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10.

Stellingen pre

Het is goed mogelijk seizoensemissies van methaan uit njstvelden te voorspellen met
een vereenvoudigd procesmodel.
Dit proefschrift

De beschikbaarheid van ruimtelijke agronomische informatie is meet limiterend voor
regionale methaanemissieschattingen dan de nauwkeurigheid van procesmodellen.
Dit proefschrift

Het veilig stellen van voedselzekerheid heeft een hogere prioriteit dan terugdringing
van het broeikasgaseffect bij het manipuleren van methaanemissies uit rijstvelden.

Emissiebeperkende maatregelen dienen ter plaatse van de emissie genomen te

wordern.

De ootzaak van het mislukken van diverse ‘extension programs’ zit al in de naam.
Aannames in wetenschappelijk werk zijn belangtijker dan de resultaten zelf.
Onderzoek doen is als de vlindet van Lotrenz.

Landen in ontwikkeling op het gebied van bestuur en beleid hebben de meeste baat
bij ontwikkelingshulp.

In cen modernistische organisatie verzandt beleid gericht op randvoorwaarden in
meer regels.

De enige passende infrastructurele uitbreidingen voor Nederland zijn die voor een
kennisinfrastructuur.

Nedetlanders hebben geen teveel aan individuele vrijheid, maar hoogstens een tekort
aan schaamte.

Juridificatie van het verzekeringswezen ondermijnt de samenleving.

Stellingen bij het proefschrift ‘Methane emissions from tice paddies; experiments and
modelling” van Peter M. van Bodegom
Wageningen, 13 oktober 2000
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Abstract 3

Abstract

This thesis describes model development and experimentation on the comprehension
and prediction of methane (CH,) emissions from rice paddies. The large spatial and
temporal vatizbility in CH, emissions and the dynamic non-linear relationships between
processes underlying CH, emissions impairs the applicability of empirical relations.
Mechauistic concepts are thetefore starting point of analysis throughout the thesis.

'The process of CH, production was investigated by soil slurty incubation experiments at
different temperatures and with additions of different electron donors and acceptors.
Temperature influenced conversion rates and the competitiveness of microorganisms.
The experitments were used to calibrate and validate a me chanistic model on CH,
production that describes competition for acetate and H,/CQO,, inhibition effects and
chemolithotrophic reactions. The redox sequence leading eventually to CH , production
was well predicted by the model, calibrating only the maximum c onversion rates.

Gas transport through paddy soil and rice plants was quantified by experiments in which
the transport of SF, was monitored continucusly by photoacoustics. A mechanistic
model on gas transport in a flooded rice system based on diffusion ¢ quations was
validated by these experiments and could explain why most gases are released via plant
mediated transport. Variability in root distribution led to highly variable gas transport,
Experiments showed that CH, oxidation in the rice rhizosphere was oxygen (O,) limited.
Rice rhizosphetic O, consumption was dominated by chemical iron oxidation, and
heterotrophic and methanotrophic respiration, The most abundant methanotrophs and
heterotrophs were isolated and kinetically characterised. Based upon thes e experiments it
was hypothesised that CH, oxidation mainly occurred at microaerophilic, low acetate
conditions not very close to the root surface. A mechanistic thizosphere model that
combined production and consumption of O,, carbon and iron compounds with iron
adsorption kinetics and diffusive transport in a rice plant and rhizosphere, confirmed this
hypothesis. Ozidation of CH, depended on acetate and O, concentrations and on
vatiables influencing competiion between methanotrophs and chemical iron oxid ation.
Oxidation of CH, also depended on root growth dynamics and was intrinsically dynamic.
The process-based concepts were simplified in a field scale model on CH, emissions by
dividing a rice paddy into a thizosphere compartment and a bulk soil compartm ent, The
field scale model was validated by independent CH , emission measurements from fields
in the Philippines, China and Indonesia in different seasons and with different inotganic
and organic fertiliser additions. The model predicted CH, emissions well with only few
generally available site-specific input patameters, A sensitivity analysis showed that the
model was very sensitive to the description of substrate supply.

The field scale model was coupled to 2 Geographic Information System to scale up
regional CH, emissions from tice paddies, as was the aim of the overall project. Regional
CH, emission estimates were however affected by the applied interpolation technique
and by data resolution effects in a case study for the island of Java, Indonesia. The
scaling effects were induced by the combination of a loss of information on
heterogeneities and by non-linear model responses. Data availability and not model
uncertainty, which was small for the field scale model developed in this thesis, limits
upscaling  of CH,  emissions from  rice  paddies to  regions.

Bodegom, P.M. van (2000} Methane emissions from rice paddies; experiments and modelling. PhD thesis,
Wageningen University, The Nethertands
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General introduction

1.1 Methane emissions and rice production

The greenhouse effect

Since the late 1980s there is an increased public concetn on the impact of human
actividies on the environment. One of the issues is global warming; the enhanced
greenhouse effect. The global climate is controlled by the balance of heating by incoming
shott-wave solar radiation and cooling by long-wave infrared radiation into space. Part of
the outgeing infrared radiation is trapped by radiatively active gases, the so-called
greenhouse gases. This leads to an increased global temperature; the Lusic greenhouse
effect. Without this basic greenhouse effect, mean global temperature would be about -
18°C (Houghton et al.,, 1995), making life in its present form virtually impossible.

The concentration of greenhouse gases in the atmosphere increases since the onset of
industrialisation due to hurman activities. This enhanced greenhouse effect is of concern,
because it may cause additional global warming, change weather patterns and cause more
extteme weather events like storms, floods and droughts. The most important
contributions to enhanced greenhouse effect are cansed by carbon dioxide, CO , (62%),
methane, CH, (20%) and nitrous oxide, N;O (4%). Man-made chloroflucrocarbons
{CFC’s) also contribute to the enhanced greenhouse effect (Houghton et al,, 1995). These
are estimated values and the uncertainties in the estimates are large, although the
greenhouse gases have been subject to many research projects since the late 1980s. 'The
enhanced greenhouse effect is difficult to detect, because it is small compared to the
background of the much larger basic greenhouse effect and because of the latge nataral
variation in temperature and weather. Yet, ‘the balance of evidence suggests a discernible
human influence on global climate’ (JPCC, 1995). Reducing or even stabilising
greenhouse gas emissions will however most probahly slow down economic growth or
human welfare, which makes it politically difficult to carry out.

Table 1.1: Estimated atmosphetic methane budget in Tg CH.: yr! {1 Tg=10" g)
{Houghton et al., 1995)
Sources Sinks
Natural Atmosphere
Wetlands 115 {55-150) Troposphere 445 (360-530)
Other 45 (25-140) Stratosphere 40 (32-48)
Anibropogenic Soils 30 (15-45)

Fossil fuel related 100 (70-120)
Cattle (Enteric fertentation) 85 {65-100)
Rice paddies 60 (20-100)
Biomass burning 40 (20-80)
Landfills 40 (20-70)
Other 50 {35-110)

Total 535 (410-660) | Total 515 (430-600)
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Global methane emiisions

Methane has been tecognised as one of the principal greenhouse gases and methane
concentrations doubled in the last century (a percentual increase larger than those of CO ,
and N,O). Methane is not only a potent green house gas, but it is also chemically active in
the atmosphere influencing atmospheric concentrations of several important species like
hydroxyl radicals (OHbw), ozone and catbon monoxide (Cicerone and Oremland, 1988).
About 2/3 of the current atmospheric methane sources is anthropogenic (Table 1.1},
whereas its major sink, the reaction with OHe in the atmosphere, is only indirectly
influenced by human activities. Although the individual sources of global methane
emissions have been identified, there are large uncertainties in the individual source
strength estimates (Table 1.1). This is mainly because experimental data show a large
variation that is hard to relate to easily measurable variables due to interacting underlying
processes, discussed below. The net atmospheric CH, increase is estimated at 37 (35-40)
Tg yr'' (Houghton et al,, 1995) and is probably related to rising human activities, among
which rice production is very important.

Rice production

Rice is one of world’s most important food crops and is the dominant food crop in the
humid subtropics and humid and subhumid tropics. Rice growing systems are
categotised into upland, irrigated, rainfed and deepwater rice. Upland rice fields
contribute 14% to total rice production (Neue and Roger, 1994) and a re never flooded.
Deepwater rice, on the contrary, has long growing seasons with more than half a meter
of water. Rainfed rice has an irregular water supply. In the last decades many rainfed rice
fields have been transformed into irrigated rice fields to increase rice production.
Irtigated tice is concentrated mainly in the humid and subhumid subtropics and hurmid
tropics. It contributes to 76% of the global rice production on 54% of the rice harvested
area (Neue and Roger, 1994).

From 1951 to 1990 the harvested area of rice increased from 104 to 146 million ha and
rice production increased even faster under influence of the green revolution; from 171
to 519 million tons of rough rice (IRRI, 1991). The green revolution mainly affected
irrigated rice systems that are now characterised by high cropping intensity and intensive
use of agrochemicals, like pesticides and inorganic fertilisers. Improved tice varieties have
been developed for itrigated rice lands. They have a short growth duration, relatively
short stem, high tllering capacity and incorporated resistance to several biological stress
factors and some tolerance for adverse soil conditdons (Hossain, 1996). These
characteristics allow multiple rice cropping per year. The change in harvested area, vield
and adoption of improved rice varieties have been fat from uniform across Asia (IRRI,
1991). The determining facror for the adoption of improved rice varieties is the degree of
water control (David and Otsuka, 1994). Rice cultivation environments with a les ser
degree of water control have far more diverse conditions than described above for
irrigated rice systems, ranging from aerobic to anaerobic, organically to inorganically
fertilised and from tall traditional varieties to improved tice varieties.

Methane emissions from tice fields
Methane emission is the outcome of the balance between methane production, oxidation
and transport (Segers, 1998). Methane production is a microbiological process, that
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occurs when organic matter is degraded anaerobically and w hen most alternative terminal
electron acceptors -nitrate, ferric iron and sulphate- have been depleted (Conrad, 1993).
Flooded rice fields have anaerobic soil conditions, Methane oxidation is also a
microbiological process and needs oxygen in addition to methane and occurs therefore
only at aerobic/anaerobic interfaces. In rice fields, such interfaces exist in the
rhizosphere (ie. soil influenced by the nearby presence of roots} and at the soil -water
interface. Methane transport can occur via diffusion, gas bubble release (called ebullition)
and via the aerenchyma of vascular plants. Rice plants have such acrenchyma {e.g.
Jackson and Armstrong, 1999). The three processes depend upon each other and are
influenced by a number of interacting factors like water and nutrient management,
vegetation (cultivar), soil characteristics and temperarure.

Wetland rice fields, and especially irrigated rice fields, thus provide favourable condidons
for methane release. The first global estimate of the methane source stren gth of rice
paddies was 190 Tg yr' and was based on anaerobic incubation of paddy soil samples
(Koyama, 1963). Since then, many scientific efforts have been made to improve the
upscaling technique (for a review, see Denicr van der Gon et al. (2000)) with which
global or regional emission estimates have been improved. The most recent global
emission estimate, that considers different rice ecosystems, is 60 Tg yr™ (Table 1.1).
However, this estimate is still highly tentative, as expressed by the large range (20-100 Tg
yt'") in Table 1.1.

1.2 The project ‘upscaling and downscaling of regional methane sources’

A more accurate estimate of methane emissions from some major sources is needed to
reduce the uncertainty in the global methane budget. The project ‘Up scaling and
downscaling of regional methane sources - rice agriculture as a case study” started in 1995
with as main objective to reduce the uncertainty in one major methane source. The
project team consisted of air chernists, land use change modellers, agro nomists, soil
scientists and mictobiologists. The project was supported financially by the Dutch
National Research Program on Global Air Poliution and Climate Change (NRP project
no. 951202} and was co-ordinated by Hugo Denier van der Gon,

Two regions where tice agriculture is the dominant methane source, were chosen for case
studies, because 1) rice paddies are an important anthropogenic source of methane, ii) this
methane source is manageable and iii) the cutrent source strength is highly uncertain. By
improving the estimate from rice paddies, the uncertainty in the estimates for other CH
soutces might be reduced as well. A better source strength estimate might also help to
evaluate the impact and cost-benefit analysis of mitigation technologies.

For this purpose, both a bottom-up scaling methodology (upscaling} and a top-down
scaling methodology (downscaling) for methane emissions from rice paddies were
applied and compared in this project. In the upscaling approach, small scale flux
measurements were aggrepated to 2 regional scale. In this project 4 field scale model on
methane emissions from rice paddies was developed based on microbiological, plant
physiological, soil chemical and soil physical processes. The model was used in
combination with a Geographic Information System (GIS) for upscaling while
accounting for scaling effects. The downscaling approach used atmospheric transport
and chemistty to deduce information on methane sources and sinks from the temporal
and spatial variation of atmosphetic methane mixing ratios as measured by global air
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sampling nerworks. In this project regional soutce apportonment was deduced by
inverse modelling. Some of the variables controlling methane emissions from rice fields
may change considerably on time scales larger than one season. For such variables, the
rate of change and its impacts on emissions have to be quantified. For this purpose,
temporal scaling -estimating past ot future magnitudes based upon current estimates - was
also included in the project.

Direct validation of methane emissions at regional scales is hardly possible. Therefore,
the different methodologies to estimate the methane source strength were compared to
obtain a quantitative evaluation of the precision and reliability of the calculated sourc ¢
strength estimates at the regional scale and to evaluate the scaling procedure itself. Such a
comparison may help to constrain the source strength estimate and to cost -effectively
reducing greenhouse gas emissions.

1.3 This thesis

This thesis is one out of three PhD theses that were written as part of the above
mentioned project. The othet two theses are on the downscaling approach (Houweling,
2000) and on temportal scaling (Verburg, 2000). The aims of this thesis are:

i) Development of a process-based model that can be coupled to a GIS for the
calculation and prediction of methane emissions from rice paddies at a regional scale.
Empirical relationships only explain patt of the encountered variability in methane
emissions (Walter et al, 1996) and are difficult to extrapolate beyond the region for
which they were developed. Processes ate teproducible and repeatable. A model applied
at a regional scale thus needs to be process-based to allow better extrapolation
possibilities to other regions and to limit the increase in uncertainty.

iy Undetstanding and quantifying the role of controlling factors affecting methane
emissions from rice paddies by experiments and models. A mechanistic understanding
allows the application of a process-based model under various environmental conditions
(different soils or temperature regimes) and management practices {water, nuttient, rice
crop growth and cultivar management), and can indicate how methane emissions will
change under changing conditions (e.g. by mitigation). Expe riments were designed and
performed based upon literature analysis in combination with uncertainty analysis of
available models.

Most chapters of this thesis are to be published as individual tesearch papers. Therefore,
each of the chapters contains a separate introduction into the subject under
consideration. In Chapter 2, the processes leading to methane emissions from rice
paddies -methane production, oxidation and transport- are introduced, described and
summarised in 2 computer model that predicts meth ane emissions at the field scale level.
This mode! was developed so that only a few parameters, e.g. from a GIS, are needed to
allow an etmnission calculation while the model is still process -based. These characteristics
make the model suitable for upscaling purposes. A sensitivity analysis of the field scale
model to regional input parameters is presented in Chapter 3. One of the atterpts to use
the model for upscaling purposes is described in Chapter 4 for the case study of the
island of Java. Such an effort is important, because it couples models to databases and
allows, using this combination, a better emission estimate. This integration of models and
databases was one of the principal aims of the project, introduced above. A conirol of
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spatial and temporal variability is a key issue in upscaling and is emphasised in this
Chapter 4.

The othet chapters in this thesis, Chapters 5 to 9, deal with quantification of the
underlying processes: methane production, oxidation and transport. The quantification
was cartied out by a combination of experiments and model development to deal
efficiently with the gaps in knowledge and to remain close to the objectives. The
processes leading to methane production are treated in Chapters 5 and 6. Chapter 5
presents an experimental study on the effects of temperature and alternative electron
acceptors on methane production. In Chapter 6, a mechanistic model on the processes
determining methane production is presented and validated. The mechanisms of gas
transport through a rice paddy system were investigated by experiments and mechanistic
modelling (Chapter 7). The final process of importance, methane oxidaton, is the subject
of Chapters 8 and 9. An expetimental basis for the process is treated first (Chapter 8) and
then combined with information on methane production and methane transport to come
to a mechanistic model that explains methane oxidation at 2 single root (Chapter 9).

At first sight, an analysis of processes at a detailed scale may not seemn appropriate for the
overall aim of the project. There are however profound reasons that make such an
analysis necessary for the aims of upscaling methane emissions to regional scales. Firstly,
one has to be sure that the simplifications made in the field scale model are acceptable
(to avoid that inappropriate regional estimates are made). Thetefore, the outcome of the
mechanistic models is compared with the description in the simplified model (Chapter
10). Secondly, the interactions between the processes may lead to unexpected resul ts. It is
important to consider these interactions to allow a general applicaton of the field scale
model. These interactions are an important reason for choosing a process -based
approach instead of an etnpitical approach. Initial attempts to couple the pr ocesses ate
described in Chapter 9. Thitdly, understanding the underlying processes leading to
methane emissions allows a more thorough and quantitative analysis of mitigation
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A process-based model for methane emission predictions from flooded
tice paddies

Abstract

Estimation and prediction of methane emission from flooded rice paddies is
impaired by the latge spatial and temporal variability in methane emissions and
by the dynamic non-linear relations between processes underlying methane
emissions. This paper describes a process-based model on methane emission
prediction from flooded rice paddies that can be used for extrapolation. The
model is divided into two compartments; rhizosphere -which is a function of
root length density- and bulk soil. The production of catbon substrates drves
methane emission and ofiginates from soil organic matter mineralisation,
organic feriiliser decomposition -in bath compartments- and root exudation and
root decay -in the rhizosphete compartment only. It is assumed that the
methanogens are completely outcompeted for acetate by nitrate and iron
reducers, but that competition takes place with sulphate reducers. Produced
methane is transported to the root surface in the rhizosphere or the soil-water
interface in the bulk soil Transport time coefficients are different for the two
compartments. Part of the methane is osidised; a constant fraction of produced
methane in the bulk soil, whereas the oxidation fraction vaties according to root
activity dynamics in the rhizosphere. The remaining methane is emitted to the
atmosphere. The model was validated with independent field measurements of
methane emissions at sites in the Philippines, China and Indonesia with only few
generally available site-specific input paramerers. The model predicts methane
emission dynamics and total seasonal methane emission for the sites, in different
seasons and under different inorganic and organic fertiliser conditions. A
sensitivity analysis on model assumptions showed that the assumptions made in
this model are reasonable and that the division into two compartments was
necessary to obtain good results with this model. The combination of proper
prediction and the necessity of few input parameters allows model application at
regional and global scales.

2.1 Introduction

Methane is one of the principal greenhouse gases and rice paddy fields are among the
most impottant sources of atmospheric methane (Houghton et al, 1996). Precise
estimates of global methane emissions from rice paddies are however not available and
depend on the approaches, techniques and databases used. One principal cause for
uncertainties in global estimates results from the large intrinsic spatial and temporal
variability in methane emissions. This variation in methane emissions is only partly
explained by correlations with environmental vatiables (Walter et al., 1996). This is
atetibuted to the diurnal and scasonal dynamic and non-linear interactions between
processes undetlying methane emissions. A process-based model, quantifying the
functional relationships between methane emissions and the most important underlying
processes, methane production, oxidation and transport, may improve insight in these
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relations and may thus contribute to a reduction of the uncertainties in global methane
emission estimates from rice paddies.

This paper presents a process-based model that predicts seasonal methane emissions
from flooded rice fields that can be applied at large scales using Geographic Information
System (GIS). Such a model must be simple —by lack of mechanistic knowledge-,
balanced and process-based -to cope with encountered variability and to avoid site
specific calibrations. In addition, such a model should use only a few site characteristics
as input parameters to avoid an excessively high data demand for the GIS and to allow
scenario analyses at a larger spadal and temporal scale.

For this particular objective, other models on methane emissions from wetlands,
including rice paddies -developed for different objectives and with different degrees of
mechanistic detail- seem less suitable. Some models use methane emission data to
parameterise empirical relations for some of the undetlying processes (Hosono and
Nouchi, 1997; Huang et al., 1998), which may be problematic for extrapolation to larger
scales due to the non-linear interactions and the number of fitted parameters. Some more
process-based models (Arzh and Stephen, 1998; Walter et al., 1996) describe all processes
as mechanistically as possible, although mechanistic knowledge on the spatial
characteristics of driving vatiables, especially for methane production and gas transport,
is scarce. Some parameters therefore have to be calibrated for each site specifically,
particularly on methane production potential and plant transport characteristics. This
necessary calibration limits the extrapolation possibilities of the models. Other process-
based models emphasise methane production, whereas the descriptions of methane
oxidadon and methane transport are highly simplified (Cao et al., 1995; James, 1993).
The processes leading to methane emissions are highly different for the rhizosphere and
the remaining part of the soil, the bulk soil (see section 2.1). In our model, the soil is
therefore divided into two compartments, a rhizosphere and a bulk soil, without
consideting soil layers. This distinction allows an efficient and well-balanced approach
for constructing a simple process-based model, because use can be made of the process
differences between each compartment. With these two compartments, the variability
can be decreased more efficiently than with a soil layer model, because differences
berween soil layers are smaller than differences between rhizosphere and bulk soil. The
model was validated against independent experimental data collected by an automatic
measurement system based on the closed chamber technique (Wassmann et al., 1994) in
flooded rice fields at two sites in the Philippines, one site in China and one site in
Indonesia, while using only generally available site specific parameters. A sensitivity
analysis of the model was catried out to evaluate the assumptions made in the model.
This sensitivity analysis was also helpful in obtaining insight in important gaps of
knowledge.

2.2 Model description

Towe model compartments: balk soil and rhizosphere

Methane emissions from rice fields are strongly influenced by the presence of the rice
plants. Methane emissions are higher with than without rice plants {(Holzapfel-Pschorn et
al., 1986) and methane emissions are dominated by plant mediated emissions (Schiitz et
al., 1989b). Recognition of the importance of rice plants has led to the development of
correlative models between methane emissions and plant parameters {e.g. Sass et al.,
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1990; Watanabe et al., 1994), although such cotrelations could not always be found (e.g.
Denier van der Gon and Neue, 1996; Watanabe et al,, 1995a). For a better quantitative
understanding of the rice plant influence, the various processes by which the plant
modifies methane emissions must be considered. 'The model quantifies these different
processes of plant influence in a separate compartment: the rhizosphere. All other
processes leading to methane emissions occur in a bulk soil compartment. The processes
occur independently in both compartments outlined in Figure 2.1 and differ in some
characteristics for the compartments: Organic matter in the rhizosphere is not only
released by soil mineralisation and straw and stubble decomposition, but also by root
exudation and root decay. Methane is transported by plant mediated transport in the
rhizosphere, while ebulliion and diffusion are the major transport routes in the bulk soil.
The oxygen used for methane oxidation in the rhizosphere comes from Root Oxygen
Release (ROL), whereas oxygen entets the buik scil by diffusion through the soil-water
interface. Before describing these processes in more detail, the distribution of the soil
between the compartments duting the season is treated.

Methane
(emitted)

methane
emission

Methape
(in soil)

methane
production

oxldatien

oxidation
percentage

Carbon : in bulk soil:
substrate | soil mineralisation
straw and stubble decom position
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Figure 2.1: Relatonal diagram of the flow of carbon for each compartment in the model

The rice crop influences the processes underlying methane emissions via its roots. In
getieral, the uptake and release of solutes and gases depend on the root length density
(RLD) (Armstrong and Beckett, 1987; Kitk and Solivas, 1997). RLD is empirically related
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to its maximum root length density (RL.D, ) based on data by Beyrouty et al (1988},
Drenth et al. (1991), Kang et al. {1995), Slaton et al. (1990) and Teo et al. (1995) and
fitted by minimising the Mean Square Error (MSE) to 2 cumulative logistic growth curve
up to RLLID, . and an exponential decrease after RI.D, (Figure 2.2) as from that moment

on roots start to decay:
RLD yax

RLD = ——mex ForRLD <RLD__
1+ K _e—rgrnme
RLD oy Koo HMe’ - time' . )
RLD = ——=Tmax ., mer)  For RLD 2RLD,,, 2.1

14 K - &8 ime mor
in which #ime’ is the relative time (time divided by the total length of the plant growing
season) and zpr (telative growth rate), K (RLD,,,-RLD_)/RLD, ), £,, (telative root
mortality rate) and #me’,, (relative ime at which roots start to die) are dimensionless
empitical parameters {Table 2.1),

1 X ++ ] L

root length density
=]
=

(relative to its maxirmum)
-
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time (relative to the time to harvest)

—

Figure 2.2: Time course of relative root length density during the growth of the rice crop as
derived from literature (crosses; Beyrouty et al. (1988), filled diamonds; Dreath
et al. (1991), filled tdangles; Kang et al. (1995), pluses; Slaton et al. {1990), open
sqquares; Teo et al. {1995)). Time is taken relative to the tme of harvest. If there
are no data on the length of the season, the length of the growing season is
estdmated from data on climate and cultivar.

At good crop performance and at normal plant densities, almost all methane is emitted

via the plant around RL.D, _(Schiitz et al,, 1989b; Wassmann et al., 1996a), It can thus be

assumed that the fraction of the soil under influence of the rhizosphere compartment

(F_rbizosphere) is a function of RL.D,,:
RLD

F_rhizosphere = (2.2)

With a change in RLD during the season, the contribution of the rhizosphere
compartment changes., F_shizosphere is zero in absence of plants, Le. before transplanting.
The fraction of the bulk scil is one minus F_rbizesphere. The model is not subdivided into
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different soil layers, as initial soil conditions are constant throughout the soil upto the
rooting depth by puddling. Heterogeneities with depth formed during the season under
influence of the rice plant are accounted for by the development of the rhizosphere
compartment. All compounds are expressed in Jocal within-compartment concentrations
and are thus not affecied by such heterogeneitics. Methane transport rates may be
affected by the use of depth-averaged parameter vatues. This has no larpe implications as
the model is not sensitive to transport parameter values (Chaprer 3).

