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Abstract

Methane production and emission from paddy soil in laboratory experiments were affected by sterilization, temperature,

organic matter supplementation, urea application, oxygen concentration, water content, soil pH and light intensity. Methane

production was negligible in sterilized soil, whereas each gram of natural soil produced a daily maximum of 344 mg methane.

There were two methane production peaks, one at 378C, the other at 608C. There was a positive linear correlation between

methane production and incubation temperature from 15 to 378C, and a negative linear correlation between 37 and 508C.

Methane production increased with the amount of rice straw supplementation. Green manure, corncob, xylan, avicel and

compost application had a stimulating effect on methane production, whereas glucose, sucrose and urea supplements were

inhibitory. Anaerobic conditions and water ¯ooding on the surface of soil favoured methane emission. # 1998 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Methane is an important greenhouse gas because of

its strong infrared absorption band characteristics, and

recent worldwide atmospheric increases, which is

contributing to changes in atmospheric chemistry

and may cause global warming (Bouwman, 1991).

The major sites of methane production are rice pad-

dies, ruminants, land®lls, natural wetlands and sedi-

ments (Ehhalt and Schmidt, 1978; Yang et al., 1994;

Yang and Chang, 1997; Yang, 1998). About 80% of

methane is produced biologically by a group of strictly

anaerobic bacteria in highly reduced environments

(Ehhalt and Schmidt, 1978). Temperature, organic

matter content, pH, moisture content and redox poten-

tial of soil are major factors affecting methane pro-

duction (Sass et al., 1991; Kimura et al., 1993; Moore

and Dalva, 1993; Yang et al., 1994; Cao et al., 1995;

Yang and Chang, 1997).

Rice is a major crop in Taiwan. In 1996, the

cultivated areas were 182 807 and 164 955 ha for

the ®rst and the second crop seasons, respectively.

The methane ¯ux ¯uctuates markedly with environ-

mental conditions. Recently, studies on the methane

emission from rice ®elds have made signi®cant pro-
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gress in relation to the problem of global warming

(Sass et al., 1991; Delwiche and Cicerone, 1993; Shin

et al., 1995). This work focuses on the effect of

temperature, organic matter supplementation, urea

application, oxygen concentration, water content,

pH and light intensity on methane production from

paddy soil.

2. Materials and methods

2.1. Soil

Langyang (located in I-lan County, Taiwan) Mal-

intso sandy loam soil was used in these laboratory

experiments and the properties of the test soil were:

pH, 6.0�0.1; organic matter, 29.6�0.8 g kgÿ1 (dry

weight); total nitrogen, 1.9�0.3 g kgÿ1 (dry weight);

and sand: clay: silt�50.6: 7.1: 41.6. All the experi-

ments were performed in triplicate.

2.2. Rice straw

Taigang No. 10 Indica rice straw was air-dried and

crushed and the powder was passed through a 40 mesh

seive. Rice straw contained (dry weight) cellulose

387 g kgÿ1, hemicellulose 183 g kgÿ1, lignin 150 g

kgÿ1, total nitrogen 6.6 g kgÿ1 and ash 122 g kgÿ1.

2.3. Soil sterilization and methane production

Langyang soil 10 g (10 mesh) was thoroughly

mixed with 0.2 g rice straw powder (40 mesh) and

put into a 125 ml serum bottle. 20 ml deionized water

was added to the mixture and then sterilized at 1218C
for 40 min. After sterilization, the serum bottle was

sealed with a butyl rubber stopper, and incubated at

308C for 45 days. Every 3 to 5 days, the gas (1.0 ml) in

the head space was withdrawn and 0.3 ml was injected

into a glass column (0.26 mm�2.0 m) which was

packed with Porapak Q (80/100 mesh) on a Shimadzu

14 A Gas Chromatograph (Shimadzu, Japan). Column

temperature was set at 1008C, injection and detector

temperatures were set at 1308C. Methane concentra-

tion was calculated from a head space volume, moist-

ure content and the amount of soil used (Chang and

Yang, 1997). Non-sterilized natural soil was also

incubated as the control.

