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stabilize or even lower atmosplieric metliane concentrations. 

methane formation, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmethane fluxes, and niitigation options. 
This paper discusses principles and prospects of rice cultivation in view of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 1. Rice production and methane eriiissiori rates. 

Rice Agi-icullurc: Factors Controlling Emissions 

1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIlllr.o~lrrciioll 

Itecent atiiiosplieric iiieasiirenients irirlicate that concentrations of 
greenhouse gases arc incre:ising. Atiiiospllcric nicthnrie concctitratioli 11as 

incrcnscd at :ibout l?h : i l ~ n t ~ : ~ l l y  to 1.7 pImiV cI11rilig thc I : I s ~  tlcc:~clcs (I<l l : l l i l  and 
Itasolussen, 1987). n e  resulting crrect 0 1 1  glob:ll tcll1pcr:lture is lligllly sigllirica11t 
ilecatlsc t i le warlllillg erficicllcy or lllctilalle is 111) to 30 tirllcs t i lai or C N ~ O I I  

dioxide (Dickinsoii and Cicerone, 1986). Data from polar ice cores indicate that 

tropospheric nietliane concentrations liave increased by a factor of 2-3 over :lie 
past 200-3(10 years (I<lialii and Rasniiisscn, IOSO). Thc increase of nietliarie 

conceritrations i n  the troposplicrc corrclate closcly with global pop1: l t ion g r o ~ t l i  
aricl increasecl rice produclion (Figure I ) ,  suggesting a strong l ink to 
anthropogenic activities. The total annual global emission o l  nictliane is 

estiiiiated to be 420-620 Tglyr (Khalil and Rasmnssen, 1990). 70-80% of wllicll is 
of biogenic origin (Bouwnian, 1990). Methane emissions from wetland rice 

agricrilture liave been estimated up to 170 Tglyr, which account for approxiniately 
26% of the global anthropogenic methane budget. Flooded ricefields are 

probably tlie largest agricultural source of metliarie, followed by ruminant enteric 
digestion, biomass burning, and animal wastes (suniiiiarized by ßouwinan, 1990). 

Projected global population levels indicate that the deniand for rice will 

increase by 65% over tlie next 30years, froni 460 niillion tlyr today to 760 niillion 
t/yr in tlieyear 2020 (IRRI, 1989). Tlie growing deniancl is inost likely to be met 
by the existiiig cultivatcd wetland rice arca tlirougli iiitciisifyirig rice production 
in all rice ecologies, niaiiily in irrigated arid r:iiiifccl ricc. Couplcd with esistirig 

rice production techiiologies, global nietlinne enlissions froin wetland ïice 

agriculture are likely to increase. Mitigation of inetliane emissions is needed to 

2 Rice eiiviroririiaiis 

Rice is cultivated tinder a wider variety of cliniatic, soil, and liydrological 
conditions than any other crop. It is grown froni tlie equator to as far as S0"N 
and 40"S, and from sea level to altitudes of iiiore tliaii 2500 ni. Tlie temperature 
niny be as low as 4°C during the seerlliiig stage :ind :is Iiigli as 40°C íit iloweriog. 
Rice is irrigated i n  arid areas aiid is grown i l l  raiiifccl ;ireas with only SOO niiil 

rain/yr. Rice is cultivated as an iipl;intl crop aiicl in soils that are submerged 
niore than 1 ni. Rice is the only iiiajor crop grown on flooded soils. 

Rice cultural systeiiis liave clevelopccl to suit the physical, biological, and 
socioeconi" cotitlitions of different regions. Ikcause tIic water regime during 

. the growing season is the most cliscriminating physical factor, ricelancls cali be 

. grouped into two main systems: wetlaiids ;incl uplands. Terms used to 

differentiate rice cultures are, for example, lowland rice, irrigated rice, rainfed 
B rice, deepwater rice, swamp rice, upland rice, hi l l  rice, dlylnlid rice, and pluvial 

rice. Many other terms llave been evolved i n  different regions reflecting specific 
characteristics of and constraints to rice culiivation in tliese areas. These ternis 
reflect tlie wide range of agroecologies in which rice is growl1 and are very 
reasonable in tlie context they evolved. ßut tlie general use of these terms, 

i ' 

I 
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aititougil zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl l r l ~ i c r s ~ n l l t i ~ l i ~ I c ,  is Orieli s ~ ~ ~ t ~ ~ l l t i c ~ l i i ~  :I l I l i  tcciltlic:riiy illcorrcct 
(h. l~or~t iann and Va11 I ~ r c c n ~ c ~ ~ ,  1078). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA cornprcliciisivc classificntioti of  ricc 
ccologics lias becti oittliitctl by Neue (1089). llc dcfiiictl tltrcc i i iajor rice 

ecologies with a total of seven suliccologics by liicrarcliically applyiiig floodwater 
sottrce atid floodwater depth as diagitostic criteria (Table I ) .  Furtlter 
diffcreiitiation is donc by modifiers zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArelated to diniate, landforni, lloodwater 
rcgiitie, soil, aiitl cropping system 
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Table 2. Disirilmion of liarvested ricelantls (niillion l ia) by rice ecologies (FAO, 1988). 

Region 1rrig:ired Rain- Deep Upl;ind 'Foial Yield Rough 
tirea (t/lt:i) rice fett wafer 

production 
( lo6 ton) 

East Asia" 34.0 2.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 36.8 5.4 200.0 
Southe~lst 13.9 13.7 3.75 4.65 36.0 2.9 102.5 

South 19.4 20.0 7.3 6.7 53.4 2.0 105.5 

South/ 2.5 0.5 0.4 5.65 9.05 2.9 2h.5 

Asiab 

Asia' 
Near Eistd 1.25 1.25 3.3 4.1 

Central Am. 
Caribbem 
and USA 

USSR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.66 0.66 4.1 2.7 
Europe 0.42 0.42 5.4 2.3 

Africa 0.9 1.95 - 2.70 5.5 1.8 9.9 

Ocear1ia o. 12 o. 12 6.6 0.79 
Australia o. 1 1 0 . 1 1  7.1 0.76 

World 73.26 38.95 11.45 19.70 143.4 3.2 455.05 

'Cliina Taiwan Koren DPR Korea RI' Japan; hßurm:i C:imbodi:l Intlonesi:~ Lios 
Malaysin Pliilippines 'T1i:iilantl Vietn:lm; C13:r~tgl~~desl~ 13l111t: ln Itidi:i Nep~ll Iwistzin Sri 
Linkti; dAfltanist:tn Iran Iraq. 

Talile I .  Cl;lssiric;ltion o f  rice ecologies. 

Floodwater 1rrig;itioii I'Iiivial, phreatic, srtrface flow or tidal 
source 

1:loorlw:itcr 1-5 5-25 0-25 25-50 50- > 100 <o 
rlclitll (clil) IO0  

sllllccologics s1l:lllo\v h~lcrlitlm sll;lllo\v h~lcdilllll I k c p  Very u~~l : l I ld  

Lllld -- Wet1:iitd -- UplÍlnd 

.I ?. 

I i icc  -- Itriyited rice -- -- 1t:iinled rice -- IJiihtid 
ecologies rice 

deep rice 

ecosyslc 111 

Ricc ecologies arc major discriitiiiintors tor tho potcittinl of nietliane 
production in ricefields because of their distiiict floodwater regimes. llie 

potential of upland rice for iiictliaiie production is not significant silice upland 
rice is never floorled for a siglliricallt period of time. Aerobic soils, iiiclttdiiig 
iiplniid rice soils, seeiii to be iniportant sites for deposition alid microbial 
oxiclntiori ofattilosplteric CI-I, (Seiler and Coniad. 1987; Cicerone and Oremland, 

1988). Irrigated rice lias tlie Itiglicst potential to produce CH4 because flooding 

and, consequently, anoxic conditiolis are assurcd and controlletl. Tlie poteiitial 
for riietlialie productiotl in raiiifetl rice should vary widely in time and space since 
floodwater regitlies are priiitarily controlled by rainfall witllin the waterslied. 
Periods of severe droughts or floods during tlie growing season are characteristic 
for rainfed rice. Subecologies are dclerntiiiecl by floodwater dcptli, wliicli likely 
affects metliane flrixes. Eniissioli rates arid h;irvcstcd ;irea ol' each rice ecology 

delcrinine tlie global iiictliaiie entission. Rice areas liarvested in different regions 
of tlie world are given in Table 2. 

Especially since tlie 196Os, rice production dramatically increased because 
of high-yielding rice cultivars, large investments in irrigatioli schemes, and 
improved soil, water, and crop management. The tlevelopccl irrigation sclienies 
and tlie shorter grow111 duration of motleni cirltivnrs increased the liarvcstetl area 

by allowirig 2 to 3 crops pcr year. Ilowever, exprision of i-esidential and 
industrial areas as well as diversification of crops rcsultetl in only a sligltt increase 
in the total harvested area of rice (Figure 2). Tliougli many factors determine 
the relative contribution of each rice ecology to rice supplies in the future, 
irrigated areas will continue to dominate rice production. At present, about 50% 
of tite harvested aren is in irrigated rice bitt it contributes about 70% of total 
prodtiction. 
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Figure 2. l h i g h  rice prodtiction atid Iiaivcstcd arc3 (11<111, 109 I )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3. Micmhicdo,qy of iirellrriiic eniissi~iii 

3. I h.le~liaiiogcrrs. Biogenic nietliane production is exclusively accomplished 
by nietlianogettic bacteria that can rnetabolize only i n  strict absence of oxygen 
and at redox potentials of less tliaii -200 niV. Oxygen causes an irreversible 

disassociation of the F42irhydrogenase enzynie coiiildex probably due to the lack 
of protective superoxide disniritase (Scliiinlieit et al., 1981). hletlianogens are 

fourid in strictly anaerobic environments of fresliwater, brackish and marine 
sediments, hot springs, niid-ocean ridges, deconiposing algal mats, lieart wood of 

living trees, intestinal tracts of niaii aiid aninials (especially the runieii of 

herbivores), and sewage digesters. In  ricefields, metlianogenesis occurs i n  die 

reduced soil zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof wetland rice and, possibly, i n  anoxic water of deepwater rice. 
Recent reviews on nietlianogeiiic bacteria deal with their biogeoclieiiiistry 

(Oremland and Capone, 1988; Uoone, this volume), taxonomy, anci ecology 
(Garcia, 1990). 

I 
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Ti inogctiic hiicicriit ( i l  

hehitíit (Giircia, ORSl'Oh.1, pcrsoii;il coiiiiii~t~iic;ilit,rl). 

plcl I'roni Giirciii 19%)) and tlicir 

Mcth;in~ibiicterinIcs 
h.lct lianohiiclcriiiccae 

A~eiltanoliacieriur~i Various licsliwatcr Iiahitats. Ilsll' of the spccics are 
ilicrinopliilic; fcw itrc iilkiilipliilic. 