Table 2.1: General process model parameters kept constant at all conditions

Parameter Description Value Unit
K Relative rice bicmass increase 85.5 -
o Rice relative growth rate 13.3 -
Enor Relative root mortality rate 1.30 107 s
L9 mer Relative time of mortality start 0.6 -

R Initial soil minetalisation parameter 1.25.10-4 50415
Senin Relative soil mineralisation decrease (.585 -
Qo Temperature correction factor 2.85 -

R Initial straw decomposition parameter 5.77.10-2 §-0623
Stert Relative straw decomposition decrease 0.377 -

Bexu Baseline root exudation rate 0.85.10-¢ mol m3 s
Acu Maximum root exudation rate increase 4.41.10-¢ mol m3 st

H00 pun: Moment of maximum root exudation 0.552 -
G Relative rate of root exudation change 0.14 -
Koot Root decomposition constant 6.5.10# st
Kicox Relative reoxidation rate e acc dependent sl
Tiizospnere  Rhizosphere transport time coefficient 9.105 ]
T bulk Bulk soil transpott time coefficient 1.08.10¢ s
Boxi Baseline methane oxidation 0.10 -
Aoxi Maximum methane oxidation increase 0.63 -

Carbor swbstrate production

Methane emissions are driven by the production of a carbon substrate, mainly acetate,
CO,/H, and formate (in mol C m” s, for methane production. Carbon substrates are
produced by anaerobic scil organic matter mineralisation and decomposition of added
otganic matedal (in both compartments) and by root exudation and toot decay (in the
rhizosphere compartment onty), These production rates need to be modelled explicitly o
allow the prediction of methane emissions. It is assumed that carbon substrates are
converted in the same compartment as they are produced. This seems reasonable as the
turnover time of CO,/H, and probably for formate as well is around 1 minute (Conrad
et al., 1989a,b). The turnover time of acetate, and thus the possibilities for transport and
exchange between compartments, is larger. In absence of plants and at the start of the
season, when methane production and the rhizosphere compartment are very small,
turnover times of acetate are 10-16 hours (Krumbdck and Conrad, 1991; Schiitz et al.,
1989a; Sigren et al., 1997), which is equivalent to 2 maximum diffusion distance of about
7.5 mm., When methane production is important and when exchange may occur, ie.
while the rhizosphere compartment is well developed, turnover times of acetate are less
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than 1.5 houts; max. 2 mm (Sigren et al., 1997).

Anaerobic soil organic matter mineralisation releases small organic compounds by the
breakdown of soil organic matter. Soil mineralisation rates are not constant, but decrease
during the season due to a decrease in easily accessible organic material. This can be
taken into account by the use of a multd-component model in which organic substrates
are partitioned into several components according to their resistance to mineralisation.
Each component follows first-order kinetics but with a different relative decomposition
cocfficient (e.g. Jenkinson et al, 1992; Patrton et al,, 1987). The principal problem with
such models is that the quantitics of the individual components cannot be determined
directly by analytical fractionation procedures (Paustian et al.,, 1992). As a consequence,
the components have to be reconstructed indirectly by fitting. An alternative approach is
to define one pool of substrates, but decrease its relative mineralisation rate over time
(Yang, 199G). The 2™ approach needs fewer parameters to describe mineralisation, P, (in
mol C m” 57, and is independent of whether the systems is acrobic ot anaerobic. This
approach was therefore used as default in this study and leads to (Yang, 1996):

Prin = Coin* (1-Smin ) K g - ¢ Keuin i 2.3)
in which C,,, is the soil organic carbon pool (mol C m?) and:
Ky, = Ry timeSmin 2.4

R, (5" and §,.() are parametess that have to be determined experimentally,
Temperature influence on mineralisation rates is described using a @, value, defined as

the relative increase in reaction rates at a temperature increase of 10°C:

T-Tref
Prinr =Pz, ; Q3010 2.5

The reference temnperature (T3 in this study is 30°C. For a rice soil the R_,, 5,,, and 0,
are taken from soil incubation studies (Chapter 5) by minimising MSE (Table 2.1).
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Figure 2.3: a) Calibrated (based upon Eq. 2.3-2.5) (lines) and measured cutnulative
mineralisation in an incubation study with rice paddy soil at 14 °C (crosses), 20
°C (filled squares) and 30°C (open triangles). b) Validation of the calibrated
mineralisation model with independent data presented by Tsutsuki and
Ponnamperuma (1987) (triangles) and Inubushi et al. (1997) (circles).
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Measured and calculated mineralisation rates at different temperatures are depicted in
Figure 23a. The same empirical parameter values can describe anaerobic soil
mineralisation rates in rice paddy soils presented by Tsutsuki and Ponnamperuma (1987)
and Ipubushi et al. {1997} (Figure 2.3b). It is therefore concluded that this description
may be applied to rice paddy soils in general.
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Figure 2.4: Decomposition constants for the decomposition of rice straw calculated from

literature after different incubation periods (crosses; Watanabe (1981), pluses;
Neue and Scharpenseel (1987), open diamonds; Murthy et al. (1991), open
squates; Acharya (1935), filled tdangles; Watanabe et al. (1998), filled circles;
Singh et al. (1992), open circle; Saini (1989)).

Organic fertilisers ate sometimes added as extra substrates in tice paddies. The most
common otganic fertilisers are green manure and rice straw. Organic material from the
previous crop, stubble and dead roots, is an additional source of organic matetial. The
decomposition of such compounds, P, (in mol C m” 5 is usually described as a first-

order decompositon rate:

. . {time—t _ add,
P = g - Ky e 120 @6
in which C,, (mol C m™) is the organic fertiliser applied at time #_added (s) and K, ;, (s")
the relative decomposition rate is considered as a constant. Analysis of data on K, ,, for
tice straw({Acharya, 1935; Murthy et al, 1991; Neue and Scharpenseel, 1987; Saini, 1989;
Singh et al., 1992; Watanabe, 1984; Watanabe et al, 1998) shows however a clear
relationship between incubation period and K, (Figure 2.4). The decomposability of
organic matetial changes with time. 'To account for this change, the decomposition rate
of organic fertilisers is described similasly to the soil mineralisation rate with R, and 5,

instead of using BEq. 2.6:
’degn (time—t _ added)

. -8
P = Cpn* (15 pn ) Ky, € andKy, = Rpy, - time 27

R,,and 5, were determined for rice straw by minimising the MSE for the data in Figute
2.4 (Table 2.1). Other organic fertilisers will have different values for R, and 5, . Organic
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fertiliser decomposition rate is assumed to have a @, of 2.

Root exudation is passive and active release of carbon compounds from the rce roots
into the soil. Root exudation changes during the season and is affected by environmental
conditions. Mineral deficiencies (Kludze and Delaune, 1995b) and low radiation intensity
(Butterbach-Bahl, 1992) decrease root exudation, while root exudation increases under
the influence of a low redox potential (Sass and Fisher, 1995), drought stress (Turner,
1986) and in the presence of organic ferdilisers (Sass et al., 1991b). However, quantitative
information on these influences is scarce and can therefore not be incorporated in the
model. Only information on a well growing cultivar IR72 {Kludze, pers. comm.; Minoda
and Kimura, 1994; Minoda et al., 1996; Lu et al,, 1999) is available to consttuct a gaussian
curve -by minimising MSE- that desctibes the change in toot exudation rate, P, , (mol C
m™ ") during the season (Figure 2.5):

P = By + Ay - eXP(=0.5 - ((time'—time’ e Y1 0Y2) 2.8
in which B, is the baseline root exudation rate at transplanting and A, is the maximum
increase in root exudation rate. This maximum is obtained if the #ime'=#me’,,, and the
relative rate of change to and from the maximum is expressed by ¢ (Table 2.1), This
curve can thus describe the decrease in root activity after anthesis, but may apply only to
IR72. A change in the size of the rhizosphere compartment also influences the total
amount of root exudation in the soil as root exudation rate is expressed per m’.
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Pigure 2.5: Fitted and measured root exudation rates from a IR72 rice cultvar at different

moments duting the growing season (crosses; Kludze pers. comm., open
diamonds; Minoda et al. (1996), filled triangles; Minoda and Kimura (1994),
filled circles; Lu et al. (1999%).

Finally, organic substrates can be produced by rice toot decay. This is mainly important
at the end of the season, as can be seen from the change in the size of the rhizosphere
compartment {Figure 2.2). As quantitative data are scarce, root mortality is determined
from this curve as a first-order decay with £, as exponent starting at #me’,,. Root
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decomposition (in mol C m™ 57), releasing carbon substrates, is also apptoached by a
first-order decay:
Foo = Ky, - (pool of dead roots) 29

Ky o is the decomposition constant for roots {Table 2.1), estimated from Saini (1989)
and is assumed to have a @, of 2. Changes in the poo/ of dead roots (in mol m™ is equal to
the difference between root mortality and root decomposition rates,

Methane production
Some simplified models (e.g. Cao et al,, 1995) relate methane productdon to the redox
potential (Eh) to avoid a difficult mechanistic description of methane production. There
are several reasons not to choose the easily measurable parameter Eh as a determining
parameter in this model: 1) Eh is the resultant of all kinds of compounds, which makes it
difficult to investigate specific effects e.g. the addition of inorganic fertilisers or dynamic
watet tables in rainfed systems. 2) Eh is a spatially averaged value, not taking into account
gradients of electron acceptors or other heterogeneities. 3} Methanogens, methane
producing bacteria, are able to modify Eh to generate a favourable environment (Fetzer
and Conrad, 1993). 4) The critical Eh value for methane production varies considerably
from +150 to -200mV (Devai and Delaune, 1996; Masscheleyn et al., 1993; Mayer and
Contad, 1990, Peters and Conrad, 1995; Wang et al,, 1992; 1993} and scems to vary with
the type of electron acceptors present in the soil. All these values are far below the
threshold value of +420 mV given by Fetzer and Conrad (1993). 5) Eh is hard to predict
as Ratering and Conrad (1998) showed that concentration changes in iron(fl) and
especially in sulphate did not follow Eh changes.
Therefore an approach is chosen in which the underlying parameters and processes itself
are used: It is assumed that all available substrate is consumed directly either by
methanogens or by other anaerobic bacteria using alternative electron acceptors (all
conversion rates in mol m” s), No severe substrate accumulation occurs, which seems,
based on expetimental data (e.g. Achtnich et al., 1995b; Rothfuss and Conrad, 1993),
reasonable in periods that methane production is predominant.
Simulation time starts after flooding the soil and thus is oxygen absent in the bulk soil.
Oxygen concentrations in the rhizosphere are low (Gilbert and Frenzel, 1995) and it is
assumed that these concentrations are t00 low to inhibit methane production cr to allow
reoxidation of electron acceptors or acrobic respiration. It is assumed that all oxygen is
consumed by methane oxidisers, which can operate at these low oxygen concentrations
because of their high affinity for oxygen (Frenzel et al., 1990). NO, is thus the first
electron acceptot to be reduced :

5] e Vs S P 2.102)
in which v, is a stoichiometry factor for the carbon substrate needed to reduce NO;
and EP =P +P., or ZP=P_ +P. +P, +P ., for the bulk soil and rhizosphere,

exu

respectively. After NO,, Fe(III} is reduced:
e vr 3P (2.10)
dtime
Methanogens and sulphate reducers are outcompeted by nitrate reducers (Achtnich et al.,
1995a; Westermann and Ahbring, 1987) and by iron reducers (Lovley and Phillips, 1986;
1987). In addition, methane production is inhibited by accumulated NO and N,O
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(Kliiber and Conrad, 1998). Methane production and sulphate reduction therefore start
after NO; and Fe(IlIl) disappearance. Sulphate reducers outcompete methanogens for
H,/formate, but some competition is possible for acetate (Achtnich et al, 1995z
Westermann and Ahring, 1987). In addidon H,S can inhibit methanogenic activity at high
concentrations. All these interactions ate summarised by:

d(50,%] (50,1
I .—24_ TP, (2.10c)
dtime [S04% 1=
2- -
d[CH —q —[SO,
[Ct al =Veya- LS04 ]'-g (504 ]'ZP::_ CH 4 _transport _rate {2.11a)
dtime [S04< 1,2
After all alternative electron acceptors have been reduced, all substrate is converted by
methanogens:
d[CH
L - al =Veyg - 2Py — CHy _transport _ rate (2.11b})
diime

The CH_fransport_rate is treated in next section. Eq. 2.10 and 2.11 are independent of the
mechanism involved in the inhibition of methane production, whether it is by specific
inhibition, by competition or by a methanogenic biomass limitation at the start of the
season. The model does not specifically incorporate pH effects, as soil pH changes are
highly correlated to Eh changes (Tsutsuki and Ponnamperuma, 1987). After alternative
electron acceptor depletion, soils have a pH of around 7 {Tsutsuki and Ponnamperuma,
1987), at which methanogenesis is around its optimum value (Minami, 1989; Wang et al,
1993). Inhibiting effects by salinity ate not treated either, as such effects happen under
extreme conditions only (Denier van der Gon and Neue, 1995b).
Under aetobic conditions, methane production stops and reduced electron acceptors {¢
ac, ) ate reoxidised. Reoxidation rates (reexs_rate) (in mol m” s™) of ferrous iron, sulphide
and Fe§ are described by first order kinetics:

reoxi _rate =k,,,, -[e"acc,z] (2.12)
in which &, is the relative reoxidation constant of 1.27 10* 57, 5.6 10 5" and 7.6 107 s
for ferous iron, sulphide and FeS, respectively (Chapter 3). Othet reoxidation processes
are not treated for reasons given elsewhere (Chapter 3).

Mezhane transport

In the model, produced methane is transported to an anaerobic/aerobic interface; the
root surface in the rhizosphere compariment ot the soil-water interface in the bulk soil
compartment. Different transport mechanisms of gases in tice paddies, plant mediated
transport, diffusion through the scil and ebullition, to these interfaces are lumped into a
transport time coefficient, 7, which is the average period (in s) between production and
the moment of reaching the interface:

CH
CH 4 _transport _rate = [CH41
T

@.13)

in which (CH,)} is the methane concentration (in mol m™) in a compartment, Transport
time coefficients depend on path length and diffusion coefficient, which are assumed to
be constant under flooded conditions. The T's differ for each compartment. Eq, 2.13
implies that methane produced in one compartment cannot leave the system through an
other compartment. In reality, some methane produced in the bulk soil may however
leave the system through the plant if the roots capture gas bubbles formed in the bulk
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soil. Diffusion calculations taking into account transport fresistances indicate that
methane transport from bulk soil to thizosphere will be small {data not shown). Even if
such exchange occurs, it will automatcally be taken into account as experimentalt data are
used to estimate this time coefficient. The opposite will not occur because transport
through the plant is faster than transport through the soil,

In the rhizosphere compartment, transport will mainly take place via plant mediated
transport. The time coefficient for plant mediated transport was found to be smaller than
3 hours after the introduction of a temperature change (Sass et al,, 1991a) and 2-3 hours
after an introduction of a4 change in light conditions (Bytnes et al., 1995), respectively.
The T, 18 thus set at 2.5 hours in the model (Table 2.1).

‘Thete are no data available from which the time coefficient of transport by ebullition or
diffusion through the bulk soil can be calenlated directly. However, Watanabe and
Kimura (1995) and Kimura and Minami {1995) calculated, using the same dataset, that
the maximum petiod between methane production and emission was 11-14 days ar the
start of the growing season. At the start of the season, transport through the soil
dominates the methane transport completely (Schiitz et al, 1989b; Wassmann et al,,
1996a). In the model, it is therefore assumed that T, is 12.5 days (Table 2.1). From the
large difference in time coefficients of the two compartments and the seasonal change in
contribution of the compartments (Eq. 2.2), the seasonal trends in conductance {Hosono
and Nouchi, 1997) and in turnover times (Watanabe and Kimura, 1995; Kimura and
Minami, 1995) can be calculated and undetstood.

In an aerobic petiod, at drainage, 7T,,, decreases as mote potres for transport becotne
available, releasing entrapped methane to the atmosphere. This results in a fast release of
methane at the start of drainage that tails off afterwards. This change in 7,,, during the
release can be described by an empirical beta function:
—1)fw=-1)!
release_time, r=1)iw=1)f

(v+w=1)!
Thulk = 2.14
bulk r_time* L (1- r_time)* @19

in which release_time is the period of methane release (7 days). # (5} and » (8) determine
the cutve shape and are estimated from Denier van der Gon et al. (1996). 7 _sime is
Hme/ release_time, between 0 and 1.

Methane oxidation

At aerobic/anaerobic interfaces part of the methane is oxidised w CO, by
methanotrophic bacteria in the presence of oxygen. Anaerobic methane oxidation is
neglected for reasons given in Chapter 3. Methane oxidation can be measured by a mass
balance approach, compating potential methane production in the absence of oxygen
with the actual plant mediated methane emission (e.g. Holzapfel-Pschorn et al., 1985;
Sass et al., 1992). This method overestimates methane oxidation as methanogenic activity
is enhanced in such anaerobic incubations. Estimates with this method are much higher
than those obtained by in-situ expetiments with 100% N,, while these experiments
produce an upper boundary for methane oxidation estimates (Denier van der Gon and
Neue, 1996). The second commonly used method is to measure methane oxidation in
presence of specific inhibitors of methanotrophic activity, Problems with this method are
that various inhibitors also partly inhibit methane production (Frenzel and Bosse, 1996;
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Oremland and Culbertson, 1992; Oremland and Taylor, 1975) and that the higher oxygen
concentrations in the soil can also reduce methane production in various ways., These
interfering effects seem to be limited in short-term incubations (King, 1996) and
estimates obtained by this method ate not higher than those obtained by in-situ
experiments with 100% N.,. Therefore specific inhibitor experiments are used to estimate
methane oxidation.

Methane oxidation is limited by oxygen availability. Oxygen is released into the
rhizosphere through ROL, which changes during the season (Kludze et al, 1994;
Satpathy et al., 1997; Wang et al., 1997} as a function of root activity. Seasonal changes in
root exudation rates also depend on root activity. Therefore, a similar gaussian curve as
for root exudation (Eq. 2.8) is chosen for tnethane oxidadon in the rhizosphere,
adjusting parameter B and A (Table 2.1) such that the seasonal average oxidation in the
rhizosphere equals to the average found by use of specific inhibitors, which is 32+8% of
methane produced (Banker et al,, 1995; Bosse and Frenzel, 1997; 1998; Denier van der
Gon and Neue, 1996; Epp and Chanton, 1993; Gilbert and Frenzel, 1995; Sigren et al,,
1997; Tyler et al,, 1997}, As this curve depends on root activity, which may be cultivar
dependent, it may only be approptiate for IR72.

Oxygen diffuses into the bulk soil at the soil-water interface. At this interface, where
methane and oxygen gradients meet, methane oxidation rates are high and fairly constant
at 70-95% of the locally produced methane (Banker et al,, 1995; Butterbach-Bahl et al.,
1997; Conrad and Rothfuss, 1991; Epp and Chanton, 1993; Gilbert and Frenzel, 1995;
Schiitz et al, 1989b). However, only 10-20% of the methane emission from the bulk soil
passes this sotl-water interface by diffusion (Rothfuss and Conrad, 1993; Schiitz et al.,
1989b). The remaining emission from the bulk soil is transported by ebulliion. Gas
bubbles for cbulliticn are formed in anaetobic soil and hardly comes into contet with
oxygen during transport to the atmosphete and will thus not be oxidised. Therefore, only
diffusive flux through the soil can tead to methane oxidation. The average fraction that is
oxidised the bulk scil can be calculated from these arguments at 37119% of the
produced methane, based on the data above. This fraction is not significandy different
from the oxidation of 28%111% of produced methane transported by ebullition and
sediment diffusion, calculated by T'yler et al. (1997).

The remaining methane from each compartment is directly released from the interface
into the atmosphere, thus assuming no transport limitation inside the plant or in the
water layer on top of the soil. Methane emission is calculated as the sum of the methane
released from the rhirosphere and the bulk soil. The model was written in FST' (Rappoldt
and van Kraalingen, 1996) and is available upon request.

2.3 Model validation

For model validation, model performance was compared to field data on daily methane
emissions collected at various sites: Maligaya (MA) of the Philippine Rice Research
Institute, Los Bafios (LB) of the International Rice Research Institute in the Philippines,
Beijing (BG) of the Institute of Crop Breeding and Cultivation in China and Jakenan (JK)
of the Central Research Insdtute for Food Crops in Indonesia (Figure 2.6). Diurnal
pattens in methane emissions cannot be predicted by the model, given its objectives and
simplified nature. At all sites methane emissions were measured with an automatic closed
chammber technique described in detail by Wassmann et al. (1994). Site specific
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experimental conditions are described elsewhere (Metra-Corton et al., 1995; Metra-
Cotton et al., 2000, Buendia et al, 2000; Setyanto et al., 2000; Wang et al., 2000).

Table 2.2: Site specific input parameters
Maligaya Los Bafios Beijing Jakenan
Soil carbon content (%o} 1.21 1.86 0.99 0.48
Dithionite extractable iron (%o} 115 2.27 0.56 018
Daily temperarure (°C) | 23.5-31.8 228-283 8.2-29.1 25.3-30.3
Rice cultivar IR72 IR72 IR72 IR72
Yield (tons ha7) 5.1-5.3 3.5-5.4 6.9 74
Water management | Cont. flooded | Cont flooded | mid-season Cont.
drainage flooded
Growing season length (days) 120-121 121 149 103
Fertiliser rnanagement | urea, KCL urea urea urea
solophos

Al process parameters were kept at the constant values presented in Table 2.1 for all
model runs. These values were not detived from the experimental data used for
validation. These experimental sites represent therefore a truly independent validation of
the model. All site specific input parameters are shown in Table 2.2. Soil organic carbon
and dithionite extractable iron can be found in soil maps. Daily temperature was
measured at the site, but can in general be found in weather inventories. The tice cultivar
was in all cases IR72, because this is the only variety for which root activity data are
known. Fertilization, water management and length of the growing season were obtained
from the site, but can in general be found in agricultural databases. All sites were drained
at the end of the season. All site specific parameters can thus be obtained from generally
available databases, facilitating extrapolation of this process-based model for use in
regional and global studies. All other parameters were always kept at their default values
presented in Table 2.1.

The model was validated under various conditions. Two seasons for Maligaya, wet season
1994 (MAY94) data and wet season 1996 (MA96) data, were used in the validation set to
test the representation of interseasonal variations in methane emissions by the model
(Figure 2.6ab). The model predicted well the different methane emissions in both
seasons, which occurred mainly under influence of different temperatures. The effects of
organic fertilisation, in this case rice straw, was tested at various sites; at Maligaya
(compare Figure 2.6b and 2.6¢), Los Bafios (compare Figure 2.6d and 2.6e) and at Beijing
(compare Figure 2.6g and 2.6h). The addition of straw, and thus of extra carbon
substrate, causes a tremendous increase in methane emissions especially during the 1%
half of the season. 'The model could well predict well both the magnitude and the dming
of methane emission increase. The total increase is slightly underestimated at Los Bafios
and slightly overestimated at Beijing, but the differences with measured methane
emissions afe not significant (at P<0.05). The perforinance of the model with a different
inorganic fertiliser than urea. CO(NH,),, was tested by including a treatment with
(NH,),50,. Sulphate addidons reduce methane production as described by Eq. 2.10 and
lead to a reduction in both measured and modelled methane emissions (compare Figure
2.6e and Figure 2.6f). The inhibiting effects of sulphate were slightly underestimated by
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the model, which is probably due to the neglect of the recycling of sulfurous compounds
within the rice paddy.
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Figure 2.6: Model validation. Compatison of measured (pluses) and modelled (lines)
methane emissions at different locations, with different seasons and treatments
for a) MA 94 control, b) MA 96 control, ) MA 96 with straw, d) LB 97 with
straw, &) LB 97 control, f) LB 97 with (NHJ:SO4, g) BG 97 control, h) BG 97
with straw and i) JK 96 control. Note the different scales at the y-axes. j)
Companson of modelled seasonal methane emissions and measured seasonal
methane emissions.

in the validation set, four sites in different countries differing tremendously in soil
charactetistics but with the same management and tice cultivar were compared (Figure
2.6b,eg,i). Both the absolute amounts and the patterns in the highly different methane
emissions at the various sites could be well predicted by the model. Only the methane
emissions predicted for BG97 were significantly higher (at P<0.05) than the measured
methane emissions, but BG97 control was a vety low emitter and this overestimation will
thus hardly influetice model estimates if the model is extrapolated to regional scales.

In all situations, except for BG97 control, the seasonal patterns in methane emission
during the rice growth season were well described by the model and not significantly
different from measured values (at P<0.05). The various under- and overestimations by
the model had no significant pattern across sites or treatments (at P<(.05) and are
probably caused by heterogeneitdes or sites specific characteristics not captured by the
model —given the fact that all process parameters were kept constant during all
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validations. Modelled seasonal methane emissions did not differ significandy {at P<0.05)
from measured scasonal methane emissions (Figure 2.67) and had a coefficient of
variation of only 8% with the measured emission and a Pearson correlation coefficient of
0.95, while emissions vatied up to 2 orders of magnitude.

2.4 Sensitivity analysis on model assumptions

During the development of a process-based model some assumptions are made on
process descriptions. In this section, we evaluate the influence of different model
assumptions mentioned in section two. The most important assumption of the described
model is that the importance of rice plants on methane emissions is large enough to
justify a distinction between a rhizosphere and a bulk soil compartment. This assumption
was tested by reformulating the model with one compartment with a uniform
distribution of carbon substrates, while keeping the total carbon release equal to the
default model. Transport was spatially averaged by applying an average T to Eq. 2.12. An
average methane oxidadon fraction was detived from the oxidation fraction of both
compartments. The results are presented in Figure 2.7a,c.e. Seasconal methane emissions
increase 20-52% if one compartment is used, while total carbon substrate relacse was
taken the same in both models. Methane emissions increase especially in the middle of
the season, when methane oxidation in the rhizosphere is the largest. This influence by
ROL dynamics is taken away in the one-compartment model, leading to poorer methane
emission predictions.

Indirect support for the distinction between a rhizosphere and a bulk soil was obtained
by showing the contrbudon of the bulk soil and of the rhizosphere to the overall
methane emission. The independent estimate of ebulliion -taken as the emission from
the bulk soil- can be used to validate the concepts of the model by compatison with
measured cbullition data. Results of the model are shown in Figure 2.7b,d.f for the same
experiments as presented in Figure 2.7a,c.e. Both modelled and measured ebullition have
their highest contribution at the start and end of the season, when plant influence is
small. Modelled ebulliion contributed 15-22% to the total methane emission at
treatments with inorganic fertiliser additions -with two examples in Figure 2.7b,d- which
is a reasonable value if no extra organic fertilisers are added (Byrnes et al., 1995; Nouchi
et al, 1994; Schiitz et al, 1989b). With the addition of extra fice straw, ebullition
contributed 32-53% to the total methane emission and was 39% in MA96 (Figure 2.70).
These estimates are also comparable to sites to which organic fettliser was added
(Dertier van der Gon and Neue, 19952; Wassmann et al,, 1996a). Moreover, the overall
conductance, which can be calculated from the compartment contributions and their
respective transport time coefficients, shows the same ttends and has the same order of
magnitude as the conductance presented by Hosono and Nouchi (1997). Unfortunately,
an exact comparison is not possible, as Hosono and Nouchi (1997) did not present the
number of shoots at each sampling, These results show that the model can predict
methane transpott characteristics, and that the division into two compartments yields a
reasonable methane transport description.
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Figure 2.7 Model sensitivity with (thin lines) and without (thick lines) the distinction of an
explicit rhizosphere for a) Ma 96 control, ¢) LB %7 control and €} LB 97 with
straw. In figures b, d and £, the modelled ebullition (thick lines) and modelled
total methane emission (thin lines) are compared to data for total emission
{pluses} and ebullition (triangles} for MA 96 control, LB 97 control and LB 97
with straw, respectively.