2.4. Organic substances and methane production

In anaerobic conditions, most organic matter con-

verts to methane. Glucose (monosaccharide), sucrose

and cellobiose (disaccharide), starch and xylan (poly-

saccharide), carboxyl methyl cellulose and Avicel

(cellulose derivative), rice straw and corncob (crop

residue), green manure, pig manure, sawdust and

compost (agricultural waste), peptone and casein

(nitrogenous compound) were chosen as the organic

substances and applied to the test soil for methane

production.

Ten gram of Langyang soil (10 mesh) was tho-

roughly mixed with 0.0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.5

and 2.0 g rice straw powder (40 mesh) (or 0.2 g other

organic substances), and put into a 125 ml serum

bottle. 20 ml deionized water was added and the

serum bottle was sealed with a butyl rubber stopper,

¯ushed with oxygen-free nitrogen gas and incubated

at 30 or 378C for 45 days, respectively. Methane

concentration was determined every 3±5 days and

methane production was estimated by the head space

method.

2.5. Environmental conditions and methane

production

Langyang soil 10 g (10 mesh) was thoroughly

mixed with 0.2 g rice straw powder (40 mesh), and

then twenty ml deionized water was put into a 125 ml

serum bottle. The serum bottle was sealed with a butyl

rubber stopper, ¯ushed with oxygen-free nitrogen gas,

and the following experiments were designed to test

the in¯uence of the various factors on methane pro-

duction and emission from paddy soil. Methane con-

centration was determined every 3±5 days by the head

space method (Chang and Yang, 1997).

(1). Incubation temperature:

To evaluate the effect of incubation temperature on

methane production of mesophilic and thermophilic

methanogens in the paddy soil, serum bottles were

incubated at 4, 15, 20, 25, 28, 30, 35, 37, 40, 45, 50, 55,

and 608C for 45 days.

(2). Temperature adaptation:

To investigate the ¯uctuation of temperature on

methane production, serum bottles were incubated

at 308C for 11 days, and then shifted to 4, 10, 15,
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20, 25, 28, 30, 35, 37, 40, 45, 50, 55, and 608C for

another 24 h incubation.

(3). Oxygen effect:

All methanogens are strictly and obligately anae-

robic. The effect of oxygen on methane production

was carried out as following. One set of serum bottles

was ¯ushed with oxygen-free nitrogen gas as the

anaerobic treatment and the other set was sealed in

ambient air without a ¯ushing treatment as the aerobic

treatment. Both sets of serum bottles were incubated at

308C for 45 days.

(4). Initial soil pH:

Most of the methanogenic bacteria grow at a pH

near neutrality. The original soil pH was 6.6, and it

was adjusted with 0.1 M NaOH or 0.1 M HCl to pHs

3.2, 4.3, 5.1, 6.0, 6.6, 7.7, 8.1, 8.7 and 9.3 for methane

production at 308C for 45 days.

(5). Water content:

Water content is a very important factor in methane

production. The soil water content was adjusted with

deionized water to 1.0, 9.1, 16.7, 23.1, 28.6, 33.3,

37.5, 41.2, 50.0, 60.0 and 66.7% moisture for methane

production at 308C for 45 days.

(6). Water depth:

Methane production had a positive correlation with

depth of water ¯ooding in a subarctic boreal marsh

(Sebacher et al., 1986). The depth of water on the soil

surface was adjusted to 0.0, 0.5, 1.0, 2.0, 3.0, 4.0 and

5.0 cm with deionized water, and serum bottles with

different depths of water were incubated at 308C for

45 days.

(7). Light intensity:

To study the effect of light intensity on methane

production from paddy soil, serum bottles were

¯ushed with air or oxygen-free nitrogen gas, and then

incubated in the dark, at 1,000±2,000 Lux for 2±3 h

daily, or at 5,000±7,000 Lux light intensity for 15 h

daily at 308C for 45 days, respectively.