Aíeerlra~io/irevili~~c~er Spcci;iliml hehitiiis such iis trees (Zcikus ;incl 
I Icnning, 1975), riiiiicii (Sinilli iind Ilungitlc, 1958), 
scw;igc slutlgc, intcstiniil triicls of eniniels (hlillcr mid 
Wolin, 198s). 

I9SS). 

Extrcinc ~hcrmopliilc I'rtim volcímic springs 

hlerlirìiios~ilr~ierrr 

Met hiinollicrninceitc 
Al~rlìniio(l~ei~~iìts 

Fcccs or digcstivc triicis ol' iinitiials (Biitviiti et al., 

tvfethnnococcalcs 
hlctliiinococciiccae 

Aleilìoìiococcits 1sol;iietf mostlv froni miirinc or  co:istnl environmcnts 

h,f;trinc scrlinicnts. 

hlcsopliilic sirilins Croiii vitrious Iidiitats. 

Scwitgc sludgc Iiicustrinc sediments (Zh;io cl al., 1989). 

Syiiihiont ol' miirinc ciliaic. 

Frcsliwntcr and marine scdiiiicnts, riccl'iclrls, lapons,  
;iniicrohic scw;tgc-slutlgc tligcstors, and runicn 
(Ritimhitull, I9Sl). 



3) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbut only a fcw, inclutliiig zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn Ic~ / / r t r i i o~~~rc /c~ r . i l r r~ r  : i l i d  n l c ~ / / r r r r r o s t r r r i / r ~ / ,  Iinvc I ? y  

isolated frorri ricc soils (12,ajagoi):il zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet al., 1988). ~ I e l / ~ ~ r / ~ f i . ~ ~ ~ ; / j / / ~ r / / t  . a d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
n t e r / ~ ( ~ n o c ( ~ r p l ~ , ~ ~ ~ [ l ~ / / ~ ~ ,  wllich wcre isolatcd fronl rresliwatcr sctlimcnts, ;IS wcll as 
metlianogens fouiid as endosyiiibionts i n  sapropelic aiiioeba should also be 
present in wetland ricefieltls (Garcia, OIIS’TOM, persoiial coiiirii~iriicatioti). 

Tlic distribution of nict1i:uiogeiis i l l  iiatural ciiviroiiiiiciits dcpcnds zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAoli tlicir 
adaptation to temperaturc, p I  I, aiid salinity ranges. Most iiiethaiiogeiis are 

mesophilic with temperature optinia of 3O-4O0C. Tlierniopliilic (40-70°C) species 
accoiiiit for 20% zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof tlie strailis (Garcia, 1990) and soiiie extreme tlierniopliilic ( “p 
to 97°C) are also kiiown. Most nictliaiiogeiis are neutropliilic with a relatively 
iiarrow pli  rangc of 6-8. A fcw alknlipliilic isol:ltcs with optirnuni growth at PI-I 
8-9 have bccn rcportcd in tlic gciicra n lc * r / i n r ros t r~~ i i i f / ,  A I r r / r t i r r o h r r c / c ~ ~ ~ ~ r ~ i  

(13lotcvogcl c l  al., 1‘)Xs; Worí lk i t  ct al., l086), alid ~ ~ ~ , I / I ~ / / / ~ ~ / I ~ / ~ ~ I ~ ) ~ / ; / / / . ~  (h’~nlhr-alli 

ct al., 1088). No aciclopliilic strailis Iiavc becn rcportetl. A strnili isol:itccl from 
peat tolerated a pl1 of 3, but i ts  optimuiii WAS 6-7 (Willianis aiitl Crawford, 1984, 

Methanogens can oiily nietabolize a liniited nuiiiber of siniple carbon 
compoillids and liytlrogeli availability is a kcy factor for mctlinnogeiicsis. AS 
suiiiiiiarized by Garcia ( 1900): 

Ilydrogciiotro~~liic iiicthnnogcns (77% of the 68 tlcscribctl specics) osidize 
I l ,  and reduce CO, to forni methane. According to Conrad et al. (IYSS), FI,- 
deperiderit riietliauogenesis i n  sedinier~ts rcsults mostly froni 1.1, transfer between 
microbial associations witliin flocks or consortia. 

Mctliylotrophic nietlianogens (28% of tlie species) can use methyI 
compounds as nietlianol, n~etliylaniines, or clinietliylsiilfide; 10 species liave been 
identified as obligate nietliylotrophs. 

Acetotropliic metlianogens (14% of the species) utilize acetate. Tlie 

growt!, of virtually a11 riictlianogc~is is stiniulated by acetate aliti its importniice 
as a nietliane precursor in seclinicnts lias been documented (Cappenbcrg, 1974;, 
Cappenberg aiid ì’rins, 1974; Wiiifrey ant1 Zeikus, 1977). Sixty pcrcent of the 
IiyclroEcriotropliic specics also use forniate. A fcw spccics use I I, to rcrliice 
rlletllanol to nictliatie (l~ytlr~~gciio-~~i~tliylotl.opliic ~il~tl t : l~i~gcns);  others- forni 
inctliane in the prescnce zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof CO, aiid alcoliols as hydrogen donors 
(alcoholotropliic methanogens). Tlie iniportatice of metlianol and nietliylated 

198s). 
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‘I‘\VC[l(Y gc[lcra [)f I l l~ll l í~llc-~”’udllri l lg h:lclcri:l Ilílvc hecl1 tlcscrihc1I ~ l * ¡ l l ~ l C  aniines as nietliane precursor i n  sedinieiits varies witli tlie abundance of 
deconiposing plant materials such as algal mats (I<ing, 1988). Methar~ol and 
methylated amines might be abundant in wethiid ricefields after fertilizer 
application lias induced tlie formation of large algal mats. 

Methanogenesis in sediments is characterized by a complete degradation 
of organic matter while in tlie rumen of ruminants and the intestine of most 
animals, mineralization is incomplete since intermediate products are absorbed 
as food. Tlie anaerobic degradation of organic matter to methane in sediments 
requires the cooperation of several types of bacteria witliin a substrate cliaiii to 
provide the simple carbon compounds needed by niethanogens. According to 
Conrad (1989), four types of bacteria are needed: a) hydrolytic and fermenting 
bacteria, b) I-I+-reducing bacteria, c) lionioacetogenic bacteria, and d) 
methanogenic bacteria. The first group hydrolyzes polymers and ferments tlie 
resulting monomers to snialler molecules sucli as alcohols, short chain fatty acids, 
EI2, and CO,. h4etlianogens can ininietliately convert I I,/CO,, forniate, acetate, 
and a few other siiiiple compounds inclucliiig riietliaiiol, nietliylaiiiines, and 
dimethylsulfide to CI 1, and CO,. Fermentation products sucli as kitty acids, 
alcohols, aromates, and others cannot directly be utilized. They are oxidized by 
obligate FI+-producing bacteria to acetate and CO,. I Iomoacetogcns are very 
versatile bacteria that can use sugars, alcohols, fiitty xicls, purines, and aromatic 
conipo~inds as well as methanol, forniate, I I,, and CO, to produce acetate as the 

All niet1i:inogens use NI I,” ;is :i nitrogen sowcc, and a few species are 
known to fix molecul:ir nitrogen (13eI:iy et al., 1984; Murray and Zinder, 1984). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3.2 h h d i ~ l o / ; s  oJ-rrrel/m/re Jiiriir(~ti(iti. h1iiiw:il lcrniiii:al electron :icceptors 
like iiill’ate or  su1I:iie iiiliil)it iiieiliíiiiogciicsis ill sctliliiclits by cl1;lunelilig ille 

electron llow to tlier~iiol1y~iii~iiic;iIly niore efficient Iwteriíi like tlenitrifiers or 
sdfate reducers (13alclerston and I’ayne, 1970; Ward and Wiiifrey, 1985). 

Manganese and iron oxides should have tlie sanie effect. Methanogens, sulfate- 
reducers and honioacetogenic bacterin conipete for I I, produced by fernieritative 
bacteria. Ilydrogenotrophic Iiomoacetogens do not significantly compete with 
methaiiogens for I I ,  in sediinciils (Lovley and Klug, 1983). Since I i, 
concentration is usually vciy low in such environiiients (Strayer aiid Tiedje, 1978), 
sulfate reducers are ;ible to out-compete Iiyclrogeiiotroj)liic nieth:iiiogeiis in tlie 

presence of suli;.ite because of their Iiiglior :iftÏniiy fo r  I I, a i i d  fíistcr growth 

sole fcrnlent¿llion protluct (Dolfillg, 1988). 
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(Wiiifrcy and Zcikris. 1977; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAhraiii and Ncclwcll, 1978). 
NaCl itiliibits pure cultures of nictlianogcns, lliougli liigli coocentralions 

(about 0.2 M) are required for sevcral strains (Patcl and Itotli, 1977). I n  general, 
adding NaCl to a nonsaline soil iriliibits niethanogenesis (Koyama et al., 1970). 
Metlianogeiiesis is inhibited by brackish water (Garcia et al., 1974, De h u n e  et 
al., 1983, Ilolzapfel-Pschorn et al., 1985, Bartlett et al., 1987). Inliibitoiy effccts zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
and interactions with s~~lf:ite-rc(l~ici~ig bacteria are givcn as possiblc reasons 

(Milscli alid Gosscliilk, 1986). Conipetitioli for 1.1, and toxicity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor sulfide arc the 
likely nieclianisnis. llowever, nietlianogenesis and sulfate reduction are not 
mutually exclusive wlien methane is produced froni metlianol or nietliylated 
aniiries for wliicli sulfate reducers sliow little affinity (Oreniland et al., 1952; 
Oreniland and Polcin, 1982; Kiene and Vissclier, 1987). Rletlianol is fornied 

during anaerobic dcconiposition OF p1:int pectins (Scliink and Zcikus, 1980). I n  
saline cnvirosnicnts, degradation of osll1orcgtll:~tory col11p”ls sug!i.; as 
glycincbctaine produces nictliylaiiiiiics (King, 1984). Obligately iiict1iyloti:opliic 
nietlianogeiis constitute about lialf or the nietlianogenic population present i n  salt 
niarsli scdiiiients (Franklin et al., 1988), arid nietliylotroplis are found in ricesoils 
(Rajagopal cl  al., 1988). . * .  . 