One of the most sensitive factors influencing methane emissions from rice paddies is the
production of carbon substrates (Chapter 3). If no extra straw is added, the contribution
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of soil organic matter mineralisation to total carbon substrate release varies from 45% at
the low soil carbon site Jakenan to 68% at the high carbon site Los Bafios. The
remainder is either directly —via root exudation and root decomposidon- or indirectly —
via rice straw- derived from plants. Given the importance of soil mineralisation, it is
unfortunate that no mineralisation model has been developed specifically for anaerobic
conditions. In this study, the general model described by Yang (1996) was used as default
in this study as the description is independent of aerobic or anaerobic conditions and
because it uses the least number of parameters. Two other mineralisation models were
used to test the effect of soil mineralisation description on methane emission predictions:
1) a two-pools model and 2) the CENTURY model (Parton et al, 1987}, which was
applied by Cao et al. (1995).

The two-pools model assumes that soil organic catbon consists of two pools, each with a
constant relative decomposition rate. The two pools do not interact and the sum of the
pools is equal to the total soil organic carbon content. With this two-pools model Eq. 2.3
& 2.4 simplify to:

—K oy time
Pin = Conin (Fpoyy K pgp o€ 1™

+ (= Fppgy) Kppgny € Ksiowme) (2.15)
in which Fy,, () is the fraction of the otganic matter pool that is assigned to the fast pool
and K, and K, are decomposition constants (s) of the fast pool and the slow pool,
respectively. These three parameters were all ficced (Figure 2.8a) to experimental data
from soil incubation studies (Chapter 5): F = 0.022 (), K= 1.21 107 (s) and K,,,,=
1.25 10° (s ™.

The CENTURY model was developed for aerobic soils. Parameter values of this model
can thus not be used directly for anaerobic condidons. To avoid too many fitted
parameters, pool distribution ratios were used from the CENTURY model. The
distribution of plant residue between metabolic and structural carbon pools was
estimated from the rato lignin/nitrogen (Eq. 2 in Parton et al. (1987)) using data for rice
plant characteristics presented by Saini (1989). While maintaining the same ratio in litter
decomposition constants, the plant decomposition constants were esdmated from data
on rice straw decomposition, mentoned above. Conversion ratios of decomposing
organic matter to CO, and decomposition constants for the scil catbon pools corrected
for texture -that is known to influence methane emissions but that is not part of the
Yang (1996) model-, were obtained from Parton et al. (1987). Only one decomposition
constant (K e poo) temained to be fitted. Fluctuating moisture effects are absent in a
continuously flooded rice paddy soil. Temperature effects were described by a calibrated
Q¢ value to allow compatison with the default model. Finally the three initial soil carbon
pool sizes had to be calibrated, with the constraint that their sum is equal to the total
otganic catbon amount. This leaves two pool fractions to be calibrated: F, pou 20d
Foow poor All four parameters were optimised simultaneously against experimental soil
incubation data (Chapter 5} for the smallest mean square error and the stnallest change in
pool size fractions during the season (Figure 2.8a). This led to K . pou = 0.7 107 7,
Q=271 F =0.738 () and F, pon=0.122 ().

» © passive pool
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Both models could reasonably describe anaerobic soil mineralisation rates in rice paddy
soils presented by Tsutsuki and Ponnamperuma (1987) and Inubushi et al. (1997),
although the two-pools model overestimated mineralisation rates at high fertiisation
{(Figure 2.8b). With the two-pools model, methane emissions were 14-102% higher than
for the default model (examples given in Figure 2.8cd.e). The overestimation mainly
occurs in the 27 half of the season when predicted mineralisation rates began to deviate
from measured mineralisation rates (Figure 2.8a). The modified CENTURY model is
also less applicable than the default model, even though it was calibrated for anaerobic
conditions. The deviations are hard to explain and may be coincidental or due to the fact
that CENTURY was developed for long term predictions in aerobic systems. In absence
of organic fertilisers the CENTURY model led to 13-270% higher methane emissions
than for the default model {examples given in Figure 2.8d.e). With organic fertilisers, the
CENTURY model performed similatly well as the default model {example given in
Figure 2.8c), but still produced 18-28% higher emission estimates. Anaerobic
mineralisation modelling deserves more attention.
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Figure 2.9: Sensitivity of the model on the description of rice straw decomposition. A
description with a constant telative decomposition rate for rice straw (thick
lines) is compated to the default model {thin lines) and measured data (pluses)
for 2) MA 96 with straw, b) LB 97 with straw and ¢} BG 97 with straw.




A process-based miode! for methane emission predictions 33

Rice straw becomes an imporrant source of carbon substrate if it is added as organic
fertiliser, 50-62% of the total carbon release according to the model. In the model, it was
assumed that organic fertilisers decompose according to Eq. 2.7. Normally, however, a
constant relative decomposition rate, Eq. 2.6, for organic fertilisers is assumed. As a
sensitivity analysis the model was run with a constant relative decomposition rate for
otganic fertilisers based on literature data, mentioned above, with incubation periods <
120 days. This change in the model hardly affected the ourcome if no organic fertilisers
are added (results not shown). With the addition of organic fertilisers (Figure 2.9) the
effects were larger and led to 9-17% higher emissions. Especially during the 2™ half of
the season methane emissions were overestimated by the model with a constant relative
decompositon rate, This can be explained by the fact that at that point in the season
easily accessible carbon has been depleted, leading to decreased decomposition rates and
thus to overestimations when a constant relative decomposition rate is used.

In various models (James, 1993; Grant, 1998; Segers and Kengen, 1998) competition
between methane producing bactetia and other anaerobic bacteria is described by
Michaelis-Menten kinetics. In this model, the competition was simplified to Eq. 2.10.
Inclusion of Michaelis-Menten kinetics would only affect the competition with sulphate
reducers, as nitrate and ferric iron reducers outcompete methanogens under all
conditions. Sulphate reduction is only of minor importance for the seasonal electron
balance (Chapter 5; Inubushi et al., 1984) and methane emissions are hardly affected even
in an extreme scenatio of outcompetition of methanogens by sulphate reducers (Chapter
3). The simplification of Eq. 2,10 is thus reasonable.

A more important assurnption, as was already indicated in section 3, is that there is no
reoxidaton of electron acceptors in a flooded rhizosphere. This implicitly means that
only methanotrophs and heterotrophic respiration consume the oxygen available in the
thizosphere. Unfottunately, our model cannot test this important assumption as the
model does not distinguish gradients and because it is not possible to determine oxygen
limited conversion rates with this model. The model of Segers (2000), however, takes
into account diffusion and oxygen limitations. According to that model, reoxidation of
electron acceptors is not important under oxygen limited circumstances. The assumption
seems thus reasonable, although quantitative verification is not possible with the present
model.

The final assumption in the model is that methane oxidation is linearly related to root
activity, Eq. 2.8, This assumption was necessaty due to a lack of quantitative data on
changes in methane oxidation or ROL during the season. Only an average methane
oxidation percentage could be calculated from the data. If the model is run with this
average instead of an activity curve, the trends in methane emission are strongly
influenced (Figure 2.10) and lead to major ovetrestimations of methane emissions in the
middle of the season, when root activity is highest. Seasonal methane emissions were 8-
57% higher than for the default model. It is thus necessary to take into account the
seasonal changes in methane oxidation, as is done in the default model. Root exudation
and ROL are not only temporally dynamics but moreover depend on the rice cultivar,
Unfortunately, there ate no quantitative cultivar specific data, which limits the validadon
possibilities of the model for non-IR cultivars, More data are needed on these root
activity characteristics.
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Figure 2.10: Sensitivity of the model on the description of methane oxidation. A description
with a constant percentage of produced methane that is oxidized (thick lines) is
compared to the default model (thin lines) and measured data (pluses) for a) MA
94 control, b) MA 96 control and ¢) BG 97 control

2.5 Concluding remarks

In this paper, a model for methane emission predictions from rice paddies at the field
scale level is described. Due to a lack of mechanistic knowledge, not all processes could
be described fully mechanistically. Therefore, the descriptions of most important system
propetties wete kept simple to achieve a well-balanced model, even though in some cases
more mechanistic knowledge is available. The model was validated, without fitting, with
data from independent ficld experiments at various sites in Asia. With only a few site
specific input patameters (Table 2.2), the secasonal dynamics in methane emissions could
be well deseribed. Total seasonal methane etnission was not significantly different from
measured seasonal emissions (at P<0.05), while the different conditions had ied to
seasonal emissions differing over 2 orders of magnitude.

The sensitivity analysis also showed that the model assumptions were reasonable. The
most important assumption was the model simplificaion to distinguish two
compartments; 4 thizosphere and a bulk soil compartment. The model performed worse
without such a division, showing the impottance of heterogeneities introduced by the
plant, while -of the models refered to- only Arah and Stephen (1998) and Walter et al.
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{1996) describe this heterogeneity, using a more physical approach. None of the models,
howevet, include other heterogeneities, which probably had a major influence -in
combination with site specific vamibilides- on the deviations between model and
experiment. The sensitivity analysis also showed the importance of a proper quantitative
description on anaerobic organic matter decomposition processes. Modelling these
processes thus deserves more atention to improve future models, also because the
empirical models mentioned in the introduction do not account for this soil process.
Another important aspect of the model is the competition for substrate by alternative
electron acceptors, which is -of the models refered to- only included in the model of
James (1993). Neglect of this competition severely overestimates methane emissions at
the start of the season especially in soils high in alternative electron acceptors, like Los
Bafios, for which this competition is important. A description of Eh independent of soil
type will thus not suffice. In the model it was assumed and argumented that reoxidation
of electron acceptors is not important, but it deserves more attention especially for soils
high in alternative electron acceptors and for rainfed systems. The sensitiviry analysis also
showed that it is important to account for seasonal changes in methane oxidation,
indicating that there is a need to undetstand this process. In the models of Huang et al.
(1998) and Cao et al. (1995) a different oxidation dynamics was used, leading to an
underestimation of methane emissions at the end of the season (results not shown).
From the model validation and sensitivity analysis we conclude that the assumptions
made in this model are reasonable, because methane emissions are well predicted. The
model can be used for larger scale applications for flooded rice paddies, because it makes
use of general process relations and because it needs few site specific parameters. The
site specific parameters can be obtained from general databases, facilitating application of
the model. Caution is needed when the model is applied to rice culdvars for which the
model was not parameterised.
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Modelling methane emissions from rice paddies: Variability, uncertainty and
sensitivity analysis of processes involved

Abstract
Estimates of global methane emissions, to which rice cropping systems
contribute significantly, are uncecrtain. The vadability and uncertainty of
variables governing emission rates and the sensitivity of emissions to these
variables determine the accuracy of methane emission estimates. A good tool for
quantification of sensitivities is a process-based model. This paper describes a
model that has been validated previously by experimental data. Vatiability and
uncertainty in processes and varables underlying methane emissions are
reviewed and the sensitivides of modelled methane emission estimates for
process variables are tested. The sensitivity analysis is carried out for two sites in
the Philippines at which methane emissions have been measured for several
years. The sensitivities of the model are compared to measured senstdvities,
both as a fanction of input parameters. The model sensitivity analysis shows that
the system is not sensidve to mechanisms of methane production or the
pathway of gas transport through the plant. Methane emissions are very
sensitive, however, ta the description of substrate supply (both from the soil and
from organic fertilisers). Unfottunately, this description also represents a main
uncertainty. Uncertainty in methane emission estimates will thus remain large as

long as these processes are not well quandfied.

3.1 Introduction

Methane is one of the principal greenhouse gases and accounts for 15-20% of the
radiative forcing added to the atmosphere (Houghton et al, 1996). Rice paddies
contribute for 9-30% to the global methane emissions (Houghton et al,, 1996; Matthews
et al., 1991). Estimates of global methane emissions from tice paddies differ largely
depending on approaches, techniques and databases used for extrapolation. Lelieveld et
al. (1998) estimated 80 % 50 Tg/yt using aumospheric chemistry models and tropospheric
methane distribution. Upscaling of field measurements generally indicate lower source
strengths, in the range of 50 + 20 Tg/yr (Neue, 1997).

One of the principal causes for uncerrainties in global estmates results from the large
intrinsic spatial and temporal vatiability in methane emissions. Over the past 15 years,
numerous field experiments identified magnitude, temporal pattern and controlling
factors of methane emissions from rice fields (this issue; Denier van der Gon and Neue,
1995a; Nouchi et al., 1994; Wassmann et al., 1996a). The large number of data that has
become available from these experiments is of great value for improved understanding of
the variability in methane emissions. The data show, among other things, that the
variability in methane emissions cannot be described by a simple relationship between
methane emissions and environmental varables (Walter et al., 1996). This is attributed to
the dynamic (diurnal and seasonal) and non-linear interactions between the processes
underlying methane emissions.

It is therefore beneficial to link the available data on methane emissions to knowledge of
the undetlying processes, i.e. through a mathematical model. In recent years, a number of
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models of methane emissions from rice fields have been published. Some models are
empirical (Hosono and Nouchi, 1997; Huang et al,, 1998), which can be problematic in
view of the non-linear interactions and number of fitted parameters, leading to a loss in
extrapolation reliability. Other models (Chapter 2; Arah and Stephen, 1998; Cao et al,,
1995) are process-based models, They vary in the purposes for which they were
developed and in the degree of mechanistic detail included.

Although most models can reproduce the patterns of methane emissions at one
experimental site with teasonable accuracy, their potential for simulating ernissions at
other sites remains unknown. This potential depends on the variability and uncertainty of
variables and processes on a process level and, in the next step, on the sensitivity of real
systems and of models for those variable or uncertain processes.

'The objectives of this paper are i) to review the vatiability and uncertainty in processes
and vatiables underlying methane emissions, if} to quantify the sensitivity of a model for
such variability and to compate the model sensitivity with the real sensidvity where
possible and iii} to determine the uncertainties in the range of methane emissions.

The sensitivity analysis is based on a process-based model, fully described below,
Arguments for this model, validation with field experiments and analysis on model
structure are in Chapter 2. Other process-based models that easily link parameters with
measured entities could be used as well for such an analysis, and will be mentioned when
relevant, For the model sensitivity analysis two sites, Maligaya (MA94) and Los Bafios
{LBY97), both in the Philippines, were chosen to determine the responses to variable
changes. At both sites methane emissions have been measured for several years (this
issue; Metra-Corton et al., 1995; Wassmann et al, 1994 1996a) and soil characteristics,
management and temperature are known (Table 3.1). ‘The analysis comprises two steps.
First, a sensitivity analysis of methane emissions varying one single variable
independently, is presented. The effects of a variable on emissions are analysed and
compared to literature. Secondly, the relative sensidvity of modelled methane emissions
for individual variable changes is deterrnined for both sites. The accuracy to which the
model is able to reproduce and predict encountered methane emissions at different
experimental sites, can be assessed from a combination of the relative importance and
information on uncertainty in variables.

Table 3.1: Site characteristics of the case study experimental stations
Los Banos (LB97) Maligaya (MA94)
Soil organic catbon content (%) 1.86 1.21
Dithionite extractable iron (%) 227 1.15
Clay (%a) 43 59
Sile (Yo) 44 33
Avg, seasonal temperature (°C) 26.5 29.6
Rice cultdvar IR72 IR72
vield (tons haT) 5.4 5.2
Fertiliser addition (kgha7) urea 150 urea 120, solophos 40, KC] 40
3.2 Model description

Methane emissions from rice fields are strongly influenced by the presence of the root
system. The model incorporates this explicitly and distinguishes a thizosphere and a bulk
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soil compartment. The processes involved in emissions -described from the moment of
flooding onwards- take place independently in hoth compartments (a flow diagram is
given in Figure 3.1). In the mathematical description of the processes, it is attempted to
combine simple process desctiptions, while maintaining the most important
characteristics of the processes. This is done to avoid excessively high data demand and
to allow a future linkage to Geogtraphic Information Systems fot scenatio analysis.
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e 3.1: Relational diagram for carbon flow in each compartment of the model.

Dynamics of compartment contribation

The model calculates the extent of the rhizosphete compartment in time from actual root
length density (RLD) (in m/m”), which is empirically related to maximum root length
density (RLD,,) (in m/m” hased on data by Beyrouty et al (1988), Drenth et al. (1991),
Kang et al. (1995), Slaton et al. (1990) and Teo et al. (1995):

R = FDmax ForRLD <RLD_,_
1+ K - o787 time
RLD it - pime
RLD = MaX bl ey ) For RY D) 2RID,, 3.
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in which the #iwe’ is the telative ime (time divided by the length of the growing season)
and sgr (dimensionless reladve growth rate), K (RLD, ., RILD_3/RLD._ ), &£,
(dimensionless relative mortality rate of roots) and fimwe’,,, (relative time at which roots
start to die) are empirical constants (Table 3.2). The logarithm of RLD__ is empirically
related to the logarithm of aboveground biomass, based on data by Drenth et al. (1991),
Tanaka et al. (1995) and Teo et al. (1995).

From the acwal root length density, the distance between roots (reet dis) (in m) is
caleulated, assuming that all roots exchange gases and that roots are randomly distributed
through the puddled soil, by (based on Ogston, 1958):

root _dist = _1o@)_ 3.2)
- RLD
The fraction of the soil dominated by the rhizosphere (F_rbigssphere) is equal to:
. _ 2
F _rhizosphere = [M] (3.3)
root _dist

in which rhign_dist is the estimated extent of the rhizosphere around a single root (Table
3.2). F_rhizosphere can not become larger than one and is zero in the absence of plants.
The fraction of the bulk soil is one minus I_rhizpsphere. This description of the
thizosphere compartment is an extension of the model in Chapter 2 in which it was
assumed that optimal plant growth occurred, so that almost all methane is emitted via the
plantat RLLD__

Table 3.2: Model parameter values. For an explanation on the patameters, see main text.
parameter Value Unit Reference
K 85.5 - Chapter 2
rgr 13.3 - Chapter 2
kmor 1.53 - Chapter 2
tiMemoc 0.6 - Chapter 2
rhizo_dist 2103 m Kirk et al., 1993
Reis 1.25.104 s 0415 Chapter 2
Smin 0.585 - Chapter 2
Reere 5.77.102 g-vez Chapter 2
Sten 0.377 - Chapter 2
Be 0.85.10-¢ mol m3 ! Chapter 2
Aexu 4.41.106 mol m3 s Chapter 2
M Emax 0.552 - Chapter 2
c 0.14 - Chapter 2
Koot 6.5.108 5t Saini, 1989
Tehizosphere 9.102 8 Chapter 2
T bulk 1.08.10¢ $ Chapter 2
Boxi 0.10 - Chapter 2
A 0.63 - Chapter 2
Kreox({FeS) 7.6.107 gl Boudreau, 1996
kreox(Fe(IL)} 1.27.10+4 51 Ahmad and Nye, 1990; Cappellen and
Wang, 1996; Murase and Kimura, 1997
keeos(5%) 5.60.10% st Ahmad and Nye, 1990; Cappellen and
Wang, 1996; Murase and Kimura, 1997
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Process dynamics within the compartments

In both compartiments, carbon substrates are produced by anaerobic mineralisation, P,
and fertiliser decomposition {from otganic fertilisers and stubble incorporation), Py,
both in mol C m™ ™. The production rates are adapted from Yang (1996) assuming that
substrates are consumed directly after release:

Ky . titne

Pyin = Crin* (1-Suin ) Ky, ¢ i and Ky, = Ry time™mn  (3.4)

Plert = Cpon (1S gene ) Ka e g Kay, = Rpon- time ™ et (3.5
in which C,,, is the soil organic carbon pool and C,, is the amount of organic fertiliser
added or stubble incorporated (both in mol C m¥). R, (in s™™"%), R, (in sy, S ()
and §_, (-) are empirical parameters (L'able 3.2).

In the rhizosphere additional substrates are provided by root exudation, P, (in molC m”
s}, described by a gaussian curve:

Poi = Bory + Ay -exp(-0.5- ((ime'—time' gz 1/ 0)%) (3.6)

in which B,, (baseline exudation), .4,, {maximum increase in exudation above the
baseline), #me’,,. (relative time of maximum exudation) and & (spread of exudation in
relative time) are empirical constants (Table 3.2). Root decomposition, P, described by
a first order decay rate (in mol m” ) also only occurs in the rhizosphere:

Frogt =Ky, -(pool of dead roots) (3.7

in which K, is the relative decomposition constant for roots (Table 3.2) and pool of
dead roots (in mol m™) changes in time under influence of root mortality and root
decomposition.

All available substrate is consumed directly either by methanogens or by other anaerobic
bacteria using alternative electron acceptors. Oxygen concentrations in the rhizosphere
are low (Frenzel et al, 1992) and it is assumed that these concentrations are too low to
affect methane production directly or to cause substantial electron acceptors reoxidation
or aercbic respiration under flooded conditions. Therefore, NOy is the first electron
acceptot to be reduced:

D (.89

in which vy, is a stoichiometry factor for the carbon substrate needed to reduce NO,
and XP,=P_ +P.. or EP=P_ +P. +P, +P . for the bulk soil and rhizosphere,

exu

respectively. After NO,, Fe(IIl) is reduced:

d[Fe(ll)] _ .
dime -~ VFe P (3.8b)

Methanogens and sulphate reducers are assumed to be completely outcompeted with
respect to their catbon substrate by nitrate and iron reducing bactetia, but they compete -
after NO, and Fe(IIT) disappearance- for available substrate. The compedtive strength is
proportional to [SO,7] and normalised for [SO.*]..,;

2- 2-
d[SQ4 1__, . [§04" 1] TP, {3.8¢)
dtime 2
[SO4 ]r=0

diCH() [S047 lg —150,771

2 CH4 > -¥. P, — CH4 _transport _rate (3.9a)
time (50,4 ]‘=0
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Figure 3.2: Modelled change in contribution of different processes to carbon substrate

production in MA94 during the season. In the rhizosphere all processes occur,
while in the bulk soil compartment only soil mmineralisation and straw
decomposition occut.

It is generally found that the application of rice straw leads to higher methane emissions.
The available data on the effects of rice straw addition are summarised in Figure 3.32,b.
Such data have been used to derive a logistic curve for the relative increase in methane
cmissions versus straw application (Denier van der Gon and Neue, 1995a; Watanabe et
al., 1995D), but a mechanistic explanation for such a curve was not given. The model
(Figure 3.3¢, defavlt) produces a roughly linear increase from 0 to 10 tons of rice straw,
which means that a faster exhaustion of altemnative electron acceptors (as explained
below), causing the site differences, only has a minor influence. Straw application will
also affect other processes than organic matter supply. These other effects contributed
considerably to the overall effects of straw applicaton (Watanabe et al, 1998) and
include the influence of straw on rice crop performance. Nugroho et al. (1994; 1996,
1997) found positive biomass effects at low straw additions of 5 tons/ha, while Sass and
Fisher {1995) and Kludze and Delaune (1995a) reported rice biomass decreases at straw
additions of 11-22 tons/ha. The negative effects might be explained by an inhibition of
crop growth due to the accumulation of fermentative products (Bedford and Bouldin,
1994; Drenth et al,, 1991) and nitrogen immobilisation. If we include effects on tice
biomass changes in the sensitivity analysis (Figure 3.3c, inditect) -simplified to a parabolic
curve with a maximum at 5 tons/ha and no change at 10 tons/ha- then modelled data are
still in the upper range of the experimental data (Figure 3.3b). This means that there are
clearly more adverse interactions between rice plant and straw than were accounted for,
especially if more than 10 tons straw/ha is applied. Possible other interactions are
changes in root oxygen telease (see below), plant catbon supply or root mogphology.
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Figure 3.3: Measured increase in seasonal methane emissions relative to controls without

straw addition (2} and measured absolute increase in methane emissions (b).
Data are from Denier van der Gon and Neue (19952}, Kimura et al. (1991,1993),
Kludze and Delaune (19952), Lindau and Bollich (1993), Minoda and Kimura
(1994), Nouchi et al. {1994), Nugroho et al. (1994,1996,1997}, Sass et al. (1991a),
Sass and Fisher (1995}, Schiitz et al. (1989a), Watanabe et al. {1993,1994,1998)
and Yagi and Minami (1990). Modelled effects of rice straw application on
methane emissions (¢) wete calculated with and without (default) the
incorporation of an indirect effect of straw on rice yields.

The characteristics of the soil itself also influence the amount of methane emission. The
important factors are 1) the amount of alternative electron acceptors, 2) the rate of
transport within the soil (both treated below) and 3) the amount of available substrate
(soil organic C content, Table 3.1; C,, in Eq. 3.4). The (hypothetical) influence of toral
soil organic matter contents is presented in Figure 3.4a by imposing different levels of
this parameter. If all other parameters temain constant, the influence of this parameter
on the model outcome is very large and depends on the amount of alternative electron
acceptors present {explained below). The finding, however, may be directly related to the
anaerobic mineralisation model itself, although several models seem to be equally valid
based on the scarce data (Chapter 2). Anaerobic mineralisation processes are thus a very
important uncertainty for predictive methane emission models.
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Figure 3.4: Influence of soil organic matter dynamics on seasonal methane emissions, via an

imposed hypothetical variation in {a) total organic carbon content and (b)
texture (via the protection of soil organic matter). Measured values in organic
matter contents at the two sites are marked.

In some models (Huang et al, 1997; 1998), soil texture is also taken into account.
Texture may affect diffusion of methane (which will be addressed below) or of carbon
substrates. Diffusion limitations would ultimately lead to substrate accumulation, which
has never been found in field studies. Soil texture, in particular clay particles, may also
protect soil organic matter against breakdown (e.g. Hassink and Whitmore, 1997).
Quantitative descriptions on the influence of increased protection on R, and S, are
unknown. Therefore, this texture influence on methane emissions was tested with a
different mineralisation model, which leads to a new Eq. 3.4 for soil organic matter
mineralisation:

K e Tl B -
Fain = Crnin '(Ffasr ) Kfas! e e +{1_Ffmr) Kijow € Kstone rzme) (34')

in which F,, is the fraction of the organic matter pool that is assigned to the fast pool (-
and K, and K, arc the decomposition constants (s™) of the fast pool and the slow pool,
respectively.
An increased protection will lead to a decrease in mineralisation rates for the slow pool,
This effect of texture was estimated from Parton et al. (1987), assuming that the slow
pool in the two compartment model is the same as the recalcitrant and lignin material
pool in Patton et al. (1987):

Ko = K gy - (1= 0.75% ( fraction ., i )) (3.12)

K, and K, were calibrated using texture and soil mineralisation data from anaetobic
soil incubations (Chapter 2). K, for other textures can thus be calculated using Eq. 3.12
and means that the higher clay+silt content, the smaller K, becomes. This influence of
texture via soil organic martter dynamics on methane emission estimates is very large, as
presented in Figure 3.4b by imposing different percentage of {clay+silt). The trends in
Figure 3.4a,b are similar to the ones found in a correlative study (Huang et al., 1997).

