
This article was originally published in a journal published by
Elsevier, and the attached copy is provided by Elsevier for the

author’s benefit and for the benefit of the author’s institution, for
non-commercial research and educational use including without

limitation use in instruction at your institution, sending it to specific
colleagues that you know, and providing a copy to your institution’s

administrator.

All other uses, reproduction and distribution, including without
limitation commercial reprints, selling or licensing copies or access,

or posting on open internet sites, your personal or institution’s
website or repository, are prohibited. For exceptions, permission

may be sought for such use through Elsevier’s permissions site at:

http://www.elsevier.com/locate/permissionusematerial

http://www.elsevier.com/locate/permissionusematerial


Aut
ho

r's
   

pe
rs

on
al

   
co

py

e c o l o g i c a l m o d e l l i n g 2 0 5 ( 2 0 0 7 ) 475–491

avai lab le at www.sc iencedi rec t .com

journa l homepage: www.e lsev ier .com/ locate /eco lmodel

A process-based model for methane emission
from flooded rice paddy systems

Shangping Xua,∗, Peter R. Jaffé b, Denise L. Mauzerall c
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a b s t r a c t

Methane is the second most important greenhouse gas after carbon dioxide. Rice paddy

soils release approximately 15–20% of total methane emitted to the atmosphere. A process-

based methane emission model was developed for rice paddy systems that highlights plant

mediated methane transport. Sequential utilization of alternative electron acceptors such as

oxygen, nitrate, Mn(IV), Fe(III) and sulfate in flooded soils is included and permits examina-

tion of the effects of fertilizer application and field drainage on methane emissions. Acetate

and hydrogen, two representative electron donors produced from the biologically mediated

decomposition of solid organic matter, are assumed to be the substrates driving the electron

transfer processes. Effects of temperature on reaction kinetics and diffusion processes are

based on empirical relationships observed in the laboratory and field. Other processes con-

sidered include the exudation of organic carbon and radial release of oxygen from roots, the

infiltration flow induced by plant transpiration, the growth dynamics of rice plants, the verti-

cal distribution of soil organic carbon and root biomass, dieback of roots, and loss of gaseous

species through ebullition. The performance of the model is evaluated using methane flux

data collected in Chongqing and Sichuan, China. Model simulations reveal that although

hybrid rice cultivars are several times more efficient in mediating methane transport than

traditional tall cultivars at seedling stage, the development of methane transport capacity

over the growing season leads to a relatively small difference in total seasonal methane

flux (∼15%) among fields planted with tall and hybrid cultivars. Application of nitrate fertil-

izer at a rate of 64 kg N/ha (about 50% of total nitrogen applied at the Chongqing site) could

reduce methane emission by 7%. By converting both iron and manganese to oxidized forms,

pre-season drainage is found to be able to reduce methane emissions by 8–10%. A 1-week

drainage of a rice field during the growing season could further reduce the methane emis-

sion by 22–23% and might be a very promising methane-emission mitigation technique,

since such drainage practices can also conserve water and improve rice yields. This model

will be implemented on a national scale to establish national methane emission invento-

ries and to evaluate the feasibility and cost-effectiveness of various mitigation options that

could vary from site to site.
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1. Introduction

Methane is currently the second most important greenhouse
gas accounting for 15–20% of anthropogenic radiative forc-
ing (Rodhe, 1990; IPCC, 1995a,b). Anthropogenic sources are
responsible for about 70% of total methane emission (IPCC,
1995a,b). With an estimated annual emission of 25–100 Tg of
methane, rice paddies represent one of the major contributors
to atmospheric methane (IPCC, 1995a,b).

Rice is the world’s most important food source and its cul-
tivation area has increased from 104 million ha to 148 million
ha over the last half century (Aulakh et al., 2001a,b,c). About
131 million ha rice paddies are flooded by irrigation or rain-
water during the growing season. Once flooded, anaerobic
conditions quickly develop in rice paddy soils resulting in the
sequential utilization of a series of electron acceptors, such as
oxygen, nitrate, Mn(IV), Fe(III) and sulfate. Methane produc-
tion starts under highly reducing conditions after alternative
electron acceptors have been depleted.

Methane produced in rice paddy soils is emitted to the
atmosphere by three pathways: molecular diffusion, ebulli-
tion as gas bubbles, and rice-mediated transport (Hosono and
Nouchi, 1997). Contributions from individual pathways vary
over time and space, and many researchers have documented
that rice-mediated transport is the major pathway potentially
accounting for more than 90% of the total methane emitted
from soils over the growing season (Cicerone and Shetter, 1981;
Butterbach-Bahl et al., 1997; Hosono and Nouchi, 1997). A frac-
tion of methane produced in soils may be subject to oxidation
in the rhizosphere, either aerobically by oxygen released from
plant roots or anaerobically by other electron acceptors such
as indigenous ferric iron or sulfate (usually from fertilizer)
(Iversen and Jorgensen, 1985).

Emission of methane from rice paddies is affected by a
variety of agronomic and environmental factors including
physiological characteristics of rice cultivars, applications of
both inorganic and organic fertilizers (e.g., manure), water
management practices, soil physicochemical and geochemi-
cal properties, air and soil temperature, and composition and
activity of soil microorganisms (Bodelier et al., 2000). Sub-
stantial temporal and spatial variations in methane fluxes
have been observed by many investigators (Schutz et al., 1990;
Minami, 1995; Yang and Chang, 1999; Wassmann et al., 2000;
Kruger et al., 2001). Such variations make methane-flux esti-
mations from rice paddies more difficult, and complicate the
assessment of its effects on global climate change.

Methane emission models have been used to estimate
methane fluxes under a range of environmental and agro-
nomic conditions, to identify key parameters and processes
that control methane fluxes from rice paddies, and to explore
mitigation strategies that lead to reductions in methane emis-
sions. (e.g., Bachelet et al., 1995; Cao et al., 1998; Huang et
al., 1998a,b; Knox et al., 2000; Matthews et al., 2000a,b; Van
Bodegom et al., 2002; Yan et al., 2003).

Based on the insights gained into the mechanisms under-
lying the production, oxidation, and emission of methane in
wetland systems, many process-based methane flux mod-
els have been developed during the last decade (e.g., Cao et
al., 1995; Kern et al., 1997; Huang et al., 1998a,b; Arah and

Kirk, 2000; Matthews et al., 2000a,b; Walter and Heimann,
2000; Segers and Leffelaar, 2001a,b; Segers et al., 2001; Van
Bodegom et al., 2001a,b; Li et al., 2002a,b; Kettunen, 2003; Yan
et al., 2003). Although the transport of methane by plants was
included in many of these models, it was often described
by a transport coefficient (e.g., Walter and Heimann, 2000;
Van Bodegom et al., 2001a,b), and the incorporation of the
details of plant-mediated transport in methane emission
models is still uncommon. Highlights of this one-dimensional
process-based methane emission model include: (i) methane
transport mediated through rice plants, as well as its temper-
ature dependency, is accounted for based on recently reported
experimental results (Hosono and Nouchi, 1997; Aulakh et al.,
2000a,b; Aulakh et al., 2002). This allows for the examination
of the impacts of rice cultivar selection on methane emis-
sion; (ii) the vertical distribution of organic carbon, the major
driving force for methane production in rice paddy soils, was
compiled based on 626 measurements in China and incorpo-
rated into the model; (iii) infiltration flow induced by plant
transpiration, which leads to the penetration of oxygen in the
overlying water and redistribution of dissolved species in the
rhizosphere and can have significant impact on the biogeo-
chemical processes in flooded soils (Xu et al., 2004; Xu and
Jaffe, 2006), is considered in this model formulation; (iv) the
model includes the sequential utilization of all the major elec-
tron acceptors (e.g., oxygen, nitrate, Mn(IV), Fe(III) and sulfate)
relevant to methane production, oxidation, and emission in
rice paddy systems, permitting the evaluation of the impact
of various agricultural practices, such as field drainage and
fertilizer application, on methane emission.