Clieiiiical substances iiiliibitiiig iiictlianogciicsis liave !>ccii revicwecl by 

Orc1111a11d and CapOllc ( 1988). ‘rllc 2-hr~~rlloctllallc-sullf~lllic acid (UES), an 

analog to Coeiizynie M, is a spccific inliibitor of inctlianogeiiesis. Several 

clilorinated CI.1, analogues such as cliloroforni and methyl chloride liave been 
ideiitified to inhibit niethanogenesis. Cliloroforni completely suppressed methane 
production in  a paddy soil but did not lianiper the turnover of glucose 
(Krunibiick and Conrad, 199 I )  altliough evideiice for glucose-utilizing II,- 
syntropliic nietliaiiogenic bactcrial associations has been found i n  glucose 
amended paddy soil (Conrad et al., 1989). Substances encountered i n  ricefields 
that inhibit nietlianogenesis and nietliane oxidation include DDT (McUride arid 

Wolfe, 1971). acetylene (liainibault, 1975), arid nitrapyrin, an inliibitor of 
nitrification (Salvas aiid Taylor, 1980). Slow release of acctylene from calcium 
carbide, cncapsulatctl i n  fcrtilizcr graiiiials liiglily redacecl mctliane cniissioii 
(Dronson and fvlosicr, 1991). 

3.3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr l , l c . r l i [ i r i c - r i i i ~  hictciiu. Met lia 11 c oxida t io l i  ni ay grca t ly I ¡ni i t  t lie 
flux or CII, to tllc atiiiospiierc  ont CL d., 1978). Ilolzal~fcl-i’scliorii et ai. 

(1986) reported that 67% of the CI-I, produced dtiri!ig a rice growing season i n  

an Italian ricefield was oxidized. Sass et al. (1991) found that 58% was oxidized 
in a Texas ricefield. Scliiitz et al. (1989) reported that up to 90% of Cl3, 
generated a t  the late growth stagc was oxidized. 

Several 
reviews have been publislied on methane-oxidizing bacteria and aerobic nietliane 
oxidation (Wliitlenbuly et al., 1970 a,b; lliggilis et al., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1981; Anthony, 1982; 

Crawford and Hanson, 1984). Aerobic metliane-oxitlizing (nietlianotrophic) 
bacteria constitute a group of eubacteria t l i a t  grow only on nietliane or carbon 
conipou;>ds lacking carbon-carbon bontls such as metlianol, forniate, and 
methylated aiiiines. One species (Il.lelli~l(klbucfc.r.irrnl ~ 1 ~ ~ f i / i ~ 1 ~ ~ / i i l i ~ / ~ ¿ )  can also grow 
on niore coniplex organic compounds i n  conibination with niethane (Patt et al., 
1974). All aerobic metlianotroplis sequentially oxidize Cll, to CO, via methanol, 

fornialdeliyde, and formate. Oxygen is essential for the growill of methane- 
oxidizing bacteria, but tlie required partial pressure niay be low (Cicerone and 
Oreniland, 1988), especially wlien metlianotroplis fix nitrogell (h4llrrell and 
Dalton, 1983) or grow with nitrate as a nitrogcn source (Toukdarian and 

Lidstroni, 1984). Aerobic niethanotroplis, wliicli require both nietliane and 
oxygen, are niost active i n  ricefields at tlie interface of aerobic and anaerobic 
environments (floodwater-soil interface, rice rliizospliere). 

Anaerobic oxidation of nietliane is poorly understood but appears to be na 

important riietliane sink i n  slrlfatc-conteinilig environoiests, sucil as marine 
setlinicnts or anoxic water (Alperin and lieeburgli, 1984; lverseii ct ;il.. 1987). 

Methane can be oxidized by aerobic arid anaerobic bacteria. 

The process lias also been reported to occur i n  I’resliwatcr systeriis (1’;inganiban 
et al., 1979). 

4. Floorìed rice soils zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANS sire ji1r iiieill(iiie ei)ii.y.siotr 

I n  general, flooded rice soils provide ail O ~ ~ ~ I ~ I L I I I I  envirorlmcnt for 
Inethane production and emission, especi;illy i n  [lie tropics. 1:lootlilig a soil c a ~ ~ s e s  
the essential low redox potential íinti anaerobic tlecoeiposition of organic matter 

and stabilizes the soil PI-I near neutral. I n  the tropics, tlie teliiperatttre of the 
reduced puddled layer becomes optimal for metlialiogenesis. Rice pl;inls liigltly 

enhance the eniission of nietlianc. Variations i n  nietli:loe fluxes from rice 
paddies are caused by variations i i i  soil properties, crop m1l:lgeiiie~it, ;III(¡ relatctl 
growth of rice. 

II‘ 



I lorizoii Dcscriptioll 
Ofw zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA layer of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAstaiitliiig wntcr that beconies tlie habitat oc bacteria, 

pliytoplaiikton? niacrophyks (subniergctl :irid l'loating wcctls), zooplaii kion, 
and aquatic iiivertchratcs aiitl vcr~cbratcs. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT h e  clicrnical status of the 
floodwatcr c l c~~~ i i ds  o11 tlic wntcr source, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsoil, nature, aiid hioiiiass zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 
aquatic fauna aiid flora, cultural practices, aiid rice growtli. The p1 Lof the 
standing water is cletcriiiinecl by tlie alkaliiiity of the water source, soit pH, 
algal activity, aiitl fertilization. Because of the growth of algae aiid aquatic 
weeds, tlie pl-1 and oxygen content undergo marked diel fluctuations. 
During daytime. (lie pl-I niay increase up to 11 ant1 tlie staiitling ivAter 
beconies oversaturatccl with O, due to pliotosyiithesis of tlie n'quiitic 
bioiiiass. Stantliiig water stabilizes tlie soil w:itcr regime. iiiorlcratcs the 
soil tcnipcl.:iturc rcgiiiic. preveiits soil crosion, :tiit1 enli:iiiccs C aliti N 
supply. 

Apox Tlie Iloritlwatcr-soil iiitcrface tliat rcceives sufficient O, froni the 
floodwater to niaititaiii a pE + pl-l ahove tlie range wliere NI I,+ bcconies 
the most stable forni of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN. The thickness of the layer may range froiii 
several nini  to scvcrnl cni del)eiitliiig o11 l ~ e ( l ~ > t i i r ~ i í i t i ~ ~ i i  by soil farilin aiid 
I l le ~'crc"latioll lxtc o f  w:\tcr. 

Apg 'flic reduced pudrllcd layer is cliaractcrized by the abseiice of free O, in 
the soil solutioii aiitl a pE + p l l  low enough to reduce iron oxides. 

Apx This layer lias increased bulk density, liigii mechanical strength, and low 
permeability. I t  is frequently referred to as plow pan or traffic pan. 

The cliaractcristics of  tlie 13 Iiorizon depend Iiiglily o11 water regime. In 
epiaquic nioisture regimes tlie Iiorizori generally reinairis osidized. aiid 
iiiottlirig occurs along cracks and in wicle pores. I I I  aquic iiioisture reginies, 
the whole horizon or at least the interior of soil peds reniain reduced 
during most years. 

U 

Tlie cheniistiy and biology of rice soils liave frequently been reviewed 
(PoiiiiampcrLiiiia, 1972, 1981, 19X4a. 1085; Patrick and Iteddy, 1978; D e  Datta, 
1981; Watanabe aiitl I2.ogcr, 1085; Yu, 1985; Patrick et al., 1985; Roger et al., 
1987; Neue, 1988). 

L .  
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l'lie duration aiid pattern of floodiiig and saturation are iniport:int criteria 
for niethane formation. Saturation can be c:iusetl by groundwater (aquic 
moisture regiiiie) or surface water (epiaquic moisture regime). Flooding an air- 
dried cultivated soil drastically changes the hydrosphere, atmosphere, and 
biosphere of tliat soil. Flooding liiglily limits diffusioli of air into the soil. 'Ille 

O, supply caniiot nieet the deni;iiid of aerobic organisms, and facultative :ind 
anaerobic orgariisiiis proliferate usiiig oxidized soil substrates as electron 
acceptors in their respiration. Consequently, tlie redox potential falls sharply 
according to a sequence predicted by tliemiodynnniics aiid CO, and I ICO, 
concentrations increase to very high levels. As a result, tlie soil p1.I of acid soils 

increases while that of sodic aiid calcareous soils decreases, stabiliziiig between 
6.5 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7.2. Flooding and puddling render iiiost soils an itleal growth medium for 
rice by supplying abundant water, buffering soil pf I near neutral, enhancing N, 
fixation, and increasing diffusion rates, niass flow, and availability of most 

nutrients. I n  less favorable soils, flooding niay result in toxicities of Fe, Il$, or 
organic acids, or deficiencies of Zii or S. 

Tlie anaerobic fermentation produces an array of organic substances, many 
of them transitoiy and iiot found in aerobic soils. The ninjor gaseous end 
products are CO,, I-12S, and CII,. 'lie description of tlie paddy soil profile 
clearly indicates 1hat niethane forriiatioli niaiiily t:ikes pl~ice i i i  tlie reduced Apg 
horizon. I n  aquic moisture regimes, the 13 Iiorizoii may :&o become a source of 

niatter is less degrad;ible. I n  epiquic moisture rcgiiiics, nietliane oxid;ition iiiay 
predominate i i i  the I3 horizon. The sanie holtls true for tlie Apox layer. Ilarrison 
and Aiyer (1913) establislicrl early o11 that  ;i11 iiictli;iiie cliffusing inlo tlic aerobic 

found tliat I O  i111 of :i suspeiisioii of rice soil osidizctl 2 liil o f  niet1i:iiie witliiii 24 
hours wlien iiiciibatetl aerobic:illy. h4etli:iiw w i y  :ilso he oxidized in sh~~llow 
floodwater silice i t  is ofteii oversatur;itetl with O, due to assiniilatiori of tlie 

aquatic flora. 
I n  deepwater ricefields, the deeper I;iyers of  lie floodwater inay also 

become anoxic during tlie crop cycle (Wliitton a n c l  Itotlier, 1988), periiiittiiig 
metliaiiogenesis from the large qu:intity o f  organic iiiatcrial ;wailable from rice 
CUllllS, notl:1l roots, :illcl tle:rtl :lc~u:llic biolll:lss. 