Methane production
Methanogens, the bacteria producing methane, mainly use acetate as a carbon substrate,
but other substrates like H,/CO, and formate contribute for 10-30% to methane
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production (Achtnich et al., 1995b; Chin and Conrad, 1995; Rothfuss and Conrad, 1993).
This contribution is less than the theoretical 33% valid for methanogenic systems (Gujer
and Zehnder, 1983). Homoacetogens, converting H,/CO, to acetate, might thus play a
tole in modifying the carbon flow. Besides the carbon substrate production, other
conditions have to be fulfilled to produce methane,

The methanogens have to compete for the available substrates with other anaerobic
bacteria, namely nitrate, manganese, ferric iron and sulfate reducers. Bacreria using
organic electron acceptors (Lovley et al.,, 1996) do not seem important in mineral rice
paddy soils (Chapter 5). The competiion for carbon substrates in general follows
thermodynamic rules: Nitrate reducets outcompete the other anaerobic bactetia for the
substrates. In practice, nitrate reducers are of minor importance, however, because
nitrate concentrations are low in rice soils. All nitrate is thus reduced within a few houts
{Chapter 5; Achtnich et al,, 1995a; Westermann and Ahring, 1987). Fertic iron reducers
are also able to maintain acetate and H, concentrations below concentrations that can be
metabolised by sulphate reducers or methanogens (Lovley and Phillips, 1987). These
bacteria suppress sulphate reduction {Jakobsen et al., 1981) unless the amount of carbon
substrate is not limiting (Lovley and Phillips, 1986; 1987). The thermodynamic
characteristics of sulphate reducton are not very different from methane producton.
The affinity of sulphate reducers for H, is higher than the affinity of methanogens
(Kristjansson et al, 1982) suppressing methanogens (Achtnich et al, 1995a). The
differences in affinity for acetate are much smaller (Oude Elferink et al, 1994) and
methane production and sulphate reduction ean occur simultaneously (Achtnich et al,
1995b). Othet anaerobic bactetia can influence methane production also through specific
inhibitors such as NO, N,O or H,S. The inhibition by NO and N,O occurs already at
low concentrations (Balderston and Payne, 1976; Klitber and Conrad, 1998), while the
effects of inhibition by sulphide are small (Kristjansson et al,, 1982; Winfrey and Zeikus,
1977).
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Figure 3.5: Influence of initial ferric iron () and sulphate concentrations (b) on the
modelled methane emissions. The influence of sulphate {(b) was modelled with
different tnodel assumptions on the competiion for carbon substrates.
Measured values in sulphate contents at the two sites are marked. Note the
different y-axes.
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All these interactions wete expressed in the model by an outcompetition of methanogens
by nitrate and ferric iton reducers and a competition with sulphate reducers (Eq. 3.8, 3.9),
which is a close approximation for the competition for acetate. The influences of initial
fertic iron (determined by dithionite extractable iron, Table 3.1) and sulphate
concentrations (mainly determined by fertilisation, i.e. ammonium sulphate) on methane
cmissions are presented in Figure 3.5, As in Figure 3.4, we impose a fictive variation of
one soil parameter, for conditions of both field expetiments. Iron reduction, the
dominating reduction process in soils (Inubushi et al., 1984) inhibits methane production
severely. At a given iton content, methane emissions are higher for the soil with the
higher soil mineralisaton (MA} (Figure 3.5a). Decreasing the anaerobic phase in rice
soils, e.g. through dry sceding, decreases the period over which methane can be
produced, while increasing the relative importance of iron reduction. With a large effect
of iron on methane emission, one can also explain some very high Q,, values found for
methane production (Segers, 1998). With an increase in temperature, soil mineralisation
and thus methane production are stimulated not only directly, but alternative electron
acceptors are depleted faster as well. If one corrects for this inditect effect, the
temperature effects on methane production come in a normal range for biological
processes. The effects of sulphate additdons ate much smaller. This is consistent with
field data that show no methane emission reduction (Wassmann et al., 1993) or a
reduction of 20-30% (Schitz er al,, 19892). If it is assumed that H, is the dominating
substrate for methanogens, then sulphate reducers will also outcompete the
mcthanogens. This alternative assumption in the model hardly changes the outcome
(Figure 3.5b).

Some models (Cao et al,, 1995) relate methane production to redox potential {Eh) and
pH, which are in reality highly correlated (Tsutsuki and Ponnamperuma, 1987). Eh and
pH do not seem good parameters for process-based models, as discussed elsewhere
(Chapter 2). Only if pH<6.0, pH effects may occur. This might explain why urea
application normally has no effect on methane emissions (Nugroho et al, 1994
Wassmann et al, 1993), while urea application decreased methane emissions in
incubation experiments at application rates higher than 500 mg N/kg soil {Yang and
Chang, 1998). Extreme salinity may also lead to a decreased methane production (Denier
van der Gon and Neue, 1995b}, but this is not accounted for in any model.

Methane transport

Produced methane is transported via aerobic interfaces, where methane oxidaton takes
place, to the atmosphere. There are four ways to transport methane: leaching, diffusion
through the soil, transport via the plant and ebulliton. High percolaton rates reduce
methane erissions significantly (Yagi et al, 1998) and will have to be consideted in
furure models. Methane diffusion through the soil is a very slow process and hardly
contributes to methane emissions (Rothfuss and Conrad, 1993; Schiitz et al., 1989b). The
diffusion of methane via the plant (in the thizosphere compartment), which depends on
root density, is the most important transport pathway to the atmosphere. On average,
ebullition (in the bulk soil compartment) only contributes 10-20% to the seasonal
methane emission (Bymmes et al., 1995; Nouchi et al,, 1994; Schiitz et al., 1989b). In case
methane production is high at the start of the season {(e.g. due to organic fertilisation),
the seasonal contribution of ebulliion can be up to 60% (Denier van der Gon and Neue,
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1995a; Wassmann et al,, 1996a). This difference can be understood from the conceptual
ideas presented in the model.

Gas transport through rice plants is, contrary to other wetland plants, by diffusion and
not by convection. In turn, methane production does not show a short term influence of
photosynthetic activity (Denier van de Gon and Neue, 1995a; Wassmann et al,, 1994),
wind speed, humidity, light (Frenzel et al, 1992), transpiration (Byrnes et al,, 1995) or
radiation (Lee et al,, 1981). Gases (both methane and oxygen) exchange with the soil at
the tps of roots (Flessa and Fischer, 1992; Kumazawa, 1984), but quantitatively httle is
known about the fraction of the root surface that is active in gas exchange. The gases are
transported via the acrenchyma of root and shoot (affected by the porosity) and
exchange with the atmosphere through special micropores in the shoot (Nouchi and
Matriko, 1993). For the quantitative understanding of the flow it is more important to
know the largest resistance, which is probably at the root-shoot transition (Butterbach-
Bahl et al, 1997). Quantitative data on this resistance are scarce, but probably this
resistance will change during the season as root oxygen release (see below) and root
morphology change duting the season. The mechanism of transport through this
transition is not known nor it is known if there is a transport interaction between tillers
of one rice plant. The effects of those uncertainties might be small as the model showed
hardly any influence of the transport time coefficient in the rhizosphere on seasonal
methane emissions (Figure 3.6a). In this simulation it was assumed, however, that
methane oxidaton in the rhizosphere was independent of transport. In reality this may
not be the case, as both processes are diffusion related. The influence of transport rates
in the rhizosphere on methane oxidation is much larger in models that link these
processes (e.g. Arah and Stephen, 1998).
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Flgute 3.6: Influence of variation in modelled transport time coefficient of (a) the

thizogphere and (b) the bulk soil compartment on estimates of methane
emissions. Default parameter values are marked.

The mechanisms of ebullition, gas transport via gas bubbles are even less understood.
Qualitatively, one might think of a mechanism in which there is always an equilibrium
between the concentration in the soil solution and partial pressure of the gas in a bubble
{Watanabe and Kimura, 1995). If the concentration in the soil increases, gas will be
captured in bubbles as the concentration in the soil solution is limited (depending on
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temperature). If the pressure of the bubbles is larger than the combined pressure of
ovetlying soil structure, root network and atmosphere, then bubble release will be
triggered. From this conceptual idea, it can be understood why Mattson and Likens
{1990) found influences of solar radiation, water temperature, air pressure and local water
table on ebulliion and why ebullition was hatdly found at cloudy or rainy days (Nouchi
et al,, 1994). Quantitative models on this process are not known. Again the effects of
these uncertainties in the mechanism on the prediction of seasonal methane emissions
are small, as (hypothetical) changes in the transporr time coefficient in the bulk soil
(Figure 3.6b}, e.g. caused by differences in soil texture or root density, hardly influence
seasonal methane emission.

Transport time coefficients in bulk soil exceed those in the rhizosphere by several orders
of magnitude {Table 3.2). From the combination of transport times petr compartment
and the seasonal changes in contribution of the compartments, the trends in conductance
(Hosono and Nouchi, 1997) and in methane residence times (Kimura and Minami, 1995;
Watanabe and Kimura, 1995) during the season can be calculated and understood.

The transport time coefficient hardly influences seasonal methane emissions (Figure 3.6),
but it changes the vatiation of emissions within the season (results not shown). Diurnal
patterns may be related to fluctuations in ebulliion and root oxygen release (see below)
(results not shown). Ebullition may be the main factor, because 1) the magnitude of the
divrnal fluctuations is highest at the start of the season, when rice plants are small
(Denier van der Gon and Neue, 1995a; Husin et al, 1995). 2} diutnal amplitudes are
much higher in unvegetated plots than in vegetated plots (Nouchi et al., 1994) and 3)
diurnal patterns of methane emissions are correlated with temperature (Sass et al., 1991b)
and ebullidon is triggered by temperature changes, while plant mediated transport is
hardly influenced by temperature. The influence of temperature might also be indirect:
At a higher temperature, methane production is stimulated, leading to an increase in
methane concentration in the soil. ‘This increased concentratton might again trigger
ebullition. Neue et al. (1997) identified methane concentration as a controlling factor for
the diurnal patterns. If this indirect mechanism is indeed important, then some additional
influence due to the plant might be expected, e.g. by diurnal changes in toot exudaton
and root oxygen release. Unfortunately, there are no data available on these effeces, but
they may explain the differences in diurnal pattern between rice varieties found by Husin
et al. (1995). As ebullition is not modelled mechanistically in methane emission models,
quantification of the factors determining diurnal patterns remains difficult.

When floodwater recedes and the soil falls dry, alt methane captured in the soil is released
via the air-filled pores that ate formed in the drying process (Denier van der Gon et al.,
1996; Wassmann et al,, 1994). The flush of methane is larger after a longer period of
methane production, as more methane has been stored (Watanabe and Kimura, 1995).
Similar effects occur by physical disturbances like cultural practices (Neue et al, 1997).
Due to aerobic conditions developed by the disappearance of floodwater, the soil (and its
electron acceptors) reoxidises as well, resulting in suppressed methane production after
reflooding the soil. These negative effects on methane emissions are larger than the
flushing effects if the period of drainage is long enough. Mid-season drainage has
therefore become an cffective mitigation option to decrease methane emissions. A good
timing of (hypothetical) drainage is important to obtain an optimal resuit (Figure 3.7},
whereas the number of dry periods appears to be less important (results not shown). The
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modelled effects of drainage (Figure 3.7) are similar to what has been encountered
experimentally (Sass et al, 1992; Nugroho et al, 1994; Yagi et al, 1996). The
simplifications made in the model to describe reoxidation processes hardly influenced
methane emission estimates, as can be seen from the small effects of neglecting FeS
formation and oxidation (Figure 3.7).
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Figure 3.7: Effects of {a) the timing of the mid-season drainage and (b) the length of a mid-
season drainage, at 64 DAT, on top of a final drainage on modelled methane
emissions, using the data set of MA%4 only. Calculations were carried cut with
and without straw application and with and without a correcton for the
formation and oxidation of FeS. The situation with no intermediate drainage is
marked.

Methane oxidation

At the aerobic interfaces, methane can be oxidised in the soil by methane oxidising
bacteria, methanotrophs. There are two types of methane oxidising activity: high affinity
(at low methane concentrations) and low affinity (at high methane concentrations)
(Bender and Conrad, 1992). For the study of methane oxidation in wetlands, high affinity
methane oxidation does not need to be considered (Segers, 1998). Low affinity methane
oxidation may in principle occur anaerobically and aerobically. In the first case, methane
oxidation may be coupled to nitrate, ferric iron or sulphate reduction. However, there is
no evidence available that methane oxidation coupled to nitrate reduction occurs in
wetlands. Nedwell and Watson (1995) could not show sulphate reduction to be coupled
to methane oxidation in wetlands. Murase and Kimura (1994) and Miura et al. (1992)
found a concurrence of a depletion of methane and an accumulation in ferrous iron in
rice subsoil and interpreted this as a coupled ferric iron reduction/ methane oxidation.
Other interpretations are however also possible. No entichments ot kinetics of anacrobic
methane oxidisers in rice paddies are known.

If we restrict our consideratons to aerobic methane oxidation, then two sites for
oxidation can be distinguished: the thizosphere and the soil-water interface. At the soil-
water interface, methane oxidation is confined to 76-95% of the produced methane (e.g.
Banker et al., 1995; Schiitz et al., 1989b). This small range indicates that the presence or
absence of the oxygen produced by algae does not have a large influence on methane
oxidaton. Oxidation at the soil-water interface is bypassed by ebullition.
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The rhizosphere represents a far more dynamic system with many mote uncertainties.
Oxygen is released into the rhizosphere by root oxygen release (ROL), which is again
influenced by root respiration and root transport resistances {treated above). The ROL
changes diurnally (Satpathy et al., 1997), during the season (Satpathy et al., 1997), with
cultivar (Wang et al.,, 1997; Kludze et al, 1994), with nutrient condidons (Kludze and
Delaune, 1995a; 1995b) and with Eh (Kludze et al,, 1993). Moreover, the estimate for
ROL highly depends on the used methodology (Sorrell and Armstrong, 1994). The
oxygen input is thus very variable and uncertain,

The released oxygen is not only used by the methanotrophs. Part of the oxygen is used
for the chemical and bactetial reoxidation of reduced compounds and for heterotrophic
respiration of low-molecular organic compounds (Ponnamperuma, 1972; Watson et al,
1997). The conttibution (and its dynamics) of the different processes to oxygen
consumption is not known, but it is known that methanotrophic activity is affected by
salinity (Denier van der Gon and Neue, 1995b), NH," (Conrad and Rothfuss, 1991),
clevated pH and CaCO, (King et al, 1990). Another complicating factor is that the
aerobic zone moves through the soil (due to the combination of root growth and oxygen
consumption). Bacterial activity will have to cope with this dynamics. This may result in
growth of methanotrophs as the number of methanotrophs is higher in the rhizosphere
than in the bulk soil (Gilbert and Frenzel, 1995; Kumaraswany et al., 1997) and increases
during the growing season (Gilbert and Frenzel, 1995; Watanabe et al., 1997). It also may
result in a limited mortality as mortality rates of methanotrophs are low at small oxygen
and methane availability (Roslev and King, 1994; Le Mer et al., 1996). Quantitatve data
on such adaptations are scarce. Finally, it is not certain whether methane oxidation takes
place in the rhizosphere or in the roots of the rice plant (as methanotrophs were found
inside the roots (Gilbert et al,, 1998)). Apart from mechanistic uncertaindes, there are
several uncertainties in the measurement of methane oxidation, as discussed by Frenzel
and Bosse (1996) and King (1996). All these uncertaintes make the predicdon of
methane oxidation rates extremely difficult.
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Figure 3.8: Effects of a hypothetical change in average seasonal methane oxidation in the
rhizosphere on methane emissions. Default parameter values are marked.
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The effects of all these uncettainties on the estimation of methane emissions can be quite
considerable as is shown by the model sensitvity of methane emissions to hypothetical
variation of this estimate (Figure 3.8). This clearly needs further attention. The sensttivity
on methane oxidation moreover depends on the time in the season that most methane
release occurs.

Rice plant influence on the processes

The above analysis shows the major impottance of tice plants for methane emissions, via
its root system, exudation, oxygen release and root-shoot resistance. These effects have
been integrated in correlative models between methane emissions and plant parameters,
namely vield, total rice biomass, root density, plant height and shoot length. The results
are however ambiguous. Watanabe et al. (1994) found a correlation between emission
and shoot length, while Lindau et al. (1995) found no correlation between plant height
and methane emission. Sass et al. (1990) correlated methane emission and aboveground
biomass, while such a correlation was absent in the study of Watanabe et al. (1995a).
Nouchi (1990) found a correlation between the number of tllers and methane emissions,
while Denier van det Gon and Neue (1996} did not find such a correlation. The reason
for these different results is that there are different influences of the plant on methane
release {as explained above). Those influences will lead to non-linear results and will
moreover change during the season and with different conditions. This model can
investigate some of those influences. Other interactions can better be explained by a fully
mechanistic approach, like the one presented by Arah and Stephen (1998). An example
of an interaction that changes with the conditions is given in Figure 3.9. In the first
scenario it is assumed that a constant aboveground biomass fraction equivalent to 30%
of the vield (Table 3.1) is incorporated into the soil, which is a common, but unrealistic,
assumption in global methane emission estimates. In such a scenario, the organic matter
supply dominates methane emission changes, leading to an almost linear response with
vield. In the second scenatio it is assumed that the farmer incotporates the same amount
of stubble (¢.g. by cutting the tice at a certain constant height) independent of the yield
obtained. In both scenarios the presence of rice plants stimulates methane emissions (by
providing a substrate for methanogens), but the response is quite different for the two
sCenarios.

Plant variables do not only change during the season and with conditions, but also vary
between variedes. Differences have been {found in the root oxygen release (Kludze et al.,
1994; Kludze and Delaune, 1995a; Wang et al,, 1997), in gas permeability (Butterbach-
Bahi et al., 1997) and root exudation (Kludze et al., 2000). This leads to large effects of
rice varieties on methane emission (Husin et al., 1995; Lindau et al., 1995; Nugroho et al,
1997; Sass and Fisher, 1995; Watanabe et al,, 19952). The combined effects have been
incorporated in the model of Huang et al. (1998) by an empirical variable, the variety
index. Lumping the vatious effects in a single variable leads to a loss of a mechanistic
basis and hence to a reduction of extrapolation beyond the range of calibration. The
plant physiological differences in gas permeability (influencing both root oxygen release
and methane transport) and root exudation (important in soils with a low carbon
content) open possibilities for directed variety screening,
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Figure 3.9: Influence of yield differences on methane emission for two scenarios. The first

scenatio assumes that the amount of stubble that is incorporated in the soil is
equal to 30% of the yield. The second scenatio assumes that the amount of
stubble that is incorporated into the soil is 1500 kg/ha, independent of yield.
Measured yields at the two sites are marked.

3.4 Concluding remarks

Uncertainties and variability in the knowledge on undetlying processes leading to
methane emissions from fice cropping systems were reviewed. Sensitivity of these
uncertainties and variabilities in processes on methane emissions were investigated with a
process-based model. Model sensitivities were compared to system sensitivities, as far as
these were known, i.e. for the effects of organic matter supply, drainage and sulphate
additions. In those cases the model behaved similarly and with a similar sensitivity as the
real systems. For situations for which only trends are known (for the transport
charactetistics and the contribution of different carbon substrates), the model also
behaved similarly. The model thus fairly reproduces the real vatiability in methane
etnissions caused by the variability in underlying parameter values.

By plotting the relative change in methane emission versus the relative change of a
variable within its plausible range, all model sensitivities can be compared (Figure 3.10).
The figure shows great differences in sensitivities and a large variety of linear and non-
linear responses. The responses were different for the two soils. Due to the high amount
of teducible ferric iron in the Los Bafios soil, this soil is more sensitive to variables
influencing methane production (Figure 3.10b}. In the Maligaya soil, variables influencing
carbon substrate production and methane production are the most important variables as
well, but methane oxidation is also a sensitive variable (Figure 3.10a). Other well-known
uncertinties, like mechanisms of methane production or the pathway of gas transport
through the plant do not seem to be important for the estimation of methane emissions.
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Figute 3.10: Sensitivity of modelled methane emissions to changes in the undetlying
parameters (both relative to site input paratneter values) for (a) Maligaya and (b)
Los Bafios, Philippines. The tested parameters are: 'a' moment of drainage
(relative to drainage at the end of the season), 'b' yield, 'c’ and 'd’ transport time
coefficient in the rhizosphere and bulk soil compartment, respectively, ¢’
petcentage oxidation, 'f' iron content of the soil, 'g' application of (NH4)2S0,4
(relative to initial soil sulphate concentration), 'h’ texture (influencing soil
mineralisation), ' soil organic matter content and Yj' straw application. Note that
the y-axis is linear and the x-axis is logarithmic.

This analysis has two main implicatons. 1) The influence of straw application on soil-
plant responses and the mechanisms of anactobic soil organic matter mineralisation
belong to the main uncertainties, and also strongly influence methane emissions {as is
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indicated by the influence of texture, organic C soil and straw application). As long as
these processes ate not well understood, the predictability and extrapolation of modelled
methane emissions will be limited at a field scale level and thus at a global scale level. The
uncertainty in the ranpge of methane emissions will thus remain large. 2) Methane
emissions react non-lineatly to vardables describing the underlying processes, especially if
interactions between underlying variables ate taken into account (as can be seen from the
different responses of the two soils). This means that global emission estimates based on
average patameter values over large regions may deviate considerably from the real
methane emission. For a better global prediction of methane emission, methodologies
that account for spatial variability in sensitive parameters (like management and organic
matter supply) will have to be developed.
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Effects of interpolation and data resolution on methane emission estimates from
rice paddies

Abstract

Rice paddies are an important source of the greenhouse gas methane. Global
methane emissions estimates are however highly uncertain and do not account
for effects of interpolation ot data resolution etrors. Such scaling effects were
determined for the influence of soil properties in a case study of the island Java,
Indonesia. The effects of different interpolation techniques, semivariograms and
neighbour optimization were tested for soil properties by cross-validation.
Interpolated organic carbon values were not significantly different from the
original soil samples, but interpolated soil iron contents were. Interpolation led
to a significant decrease in spatial heterogeneity in methane emissions. Soil
properties were interpolated to derive data at different data resolutons., Mean
and variance of soil properties were not significantly different for different data
resolutions, Mean and vatiance of methane emissions at different data
resolutions were however significantly different. These scaling effects were
caused by the combination of interpolated data and a non-linear model.
Cortelations between soil properties smoothened some scaling effects. Real
scaling effects will have been larger because small-scale vatiability was not
accounted for. Scaling effects, including those caused by small-scale variability,
will have to be considered to achieve unbiased global methane emissions
estimates from rice paddies.

4.1 Introduction

Methane (CH,) is an impottant greenhouse gas. The major sources of atmospheric CH,
are known, but the contribution of these sources to the global CH, budget is highly
uncertain. Rice paddies are among the important sources of atmospheric CH,. Most
estimates of global CH, emissions from tice paddies are multiplications of an average
CH, emission rate by the length of the growing season and harvested area. Estimates of
the global CH, source strength of rice paddies change frequently as new data become
available or a different method is proposed. Recently published values are 117 + 50
Tg/yr (Holzapfel-Pschorn and Seiler, 1986), 100 + 40 Tg/vyr (Aselmann and Crutzen,
1989), 100 + 50 Tg/vr (Schiitz et al., 1990), 42-82 Tg/yr (Bachelet and Neue, 1993), 60
40 Tg/yr (Hounghton et al,, 1996), 50 + 20 Tg/yr (Neue, 1997), 53 Tg/yr (Cao et al,
1998) and 80 £ 50 Tg/yr (Lelieveld et al., 1998), illustrating the large uncertainty. Since
emissions from rice paddies cannot be directly measured at the national, continental or
global scale, it is difficult - if not impossible- to judge which estimate is more realistic.

A major source of uncertainty is the large intrinsic variation in methane emission in time
and space due to spatial variation in biophysical properties and agricultural management
{e.g. Denier van der Gon and Neue, 1995a; Nouchi et al, 1994). Reducing the
uncertainties is difficult because undetlying processes leading to methane emissions are
hard to quantify and because data charactetising rice agricultural management or other
necessary attributes are scarce.
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An additional source of uncertainty is the methodology used to obtain global emissions,
e.g. upscaling. As methane emissions cannot be measured at the global scale, or even at
the national scale, suitable predictor variables have to be chosen to describe and explain
variations in methane emissions if one uses an upscaling approach. At present, however,
these predictor variables do not encompass local soil and management conditions, which
are two factors that strongly influence methane emissions (Chapter 3). Attempts to
account for local vatiations make use of large databases on land use and/or soil types
with resolutions of 1°x1° (Bachelet and Neue, 1993) ot 0.5%(0.5" {Cao et al,, 1998). In
these studies, effects of interpolation ot data resolutdon errors were not accounted for.
These so-called scaling effects are well-known to occur in erosion studies (e.g. Dunne et
al., 1991) and may also be significant when upscaling methane emission to the global
scale. Unfortunately, a thorough analysis of scales, at which all processes and data can be
summarised propetly to caleulate global methane emissions, has not yet been made. Such
optimal scales may well differ from the scale at which global databases are available.

The objective of this paper is to discuss possible scaling effects on methane emissions
from rice paddies that arise from spatial variability in soil properties. Soil properties are
chosen as a test case, because of their large influences on methane emission and because
of data availability. The island of Java, Indonesia, is used as a case study, being an
important tice growing area. Soil samples from rice fields of Java are collected and
analysed on soil chemical and morphological properties by the Center for Soil and
Agroclimate Research (CSAR). We focused on effects caused by i) choices made in
interpolation of soil sampling data to land areas - interpolation effects - and ii) effects of
different grid sizes for soil data and rice distributions on calculated methane emissions -
data resolution effects. In principle, the methodology can be applied to any other area,

4.2 Materials and methods

4.2.1 Methane emission model description

The soil properties focused on are soil iron content (Fe) and soil organic catbon content
(OC), because these two parameters are among the controlling variables for methane
emissions from rice paddies (Chapter 3), A process-based model (Chapter 2) requires
data on Fe and OC to calculate methane emissions. Two compartments, the thizosphere
and the butk soil, are distinguished in this model. To simulate methane emissions the
model contains simplified process-based descriptions of methane production, transport
and oxidation for each compartment. Input parameter values used in the model were
estimated from independent sources. The model was validated with experimental data
collected in Asia (Chapter 2). Simulated seasonal methane emissions did not significantly
differ from measured seasonal emissions (with a coefficient of vatiadon of 8%). The
model used in this paper was extended with a desctiption for multiple drainage and for
situations in which the rice yield was not optimal and for situations with a different rice
variety (Chapter 3).

