonium sul- 
fate addition to California rice paddies increased CH4 
emissions 5-fold compared to control plots (unfertil- 
ized). Schutz er al. 1491 evaluated fertilizer applica- 
tions to rice paddy fields in Italy over a 3-year cropping 
period. Based on seasonal averages, fluxes measured 
from ammonium sulfate treated plots were lower by 
540% depending upon method of application. Addi- 
tion of urea to the Italian paddies reduced emissions 
by 18% compared IO controls but fluxes were strongly 
influenced by the application method. 

Lindau er al. [27,281 observed fluxes of CH4 from 
ammonium sulfate and potassium nitrate treated fields. 
These were much lower than urea treated fields over 
the 21-day sampling period. Lindau er al. [29] report- 
ed emissions increased as urea-N rate increased in 
a Louisiana field experiment. Lindau [32] measured 
CH4 emission rates as affected by the form of N fertil- 
izer (urea, ammonium sulfate. and potassium nitrate) 



roble 1. Methane flux meaSunmenU from rice fields 

Study Country Soil Rice T w m e n l  Days Flux 
Cult i v e r N-fenilizer Amendment mg m-l  hr-' 
Grain (g m-') (kgN ha-') (1 ha-') 

USA C MI01 Compound+U 113 100 10.4 

2 Spain 

3 Italy SL R o w  

4 Japan SCL Koshi- 
(Gley roil) hikari 

CL 
(Peaty soil) 
L 
(Andosol) 

L 
(Andosol) 

5 Japan CL 
(Euuic Gleysols) 

Urea+AN 

NO 
CaCNz(rake) 
Urea(rake) 
Una(rake) 
Urea(inco) 
Urca(surn 
AS(inco) 
AS(inco) 
AS(inco) 
AS(rake) 
AS(rurfJ 

CaCNl 
CaCNl 
AS 
Urea 
urea - 
N O  

Compound 
Compound 
Compound 
Compound 

NO 

Compound 
Compound 
Compound 
Compound 
Compound 
Compound 

200 

200 
100 
200 
200 
200 
50 

100 
200 
200 
200 

RS(inca) 
RS(inco) 
RS(inco) 
RS(inco) 
RS(inco) 

37.5 RS 
75 RS 

200 RS 
200 RS 
200 RS 

Comp 

90 
90 Compo 
90 RS 
85 RS 

80 
80 Compo 
80 RS 
80 RS 

100 
I00 RS 

AS 150 percolation 0 m d d a y  
AS 150 percolation 5 m d d a y  
AS I50 percolation 20 m d d a y  

125 

118 
I18 
118 
118 
I I 3  
113 
I 05 
I05 
109 
118 
1 I 3  

3 105 
5 l l 8  
6 109 

I 2  110 
24 I13 
2.5 118 

5 118 
I 2  109 
6 113 

I 2  113 
60 113 

1 I 9  
118 

12 I12 
6 117 
6 115 

122 
121, 

12 129 
6 128 
9 128 

I25 
6 115 

148 
148 
148 

4.0 

10.6 
12.5 
9.6 
9.6 
7.9 

15.8 
7.5 
8.8 
5.6 
6.7 

12.5 
9.6 

24.2 
13.5 
22.1 
18.8 
11.7 
17.9 
20.6 
20.0 
25.0 
27.5 

2.8 
2.9 
3.9 
9.6 

16.3 

I .4 
1.2 
I .9 
3.2 
4.1 
0.2 
0.4 

2.6 
I .4 
0. I 



SNdy Caunrry Soil Rice Treatment Days Flux 
Culliver N-fertilizer Amendment rng m-l hr-l 
Grain (g m-2) (kg N hn-') (1 ha-') , 

Late rice. average 62 26.4 
Early rice. avenge 70 6.6 

8 .9  USA C 
(Entic Pelluden) (516g)Urea L102 RS 8 86 5.5 

(Typic Pelluden) (490g) Urea 102 RS I2 86 15.0 

IO USA SIC Jasmine85 (9948) Urea 190 85 18.3 
(Venic OchraqualO (85og) urea 190 81 11.8 

