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Abstract

The main greenhouse gases are carbon dioxide, methane and nitrous oxide. Methane is the most important because the
warming effect of methane is 21 times greater than that of carbon dioxide. Methane emitted from rice paddy fields is a major
source of atmospheric methane. In this work, a methane emission model (MEM), which integrates climate change, plant growth
and degradation of soil organic matter, was applied to estimate the emission of methane from rice paddy fields in Taiwan. The
estimated results indicate that much methane is emitted during the effective tillering and booting stages in the first crop season
and during the transplanting stage in the second crop season in a year. Sensitivity analysis reveals that the temperature is the
most important parameter that governs the methane emission rate. The order of the strengths of the effects of the other
parameters is soil pH, soil water depth (SWD) and soil organic matter content. The masses of methane emitted from rice paddy
fields of Taiwan in the first and second crop seasons are 28,507 and 350,231 tons, respectively. The amount of methane emitted
during the second crop season is 12.5 times higher than that emitted in the first crop season. With a 12% reduction in planted
area during the second crop season, methane emission could be reduced by 21%. In addition, removal of rice straw left from the
first crop season and increasing the depth of flooding to 25 cm are also strategies that could help reduce annual emission by up
to 18%.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction have strong infrared absorption bands, which trap

some of the thermal radiation reflected by the earth’s

Over the last century, the greenhouse effect has
increased the mean global temperature by 0.3—0.6
°C, and will increase it by a further 1.5-4.5 °C by
2050 (Houghton et al., 1990; IPCC, 1992). Methane,
carbon dioxide, nitrous oxide and chlorofluorocar-
bons are the most important greenhouse gases, and
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surface. Before the industrial revolution, the atmo-
spheric concentration of methane was 0.7 ppmv. By
2000, the methane concentration had increased to
1.75 ppmv (Wuebbles and Hayhoe, 2002), and was
continuing to increase at an annual rate of 1%
(Schimel, 2000).

Rice paddies constitute a major source of methane
CH,4, and may be responsible for 20% of the global
total methane emission (Houghton et al., 1990; IPCC,
1992). The production of rice must increase from the
current level of 460—758 million tons by the year 2020



196

to meet demand (IRRI, 1988). Associated methane
emissions may increase by 40—50% (Bouwman, 1991;
Anastasic et al., 1992). Therefore, the assessment of
CH, emission from rice paddies is important in pre-
dicting atmospheric CH,4 concentration (Segers, 1998).

CHy, is emitted from rice paddies to the atmosphere
along via three pathways diffusion, ebullition and
plant-mediated transport (Fig. 1) (Schutz et al.,
1989; Delwiche and Cicerone, 1993). The emission
of methane by diffusion from subsurface soil to flood
water, before entering the atmosphere represents only
1% of such emissions from paddies. Ten percent of
the methane emitted from paddies accumulates as gas
bubbles and is emitted by ebullition; this pathway is
the main one for transferring gas into the atmosphere
during the transplanting stage. The emission of meth-
ane from rice plants to the atmosphere explained the
remaining 90% of methane emission from paddies
(Holzapfel-Pschorn et al., 1986). Thus, rice plants are
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the main conduit of methane gas emitted from rice
paddies into the atmosphere.

Emission is strongly related to plant growth, the
decomposition of soil organic matter and atmospheric
conditions. The parameters that affect the emissions of
methane from paddy fields include temperature, soil
pH, soil organic matter content, the oxidation—reduc-
tion (redox) potential and the depth of floodwater. The
optimal temperature for the activity of the majority of
methanogens is between 30 and 40 °C (Neue and
Scharpenseel, 1984). In the 15-30 °C temperature
range, raising the temperature by 10 °C increases the
methane production rate by a factor of 2.5-3.5 (Schutz
et al., 1989). The O, value has been used to describe
the temperature dependence of the production and
oxidation of methane. Q;y values determined in the
incubation experiments with temperature as single
varying factor for methane production, resulting in a
large range variation (Segers, 1998). Large variation in

CH, Plant transport

90%

Bubbles Diffusion
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Acetate

<4— Roots
(Exudation , Decay)

Fig. 1. Three methane emission pathways in a paddy field (Schutz et al., 1989).
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reported Q) value of methane production could be
due to the anomalous temperature behavior of the
methanogenic themselves and due to the interaction
of underlying processes. An increasing temperature
increases rates of electron acceptor reduction, which
results in lower election acceptor concentrations which
has an additional positive effect on methane produc-
tion. Some studies have found extraordinarily strong
temperature responses for CH, production with Qg
values greater than 20 (Segers, 1998). This too is likely
to reflect responses at multiple stages in the food web,
as low temperature inhibits H, production, shuts down
carbon dioxide reduction, and forces shifts in the
specific methanogenic pathways involved. Thus, the
overall temperature effect may result from multiplica-
tive responses of each group of organisms rather than
just the effect on any one (Schimel, 2002).