Besides data on sofl properties, model inputs are rice variety and rice vield, inorganic and
organic fertilizer input, length of the growing season and temperature. Since our
objective was to study interpolaton and data resolution effects of soil properties,
weighted average values for input parameters othet than soil properties were estimated
and used (Table 4.1). Rice distribution data were based upon an integrated set (Verburg
et al., 1999) collected from land use maps and agricultural statistics.
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Table 4.1: Average or assumed values for controlling variables other than scil properties
uged to calculate CH, emissions with a process-based model.

Tnput parameter Value Sonrce
Rice vatiety? IR64 BPS, 1996
Rice yield 5.1t/ha BPS, 1995
NO; or SO4 containing fertilizers b 34 kg/ha BPS, 1994
Straw input 30% of the yield Neue et al,, 1990
Length of growing season 119 days BPS, 1996
Temperature 26 °C Verburg et al,, 1999
Water management 9 continuously flooded
9 This is the dominant rice variety on Java.
b Other inorganic fertilizers like urea do not directly influence CH4 emission. The

fertilization effect on rice production is included in the average yield.
o A significant part of the rice fields on Java is not continucusly flooded {rainfed rice) but
to clearly see the effects of spatial variation in soil properties this was neglected.

4.2.2 Interpolation effects

Qwanttfication of spatial variabifity

Scaling effects arise if the spatial heterogeneity presented by point data (in this case soil
samples) is not correctly integrated while scaling up to an atea. Application of
geostatistics, therefore, may spatially interpolate data using the autocorrelation of
vadability. This allows estimation of spatial chatacteristics by techniques from
regionalized variable theory, by kriging. A semivariogram (Webster, 1985) was
construcred for OC and Fe to quantify the relationship between the expected variance of
two measurements and the distance separating the locations of the measurements, v.e. to
quantify autocorrelation. Different variogram models (spherical, exponential, linear with
sill and a gaussian model) were tested to fit the data. The best model for OC was a
sphetical model:

3 h 1 A&
Ry=c,+a, (= —==- (=) O<h<
Ysh=co+a, — (r,)) r, @)
¢y ta, h>r,

whete ¥,(h) is the semivariogram and h is the distance (in km).

For Fe, the best model was an exponential model:
h

Yo =co+a,-(1—-e '¢) h>0 (4.2)

where ¥,(h) is the semivatiogram.

Soil parameter interpolation

Given a semivariogram model (and thus given autocorrelation) and a set of parameter
estimates, interpolations to unsampled locations can be obtained through kriging.
Ordinaty kriging (Stein and Corsten, 1991) was employed optimizing the number of
neighbours involved with a cross-validation procedure (Voltz and Wehster, 1990). From
the original dataset of 553 soil samples from different locations, 111 samples (20%) were
randomly selected and put aside as a test set. The remaining 442 samples were used to
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predict OC and Fe towards the test set. The predicted and measured values for the 111
samples were compared and analysed using 5 different statistical indices:
The mean error (ME) measures the bias of the prediction:

1 n
ME=2 3 {7 (x)- 2(x)} @3
i=1
where Z'fx;) is the predicted value and Z(x;) is the measured value. ME should be dose to

zero for unbiased methods.

The mean absolute error (MAE) is 2 measure of the total error of prediction:

n
MAE=1Y%
n

i=1

70 ()~ Z(x) @4

MAE should be zero for a correct estimation.
The mean square error (MSE) combines both the precision and the bias of prediction:

2
1 n
MSE-_—;Z{Z*(xi)—-Z(x,-)} (4.5)
i=l
MSE should be as small as possible.
The mean square deviation ratio R measures the goodness of fit of the predicton:

" 2
R=%2{Z*(x,-)—2(xi)} 182 (4.6)

i=l

where 57 is the estimated variance for measured values of Z{x;). The better the estimate is
on average, the closeris R to 1.
Finally, the correlation coefficient {p) was used:

_ cow(Z" (x), Z(x))

4.
§T(x)-S$(x) @7

where wi(Z (),Z(x)) is the covatiance between predicted and measured values, 5'x) is
the estimated standard deviation of the predicted wvalues and S{x) is the estimated
standard deviation of measured values.

The results for interpolation by ordinary kriging were compared with interpolation results
obtained by inverse distance weighting (IDW). IDW does not use geostatistical
information, but weighs the information as a function of distance {in this study a power 2
function was used). The number of neighbours involved in IDW was optimized by cross-
validation in the same way as described above.

Methane emission interpolation

Methane emissions occur per definition over a certain area. The smallest area that could
be distinguished in this study was 20x20 km, which is more detailed than the district
level. This was the highest resolution for which spatial information on the model input
parameters could be obtained. The effects of interpolation on spatially explicit estimates
of methane emissions for Java were therefore analysed at this resolution (yielding 329
gtrids to describe Java).

Ordinary blockktiging - ordinary kriging applied and averaged for different positions
within a block (Joutnel and Huijbregts, 1978) - was used as an interpolation technique for
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OC and Fe, using all soil samples. As a sensitivity analysis alternative considerations were
tested separately: 1) Methane emissions were calculated using an  exponential
semivariogram for OC and a spherical semivariogram for Fe, instead of the optimal
semivariograms. i) Methane emissions were calculated using 12 neighbours in the kriging
analysis instead of the optimal number. iif) For comparison of interpolation efficiency,
methane emissions were calculated from arithmetic averages of OC and Fe in each grid
(assuming that empty grids were not impottant rice areas and did not contribute to
methane emissions). iv) Methane emissions were calculated by optimized ordinary
blockkriging, The last was used as default in the remainder of the study.

4.2.3 Data resolution effects

Soif parameter data resolution

In addidon to assumptions made for interpolaton of soil samples to an area, data
resolution is also important to the final results. Global methane emission estimates are
generally based on emission factors multiplied with harvested area. Attempts to make
spatial explicit estimates use coarse resolution data e.g. the FAO 1:5.000.000 soil map of
the wotld (Bachelet and Neue, 1993). By contrast, the processes leading to methane
emissions occur at very fine scales, e.g. the scale of a single root, Due to the complex
process interactions involved in methane emissions, a non-linear response can be
expected (Chapter 3). This means that a different outcome can be expected when
calculating emissions fitst followed by averaging the results, than when averaging the data
first followed by calculating emissions - as has been found for soil moisture deficits (Stein
et al,, 1991).

The effects of data resolution were tested in this study by choosing 20x20 km, 40x40 km,
100x100 ks (which is similar to 1°x1%) and 'whole java' (1021x322 km) as grids. The data
for 20x20 km grids were calculated as mentioned above. In principle there are two
upscaling procedures, In stepwise upscaling, data from the finer scale nearest by are used
as input for interpolation — in this case ordinary blockkriging using the semivariograms
for OC and Fe determined in Figure 4.1. This is 2 common upscaling procedure as only
one finer scale has to be considered. However, in this study, the complete criginal soil
sample set was used for interpoladon at all data resclutions. This avoids that, at coarser
data resolutions, semivariograms are extrapolated beyond the range accounted for. More
important is that this procedure avoids that interpolation errors can accumulate at
coarser data resolutions.

The statistical effects of data resclution were tested in two ways:

At each of the data resolutions (except for 'whole Java’), a cumulative probability density
functions (pdf) was constructed for OC and Fe. These pdf's were compared to the
cumulative pdf of the original 553 samples and tested for significant differences in
variance {by a F-test) and in means of the underlying populations (by a smdent's t-test).
This statistical analysis of the cumulative pdf's is not spatially explicit, as there are no
spatially explicit measurements of methane emissions.

A somewhat better understanding of the spatial variance can be obrained when analysing
the mean within-grid variance and the grid-means variances. In block kriging,
interpolation is made to 100 locations within a grid, independent of the grid size. From
these data the within-grid vatiance ( var {Z(x;}) can be calculated as:
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where grids is the number of grids at a certain data resolution.
The grid-means vatiance (par{Z({x)) 1s calculated as:

rids
32 (Z(x) - Z(x))*

_ _i=l
var(Z{(x)) = erids—1 4.9

where Zfx) is the observed overall mean value,

Methane emsission data resolution

Methane emissions were estimated for 20x20 km, 40x40 km, 100x100 km and 'whole
Java' data resolutions by coupling for each grid block krged OC and Fe to the model
This procedure did not allow the calculation of within-grid variances of methane
emissions. Data resolution effects on methane emissions were thetefore tested only on
cumulative pdfs constructed at each data resolution. These pdf's were compared to the
cumulative pdf based on the original 553 samples and tested for significant differences in
variance (by a F-test) and in means of the undetlying populations (by a student's t-test).

4.3 Results

4.3.1 Interpolation effects

Quantification of spatial variability

The spatial vatiability in both OC and Fe could be described by a significant
semivariogram (Figure 4.1). For OC the estimated parameter values for the
semivariogram are ¢,=0.0948 %C?, 2,=0.194 %C? and r, = 35.5 km {'=0.97). If, as an
alternative descripdon, an exponential semivariogram was chosen for OC then the
parameter values are ¢,=0.0564, 2,=0.238 and r, = 13.1 km (*=0.93). For Fe the
estimated parameter values for the semivariogram ¢,=0.399 %Fe’, 2,=0.905 %F¢® and 1,
= 129 km {*=0.87). If, as an alternative description, a spherical semivariogram was
chosen for Fe then the parameter values are ¢,~0.63, a,=0.668 and r, = 42.7 km
(t*=0.86). The best fitting semivariogram for each soil property is also displayed in Figure
4.1, The highly significant sernivatiograms show that autocorrelation is present even over
these large distances considered.

The total distance considered in the analysis did not influence parametet estimation if the
total distance was larger than /' nor did it influence the choice of a variogram model
(Figure 4.1). Nugget vatiance {¢;) and sill vadance {;+4) are higher for soil iron than for
soil otganic carbon, while average amount of soil iron and soil organic catbon are similar.
The range of spatial dependence (the distance up to reaching the sill) is similar for soil
organic carbon and soil iron. This surprises at first sight, because we expected a more
local influence on soil organic catbon due to {highly variable) farmers’ management. By
contrast 4 larger spatial dependence was expected for soil iron, because that is thought to
be dependent on parent material and thus on the geological circumstances. This suggests
that field to field varaton in farmers management could not be distinguished by this
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dataset because of the large distances between sampling points. An alternative
explanation is that field to field variation in OC is smaller than anticipated, e.g. because
burning of crop tresidues after harvest and the absence of use of organic amendments
have a levelling effect on OC vatiability.
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Figure 4.1: Semivariogram of a) the soil organic catbon content and b) soil iren content,

The number of data pairs at a distance is indicated as well

Sail parameter interpolation

With the cross-validation procedure, the number of neighbours for ordinary kriging
could be optimized for OC (Table 4.2) and Fe (Table 4.3). This optimal number of
neighbours is related to the semivariogram — and thus on the dataset used - and more or
less indicates the number of neighbours at a distance smaller than the range. The optimal
number of neighbours for Fe is therefore only slightly higher than for OC.

I'able 4.2: Statistical indices for the cross-validation of soil organic carbon estimation by
ordinary krging with different numbers of neighbours accounted for. In
between brackets the ranking is given (1 is best, 6 is worst}. The average ranking
is given in the bottom 1ow.

2 4 5 6 8 12

ME | 0.001 (1) -0.012 (2) -0.013 (3) -0.016 (6) -0.014 (4 -0.015(5)
MAE ] 0359 (5) 0.348 {4) 0.347 (3) 0.336 (1) 0.341 (2} 0.657 (6)
MSE | 0.280 (5) 0.252 (3) 0.251 (2) 0.247 (1) 0.257 (4) 0.736 (6)

R 09910(6 0.9915(4#) 09916 (3} 0.9920 (1) 09917 (2) 09913 (5)
pl 0.6531(5) 0.6836(3) 0.6843(2) 0.6888 (1) 0.6744 (9 03754 (6)
ranking (4.4) (3.2} (2.6) {2.0) (3.2) (5.6)

Also for the IDW procedure, an optimal number of neighbours could be distinguished
by the cross-validation procedure for OC (Table 4.4) and Fe (Table 4.5). This optimal
number differs from the numbet achieved for ordinary ktiging as IDW employs a
different weighing with distance.
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Table 4.3: Staustical indices for the cross-validation of seil iron content estimation by
ordinary krging with different numbers of neighbours accounted for. In
between brackets the ranking is given (1 is best, 6 is worst). The average ranking
is given in the bottom row.
4 0 8 10 12 14
ME | -0.192(53) -0.194 (6) 01752  -0.168 (1) 0.175(3) -0.178(4)
MAE | 0.813 (6) 0.795 (3) 0.781 (4) 0.779 (3) 0.772 (1) 0.776 (2)
MSE | 1.277 (6) 1.229 (5) 1.211 (2) 1.222 (4) 1.213 (3} 1.210 (1)
R| 1.020(5) 1.022 (6) 1.016 (2) 1.014 (1) 1.017 (3} 1.018 (4)
p | 0.4926 (6) 05045(2) 05061 (1) 0.4954(5) 04988 (H  0.4989 (3)
ranking (5.6) (4.8) (2.2) (2.8) {(2.8) {2.8)
Table 4.4: Stadstical indices for the cross-validation of soil organic carbon estimation by
inverse distance weighting with different numbers of neighbours accounted for.
In between brackets the ranking is given (1 is best, 6 is worst). The average
ranking is given in the bottom row.
2 4 6 8 10 12
ME ; 0.010(1) -0.013(2) -0.016 (3) -0.018 (5) -0.017 (4) -0.147 (6)
MAE [ 0.368 (5) 0.361 {4) 0.352 (3) 0.347 (2} 0.343 (1) 0.676 (G)
MSE | 0.294 (5) 0.278 (4) 0.268 (3) 0.267 (2) 0.264 (1) 0.815 (6}
R| 09913 (5) 09916(H  0.9919 (3} 0.9922 (1) 0.9921 (2) 1.018 (6)
pl 06424 (5) 0.6542 (4  0.664% (3} 0.6660 (2 0.66%1 (1)  0.4046 (6}
ranking (4.2) (3.6) {3.0} (2.4) {(1.8) {6.0)
Table 4.5: Statistical indices for the cross-validation of soil iron content estimation by
inverse distance weightng with different numbers of neighbours accounted for.
In between brackets the ranking is given (1 is best, 6 is worst). The average
ranking is given in the bottom row.
6 8 10 1 12 14
ME | -0.223 (6) -0.216 (5) 02102y -0.208(1) -0211(3y -0.212(H
MAE | 0.838 (6 0.830 (5) 0.827 (4) 0.822 (3) 0.819 (2) 0.818 (1}
MSE | 1.318 (6) 1.304 (5) 1.299 (4 1.286 (1) 1.287 (2) 1.291 (3}
Ry 1.030(G) 1.028 (5) 1.026 (2} 1.025 (1) 1.027 (3) 1.028 (4)
p1l 04829 (4 0.4840 (1) 04828 (5  0.4835(3) 04847 (23  0.4827 (6)
ranking {5.6) (4.2) {3.4) (1.8 (2.4 (3.6)

To determine the performance of spatial interpolation, prediction towards the test set
was also cartied out by randomly selecting samples from the available data, i.e. without
considering the neighbourhood. Both optimized interpolation methods perform better
than these randomly selected samples (Table 4.6) for OC as might be expected for
spatially cocrelated parameters. For Fe, IDW interpolation performed similarly as a
random prediction. Spatial interpolation was thus not always better than a random
selection for Fe. This is due to the high variance in the soil iron data (shown by the high
MSE). This high variance was not accounted fot in all interpolation procedures, leading
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to high biases (high MAE). Otrdinary kriging took best account of the spatial
heterogeneity (Table 4.6), using the semivariogram, and will be used hereafter.

Table 4.6: Statistical indices for the cross-validation of soil organic carbon and soil iron
content estmation by a random selection, by optimized inverse distance
weighting (with 10 and 12 neighbours for carbon and iron, respectively} and by
optimized otdinary kriging (with 6 and 8 neighbours for cathon and iron,
tespectively). In between brackets the ranking is given (1 is best, 3 is wotst). The
averape ranking is given in the bottom row.

Random IDW kriging random IDW Kriging

Soii organic carbon Soil iron content
ME| 00383  -0018@  -0016(1) | 0117(1) 0211(3) 01742
MAE | 0910(3)  0343(2  0336(1) | 1287(3 081902  0.781 (1)
MSE | 1278(3)  0264(2 0247(1) | 263503 12872 1211
R| 099212 09922(1) 0992003 | 0996(1) 10273 1017
ol 00693 osco@  o0eso) | -0002(3) 04852 0506 (1)
canking | (2.8) (1.8) 1.4 @.2) (2.4) (1.4)

Methane emission interpolation

Interpolated OC and Fe values were used to predict methane emissions. Ordinary
blockkriging was used as a kriging method to obtain area averaged values. The results for
this analysis and for the sensitivity analysis are summarized in cumulative pdf for
methane emissions {(in g m” tice season) in Figure 4.2c. For comparison, Figure 4.2 also
contains the cumnulative pdf of the original 553 samples. The underlying assumption is
that the variance and distribution expressed in the pdf of the original data is
representative for the real variance and distribution in methane emissions. The means of
interpolated methane emissions were not significantly different from the emissions
calculated from the original data (P<0.05). Mean methane emission could thus be
described by interpolated soil properties. Spatial heterogeneity in methane emissions,
however, was pootly described by interpolated soil properties, as is shown by the
significant difference in a F-test {P<0.001) for all interpotation procedures.

This significant difference is caused by changes in OC (Figure 4.22) or Fe (Figure 4.2h)
by interpolation. The pdf of OC is not significantly affected by interpolaton (P<0.01) as
shown by t-tests and F-tests. The effects of interpolation on the estimation of Fe are
much larger (Figure 4.2b) as might be expected from the poor cross validation results
{Table 4.3). Both the variance and the mean of the underlying populaton were
significantly different for all interpolated results compared to the original data, as shown
by a F-test (P<0.001) and t-test (P<0.05), respectively. Changes in Fe values are thus
probably the reason for the significanr difference found for methane emission.

The sensitivity analysis showed no significant difference in either soil organic carbon or
soil iron content between different interpolation procedures. The spatial heterogeneity in
methane emissions was however significantly different for the different interpolation
procedures (P<0.05).



70 Chapter 4

0.4 / -e- .-+ 12 neighbours
o e if, sMMIVAGIOE.

i 0 |- 12 neighbours

fraction of the data
fraction of the data.

dif. semivariog,

o e Original 02 4 / originel
0 : . ; . ‘ g F=eE ' ' \
0 1 2 3 4 s 0 ! : et ; ¢ ’
orgame carbon comert (%) soil ron co %
a b
1 b E:
03 /
'§ 06
g0 = - - - opt. kriging
g8 | F | average
04 4
-+ - |2 neighbours
o2 | ———dif. Semivariog.
— original data
o/
0+ " i i
o 0 100 150

N I I'l(g m—Zrbe ,|)
c
Figure 4.2 Cumulative probability density functions {pdf's) for a) organic carbon, b) soil
iron content and ¢} methane emission undet influence of different decisions
made for interpolation of soil properties.

4.3.2 Data resolution effects
Soil parameter data resolution
Effects of data resolution on OC and Fe are summarized in cumulative pdfs (Figure 4.3).
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Eigure 4.3: Cumulative probability functions for a) organic carbon and b} soil iron content
under influence of different grid sizes (in km).
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Data resolution effects on these soil properties are very small. The variance and mean of
the pdf’s obtained for 20x20 km gtid cells is not significantly different from the variance
and mean for 40x40 or 100x100 grid cells (P<0.05), as shown by F-tests and t-tests.
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Figure 4.4: Development of the within-prid variance and the grid-means variance for
otganic catbon (%%C) and soil iron content (Yeiron) as a function of data
resolution. Note the different scales.

On the other hand, there are differences in the vatiances at different data resolutions, as
is shown for the changes in within-grid variances and grid-means variances with data
resolution (Figure 4.4). As grid sizes increase, the mean within-grid variance increases
only slightly, indicating that the accuracy of the prediction in one particular grid slightly
decreases with a coarser data resolution. The effects might have been small, because a
constant {optimal) number of neighbours was considered at each data resolution. The
effects on the variance of grid-means were much larger. About half of the variability in
the soil property values was lost from the original samples to the first grid size due to
interpolation (Figure 4.4), The large smoothening effect of interpolaton might be
another reason for the small changes in within-grid variances of the soil properties.
Variance of grid-means decreases further with increasing size of the grids. Similar data
resolution effects were found by Bouma et al. {1996) for nitrate leaching,

Methane emission data resolution

The blockktiged values for OC and Fe at the different grid sizes were used as input for
the methane emission model. Calculated methane emissions (in g m” rice season™) were
used to construct a cumuladve pdf at each data resoludon (except for 'whole Java').
These pdf's were compared to the cumulative pdf of the original 553 samples (Figure 4.5)
and tested for significant differences in varfance {(by a F-test) and in means of the
underlying populations (by a student's t-test). Again, the variance at all data resclutions
was significantly different from the vatiance described by the original data (P<0.001).
Means of methane emissions at different data resolutions were only significantly different
from emissions calculated from the original data ac 100x100 km grids (P<0.05). The
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mean of the pdf of methane emissions obtained for 20x20 km grid cells was not
significantly different from the mean for 40x40 or 100x100 grid cells (P<0.05). Variances
for 2020 km grid cells were however significantly different from those for 40x40 and
100x100 grid cells (P<0.05), as shown by F-tests and t-tests.
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g % — 2020
_§ | — 40x40
g 047 S 100x100
& ‘
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methane emission (g m~ rice season’ )
Figure 4.5: Cumulative probability density functions (pdf) for methane emissions under

influence of different data resolutions (in km) compared to a cumulatve pdf
based on model calcuiations of original data.

The spatial variance of methane emission estimates could not be analysed via the
calculation of within-grid variances as was done for OC and Fe. The changes in methane
emission estimates with data resolution can however be visualised spatially with a GIS
representation (Figure 4.6). For that purpose, calculated methane emissions (in g m™ rice
scason”) were muldplied with the total harvested area of rice in a grid and corrected for
the total grid area to obtain methane emissions in g m™ land year”, Total harvested areas
for Java were constanc for all data resolutions. Such a correction for harvested area does
not affect the results of the statistical analysis shown above,

Figure 4.6 shows that there are clear changes in methane emission patterns with data
resolution, even though the mean methane emission for Java does not change
significantly with data resoluton. So, information on the spatial variability of methane
emissions is lost under influence of data resolution. However, the effects of interpolation
on estimated methane emissions were larger - but harder to validate due to the lack of
area averaged methane emission measurements - than the effects of data resolution,

4.4 Discussion

Methane emission estimates

The influence of upscaling soil samples to area averaged soil properties to calculate area
averaged CH, emission estimates is summarsed in Table 4.7. The CH, emission
estimates presented in Table 4.7 do not ptesent the actual CH, emission from rice fields
on Java, because only spatial variability in soil properties was considered, taking average
values for all other parameters.
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A realistic actual emission estimate should also consider other data sources, including
other sources for soil data, as different data sources may change the outcome
{unpublished results, van Bodegom et al). Such an estimate should also account for
spatial and temporal vatiability in e.g. climate, cropping areas, organic amendments and
water management. In this study, those influences wete intentionally not accounted for
as it would obscure scaling effects under influence of variability in soil properties.

Table 4.7: Emission estimates for Java using different methods.
Methane emission (g m rice season-') Emission Java (Tg)
average Standard deviation Average
Original samples 43.21 28.95 -

Interpolation
(20520 grids):

Other semivariogram 40.53 17.89 1.983

12 neighbours 40.35 15.79 1.985

Optimal kriging 40.51 17.97 1.983
Data resolution.

20=20 grids 40.51 17.57 1.983

40=40 grids 40.44 13.89 2.027

100x100 grids 38.27 8.47 2.067

Whole Java 34.72 Q 1.781

Scaling effects on soil properties were small. The effects of both interpolation and data
resolution on OC wete not significant. For Fe, only interpolation effects were significant
and data resolution effects were not significant (compare Figures 4.2 and 4.3). For
methane emissions, however, scaling cffects were considerable. A significant effect of
interpalation on vatriance could be shown (at P<0.05) and effects of data resolution on
methane emissions were larger (up to 12%) than effects of data resolution for both OC
and Fe (up to 3%). Varance of methane emissions calculated from the original soil
samples was significanty different (P<0.05) for all interpolated methane emission
estimates at all data resolutions. Moreover, mean methane emission calculated at 100x100
km grids (which is comparable to the grid size normally applied in upscaling of giobal
methane emissions) was significantly different (P<0.05) from the mean methane
emission calculated from the original data. Under influence of scaling effects, data
resolution has a different influence on methane emissions in ¢ m™ rice season™ than on
total methane emission {in Tg), although the total amount of rice area was constant for
all data resolutions, This is especially due to loss of information on spatial heterogeneites
(Figures 4.5 and 4.6), through which high methane emissions ate allocated to different
sites with a different amount of rice area present at different data resolutions.

Interactions between model and data

Probably, these significant scaling effects are caused by the interaction between the
interpolated data and the non-linear model. The original data represent point samples
and had to be area averaged -interpolated- to allow regional estimation. Interpolation
always implies some loss in accounted variability as is clearly shown in Figure 4.2 and
Table 4.7. The effects of alternative assumptions in kriging were not significant and will
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not be discussed further. The interpolated soil properties were coupled to a model, which
also leads to a loss in accounted variability as models describe general trends only.
Modelled methane emissions respond non-linearly to underlying soil properties. This
response highly depends on the other conditions present (Chapter 3). In the case of Java,
methane emissions are almost independent of soil organic carbon in the lower range and
changes in soil iron content led to a more than linear change in methane emission (Figure
4.7). The extremes (e.g. hot spots) behave thus differently than the average, while spatial
information on these extremes is lost by interpolation and modelling (Figure 4.6). This
will automatically lead to scaling effects.
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Figure 4.7: Model estimation of methane emissions under influence of a) soil organic

carbon and b) soil iron content

In spite of this, scaling effects on mean emissions were quite small. That is because mean
methane emission estimates are influenced by an additional factor, ie. the significant
cotrelation (P<0.006) between soil iron content and organic carbon in the Java soil
samples. It seems that this correlation counteracted the scaling effects due to
interpolation and data resolution. Whether this applies for scaling effects in arcas with
soils from a completely different otigin and/or different farmer’s management remains
to be seen. Scaling efiects may be situation dependent and, more specifically depend on
data disttibution, cotrelations between data and relations between underlying processes
that control the entity to be predicted (in our case CH, emission}.