(770g) Urea 190 76 12.0 
(846g) Urea 190 PaspS 6 85 23.5 

(668%) Urea 190 PaspS 6 16 12.1 
I I  USA SiL Lemon1 NO 86 10.2 

(Typic Albaqual0 Urea 100 86 14.5 
Urea 200 86 15.0 
Urea 3w 86 17.9 

I ?  USA S i c  Campound+U I I4 111  4.0 

Urea 78 128 0.9 
Urea 78 RS 2.5 128 3.0 

78 RS 5 128 13.9 
US 2.5 128 6.4 

5 128 18.9 

(784g) Urea 190 ParpS 6 81 18.3 I 

C No . 128 0.5 

I3 USA SiCL (Venic Ochmqual0 Jasmine 
Normal Rood irr. 
Mid-reason aeration 
Multiple aeration 
Late season flood irr. 

I 
14.15 Japan SCL Koshi- 1988 Compound 90 118 2.9 

hikari 1989 Compound 90 I05 7.1 
(Euulc Gleysol) 1990Compaund 90 121 14.0 

1991Compound 90 106 6.0 
1nt.m 1988Compound 90 RS 6 I17 9.6 

1989Compound 90 RS 6 105 7.9 
1990Compound 90 RS 6 I21 14.8 
1991 Compound 90 RS 6 106 8.1 

i 
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.-. 
study Country Soil Rice Treatment Days Flux 

Cultiver N-fenilim Amendment mg m-' hr-' 
Grain (g m-l)  (kg N ha-') (1 h - 1 )  

16 China L H W g j  (545g) NbHCO;  
(44Og) NbHCO;  
(5228) NhHCO;  
(470g) N h H C O ;  

Dry seeded N h H C O ;  
Yellow- S63 (616g) Urea 
brow emh (6760) 

(661g)AS' 
(706g) urea 
(66W Urea 

17 USA SiL Termont N O  

(Typic Albaqualtl Urea 
Urea 

Ratwn plants No 
Ratwn plants Urea 

610 
900 
610 
710 
610 
190 

600 
I90 
190 

Horse dung 

Hone dung 
Hone dung 
Horse dung 
B m  M 
Bam M 

Rape S 
B m  M 

15 

I5 
30 
15 
15 
45 

3 
I5 

19 
19 
19 
79 
79 

101 
101 
101 
101 
101 

14.6 
17.5 
35.9 
48.9 

0 
10.8 
9.5 
2.6 

14.3 
6.6 

11 13.0 
100 ("a plant) 77 2.7 
IW 17 18.4 

13 12.6 
84 73 29.7 

Ratwn plants Urea 84 RS IO 73 80.6 

19 

20 

21 

18 USA SiL oryza s U r n  128 
(Typic Albaqual0 U r n  128 cas04 1 70 30.7 

Urea 128 c a s 0 4  2 10 23.5 

Thpilmd Owra I 

(Sulfic Tmpaquept) C DS 
(Veric Tropaquept) C DS 

WS 
(Aeric Tmpaquept) CL WS 

Japan SCL KOShihilwri 
Flooded 
Flooded 

Int. irr (4+6 days) 
(7-day + int.) 

Thailand Oryrar 

(Fulvic Tmpaquent) 
S i c  Unhulled 

HC Unhulled 
(Thionic Tropaquert) 

LFS Unhulled 
(Anrhraqunic Pdleaquult) 

Compound 
Compound 
Compound 
Compound 

(538g) 1991 Compound 
(570g) 1993 Compound 
(5Mg) 1991 Compound 
(589g) 1993 Compound 

(270g) No 
(450g) Compound 
(390g) Compound 
(230g) No 
(350g) Compound 
(310g) Compound 
(190g) No 
(280g) Compound 
(270g) Compound 