The type and content of the soil organic matter
directly affects the production of methane. A slightly
alkaline environment (generally) favors the formation
of CH4 The optimal pH for several species of
methanogens is between 6.4 and 7.1. A soil pH of
below 6 inhibits the growth of methanogens (Wang et
al., 1993). A sufficiently low redox potential (Eh) is
required to enable the formation of CHy, since
methanogenic bacteria can metabolize only in strictly
anaerobic environments. The Eh must be below
—200 mV to cause significant CH4 production
(Yamane and Sato, 1964; Kludze et al., 1993). The
flooding leads to a low redox potential, establishes an
anaerobic soil environment for the mathanogens, and
increases the rate of CH,4 production (Sebacher et al.,
1986).

The CH,4 release rate determined from point
measurements have been extrapolated to the regional
level, and the empirical methane emission rate has
been correlated with a few factors (such as temper-
ature and the method of irrigation) to estimate the
rate of emission of methane from paddy fields in
Taiwan (Liu et al., 1996; Yang and Chang, 1998,
2001). Recently, Yang et al. (2003) used the mea-
sured rate of emission of methane from paddy fields
and the emission factors recommended by the IPCC
(1997a,b) to estimate the amount of methane emitted
from paddy fields in Taiwan between 1990 and
2000. The emitted amount of methane, estimated
from the rates measured in the falls within the range
provided in the IPCC guidelines with multiple aer-

ation treatment. The IPCC classifies the methane
emission flux based only on the method of irrigation
and the first and second crop periods. The other
important factors—the soil pH, the soil organic mater
content, the redox potential and the depth of the
floodwater—are not considered. Quantitative results
concerning the emission of methane from rice
paddies in Taiwan thus remain lacking.

In the last decade, knowledge of methane produc-
tion and methane consumption has increased consid-
erably. This increase in knowledge has been exploited
to develop different process models (Cao et al., 1995a;
Walter et al., 1996; Watson et al., 1997). Cao et al.
(1995a) developed a methane emission model
(MEM), that considered supplies of carbon substrate
involved in forming methanogens by the primary
production of rice and the degradation of soil organic
matter, direct environmental controls of methanogen-
esis, and the balance between CH, production and
consumption by methanotrophic oxidation. The model
was validated as being able satisfactorily to calculate
the CH4 emission rate and seasonal variations. The
model, when coupled with supporting data sets, com-
plements the spatial and dynamic analyses of CH,
emission from rice paddies within a framework of
climate—plant soil interactions. Additionally, the
MEM was applied to estimate the emissions of
methane from the entire area in China in which rice
is grown (Cao et al., 1995b).

In this work, the MEM (Cao et al., 1995a) was
used to evaluate the emission of methane from rice
paddies in Taiwan. The amounts of methane emit-
ted in the first and second crop seasons were
evaluated and compared. Based on these estimates,
a strategy for reducing methane emission was
proposed to lower effectively the amount of meth-
ane emitted from rice paddies in Taiwan, and thus
decease the contribution of such to global warming
and climate change.

2. Materials and methods

The MEM was applied to estimate CH, emissions
from Taiwan’s rice paddies. The input data of MEM,
including the soil organic matter, the rate of photo-
synthesis, the area of rice leaves, the number of hours
of sun daily, the temperature and the pH of the soil
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were collected from 15 irrigation associations and
other agencies to evaluate the amount of methane
emitted by rice paddies in 2001.