The performance of the model was evaluated using field
observations obtained over several years and for different
soils, rice cultivars, and agricultural practices. Attempts were
then made to identify the impacts of some key processes and
parameters, such as rice cultivar selection and field drainage,
on methane fluxes from rice paddies and to assess the effec-
tiveness of some methane emission mitigation options. The
goal is to implement this model for rice paddy fields in China,
the largest rice producer, through the integration of remote
sensing data and up-scaling GIS techniques (Yu et al., 2001;
Yue et al., 2003) to establish methane emission inventories
and to evaluate the feasibility and cost-effectiveness of site-
specific mitigation options in the framework of sustainable
agriculture (Bachelet et al., 1995; Ulgiati et al., 2006).

2. Model structure

The one-dimensional non-steady-state model formulation is
designed to incorporate the coupled transport and reaction
of both dissolved and solid species in the vertical dimension,
while horizontal homogeneity is assumed. The transport and
reaction of each chemical species is constrained by its mass
balance and individual chemical species are linked though the
appropriate reaction terms.

2.1. Mass balance equations

The mass balance of each species (solid and dissolved) is
described by a one-dimensional, transport-reaction equation.
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The transport of a dissolved species i, assuming a constant
porosity, can be described by the following equation:

∂

∂t
C

aq
i

= − ∂

∂z
[V(z)Caq

i
] + ∂

∂z

[
D(z)

∂C
aq
i

∂z

]
+

∑
R

�
(1)

where t is the time, � represents porosity, C
aq
i

means concen-
tration of species i in the liquid phase, V the vertical infiltration
velocity of water, which is a function of depth and is influenced
by plant transpiration, z the soil depth, D(z) represents hydro-
dynamic dispersion coefficient for species i, and �R is the sum
of reactions.

Diffusion of methane from the soil solution into the roots
is the first step in its transport through the rice aerenchyma
system (Nouchi et al., 1990). The mass balance equation for
methane (Eq. (2)) explicitly includes such a transport term, ˚:

∂
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Caq = − ∂
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[V(z)Caq]+

∂

∂z

[
D(z)

∂Caq

∂z

]

− ˚(Caq, Drs, Lrw, Cr

H , A(z), �)
�

+

∑
R

�
(2)

where Drs is the diffusion coefficient of methane across the
root epidermis, H the Henry’s constant for methane, Cr the
methane concentration in the root, Lrw the thickness of root
epidermis, A(z) the average root surface area per unit volume
of soil, and � is an experimentally determined methane trans-
port capacity coefficient. Other parameters are identical to Eq.
(1). The details of the plant mediated methane transport term,
˚, will be presented in the sections below.

Transport and reaction of solid species, such as ferric
(hydr)oxide, manganese oxide, solid organic carbon and dead
roots is described by:

∂

∂t
Cs

j = ∂

∂z

(
Db(z)

∂Cs
j

∂z

)
+

∑
R

1 − �
(3)

where Cs
j

represents the concentration of solid species j,
Db(z) is a physical mixing (bioturbation) coefficient and other
parameters are similarly defined.

2.2. Growth dynamics and vertical distribution of rice
roots

The growth of rice roots strongly affects methane production,
oxidation, and emission since it determines the rates of radial
release of oxygen and organic exudates as well as the methane
transport capacity. In this research, an empirical rice growth
model is applied to simulate rice growth over the growing
season based on experimental data obtained under various
nutrient supply conditions (Singh et al., 1998; Van Bodegom et
al., 2001a,b) (Fig. 1):

Mroot =

⎧⎨
⎩

Mmax

1 + 85.5 e(−13.3×timeR) , if timeR < 0.67

Mmax

(
1 − timeR − 0.67

0.33

)
, if timeR ≥ 0.67

(4)

where Mroot is the dry root mass of one rice plant (g plant−1),
Mmax the maximum dry root biomass per plant (g plant−1),

Fig. 1 – Dynamics of rice root growth. Triangle, cultivar
Sarju-52; diamond, cultivar Malviya-32; square, cultivar
Pant-4. Closed symbols represent data from control fields
without fertilizer application and data from fertilized fields
are shown in open symbols. Experimental data from Singh
et al. (1998). Line represents an empirical model, see text
for details.

and timeR is the relative time into the growing season (dimen-
sionless). Since this empirical function does not capture the
diurnal variations in the photosynthetic rate of rice plants,
this model is not intended to simulate methane fluxes on the
diurnal time scale.

The vertical distribution of rice roots has been observed to
follow an exponential function (Frenzel et al., 1999; Segers and
Leffelaar, 2001a,b):

� = 1
d

e−z/d (5)

where � is the root mass distribution, d an empirical value
and equals 0.11 m, and z is the soil depth (m). In the model,
the total mass of rice roots is assigned to each soil layer accord-
ing to this function, resulting in a similar relative growth and
dieback rate of rice roots at each depth. This function is also
applied to determine the vertical distribution of root exudates
and methane transport capacity.

2.3. Soil organic matter and its decomposition

Soil organic matter is the driving force for a variety of redox
reactions relevant to methane production. In this model, soil
organic matter, root dieback, and root exudation are consid-
ered as the sources of organic carbon. The formulation of the
production of organic substrates in previous methane emis-
sion models has been described either via photosynthesis
or net primary production functions (Huang et al., 1998a,b;
Matthews et al., 2000a,b; Walter and Heimann, 2000; Granberg
et al., 2001; Kettunen, 2003), or decomposition kinetics of
soil organic matter (Van Bodegom and Scholten, 2001; Van
Bodegom et al., 2001a,b). The former formulation has been
primarily applied on a regional scale, while the latter was
often implemented on smaller spatial scales. In this study, the
decomposition kinetics methodology for organic carbon from
all sources is adopted due to the spatial scale of concern in
this research.
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Fig. 2 – Vertical distribution of organic carbon (normalized
by the surface carbon content) in China’s rice paddy soils.
Data are from the National Soil Survey of China, 1993–1996.
Solid line represents an empirical model, see text for
details.

Usually soil organic matter exhibits significant vertical
variations (Jobbagy and Jackson, 2000). To address this, soil
organic content of China’s rice paddy soils were compiled and
the average area-weighted results are shown in Fig. 2 (National
Soil Survey of China, 1993–1996). The observed average verti-
cal distribution can be empirically described by the following
equation (derived from Fig. 2):

Ccarbon =

⎧⎪⎨
⎪⎩

1 + 0.93 × e−(z−15)2/40, 0 ≤ z ≤ 15

0.64 + 1.29 × e−(z−15)2/40, 15 < z ≤ 30

0.64, 30 < z ≤ 50

(6)

where Ccarbon is the relative soil carbon content (normalized to
surface carbon content, dimensionless), and z is the soil depth
in cm. This vertical distribution function is applied by adjust-
ing its amplitude according to measurements conducted at
the testing sites.