I20 
85 
90 
80 

90 
90 
90 
90 

so 
so 

35 
35 

,44 
44 

83 4.0 
109 19.5 
91 32.2 
94 1.8 

73 8.4 
131 3.0 
73 4.9 

131 1.7 

71  3.2 
77 1.3 

SerbaniaR 30 71  42.5 
75 10 
75 0.4 

RS 2 15 12.4 
79 21.9 
19 24.5 

SesbaniaR 3.1 79 15.0 



. 
(550g) Urea 250 60 22.5 
(570g) AS 500 60 21.8 

(610g) Urea 250 SesbaR 5 60 27.1 
250 CowDM 5 60 23.7 

( W g )  urea 250 RS 5 60 32.8 $ 

USA SiL Lacussine NO 93 
(Typic Albaqual0 AS 60 93 

AS 120 93 
KN03 60 93 
KN03 I20 93 
UEZl 60 93 .,.- n n  93 

24 Japan SCL Korhihilwri 
Int. irr (7-day + int.) 

25 India 34 sites 

26 Philippines C IR72 
(Aquandic Epiaqualtl 

Ponial doto 
27 USA 
28 China 
29 India SL. SiCL. CL. SL. SCL 
30 USA SiL Lemont 

(Typic AlbaqualO 

31 USA SiL Oryras 
(Typic Albaqual0 

32 China 

Compound 90 

(582g) DS Una 117 
(520g) WSUrea 60 
(560g)WSUrea 60 RS 

N O  

Urea 120 
KNo3 I20 
N O  

Urea 120 
( N h h S O .  120 
KNo3 120 

N O  

K2SOdKCI 694 
K2SOJKCI 694 RSC 

RSC 

Pot doto 
33 Japan LiC (Typic Haploaqucpt) Oriw s 1/50m2 pat 

Broadcarting (27.5glpal) AS I50 
Broadcasting (24.9glpot) N h C I  I50 
Broadcasting (23.9glpat) Urea I50 
Foliar spray (2l.Oglpot) AS I50 
Foliar spray (15.8g/poO N h C I  I50 
Foliar spray (2l.4glpotl Urea . I50 

I22 3.2 

44-113 0-2.8 

82 8.0 
105 3.6 

5 105 7.3 

1.3-7.8 
1-50 

0.07-80 
21 0-1041 
21 0-1375 
21 0-412 
21 96-1850 
21 0-3141 
21 0-354 
21 62-746 

7.4-47.0 
7.7-35.4 

I 7.944.0 
I 6.0-50.6 

109 25.8 
I09 29.0 
109 33.6 
109 14.2 
I09 11.5 
109 26.9 

I 

I 
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Table 1. conrinucd 
- 

Study Counuy soil Rice Treament Days Flux 
Cultiver N-fenilimr Amndmenl mg m-' hr-' 
G& (g m-*) (kg N ha-') (I ha-') 

- 
34 USA 

bborafov dolo 
35 Philippines 

Pila: 

Maahas: 

Luisiana: 

inhibited &fa 
36 AusIralia 

(Glossoboric HapludalO 

(Aeric Hapluquept) 

RS 
GM 
GMtRS 
RS 
GM 
GM+RS 

CH, picduction during incubation (CH, ma kg-l soil. 20'0 
LiC N O  

HC 

HC 

Compo 
RS 
GM 

Compo 
RS 
GM 

Compo 
RS 
GM 

No 

NO 

C U r n  80 decreased from 12.4 g IO 3 g CH, ha-' day-' 
decreased Nitrapyrin and CCC decreased from 15.4 g lo 

.5.8.2.8 8 CH, ha-' day-' 