(8). Urea supplement:

Urea is sometimes used for a top dressing fertiliser

in rice cultivation. Each bottle was supplemented with

0.0, 1.0, 2.0, 3.0, 4.0, 5.0, 10 and 20 mg urea, and

serum bottles were incubated at 308C for methane

production.

2.6. Analytical methods

(1). pH: Soil pH was determined directly.

(2). Water content: Water content was determined

gravimetrically with the oven drying method of

Gardner (1982).

(3). Total nitrogen: Total nitrogen was measured by

the modi®ed Kjeldahl method (Yang et al., 1991)

(4). Total carbon: Total carbon was analyzed by the

wet oxidation Walkley-Black method, and organic

matter content was calculated as C�1.724 (Nelson

and Sommers, 1982).

(5). Cellulose: Cellulose content was determined by

the loss on incineration of dried residue remaining

after digestion of the sample with ethanol, dilute

H2SO4 and NaOH (Kawauchi, 1990).

(6). Hemicellulose: Hemicellulose content was

measured by the acidic precipitate of alkali extraction

of the sample (Kawauchi, 1990).

(7). Lignin: Lignin content was analyzed by the

loss on incineration of dried residue remaining after

digestion of cellulose with 72% H2SO4 (Kawauchi,

1990).

(8). Ash: Ash content was determined gravimetri-

cally after 16±20 h at 550±6008C.

(9). Water-holding capacity: Water-holding capa-

city was determined by the modi®ed cylinder method

(Cheng et al., 1982).

(10). Statistical analysis: Treatments were repli-

cated three times and ¯ux data subjected to analysis

of variance and Duncan's multiple range test (p�0.05)

using the Statistical Analysis System (SAS Institute,

1988).

3. Results

3.1. Effect of sterilization on methane production

Methane production rate was practically negligible

[<0.01 g (g soil)ÿ1 dayÿ1] in sterilized paddy soil,

whereas it increased with incubation time in natural

paddy soil and the maximal methane production

rate was 344.4 mg (g soil)ÿ1 dayÿ1 at 12th day. The

daily average methane production rate was 13 ng

(g soil)ÿ1 and 130 mg (g soil)ÿ1 for sterilized and

natural soils for 45 days incubation, respectively.

Total methane production was 0.6 mg and 5.8 mg

for 45 days incubation in sterilized and natural soils,

respectively.
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3.2. Effect of incubation temperature on methane

production

Fig. 1 presents methane production rate of paddy

soil at different incubation temperatures. The maximal

methane production rate was at 378C. Each gram of

soil produced a daily maximum of 359.4 mg methane.

Methane production rate decreased and the time for

maximal methane production was retarded when the

incubation temperature exceeded 408C or fell below

358C.

There were two methane production peaks, one at

378C and the other at 608C. Each gram of soil pro-

duced 4.3�0.2 mg methane at 378C. There was a

positive linear correlation between total methane pro-

duction (Y) and incubation temperature (X) between

15 and 378C; Y�0.22Xÿ3.94 (r2�0.93), although it

was negative between 37 and 508C; Y�ÿ0.21X�
12.15 (r2�0.98). There was another methane produc-

tion peak when the incubation temperature was at

608C for the growth of thermophilic methanogens.

Each gram of soil produced 2.2�1.0 mg methane at

608C.

3.3. Effect of temperature adaptation on methane

production

Table 1 lists the effect of temperature adaptation on

methane production. Methane production rate at the

shift temperature increased from 4 to 378C when the

soil was originally incubated at 308C for 12 days.