Data concerning the soil organic matter in the
northern, central and southern, and eastern parts of
Taiwan were collected from the field by Huang (1996),
Wang and Hsieh (1997) and Chang (1996), respective-
ly. One percent organic matter content in the soil is
equivalent to the application of 12 tons of rice straw per
unit ha of a paddy. The organic content of stubble is
added to the amount of organic matter in the first crop
season to yield the total amount considered in the
second crop season. The ratio of the total dry weight
of the stem and the stubble to that of only the stubble is
approximately 1:0.11 (Barder and Martine, 1976);

Tao-Yuan
Shih-Men
Hsin-Chu

Miao-Li

Tai-Chung

Chang-Hwa

Nan-Tou

#

Kao-Shiung

Ping-Tung

stubble consists of 45% organic matter (Lin, 1995).
The soil textures were provided by the irrigation
associations.

The average rate of photosynthesis of rice is 40—50
CO, mg dm™? h™' (Chang, 1988). The leaf area per
plant was calculated from the data measured by Oritani
and Yoshida (1984) in the rice blooming stage and
extrapolated to other stages. The data on the daily
number of hours of sunshine were taken from the web
site of the Central Weather Bureau (http://www.cwb.
gov.tw/index-f.htm). The number of rice plants per
unit hectare was calculated with reference to a survey
by Chang (1996). The proportions of the rhizodeposi-
tion of carbon in the five growth stages were set to
50%, 40%, 30%, 20% and 10%, respectively.

Pai-Zi

E-Land

Hwa-Lien

Tai-Tung

Fig. 2. Geographic distribution of paddy areas of 15 irrigation associations in Taiwan.
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The monthly mean temperature in each rice growth
stage was also taken from the web site of the Central
Weather Bureau. Paddies in Taiwan are irrigated using
the rotational irrigation method. Rotational irrigation
is highly efficient. The depth of the floodwater is
maintained at range 3—5 cm during the transplanting
and effective tillering stages, to prevent the rice stems
from being broken. The depth of the flood water
increases to 5—10 cm in the booting and blooming
stages and gradually falls to 2—3 cm to keep the soil
wet in the mature stage. The rice is then harvested
using an agromachine. In this work, the depth of the
floodwater was set to 4 cm in the transplanting and
effective tillering stages, to 5 cm in the booting stage,
to 7.5 cm in the blooming stage, and to 2.5 c¢cm in the
mature stage. The soil pH was taken from data
measured in the field (Huang, 1996; Wang and Hsieh,
1997; Chang, 1996).

Paddies in Taiwan are usually fertilized using
ammonia fertilizer, which does not substantially in-
hibit the emission of methane. Therefore, the effect of
mineral fertilization on the CH, emission rate is
negligible. Additionally, CH, oxidation rates in each
of the five rice growth stages of 50%, 60%, 70%, 80%
and 90% are assumed, respectively.

The study area was approximately 300,000 ha,
covering all paddy fields in Taiwan (Fig. 2). Fifteen
irrigation associations manage this 300,000 ha of
paddies. The 15 irrigation associations are divided
geographically; those in the northern part are Pai-Zi,
Tao-Yuan, Shih-Men, Hsin-Chu and Miao-Li; those in
the central part are Tai-Chung, Nan-Tou, Chang-Hua
and Yu-Lin; those in the southern part are Chia-Nan,
Kao-Shiung and Ping-Tung, and those in the eastern
part are E-Land, Hua-Lien and Tai-Tung. Taiwan has
two rice-growing seasons annually. The first crop
season is from February to July, and lasts for 120—
140 days. The temperature gradually increases as the
season changes from spring to summer. The second
crop season is from August to the following January,
and lasts 110—150 days. This crop season includes the
end of the summer, and continues through autumn to
winter; the temperature decreases from high to low.

The rice growth period of a total of 110 days is
divided into five stages, including transplanting, ef-
fective tillering, booting, blooming and maturity. The
durations of each the stages are 15, 35, 25, 15 and 20
days, in that order.

3. Results and discussion
3.1. Model validation

Chang (1996) measured the rate of emission of
methane in the first and second crop periods at the
agricultural experimentation station of National Tai-
wan University. The measured data are herein com-
pared to the results estimated using MEM. The soil
pH was 5.6; the content of soil organic matter was
28%, and the proportions of sand, clay and silt were
45.3%, 20.1% and 34.6%, respectively. The temper-
atures during the five rice growth stages in the first
and second crop seasons were 21, 25, 28.5, 29.5 and
30 °C, and 32, 29.5, 25.5, 21.5 and 17 °C, respec-
tively. The emission of methane from the paddy in
each rice growth stages was measured five times
using a homemade acrylic chamber (of length 40 cm,
width 40 cm and height 65 cm, with a volume of
approximately 96 1) (Chang, 1996). The rate of
emission of methane was determined at 0.5 h inter-
vals for 1.0 h by measuring the changes in methane
concentration (the net change between the emission
and sinking of methane) in the acrylic chamber. The
concentration of emitted methane was analyzed by
gas chromatography, using FID. The rate of emission
of methane rate (mg m? h™') during each growth
stage was computed using the following fsuation
(Rolston, 1986).