I 05 
I 05 
I05 
105 
105 
I 05 

56 
56 
56 
56 
56 
56 
56 
56 
56 
56 
56 
56 

17.8 
62.6 
58.7 
28.2 
40.9 
46.5 

71 
41 

371 
459 
1.2 
I .6 
57 

I I7 
5.7 
5.9 
79 

I60 

Study' I )  Ciumne ef of.. 1983: 2) Seilcr ct 01.. 1984; 3) ScHulz <I of.. 1989. 4) Yagi and Minarm. 1990. 5 )  Mtnamr. 
1994: 6) Schutz a a/.. 1990; 7) Khalil and Rasmusscn. 1991: 8) Sass cf of.. 1990; 9 )  Sass <I o f .  1991a; IO) Sass cf 
o l .  1991b; I I ) L i n d a u r r d .  1991. 12)C1ccmnerro/.. 1992. 13 )Sass r ro l .  1992; 14)YngiandMimnu. 1993; 15) 
Kumgar etol.. 1993. 16) Chen ti a/.. 1993: 17) Ltndau and Billich. 1993. 18) Lindau. ct 0 1 ,  1993. 191 Yag~ d f  ol.. 
1993;20)Yagicrol. 1994s;2l)lcmu;awatdipongrfo/.. 1991:22)Nugmhorra/.. 1994:23)Lindau. 1994;2d)Tswra 
r t u f . .  1994.25)Parasharrtal.. 1994:26)Ncucnof.. 1994;27)CiuroncandShanu. 1981;28) Khalilrfnl. 1990: 29) 
Pmsharcrol..  1991: 30)Ltndautfal..  1990b; 3 l )Lindaurfof .  1990a;32) Wassnunnrraf.. 1993.33)Kimufarrnl.  
1992: 34) Lauren and Durbury. 1993. 35) Tsuuuki Bnd Ponnamperurna. 1987: 36) Kccnlusmghc el ol.. 1593 

Gram' Gnin yield (g m-'L Days. Number of days ulat CH, actually was mearumd imm he rice paddied 
Compound' compound muncral fedlizer. AP: ammonium phorpiule. U. "re3 
AS ammonium sulfate 
HC . heavy clay. C clay, LiC ' light clay. SIC ' silly clay. SCL sandy clay loam. CL clay loam, SiCL : silty clay 
loam. SL : sandy loam. L loam. StL : silt loam. LFS :loamy fine sand 
RS nce smu. GM: p n  mm.  Comp: compost. Pasp S. passpalurn n n w .  B m  M bamlard mannure. Rape S: npe 
stfaw. Serb.? R. Subanla msmw Cow DM: cow dung m u m .  RSC: fape reed cake 
inco. mcorponled. rake. raked info Ihr soil. surf surface applied Inl. in Iniermincruly imgaled. in: m g u d  
DS :dry reason. WS ' wet suason 
H u g  J: Huangjinguang. S63: Sanyou 63 
nm N. total 

and the rate of application (0, 60 or 120 Kg N ha-'). 
High ammonium sulfate and potassium nitrate usage 
reduced C& emissions by 55 and 59%, respectively, 
compared to fluxes measured from the high urea appli- 
cation. Urea application recorded the highest emission 

rates, followed by potassium nitrate and then ammoni- 
um sulfate in low N rate, and followed by ammonium 
sulfate and then potassium nitrate in high N rate. 

Kimura et nl. [24] measured C& emission rates 
as affected by the application methods of broadcast- 
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Table 2. Annual variations in C t t  emission 

Study Counlrj Soil Year Treatment Days F l U X  

(kg N ha-l) (1 hn-') 
N-fenilimer Amendment (mg h-') 

3 Italy SL 1985 AS(inco) 200 109 6.3 
1986 AS(inco) 200 109 5.6 
1985 RS(inco) 6 109 12.9 
1986 RS (inco) 6 109 14.2 
1985 
1986 

20 Japan SCL 1991 Compound 90 
1993 Compound 90 

RS(inco) 12 110 15.8 
RS (inco) I 2  l l 0  28.3 

73 8.4 
131 3.0 

14.15 Japan SCL 1988 Compound 90 118 2.9 
1989 Compound 90 I 05 7.1 
I990 Compound 90 I21 14.0 
1991 Compound 90 106 6.0 
I988 Compound 90 RS 6 117 9.6 

1990 Compound 90 RS 6 121 14.8 
1991 Compound 90 RS 6 106 8.1 

1989 Compound 90 RS 6 105 7.9 

Study: See fmnoles in Table 1 .  

Tabla 3 . . . M e h e  flux measurements from.Texas. USA [481 

Average scasond Soil c l e  Soil type 
CH, emission (g m-2) (%) 

14 65 Entic Pelludent (Beaumont) 
26 35 Typic Pelludent (Lake Charles) 
31 25 Venic Ochraqualf (Bernard-Morey) 

ing and foliar spray with a pot experiment. Among 
the broadcasting lreatments, the emission rate for the 
ammonium sulfate treatment was the lowest, followed 
by ammonium chloride and then urea. Foliar spray 
reduced CH, emission in each fertilizer ueatmenl com- 
pared to broadcasting method, with a reduction of 45, 
60, and 20% in ankonium sulfate, ammonium chlo- 
ride and urea, respectively. 