Under highly reducing conditions, methane is a product
of the anaerobic degradation of soil organic matter by bac-
teria. Conceptually, the degradation pathways of soil organic
matter and the production of methane can be summarized by
three major steps (Conrad, 1999). Degradation starts with the
hydrolysis of organic polymers, and the consequent produc-
tion of alcohols, fatty acids and hydrogen, both catalyzed by
enzymes of fermenting bacteria. Alcohols and fatty acids are
then degraded into acetate, hydrogen or formate, and CO2. The
last step is the production of methane from H2/CO2 or acetate.
Acetate could also be produced from the hydrolysis of organic
polymers by homoacetogenic bacteria (Conrad, 1999),

Although the conceptual pathways are largely known,
accurate parameterization of the kinetics of methane pro-
duction has not been well established. Therefore, a simple
empirical model describing the degradation of soil organic
matter under anaerobic conditions is adopted in this model
(Van Bodegom and Scholten, 2001; Van Bodegom et al.,
2001a,b). The advantage of this pragmatic treatment is the
convenience of mathematical manipulation, while the overall
decomposition and utilization kinetics of soil organic matter
are captured (Van Bodegom and Scholten, 2001). Briefly, the

mineralization of solid organic hydrocarbon (including rice
straw, but excluding root dieback and exudation) and the pro-
duction of acetate and hydrogen can be summarized by Eq. (7)
(Van Bodegom and Scholten, 2001):

(CH2O)n + 1
3 nH2O → 1

3 nCH3COOH + 1
3 nCO2 + 2

3 nH2 (7)

In this simplified model, the production of CO2 reflects the
energy used by bacteria that mediate the decomposition pro-
cess. In reality, low-molecular-weight mineralization products
of natural organic matter include a wide variety of organic
compounds such as lactic, pyruvic, oxalic, malonic, and suc-
cinic acids, propionate and butyrate (Conrad and Klose, 2000;
Strobel, 2001). Furthermore, rice root exudates contain various
low-molecular-weight organic acids such as malic, tartaric,
and succinic acids (Aulakh et al., 2001a,b,c). It is assumed
here that substrate utilization kinetics in the production of
methane is similar for many small-molecular compounds,
and acetate serves as a representative molecule. Methane pro-
duction rates of soil samples amended with plant exudates
appear to be correlated with the total amount of dissolved
soil carbon, instead of any individual constituent (Aulakh et
al., 2001a,b,c). This suggests that methanogenesis from var-
ious readily available organic substrates may be collectively
described by a uniform kinetic formulation.

The kinetics of the simplified empirical degradation model
for soil organic carbon as described by Eq. (7) has been exper-
imentally determined (Eq. (8)) (Van Bodegom and Scholten,
2001):

Pmin = Cmin(1 − S)Kd e−Kd×time (8)

where Pmin is the mineralization rate (mol C L−1), S an empir-
ical parameter, and Kd is the relative decomposition rate,
defined as:

Kd = R time−s (9)

where R (unit: times − 1) is also an empirical parameter (Van
Bodegom and Scholten, 2001).

Root exudates are important as a readily available carbon
source for various microbial activities, including the produc-
tion of methane (Wang et al., 1997; Lu et al., 1999, 2000; Wang
and Adachi, 2000; Aulakh et al., 2001a,b,c; Lu et al., 2002). Here
it is assumed that root exudates are in the form of acetate and
the exudation rate is a function of root biomass and can be
described by an empirical relationship (Eq. (10)) (Wang et al.,
1997; Matthews et al., 2000a,b; Aulakh et al., 2001a,b,c):

Pexu = 9.2 × 10−4 × (Mroot − 0.8) (10)

where Pexu is the root exudation rate (mol acetate day−1), and
Mroot is the root dry biomass (g plant−1). This relationship does
not capture the diurnal variations in the exudation rate (Fig. 1).

Later in the growing season root dieback occurs and con-
tributes to the soil organic pool. Again, it is assumed here
that dead roots are first converted to dissolved organic car-
bon (acetate) and hydrogen before being utilized by bacteria.
For the purpose of simplicity, (CH2O)106(NH3)16(H3PO4) is used
to represent root composition. The kinetics of root decom-
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Fig. 3 – Relationship between rice-root surface area and
rice-root biomass. Data from Kirk and Du (1997) (closed
triangle), Wissuwa and Ae (2001), and Wissuwa (personal
communication) (open triangle). Line represents the
regression curve, A = 0.0689M0.8162, r2 = 0.96.

position is modeled by first-order decay (Van Bodegom et al.,
2001a,b) as shown in the following equation:

Proot = KrootMroot (11)

where Proot is the decomposition rate of roots (mol L−1 day−1),
Kroot (day−1) the first-order constant and Mroot is the mass
of dead roots (in mol CH2O L−1). The dieback rate of roots is
assumed to be linear (Eq. (4)).

2.4. Root surface area

Root surface area is one of the key parameters that deter-
mine the flux of methane from soil to rice aerenchyma and
thus its overall emission rate. Rice root surface area was also
observed to be closely related to the radial oxygen release rate
(Colmer, 2003a,b; Kirk, 2003). Data of rice root surface area
and root biomass were compiled from the literature (Kirk and
Du, 1997; Wissuwa and Ae, 2001) and a power function was
found to describe their relationship satisfactorily (Fig. 3 and
Eq. (12)):

A = 0.0689M0.8162 (12)

where A is the root surface area (m2) and M is the root biomass
(g). Note that this relationship is based on the surface area and
root biomass for one individual plant.

2.5. Methane transport capacity by rice plants

Rice plants function like a conductive pipe connecting the rhi-
zosphere and the atmosphere. The model formulation focuses
on the diffusion of methane across the soil–root interface,
assuming that methane transport inside rice plants is fast
enough so that no significant accumulation of methane occurs
inside the plants. Therefore, the same form of the power func-
tion describing the relationship between root surface area and
root biomass should also be used to describe the relation-
ship between methane transport capacity and root biomass.

Inspection of experimental data collected for 20 cultivars
reveals the following features of methane transport capacity of
rice plants (Aulakh et al., 2002): (i) methane transport capac-
ity by rice plants is cultivar dependent and can be grouped
into three categories: tall cultivars, dwarf and new plant type
(NPT) cultivars, and hybrid cultivars; (ii) there is a drop in
methane transport capacity around maturity for tall, dwarf
and NPT cultivars. Such a decline has been attributed to blocks
in aerenchyma channels due to the dying cells in roots, culm
base, and tillers, and bending at the stem–root connection
area (Nouchi et al., 1994; Aulakh et al., 2000a,b; Lu et al.,
2000; Aulakh et al., 2002). For hybrid cultivars, however, since
their sturdier stems can keep the plant in an upright posi-
tion even at maturity, the decline is less significant or even
non-observable (Aulakh et al., 2002); (iii) for dwarf, NPT, and
hybrid cultivars, once their root biomass exceeded a certain
value, no further increase in methane transport capacity was
observed. This is attributed to the resistance from other parts
of the plant, such as culm base, and the stem–root connec-
tion area; (iv) seedlings of hybrid cultivars are more efficient
in mediating methane transport through plants. When root
biomass is 1 g, the efficiencies of dwarf/NPT and of tall culti-
vars are 85% and 28%, respectively, of the efficiency of hybrid
cultivars (Fig. 4). However, since there is no further increase
in methane transport capacity when root biomass is above
a certain value for hybrid cultivars, when root biomass is 5 g,
there is virtually no difference in methane transport capacities
between tall and hybrid cultivars.