Methane production had the maximal value at 378C,

Fig. 1. Effect of incubation temperature on methane production rate from paddy soil. Symbol labels in the figure that do not share the same

alphabetic superscript are significantly different at 5% level according to Duncan's multiple range test. (a) Temperature range 4±358C; (b)

Temperature range 37±458C; (c) Temperature range 50±608C.
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then decreased with elevating temperature to 608C. It

also had a positive linear correlation between methane

production rate and shift temperature between 15 and

378C; whereas it had a negative linear correlation from

37 to 608C.

3.4. Effect of rice straw supplementation on methane

production

Methane production rate increased linearly with the

amount of rice straw supplementation. The maximum

values were 938 and 1,582 mg (g soil)ÿ1 dayÿ1 with

20% rice straw powder at 30 and 378C, respectively

(Fig. 2). The average methane production rates were

527.6�15.3 and 730.9�13.8 mg (g soil)ÿ1 dayÿ1 for

45 days at 30 and 378C, respectively.

3.5. Effect of organic substances on methane

production

Table 2 shows the effect of several organic sub-

stances on methane production. Green manure and

corncob supplement produced high methane produc-

tion, followed by xylan, rice straw, pig manure, avicel,

carboxyl methyl cellulose, peptone, rice husk compost

and sawdust. Supplementation with glucose, sucrose,

cellobiose and starch lowered the substrate pH from

the initial pH 6.6 to ®nal pHs of 3.8±4.9, whereas

casein supplementation raised the substrate pH from

an initial pH of 6.6 to a ®nal pH of 8.4. Both high and

low pH were unfavourable to methane production.

Fig. 3 showstheeffectofureaapplicationonmethane

production. Methane production decreased and retarded

with increasing urea application. Methane production

with urea application was not signi®cantly different

between 0 and 200 mg N (kg soil)ÿ1; however, the

value decreased signi®cantly with increasing amount

of urea higher than 300 mg N (kg soil)ÿ1.

3.6. Effect of oxygen on methane production

Fig. 4 shows the effect of oxygen on methane pro-

duction of paddy soil. Anaerobic conditions favoured

methane production. Each gram of soil produced daily

maxima of 232.3 and 33.6 mg methane under anaero-

bic and aerobic conditions, respectively. In addition,

methane production was faster under anaerobic con-

ditions than under aerobic conditions. Total methane

production under anaerobic conditions was about 10

times greater than under aerobic conditions.

After 30 days anaerobic incubation, the methane

production rate of paddy soil decreased sharply fol-

lowing air-¯ush treatment. Some 50%, 85% and 95%

of methane production was inhibited at 1st, 2nd and

3rd air-¯ush treatments, respectively.

3.7. Effect of water content on methane production

Methane production was negligible when the water

content of the soil was less than 23% [<8 mg methane

(g soil)ÿ1 for 45 days incubation]. Methane production

increased with water content of soil with a maximum

at 66.7% water. There was a positive linear correlation

between total methane production and water content

of soil from 16.7 to 66.7%. Water holding capacity of

Langyang soil was 37.4�0.9%. Because 23% water

content was equivalent to about 61% of water holding

capacity, this condition was substantially aerobic.

Therefore, methane production was small with 23%

water content. However, 50% and 66.7% water con-

tents mean more anaerobiosis and so favour produc-

tion of methane.

Table 1

Effect of temperature adaptation on methane production in paddy

soil1

Temperature Methane production rate Production factor2

(8C) (mg gÿ1 dÿ1)

30!43 0.3�0.04i 0.00

30!10 2.1�0.54i 0.01

30!15 5.9�1.21i 0.03

30!20 18.9�2.08h 0.10

30!25 46.1�6.09f 0.25

30!28 76.3�5.49e 0.41

30!30 106.8�9.35d 0.57

30!35 178.4�6.67 b 0.95

30!37 187.5�4.92a 1.00

30!40 160.3�4.08c 0.86

30!45 75.7�5.72c 0.40

30!50 36.5�1.19g 0.19

30!55 3.3�0.89i 0.02

30!60 0.8�0.23i 0.01

1 Mean�SD (n�3), in the same row that do not share the same

alphabetic superscript are significantly different at 5% level

according to Duncan's multiple range test.
2 Methane production rate at 378C is 1.00.
3 All samples contain 2% rice straw powder as carbon and energy