Illetllalle. Ilut i n  gel1er:II carboll conlcllls o f  1% Ilorizolls :Ire low aiid their 0rg:lIlic 

surrace layer is tjxiLiizt.ti. n i s  W;IS recollfirlllcli i i m  et ai. (1978). m y  
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4.2 'Ikni~i~wifiire rcgim~s ofrice s~iils. I<icc is grown zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAunder witlcly dil'l'criiig 
teinperature regiiiics. *flic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAteniperature of flootled soils at plaiitiiig may range 
from 15°C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin northern latitudes to 40°C i n  equatorial wetlands. liice piiysioiogists 
have studied extetisively tlie effects of air atid water tcriiperatiire on rice growth 
ciiaracteristics (tviatsusliima et al., 1964 a,b; Yosliitln, . .  I ~ S I ) ,  but tiiere is only little 
ieforniation 011 the teriipcrature regimes or floodcd rice soils aiid tlicir efrccts on 

tlie cheniistry of tlie soils (I<oticlo, 1952; Clio and I'oiiiiaiiii)eruiiia, 1971; Gripla, 
1974; Sliarnia anti De ilatta, I!)KS). Seasimal and tlicl tciiilxr;\t.urc clinligcs likcly 
illfluerice niethane forniation and cniission. I-lolza~~fel-l'scl~orti arid Seiler (1986) 

reported a marked influence or soil temperature oil tlie nietliane flux with 
doubling of emission rates wlieti temperature increased from 20 to 25°C. Diel 
variation of methane eniissiori is correlated with teniperature fluctuation (Scliütz 

Most isolatcs or tiictlt;inogciiic bactcri:i :ire incsopliilic with tciiipcratiire 

utiliziiig metlianogens with a teniperatilrc optiriiuni bclow 20°C seeiii to occur i n  

acidic peat, wliicli generally sliows substantial rates of nietliane pJ/oi!u$on 
(Svensson, 1984). Tlie teniperature optiniuni for the production of rnetliatiogenic 
substrates by Cernieiitiiig bacteria niay not concur with tlie optiiiiurii for 
metlianogcncsis. I n  subtropic:il regions or at liigli altitutlcs, the accuiiiu1:ititin of 
intermediate nietabolites niay reacii toxic levels, especially early i n  ilie rice- 
growing season, because of low teniperatures. Spccilic tlrainage tcclitiiques witli 

increased percolation rates and/or intermittent aeration periods are practiced zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto 

remedy such accumulations. I n  tropical lowlands, high teniperature tltrougliout 
the growing seasoiis stiiiiulates degradation arid nietliane production. 

I n  flooded coiiditiotis, soil teniperature varies i n  response to tlie 

nieteorological regime acting upon the atmosphere-floorlwaler aiid floodwater- 
soil interfaces. 'flic cliatiging properties of soil arid floodwater (i.e., temporal 
changes i n  reflectivity, ltcat capacity, tlierinal conductivity, incoming water 
temperature, and water flow) as well as vegetation interact with these external 
influences. Hackinan (1979) reported that floodwater teniperatures are  above 
nii i i i i i iuni air teni1icratrirc but bclow n1:ixiiiiuiii air tciiipcrnturc if  d:iily ;iniplitutles 
of air teniperature arc Iiigli, wliile water teniperatures are above niaxiniuni air 
teniperatures if  daily fluctuations are low. Neue ( 1988) reported that floodwater 
temperature i n  I%ilippiiie ricefields always exceeded aiiibient air temperature arid 

et al., 1989). 

optitlta or 30 to 4 0 ~  ( ~ ~ i t : ~ r ~ ~ ,  1935; vogCis ai., 1 ~ s ) .  iJsyci~rt?piliiic ncct;ltc- 
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showed lower daily fluctuations. The temperature of tlie puddled layer closely 
followed tlie temperature of tlie 1loodw:itcr and decreased with deptli. The 
annual mean soil temperature at 2:OO p.m. was 33°C at  7 cni deptli, i ts daily 
maximum equaled or exceeded tlie niaxitiiitni air temperature on most days. 

Floodwater transmits short-wave radiation to tlie soil wliile reducing the 
upward escape of emitted long-wave radiation. Tlius, :i "greenhouse effect" is 
produced, heating Floodwater and soil. Diel temperature amplitudes of the 
floodwater are highly moderated because of the Iiigli heat capacity of water atid 
because evaporation of water consiiiiies energy from tlie floodwater but not 

directly from tlie soil. Tlie high tliernial conductivity of flooded aiid puddled 
soils, in which tlie bulk densities may be reduced to only 0.2-0.5 g/cni3, enhances 
tlie downward conduction to tlie deiise layer. Dissolved and suspended particles 
and aquatic bioniass in. tlie floodwater change tlie absorption of radiation, and 
deptli of floodwater changes tlie lieat capacity. The temperature of both 
floodwater and soils may rise above 40°C i n  unplanted soils with muddy 
floodwater of sliallow tleptli. I'lootlwíiter teniperature is lowered by canopy 
shading, flow of water, and tlirougli rainfall. I n  ricefields where floodwater lias 
been drained for transplanting or seeding, soil teniperatures niay reach 50°C in 
tile top centimeter because of increased heat :ibsorption aiid reduced heat 
capacity, tliernial cotitluctivity, evaporation, :ind ventilstion. 

Aselmann and Crutzeii (1990) computed monthly distributions of global 
nietliane eniissioiis froni lincarly tetii~~cr:itiii~c-dc~~ctitlcrit niet1i:iiie I'luxes i n  tlie 

range frolli 300 to 1000 iiig/1ii2 per (lay for teniperatures froin 20 to 3 0 " ~  and 
constant eniissioii of 300 i i ig/ni2 per t1:iy for teniper:itiires  elow ow 20"c. Eniissions 
of nietliane in the nortliern lietnisplicrc rcvcnl low rtiotitlily values (1.5 - 3 Tg) in 
December to April and a bell-shaped tlistrilnitioii between May :itid Noveniber 
witli a clear peak of about 16 'rg in August. 'l'lie soutlierii Iieniispliere reveals 
highest emission rates (up to 2 Tg) i n  tlic niotitlis of 1:ebt-u:iry mil kkircli. The 
largest sources where computed between 20 atid 30"N (Sooth China, North India, 
Pakistan, Bangladesh, North Myanmar) with 37.6 Tg/yr, followed by I O to 20'" 
(South India, South Myanmar, 'Thailand, Canibodia, Laos, Vietnam, North and 
Central Pliilippines, ßrimei, I<;iliiiiant;iii) with 22 'Ilg/yr, 30 to 40"N (Central 
China, Japan, I<ore:i) with 8 'fg/yr, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO to 10''s witli 6.5 Tdyr (Inost OC Indonesia) 

Tg/yr. 'flioiigli rice ecologies Ii:ive not been t1iscriiiiiti:itetl explicitly, the 

alid 0-10"N (Sri l-:iIik:i, bt:il:iysi:i, Sotltli l ' l i i l i ~ ~ ~ ~ i ~ i ~ s ,  131~11ci, l< : i l i i t~ : i i i I :~ i i )  with 5 



E/ni' per yr. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Source Dry zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA\Vciglit l<ctiirncd to soil zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

76 (ni i I 1  ion t/yr) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-- -- Wetland rough rice 449 

WetI;ind rice strawa 674 15 101 

\Vetland rice roots" I15 1 O0 I15 
Aqu;itic biomass (algiewecds) 74 I O 0  74 

Fallow weeds 200 50 1 O0 

- r o r m  1s 12 26 390 
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is transfornied to methane as found by Neue (1985) in studies with "C-labeled 
straw i n  soils prone to methane foriliation, 60 'rg of niethane woiild be globally 
produced i n  wetland ricelands ailnually. 'rile input of degradable organic carbon 

is likely higher due to orgaliic anicntlolcnts. licliable dat:i on amounts of organic 
manures added are lacking. Based on long-term yield trials i n  tlie Philippines, 

a relation among soil C contelit, N fertilizer rates, and rice grain yields was 
established. Tlie optimum C content i n  piidclled aiicl flooded soils was found to 

be 2 - 2.5%, corresponding to (1.20 - 0.25% total nitrogen (Neue, 1985; Smith et 

al., 1987). Since almost 90% of tlie ti-opical soils studied by Kawaguclli and 
Kyuma (1077) had less l l ian the optimum total nitrogen conlent, nioderate 
organic anienclnients seen] to be esseriiial to sust;iin or increase soil fertility and 

rice yields. I n  sonie instances, tlie returlied iiet priniary production of organic 

matter seem to be sufficient. 
l'lie rate ancl patterii ol-organic inaiter addition :ind decomposition control 

the rate and patterii of metllane formation. Anaerobic fermentation produces an 

array of organic substalices, ninny of tlieiii transitory and not found i n  well- 

aerated soils. Ponnanipei-uma (1 984a) listed varioos gases, hydrocarbons, 
alcohols, carbonyls, volatile fatty acids, nonvolatile fatty acids, plienolic acids, and 

' volatile S conipourids. Metlianogens constitute the last step in the electroil 
' t r a w  fer c li :i i I I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAge I I  era t ed by t I i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe a n :le rob ic d cgr:ida I io I I  01. erga I I  ic ni;ì t t er. 

Subiiiergeiice o f  soils retards i i i i t ia l  cleco~iiposition of rice straw in  ilil: field o~ily 

sliglitly coiirpared with uplaiitl soils (Neue :ind Scl~iirpe~iscel, 1087; Neue, I9tc8). 

Tlie rate of deconiposition tlecrenses wit11 soil clcptli (Neue, 1985). 
Deconiposition of the remaining, niore resist;illt iiiet:ibolites and residues is 
similar, wiili half-lives of about 2 ye:irs i n  a11 soils nur1 w;tter regimes if tlie 

. following contliliolls Ibr flootlcd soils arc I11cI: 

soil is illrellsivcly ["ILllIlctl c;lcll c ~ o p ] ~ i l l ~  se::lsoll; 

soil tell1~~cr;lIurc 01'  I l lC  ]""Illlctl I;lpcl is 30-35°C; 
neutral pI I; 

shallow floodwater; 
low soil bulk density and wide soil/w:lier ratio; 

lligll and. ba1;lllced lllltricnt supply; 

no long-lasting ~lcculnll l~ll ioll of 0Ig:lllic ncirls; 

~ ~ c r l l l ~ l l l e l l l  supply o f  cr1crgy-rich pllotosylltlletic nqllalic ;lllll belltllic 
biol1l:lss; 
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ltigli zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtlivcrsily zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof lllicro- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa11d Ill:lcroc~rg:lllisllls t l l : I l  ["'""itlc srtcccssivc 

fcriiieiit:itioii dowii to CO,, CI I,, 1 I,, and N I  I,; 
supply of O, into tlie rctlucecl 1:iycr by rice root  escrctioii aiid 

diel oversaturation of tlie floodwater with O, due to pltotosyrttltctic 

aquatic bioiiiass enhancing the aeratioti fuiictiori of oligocliactcs. 

oligocllncte populatioll; alld 

27 I 

accumulation of volatile acids are found in soils with Iiigher bulk density (lower 

soi1:water ratio). Diggiiig tu1ificitl:ie (eartliworiiis) in  tlie top soil decrease 

methane formation but iiicreasc tiictliíiiie eniission by en1i:incing íluxes of gases. 

Dccoiiipositioii and, accordingly, nietliane ~~l-oduction are retarded in 
wetland rice soils with low aiid iriibalariced nutrient supply, high bulk density, atid 

low biological diversity ancl activity, as demonstrated in  [lie Acric IWeaqitult of 
Nortlieast Thailand (Siiitwongse et al., 1988). I f  tlie biological activity is 

restricted to bacteria, as in Iaboratoiy cxperinicnts, tlie dcconipositioii of rice 
straw i n  flootlcd soils is ltiglily rctardccl (Cnpistr:ino, í(ISS). Otily 7- 18% o f  [lie 

i l l co r~~ora t c~ i  straw ~ i c c o l ~ t ~ ~ o s c t i  : InCr i00 r~:lys rc~iioivitlg tiic orricr S ~ I I  

4.9). 'I'llcsC rcs01ls clcarly dcn1ollslr:llc t I lC  ltiglt l i r l l i l n t io l l s  of Inbor:1toty 

iIlcllbatiorl sludics. .. . . 