For tall cultivars, either before or around maturity, the
power function between root surface area and root biomass
can be used satisfactorily to describe methane transport
capacity as a function of the root biomass (Fig. 4A). To account
for the decline in methane transport capacity around matu-
rity, a methane transport efficiency coefficient, �, is introduced
(Eq. (13)).

˚

(
Caq, Drs, Lrw,

Cr

H
, A(z), �

)
= �Drs

Caq − (Cr/H)
Lrw

A(z) (13)

Around maturity, a linear decline in methane transport capac-
ity and � is assumed and calculated based on experimental
data (Fig. 4A and Eq. (14)):

� =

{
1, before flowering(

1 − 0.725
t − Tflowering

Tmaturity − Tflowering

)
, from flowering to maturity

(14)

where Tmaturity and Tflowering are, respectively, the maturity
time and the flowering time of rice plants.

For dwarf, NPT and hybrid rice cultivars, a maximum effec-
tive root biomass (MERB) is defined. When the root biomass
exceeds MERB, the methane transport capacity is assumed
to be constant. Similarly, the decline in methane transport
capacity around plant maturity for dwarf and NPT cultivars
is captured by � described by the following equation:

� =

{
1, before flowering(

1 − 0.509
t − Tflowering

Tmaturity − Tflowering

)
, from flowering to maturity

(15)
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Fig. 4 – Methane transport capacities of (A) tall, (B) dwarf,
new plant type, and (C) hybrid cultivars before (closed
symbols), and around plant maturity (open symbols), and
regression results (solid lines: before maturity; dashed
lines: around maturity). Data from Aulakh et al. (2002).

For hybrid cultivars, � = 1 through the growing season. The
default value for MERB in this model was determined to be
∼1 g plant−1, based on available experimental data (Fig. 4).

2.6. Ebullition

Among the chemical species simulated in this model,
methane and hydrogen can escape from sediments into the
atmosphere as bubbles. Although the release of methane and
hydrogen bubbles from the sediment is an episodic process,
here it is assumed that once their concentrations exceed their
respective temperature-adjusted solubility, any additional gas

production is released instantaneously into the atmosphere
through ebullition. The amount of methane that escapes
through ebullition is included in the calculation of its total
emission.

2.7. Oxygen release by rice roots

To allow for aerobic respiration of root cells, herbaceous wet-
land plants transport oxygen from shoots to roots via the
cortical gas-space continuum (Armstrong, 1979), which is also
used for the transport of other gases, such as methane, inside
rice plants. Usually only a fraction of this oxygen is utilized
for root respiration, the rest is released from the roots into the
rhizosphere, where it can be used for the oxidation of reduced
species, including methane (Gilbert and Frenzel, 1998). Radial
oxygen loss (ROL) from rice roots is a highly variable pro-
cess. No detailed model is currently available to simulate its
variation over space and time and for different rice cultivars
(Connell et al., 1999; Rubinigg et al., 2002; Colmer, 2003a,b). For
a single rice root, a commonly observed feature is that under a
reduced environment, ROL decreases with the distance from
the root tip (Colmer et al., 1998). At a larger spatial scale, (e.g.,
one plant), the random vertical distribution of roots supports
the argument that the ROL rate is primarily a function of root
surface area. For the simulations shown here, an average ROL
rate of 0.004 mol m−2 day−1 was assumed for the early grow-
ing season (Rubinigg et al., 2002; Colmer, 2003a,b). In the late
growing season, a radial oxygen release rate was assumed to
vary accordingly with the methane transport capacity.

2.8. Temperature dependency of reaction kinetics,
diffusivity, and methane transport

The activity of soil microorganisms increases with temper-
ature up to an optimal value beyond which inactivation of
bacterial enzymes and thus decrease in their activities occurs.
The temperature dependency of bacterial activities can be
described by the Arrhenius equation. If the range of tem-
perature variation is relatively small, the relationship can be
approximated by an empirical Q10 function, which is defined
as the relative increase in reaction rates following a tempera-
ture rise of 10 ◦C (Segers, 1998; Conrad, 2002).

Temperature-dependency of methane production seems to
be more variable than that of methane oxidation (Dunfield et
al., 1993; Segers, 1998). Q10 for methane oxidation was reported
to be around 2 (Segers, 1998; Megonigal and Schlesinger, 2002),
while Q10 for methane production was found to range from 1.5
to 28 with an average of around 4 (Segers, 1998). The stronger
and more variable temperature dependency of methane pro-
duction was attributed to complex interactions of underlying
processes (Segers, 1998), such as changes in bacterial activi-
ties, functional and structural composition of methanogenic
bacteria, and shifts in the carbon and electron flow pathways
(Chin and Conrad, 1995; Yao and Conrad, 2000; Wu et al.,
2001; Fey and Conrad, 2003). In this model, Q10 for methane
oxidation and production were assumed to be 2.0 and 4.6,
respectively (Segers, 1998; Van Bodegom and Stams, 1999;
Walter and Heimann, 2000).

The kinetics of the microbially mediated mineralization of
soil organic carbon and most of the redox reactions included
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Fig. 5 – Temperature dependency of gaseous diffusivity and
plant conductance for methane transport through the
aerenchyma system of rice plants. (a) Hosono and Nouchi
(1997) and Van Bodegom et al. (2001a,b); (b) Hosono and
Nouchi (1997); (c) calculated here.

in this model are also strongly dependent on the soil temper-
ature. Such temperature dependences are also described by
the Q10 method. For the mineralization of soil organic matter,
Q10 was reported to be 2.85 (Van Bodegom et al., 2001a,b). Q10

values for iron reduction and sulfate reduction were assumed
to be 2.4 and 1.6, respectively (Van Bodegom and Stams, 1999).
For the decomposition of dead roots as well as other reactions,
a Q10 value of 2.0 is utilized (Walter and Heimann, 2000; Van
Bodegom et al., 2001a,b). The Q10 value utilized for the diffu-
sivity of all dissolved species is 1.31 (Hosono and Nouchi, 1997;
Segers and Leffelaar, 2001a,b).

Temperature also affects the transport of methane by rice
plants (Schutz et al., 1989a,b; Hosono and Nouchi, 1997). There
appear to be two independent and multiplicative components
in the overall temperature-dependent effect: change in dif-
fusivity of methane, and a physiological change in the rice
roots that is not yet well understood (Hosono and Nouchi,
1997). In the laboratory, a Q10 value of 1.64, which was inde-
pendent of the growth stage of rice plants, was reported for the
methane transport capacity (Hosono and Nouchi, 1997). Once
the temperature dependency of methane diffusion (Q10 = 1.31)
is separated, the Q10 for the temperature-dependent physi-
ological change in the roots was found to be 1.25 (lab) and
4.26 (field) (Hosono and Nouchi, 1997) (Fig. 5). The latter value
is comparable to values calculated elsewhere (Schutz et al.,
1989a,b). The default value used in this model is thus 4.26.