CH4 emission rates and the method of chemical 
fertilizer applications 
Mineral nitrogen fertilizers are commonly used in rice 
cultivation to increase yields. Schutz et al. [49] com- 
pared CH4 emission rates associated with the method 
of nitrogen fertilizer application, including raked into 

the soil, incorporated into the soil and applied to the 
surface, using urea and ammonium sulfate. The influ- 
ence of fertilization with urea and ammonium sulfate 
on CH4 emission is heavily dependent on the mode 
of fertilizer application. In general, CH, emission rate 
were much higher in the fields with surface application 
than in raked and incorporated applications as shown 
in Table 4. 

Inttiepotexperiments. Kimuraetal. (241 compared 
CH4 emission rates of various topdressing of nitm- 
gen fertilizer applications. such as broadcasting and 
foliar spray, using with ammonium sulfate. ammonium 
chloride and urea. Although foliar spraying decreased 
C b  emission compared with broadcasting on the soil, 
grain yield of the former also decreased. The emission 
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Table 4. C& emission meson Lhe methods of chemical fenilizerapplicaIion I491 

Application Mode Fenilirer Application Rater Days Flux 
(mg rn-l yr-’) 

raked into the soil Urea 200 I t 8  9.6 
incorporated Urea 200 113 7.9 

(kg N h c ’ )  

surface applied Urea 200 113 15.8 
raked into the rail (NHdiS0, 200 109 5.6 
incorporated (“&SO4 200 I18 6.1 
surface applied (N&hSO4 200 113 12.5 

rate was lowest with ammonium sulfate. followed by 
ammonium chloride and urea fertilization plots by both 
broadcasting and foliar spray as shown in Table 1. 

CH, emission rates and mineral fertilizer and 
amendment applications 
The production and emission of CH4 from rice fields to 
[he atmosphere is the result of a complex array of soil 
processes involving plant-microbe interactions. Major 
substrates for the methanogenic bacteria are derived 
from rootexudates, lysates, litter, and toa lesser extent, 
dead organic material such as derived from incorpo- 
rated vegetation 143,451. The substrates from organic 
matter in the soil are characterized by Yagi and Mina- 
mi [60] as readily mineralizable carbon (RMC) and are 
[he main factors affecting CH, emission from flooded 
soils. RMC is defined as the total amount of CO2 car- 
bon and CH4 carbon produced after 28 days of fresh 
soil incubation. Carbon dioxide and CH, are produced 
by microorganisms present in the anaerobic paddy soil 
by the degradation of plant-derived material. A small 
content of specific low molecular weight organic sub- 
strates are produced in the process of mineralization 
that are in turn converted to CH4 by methanogenic 
bacteria. Thus variations in the rate of C k  production 
ultimately may be dependent on the kind and rate of 
organic matter applied to rice paddy fields. 

Additions of rice straw to flooded rice paddy fields 
has been shown to greatly ‘increase C& emissions. 
Rice straw applied to Italian and Japanese rice fields 
increased C& emission rates by factors of 2 to 4 times 
compared with control plots r49.601. Although appli- 
cations of rice straw to Japanese rice fields strongly 
increased C k  emission, application of compost slight- 
ly increased the CH, emission (47,601. Grass straw 
applied to Texas rice fields also increased CH, emis- 
sion, but decreased grain yield [4S]. Added organic 

matter to California paddy fields was the major fac- 
tor affecting methane emissions, showing that the total 
methane emission over the growing season varied from 
1.2 g C b  rn-’ (with no added organic matter) IO 58.2 
g CH4 m-’ (with largest organic matter treatments) 
P I .  

Many otherexperiments [S,16.31.34.3S.S9.61] also 
showed that the application of organic matters strong- 
ly increased C b  emission from rice paddy fields. The 
emission ratesdependon theamount andkindoforgan- 
ic materials. 

Tsutsuki and Ponnamperuma [S6] measured C b  
and CO2 formed from three added organic materials, 
compost, rice straw, and green manure, in 8 weeks of 
submergence at 20 and 30°C under laboratory exper- 
iments. The amount of CH, produced from green 
manure is the highest, followed by rice straw and then 
compost. Methane production may depend on the con- 
tent of RMC in the organic matter. 