sources and incubate at 308C for 11 days, and then the samples are

shifted to 4±608C for additional 24 h.
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3.8. Effect of depth of flooding on methane

production

Fig. 5 shows the effect of depth of ¯ooding on

methane production of the test soil. The deeper the

¯ooding, the longer the period before the maximal

methane production is reached. Both maximum

methane production rate and total methane production

increased with the depth of water ¯ooding as would be

expected for the increasing anaerobic conditions.

3.9. Effect of initial pH on methane production

Each gram of soil daily produced 32.7�2.2 to

65.1�6.4 mg methane between initial pH 4.3 and

8.7. Methane production was inhibited when the

Fig. 2. Effect of rice straw powder supplement (0±20%) on methane production rate from paddy soil. Symbol labels in the figure that do not

share the same alphabetic superscript are significantly different at 5% level according to Duncan's multiple range test. (a) Incubation at 308C;

(b) Incubation at 378C.
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initial soil pH was 9.3 or 3.2. Soil pH between 6.0

and 7.7 initially showed no difference in methane

production.

3.10. Effect of light intensity on methane emission

Fig. 6 shows the effect of light intensity on methane

emission. Methane emission from paddy soil in light

and dark treatments in anaerobic condition was not

signi®cantly different at low light intensity (1,000±

2,000 Lux for 2±3 h daily). Methane emission rate in

aerobic condition with dark treatment was higher than

with light treatment after 18 h incubation. However,

there was a signi®cant difference between light and

dark treatments in both aerobic and anaerobic condi-

tions at high light intensity (5,000±7,000 Lux for 15 h

daily). The effect of light intensity on methane emis-

sion in anaerobic condition was slight, but the effect

was signi®cant in aerobic condition.

4. Discussion

Methane production arises from microbial activity

in paddy soil, and sterilization destroys the microbial

community and inhibits methane production. Nesbit

and Breitenbeck (1992) reported that methane uptake

was inhibited in autoclaved soils. The soil pH had a

constant value in sterilized samples during incubation,

whereas it decreased in natural soil because of acid-

ogenesis by microbes. The same phenomenon was

observed by Novaes (1986) in anaerobic digestion of

organic wastes in methane fermentation. Most of the

methanogenic bacteria grew at a pH near neutral with

a range of 6.5±7.5 (Mah and Smith, 1981), methane

production decreased when the pH was too high or too

low (Wang et al., 1993). The ®nal pH values of

glucose, sucrose, cellobiose and starch were below

pH 5.0, whereas the ®nal pH of casein exceeded 8.0.

Therefore, both of them had negligible effects on

Table 2

Effect of organic substances on methane production in paddy soil1

Substance added Maximal production Maximal production Average production Cumulative methane in Final