2.9. Advective flow induced by rice transpiration

Rice plants transpire substantial quantities of water from the
rhizosphere to the atmosphere and plant transpiration could
have important impacts on the biogeochemical processes in
wetland systems (Weiss et al., 2006). Although water moves
upward inside rice plants, downward advective flow is induced
by plant transpiration in the paddy soil and such downward
flow could enhance the input of dissolved species, including
nutrients and oxygen present in the overlying water (Xu et
al., 2004; Xu and Jaffe, 2006). The average transpiration rate

in a rice paddy field is around 1000 mm water per growing
season and it is usually about one order of magnitude higher
than the water loss due to water infiltration (Bethune et al.,
2001). In this model, it is assumed that rice transpiration rates
are directly related to plant biomass; therefore, the biomass
growth function is used to determine the transpiration rate
over the growing season while the total amount of water tran-
spired by rice plants remains constant. A dissolved oxygen
concentration in the overlying water of 4.0 mg/L coupled with
a 1000 mm transpiration rate results in an oxygen input to the
soil of 0.125 mol m−2 per growing season. This flux of oxygen
into the soil results in the direct oxidation of methane or other
reduced species, which in turn decrease the methane produc-
tion, and can reduce the total emission of methane by about
1000 mg m−2 per growing season. The transpiration-induced
downward flow of water also affects the vertical profiles and
fluxes of the other dissolved species that either directly or indi-
rectly affect methane production in the soil, as well as retards
the upward diffusion of methane towards the soil surface.

3. Model evaluation

The coupled partial differential equations (PDEs) for the dis-
solved and solid species are solved numerically through an
iterative scheme following the discretization via second-order
accurate finite difference approximation (Smith and Jaffe,
1998; Park and Jaffe, 1999). The reaction kinetics are described
as either a dual-species Monod or second order kinetics, see
for example (Jaffe et al., 2002) for a detailed description.

Thermodynamic theory and experimental evidence indi-
cate that terminal electron acceptors in the sediment are
utilized in a sequence that corresponds to the energy yield
from the oxidation of organic substrates (Stumm and Morgan,
1996). Methanogenesis in rice paddy soils, therefore, could
be inhibited by the presence of energetically more favorable
terminal electron acceptors, such as oxygen, nitrate, Mn(IV),
Fe(III) and sulfate. In this model, an indicator function strat-
egy is adopted, which has been applied successfully in the
modeling of the sequential utilization of electron acceptors
in sediments (Park and Jaffe, 1996; Van Cappellen and Wang,
1996; Smith and Jaffe, 1998) and rice paddy soils (Matthews
et al., 2000a,b; Van Bodegom et al., 2001a,b). With this indica-
tor function scheme, when the concentration of one terminal
electron acceptor falls below its cutoff value (listed in Table 1),

Table 1 – Cutoff values for alternative terminal electron
acceptors below which the next most energetically
favorable electron accepting process is allowed to
proceed

Species Cutoff value (�M)

O2 0.5a

NO3
− 5b

Mn(IV) 0.9a

Fe(III) 8a,b

SO4
2− 1000b

a Smith and Jaffe (1998).
b Van Cappellen and Wang (1996).
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Table 2 – General model parameters

Parameter Description Value Unit

XL Maximum depth of soil 0.5 m
ET Evapotranspiration rate 1000 mm/growing season
� Porosity 0.3
� Bulk density 1.3 kg/L
DO2 Molecular diffusion coefficient of oxygen in soil solution 9.8 × 10−1 m2/day
DCH4 Molecular diffusion coefficient of methane in soil solution 1.20 m2/day
DH2 Molecular diffusion coefficient of hydrogen in soil solution 4.61 m2/day
DAc Molecular diffusion coefficient of acetate in soil solution 5.81 × 10−1 m2/day
DFe(II) Molecular diffusion coefficient of Fe(II) in soil solution 6.11 × 10−1 m2/day
DM Typical molecular diffusion coefficient of dissolved species 1.10 m2/day
Q10,D Q10 for diffusion coefficient 1.31
Tf Relative time of rice plant flowering in growing season 0.6
Td Relative time in growing season when root dieback starts 0.67
Lrw Thickness of rice root epidermis 0.025 mm
Pr,CH4 Partial pressure of methane in the aerenchyma of rice plant 0 atm
Pr,H2 Partial pressure of hydrogen in the aerenchyma of rice plant 0 atm
˛L Coefficient to calculate dispersion coefficient (when multiplied

by velocity, dispersion coefficient is obtained)
0.5

the next most energetically favorable electron accepting pro-
cess is allowed to proceed. The order of the sequential
utilization of electron acceptors is: oxygen, nitrate, Mn(IV),
Fe(III), and sulfate. For instance, the utilization of nitrate does
not begin until the concentration of oxygen falls below its cut-
off value listed in Table 1. When oxygen concentration is below
its cutoff value, both oxygen and nitrate are used simultane-
ously. Competition for substrate between sulfate reducers and
methanogenic bacteria that has been observed experimen-

tally is reflected by the relatively high cutoff values of sulfate
(Roy et al., 1997) (i.e., methanogenesis can proceed in the pres-
ence of significant amounts of sulfate). Required model and
reaction kinetic parameters are included in Tables 2 and 3,
respectively. Each row in Table 3 represents one specific reac-
tion term and the chemical species included in this model are
coupled through these reactions terms.

The performance of the model is tested against methane
emission measurements obtained from irrigated rice fields

Table 3 – Reaction kinetic parameters used in the simulations

Reaction Type of kinetics Parameters

Oxygen–carbon Dual monod Vmax = 1.30 × 10−3 (a), Ks,carbon = 1.56 × 10−3 (b), Ks,O2 = 1.07 × 10−5 (b)
Oxygen–H2 Dual monod Vmax = 1.30 × 10−3 (c), Ks,H2 = 1.00 × 10−7 (j), Ks,O2 = 1.07 × 10−5 (c)
Oxygen–sulfide Second-order k = 5.48 × 102 M−1 day−1 (d)
Oxygen–Mn(II) Second-order k = 1.26 × 10−2 M−1 day−1 (d)
Oxygen–ammonium Dual monod Vmax = 8.20 × 10−2 (e), Ks,NH+

4
= 5.56 × 10−3 (f), Ks,O2 = 1.07 × 10−5 (c)

Oxygen–Fe(II) Second-order k = 2.97 × 104 M−1 day−1 (b)
Oxygen–methane Dual monod Vmax = 2.07 × 10−1 (g), Ks,CH4 = 3.07 × 10−5 (b), Ks,O2 = 4.70 × 10−6 (b)
Nitrate–carbon Dual monod Vmax = 1.30 × 10−3 (h), Ks,carbon = 9.0 × 10−5 (h), Ks,NO−

3
= 4.2 × 10−4 (h)

Nitrate–H2 Dual monod Vmax = 1.30 × 10−3 (h), Ks,H2 = 1.0 × 10−7 (h), Ks,NO−
3

= 4.2 × 10−4 (h)

Nitrate–sulfide Dual monod Vmax = 7.35 × 10−4 (h), Ks,S2− = 1.68 × 10−3 (h), Ks,NO−
3