Swrall-scale variability

‘The initial scale of the analysis was determined by the distance between the soil samples
and was much larger than the size of individual rice fields. Thus detailed scale variability
in soil properties is not accounted for, but variability in methane emissions at detailed
scales can be substantial. At the scale of individual tice plants, methane emissions
showed a coefficient of vatiation {CV) of 4% (Denier van der Gon and Neue, 19906).
Howevet, this variability is most likely due to variation in plant properties and not soil
ptoperties, because all plants were gtown in sieved, homogenized soils from the same
field. At the scale of a single plot with the same management, soil property variability is
an important variable that explains the observed variability with CV's typically ranging
from 7-30% (Denier van der Gon and Neue, 19952) with extremes up to 80%
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(Wassmann et al., 1996b). Between farms in the same area, management can be different
which may lead to additional variabilities at that scale. Such field to field variation in
methane emigsion from rice paddies was found by Khalil et al. (1998b) in China, a
country with many different tice cropping and organic carbon management patterns even
at the local scale. So, variability will be present below the scale of our analysis and
therefore not all variability could be captured in our study. This might explain the
significant differences between interpolated soil properties and the otiginal soil samples,
independent of the assumptions made in the interpoladon. Since only interpolated data
could be used for further analysis, small-scale variability could not be accounted for in
the determination of scaling effects, The full scaling effects of methane emissions may
thus have been underestimated.

However, on Java, farmers’ management might have levelled off small-scale vatiability
(see section 3.1). The unexplained (smaller-scale) variability for OC and Fe was only
about 30% of the total variance and the overall variability in OC and Fe could be
accurately described by semivariograms. We do thus not expect small-scale variability to
be dominant for Java.

4.5 Conclusions

Clear scaling effects of interpolation and data resoludon on means and varance of
methane emissions were observed. These scaling effects were larger for methane
emissions than for the underlying soil properties, OC and Fe, due to the non-linear
model response to these properties. In this study the scaling effects were significant, but
small, because soils on Java are relatively homogeneous and because correlations between
soil properties smoothened some scaling effects. This coincidence makes Java suitable
for upscaling of methane emissions from small scale to regional scale based on point data
with a limited and acceptable increase in uncertainty in the final emission estimates.
Scaling effects may have been underestimated because small-scale vatiability was not
accounted for, but in the case of Java this is not expected to change the findings
dramatically. However, it is recommended that scaling effects on CH, emissions and on
patameter values of underlying processes at scales below 20x20 kin are also studied in the
future to verify this. The combinaden of studies on scaling effects at small to regional
scales in different rice growing countrdes with different patent material and/or tice
agricultural practices may produce unbiased global methane emissions estimates from
rice paddies.

Acknowledgements

We thank Aldo Bergsma for technical assistance and Reinoud Segers, Jan Verhagen and
Peter Leffelaar for useful comments. The research was supported financially by the
Dutch National Research Program on Global Air Pollution and Climate Change.







80 Chapter 5

hetween methanogens and bacteria that use alternative electron acceptors is a major
uncertainty in the prediction of methane production.

The quantification of this competition is the objective of this paper. For this purpose, an
incubation experiment was performed at different temperatures by measurement of the
various clectron donor and electron acceptor concentradons. From a comparison of the
produced CO, and the CO, calculated from the reduction of all measured electron
acceptors, it was possible to determine whether these inorganic electron acceptors are the
most abundant electron acceptors in a rice paddy.

5.2 Materials and methods

Monitoring processes in the anoxic paddy soif

Soil was collected from the topsoil of paddy fields in Hangzhou {China). Twelve samples
were mixed, air dried without grinding or sieving for 24 hours, transported to the
Netherlands and stored for one week ar 10°C. The moisture content of the soil was
determined gravimetrically by oven-drying. It was 10% w/w and was thus low enough to
avoid major changes in the soil during storage. Soil slurries were prepared in 1 litre serum
bottles by mixing 250 m! sterilized distilled water with 100 g d.w. homogenized soil. The
bottles were closed with butyl rubber stoppers. The bottdes were repeatedly (6x)
evacuated and flushed with N, gas to a final gas pressure of 150 kPa. The anoxic slurries
wete incubated in the datk in duplicate at three constant temperatares (14 °C, 20 °C and
30 °C). Additionally, a slurry with 3.75% v/v formaldehyde was prepared at each
temperature to determine the abiotic release of CO,. All bottles were continuously gently
shaken to avoid concentration gradients in the soil slurries.

The changes in the slurries were monitored daily. Slurry samples of 1 ml were taken by
N,-flushed syringes for analysis of fatty acids, Fe*', NOQy, SO,” and pH-H,O. The
samples were centrifuged for 5 min at 13,000 epm and the supernatant was stored (after
additional treatment, see below) at -20°C until analysis. For Fe®* analysis, the soil pellet
was resuspended in a 1M CaCl, solution and shaken for 1 hour to obtain the amouat of
adsorbed Fe?*. After centrifuging the sample for 5 min ar 13,000 rpm, this supernatant
was collecred and stored at -20°C until analysis. The headspace was sampled ar the same
time as the liquid phase with 1-ml syringes and analysed for CH,, H, and CO,. The
monitoring frequency was decreased at the end of the expetiment when changes were
slower, The experiment was stopped when CH, production equalled CQO, production.

Avnalytical technigues

Formate and lactate were detected on an HPLC with an Ionpac AS6-SC column
connected to a suppressed conductivity detector using 0.4 mM heptofluorbutyrate at 1
ml/min as an eluent. Acetate, propionate and butyrate were determined by gas
chromatography, using a Chromosorb 101 column saturated with formic acid at 160°C,
connected to a flame ionisation detector (FII2). Prior to analysis the samples were diluted
1:1 with 1 M formic acid containing 1 mM isobutyric acid as internal standard. No other
fatty acids appeared to be present in the soil slurries, because no other peaks were
detected.

For Fe** analysis, both samples were stored after addition of the metol reductant solution
(Walinga et al., 1995) to avoid reoxidation of Fe®*, which might otherwise occur quickly
after exposure to O, The Fe*' in the liquid phase and the desorbed Fe** were analysed
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colorimetrically with phenanthroline as reagenrs (Walinga et al., 1995}. The absorbance
was measured ar a wavelength of 515 nm. Total Fe®" is equal to the sum of Fe** in the
two samples.

The supernatants for anion analysis were diluted 5:1 with a solution of 20 mM mannitol
and 60 pM potassiwm bromide, as an internal standard. Inorganic anions were
determined on an HPLC equipped with suppressed conductivity detection. Anions were
separated on an Ionpac AS9-SC column using a 1.8 mM bicarbonate/1.7 mM carbonate
eluent at 1 ml/min, Sulphide was determined as described by Triiper and Schlegel (1964).
CH, was analysed by GC on a molecular sieve column at 70°C, coupled to a FID. H, was
analysed on a2 molecular sieve column at 100°C coupled to a thermal conductivity
detector (TCD). CO, was analysed on a2 Poropak Q column coupled to a TCD. The
amounts of the different gases were quantified using standard curves obtained by
injecting known amounts of gases.
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Figure 5.1 Reduction of ferric iron, quantified by the accumulation of ferrous iron, at 14 °C
{open circles), 20 °C (filied squares) and 30 °C (open triangles) in time

5.3 Results

In this incubation expetiment we measured chemical species dynamics occurting under
anaerobic conditons in a soil slurry at three temperatures (see Figures 5.1 to 5.3), During
the anacrobic incubation NO, was reduced first, followed by Fe™* (Figure 5.1y and SO,>
{Figure 5.2). At the end of the incubation methane production (Figure 5.3) dominated.
The reduction of NO; is not shown separately, because under all conditons NOy
disappeared during the first day. During this period none of the other reduction
processes statted. The next reduction process, Fe’'-reduction, was of quantitative
importance. During this reduction process, CH, production and sulphate reduction
contributed to less than 10% of the CO, production. The next step in the reduction
sequence was not exclusive as S5QO/-reduction and CH,p-production occurred
simultaneously, as can be seen from Figures 5.2 and 5.3. As long as sulphate was present,
methane production rates wete lower than when sulphate was absent. At the end of the
incubation methane production was the dominating process in the slurry.
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The incubation experiment was carried out at different temperatures. Therefore, it was
possible to calculate the temperature dependence of the processes, which was expressed
in a Q; value. This parameter indicates the increase in reaction rate with a temperature
increase of 10°C. The Q, value of the processes was calculated from the slopes of the
concentrations of the chemical species at different temperatures over time. For the
calculation of this value only the phase in which the concetning process was dominant,
was used. The rates of change ar this phase at different temperatures were compared
directly. This avoided that non-linear interactions due to the complex series of
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degradation pathways and reduction sequences had major influences on the estimated
values of Q.

The @, value for soil mineralisation {determined by CO, and CH, release) was 2.2, for
iron reduction 2.4, for sulphate reduction 1.6, and for methane production 4.6. This
means that, from 14 °C to 30 °C, methane formation rates increased 5.4 times as fast as
sulphate reduction rates. The competitive-ness of the different microbial groups thus
changed with temperature. We were only able to detect this temperature effect because
acetare, which had accumulated during the first phase of the incubation, could be used at
an accelerated rate at the onset of methanogenesis (Figure 5.4). If there had been no
accumulation of acetate, the Q,, for methanogenests would have been, per definition,
equal to the Q,, of soil mineralisation.
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Figure 5.4: Accumulation of intermediate fatty acids over time at 14 °C (open circles), 20 °C
{filled squares) and 30 °C (open triangles) for (a) butyrate, (b) propionate and (c}
acetate. Note the different scales at the y-axis.

To quantify the relative importance of the different electron acceptors, all reduced
compounds were expressed in equivalents CO, (Figure 5.5). This is the amount of CO,
produced by the metabolic reactions utilizing the measured electron acceptors and
acetate as electron donor, assuming that acetate was the dominating electron donor,
Figure 5.5 illustrates the reduction sequence discussed above.
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The sum of all CO, equivalents was used to calculate a CO, balance to determine
whether all important electron acceptors had been measured. For this purpose, the CO,
equivalents caleulated from the measured inorganic electron acceptor concentrations
{indicated as ‘total calculated CO, equivalents’ in Figure 5.6) were compared to the net
measured CO, (indicated as ‘pet measured CO, equivalents' in Figure 5.6). The net
measured CO, production is the measured amount of released CO, corrected for abiotic
CO, release (accounting for less than 1% to the total CO, release) and CO, released after
accumnulated intermediates (fatty acids and H,) have decomposed. The slopes of the CO,
accurnulation curves decreased over dme, indicating a dectease in mineralisation rates
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Figure 5.5 Reduction sequence in the anaerobic rice paddy at (a) 14 °C, (b) 20 *C and (c) 30
°C over time. All reduced compounds were expressed in equivalents COz to

facilitate comparison of relative amounts

Comparison of the two series of data points in Figure 5.6 shows that almost all released
CO, could be explained with the measured inorganic electron acceptors. At the start of
the experiment a small difference between the two data seties in Figure 5.6 occurred.
This could mean that an alternative electron acceptor had not been accounted for. The
difference between the two data series decreased over time,
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5.5 Discussion

Reduction sequence

In this incubation study, oxygen had been removed by flushing the bottles with N, gas.
In reality, however, oxygen is the first compound to be reduced. Therefore, the effects of
oxygen on methane production will also be discussed briefly based on published data.
Methanogenic activity is inhibited in the presence of oxygen (Denier van der Gon and
Neue, 1996). This is a combined effect of specific inhibidon and competton for the
electron donor. Aerobic heterotrophic bacteria are stimulated by the presence of oxygen
and will compete for the available electron donor with methanogens and other anaerobie
bacteria. Specific inhibition was shown in experiments catried out with pure
methanogenic cultures (Fetzer and Conrad, 1993): Methane production was (partly)
inhibited at oxygen concentrations higher than 0.05% O,. Using 2 Henty’s constant of
773 atm mol’l for O, at 25 °C, it can be calculated that this threshold level coincides with
an oxygen concentration of 0.65 uM. As long as oxygen concentrations are above this
level, methanogenesis will be completely suppressed. This effect is of importance,
because such microaerophilic conditions can easily occur in a rice paddy (Frenzel et al.,
1992}, This low threshold concentration means, for instance, that methane production is
restricted within the rhizosphere. Steep gradients of methane near the root surface could
be the result of this,

Nitrate was the second compound to be reduced in our study. Nitrate reduction is
however not of quantitative importance, because the pool size of nitrate was very small
and all nitrate was reduced within a few hours. This is in accordance with data found for
other soil systems (Achtnich et al, 1995a; Westermann and Ahring, 1987). Nitrate
reduction will therefore be neglected in the further discussion of the results.
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Fe**-teduction started some time after all nitrate had been reduced. This might indicate
that Fe* -reduction was inhibited by an alternative electron acceptor that we did not
measure or that the activity of the fetric-iton teducers had a small lag tme as a
consequence of the changed soil conditions during soil transport and storage. The Fe**-
reduction was of quantitative importance and CH, production was suppressed almost
completely during Fe*-reduction. Ferric-iron reducers ate able to utilize acetate and H,
concentrations far below levels that can be metabolised by methanogens or sulphate
reducers (Lovley and Phillips, 1986; 1987). Only under conditions at which the amount
of acetate and H;, is not limiting, methanogenesis and ferric-iron reduction can occur
simultaneously. Lovley and Phillips (1986) did not find a direct toxic effect of Fe™* on
methanogenesis and there are no inhibition effeets of redox potential on methanogenesis
(Fetzer and Conrad, 1993). Lovley and Phillips (1987) therefore concluded that
competition for acetate and H, rather than a direct toxic effect of Fe’* caused the
suppression of methanogenesis. Michaelis-Menten kinetics for acetate could, however,
not completely explain the extent of suppression of methanogenesis and sulphate
reduction found in our study. This might indicate that at the start of the incubation,
competition occurred for H, rather than for acetate. Roy et al. (1997) showed that at the
start of an incubation of rice soil slutry the methanogenic population was dominated by
hydrogenotrophic methanogens.

Sulphate reduction and methanogenesis occurred simultancously, while methane
production rates increased as sulphate concentrations decreased. This is in accordance
with results of other studies (Achtnich et al,, 1995b; Jakobsen et al,, 1981; Westermann
and Ahring, 1987). In general, a decrease in methanogenesis depends on environmental
conditions. It has been found that direct toxic effects of sulphides wete small
(Kristjansson et al., 1982; Winfrey and Zeikus, 1977), and in this study soluble sulphide
concentrations were below the detection limit, probably due to iron-sulphide
precipitation. The low methane production in the presence of sulphate in the incubation
experiment was probably caused by competition for organic carbon. Ratdos of organic
matter to sulphate have a large influence on the competition between sulphate reducers
and methanogens (McCattney and Oleszkiewize, 1993; Sinke et al., 1992). It has been
found that if sulphate is in excess, sulphate reducers can outcompete methanogens for
organic catbon {Schénheit et al, 1982; Visser et al, 1993), while at low sulphate
concentrations different types of sulphate reducers compete for the available sulphate
(Oude Elferink et al., 1994).

Temperature-dependent competition between methanogens and sulphate reducers

Competition between sulphate reducers and methanogens for electron donors was
influenced by temperature, A compatison of the Q,, values for methanogenesis and
sulphate reduction shows that CH, formation was favoured at higher temperatures.
Westermann and Ahring (1987) also found higher (3, values for methanogens than for
sulphate reducers. The observed Q,, for methanogenesis is considerably different from a
Qy, of 2, which is often expected for biological systems. Due to this high Q,, value for
methanogenesis, not merely the conversion rates, but also the competitiveness of the
microorganisms changed with temperature. A mechanistic explanation for this
temperature effect is difficult, the mote so as two different substrates, acetate and H,, are
involved. Based on the simplified schematic representation given in Figure 5.7, possible
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explanations can be given. The basis of this figure is the competition for H, between
sulphate reducers, methanogens and homoacetogens and the competition for acetate
{(which might partly be produced by homoacetogens) between methanogens and sulphate
reducers. Syntwophic interactions between sulphate reducers and methanogens, e.g. the
consumption of acetate that inhibits metabolic activities at high concentrations, are not
expected as acetate concentrations were t0o low to be inhibiting (Fukuzaki et al., 1990).
The temperature influence on the competition processes should therefore be understood
to explain the difference in (3, values.

Organic matter
(CHO)
heterotrophs
Acetic acid Hydrogen
HOOH | bompacetogens H
sa? methanogers: n:tlm)ge;@/ sof
reducers HS ’,"' HS
V.4
RO
Carbon dioxide Methane
Q0 CH,
Figure 5.7: Schematic representation of the competition between sulphate reducers and

methanogens for the available substrate

Sulphate reducers have a lower K, value for H, than methanogens (Kristjansson et al.,
1982), and can therefore maintain lower steady-stare H, concentrations than
methanogens {(Achmich et al, 1995a). In this study H, levels were usually below the
detection limit, which was 25 ppmv. Achtnich et al. (1995b) showed that H,
conceritrations are higher if methane is produced from H,. It is therefore unlikely that
methanogens were able to win the competition for H, with sulphate reducers in our
study. The conversion from H, to CH, in Figure 5.7 can thus be neglected.

The differences in K, values for acetate between sulphate reducers and methanogens are
much smaller. Schénheit et al. (1982) found that competition for acetate occurred
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between (.1 and 3 mM acetate. In situ concentratons of acetate are usually in this range
(Achtnich et al.,, 1995b; Rothfuss and Conrad, 1993). In ocur incubation acetate levels
varied from 0.5 to 3.5 mM. Active competiion between sulphate reducers and
methanogens for acetate therefore occutred in this incubadon experiment, while the
methanogens were outcompeted for H,. Ueki et al. {1992) and Visser et al. (1993) found
no acetoclastic sulphate reducers in some situadons, while under the same conditions
competition for H; took place berween sulphate reducers and methanogens. In our soil
systemn the temperature effects may be explained by a change in the competition for
acetate with temperature, because the competition for H, was dominated by sulphate
reducers at all temperatures,

Hompoacetogens produce acetate from H,, so this may affect the amounts of H, and
acetate available for methanogenesis. In the absence of sulphate reducers, methanogens
and homoacetogens compete for H,. The amount of H, converted to acetate by
homoacetogens vaties between 7-70% (Chin and Conrad, 1995; Krumbéck and Conrad,
1991; Rothfuss and Conrad, 1993), although the K, for H, for homoacetogens is higher
than for methanogens (Cord-Ruwisch and Ollivier, 1986; Cotd-Ruwisch et al., 1988).
This seems only possible if homoacetogens use H, mixotrophically (Dolfing, 1988;
Schulz and Conrad, 1996). As a result mote than 67% (valid for methanogenic systems
{Gujer and Zehnder, 1983)) of the methane can be produced via acetate, namely 69-90%.
This justifies a focus on fatty acids, of which acetate is the most abundant, in this study.
The reasoning changes, however, if sulphate reducers are present. The K, value for H,
for homoacetogens is much higher than for sulphate reducers, and it has been found that
homoacetogens are outcompeted completely in the presence of sulphate reducers in
some situations {Cord-Ruwisch and Ollivier, 1986; Cord-Ruwisch et al., 1988). The
homoacetogens are thus suppressed by sulphate reducers and will not be able to convert
H, to acetate. Therefore homoacetogens could not have caused the observed
temperature effect. The conversion from H, to acetate in Figure 5.7 can thus be
neglected.

The high Q,, value of the methanogens may therefore be due to a competitive advantage
of methanogens compared to sulphate reducers for acetate at increasing temperatures
(bottom left in Figure 5.7). Such intrinsic temperature characteristics are known for pure
methanogenic cultures (Schitz et al,, 1990). These characteristics might be caused by
either a latger increase in V. or by a larger decrease in K, for aceroclastic methanogens
than for sulphate reducers with temperatute. An increase in 'V can only be explained
by an increase in the consumption capacity per unit biomass (Q,,,.), because it has been
assumed that there was no net growth of methanogens during the incubation for reasons
explained below. This also means that biomass is assumed to have been the same for all
temperatures, because all samples came from the same slurty. How Q,, changes with
temperature 15 not known, A somewhat higher temperature dependency of Q. for
methanogens than for other organisms might be expected, because the energy vield for
methanogenesis is very low. Westermann et al. (1989) showed that K, values for
methanogens can change considerably with temperature. Chin and Conrad (1995)
showed that the AG"; for acetoclastic methanogenesis became more negative with
increasing temperatares. Based on theoretical considerations, one might therefore expect
a decreasing Ky, for acetoclastic methanogenesis with increasing temperatures. Based on
the Van ‘t Hoff equation and the AH values given in (Thauer et al., 1977) sulphate
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reducers are expected to have Ky values that will increase with increasing temperatures.
Due 1o these possible differences in kinetic characteristics, methanogenesis may have
gained importance as temperature increased. This might explain the observations.

It should also be noted that this tempetature effect was found for different, but constant,
temperature treatments, In environments with rapidly changing temperatures, all other
factors being equal, organisms with the highest net growth rate and thus the best survival
will win the competition. Cappenberg {1975) found that sulphate reducers won the
competifion at high organic catbon concentrations. At low organic carbon
concentrations methanogenic biomass increased faster. In our study it was however
assumed that there was no net growth of these bacteria. The effects of biomass growth
will thus have been small.

The first argument for this assumption is that the time at which the limitations for
methanogenic activity disappeared (indicatred by an exponential increase in CH,
concentrations) did not coincide with an accumulation of fatty acids. Fatty acids should,
however, accumulate specifically in this petiod if methanogenic biomass had been
limiting. Instead, the maximum fatty acid accumulation occurred eatlier, around the onset
of methanogenesis and sulphate reducton (Figure 5.7). This might indicate that the
accumulation of fatty acids occurred due to the inhibition of these two processes by iron
reducers,

Other arguments against net methanogenic growth as an important factor are: i} The
transition from exponential accumulaton of CH, to a linear accumulation of CH,
occutred as soon as all SO, had disappeared (Figure 5.3). This indicates that the activity
limitation was due to competition or inhibition by the alternative electron acceptors. ii)
Already after one day, some very small amounts of CH, had been produced. Thus, the
onset of CH, production apparently does not depend on growth and significant increase
in numbers of methanogenic bacteria. iif) It was found by Mayer and Conrad (1990) that
the number of viable methanogenic bacteria that was present in a dry and oxic paddy soil
before submergence was as high as during active methanogenesis. iv) Schiiz et al.
(1989b) measured no change in the number of methanogens in a rice paddy soil during
the growing season. v) The biomass of methanogens was not affected by storage under
O, atmosphere (Fetzer et al., 1993; Mayer and Conrad, 1990; Peters and Conrad, 1995).
The non-limiting amounts of biomass might explain why the steady-state concentrations
of acetate were too low to be detected. This also means that the tumnover rates of acetate
wete very high and not limiting. The response of the microorganisms to tempetature (for
instance diurnal fluctuations) should in that case be the same as we suggest in this
expetiment. Further investigation is needed to determine whether this effect is indeed
enough to explain diurnal flucteations in methane emissions.

CO, balance

A CO, balance that was calculated from the measurements showed that the released CO,
could be explained nicely with the measured inorganic electron acceptors, An alternative
electron acceptor that was missed might have caused the difference berween the curves
at the start of the experiment. Such an alternative electron acceptor can be either
manganese or an organic electron acceptor (Lovley et al, 1996). This means that,
contrary to peat soil (Loviley et al., 1996), organic electron acceptors may not be
impottant in rice paddies. Presumably, this is caused by the lower soil organic matter




90 Chapter 5

levels in rice paddy soils than in peat. The initial difference between the curves decreased
in tme. A possible explanation for this effect is an underestimation of the total CO,
ptoduction from increasing activity by homoacetogens, converting CO, to acetate. After
all sulphate had disappeared from the system, homoacetogens might have been able o
compete for the H,,
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Figure 5.8: Change in the Gibbs free enetgies (AG) for homoacetogens (dismonds),
hydrogenotrophic methanogens (squares) and sulphate reducers (triangles)
during the incubation at {a) 14 °C, (b) 20 °C and (¢) 30 °C

Figure 5.8 shows that the Gibbs Free energy (AG) (based on AG® values obtained from
Thauer et al. (1977), cotrected for its temperature dependence by the Van ‘t Hoff
equation) decreased for homoacetogens, while AG for methanogens and sulphate
reducers increased {(and sulphate concentrations decreased) in time. Conversion from
CO, to acetate thus becomes more favourable over ime. The resultant underestimaton
in CO, producdon might compensate for the underestimatdon in the calculated CO,
released from the reduction processes, but this needs further investigation.

Figure 5.0 also revealed that mineralisation rates decreased in time. This is probably
caused by a decrease in available carbon over time. Available carbon from aerobic
mineralisation that had accumulated during the aerobic petiod, was released at the start
of the experiment and induced the reduction processes. After a while, only less readily
available carbon is minetalised. This also occurs in the field at the tme of land
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preparation. The change in mineralisation rates over time should therefore be taken into
account when calculating methane emissions from initial methane production rates. The
CO, release decreased further over time, because no further addition of erganic matter
occutred during the experiment. The change in soil mineralisation over time might
provide an alternative explanation for the disappearance of the difference between the
two curves in Figure 5.6, Less accessible carbon might not be described by the general
formula (CH,O), that was assumed for the calculations. Consequently, less H, is
produced causing an underestimation of the measured CO, equivalents,

5.6 Conclusions

It was shown that in anaerobic soil slurty from a rice paddy, first NO, is reduced,
followed by Fe** and 50,7 reduction and methane production. The first two steps in the
reduction sequence wete exclusive, while competition occurred between sulphate
reducers and methanogens. The outcome of this competition was shown to be
temperature-dependent, indicating that temperature not only influences conversion rates,
but also the competitiveness of organisms. Most importantly, the CO, released could be
explained with the measured inorganic electron acceptors, suggesting that organic
electron acceptors do not seem to be important in rice paddies.
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Microbial processes of CH, production in a rice paddy soil:
model and experimental validation

Abstract

The itmportance of different anaerobic processes leading 1o CH, production in
rice paddies is quantified by a combinaton of experiments and model. A
mechanistic model is presented that describes competition for acetate and
Ha/CO,, inhibition effects and chemolithotrophic redox reactions. The model is
calibrated with anaerobic incubation experiments with slurried rice soil,
monitoring electron donors and electron acceptors influencing CHy production,
Only the values for maximum conversion rates (Vma) for sulphate and iron
reduction and CH4 production are mned. The model is validated with similar
expetiments in which extra electron donors or electron acceptors had been
added. The differences between model estimates without kinetic parameter
adjustments and experiment were not significant, showing that the model
contains adequate process descriptions. The model is sensitive to the estimares
of Vinax, that ate site depenident and to the description of substrate release, that
drives all competition processes. For well-shaken systems, the model is less
sensitive to chemolithotrophic reactions and inhibitions. Inhibition of sulphate
reduction and methanogenesis during iron reduction can however explain
acetate accumulation at the start of the incubations. Iron reduction itself is most
probably retarded due to manganese reduction.