-6E)

where fis the rate of emission of methane (mg m™
h™'); ¥ is the volume of the chamber above the soil
(m®); 4 is the cross-sectional area of the chamber
(m?); Ac is the difference between the concentration
at time zero and that at time t (mg m™), and At is the
interval between two samplings (h).

Fig. 3 plots the measured and simulated rates of the
emission of methane during the five growth stages in
the first and second crop seasons (Table 1). Each
plotted data point represents a mean value and
+ standard deviation of five measurements. The
corresponding rates during the first and second crop
seasons closely correlated, with R values of 0.82 and
0.83, respectively. A 7> test was performed to deter-
mine whether the measured and simulated methane
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Fig. 3. Comparison of the rates of emission of methane estimated
using MEM and measured in the field, for the first and second crop
seasons. S.D. is the standard deviation.

emission rates in the first and second crop seasons
differed significantly.
The hypotheses in the y* lest is as follows.

Hy. The measured and simulated methane emission
rates are not significantly different.

H,. The measured and simulated methane emission
rates are significantly different.

The computed y3 values for the rates of emission of
methane during the first and second crop seasons were
0.11 and 1.35, respectively, both smaller than

Table 1
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7005.4=9.49. 75=0.11 (or 1.35)<y%0.05.4=9.49, so
hypothesis Ho that the measured and simulated meth-
ane emission rate do not differ significantly was
accepted. The »° hypothesis test indicates that the
MEM can be used to estimate the rate of emission of
methane from rice paddies in Taiwan.

3.2. Simulated results

3.2.1. First crop season

Fig. 4(a)—(d) plots simulated methane emission
rates during the five rice growth stages in the first
crop season in the paddies in the northern, central,
southern and eastern regions. The rates of emission
of methane generally increased with the temperature
and reached a maximum during the blooming stage.
The effect of the oxidation of methane is stronger
than that of temperature; thus, the rate of emission of
methane fell significantly during the mature stage.
Although the soil organic content in the southern
region was lower than that in the northern region, the
soil pH and temperature in the former exceeded
those in the latter, resulting in average highest and
lowest emission rates of 1.33 and 0.16 kg ha™' day™
among the four regions. The highest rate was in the
southern region and the lowest in the northern
region.

In the northern region, Tao-Yuan exhibited a higher
rate of emission of methane, 0.23 kg ha™' day™ than
the other four irrigation associations, because its soil
is neutral. Of the four irrigation associations in the
central region, Nan-Tou, emitted methane at the
lowest rate of 0.06 kg ha™' day™, because soil there
is acidic and the ambient temperature is low. The rates
of emission of methane did not vary much across the
southern region, because all areas have similar envi-
ronmental conditions. The acidic soil in the E-Land
irrigation association was associated with the lowest

Simulated and measured rates of emission of methane (kg ha™' day™) during rice growth stages in the first and second crop seasons

Growth stage First crop First crop Second crop Second crop
simulated measured simulated measured

Transplanting 0.108 0.12 4.881 3.077

Effective tillering 0.170 0.166 3.685 3.763

Booting 0.223 0.242 2.149 1.502

Bloom 0.234 0.35 0.775 1.19

Mature 0.038 0.082 0.122 0.005
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Fig. 4. Rates of emission of methane during five rice growth stages in the first and second crop seasons in the northern, central, southern and
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rate of emission of methane, 0.62 kg ha” day'—
lower than the rates of the other two associations in
the eastern region.

The highest and lowest rates of emission of meth-
ane throughout the 15 irrigation associations were in
Ping-Tung and Nan-Tou, with values of 1.4 and 0.06
kg ha day™, respectively. The acidic soil and the
lowest temperature in Nan-Tou, and the neutral soil
pH and the highest temperature in Ping-Tung were the
most important contributing factors.