= 1.75 × 10−3 (h)

Mn(IV)–carbon Dual monod Vmax = 2.74 × 10−5 (d), Ks,carbon = 9.0 × 10−5 (a), Ks,Mn(IV) = 2 × 10−6 (d)
Mn(IV)–H2 Dual monod Vmax = 2.74 × 10−5 (i), Ks,H2 = 1.0 × 10−7 (j), Ks,Mn(IV) = 2 × 10−6 (i)
Mn(IV)–sulfide Second-order k = 2.19 × 103 M−1 day−1 (d)
Mn(IV)–Fe(II) Second-order k = 27.4 M−1 day−1 (d)
Fe(III)–carbon Dual monod Vmax = 5.40 × 10−3 (h), Ks,carbon = 2.3 × 10−4 (h), Ks,Fe(III) = 6.1 × 10−2 (h)
Fe(III)–H2 Dual monod Vmax = 5.20 × 10−3 (b), Ks,H2 = 2.2 × 10−4 (h), Ks,Fe(III) = 6.1 × 10−2 (h)
Fe(III)–sulfide Second-order k = 2.74 M−1 day−1 (d)
Sulfate–carbon Dual monod Vmax = 8.63 × 10−5 (h), Ks,carbon = 7.90 × 10−4 (h), K

s,SO2−
4

= 2.30 × 10−4 (h)

Sulfate–H2 Dual monod Vmax = 8.00 × 10−6 (h), Ks,H2 = 2.87 × 10−6 (h), K
s,SO2−

4
= 2.30 × 10−4 (h)

Sulfate–methane Second-order k = 27.4 M−1 day−1 (d)
Methanogenesis-acetate Monod Vmax = 2.26 (k) or 3.30 (l) × 10−4 (m), Ks,carbon = 2.56 × 10−3 (h)
Methanogenesis-H2 Monod Vmax = 6.56 × 10−4 (b), Ks,H2 = 1.33 × 10−5 (b)

(a) Same as nitrate–carbon reaction, (b) from Van Bodegom et al. (2001a,b), (c) same as oxygen–carbon reaction, (d) from Smith and Jaffe (1998),
(e) from Wang et al. (2003), (f) from Wynn and Liehr (2001), (g) from Arah and Stephen (1998), (h) from Van Bodegom and Scholten (2001), (i) same
as Mn(IV)–carbon reaction, (j) same as nitrate–H2 reaction, (k) for field site in Chongqing, (l) for field site in Sichuan, and (m) from Segers (1998).
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Table 4 – Initial and boundary conditions for the simulations of the Chongqing site

Species Initial (mol L−1) Top Bottom

Type Value Type Value

O2 1.25 × 10−4 Concentration 1.25 × 10−4 Gradient 0
Fe(III)a 5.39 × 10−2 Gradient 0 Gradient 0
Fe(II)b 1.26 × 10−1 Concentration 0 Gradient 0
Mn(IV)a 3.51 × 10−4 Gradient 0 Gradient 0
Mn(II)b 8.19 × 10−4 Concentration 0 Gradient 0
Solid organic –c Gradient 0 Gradient 0

a Initial concentrations were zero for 1998.
b Initial concentrations were zero for 1999.
c Profile of solid organic carbon was provided as initial conditions.

located in Chongqing (Cai et al., 2003) and Sichuan (Khalil et
al., 1998a,b), China. Methane production rates are usually a
function of the density, structural, and functional composition
and activity of methanogenic bacteria. No direct measure-
ments of the maximum specific methane production rates at
either testing sites were conducted. Therefore, the maximum
methane production rate measured for soil samples collected
from Hangzhou, China is taken and only slight adjustments
are allowed at each testing site to achieve an optimal match
between model output and field observations (Wang et al.,
1999). At each testing site, the maximum methane produc-
tion rate is assumed to be constant during the growing season,
since the density of both hydrogenotrophic and acetotrophic
methanogens in rice paddy soils was found to be fairly stable
during the growing season (Schutz et al., 1989a,b).

Organic matter content in surface soil at the Chongqing
site was determined to be 1.3% (Z. Cai, personal communi-
cation). A dwarf rice cultivar was grown at the Chongqing
site and methane emission rates during the growing season
were measured. Similar agricultural practices were performed
throughout the duration of the field experiment. Briefly, rice
fields were flooded in the winter (except for 1998, due to the
dry weather, the fields were flooded 1 week before transplant-
ing), and in May rice seedlings were transplanted at a density
of about 30 plants m−2 (Z. Cai, personal communication),
after about 100 days, the grain was harvested. Approxi-
mately two measurements of methane fluxes were made
every week, and the soil temperature at a depth of 5 cm was
recorded.

Methane emission rates were also measured at Tuzu
(located in Sichuan province, China) where hybrid rice culti-

vars were grown (Khalil et al., 1998a,b). At this site, an attempt
was made to account for heterogeneity in rice emission kinet-
ics at relative small spatial (∼100 m) and temporal (∼1 day)
scales by taking up to 24 measurements each day. Plant density
was reported to be 30 plants m−2 while organic carbon content
of surface soil was reported to be 1.57% (Khalil et al., 1998a,b).

Model input data include initial concentrations of soil
organic matter and electron acceptors (oxygen, nitrate, man-
ganese, iron and sulfate), maximum root biomass and
maximum effective root biomass, which can be estimated
from rice yield data, and soil temperature. The initial and
boundary conditions used in these simulations are listed in
Tables 4 and 5, respectively. Plant growth data are listed in
Table 6. Rice yield values were used to estimate maximum
root biomass and maximum effective root biomass (MERB). In
1998, the Chongqing field was drained during the winter and
only flooded 1 week before transplanting. In the simulations
accounting for a significant drainage time it was assumed that
the reduced iron and manganese were completely converted
to Fe(III) and Mn(IV), respectively, after drainage. Following
field flooding, Mn(IV) and Fe(III) were sequentially utilized
as electron acceptors. Field drainage before transplanting,
therefore, could reduce methane emission rates during early
growing season since the onset of methane production is
delayed until Mn(IV) and Fe(III) are consumed. In 1999, the
Chongqing field remained flooded throughout the winter, and
iron and manganese are assumed to exist in their reduced
forms as Fe(II) and Mn(II). For this case a simulation was ini-
tiated to simulate the dynamics 1 week before transplanting.
For the Sichuan site, flooding of rice fields is assumed to have
started 1 week before transplanting; prior to the flooding, the

Table 5 – Initial and boundary conditions for the simulations of the Sichuan site

Species Initial (mol L−1) Top Bottom

Type Value Type Value

O2 1.25 × 10−4 Concentration 1.25 × 10−4 Gradient 0
Fe(III) 2.29 × 10−2 Gradient 0 Gradient 0
Mn(IV) 1.10 × 10−3 Gradient 0 Gradient 0
Solid organic –a Gradient 0 Gradient 0

a The vertical profile of solid organic carbon was provided as initial conditions.
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Table 6 – Length of growing season, annual rice yield, maximum root biomass, and maximum effective root biomass
(MERB) for the testing sites located in Chongqing and Sichuan (China), respectively

Site

Chongqing Sichuan

1998 1999 1988 1989 1992 1993

Length of growing season (days) 100 98 120 128 108 106
Yield (t ha−1) 7.03 7.90 5.25 4.875 6.72 5.43
Maximum root biomass (g plant−1) 6.49 7.29 4.85 4.5 6.2 5.01
MERB (g plant−1) 1.08 1.22 0.81 0.75 1.03 0.84

Maximum root biomass and MERB are assumed to be proportional to rice yield, and when rice yield is 6.5 t/ha, maximum root biomass and
MERB are 6.00 and 1.0 g plant−1, respectively.

soil was aerobic and the iron and manganese were in the oxi-
dized forms.