6.1 Introduction

In rice fields, small organic compounds become available by root exudation, root decay,
organic fertiliser decomposition and soil organic marter mineralisation. Methane {CH,)
production is the terminal microbial process in anaerobic organic matter degradation in
the absence of alternative electron acceptors like O, NO,, Fe** and SO/. CH,
production is suppressed directly or indirectly by the presence of alternative electron
acceptors (e.g. Achtnich et al,, 1993a; Jakobsen et al.,, 1981). This suppression seems to
be caused by competiton for common substrates, particularly H, and acetate, with
microorganisms using alternative electron acceptors and by several direct inhibitions on
CH, production caused by accumulated products of anaerobic respiring microorganisms,
Quantification and significance of these processes for CH, production are a major
uncertainty in CH, production prediction.

Pue to complex interactions, it is difficult to obtain complete quantitative insight in all
interactions by experiments alone, despite the fact that many experimental data are
available. A combination of experimental data and a quantitative mechanistic model may
lead to a better quantitative understanding of the interactions. In this paper, we present a
new mechanistic model, calibrated and validated by expetimental data. This model differs
from other models in several important aspects: i} the model describes the conversions
of frequently measured anaerobic alternative electron acceptors, in contrast to other
models which summarise the alternative electron acceptors by one alternative electron
acceptor (Segers and Kengen, 1998}, neglect all alternative electron acceptors (Grant,
1998; Vavilin et al.,, 1994) or treat only $O,> (James, 1993; Lovley and Klug, 1986). il) We
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desctibe substrate competidon by Michaelis-Menten rate expressions, which are more
approptiate than first- or second-order rate expressions (used by Boudreau, 1996; van
Cappellen and Wang, 1996) if different limitations occur in time or if saturation for a
certain compound can occur. iii) In addition to competition effects, direct inhibitions due
to alternative electron acceptors are introduced. These effects are usually neglected in
competition descriptions (e.g. Gupta et al., 1994; James, 1993). iv} Contrary to e.g. Grant
{1998) and James (1993), it is assumed that changes in microbial biomass are small. A
constant biomass is taken, which simplifies model parameterisation and model
extrapolation, because -scarce- data on mortality and growth of anaerobic bacteria are
not needed. v) The model includes chemolithotrophic redox reactions. Omission of these
reactions may cause overestimation of organic matter oxidation,

The objective of this paper is to obtain more quantitative insight in the significance of
mictobial interactions leading to CH, production in well-shaken incubationesystems. A
quantitative model is described, calibrated and validated by data from several incubation
expetiments. ‘The model summarises mechanistc interactions between bactetia using
alternative electron acceptors and CH, producing microorganisms. Transport
descriptions are not included in the model, because it is applied to well-shaken systems
only and the model cannot be used to predict field gradients (Hunter et al, 1998).
Various aspects of the mictobial interactions are discussed in more detail and quantified
by model sensitivity analyses. These analyses also reveal gaps in knowledge.

6.2 Material and Methods

6.2.1 Model calibration

The model was calibrated using the experimental data of Chapter 5. In that study, soil
slurries collected from rice paddies were incubated for 60 days at 14 "C, 20 °C and 30 "C.
CH, and CO, production, accumulation and degradation of intermediate fatty acids and
changes in various electron acceptor concentrations were measured.

6.2.2 Incubation experiments for model validation

General excperimental sci-np

Soil was collected as described previously (Chapter 5). Soil slutries were prepared in 1
litre serum bottes by mixing 250 ml sterilised distilled water with 100 g dw,
homogenised soil, The bottles were closed with butyl rubber stoppers, were repeatedly
{6x) evacuated and flushed with N, gas to a final pressure of 150 kPa, The anoxic soil
slurries were incubated in the dark in triplicate at 20 "C and 30 °C, while shaken gently at
100 tpm. Additionally, slurties with 3.75% v/v formaldehyde were prepared in duplicate
for each experiment to determine abiotic dynamics. All incubations were monitored daily
for lactate, fatty acids, Fe(ID), NO,, NO,, SO, SO, CH,, H, NO, N0, CO,,
sulphide and pH-H,O. Samples were taken as described previously (Chapter 5).

Short-term validation experiment with subsirate additions

A validadon incubaton experment was cartied out for 20 days to test the effects of
several substrate additions. The four treatments were the addition of 7.5 g/l rice straw
{equivalent to 9 tons/ha) at day 3, addition of 15 mM acetate (below the inhibiting
concentrations mentioned by Fukuzaki et al., 1990) at day 3, addition of (.15 mmol H,/1
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(below the thermodynamically inhibiting concentrations) to the headspace at day 3, 5, 7,
9, 11 and 14 and a control treatment without additions,

Long-term validation experiment with sulpbate addition

A validation experiment was catried out to test the effects of sulphate addition. Air-dried
samples were incubated at 10 °C for 2 months, to decrease the amount of readily
degradable catbon. Then, slurries were prepared and incubated for 60 days. In the first
trearment 4 mM ammonium sulphate was added at day 0. 'The second treatment was a
control without additions.

Shors-term experimpent on factors determining the lag phase for fron

Lag phases for iron reduction have been found to depend on temperature and pre-
incubation conditions. It was hypothesised that an unmonitored electron acceptor, either
humic acids or reducible manganese, caused this lag phase. Only the effects of reducible
manganese were tested, because soil humic acid content was low. Soils incubated for 20
days were therefore monitored additionally for Mn(II). Both adsotbed and dissolved
Mn(II) were extracted as described for Fe(Il) in Chapter 5.

Analytical technigues

Lactate, fatty acids, Fe(IIl), NO;, NO,, SO,%, 80,7, CH,, H,, NO, N,O, CO,, sulphide
and pH-H,O were analysed as described in Chapter 5. No other low molecular weight
organic acids could be detected in the soil slurties. In the short-term incubation on
factors determining the lag phase for iron, reducible iron and reducible manganese were
analysed by Inductively Coupled Plasma Atomic Emission Spectrometer (ICP-AES).

6.2.3 Model description
The model -summarised in Figure 6.1- describes the different microbial processes
involved in anaerobic otganic matter degradation in well-shaken soil slutties.

Substrate release

Basis of the model is the production of acetate and H,/CO,. These substrates are
produced by soil organic matter mineralisarion and by the decomposition of complex
organic substances. This can be summarised by:

(CHZO),, +%nH20 — %nCH:;COOH +%nCO2 +§HH2 (6.1)

This reaction rate changes in time, because of decreases in easily accessible carbon. For a
system that starts at the introduction of anaerobiosis (e.g, by the preparation of a rice
paddy field after a dry fallow period), the reacdon rate P, can be described by (Yang,
1996):

P =C_ .(1-8)-K, e Katime (6.2)
min min d

Whete C,, is the -constant- soil carhon content (mol C m* water) and K, is the relative
decompositon rate, given by:

K, =R-time™® 6.3)
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Where R (time*") and S {-) are empirical parameters. More details about the parameters
and parameter value determinatdons are described in Chapter 2. Rice straw
decomposition is described by a similar set of equations, changing C_;, into the amount
of rice straw carbon. Substrate production from other sources, like root exudation, is not
explicitly modelled, because such sources were absent in the calibration and validation
experiments.

Organic matter

{CHO)y

Y

v v

CHyCOOH

y

o [

A

3+ 2-

Y A
Nitrate ethane Iron Sulfate
reduction roduction raduction reductian

co,

Figure 6.1: Schematic representation of the interactions accounted for in the model. Lines
indicate  compound flows and dashes indicate inhibitory effects.
Chemolithotrophic reactions ate not indicated sepatately in this scheme.

Substrate competition
In the presence of alternative electron acceptors, methanogens have to compete for
acetate and H, with anaerobically respiting microorganisms using NOy, SO, and Fe(III)
as electron acceptors. This competition is described by substrate conversion rates (V:
mol m”* water ), For methanogens {my), substrate conversion is described by Michaelis-
Menten kinetics:

[substrate]

K M,m; + [substrate]

6.4)

Vir: = Omax,m; * Bm;



Microbial processes of CH; produuction in a rice paddy soil 99

where B is the microbial biomass {mol biomass m™ water), @_, is the specific microbial
activity (mol mol” biomass s*) and K,,,, is the affinity constant (mol m” water) while / is
H, (hydrogenotrophic methanogens) and acetate (aceticlastic methanogens), respectvely.
The substrate conversion rates for the othet anacrobic microorganisms (%) is
summarised by double Michaelis-Menten kinetics:

[e” donor] ) [e” acc]

(6.5)

Vej =Qmax,e,- : €; ’ - _
Ky ,a; +le donor] Ky q; tle acc]

where K,,,; and K,,, are the affinity constants (mol m” water) for the electron donor (¢
donor) and electron acceptor (¢az), respectively. Acetate and H, are electron donors and
NO,, NO, N,O, reducible iron and 8O, are included as electron acceptors. All Ky,
values are summarised in Table 6.1. For iron the total reducible iron concentration is
used and not the Fe{lIl) in the solution, thus assuming that ferric iron dissolution is not
the rate-limiting step. Concentrations of gaseous compounds (NO, N;O, CO,, CH,) are
corrected for the equilibrium with the gas phase by Henry’s law.
Microbial biomass changes are not included in the model. Arguments for a constant
biomass for methanogens and bactetia using alternative electron acceptors are given
elsewhere {(Chapter 5 Asakawa et al, 1998; Segers and Kengen, 1998), The constant
microbial biomass allows a simplification of Eq. (6.4)-(6.5):

Cmax B = Vinax (6.6}

where 1/, is a potential conversion rate (mol m”* water s).

It is assumed that K values are independent of temperature, although both

thermodynamic consideradons (Chapter 5) and experimental data (Westetmann et al.,

1989) falsify this assumption. There are howevet not enough quantitative data to describe

such changes with temperature. Temperature influence on 'V, values is described using

a QQ,, value, indicating the increase in reaction rates at a temperature increase of 10 °C:
(T=Trgr)

Vinax 1) = Vinax Trer ) Oy 1° ©7

where T, is the reference temperature, which is 30°C in this study.

In Table 6.1 the V,,, values at the reference tempetature are indicated for the microbial
processes, This table presents the total V__, which is the sum of conversions via acetate
and via H,, To avoid too many degrees of freedom in the model calibration, it is assumed
that V, (via H,)) = V. (via acetate), because there are not enough published data that
allow a further specification. Only for CH, production it is assumed that V__ (via acetate)
is twice the value of V,_ (via H,). This assumption allows 70-80% of the CH, to be
produced via acetate (compared to a theoretical 67%5) (Chin and Conrad, 1995; Rothfuss
and Conrad, 1993). Due to homoacetogenesis, a H,/CO, to acetate conversion that
mainly occurs after sulphate depledon {Chapter 5), aceticlastic methanogenesis is mote
important than hydrogenotrophic methanogenesis. By cortecting the methanogenic V_
in this way, it is not necessaty model homoacetogenesis explicitly, The competition
outcome s completely determined by differences in 'V, values, affinity constants and
reactant concentrations.
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Table 6.1: Kinetic microbiological parameters used in this study at teference temperarure -
30°C.
Reaction Kyt edectron domars (mol vr? H2O) K clectron acceplor Vs frota
acelate L {0l pr¥ HAO) (mol eace i? H2O 57}
nitrate reduction 0.09 M 0.1¥103 @ 0.42 12 (NQO3) 1.2 * 104 03
0.09@ 0.1¥10-3 ® 593@ (NO) 8.6%105@
0.05 M 0.1*103 © 5.93 0 (N0} 8.6 * 103 M
iron redustion 0230 0.22%103 0 6103 (Feit) 3.0*104 0
suiphate veduction 079 @ 287103 ® 0.23 09 (SO 0.8 ¥ 105 ©
methanogenesis 256 @ 13.3¥10-3 & n.a. 20*%105 0
Denitrification/ 1.68 0% (HS") 1.75 09 (NOs} 6.8 * 105 18
H5 oxidation
Denitrification/ 0.9 01 (Fe2) 3.6 M NOs) 1.1 * 105 07
iron oxidation
product inhibition Threshold concentration Masimum concentration
{mol nr? H0) (mol wr? H:0)
HS: inbibition on 0.65 48 10 0%
NOy reduction
HY- inbibition on 37519 27.209
SO~ reduction
HS inbibition on 3.46 @3 137 &)
methanasenesis
N7Q inbibition on 6.3 * 10-26Y 0.21 @0
methanogenesis
INO inbibition on 1.8 * 103 @1 0.01 @
methanagenesis

(O]

®
)

©

@®
@

av
()
]
)
a4
(1%
{19)
an

Leffelaar and Wessel, 1988

Assumed to be equal to (1}

No data, esumated between Kn(S3O4} and Ku(INGs) by thermodynamics (Conrad, 1996)
Brandis-Heep et al., 1983; Middleton and Lawrence,1977; Visser et al., 1996

Jetten et al,, 1990; Powell et al., 1983; Zehnder et al., 1980

No data, estimated from thermodynamics using Conrad (1996)

Khiber and Conrad, 1993

Kristjansson et al., 1982; Lupton and Zeikus, 1984; Robinson and Tiedje, 1984
Kristjansson et al,, 1982; Lupton and Zeikus, 1984; Robinson and Tiedje, 1984; Zehnder
and Wuhrmann, 1977

Estimated from Brunet and Garcia-Gil, 1996

Estimated from Straub et al., 1996

Kiemendtsson et al., 1977; Leffelaar and Wessel, 1988; Murtay et al,, 1989

Estimated from Achtnich et al., 1995a; Lovley and Phillips, 1986; Roy et al., 1998
Brandis-Heep et al., 1983; Ingvorsen et al., 1984; Middleton and Lawrence, 1977
Brunet and Garcia-Gil, 1996; Leffelaar and Wessel, 1988; Sweerts et al., 1990
Estimated from Bak and Pfennig, 1991; Brunet and Gatcia-Gil, 1996

Estimated from Benz et al,, 1998; Straub et al., 1996
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as Brunet and Garcia-Gil, 1996; Serensen et al., 1980

9 McCartney and Oleskiewicz, 1993; Okabe et al., 1995; Visser et al., 1996

@) McCartney and Oleskiewicz, 1993; Visser et al., 1996; Winfrey and Zeikus, 1977
@y Balderston and Payne, 1976; Kliiber and Conrad, 1998

™ Calibrated in this study

Chemolithotrophic redox conversions

Electron acceptor kinetics is complicated by the occurrence of chemolithotrophic redox
conversions, occuring when inotganic compounds act as electron donor. Such
conversions are included, but only two conversions occurting in freshwater systems
could be quantified:

Coupled nitrate reduction to N,/sulphide oxidaton to sulphate (e.g. Dannenberg et al.,
1992) is included and described by the following substrate conversion rate description:

[HS™] _ [NO5]
KM,HS +[HS7] KM,N03 +[NO3_]
Additionally, coupled nitrate reduction to N,/iron oxidation to ferric iron (e.g. Straub et
al, 1996) is described by the following description:

L [NO3™)
Ky re +IFe* ] Ky no, +(¥Oy7]
The experiments were initiated under anaetobic conditions. Therefore, aerobic
respiration and electron acceptor reoxidation by oxygen are not included in the model.

The absence of aerobic respiration and the ahsence of transport limit the possibilities of
above-mentioned chemolithotrophic conversions due to the lack of oxidised substrates.

V =Vmax

(6.8)

V = Ve 6.9)

Lag time and inkibition during iron reduction

In a previous study we observed a lag phase of a few days before iron reduction started
(Chapter 5). Other incubation experiments (Achtmich et al., 1995a; Ratering and Conrad,
1998; Roy et al., 1997) also showed a slow start of iton reduction. This lag time cannot be
explained from competition with nitrate reducers (results not shown). We therefore apply
a fully empirical lag time for iron reducton as a function of temperature, based on
expetimental data (Chapter 5).

Sulphate reduction and CH, production were severely inhibited during iron reduction
(Ratering and Conrad, 1998; Roy et al, 1997). Neither substrate competiticn (Ratering
and Conrad, 1998) nor redox effects (Chapter 2; Ratering and Conrad, 1998) could
explain this inhibition. Therefore, we postulate an empirical direct inhibition by iron on
sulphate reduction and CH, production. This inhibition is desctibed by a constant
threshold reducible iron concentradon above which no sulphate reduction or CH,
production occuts.

Direct inbibitions

Direct inhihitions are inhibitory effects on CH, production caused by intermediates
produced by anaerobic respiring microorganisms This inhibition is described by two
parameters, a threshold concentraton of toxic intermediates below which no inhibition
occurs and a maximum concentration above which complete inhibition occurs.
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Inhibition increases lineatly in between these concentrations. Inhibiton of CH,
production by sulphide, NO and N,O, inhibition of sulphate reduction by sulphide and
inhibition of nitrate teduction by sulphide are included (Table 1). Inhibition of N, on
iron teduction may occur (Kliber and Conrad, 1998), but cannot be quantified.
Inhibitions by $O;* and NO, are not included either, because these compounds were
never detected expetimentally. Data for half-saturation constants for inhibidon were not
always available, but tesults are not affected if such description is used when available
(tesults not shown).

6.3 Results

6.3.1 Model calibration

Anaerobic incubation of slurried paddy soil led to a sequential reduction of electron
acceptors (Figure 6.2). Nitrate was reduced first (data not shown}, followed by iron. After
these reduction processes, sulphate reduction and methane production started
simultaneously, although low rates of sulphate reduction and methane production were
already measured during nitrate teduction and iron reduction. At the end of the
incubation, only methanogens were consumed acetate and H,/CO, and methanogenesis
was solely controlled by substrate producton rates. The sequence proceeded faster at
higher temperatures {Figure 6.2). Model calculations also showed an overlapping
reduction sequence and were not significantly different from expetimental results at each
temperatare {at P<0.05) -+* >0.90 for all electron acceptots.
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Figure 6.2 (continued next page)
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0
time (days)

20 30
time (days)

Figure 6.2: Comparison of experiment (symbols) and model (lines) for the calibration of a
long term incubation experiment with rice paddy sofl at (a) 14°C, (b) 20°C and
(c) 30 °C. Indicated are CH4 (open triangles and thick lines), CO> (pluses and
dashed lines) and acetate (crosses and thin lines) in the left figures and sulfate
(open diamonds and dashed lines) and reducible iron (closed circles and thin
lines) in the right figures. Note the different scales.

The combined reduction processes caused a CO, release (Figure 6.2), which was
corrected for abiotic CQ), release and CQ, release coupled to propionate and butyrate
accumulation, because these processes were not modelled explicitly. At the start of the
incubation a lot of H,, acetate and CO, was released. Not all released H, and acetate was
consumed immediately and accumulated. Acetate disappeared when methane production
was the dominating process. H, was already below the detection limit, 10Pa, after 4 days
{data not shown). The model calculates a high mineralisation rate of readily accessible
carbon at the start of the incubation. The resulting CO, release is not significantly
different (at P<0.05) from measured CO, at any temperature with *=0.96. Acetate
accumulation was approached only qualitatively. The quantity was significantly different
from measured acetate concentrations (at P<0.05). Acetate accumulation is difficult to
predict, because it equals the difference between soil mineralisation and soil reduction
rates. The accumulation is very sensitive to small deviations in these descriptions, while
especially soil mineralisation is difficult to predict.

6.3.2 Model validation

Two model validation experiments were carried out to test the model applicability. Both
validation experiments were performed with the same soil. Calibrated 17, values were
used in the model, because soil storage does not affect microbial numbers Mayer and
Contad, 1990).

Short-term validation experiment with substrate additions

The reduction sequence was accelerated -lag phases of CH, production were reduced- by
substrate additions (shown for 20°C in Figure 6.3. Trends are similar at 30°C). Modelled
CO, release increase under influence of substrate addition was not significandy different
(at P<0.05) from the measurements, while no microbial parameter value had been
changed. Substrate release was least increased in the H, treatment and most in the acetate
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treatment as is shown by the changes in CO, and CH, in time (Figure 6.3). The increase
in available substrate also increased CH, release rates. Measured and modelled CH,
production rates were not significantly different (at P<(.05) for the control, straw
addition and H, addition. In case of acetate addition (Figure 6.3d), the model significantly
underestimated (at P<0.05) acetate consumption rates and the concomitant release of
CH,.
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Figure 6.3 Comparison of model and experiment for the short tern validation experiment

at 20°C for (a) control, {b) addition of rice straw, (c) repeated addition of Hs,
indicated by arrows and (d) addition of 15 mM acetate, indicated by an arrow.
Symbols are as indicated in Figure 6.2.

Long-term validation expetiment with sulpbare addition

Sulphate was added in the 2°! model validation experiment. Methanogenesis was only
partly inhibited by sulphate addition (Figure 6.4). Modelled initiation and release of CH,
under influence of sulphate additions was not significantly different from the
measurements (at P<0.03), although modelled methane production rates in Figure 6.4d
were lower than measured. The model significantly underestmated sulphate reduction
rates after t=20 days if sulphate was added. Sulphate reduction rates were not
significantly different in the control (at P<0.05).

In all incubations of Figure 6.4, organic substrate release -shown by the release of CO,
and CH,- was much lower than in the calibration experiment (Figure 6.2). The model
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corrected for the loss of easily accessible carbon during storage and CO, release was not
significantly different from measured values, at P<0.05, although modelled CO, release
rates were in all cases slightly higher than measured values.
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Figure 6.4 Comparison of model and measured data for the long term validation

experiment for (2} control at 20°C (b) additdon of 4 mM sulphate at 20°C, ()
control at 30°C and {d) addidon of 4 mM sulphate at 30°C. Symbols are as
indicated in Figure 6.2.

Short-term excherizsent on factors determining the lag phase for iron

The model includes an empirical temperature dependent description for the lag ume for
iton reducton. This lag phase cannot have been caused by substrate limitation, because
substrate concentrations were high duting the first few days nor can it be explained by
direct inhibition, because N,O and NO had disappeared one day after all nitrate had been
consumed, The lag phase dependence on temperature (Chapter 5), on preincubation
tedox conditions {Ratering and Conrad, 1998) and an unexplained CQ, release in the
petiod before iron reduction (Chapter 5) suggest the influence of a more competitive
electron acceptor, like reducible manganese. The results of a short-term incubation
experiment on the initiaton of iron reduction {Figure 6.5) show that iron reduction only
started after almost all manganese had been reduced. This suggests that the lag phase is
indeed caused by manganese reduction.
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Figure 6.5: Sequence of iron reduction and manganese reduction in the short term

validation experiment at 20°C

6.4 Discussion

6.4.1 Calibration of the model

Model and experiment performance were not significantly different, except for acetate
accumulation, while most kinetic microbial parameters (Table 6.1) resembled average
values from published data that were kept constant in all simulations. Temperature
effects were described by Q,, values, based on values obtained previously (Chapter 5) for
nitrate, sulphate and iron reduction and CH, production and a Q,, of 2 for other
processes. Only V. for sulphate and iron reducdon and for CH, production were
calibrated, because V,_,, is system dependent as it includes a measure of microbial
biomass and activity, which again depend on site history and soil adsorption
charactetisdcs. V. values for other processes were not calibrated, because thete were
not enough experimental data to justify this, Calibrated V_, values ate all in the range of
values derived from published data. The V,_, for iron reducers is similar to the V
calculated from Achtnich et al. (1995a), Lovley and Phillips (1986, 1987, 1988) and Roy
et al. (1997) assuming that acetate was not rate limiting. The same applies for the
modelled V. for sulphate reducers (Crill and Martens, 1986; Lovley and Phillips, 1987;
Roy et al., 1997) and for methanogens (Crill and Martens, 1986; Sass et al,, 1990; Sigren
etal., 1997).

Because of the systetn dependence of V_, values, it is impottant to know the sensitivity
of the processes for these estimates. CH, production rates are enhanced by 40% duting
CH, production initiation if V_, of CH, production is doubled (Figure 6.6a), causing a
concomitant dectease in acetate and increase in CO, concenttations. At the same time,
sulphate reduction rates decrease slightly at low sulphate concentrations, when the
competitiveness of sulphate reducers is negatively affected (results not shown). A correct
estimation of V. is thus important, while V . values are not always available. This
limits the general applicability of the model. Estimation of V_,, from direct estimates of
microbial numbers is difficult, because such estimates are affected by similar errors.
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Another issue is the distribution of V_,_for methanogenesis. Aceticlastic methanogenesis
V.o was assumed to be twice as high as the hydrogenotrophic methanogenesis V,,, to
account implicitly for homoacetogenesis in the CH, production phase. On the other
hand, hydrogenotrophic methanogens are more actdve than aceticlastic methanogens at
the start of the rice-growing season (Roy et al,, 1997). If V_,, of hydrogenotrophic and
aceticlastic methanogenesis are taken equal, then CH, production rates decrease 8%
(Figure 6.6b), while sulphate and iron reduction rates increase less than 2% (results not
shown). Methanogens are less competitive for H, than for acetate (Achtnich et al., 1995b;
Jakobsen et al, 1981; Lovley and Phillips, 1987), white H, conversion is given more
importance in this analysis. It is thus impottant to account for homoacetogenesis and for
community dynamics within a functional group. This further complicates the estimation
of 1, values.

The redox sequence in the incubations was well predicted at varicus temperatures with
only the calibration of V__, values. The redox sequence was incompletely separated in
both model and expetiment, while a complete separation would be predicted based upon
thermodynarmically determined affinity constants. The additional influence of potential
conversion rates, direct inhibitions and lag times, however, induced sequence ovetlap.
The combination of a high V.., and a very high affinity for both acetate and H, gave the
nitrate reducets a latge competitive advantage over bacteria using other electron
acceptors (Table 6.1). In addition, NO but not N,O concentrations were high enough -
maximally 7 107 mol m™ to inhibit methane production duting the fitst 2 days. This
might be important in N-fertilised rice paddy fields.

Iron reducers had a higher V. and higher affinity for both acetate and H, than sulphate
reducets and methanogens, which gave them a competitive advantage. Efiects of
inhibition on CH, production and sulphate reduction during iron reduction, however,
also played a significant role. Acetate (and H,) concentrations were too high to limit
sulphate reduction initiation and if no empirical inhibition is included, then sulphate
reduction and CH, production are initiated immediately, which is much faster than
expetimentally found (Figure 6.6c). This again leads to a faster release of CO, The
inhibition could be predicted well by a single threshold concentration for reducible iron,
independent of temperature and substrate (Figures 6.3 and 6.4). This suggests indeed a
direct inhibition, even though such effect has not been described and even though the
mechanism for such inhibition is unknown. An effect of redox potential seems
improbable, since this has been falsified for methanogens (Fetzer and Conrad, 1993) and
a redox potential effect on sulphate reducers is not known. The inhibition is an
important cause for the ineffective acetate consumption and concomitant measured
acetate accumulation.