3.2.2. Second crop season

Fig. 4(e)—(h) plots simulated rates of emission of
methane from paddies during the five rice growth
stages in the second crop season in the northern,
central, southern and eastern regions. The rate of
emission of methane was highest during the trans-
planting stage, and gradually declined as the temper-
ature fell and the methane oxidation rate increased.
The southern region, in an area of high temperature
and neutral soil had the highest emission rate, while
the northern region, in an area of low-temperature and
acidic soil, exhibited the lowest rate. The highest rates
of emission of methane among all the irrigation
associations in the northern and southern regions were
found at Tao-Yuan and Ping-Tung, while the lowest
rates among the irrigation associations in the central
and eastern regions were evident in Nan-Tou and E-

Table 2

Land, which were the same areas as in the first crop
season.

The lowest rate, 0.06 kg ha™ day™, of emission
among all 15 irrigation associations was at Nan-Tou,
and the highest rate, 1.4 kg ha™ day™, was at Ping-
Tung. The corresponding associations were the same
as in the first crop season.

3.2.3. Comparison of first and second crop seasons

Multiplying the rates of emission of methane by
the paddy areas of the 15 irrigation associations
yielded the total amounts of methane emitted during
the first and second crop seasons—28,507 and
350,231 tons, respectively (Table 2). The total emis-
sion of methane from the paddy fields in 2001 was
378,738 ton/year; 7.7% was emitted in the first crop
season, and 92.3% was emitted in the second crop
season.

Chang (1996) used data measured in the field to
estimate the amount of methane emitted during the
first and second crop seasons in the northern region of
Taiwan. The estimated results were 2539-3290 and
10,165—13,373 tons, respectively, which were close
to 2093 and 17,943 tons, evaluated using MEM for
the same region.

Yang et al. (2003) estimated the amount of meth-
ane emitted from Taiwanese paddy fields from 1990
to 2000, by applying a country-specific emission

Amounts of methane emitted in the first and second crop seasons, for the 15 irrigation associations

Irrigation First crop MER? Second area MER Paddy area First crop Second crop
association (kg/ha/day) (kg/ha/day) (ha) areal X (tons) areal X (tons)
Pai-Zi 0.16 1.55 1435.23 25.26 244.71
Tao-Yuan 0.23 2.04 20,534.89 519.53 4608.03
Shih-Men 0.12 1.05 11,461.90 151.30 1323.85
Hsin-Chu 0.15 1.42 6145.10 101.39 959.86
Miao-Li 0.14 1.03 9681.46 149.09 1096.91
Tai-Chung 0.71 9.32 23,379.77 1825.96 23,968.94
Nan-Tou 0.06 0.59 3552.84 23.45 230.58
Chang-Hwa 0.89 14.90 35,714.01 3496.40 58,535.26
Yun-Lin 1.10 13.65 59,647.96 7217.40 89,561.41
Chia-Na 1.28 13.55 49,422.86 6958.74 73,664.77
Kao-Shiung 1.31 15.74 1296.92 186.89 2245.49
Ping-Tung 1.40 18.28 24,132.89 3716.47 48,526.42
Tai-Tung 1.01 12.27 6255.00 694.93 8442.37
Hwa-Lien 1.12 13.24 18,616.00 2293.49 27,112.34
E-Land 0.62 5.25 16,814.00 1146.71 9710.09
Total 288,090.83 28,507.02 350,231.03

? Methane emission rate (MER).
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Fig. 5. Parabolic relationship between soil pH and the normalized
methane production rate (MPR).

factor. Local data were unavailable so they used
emission factors recommended by the IPCC
1997a,b). The estimated total amount of methane
emitted was 37,073 tons in 1990, decreasing to
25,678 ton in 2000. These values were far lower than
the current estimates of 378,738 tons in 2001,
obtained using MEM. The MEM accounted for the
processes of plant growth, organic matter degradation,
methanogenesis, methanotropic oxidation and their
quantitative relationships with environmental factors.
According to the IPCC’s guidelines, only the tabulat-
ed emission and corrected factors were used to esti-
mate the amount of emitted methane in the five rice
growth stages. The MEM, coupled with supporting
data collected at 15 irrigation associations, would
yield more reliable predictions than the estimates
made according to IPCC guidelines.