CH4 emission rates and wet-dry season 
Neue et ai. [34] measured methane fluxes in wetland 
rice fields of Philippines and observed that methane 
emission fluxes are higher in the dry than in the wet 
season. The elevated methane production and emission 
in the dry season was related to higher solar radiation 
and produced better rice growth. Yagi et ai. [62.64] 
reported that there were differences in the emission 
rates of CH4 between dry and wet seasons. For exam- 
ple, the estimated emission rates for one cultivation 
period were 19.5 and 32.2 mg m-’ h-’ in dry and wet 
season, respectively at Suphan Bun, Thailand. 

CH, emission rates and rice planting dare 
Sass and Fisher [481 showed CH4 emission rates are 
dependent on rice planting date as shown in Table 5. 
Rice fields were planted on three separate dates: April 



Table 5. S o h  radiation, -mal methane flux. and rice yield for three different 
planting dares. wilhoul and with incarparated s ~ a w  1481 

Planting daw. Average solar Seasonal C b  Rice gnin 
svaw addition radiation (Ei m-' d-') emission (g m-') yield (g m-') 

April 13.1990 
No s m w  49.3 37.3 994 
smw 49.3 47.9 846 
May 18. 1590 
No smw 4 . 2  22.8 850 
smw 44.2 35.6 784 
lune 18.1990 
No s m w  39.2 22.0 770 
s m w  39.2 23.5 668 

13, May 18 and June 18 of 1990 to create a range in 
plant and soil temperatures, solar radiation and micro- 
bial substrates. Experiments were performed on a Ver- 
land silty clay loam in Texas. They pointed out that 
CH, emission rates. measured through the cultivation 
period, varied markedly with planting date and straw 
addition. The highest emission rate originated from 
the earliest planted straw-supplemented field. In gen- 
eral, C& emission decreased with later plantings that 
received less solar radiation. Annual emission rates of 
.CH, and.rice grain.yields from individual fields were 
positively correlated with accumulated solar radiation 
for both straw-incorporated and control plots. 

CH, emission rates on water treatment 
Sass et al. [46.48] investigated the effects of differ- 
ent water management programs on CH, and rice 
grain yield using four treatments: normal permanent 
flood (49 days post planting), normal flood with mid- 
season drainage aeration. normal flood with multiple 
drainage aeration. and late food (76 days post planting). 
Methane emission rates varied markedly with water 
regime, showing the lowest seasonal total emission 
(1.2 g m-2 d-I, 0.6 mg m-2 h-I) with the multiple- 
aeration treatment and the highest (14.9 g m-2 d-' ,  
6.3 mg m-z h-I) with the late flood as shown in Table 
1. These results indicate that, with sufficient water to 
allow fordraining and reflooding the rice fields at inter- 
vals of 2-3 weeks, CH, emissions from flooded rice 
fields can be essentially eliminated without seriously 
effecting rice grain yield. 

Minami [33] summarized the results of water per- 
colation effect on methane emission in Japan. The CH, 

flux from the lysimeter without water percolation plot 
(0 mm per day) increased with progressive reduction 
of soil and the increase of soil temperature. Compared 
with the case of 0 mm per day per plot. the fluxes from 
the lysimeters with water percolation. even at the rate 
of 5 mm per day per plot, were significantly reduced. 
In the plot of 20 mm per day percolation. the flux was 
maintained at quite a low level throughout the flooding 
period. During the 1989 cultivation period, emission 
rates of CH4 from the lysimeter paddy fields percolated 
at the.rates of 0. 5 and 20 mm per day were 2.6, 1.4 
and 0.1 mg per m2 per h, respectively. 

Yagi et a/. [63] also investigated the effects of dif- 
ferent water management programs on CH4 emission 
and rice grain yield under field experiments using an 
automated chamber method. Compared with the case 
of continuously flooded plots, the fluxes from the inter- 
mittently drained plots (1991: 4 and 6 days, 1993: 7 
days and interval irrigation) were significantly reduced. 
During the cullivation periods, CH, emission rates 
from the continuously flooded plot and intermittent- 
ly irrigated plot were 8.4 and 4.9 mg m-' h-' in 1991. 
and 3.0 and 1.7 mg m-2 h-' in 1993, respectively. 