Manucl clay loanl (['I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6.6) > h.laallas cl:ty l0;lnl (pl I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.5)  > l.,ollisi:lll~l riny (1'11 

I n  calcarcous artcl :ilkalirie soils, rilctltaric protliicliori iiiny i,ccor witliin 

itictliatic is foraicd (1:igurc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3). 1 1 1  very acid soils. ittc~li:ittc m:iy iiot I)c fortiiccl :it 

any time. 'flic fortiintion of tiictiiaite is prccctlcrl by tlic productiori of volatilc 

acids. Short-tcrtii I I, evolittioii ininictliatcly follows tlte disappcaraiice of O2 after 

flooding. Thereafter, CO, production incrcascs, atitl finíilly, with decrcasing CO,! 

CI-I, forliiatiori increases (Taka¡ et al., 1956; Neue and Scliarpenseel, 1984). -¡lie 

addition of organic substrates enhances tlie feriiicntíition process. With 
increasing temperature t i p  to W C ,  clecoai~~osition starts carlier and is more 

vigororis in eveiy case. At high temperatiires, the forination of CO, alid CI.1, 
occiirs earlier and is ~(roi igcr  (Yaiiiane anti Sato, 1961). I'lie period of 
occurrence and the aniount of the gaseous products and volatile acids depend 

largely o11 teni pera tu re a lit1 red irci ng colic1 i lions. 
Tlie ratio o l  CO, to CI formation is corilrollcd by I I I C  fcrnientatioii cliaiii 

and [lie ratio of the oxitlizitig capacity (nliioultt of rcrluciblc O,, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANO,-. MII(IV) ,  

and Fe(ll1)) to the rctlitciiig c:ipacity (Takai, 1961). I'lie actual capacity is liiglily 

influenced by O, cliffitsiori froni tlie atntospherc, flootlwater, and platit roots; the 

soil bulk density (soil-water ratio); and fertilizatioli. Less CH, arid higher 

Ilours :1ftcr llootlittg :\II :lir-dl~icci soil, \Vll i lC i l l  :1citl soils i l  Ill:ly lakc wccks I~clorc 

lpg CH, /g soil) 

- - I  

:*  ̂;t;nll;l I 
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o 2 4 G 8 

Weeks oller flooding 
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400 
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Consecutive additiori of  organic srihstl-ates tlirougli pl:int growtli and 

chain. Tl ie low specific aclivity of CI 1, producecl after adding "C-labeled rice 

straw in field experinleiits ( IRRI,  19x1) was caitsetl by degradation of iiewly 

soils, rnelliarie is orily protlircrtl iri sigiiifiaiiit : i i i i o i i r i  ts aflcr soil-lxwie ~~rodttctio~i 
or addition of re;itlily iiiirier:ilizíilile organic sulxtratcs. i Iiintific;itioti 01' org;iiiic 

i i ia~ter i i i wetland rice soils is less t1i;iii t1i;it i i i  :icrobic soils. I Itinitis of seasonal 
flooded soils lias lower I I, aiid N contelits, its degree of unsatcrríition ancl its 
content of carboxyl and phenolic groups is lower, but its alcoliolic and methoxyl 

groups are liiglier (I<ttwatsuk;i et al., 1978; 'Tsutsuki and Ktlwatsuka, 1978; 
Tsutsuki and l<itttiad:i, 1980). I Iuniification indices i i i  flootlecl soils, given as the 

ratio of nonhumifiecl aiid Iiutnificd niíiterinls (Seqtii et al., l980), are liigli (low 
liitiiiification) in topsoils and decrense wich ilsptli. Very ;icid rice soils hwe iiiorc 

Il LI 111 i fie d 111 ;1teria Is. 

pIiotosyntl1etic biolllass production in Ille floodwater mailllain Ille ferll~elltatioll 

procluced photosynlhttlic hioI1l:lss ;Itit1 root exutl:llcs. I l l  perlll:lllelllly flooded 
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FZ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
O 

soils zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwith Iiigli teniperature zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAiii :ill seasoiis t1i:it sliow rnpitl i i i i i ier í i l i~: i t i [~ i i  :in,rJ 

weak Iiuiiiificatioii (Boiiiicau, 1982; Neue aiid Scli:irpciisccl, I987), both of wliicli 

favor metliane forination. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARedm poteriticil. 'Ilic supply of biotlcgratlahlc c n r h i  aiirl tlic activity 

of the ctlaplioii are the kcy to i i iost of tlic cliaractcrislic biocliciii~ical aiitl 

clieiiiical processes in  flooclctl soils (Neue, 1988). 'Ihcse processes include soil 

reduction and associated elcctroctieiiiical changes; N i~ii~ilobilization aucl fi,u,atioo; 
production of an array of organic coiiipouiitls, cspcci:illy organi$: aci& .,and 
release of NI-IJf, CO,, 11,s. and CI I,. Since niet1i:iiie is producecl oiily by strictly 

anaerobic bacteria (iiiethanogeiis), a sufficient low recios potcritial is required. 
T I l C  liiagllitucle of rcrluction is clclcrlninccl by tile anloullt of easily 

tlcgríld~lblc 0lg:lliic suhstr:\tcs; tileir r:1lc of tlcconl~'osiliol1; a11cl Ille :illlollllts alld 

kiiids of reducible iiitratcs, ¡roti aiid ~iiaiigaiiese osides, sul fatcs. aiid .organic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAÊ o  

Cu *s 

o-r--.--- 
------ -______ ------_____ ----___ 

soil niay reveal Eli values as low as -300 iiiV bccniise of direct coritact with 
reduced surfaces of soil particles. The iiiost iiiiport;iiit interacting clieiiiical 

cliariges after floodiiig ali air-dried acid soil are sliowii in  Figure h , b .  

Altlioiigli the recluction of flooded soils proceeds stepwise in a 
tlieriiiodynamic seqiierice (IJoniiaiiipcriiiiin, 1072; ¡)atrick and Rcddy, 1978), tlie 

given oxidation-reduction systcms are oiily partially applicable to field conditions. 

The niineral pliases present in soils are not pure and ofteii uiiknown. and a large 

portion of rcciiiced re2+ anci  MI^^+ ions are iielti at i o i i  cscliangc sites (Tsuciiiya 
et al., 1986). Cliangcs in plI aiid activities of reactants aiid rcsultarits cali also 
alter tlie order of redox reactions. As a coiisequeiice. reduction potentials of a 

given redox reaction span a fairly wide range not orily because of variations at 

microsilcs. Nevcrtliclcss, rctlox potentinls of tlic bulk soil (corrcctctl to pi I 7) of 
at lcast -SO riiV are iicctlccl for the foriiiatioii of GI I,. 

I 

I 



I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
274 

. .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Cliciiiic:il rcactions 11i:it arc f;ivoretl tlieriiioc1ynariiic:illp arc i iot  ncccssa~ily 

favored kinetically. 'I'hc lack of effective coupling and tlie slowiiess of redox 

reactions mean that catalysis is required if  cquilibriuln is to be attained. In  soils, 

tlie catalysis of redox reactions is mediated by iiiicrobial organisnis. Equilibriuni 

is depeiidcnt entirely on tlie growth and ecological bcliavior of tlic soil niicrobial 

population and tlie dcgrcc to wliicli the reagciits and lmclucts can diffuse aiid 
mix. Soil orgaiiimis are i ~ i i p o i ~ ~ a ~ i t  with regal d to kirictic aspects of reclox by 

affccting tlie rate of a rcdox rc:ictiori but not its staiid:ird free erlcrgy cliange 

(Sposito, 1991). 
Soils low i i i  active iroii with liigli organic niatter may attain Eli wlues of 

-200 to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-300 IiiV witliiii 2 weeks after submergelice (I)onnampcriinia, 1072). In  
soils liigli zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin both ir-on arid organic matter, tlic Eli may rapidly fall to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- S O  niV 

and tlieri slowly decline ovcr wccks arid level off. Soils wlierc tlie rc~lss  potctitial 

i s  colitrolled by a fcrritic, fcrruginous, or osiclic niineralogy -aii¿l/or tlie soil 

reaction is strong acidic or allic are less prone to iiictliaiic forniation ( N ~ u c  et al., 

1990). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4.5 Pícr.~ií~lpr.~.s.sur~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo[C07. The partial pressure of CO, directly influences 

CI-I, prodiictioii siiicc CO, is a carboii source for mctliaiie. I t  also affects CII, 
production iiidircctly bccause tlie accuiniilatioii of CO, couplcd with tlie 

formation of I-iC0,- buffers tlie p11 near neutral i i i  all flooded soils. 

The increase iii pI-1 of acid soils is initially brouglit about by soil rcductioii 

of Fe-oxyliydroxides. The PI-I decrease of sodic ancl calcareous soil aiid the final 

regulation of tlie pI-1 rise in acid soils are the result of CO, accumulation. The 

PI-I values at steady state of flooded alkaline, calcareous, and acid soils are 

higlily serisitive to the partial pressure of CO,. Carboii dioxide that accumulates 
in large amounts profoundly influences tlie chernical equilibria of almost all 
divalerit cations (Ca2+, Mg'+, Fe2', Mil2+, ZII'+) in flooded soils as weli as 

methane formation. Parasliar et al. (1990) found tlie liigliest emissioii rates of 

CM, at a p1-I of 8.2. Acharya (1935) reported that the preliriiinaIy stage of acid 
formation is more tolerant to PI-I reactions, biit gas formation i s  greatly iriipeded 
outside tlie range of PI-I 7.5 - 8. 