Table 3

3.3. Sensitivity analysis

The sensitivity of the methane emission rate of four
parameters—soil pH, temperature, soil water depth
(SWD) and soil organic matter content were investi-
gated. The input value of each parameter was varied
by =+ 10% and the corresponding methane emission
rate was computed. The sensitivity to a parameter is
given by

E>

—E
S:E—lx 100% 2)

where S denotes the sensitivity, and £, and E, are the
methane emission rates (kg ha™' day™) before and
after the change in the parameter, respectively.

The relationship between the pH and the methane
production rate is described by a parabolic curve
(Fig. 5). Slight alkalinity is generally recognized to
promote the formation of CHy4. The optimal pH for the
production of several species of methanogens ranges
from 6.4 to 7.8. Wang et al. (1993) observed that the
CH,4 production rate in paddy soil peaked at a pH
between 6.9 and 7.1. A pH of below 5.75 or above
8.75 completely suppressed production. The limiting
values were assumed to be 5.5 and 9.0, and 7.5 was
taken as optimal. Tables 3 and 4 present the changes in
the methane emission rates of the 15 irrigation associ-
ations as soil pH was varied by =+ 10% in the first and

Sensitivity analysis of the effect of soil pH on the methane emission rate in the first crop season

MER 110% pH—MER 90% pH—-MER S (110% pH) S (90% pH)

(kg/ha/day) (kg/ha/day) (kg/ha/day)
Pai-Zi 0.16 0.11 0.23 —32.92 40.39
Tao-Yuan 0.23 0.19 0.29 —18.31 22.98
Shih-Men 0.12 0.07 0.18 —39.60 48.74
Hsin-Chu 0.15 0.09 0.22 —39.60 48.74
Miao-Li 0.14 0.08 0.21 —39.55 48.87
Tai-Chung 0.71 0.68 0.74 —3.50 4.28
Nan-Tou 0.06 0.02 0.06 —39.55 48.87
Chang-Hwa 0.89 0.89 0.90 —0.55 0.58
Yun-Lin 1.10 1.09 1.09 —0.31 —0.41
Chia-Na 1.28 1.28 1.28 —0.058 —0.08
Kao-Shiung 1.31 1.30 1.33 —1.07 1.20
Ping-Tung 1.40 1.40 1.41 —0.56 0.57
Tai-Tung 1.01 1.00 1.01 —0.81 0.88
Hwa-Lien 1.12 1.13 1.11 0.53 —0.78
E-Land 0.62 0.58 0.67 —6.76 8.02
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Table 4

Sensitivity analysis of the effect of soil pH on the methane emission rate in the second crop season

MER 110% pH—-MER 90% pH—-MER S (110% pH) S (90% pH)

(kg/ha/day) (kg/ha/day) (kg/ha/day)
Pai-Zi 1.55 1.04 2.17 —32.92 40.39
Tao-Yuan 2.04 1.67 2.51 —18.31 22.98
Shih-Men 1.05 0.63 1.56 —39.60 48.74
Hsin-Chu 1.42 0.86 2.11 —39.60 48.74
Miao-Li 1.03 0.63 1.54 —39.55 48.87
Tai-Chung 9.32 9.00 9.72 —3.50 428
Nan-Tou 0.59 0.21 0.53 —39.55 48.87
Chang-Hwa 14.90 14.825 14.98 —0.55 0.58
Yun-Lin 13.65 13.60 13.59 —0.31 —0.41
Chia-Na 13.55 13.54 13.53 —0.05 —0.08
Kao-Shiung 15.74 15.57 15.93 —1.07 1.20
Ping-Tung 18.28 18.18 18.38 —.56 0.57
Tai-Tung 12.27 12.17 12.38 —0.81 0.88
Hwa-Lien 13.24 13.31 13.14 0.53 —0.78
E-Land 5.25 4.90 5.67 —6.76 8.02

second crop seasons, respectively. Of the 15 irrigation
associations, Pai-Zi, Shih-Men, Hsin-Chu, Miao-Li
and Nan-Tou had a large range of methane emission
rates of — 33—-49%; this variation was caused by the
acidic soil conditions (pH 5.6) and the large positive
slopes in this part of the pH curve, as plotted in Fig. 5.