The results of these experiments suggest that CH, 
emission from paddy fields is able to be controlled with 
water management. 

CH4 emission rates and other chemical 
amendments 
Oneofourcontinuinggoalsistocharacterizeall factors 
that influence the emission of CH4 from rice fields. To 
attain the goal there is one way to use the chemical 
amendments application to rice fields. 



Linda,, et a(. [30] measured CH, fluxes associated 
with [he application of a common soil amendment. cal- 
c ium sulfate, at rates of 0. l and 2 t ha-' to flooded rice 

treated with urea (128 kg ha-'). They found that 
[he low and high rate of CaS04 reduced CH, emission 
29 and 46%. respectively, compared IO control fields 
:L, shown in Table 1. 

effectiveness of wax-coated carbide (as a slow- 
rCICaSe Source of acetylene) and nitrapyrin in inhibiting 
clllission of CH4 was evaluated in a microplot study 
,vith dry-seeded, flooded rice grown on a grey clay 
i n  Australia (171. Their results showed that the appli- 
r.;liion of nitrapyrin and wax-coated calcium carbide 
\ipiIicantly reduced CH4 emission by the flooded soil 
(rl)lll 15.4 g haci day-' in the control treatment to 5.8 

2.8 g CH4 ha-' day-', respectively. 

cilr emission rates and plant growth 
S:ISS and Fisher [481 summarized the relationship 
ktween CH4 emission and biomass production of rice 
for  different soils over a period of three years, for three 
different planting dates without and with incorporated 
sir:Iw (Table 5), for various straw residue treatments 
i'llihlc 6). and for various water management proce- 
dures (Table 7) [44,45,46]. Annual emission rates of 
CH, and the amount of rice grain yield from individ- 
u:il lields were positively correlated with accumulated 
solar.radintion for both straw-incorporated and control 
plots. Straw incorporation resulted in decreased grain 
yicld and increased CH, emission in all three fields. 
They postulate that solar radiation and hence photo- 
synthetic activity of the rice plant correlates with CH4 
pnrduction and grain yield through partitioning of non- 
structural carbohydrates to the root system and grain 
p:inicle [48]. 

Four water management schedules were investigat- 
cd as described before [48]: normal permanent flood 
with a mid-season drainage aeration. normal flood 
drainage aeration of 2-3 days each, and late flood 
:L% shown in Table 7. Methane emission rates var- 
icd markedly with water regime showing the lowest 
seasonal total emission with multiple aeration. The 
11lultiple-aeration treatment, relative to conventional 
fhodwater treatment, reduced CH, emission by almost 
90% with no decrease in grain yield in return for a four- 
fold increase in water usage, 

Although there are some field experiments that 
investigated the relationship between CH, emission 
and grain yield in China, Japan, Thailand and Indonesia 
15.16,24,35,631, theresultsarenotnecessarily in agree- 
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ment. In general, when organic matter was applied to 
the fields, CH, emission rates strongly increased. hut 
the rice yield was not higher compared to chemical 
fertilizer application. 

Mitigation of methane flux from rice paddy 
fields 

Human requirements for food and fiber have led to 
widespread conversion of natural ecosystems to agri- 
cultural use. This extensive land use change, cou- 
pled with agricultural production practices and other 
anthropogenic effects, has had a substantial impact on 
the biogeochemical cycles that determine atmospheric 
concentrations of C02, CH4 and N20 [14]. Among the 
activities contributing to current anthropogenic emis- 
sions of CH,, IPCC [ 151 estimated the global emission 
rate from paddy fields ranged from 20 lo 150 Tg yr-', 
averaging 60 Tg yr-l, and accounts for about 5-30% 
of total emission from all sources. 

The IGAC CH, from rice paddy working group 
evaluated possibilities for reducing C& emissions in 
the National Inventories of CH, and N20 Workshop 
[23]. They concluded that four principles must be fol- 
lowed in recommending or testing any proposal to 
reduce CH, emissions from rice agriculture: 

1)The .yield should not be-decreased, and probably 
increased. by a mitigation practice. 

2)There should be some additional benefit to the 
fanner, such as better water utilization or reduc- 
ing of labor. 

3) The rice varieties used should be desired by local 
consumers. 