time (day) rate (mg gÿ1 dÿ1) rate (mg gÿ1 dÿ1) 45 days [mg (g soil)ÿ1] pH2

Glucose 9 0.2f <0.01�0.001f <0.001�0.000f 3.9�0.10f

Sucrose 9 0.1f <0.01�0.001f <0.001�0.000f 3.8�0.08f

Cellobiose 12 0.1f <0.01�0.01f <0.001�0.000f 4.0�0.15f

Starch 12 0.2f <0.01�0.001f <0.001�0.000f 4.9�0.10c

Xylan3 12 397.7a 225.8�11.78a 10.2�0.53a 7.6�0.05b

Xylan4 12 294.6b 89.8�19.11c 4.0�0.86c 6.9�0.10c

Carboxyl methyl

cellulose 30 89.7c 30.0�3.67c 1.4�0.30c 7.7�0.08b

Avicel 30 189.2c 106.7�6.67b 4.8�0.30b 6.4�0.12d

Peptone 37 120.5d 48.4�4.00d 2.2�0.18d 6.7�0.15c

Casein 9 0.1f <0.01�0.001f <0.001�0.000f 8.4�0.20a

Rice straw5 12 148.7d 58.9�3.56b 2.7�0.16b 7.3�0.09ab

Rice straw6 12 201.1c 59.6�4.89b 2.7�0.22b 7.3�0.08ab

Corncob 12 467.0b 116.9�12.67a 5.3�0.57a 7.2�0.11ab

Sawdust 18 1.5e 0.7�0.22c 0.1�0.01c 7.0�0.06b

Compost7 24 17.4e 11.1�2.20c 0.5�0.10c 7.2�0.10ab

Green manure 9 651.0a 118.2�7.33a 5.3�0.33a 7.5�0.05a

Pig manure 12 197.0c 49.8�3.33b 2.2�0.15b 7.7�0.06a

1 Mean SD (n�3), in the same row that do not share the same alphabetic superscript are significantly different 5% level according to Duncan's

multiple range test. Two percent of organic matter is added to the soil and the sample is incubated at 308C for 45 days.
2 Initial substrate pH is 6.6.
3 From birchwood.
4 From oats.
5 From the second crop season in 1994.
6 From the second crop season in 1993.
7 From rice husk and vegetable wastes.
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Fig. 4. Effect of anaerobic and aerobic conditions on methane emission rate from paddy soil. Part of the samples were flushed with air after 30

days incubation under anaerobic conditions as the arrow indicates. Symbol labels in the figure that do not share the same alphabetic superscript

are significantly different at 5% level according to Duncan's multiple range test.

Fig. 3. Effect of urea application on methane production rate. Symbol labels in the figure that do not share the same alphabetic superscript are

significantly different at 5% level according to Duncan's multiple range test.
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Fig. 5. Effect of the depth of flooding water (0±5 cm depth) on the surface of soil on methane emission rate. Symbol labels in the figure that

do not share the same alphabetic superscript are significantly different at 5% level according to Duncan's multiple range test.

Fig. 6. Effect of light intensity on methane emission rate. Symbol labels in the figure that do not share the same alphabetic superscript are

significantly different at 5% level according to Duncan's multiple range test. (a) 1,000±2,000 Lux for 2±3 h daily at 308C; (b) 5,000±7,000 Lux

for 15 h daily at 308C.
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methane production. Nearly all of the methanogens

appear to be stimulated by addition of complex nutri-

ents such as peptone and manure to the culture med-

ium; moderately enhanced by the addition of

polysaccharide such as xylan, avicel, carboxyl methyl

cellulose, corncob and rice straw; and signi®cantly

inhibited by the addition of mono- and di-saccharides

such as glucose, sucrose and cellobiose.

Application of urea increased soil pH and reduced

methane production, especially when the fertilizer was

deeply incorporated into soils (Wang et al., 1992; Shin

et al., 1995). Therefore, application of urea to alkaline

soils is unfavourable for methane production. How-

ever, in the ®eld, urea application stimulated the

growth of rice plants which secreted more organic

materials (such as soluble sugars, organic acids and

amino acids) to the substratum for use as substrates for

methane production. Urea application stimulated

methane production in the acidic paddy ®elds (Mur-

akami et al., 1990; Lindau et al., 1991). In this study,

urea application inhibited methane production.

There was a positive linear correlation between total

methane production and incubation temperature.

Similar results were also observed in the paddy soil

of Minnesota (Williams and Crawford, 1984) and

Korea (Shin et al., 1995). Two groups of methanogenic

bacteria are present in paddy soil, one mesophilic with

optimal growth temperature between 30 and 408C, and

the other thermophilic with optimal growth tempera-

ture between 65 and 708C (Mah and Smith, 1981). The

optimal growth temperature of the methanogens was

around 308C in the paddy soil of Japan (Kimura et al.,

1993), and was between 35 and 428C in the sediment

of Wisconsin (Zeikus and Winfrey, 1976). In the

present study, there were two methane production

peaks, 37 and 608C. However, there was only one

methane production peak when the incubation tem-

perature was shifted from 308C to various incubation

temperatures for 24 h. The lack of a signi®cant peak of

methane production at 608C might be because the

short period (24 h) of incubation at high temperature

was insuf®cient to adapt the activity of thermophilic

methanogens.