Temperature is one of the most important factors
that govern the production of CHy4. Temperature is
positively correlated with both diurnal and seasonal
variations in CHy flux. The optimal temperature for
production of most methanogens is from 30 to 40 °C.
Schutz et al. (1989) noted that the CH,4 doubled as the
temperature increased from 20 to 25 °C. Hence, the
effect of temperature (TEM) on the production of
CHy4, ATEM) was modeled by the equation,

ol0-334(TEM-23)]

f(TEM) = 1 + ¢l0-334(TEM=23)] e

The change in the methane emission rate of 15
irrigation associations as the temperature was varied
by £ 10% in the first and second crop seasons were
45% to —39% and 52% to — 40%, respectively.

The depth of flood water over soil may control the
rate of CH4 production. Sebacher et al. (1986) found
that CH, emission rates increased with the depth of
the flood water to a depth of up to approximately 10
cm. The rate of CH4 production in continuously
flooded paddy fields was assumed to be correlated
linearly with the soil water depth (SWD).

The sensitivity analysis of the four parameters
indicates that the temperature and soil organic matter
content are positively correlated with the methane
emission rate; that the soil water depth is inversely
correlated with the methane emission rate, and the soil
pH may be either positively or negatively correlated
with methane emission rate, according to the initial
soil pH. The pH is the most important parameter that
governs the methane emission rate in the five northern

Table 5

Comparison of rates of emission of methane obtained by retaining
rice straw and those obtained by removing rice straw before the
second crop season

Irrigation Retain rice Remove rice
association straw MER straw MER
(kg/ha/day) (kg/ha/day)
Pai-Zi 1.55 0.14
Tao-Yuan 2.04 0.39
Shih-Men 1.05 0.23
Hsin-Chu 1.42 0.22
Miao-Li 1.03 0.10
Tai-Chung 9.32 0.01
Nan-Tou 0.59 0.96
Chang-Hwa 14.90 0.19
Yun-Lin 13.65 0.20
Chia-Na 13.55 0.12
Kao-Shiung 15.74 0.12
Ping-Tung 18.28 0.05
Tai-Tung 12.27 0.01
Hwa-Lien 13.24 0.49
E-Land 5.25 0.10
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Table 6
Changes in the depth of flood water during five rice growth stages
for three types of irrigation

Growth stage Traditional 10 cm 25 cm
depth (cm) depth (cm) depth (cm)

Transplanting 4 10 3

Effective tillering 4 10 25

Booting 5 10 25

Blooming 7.5 10 25

Mature 2.5 10 5

irrigation associations because the soil pH is around
5.6. The order of the strengths of the effects of the
other parameters as determined from the data collect-
ed by the northern irrigation associations, is temper-
ature, soil water depth and soil organic matter content.
In the central, southern and eastern irrigation associ-
ations, the order of the strengths of the effects of the
four parameters are temperature, soil pH, soil water
depth, and soil organic matter content. Thus, the
methane emission rate from paddies in Taiwan is most
sensitive to temperature.

3.4. Methane reduction strategy
Taiwanese rice paddies are now facing consider-

able commercial competition from foreign growers of
imported cheap, high-quality foreign rice, following

Table 7

Taiwan’s entry into the World Trade Organization in
2002. The Council of Agriculture has planned to
reduce the area of paddy fields from 330,000 to
290,000 ha to reduce the amount of rice produced
and thus stabilize its price. The initial plan is to rotate
the planting of rice in the second crop season in the
northern, central, southern and eastern regions in that
order because the second crop season has relatively
low yield and high production cost.

The amount of methane emitted in the second crop
season was 7—16 times that emitted during the first
crop season. If the reduction in planted acreage
proposed (12%) is during the second crop season,
this will reduce the amount of methane emitted by
21% annually.

Additionally, the rice straw following the first crop
harvest is ground into the soil before the rice is
planted in the second crop season. The addition of
ground rice straw to the soil significantly increases the
rate of emission of methane in the hot and humid
summer. Removing the rice straw from the soil greatly
reduces the rate of emission of methane. Table 5
compares the rates obtained when the rice straw left
until the second crop season with those obtained when
the straw was removed. The rate of emission is
generally reduced by an order of magnitude. The
removal of rice straw may be a cost-effective means
of substantially reducing methane emission in the

Comparison of the rates of emission of methane obtained using the traditional (6 cm), 10 and 25 cm depths of flood water for irrigation