Example of comparisons between model outputs and field
measurements are illustrated in Fig. 6. Overall, the model cap-
tures the main features of methane flux dynamics over the
growing seasons well, including the temporal variations at
time scales from one to several days. The inclusion of the
dynamics of alternative electron acceptors and their inhibitive
effects on methane production allows for the prediction of the
time at which methane emissions are initiated after flooding:
methane production does not start until the bioavailable Fe(III)
and Mn(IV) are depleted. This will also enable an analysis of
the impacts of mineral fertilizer application and field drainage
on methane production and hence the methane emission
over a growing season. Consistent with field observations,
methane emission due to ebullition accounts for about 10%
of total methane fluxes (Butterbach-Bahl et al., 1997; Hosono
and Nouchi, 1997).

4. Discussion

This section examines the effects of root oxygen release,
plant transpiration, cultivar selection, changes in tempera-
ture, application of mineral fertilizer, and field drainage on
seasonal methane fluxes. These processes and parameters
are selected based on their significance on methane fluxes
revealed by the results of preliminary tests and for their rele-
vance to methane emission mitigation efforts. For the purpose
of conciseness, with a few exceptions, only results obtained
during 1999 from Chongqing and in 1988 from Sichuan are
used in the discussion.

4.1. Radial oxygen release

Based on the simulations, about 6% of the methane pro-
duced in the soil is oxidized by oxygen released from the
roots at both testing sites. Similarly if the average oxygen
release rate is doubled, 6% less methane is emitted at both
sites. The difference in methane fluxes under different oxygen
release scenarios is more significant during the late grow-
ing season. This is due to the presence of large amounts of
root biomass during that time, and the total amount of oxy-
gen released by roots is primarily determined by root surface
area.

4.2. Plant transpiration

Water infiltration, induced by plant transpiration, impacts
methane emission in various ways. First, oxygen transport
from the overlying water into the soil is enhanced. Second, an
enhanced infiltration flow will decrease the upward diffusive
flux of methane, and lead to the redistribution of various dis-
solved species such as organic carbon. The simulations show
that the net effect of plant transpiration is a slight decrease
(4%) in methane emission. This is mainly because infiltration
induced by plant transpiration leads to deeper penetration of
dissolved oxygen present in the overlying water, which in turn
could inhibit methane production and also oxidize methane.
If fertilizers containing nitrate or sulfate are applied to the sur-
face layer of the soil, plant transpiration could enhance their
downward transport and thus suppress methane production
activities in the bottom layers.

4.3. Rice cultivars

Experimental data have shown that different rice cultivars
have remarkably different methane transport capacities and
seasonal patterns of that transport capacity (Fig. 4) (Aulakh et
al., 2002). Therefore, selection of rice cultivars that are less effi-
cient in transporting methane could be an option for reducing
methane emissions. Inclusion of the detailed plant mediated
methane transport term enables us to examine the effects
of rice cultivars on overall methane emission. The simula-
tions reveal small (<4%) differences in methane emission rates
between fields planted with either dwarf/NPT or hybrid cul-
tivars (Fig. 7). Tall cultivars could reduce seasonal methane
emission rate by 12% (Sichuan site) to 15% (Chongqing site).
At the seedling stage, tall cultivars are significantly less effi-
cient in mediating the transport of methane: 28% as efficient
as hybrid cultivars and 35% as efficient as dwarf/NPT cultivars.
At this stage, however, a higher fraction of produced methane
is emitted through the ebullition pathway. After the seedling
stage, the methane transport capacity by dwarf/NPT and
hybrid cultivars levels off, while the methane transport capac-
ity by tall cultivars continuously increases with the growth of
roots (Fig. 4). This suggests that as low conductive rice cultivars
may represent a feasible mitigation option for methane emis-
sion from rice paddy fields, evaluation and assessment should
be based on measurements of cultivar-dependent methane
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Fig. 6 – Methane emission rates during the growing seasons of 1998–1999 at rice fields located in Chongqing, China (Cai et
al., 2003) and during growing seasons of 1988–1989, 1992–1993 at rice fields located in Sichuan, China (Khalil et al.,
1998a,b). Symbols are field measurements. Solid lines represent model predictions of total methane emission rates and
dotted lines are predicted methane emission rates due to ebullition.

transport capacities over the whole growing season. The simu-
lation results are consistent with previous report that showed
small variation in methane fluxes among fields planted with
different rice cultivars (Khalil et al., 1998a,b).

4.4. Temperature

Temperature controls most of the processes included in the
model, resulting in complex relationships between tempera-
ture and methane emissions. The effects of temperature on
the seasonal variation in methane fluxes and on the overall
emission of methane from rice paddy systems are examined
here.

Two maxima of methane fluxes during the growing season
were observed at the Sichuan site (Fig. 6) and this phenomenon

has been attributed to the supply of nutrients in the soil,
to root exudates, or to temperature variations (Khalil et al.,
1998a,b). Results from 1992 from the Sichuan site are used
here, as an example, to show the significance of the tempera-
ture dependency of methane production and transport for the
bimodal pattern in methane fluxes (Fig. 8). When methane
production rates and plant-mediated methane transport are
independent of soil temperature, the bimodal pattern almost
disappears in the model predictions. This suggests that tem-
perature, and more specifically, the effect of temperature on
methane production and transport, is the major factor con-
trolling the observed bimodal pattern of methane flux at the
Sichuan site.

Since the late 19th century, the global mean surface air
temperature has increased by 0.3–0.6 ◦C (IPCC, 1995a,b). As
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Fig. 7 – Methane emission rates for different rice cultivars.
Symbols represent field measurements, dashed lines
represent traditional tall cultivars, solid lines represent
dwarf and new plant type cultivars, and dotted lines
represent hybrid cultivars.

methane is one of the major greenhouse gases responsible
for such a rise in temperature a potential positive feedback
exists. Variations in temperature may change both the abso-
lute and relative sizes of methane sources and sinks and thus
its concentration in the atmosphere and contribution to global
radiative forcing.

The simulations show that a slight increase in soil tem-
perature enhances the methane emission from rice paddy
soils significantly. At the Chongqing site, an increase of soil

Fig. 8 – Effects of temperature dependency of the plant
conductance and methane production on methane flux.
Symbols represent field measurements and line is
predicted flux (methane production and plant conductance
are independent on temperature).

temperature by 1 ◦C, 2 ◦C, and 3 ◦C, respectively, results in a
15%, 32% and 52% increase in seasonal methane emission
rates. Similarly, total methane emission over the growing sea-
son from the Sichuan site increases by 9%, 29%, and 51%
if soil temperature rises by 1 ◦C, 2 ◦C, and 3 ◦C, respectively.
Such predictions are consistent with the historical record of
temperature and atmospheric methane concentration from
more than 400,000 years ago until the pre-industrial period
(Wuebbles and Hayhoe, 2002) and by the results from the
recent meta-analysis of northern wetlands (Christensen et
al., 2003). Elevated atmospheric methane levels will likely
enhance temperature increases. If elevated temperature per-
sists over long periods of time, the ultimate limit of methane
emission from rice paddies would then be the availability of
organic substrates. The long-term changes in the soil organic
carbon pool are not simulated here, and should be included
for the assessment of changes in methane emission due to
either long-term cultivation practices or climate change.