Methane production was stimulated with addition

of rice straw in Langyang soil, as was also found in

Japan (Yagi and Minami, 1990), Louisana (Lindau and

Bollich, 1993), California (Wang et al., 1992) and

Korea (Shin et al., 1995). The accumulation of low

molecular weight fatty acids could lower the soil pH

and inhibit methane production. Huang et al. (1984)

demonstrated that large amounts of fatty acids were

formed during organic matter digestion in the soil, and

methane production was inhibited. In the present

study, green manure, pig manure, corncob, rice straw

and xylan had a stimulatory effect on methane pro-

duction, but sawdust and compost only slightly in¯u-

enced methane production. Methane production rates

had 3 peaks at 12th, 24th and 40th day when soil with

rice straw amendation was incubated at 308C. This

phenomenon might be due to the contents of cellulose,

hemicellulose, lignin, water soluble sugar and ether

soluble lipid. The same result was also observed with

straw degradation (Lynch, 1983).

The presence of oxygen inhibited methane forma-

tion and emission in the soil (Conrad and Rothfuss,

1991). High concentrations of oxidative inorganic

compounds will retard and inhibit methane formation

(Bouwman, 1991). The methane production rate

decreased very sharply for the air-¯ush treatment

and this would be the result of inhibition of methane

formation and the stimulation of methane oxidation

(Conrad and Rothfuss, 1991; Nesbit and Breitenbeck,

1992).

Methane production of paddy soil depends on the

water content. Flooding treatment enhanced methane

production with dry conditions being unfavourable.

Similar tendencies were also found in Alaska arctic

tundra (Morrissey and Livingston, 1992), wetlands

(Shannon and White, 1994) and Korean paddy ®elds

(Shin et al., 1995). Methane production increased with

the depth of water ¯ooding on the surface of the test

soil. However, the percentage of methane emission to

the air was reversed. Percentage of methane emission

decreased with the depth of water ¯ooding between 10

to 60 cm in wetlands of Quebec (Moore and Dalva,

1993) and in arctic tundra (Sebacher et al., 1986). The

anaerobiosis of soil increased with the depth of ¯ood-

ing from 0 to 10 cm and stimulated the methane

emission and production. However, the oxidation of

methane increased when the depth of water ¯ooding

was greater than 10 cm (King, 1990; Moore and

Dalva, 1993; Banker et al., 1995). Therefore, methane

emission in the paddy soil could be reduced by using

intermittent irrigation during the latter growth stages.

Methane production was slightly affected at low

light intensity in comparison with high light intensity.
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Sass et al. (1991) reported that the annual methane

emission was positively proportional to the cumulative

light intensity in a Texas paddy soil, and King (1990)

indicated that methane emission of forest wetland

decreased with higher light treatment because of the

change of O2 pro®le in the soil. Methane production in

the light treatment under aerobiosis might be the result

of growth of algae, and the change of O2 pro®le in the

soil as noted by King (1990). Therefore, light treat-

ment could possibly induce the growth and photo-

synthesis of algae and the oxidation of methane, but

reduce the emission of methane.

5. Conclusions

The results show that methane production and

emission from the paddy soil were affected by envir-

onmental conditions. Methane production increased

with the incubation temperature, addition of organic

matter and water ¯ooding; its production decreased

with sterilization, aerobic conditions, additions of

mono- and di-saccharide and urea, and under high

light intensity. Water ¯ooding on the surface of soil

enhanced methane emission. Appropriate drainage of

the paddy soil will reduce methane production and

emission.
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