4) The mitigation practice should not increase emis- 
sions of other greenhouse gases, particularly N20 
The factors of C& emission control also form the 

basis for development of practices to decrease CH4 
emissions. Currently available technology includes 
floodwater control and type of N fertilizers. It seems 
that different rice cultivers have different capacities 
for CH, emissions as shown in Table I .  Experiments 
using ammonium sulfate and coated calcium carbide 
decrease CH, emissions [30]. Fertilizing with ammo- 
nium sulfate supplies is to supply N and sulfate which 
maintains the soil Eh above -2OOmV because CH, is 
produced at less than -200mV of soil Eh. Coated calci- 
um carbide is used to slowly produce small quantities 
of acetyleneover time [1,4.17] tolimit nitrificationand 
CH4 production. 



e 6. Seasonal CH, flux. rice yield and aboveground biomass production for various 
smw midue ~eatments [48] 
~~ 

Resident treatment Seasonal CH, Rice gain yield Told abavegmund 
emission (g m-2) (g m-l)  biomass (g m-') 

Fallow (Control) 13.1 I 832 2344 
Late tillage 15.81 803 2290 
Not tillage 16.51 853 2412 
Burned smw 18.01 859 2244 
Early tillage 14.22 874 2240 

Table 7. Seasonal CH, flux. rice yield and aboveground biomass pmduction for various 
water management procedures [48l 

Rice grain Total aboveground water Veatment Seasonal C% 
emission (g m-l)  yield (g m-') biomass (g 

Late flwd 14.98 640 1610 
Normal flood 9.27 825 2410 
Mid  season aeration 4.86 820 2346 
Multiple aeration 1.15 813 2428 

Conclusion 3. Blake DR and Rowland FS (1988) Continuing worldwide 
increase in tropospheric methane. 1978 to 1987. Science 239: 
1129-1131 
Branson KF and Mosier AR (1991) Effect of encapsulated 

:.cdeium carbide on..diniuogen.. nitrous oxide. methane and 
carbon dioxide emission fmm flooded rice. Biol F e d  Soils 

research has begun to identify agri- 
..cultural.management.practices that.could reduce CH, 

4. 

i emission from rice oaddv fields. Table I shows that. . .  
II: 116-120 

5, Chen z, Li D, Shao and wang (1993) Fe=tures of c~ 
emission from rice paddy fields in Beijing and nanjing. Ckmo-  
sphere 2 6  239-245 
Cicerone RJ and Shener JD (1981) Sources of atmospheric 
methane: measurements in rice paddies and a discussion. J 
Geophys Res 8 6  7203-7209 

variation of methane flux from a Cdifomia rice Daddy. J Geo- 

identifying and controlling the effects described above 
has the potential to reduce CHq emission from rice 
cultivation: the form and amount of nitrogen and oth- 
er chemical fertilizers. the method of fertilizer appli- 
cations, the application of another chemical amend- 

tivation oractices. However. we need much additional 

6. 

ments. water management, cultivar selection and CUI- 7. cicerone RJ. s k n e r  JD and Delwick cc (1983) seasond 
. .  

phys Res 88: 11022-1 1024 
8. CicemneRIandRS OremIand(1988) Biogeochemicdaspects 

of atmospheric methane. Global Biageachem Cycles 2: 299- 
327 

research to establish and demonstrate practices that 
will maintain or increase rice productivity using nitro- 
gen fertilizer while reducing CH, emissions from rice 
cultivation. 9. Cicerone RJ. Delwiche CC. Tyler SC and Zimmerman PR 

(1992) Methane emissions from California rice paddies with 
varied Venments. Global Biogeochem Cycles 6 233-248 

IO. Craig H and Chou CC (1982) Methane: the record in polar ice 
core. Geophys Res Len 9: 1221-1224 

11. Dickison RE and Cicerone RJ (1986) Future global warming 
from atmospheric trace gases. Nature 319: 109-1 I5 

12. Ehhalt DH and Schmidt U (1978) Sources and sinks of atmo- 
spheric methane. Pure Appl Geaphys 116: 452-464 

International Panel on Climate Change (IPCC) (1990) cli- 
mate Change. the IPCC Scientific Assessment. Houghlon JT. 
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