, \ ,  

. I  
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Table 5. Coefficient of  corretatioti Retween soil c1i:iracteristics and the nunilier zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAol 
methanogenic li;icteri;i/metli~iIie production pcitential (calcu1;ited frotii d;it;i from 29 soila 
given by Garcia et al., 1974). 

liange Mean log no. of log 
metlianogens methane 
per g of soil production 

potential" 

Clay (%) 
Silt (%) 
Sand (%) 
ECs (dS/m) 
pr-r (7 d after flooding[DAF]) 

Eh [7 (DAF) (mV) 
Carbon content zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(92) 

Total nitrogen (%) 

C/N 
S-SO,'.(zero day] (tiig/kg) 

N-NO, [zero day] (iiig/kg) 
CI- [zero d:iy] nieq/IOOg) 
No. of clenitrifiers (log IO 
NO./@ 
I)eiiitrification Iiotcntiiii" 

No. of sulflite-rerlucirIg 
bacteria (log 10 No./g) 
SuIfnt e-reduci ng i titiex' 

Rice growth ilidex" 

2.8-60 
7.9-58 
1.7-82 

0.03-5.3 
3.4-6.8 
+400- 135 

0.4-9.0 

(1.0-1-0.3 I 
9.9-29 

53- 1 OW1 

0-4 1.8 
042.9 

1.7-5.4 

'Io-> IS00 

1.8-5.9 

0-5 

0-7.8 

28 - 0.488** 

23 - 0.227 
37 + 0.49I** 
0.95 - 0.543** 
5.4 + 0.589** 
+ I l 6  - 0.661** 

2.1 - 0.067 
o. 12 + O.(I44 
17 - (1.299 

380 - 0.437* 
2.7 - 0.235 
7.1 - 0.496** 

3.9 + 0.305 

> 370 - 0.0.37"* 
3.4 - 0.144 

2.2 - 0.257 

3.3 4- 0.321 

- 0.524 ** 
- 0.145 

+ 0.486 ** 
- 0.384 * 
+ 0.522 ** 
- 0.646 ** 
- 0.07 i 
+ 0.192 
- 0.400 * 
- 0.265 
+ 0.005 
- 0.358 
+ O. I53 

- o.so!, ** 
- 0.071 

- 0.227 
+ 0.473 ** 

~~ 

a Metliane jmduceil during íin:ierohic inculxition of soil : I I  37°C during 8 lo 12 days alter 
flooding; 

Denitrification of 100 mgkg N-NO, (KNO,) at 30°C; 
Percentage of deed rice platits in  stanclardized conrlitions of growtIi kivoring 

Weigtit of grain produced in pot experiment. 

sulpliotcirrdiicticln; 

* and *1. = significant at 1% ;itid 5% levels, respectively. 



276 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1Jp zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.0 t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACXl2/1i:i is I)rnducctl i l l  tlic 1)ttd~Ilcd 1:lycI durilig ¡tic fiist Ic\v 

weeks of r i c d i l l g  ( 1 1 ~ 1 ~ 1 ,  iofd). ~ f t c r  I I IC  ; t t l t l i i i w  01‘ orpiiic suhtr:ites, the 

partial pressiire of CO, i n  a flootlcd soil niay rc:irli :i pc:ik of alriiost IO0 kl’a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, 1  

(l’oiiiiaeiperuma, 1985; Ncrle alid I3loo1ii, IOSO). ‘1’pl)ical v:illlcs ¡li I‘l~~tlctl scils 
range froiii 5 to 20 kPa (ICunrlu, 1987; l’atm, 1987). Carbon dioxide 

coiiceritratiolis greater than IS kl’a rctarcl root dcvclol>nielit, lcadirig to \~iltil ig zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
and reduced iiutricnt iipt:ike (Ilciit, lOS6). 

~t soil tenipcrnturcs round in Iloocict~ tropic:il soils. CO, arici ~ I I ,  
forriiatiori occur sooiier and i n  larger amounts tliaii i n  cooler cliliiatcs’(‘1’sutsuki ,. < 

and Poiinaniperllnia, 1987). The aiiiount of CI I, fourtcl i r 1  tlic soil so,Iuliorl . . .  and 
i n  gas bubbles of flooded soils niay be up to 3 tinies Iiiglier t1i:iii that of CO, after 

the initial stage of flootliiig (Martin et al., 1983). The change i n  favor of CI I, is 
likely caused by assiniil:itioii o f  CO, a ~ t d  prccipit:ition of carbonates ratlicr than 
reductioii of CO, to CI 1,. bill thc coiitrolliiig ~)roccsscs still iicccl elucidation. 

According to Taka¡ (1970), !lie hulk of CI I, is formcd through rlccarboxylntio~i 

4.6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC o ~ r r l d o t ~ s  bc/iveerr soil zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~nvper/ ies N I K I  I I  ~ ( 1 1 t i 1  re filri I I N / ~ ( I I  I. Ne II e ’et al. 

(1990) identified four crucial parameters for high nictlialie production in wetland 

rice soils iiito four cruci:il p:ir:iiiictcrs asitlc front carlmi suiydy :incl w:itcr rcginie: 

teinperature, texture alltl inincralogy, Eh/pI I huffcr, :ilid s:iliiiity. I IC  suggcstcd 

that soils are iiot prone to liigli nicthane productiolj i f  oiic or niore of the 

following soil characteristics following limits of Soil Taxononip (USDA, 1975) are 
met: 

..i 

of acetic acid, which would rcslllt i l l  a I :  I r;itio of COz alid CI I., f c ~ l n l a t i ~ ~ l l .  

acidic or allic reaction, 

EC > 4 clS/ni wliile flooded, 

ferritic, gibhsitic, ferruginous, or oxidic I i l ~ I i C ~ ~ ~ ~ ~ ~ ~ ,  

> 40% of kaoliiiitic or halloysitic clays, 

< 18% clay i i i  the fille earth fraction if the water regiaie is epiaquic,. 

and 

drought-prone during cultivation period. .. 

Soils comprisilig tllcsc rentt1rcs ;ire Oxisols, iiiost of the Ultisols, aiid sonie:cf’$e - .  

Aridisols, Elltisols, and Inccptisols. Rice soils that are prone to methane 

production maitily belong to the ordcrs of Eiitisols, Iiiceptisols, Al fisols, Vei:’$ols, . - -  

and Mollisols. Correlations between methane formation arid phys¡coclic.niicaI 
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features (Tables 5 and 6), calcirlated from data of 29 soils given by Garcia et al. 

(1974), support this concept. 

Fahle 6. Correlation between the number o f  met hanogenic bacteria/ineth;ine production 
potential and pI-I/Eh at different days after flooding (DAF)(calculated from data of 29 

,soils given by Garcia et al., 1974). 

DAF metlianogens Log no. of production Log metliane 
polenli~ll 

pl-1 o + 0.112 f 0.030 
7 + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.589** + 0.522** 

14 + 0.41 I *  + 0.293 
21 + 0.541** + 0.385* 
28 + 0.539** -1- 0.268 

Eh o - 0.107 - (1.197 
7 - 0.661** - 0.646** 
14 - 0.438* - 0.361* 
21 - 0.443** - 0.303 
28 - 0.380* - 0.097 

* and ** = significant at 1 %  and 5% levels respectively. 

Metliane production potential is negatively correlated with Eh, ECs, 
chloride content, sulfate content, and C-N ratio but posiiively correlated with p1-I. 
The pl I/Eli values I week after llootliiig, Ille cler~itrific:~tion potential, and tlie 

rice growth index sliow higher corrcl:itioiis. Tlie high iicgative coi-rel:ltion with 

tlie clay content and positive correlation with the sand content indicate 

dominance of kaoliiiitic clays, and/or effect of the large noniber of salt affected 

inangrove soils i n  the saniple. Considcriiig only the I 1 non-s:ililie soils results in 
a liigliIy,Pignificanl correl:ition between soil c:irbon :is wcll as soil nitrogcn 

content :incl nietlialie production potcittial but not with the nuutber of 

metlianogeaic b:icteri:i. ‘l’liis sliows tli:rt the c:irboii coiiteiit influelices the activity 

but not necessarily the density of nietlianogeiiic bacteria. I n  the sample of 11011- 

saline soils there is no correlation between metliane production potential and clay 

as well as sand. ’The positive correlation between metliane production and the 
rice growth index, measured as rice grain yield, cle:irly indicates that increasing 

rice prodidori  etilinrices oietliaiie furoiatiori. Sirice the rice growth index is also 
an index for soil fertility of rice soils, i t  is evident that  improving wetland soil 
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5. Rice citItiwr.y I I I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi d  I 11 c~lrci~ I e ci1 iissioi zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi 

Rice plants play an iniportant role i n  the flux of metliane. U p  to 90% of 

tlie niethane released Troni tlie rice soil t o  the atniosphere is einittcd via the rice zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
plant (Bon1 et al., 1978; Seiler, 1984; IIol~apfel-l~scliorii et al., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1986). 'flic 

aerenchyma and iiitraccllrilar space of rice plants nicrliate tlic transport of CI I, 
from tlie reduced soil to tlie atniospliere (Rainibault et al., 1977). Ilowever, u p  
to 80% of the metliane produced is apparently oxidized in  the rhizosphere 

(IIolzapfel-Pscliorri et al., 1985) aiid tlie osidized soil floodwater interface (Figure 

5 ) .  

., c 
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Figure S. Sclieniatic of Imduction, reosidation, aiitl eniissiori of CI I, i i i  a p;icldy 
ficld. (Modified from Scliiitz et al., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1989.) 
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Figure 6. Root oxitliziiig power of sclcctecl rices. 

The aerenchyma of rice plants acts as a cliimney but the transport 
mechanisms still liave to be elucidated. The well-developed air spaces in  leaf 
blades, leaf sheath, culni and roots provitle an efficient gas exchange between tlie 

atmosphere and the anaerobic soil. Atniosphciic O, is supplied via tlie 
aerenchyma to the roots for respiration. Oxygen diffusioli from rice roots seeIiis 
to constitute an important part of the root-oxidizing power aside froni enzymatic 

oxidation due to hydrogen peroxide production. Ilecause of the abundance of 
nietliane-oxidizing Ixicterh preseiit ill 11ie rhizosphere, its potenti:il for metliane 

oxidatiori is very Iiigli. At tilleriiig, h i i t  et íil. (1978) coiiiited in tlie rhizosphere 

10 times liiore iiictli;irie-osidizillg 1~iictcri:i Ih:in in the hiilk ;iii:ierobic soil and 1/3 
niore than i n  the oxidizecl soil-water iiitcrliice. 'I'hey Iouritl sigiiificant increases 

in CII, emission from cultivar IR36 when suppressing CI-I, oxidation wit11 

acetylene at the soil-water interface. I lowever, acetylene liad only a small effect 

on emission rates when applied lo the rliizosphere. Bont et al. (1978) concllitled 

that tlie utilization of O, by reduced substanzces alid niicrobi:il activity other than 
metli;inotrophs i n  the root-soil iiitcrf:icial region escccds the supply of O, by the 

root. Consequently, the aerobic zoiic: surrounding the root is too t h in  to get the 

- 

. .  .. . , ... 
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diffiisiiig CI I, oxidizctl or  tlic rhizosphcrc is, for  tlic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAiiiost p:ii I, ;iii;ictobic. Rice 

plants niay not only nicdiatc thc flux of CI I,, they cnhance biological activities zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
in soils and their root exudates and dcgrading roots niay be an iiiiportant source 

of CII, forniation. Sass ct al. (1991) found that s p t i a l  vaiiability of nietlinne 
production coiiicidcd with spatial distribution of roots i n  wetlai~d riccfioli!s. 