Irrigation First crop season Second crop season
association Traditional MER 10 cm depth 25 cm depth Traditional 10 cm depth 25 cm depth
(kg/ha/day) MER (kg/ha/day)  MER (kg/ha/day)  MER (kg/ha/day)  MER (kg/ha/day)  MER (kg/ha/day)

Pai-Zi 0.16 0.34 0.13 1.55 3.52 1.26
Tao-Yuan 0.23 0.48 0.19 2.04 4.68 1.67
Shin-Mem 0.12 0.25 0.10 1.05 2.40 0.86
Hsin-Chu 0.15 0.30 0.12 1.42 3.24 1.17
Miao-Li 0.14 0.29 0.11 1.03 2.38 0.85
Tai-Chung 0.71 1.48 0.58 9.32 21.20 7.62
Nan-Tao 0.06 0.13 0.05 0.59 1.35 0.48
Chang-Hwa  0.89 1.88 0.73 14.90 33.79 12.19
Yun-Lin 1.10 2.31 0.90 13.65 31.14 11.19
Chia-Na 1.28 2.71 1.06 13.55 30.90 11.11
Kao-Shiung  1.31 2.82 1.08 15.74 35.24 12.89
Ping-Tung 1.40 3.02 1.15 18.28 40.85 14.97
Tai-Tung 1.01 2.09 0.82 12.27 27.87 10.02
Hwa-Lien 1.12 2.34 091 13.24 30.05 10.79
E-Land 0.62 1.29 0.51 5.25 12.03 428
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Asian countries because the temperatures in these
countries are high and rice straw can be easily
removed from paddy fields.

The rotational irrigation method is widely used in
Taiwan. Floodwater to an average depth of 6 cm is
normally maintained in paddies to reduce the amount
of irrigation water required. Huang (2001) described
deep-water irrigation as increasing the depth of flood
water from 6 to 25 cm. Deep-water irrigation reduces
the time and cost of irrigation, yielding high-quality
rice and enhancing groundwater recharge (Chen and
Liu, 2002; Chen et al., 2002). The effect of increasing
the depth of floodwater on the quantity of methane
emitted from the paddy is of interest. Three depths of
floodwater—the traditional (6 cm), 10 and 25 cm—
were considered. Table 6 presents the change in the
depth of floodwater during the five growth stages of
rice given the three types of irrigation. Table 7 lists the
simulated rate of emission of methane for the three
types of irrigation, in the first and second crop
seasons. The rates of emission of methane at a flood
water depth of 10 cm were generally double those
obtained using the traditional irrigation method in
both the first and the second crop seasons. When
the depth of the floodwater was increased to 25 cm,
the emission rates were 18% below those obtained by
traditional irrigation. Increasing the depth of floodwa-
ter to 10 cm does not reduce the rate of emission of
methane, but significantly increases it. However,
increasing the depth of the floodwater to 25 cm may
reduce the rate of emission of methane, to the benefit
of environment.

4. Conclusions

The study applies the methane emission model,
which incorporates plant growth, climate and soil
properties, to estimate the amount of methane emitted
from rice paddy fields in Taiwan. The results indicate
that most methane is emitted during effective tillering
and booting stages in the first crop season and in the
mature stage in the second crop season. The amounts
of methane emitted in the first and second crop
seasons were 28,507 and 350,231 tons, respectively,
which values were one order of magnitude higher than
those estimated using the IPCC guidelines. Moreover,
the emission of methane in the second crop season

was 12.5 times higher than that in the first crop
season. Of all 15 irrigation associations, the highest
and lowest rates of emission of methane were at Ping-
Tung and Nan-Tou, respectively. Sensitivity analyses
indicated that the temperature is the most important
parameter in determining the methane emission rate.
The order of the strengths of the effects of the other
parameters is soil pH, soil water depth and soil
organic matter content. Recessing 40,000 ha of rice
paddies (12% of the total irrigated area) in the area of
the southern irrigation associations with high methane
emission to stabilize the rice price would reduce the
emissions by 79,000 tons or 21% annually. Addition-
ally, the emission of methane can be reduced and
paddy field acreage preserved by implementing a
remedial strategy to remove the rice straw following
the first crop season which can reduce the methane
emission rate by an order of magnitude, and increase
the depth of the flood water to 25 cm which can
reduce the methane emission rate by 18%. Govern-
mental agencies that are planning to recess rice
paddies should carefully consider the posed strategy
for reducing the amount of methane emitted.
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