4.5. Effects of nitrate fertilizer application

Application of nitrogen fertilizer is a common practice in
rice cropping. The most commonly applied nitrogen fertilizer
in rice paddy fields is reduced nitrogen such as ammonium
and urea. It has been shown, however, that rice can grow as
well or better with the application of nitrate, especially when
nitrate is mixed with ammonium or urea (Fan et al., 2005; Li
et al., 2006). The presence of nitrate could inhibit methane
production and thus reduce methane emission rate. For the
Chongqing site, 273 kg/ha of urea was applied, which was
equivalent to 127.4 kgN/ha. Both compound fertilizer (contain-
ing 13% of nitrogen) as well as urea were applied at the Sichuan
site, with an average application rate of 64 kgN/ha. To examine
the effects of nitrate fertilizer application on methane emis-
sion, simulations were conducted assuming that half of the
nitrogen fertilizers applied at each site was nitrate instead of
urea. Soil depth of fertilizer application was assumed to be the
top 30 cm. Experiments conducted with a variety of Chinese
rice cultivars suggested that there was no significant differ-
ence in rice plant growth when 50% of ammonium-type of
fertilizer was replaced with nitrate (Fan et al., 2005; Li et al.,
2006). Therefore, no change was made in the model in terms
of plant growth dynamics and root biomass.

Compared with the default case, the application of nitrate
fertilizer leads to a 6% (Chongqing site) and 3% (Sichuan site)
decrease in cumulative seasonal methane fluxes (Fig. 9). This
is primarily due to the inhibitory effects of nitrate on methano-
genesis. Simulation results also showed that, once flooded,
nitrate could be reduced to ammonium very quickly. Although
rice plants may experience slower growth when nitrate is
used as the sole nitrogen source, a mixture of nitrate and
ammonium can be created soon after the application of nitrate
fertilizer. Therefore, although experiments conducted under
aerobic conditions suggested that nitrate, as the sole nitrogen
source, could lead to slow growth in rice plants, the applica-
tion of nitrate-only fertilizer may not have a significant impact
on rice growth in flooded rice paddy fields. The reduction of
seasonal methane emission could be more than 10% if nitrate
was applied as the only nitrogen fertilizer at the Chongqing
site. A major disadvantage of nitrate application as a strategy
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Fig. 9 – Effects of the application of nitrate fertilizer on
methane fluxes. Symbols represent field measurements,
solid lines represent default model predictions, and dashed
lines represent simulation results assuming that half of the
nitrogen fertilizer was applied in the form of nitrate.

to reduce methane emissions is that emissions of N2O, which
is also a greenhouse gas, will become significant when the soil
redox potential is high (Yu and Patrick, 2003). Emission of NO,
a precursor for the production of O3, a regional air pollutant,
may also increase.

4.6. Effects of field drainage

For the Chongqing site, prolonged flooding of the field before
transplanting led to the complete reduction of iron and
manganese. If the field was drained several weeks before
transplanting, the iron and manganese would be oxidized to
Fe(III) (1620 mg/kg) and Mn(IV) (10 mg/kg). Since reductions
of Mn(IV) and Fe(III) are more energetically favorable than
methanogenesis, methanogenesis would be suppressed in the
early growing season during the reduction of Fe(III) and Mn(IV).
For the year of 1999, simulation results show that the drainage
prior to planting would result in an 8% decrease in seasonal
methane flux.

Drainage was carried out before transplanting for the
Sichuan site. The effects of iron and manganese on methane
emission can be examined by assuming a prolonged flood-
ing prior to the growing season. According to this model,
if the site had not been drained and both iron (690 mg/kg)
and manganese (32.5 mg/kg) existed in their reduced forms at
the beginning of the growing season, seasonal methane flux
would increase by 10%.

Mid-season drainage of rice fields is becoming an increas-
ingly popular practice in China, the largest rice producer in the
world (Jiao et al., 2006; Li et al., 2002a,b; Yan et al., 2005). The
primary motivation behind mid-season drainage is water con-
servation. It has also been reported the mid-season drainage
could improve rice yields (Li et al., 2002a,b). Once drained,
the penetration of oxygen can significantly suppress methane
production directly and indirectly through converting reduced
iron and manganese to Fe(III) and Mn(IV), respectively. Model
simulations were performed to quantify the impact of mid-
season drainage on methane emission.

In these mid-season drainage simulations, it was assumed
that the rice field was drained around the middle of the grow-
ing season for 1 week (Jiao et al., 2006). Once the field was
drained, methane production and emission usually was neg-
ligible (Zou et al., 2005) and reduced iron and manganese
were oxidized. Results showed that 1-week drainage at the
middle of the growing season could significantly reduce sea-
sonal methane emission: 22% for the Chongqing site and
23% for the Sichuan site (Fig. 10). Combined, pre-season and
mid-season drainage can reduce seasonal methane emission
by about 30%. Because both reduced iron and manganese
are converted to their oxidized forms, methane production
and emission are usually inhibited after the re-flooding of
rice fields (Fig. 10). Since field drainage can simultaneously
conserve water, improve rice yield and significantly reduce
methane emission, it deserve further promotion through both
policy and economical tools.

Fig. 10 – Effects of mid-season drainage on methane
emission. Symbols represent field measurements, solid
lines represent default model predictions without
mid-season drainage, and dashed lines represent
simulation results with a 1-week mid-season drainage.
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5. Conclusions

The one-dimensional, process-based methane emission
model for rice paddy systems presented here, attempts to
include all of the major processes relevant to methane pro-
duction, oxidation and emission. Some of the processes
included here, such as the cultivar-dependent methane trans-
port capacity, vertical flow induced the plant transpiration,
and the temperature dependency of rice-mediated methane
transport capacity, have not been considered and evaluated
together in previous methane emission models. Comparison
of model simulation results and 6 years of field observations
shows that the model is capable of capturing the tempo-
ral variations of methane emissions over a growing season.
The impacts of a variety of environmental and agricultural
conditions on methane fluxes are simulated and the poten-
tial of many mitigation options explored. Plant transpiration
is found to slightly decrease methane emission through the
downward transport of dissolved oxygen. Under conditions
in the two testing sites, tall rice cultivars are found to have
noticeable effects (12–15% decrease) on the overall methane
emissions. The model predictions are consistent with field
observations in terms of the impact of temperature change
on methane emissions. The application of nitrate fertiliz-
ers and field drainage can reduce methane emissions by
3–10%. Pre-season and mid-season drainage could remarkably
reduce methane emission at both testing sites and represent
a promising mitigation option. The model will be applied to
rice fields in China, the largest rice producer in the world, to
establish methane emission inventories and to evaluate the
feasibility and cost-effectiveness of various methane emission
mitigation options in various regions.
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