L q e  cultivar diffcrcnccs ¡ri root oxitlntion Ixwcr (Figilrc 6) alid i l l  

eniissioii rates (I’arashar et al., l900) open up thc possibility of brccrlilig rices 
tliat emit less nictliane. ‘I’he iulicritance of irntlcrlying traits lins still to be 

elucidated. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6. Agr~i i~oinic pmctices ujficriitg CH, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi~ríidticlioii. 

Various rice culture systenis liave becn dcvcloped to suit the physical, 

Little is known about tlie effect of agroiioniic practices o11 nietlinlie fliixcs in 
wetland ricefields. 

6.1 IlGuet- corrirol. W:itcr control (irrigation ancl tlr;iinagc) is onc of the 

niost important factors i n  rice production. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIn nia~iy ricefields, crops suffer from 
either too much or too little water because of rainfall pattcrn and topography. 

During tlic ni01is001ia1 rainy S C ~ S O I I  i n  tropic:il Asi:i, ricclnllds arc naturally 

flooded. Excess watcr is a scrious coiistrnint i n  rivcr, Incustri~ic. alld coastnl 

floodplains. Bunding (raising lcvees around the field) of ricefields aiid terracing 
and levelling of sloping land considerably change the water reginie of that land. 

The overall effect is tliat uncontrolled ruiioff of water is miiiiniized and niore 

water, whether froni iiatural sources or from irrigation is retained 011 or i n  tlie 

soil. Biiriding and leveling of ricefields is a perfect niensure of erosion control 

and allows efficient water liarvesting aiid water conservation. 

The following parameters of floodwater regimes are important for rice 

growth and sliorild affect metliane fluxes as well: 

biological, alld socioccollolllic coliditions of tliffcrcIIt rcgiolls ¿Illd cllvil-onIncnts. 

duration and depth of flooding, lsr’ 

regularity of flootliiig as tleteriiiincd by clinintic relief arid reginie of 

rivers, aiid 

degree arid p:ittern to wliicli flooding is controllcd by irrigatio~i, 

flood protection. aiid drainage. 

28 1 

Single ricefields niay liave two distinct flooding regimes in a given year, 

especially i n  pronounced wet-diy nionsoonal climates. Ricefields niay be 

naturally sliallow to niotlerntely deep flooded during the rainy season and dry out 

or become sliallow flooded by irrigation watcr during the diy season. 

Floodwater control is the prerequisite for most tecliiiology changes in rice 

cultivation. Floodwater and soil water regime priniarily deterniine 

nietlianogenesis and will likely be key issues for reducing methane fluxes. 

Aerating wetland soils to reduce methane fluxes witlioirt hampering rice 

production is a tempting niitigation teclinology. 

But water stress at any growth stage may reduce yield. Moisture stress of 
SO kPa (slightly above field capacity) niay reduce grain yield to 20-25% of the 
yield of continually flooded treatnients (De Datta, 1981). The rice plant i s  niost 

sensitive to water deficit during the reproductive stage causing a high percentage 

of sterility (Yoshida, 1981). Water deficits during the vegetative stage niay 

reduce plant height, tiller nimber, and leaf area that niay also highly reduce 

yields if plants do not recover before flowering. The duration of a nioisture 
stress is niore important than the growth stage at whicli the stress occurred. 

Short aeration periods at the end of the tillering stage and just before 

heading may improve wetland rice yields (Wang Zh:ioqi:in, 1986) but only i f  it is 
followed by lloocling. Intennittent irrigation or keeping soils only saturated 

considerably lowers rice yields (13orrell et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA., 1991). lnterniittent tliyiiig periods 

or percolation rates of up to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA35 iiiiii/rl:iy are associated with maximum rice yields 

in subtropical China and Jnpaii (Wang Zhaoqi:in, 1986; Iwata et al., 1986). 
Percolation rates significantly increase yields only above production levels of 6 
t/lia (Iloriya, 1966). Permanent year-round Ilooding or saturation, wliicli may 
favor nietliaiie prodi~ction, i~icre:iscs glcying :incl reduces soil fcrtility (Li Shi-jun 

and Li Xiic-yii:iii, 198 I ) ,  except i n  :icitl sulfate soils aiitl soiiie iron loxic soils. 
Altliough yieltls i n  a triple rice cropping sys~ciii ;it 111R1 liave slightly tlcclined 
over the past 22 years (Greenlantl, 198S), there is little evidence that high 
percolation rates, intermittent diying, or dly fallow periods are needed for high 

rice yields in niost tropical wetland soils. The niagnitucle of aeration (oxidation) 

needed is likely dependent aiitl interlinked with decompositioii pattern and 

accumulation of organic and iriorganic toxins, and nutrient inibalances involving 

Fe, Mn, Zii, S, and I’ (Neue, 1988, 1989). hliicli niore inform:ition is neetled to 
iinderstnnd these i i i ter r~ l~ i t io~ is l i i~)~.  
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‘1.IlC Iligh zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwater clcll1:llld for wcllalltl ricc l~cconlcs zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAí I  c0llSlr;lillt i l l  arcas íllld 

S C ~ S O I I S  of liriiitctl water rcsourccs. Wetlniitl zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr icc rcqiiircs, oli :i11 average, 1240 
111111 of water (Yosliida, 198 I ) ,  while uplaiitl crops inay iiccd lcss than liaIf 

(h~iaessclialck e t  al., 1985). No oietliatle .is produced when upland crops are 

cultivated 011 ricelaiid in seasons iii wliicli tlie land is naturally not flooded. ‘T’his 
is commonly practiced i n  areas of limited water resources, especially since 
nioderii rice cultivars with short growtli duration are available leaving sllrficient 

water in the soil for a followiiig upland crop. I f  water supply is assured, sliilts to 

upland crops, which would reduce niethane eniission, arc IiigIiIy deptndciit on 
socioeconomic conditions. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

6.2 Land pq ia”N ior~ .  Tillage operations vary according to water 

availability, soil texture. topography. rice culture. arid resoiirccs avai1,ibIe. 

Kawagiichi and I<yiiriia (1977) found l l i:it 40% zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof lhe trnpical ricc ‘soils they 
studied had at least zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4S% clíiy. Soils with such high clay content liave a poor 

structurc aiid are liaid wlieti dry. Silice hand- and anini:iI- powcrcd !ill:igc are 

still coiiililoli in riiost Asiat] c o i ~ ~ ~ t r i c s  and the prilicipal forni of aicclianization i s  
only the 10-15 111’ tiller (Ilaiid tractor). wet tillage is the prefcrrcd. land 
preparation. Wet tillage coriiprises land soakiiig u i i t i l  lhe soil is saturated, tlien 

plowing. piiddliiig aiid Ii:ii.rowiiig. Oiic th i rd of llic lo t : i l  water rccpirctl for  a rice 

crop i s  llccrled for thc wet I‘icld prcpar:1tian. ‘I’\w ~ c k s  arc rcquircd to Iwqiare 

tlie field for traiisplantiiig. 
According to De Dattn (lO8l), the arlvaiitíiges of  ~ c t  tillage arc: 
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arid carhon supply, aiid iiicreasirig diffusioii rates, niass flow, and availnbility of 

most nutrients. Stnntling water stabilizes tlie soil iiioisture regiiiie, riioderates soil 
temperature, ancl prevents soil erosion. 

When initial crop growth at early monsoonal rainfall beconies essential 

because of siibseqiient floods, as i n  deepwater rice ecosystems, tillage arid seeding 

are done in cliy soils. Less tlian 200 nini of raiiifíill for the planting montli leads 

to dryland preparation and seeding. labor  constraints associated with seedbed 

preparation, laiid prep:iratioii, íind trniisplanting niay also force fanners i n  other 

railifcd rice ecosystciiis to  chylantl tillnge :riid scctling to ensore tiliicly crop 

establisliment. 111 iiiost rice-growirig couiitrics wliere large power iiiiils ci111 be 

employed because of available capilal (as in  [lie IJnitetl Slates, Australia, most 

of Latin America, arid Europe), drylaiicl tillage is coninionly practiced. In  the 
United States and Australia rice is nioslly also sown i i i dry soil, wliicli is flooded 

after crop establishnient. Upland ricelnnds are never flooded and tillage is, of 

course, the sanie as for other upland crops. 

Information on tlie effect of lai icl  prepíiration on niethane fliixes is lacking. 

Drylaiid tillage and diy seecliiig shorten the an:ierobic phase ancl may slow down 

tlie decrease of the redox poteiitial resulting i n  tlelayetl and likely lower methane 

production. hlinimum or zero tillage should have siniilar effects. I Iowever, tliese 

land preparation and seeding tecliiiiqiies require likely new rice cultural types, 

higher fertilizer rates, higher powerctl tillage implcnieiits, ancl altenialive seeding 
and weeding techniques. 

6.3 Seetlirig uritl ~ ~ f i ~ i . ~ ~ ~ ~ f i ~ i f ¡ ~ i s .  ‘I‘rnnsplnnted rice is tlie iiiajor practice of 

rice culture in most of tropical Asia. Direct seecliiig of pregerniinated rice in  wet 

prepared soils becomes popi11;ir in m x i s  w i t h  good water control and if 
riiaiipower is 1:ickiiig o r  lieconiing cspciisivc. 1’rcgcriiiiii:ited seeds are mostly 

and the field is flooded after crop est:lblislinient. Wie crop duration (vegetative 

1 phase) is shorter in direct seetletl rice, avoiding delay due to seedbed 

preparation, transplanting, and reduced initial growth because of the 

transplarqting shock. Weed control in broadcast seeded rice and possible 
riioistirre stresses because of iiisufl‘icient water coiitrol are the maio obstacles in 
direct wet seeded rice. The yield potential for direct wet seeded rice is siiiiilar 
to that of transplanted rice (De Ilatta, 1981). 

broadcast orilo pudclled lielrls willlout st;llltlillg w:ltcr (satllratrtl soil nloistllrc) 

I 

Tlie advantages of trnnsplaiitiiig rice seetllirigs are: 

iniproved weed control; 

ease of transplanting; 

establishment of rcduced soil coriditiori wliicli iiiproves soil fertility aiid 

reduced draft requirenient; 
reduced water percolation; 

reliability of ~iioiisoon rains by tlie tiiiic land preparation is completed; 

arid 
lliglicr fcrtilizcr clriciency, especially Cor N fcrtilizcr. 

fertilizer niaiiageriient; 

Flooding aiid piidclling a soil provide an ideal growth medium ror rice by 

supplyiiig abundant water, buffering soil pl I near neutral, cnlinncirig N fixation 
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9 lower scerl rcc~uirclllclll (illcrc:lsctl zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlillcrillg), 

save scetl cstablislllllclll (contr1,l of 1,CSlS a l l r l  fcrtiliz:ltioll), 9 

9 variable sclicdule of ficld establishiiieiit is possible witliout risk, 

9 tolerance to biotic aiid abiotic stresses increases with scctlliiig agc. 
less reqiiireiiieiits for flooclwater control, aiid zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi !  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA# 

Mctliaiic fluxes should v:iry hctweell direct scctlcd a i i d  t r :~~~sph~i tccI  rice bcc:iosc 

9 crop duration is shorter in direct seeded rice, 

soil surface is aerated for 7-14 days after land preparation in direct 

growth pt tc rn  ancl canopy dcvelopiiicnt differ, :ilid 

, 

seeded rice, 

transplanting CallSCS acltlitiollal soil dislurhallccs. 

6.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFwriliztrrion. The i i iosl rlcficierit ilutrient for liigli wetl;iiid ricc yiclds 

is nitrogen, followed by P, I<, aiicl Zii. l'lie choice of iiitrogeii soiirce tlepeiicls o11 

the method aiid tinie of application. Most farmers apply nitrogen fertilizer in two 

or three parts. The first p:irt is applied during final land preparation or shortly 

aftcr plantiiig and the reniaiiitlcr ;is topdressiiig at Iatcr growth stagcs, especially 

at tlie early panicle stagc. ' Ilc niost coiilnion soiii-ce of N-fertilizer in wetland 

rice is urea followed by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaninioiiiiiiii-coiitaiiiiiig fertilizers like aminoniuni sulfate. 

?'lie soiirce of nitrogen iisetl as topdressiiig at Inter growth stages is less critical 

because of rapid uptake. I n  general, I< aiid P are basically applied during the 

firial land preparation. Potassium chloride is the principal fertilizer source of K 
and superpliosphale is the priinary soiirce of P fertilizer. On acid rice soils, 
pliospliate rock riiay be applied. Zii inay be added by seed treatiiients, dipping 

seedling roots in Zii0 solution, or broadcastiiig Zii salts at  the time Zn deficiency 

symptoms occur. 

Studies on fertilizer ilse aiid crop nianagenient to iiiininiize nitrogen josses 

(up to 60% due to volatilization of NH,, nitrification deriitrification) h i d  to 

increase the efficiency of fertilizer have recently becii revicwcd (,De Datta, 1981; 
De Dalla and Patrick, 1986; De Datta, 1987). For basal applic:itioii, aiiiinoiiiuiii'- 

containing or aiiiiiioiiiiiiii producing (urea) N fertilizer are reconiiiiended (De 

Datta, 1981) to rnininiize tlciiitrification losses. To reduce volatilization !osses 
incorporation or deep placement of N fertilizer has to be done without staridirig 

. 

, 

a 
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water at final harrowing. Broac1c;isting b:isaI N-fertilizer into floodwater results 

in extensive N losses (as aninioiiia) to tlie atniospliere clue to liigli pl-I values as 
a result of tlie algal assimilation or alkaline irrigation water (Fillery arid Vlek, 

Reports on the influence of the mineral fertilizer application (source, 

mode, and rate) on CI 1, productioii aiid emission are inconsistent. The coniplex 

interrelationsliips of fertilization on tlie biocheniistry (CI I, production and 
oxiclation) of flooded soils and on phnt growth (plant-mediated emission) still 

liave to be elucitincetl. 1iicre:ising t ~ ie  n u i i i ~ w r  01' tiller/m2 anti eriliancing root 

growth i n  methane enriched soil layers through fertilization will obvioiisly 
increase methane emission. As discussed above, enc:ipsiiI;iting methane inliibitors 
i n  fertilizer s e e m  to be very promising. 

I t  is evicleiit that organic aiiieiidnieots of flooded soils increase CII, 
production and emission (Scliiitz et al., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1989) by lowering the Eli and providing 

carbon sources. Addition of pl;int residues accelerate and intensify Eh and plI 
changes (Katyal, 1977). The effect of vetch, which lias a narrow C-N ratio, is 
greater than that of rice straw (Yu, 198s). Changes are niore pronounced when 

organic substrates are added to soils low in organic matter (Nagarajali e t  al., 

1989). Increasing tlie soil bulk density of flooded soils retards organic matter 
decomposition, increases the coiicentratioii aiid residue time of organic acids, and 

retluces the speed of Eli ant1 p I  I cliaiigcs as well ;is nietliaiie forniation. 
Thougli organic amenrloiznts are propagated to sustain soil resoiirces, 

actual application of orgmic substrates into wetlaiid ricefieltls seenis on tlie 

decline (see Figiii-e 7). I n  China the production of green manure increased 

sliarply after I960 and peaked sometinie in tlie 1970s (13.2 million lia), followed 

by n steep tlecline to oiily 6.6 niillion lia in 1987 (Stone, 1990). I n  Japan, tlie 
decline of green mii i i i re ciiltivalioii st:irted alrexly i n  the l9SOs. Accortliiig to 
Kanwiwa ( 1984), tlie total atltlitioii of organic substr:ites to ricclïcltls in Jap;in 

decreased froiii 6 1/11,? i n  1965 to 2.7 t/lia i n  1980. 

Based o11 the content of readily mineralizable carbon, humified substrates 

like compost sliould produce less nietliane per un i t  carbon while rice straw or 
green niantires likely prodwe iiiore. Applicetion of coliipost did not reniarkably 

enhance methane emission while applic:ition of rice straw significantly increased 

methane emission irrespective of soil type (Yagi ancl Minanii, 1990). Sotincl 
technologies liave to consicler bolli ni:iiiita¡iiiiig or increasing soil fertility and 

1986). 
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Ictlucillg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlllclllallc cnlissioll. I I I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAí l  sllst:lill:ll~lc wcl1:llltl ricc systclll. i l  nl:ly bc 

ac1vis:iblc to niiriiiiiizc ríitlicr t l i : i i i  to iiiíisiniizc org:iiiic soil íiiiiciidiiiciits. 

Area planted to green manure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( mil lion ha 1 

c- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8 

4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1-  

L 

O L f I I 
- 
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Figure 7. Area planted to green nianiire in Cliiria (1952-1987) (Stone, 1990) arid 
in Japan (Watanabe, 1984). 

6.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPesf cotilml. Control of pests in wellaiid rice ranges from varietal 

resistance tlirough cultural coiitrol, biological control, arid clieniical control. 

Application of pesticides to the floodwater, soil surface, or into the soil niay liave 

significant effects on nietlialie fluxes, especially i f  i t  adversely affects tlie aquatic 

and soil flora arid fauna. Marly cultural control nieasures, such as cropping 

pattern, crop residue niaiiagenieiit, tillage, water, fertility, weediiig, or plant 
spacing and population, affect pests in rice but slioultl affect nietliane fluxes at 

the sanie time. For exaniple, the niechanical disturbaiice of Lhe soil during 

weeding (2-3 tinies per scasoii by hand or small iiiiplenicrits) increases tlie release 

of gases trapped in the soil. Wcetls beconie an aclclitional source of metliane 

silice they are conimoiily retunied to the retlucetl soil. On tlie other Iiand, 
aquatic weeds may provide a more efficient pathway for CI-I, to the atniosphcre 

tliari rice plants, as indicated by I Iolzapfel-Pscliorii et al. (19%). 
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7. Sll I l l t l l~~ty 

Ricefields provide itleal eiiviroiinieiits for iiictli:inogencsis, especi:illy 
irrig:ited ricefieids iii the tropics, becailse of íiliíierobic conditiolis at  neutral pl I ,  
optinnrim temperature, and high easily tlegratlíiblc C inputs. Rice plants favor 

methane fluxes by supplying carbon and acting as cliininey. The high C input in 
rice soils due to a liigli pririiary production both by the crop and tlie 

photosynthetic aquatic biomass and organic aiiicndmeiits favor methane emission 

from ricefields. 

Irrigated rice ecologies seem to be tlie iiiíijor source for iiicreased global 
niet1i:iiie emissions from ricefielcls. The íissurecl witcr supply aiid control, tlie 

iiiteiisive soil prepration, :ii id the resultniit iniprovctl grow111 of rice, mediating 

Methane emissions should be niucli lower aiitl liiglily víiriíible in space and time 

i n  raiiifetl rice because of drouglit periods during tile growing season and tlie 

poorer growth of rice. I n  cleepwater rice, methane production may be high but 
related emission rates are unknowri. Upland rice is believed not to be a source 

of methane emission because upland rice is never flootled for a significant period 

of time. 

Global extrapolations of emission rates are still highly uncertain and 

tentative. Accounting for variations of eriiissioii rates due to climate, soil 

properties, duration and patteri1 of Ilootling, organic íimendments, fel tilization 
and rice growth reveals thnt most piildisliecl extrapolations are too high. 
Adjusting :i basic emission rate of 0.5 g in-' c1íiy-I :iccorcliiig to rice ecologies or 

soil types results in global eniission rates of about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40 'rg year-' (Neue, 1092; 
Bílclielet and Neue, 1903). 13111 reported nieasurenieiits of CI I, fluxes i n  rice 

fields (lo not  xcouiit for cbullitiori iiitluccrl by soil t l is lurhice duc to wct tillage, 

transplanting, fertilizatioii, weeding, pest coiitrol :il id liarvest. A 1:irge proportion 

of soil entríipped nietliíine tIi:it in:iy accouiit for up to 90% of tlie nicthane 
gener4ted and is oxirlizeti i i i  uiit i isturtxtl rice ficlt~s likely escapes to tlie 

atmosphere during these cultural practices. Tlierefore, tlie global CI I, emission 

rate from rice fields is likely higher than 40 Tg year-'. 

hletliane from ricefields niay contribute u p  to one third of the global 

anthropogenic methane eiiiissioii, aiirl iiiitigntion tecliiiologies are required to 

stabilize atniosplieric " A i n e  concentration i i i  tlie loiig terni. I'ossible mitigation 

tecliiiologies inclutle reduciiig C inputs o f  eíisily tlcgríitlíible carboii, iiicreasing 

the llletllane Ilux to Ille atnlospllere, c;ivor mct1l:lnc ~"odllclion ;1nd enlission. 
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soil zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAarid ],lallt-nlctliatctl nlclll:lnc oxitlnlioll, rcrlrlcing Cll l iSSiO~l  p;ltllw;lys Ihrougl1 
the selcctioii and brecding of ricc cultivars, aiid prcvciitilig or rcrliicilig iiicthaiie 

forriiatiori tlirougli interiiiittciit aeration, soiirces and iiiocle of fcrtilizer, and 
application of cheniical iiiliibitors. ‘The most effective niitigatioii technology 

would be to shift from wetland rice to upland cropping wlienevcr possible. 
However, technologies zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthat will tic acceptctl by far1iicrs liavc to bc not olily 

environnicnta11y but also socio-econoniicnlly souiid. Ikcause of the liiiiited 

existing knowledge and the coiiiplcxity of ally oietliniie-iiiitigntiiig tcclinology, a 
compreliensive interrlisciplinary research approach of various biological and social 

scielices and coniiiioii seiise are iieeded to develop and iiiiplenient feasible 
teclinologies. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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