One hypothesis to explain the apparent inhibiton is the sitnultaneous occurtence of
sulphate reduction and sulphide reoxidaton coupled to iron reduction. If such
explanation is true, anaerobic methane oxidation coupled to iron reduction should occur
as well, although this process has never been proven. Other chemolithotrophic reactions
seem not important in well-shaken systems. If the V__ for the other chemolithotrophic
reactions -coupled nitrate reduction/sulphide oxidation and coupled nitrate reduction/
iron oxidation- is put to zero, nothing changes in the model outcome (tesults not
shown), In field situations, where various reduced and oxidised substances become
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available by transport, such reactions might however be impottant. More research is
needed to eludicate the role of chemolithotrophic reactions,

CO, release was also well caprured by the model. However, if substrate release is
simplified to the release of only acerate - attributing all 17 1o the 7 for acetate
conversion and assuming that all H,/CO, is transformed by homoacetogens- then CO,
release is retarded and acetate accumulation overestimated. Initiation and rate of methane
production is however hardly influenced (Figure 6.6d), because carbon substrate is not
limiting methane production initiation.
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Figure 6.6: Model sensitvity analysis at 20°C for the experimental results of the calibration
expetiment and modelled results of the default model (thick} and of the
sensitivity analysis (thin} for CHa (triangles), CO:z (pluses) and sulphate
(diamonds) for (a) double Vi values for CH4 production, (b) equal Ve for
hydrogenotrophic and aceticlastic methanogenesis, (¢) no inhibition of sulphate
reduction and methane production by reducible iton, {d) without introducing
Hz, () introducing Ky values for CHs production as a function of temperature,
{f) use of sulfide inhibidon parameters on methane production based on
Cappenbetg (1974) -note the different scales- and (g) no introduction of a lag
phase for iron reduction.

Temperature effects were also described well by the model. This means that the
microbial community can react instantanecusly to changes in temperature (without
having to grow or induce enzymes}. This information might be important to understand
day and night thythms in CH, emissions, found regularly in field stmudies (e.g. Sass et al.,
1991b; Schiitz et al., 1989a; Yagi et al., 1996). It was assumed that substrate affinity was
constant with temperature. For methanogens it was however shown that at 20°C the Ky,
for hoth acetate and H, is higher than at the reference temperature of 30°C (Westermann
et al,, 1989). Such higher affinity for methanogens (maintaining constant K, values for
other microbial processes, by a lack of quantitative data} increases CH, production rates
by 21% during the initiation phase and methanogens compete more effectively with
sulphate reducers (Figure 6.6e). After sulphate is depleted, CH, production rates ate
limited by substrate production rates and become equal to default rates. The quanttative
influence of temperamre on K, values needs thus more consideration and might have to
be determined sepatately for various functional groups and e.g. for fast growing and slow
growing acetate consurning methanogens.

6.4.2 Model validation

Shor-term validation experiment with substrate additions

The fitst validation experiment tested the model with different carbon substrate regimes -
foteed by the addition of straw, H; and acetate. This is an important validation, because
organic substrate release drives the reduction sequence, providing the necessaty
electrons. The model could describe both the increase in CH, release rates -expected
from Michaelis-Menten kinetics- and the decrease in the lag phase for CH, production
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and sulphate reduction without changing any microbial kinetic parameter value. Similar
effects of substrate additions on the initiation of sulphate reduction and CH, production
have been found by others (Achtnich et al., 1995b; Roy et al,, 1997) and can be explained
by the combination of a less severe competition for substrates and a faster depletion of
alternative electron acceptors. These effects of substrate availability are very large and
suggest that a proper description of substrate availability is more important for CH,
production explanation than kinetic microbiclogical parameters.

The only situation for which the model was significantly different (at P<0.05} from the
experimental results, was for acetate addition. A possible explanation is that the V,, for
CH, production was not fine-tuned well enough, while the system was more sensitive to
this value than in other cases, because other limitations were absent in this case. Another
explanation is that growth of methanogenic biomass occurred in this special case, thus
causing an inctease in 1/,,. Especially the biomass of methanesarine, a fast growing
acetate consuming methanogen, might have increased in this period. This complication is
not important for field situations, because acetate never accumulates to such high
concentrations and the model could describe the effects of acetate accumulaton under
influence of high rice straw additions.

Long-term validation experinent with suiphate addition

Model validation with sulphate additions is an impottant test, because sulphate reducers
are kinetically the most comparable competitors to methanogens. CH, production was
only partly inhibited duting sulphate reduction, showing that sulphate reducers are not
able to outcompete the methanogens. Inhibiting sulphide concentrations were never
reached. Only if methane production inhibition is described by the sulphide values of
Cappenberg (1975), then methane producton is inhibited for 38 days (Figure 6.6f), which
is much larger than in reality.

The model underestimation of sulphate reduction at high sulphate levels might imply that
growth of sulphate reducers could be important if sulphate concentrations are increased
above concentrations naturally found in the field. Such sitmations might occur in rice
paddies if inorganic fertilisers containing sulphate are applied.

The experiment also showed that organic substrate release was reduced by a factor 4-5 by
storage. Model predictions for this decreased release were not significantly different from
measured values, but to fully account for losses during storage the model should be
expanded with a more detailed deseription of soil mineralisation.

Short-term experiment on factors determining the lag phase for iron

The resules of Figure 6.5 suggest that manganese reduction might explain the empirical
lag time for iron reduction introduced in the model to describe the late start of iron
reducers, Iron reduction, sulphate reduction and CH, production start about 4 days
earlier than experimentally found if no lag phase is introduced {Figure 6.0g). This again
leads to an overestimation of CO, in the early phase. A lag phase is thus necessaty to
describe the redox sequence. A mechanistic description of this lag phase is not yet
possible, because kinetic parameters for manganese reduction are highly uncertain. This
limits the applicability of the model because, if manganese reduction causes the lag phase,
the lag phase will be dependent on reducible manganese concentrations and substrate
release rates and thus upon soil type.
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6.5 Conclusions

Combination of model and experiments showed the quantitative importance of different
microbial interactions leading to CH, production in well-shaken systems. The
mechanistic model was calibrated with incubation experiments at different temperatures
by tuning only the V___ values for sulphate and iron reduction and for CH, production,
The model thus balances mechanistic detail and available information well. Model results
agreed with the validation experiments without the adjustment of any kinetic patameter.
The competition for acetate and H,/CO, is the most important factor determining
methane production. The model is therefore very sensitive to the description of substrate
release. Competition outcome is partly determined by differences in V., values, which
are system dependent. The V. should be estimated separately for H, and acetate, as can
be detetmined in expetiments with labelled acetate and bicarbonate. This limits model
applicability.

On the other hand, the model showed that chemolithotrophic reactions and direct
inhibitions of NQ, N,O and § are not important in these well-shaken systems. The
inhibition of sulphate reduction and methanogenesis duting iron reduction explains
acetate accumulation, but the mechanisms are unknown. The retardadon of iron
teduction is probably caused by the -uncertain- manganese reduction. A final gap in
knowledge is the temperatute dependence of affinity constants, while this has a clear
infiuence on the outcome.
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Diffusive gas transport through flooded rice systems

Abstract

In this paper 2 fully mechanistdc model based on diffusion equations for gas
transport in a flooded rice system is presented. The model has transport
descriptions for various compartments in the water saturated soil and within the
plant. Plant parameters were estimated from published data and experiments
independent of the validadon experiment. An independent experiment is
described in which the diffusion coefficient of sulfurthexafluoride (SFg) in water
saturated soil was determined. The model was validated by experiments in which
wmansport of SFe through soil and plant was monitored continuously by
photoacoustics. The independent default settings could reasonably predict gas
release dynamics in the soil-plant system. Calculated transmissivities and
concentration gradients under the default settings show that transport within the
soil was the most limiting step in this system, which explains why most gases are
released via plant mediated transport. The root-shoot interface represents the
major resistance for gas transport within the plant. A sensitivity analysis of the
model showed that gas transport in such a system is highly sensitve to the
estimation of the diffusion coefficient of SFs and to the root distribution with
depth. This can be understoed from the calculated transtissivities. The model is
less sensitive to changes in the resistance at the root-shoot interface and in the
root fraction active in gas exchange. The model may be helpful in undetstanding
diel patterns found for greenhouse gas emissions.

7.1 Introduction

Rice is one of the most important crops in the world. From 1951 to 1990 the harvested
area of rice increased from 104 to146 millioa ha IRRI, 1991). Rice is cultivated under a
wide variety of climatic, soil and hydrological conditions. Temporary or continuous
flooding accounts for 86% of the global rice production (Neue and Roger, 1994). Under
these flooded conditions, gas transport is hampered and oxygen depletion develops
quickly. Rice plants adapt to this situation by the development of aerenchyma, both in
roots and in shoots.

Gas transport through rice plants occuts, contraty to many other wetland plants (Allen,
1997), only by diffusion and not by convection (Groot et al., 2000}, Gases exchange via
diffusion between the water-saturated soil and the root. This exchange mainly occurs at
the root tp and through openings around lateral roots (van Noordwijk and Brouwer,
1993; Flessa and Fischer, 1992). Both in toots and shoots, gases diffuse via the gas phase
through aerenchyma (Ando et al., 1983). At the root-shoot interface, both acrenchyma
systems are separated by a region of porous plant material (Groot et al,, 2000), thar
reduces gas diffusion between root and shoot (Butterbach-Bahl et al., 1997). The gases
exchange with the atmosphere either at the stomata or at special micropores (Nouchi and
Mariko, 1993).

All kinds of gases are transported by this plant transport system, for instance plant
produced ethene (Lee et al, 1981) and oxygen (Jackson and Armstrong, 1999). The
oxygen transport to the roots and into the soil is very important for the plant to create
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microaerophilic conditions in the rhizosphere to detoxify anaerobically produced
compounds (Kumazawa, 1984) and to allow proper root respiration. {sases produced in
the anaerobic soil travel to the atmosphere via this plant mediated transport, Examples
are the exchange of N,, CO;, N;O and CH,. Except for N, these gases are important
greenhouse gases. Up to 90% of the methane emissions from rice paddies occurs via this
plant mediated transport (Nouchi et al., 1994; Schiitz et al., 1989b).

It is thus important to guantify the mechanisms of gas transpott in the anaerobic plant-
soil system. Various models have been published on oxygen transport within one root
{Armstrong and Beckett, 1987; Luxmoore et al., 1970a). Plant mediated transport of
methane from rice paddies has been described by one fitted overall conductance value
{Hosono and Nouchi, 1997), The diffusion of gaseous compounds into the rhizosphere
starting at the root surface was modelled by Newman and Watson (1977) and Darrah
(1991a,b). A combination of all these concepts into one mechanistic model for gas
transport through the various compartments in a water saturated soil-plant system does
not seem to exist, however.

Therefore, this paper describes a mechanistic model on gas transport through a water
saturated soil-plant system, In the model, vaticus plant compartments and soil layers are
distinguished to compare the transmissivities of each compartment. The analysis of
model behaviour enables us to better understand and quantify the rate limiting steps in
gas transport, which is helpful for the estimation of greenhouse gas emissions and for
plant physiclogical applicatdons. The model was validated by experiments in which the
transport of the inert trace gas sulfurhexafluoride (SFy) was monitored and quantified.
SF, can be measured very sensitively and at high time resolutions by photoacoustics. This
technique was therefore used in this study.

7.2 Materials and methods

Determination of the SE; diffusion cosfficient in soil

For SF; the diffusion coefficient in water and soils was unknown (Lango et al,, 1996). We
therefore determined the diffusion coefficient ourselves. The set-up is depicted in Figure
7.1,
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Figure 7.1: Set-up for the determination of the diffusion coefficient of SFs in water
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A known amount of pure SF; was injected into a stirred bottom compartment containing
watet. From there it diffused into the soil-water compartment through a P -filter with a
porosity of 28% and potes of 100-160 Jum, permeable to water and dissclved products
but not to gas bubbles, The soil-water compattment contained a few centimeters of
water saturated soil topped with a water layer, The thickness of each layer was measured
by a micrometer. The water was maintained at a constant level with a syphon connected
to a communicating vessel. Water saturated N, gas flowing through the headspace with a
rate of 1 litet/h carried SF, to the detector. A nafion tube to trap water and a 10 ml
KOH column to trap CO, were installed in front of the detector.

The experiment was carried out twice with two different soil layer thicknesses. In the first
experiment, the water saturated soil was 2.55 centmeter thick and had 1.10 cm water on
top. In the second experiment a column with 1.09 cm water samurated soil and 0.33 cm
water op top was used. The diffusion coefficient for SF, could be calculated from these
two experiments (see section 7.3.2).

Model validation

For model validation a similar set-up was used as described above for the determination
of the diffusion coefficient of SF; in water and soil, but this time the column contained a
soil-fice plant system. Rice {Oryga sativa L) cultivar IR 72, a short-duration, photoperiod-
insensitive high yielding modern cultivar developed by IRRI, was used. Rice seeds
germinated on petri dishes were double planted into 2 17-centimeter deep mixture of fice
paddy soil collected in the Philippines supplemented with Dutch river clay containing a
low amount of otganic martter. Plant spacing was 12.5 cm from the walls and 20 ecm
between plants. ‘The plants were grown in a greenhouse in the Nethetlands with a
constant temperature of 26 °C and a 12 h dark-12 h light regime. After two weeks, the
seedlings were thinned to one plant per spot in ordet to obtain uniform plant density.
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Figute 7.2 (continued next page)
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Total core
Area = 00363 m?

Bulk head space
Area=0.0202m?
Volume =1.59 1

Volume = 1.381

b
1 7.2 Set-up for the model validation expetiment a) side-view and b) top-view

The first validation ‘experiment started 90 days after germination and the second
experiment started 103 days after germination. At the day the experiment started, an
undisturbed plant-soil cote was taken from the container in the greenhouse (to avoid wall
growth}, The core was installed into the set-up shown in Figute 7.2 and had a soil
moisture content of 0.57 m’ water m” soil. During the validation experiment, the plant
was kept in a 12 h datk-12 h light regime and a constant temperature of 22 °C.
Aduminium was attached around the core to obtain good light exposure at all sides of the
plant.

Two milliliter pure S, was injected into the stirred bottom compartment containing
water. From there it diffused through a P,-filter, the soil and via the plant into the
headspace. The water level was maintained ar a constant level with a syphon. Water
saturated air with a flow rare of 1 1/h was used as a carrer gas. CO, and H,O traps were
installed in front of the detector. SF, emission was monitored for 23 days and 16 days,
respectively. In this paper we present data from gas released via plant mediated transport.

COy-laser based trace gas detection

SF; concentrations were quantified by on-line CO,-laser based trace gas detection. A
CO,-laser has typically 90 laser lines in the infrared (wavelength 9-11 Um) region of the
electromagnetic spectrum. All gases possessing high absorption strength combined with
a characteristic absorption profile in the CO,-laser region can easily be detected by
photoacoustics. The gas flow to be analysed is guided through a detection cell through
which a laser beam is directed. By comparing the signals at different laser lines, the gas
response can be separated from other interfering signals. When the laser irradiates the
gas, the molecules may absorb photons and get excited into a higher rotatonal-
vibrational state. This excitation energy is converted into kinetic energy of the molecules,
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i.e. heat. In our case the molecules are periodically exited with a COy-laser in the infrared
wavelength region by modulating the laser beam with a mechanical chopper at about 1
kHz. 1n the confined volume of the cell this causes a sound wave well detectable by a
microphone. The CO, laser has a gas discharge tube of 40 em long. The generated
photoacoustic wave increases linearly with the incoming laser power. For this reason the
low noise photoacoustic cell is placed inside the laser cavity. To enhance the
photoacoustic signal further, the detection cell is designed as an acoustic resonatot,
matching the chopper frequency. The electric signal coming from the microphone is fed
into a lock-in amplifier to improve the signal-to-noise ratio and to filter our acoustical
noise picked up by the microphone.

SF, gas has a strong rotational-vibrational Q-band of the v, vibration at 947.9 em™, At
atmaspheric pressure a large number of rotational lines of this band ovetlap with the
CO,laserline at 947.74 cm” resulting in an absorption strength of 0.85 Totr! em™ (Cox
and Gnauck, 1980). Our CO,-laser photoacoustic cell is able to detect SF, concentrations
down to 5 pptv.

Determination of plant characteristics

During the growth of the rice plants in the greenhouse, the dates at which a tller formed
was recorded and the tller itself was labelled. Root length density was measured in rice
plants grown in the same batch as the plants used in the model validation experiment. An
undisturbed soil-plant core of 16 cm thick was harvested in the same week the validation
expetiment started. The whole core was frozen for a weck at —20 °C. The frozen soil
cote was sawn into 4 equally thick horizontal layers. Roots were washed and stored at 4
°C in 17% acetic acid solution. Root length per soil layer was determined in duplicate by
a Comair Root Length Scanner, type HDH.

7.3 Model

7.3.1 Model description

Transpert

The basis of the model is the diffusion of gas (either in the gas phase or dissolved in
water) through different compartments present in a soil-plant system. These
compartments are the bottom space and filter of our experimental set-up, the soil, the
stagnant water layer on top of the soil, the headspace and plant roots and plant shoots. In
the model, the soil is divided into N layers of equal thickness. Transport through
convective flows is neglected as convective flows contribute little to the total water and
solute transport in rice systems (Denier van der Gon and van Breemen, 1993; de Willigen
and van Noordwijk, 1994). The diffusive gas flows (Flow,) across an interface (in mol/s)

can be desctibed with:
Flow,, =K, , -(IC,1~IC,} 0.1

in which K, is the transmissivity of the interface between 7 and / (in m’ water s or m’ gas
5" depending on the medium). X, is a transport parameter through a porous medium that
combines diffusion coefficients and medium properties (explained below). [C] is the
concentration in 4 compartment and is expressed in the same volumetric medium units
as the transmissivity and corrected for porosity, if necessary. The concentrations in the
headspace, roots and shoots are exptessed in the gas phase, as this is the dominant
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transporting medium for these compartments. The concentrations are cortected by root
porosity and shoot porosity, respectively. Root porosity depends on rice variety (Colmer
et al,, 1998), stage in the growing season (van Noordwijk and Brouwer, 1993} and the
environment. In a more reduced environment more aerenchyma is formed (Ora, 1970).
In the model, an average value of 0.295 m’ air m™ root is used, which is an average from
data presented in Armstrong et al. (1991), Barher et al. (1962), Burterbach-Bahl et al.
{1997), Colmer et al. (1998), Jensen et al. {1969), Kludze and Delaune {1995a,b), Kludze
et al. (1993} and Luxmoore et al. (1970a). Shoot porosity is estimated at 0.39 m’ air m”
shoot (Jensen et al, 1969; Buttetbach-Bahl et al, 1997). In the scil, the dominant
transport is via the water phase and is corrected via 6, the water filled porosity (in m’
water m” soil),
If compartments 7 and / have different media, then X, is expressed in m” water s and the
concentration in the medium with the gas phase is corrected for the gas solubility by the
Ostwald coefficient (6, which is calculated at the reference temperature from Lange et
al. {1990). Temperature dependence is calculated from the empirical equation and its
values given by Wilhelm et al. (1977).
Because Flow;; (Eq. 7.1) in rice paddies is determined by diffusion, K ;can be calculated in
analogy to Fick’s law:
x, = Diy (7.22)
&L z;_j- -
in which A, is the total cross section area at the interface (in m’), D, is the diffusion
coefficient (in m”s”; the exact formulation and dimensions are described by Eq. 7.32) and
%, 1s the diffusion distance (in m). This formulation applies to the transmissivity of the
bottom space-filter interface (K} with g, .equal to half the filter thickness and D, equal to
the effective diffusion coefficient in the filter (I?) treated in Eq. 7.3b. This formulation is
allowed, because the bottom space is continuonsly stirred and does not limit transport.
The interface between soil layers (k) can be treated similarly, with g, as the soil layer
thickness and D, equal to the diffusion coefficient in soil (D7), treated in Eq. 7.3a. The
transmissivity of the water-headspace interface (K,,) has z,, of half the water layer
thickness and D, ; equal to the diffusion coefficient of SF, in water (D, in m® water ™).
Finally, the transmissivity between soil and roots (K, ;) can also be treated this way with
%,y half the distance between roots and D, the soil diffusion coefficient (D). Subscript x
indicates the layer number. The formulation of A_, is treated below (Eq. 7.8).
If the interface extends over two different media, then a weighted average of
characteristics of both media is accounted for in ;;
A
%= 21D, +7,/D, (7:20)
Such a formulation applies to the transmissivity between filter and soil (k) (with zis half
the filter thickness and g, is half the soil layer thickness) and to the transmissivity between
soil and water layer (k) (with g, 1s half the water layer height).
The transmissivity between roots in different soil layers (k) accounts for different root
cross section areas (A, in different layers, explained further in Eq. 7.11 (layer numbers
are indicated with subscripts x and x+7, respectively):
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D,
Kepr = [ 1 1 ] (7.2¢c)
|+
" Ar(x) Ar(x+1)

in which g, is the half the root length of an individual root in a layer (Eq. 7.10) and D, is
the diffusion coefficient of SF in air (in m® gas s). The total root length of an individual
root in a layer equals the soil layer thickness divided by root tortuosity (described by Eq.
7.9.

While gases can diffuse normally through the plant via root aerenchyma and shoot
aerenchyma, gas transport is retarded at two interfaces -the interfaces root-shoot and
shoot-headspace. Tissue porosity is severely reduced at the root-shoot interface,
imposing an addidonal resistance and at the shoot-headspace the stomata or micropores
introduce an additional resistance to diffusion.

The transmissivity of the root-shoot interface (K ) is described analogous to serially
connected resistances:

1
Kpp = . P (7.2d)

+ +
ajr,r ) Al Da ) Ar(l) ) Sr(l) Da ’ At &

in which @, is the conductance for the root-shoot interface (in m’ gas m? tller s}, 2, is
half the diffusion distance in a tiller (quantified below), A4, is the tiller cross section area
{Eq. 7.13), &, is root porosity and £, is dller porosity (both quantified above). The
conductance at the root-shoot interface seems an important limitation for gas transport
through rice plants (Butterbach-Bahl et al., 1997). Various experiments were designed to
estimate this conductance. The conductance was highly variable and was significantly
affected by methodology, tiller position and tiller age (Groot et al.,, 2000). The model uses
an average value for root-sheat conductance of 2.04.10° m’ gas m” tiller 5 (Groot et al.,
2000} as a default value.

The transmissivity for the shoot-headspace interface () is described with:

1

Kin = 1 Z, {7.2¢)

-
@, A, -LAI-g " D, A ¢

in which @,, is the micropore conductance throngh which methane is known to be
released from a rice plant (Nouchi and Mariko, 1993) and A_ is the soil surface (m® soil}.
For simplicity the micropore conductance is given the same value as the stomata
conducrance, which varies between 0.003 and 0.02 m gas s' (Penning de Vries et al,
1989). In the model a value of 0.007 is used. LAI is the leaf area index (m’ plant m? soil),
which equals 4 for a well-developed tice plant canopy (Penning de Vries et al., 1989).

Diffusion coefficients

All transport characteristics have now been described except for D, and D,. Both are
complicated by the influence of tortuosities -the increase in pathway due to soil
structure- and water and gas porosities. I, is described by:

e-D -7

D, = *4+6-D,1T, (7.32)
o
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in which D, is in m® water m™ soil 57, £ is the gas filled porosity {in m® gas m” soil), 7, is
the tortuosity of gas filled potes (in m soil m™ gas) and 7, is the tortuosity of watet filled
pores (in m soil m" water). Tortuosities are described according to Campbell (1985):

T4 =q-elf-Y {7.4a)

Ty =a-6F (7.4b)

in which @ and B are dimensionless empirical parameters, equal to 0.9 and 2.3,
respectively (Campbetl, 1985).
The filter is water saturated and has a water content (8) of (.28 m® water m? filter. The
tortuosity, €, is however unknown and was determined according to a method described
below. This leads for the diffusion coefficient in the filter, D, to:

Df =Tf Bf 'DW (73]3)

If a bulk concentration instead of a concenttation in one of the phases is used in
combination with an effective diffusion coefficient, as is done in Stephen et al. {1998),
then a change in transport rates is predicted upon a change in total porosity or upon
other discontinuities, whereas real concentrations and thus real transport do not change.

Plant characteristics

The plant influences several transport parameters: g, the diffusion distance between
roots, K,, the transmissivity between roots in different soil layers, K, the transmissivity
of the root-shoot interface and ¥, the transmissivity at the shoot-headspace interface.
All these parameters are dynamic parameters and depend on root biomass: g ., s
influenced ditectly by the number of roots, K, via A, and 7. K and K;,are influenced via
the dynamic parameters A, and z,.

Diffusion distance between soil and roots (3, 0.

The diffusion distance berween soil and roots is equal to half the distance between two
toots. This distance depends on the root length density in a specific layer. Assuming that
roots in a layer can be approached by randomly distributed infinite lines (assuming an
infinitely small root radius), the average g, in soil layer x is (derived from Ogston, 1958):

—In(0.5)
“ar =T RID, &

in which RLD, is the root length density in layer x (in m m™ soil) and is calculated from:
RLD, =average_RLD-rel_RLD, (7.6)

in which arerage_RLD (in m m™ soil) is the total average root length density over the soil
profile at time # This variable is calculated from Eq. 3.1. r/ RLD, is a dimensionless
empirical factor that equals the root length density in soil layer x divided by the total
average root length density present at time £ To estitate o/ RLD, it is assumed that root
lengths decrease exponentially with depth, The slope and intercept of the depth profile
change during the growing season due to root growth into deeper layers. o/ RID, is
given by:
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~(a, +b, 1) =
_ 27y
reI_RLDx —(a1 +b1 t)-e (7.7

in which ¢ is time after transplanting the tice crop (in s) and @, a, &, and b, are empirical
parameters to describe the exponental function and are estimated from root length
density data by Beyrouty et al. (1988), Kang et al. (1994), Slaton et al. (1990} and Teo et
al. (1995) shown in Figure 7.3a. @, a, #, and &, are equal to 4.63 (), 5.09 (1), -4.16 107 (5’
" and -5.87 107 (s"), respectively, according to 2 minimum mean squate error with
observed data. The fit with *=0.62 was not significantly different from observed data,
according to a student’s t-test (P<0.05).

The estimates for e/ RLD, were compared to the measured root length density of the
plant used in the first validation experiment (harvested 102 days after transplanting). The
results (Table 7.1) are similar and only esimated values for ref RID, are used in the
remaining part of cthe paper.

Table 7.1: Measured and modelled root length density distribution with soil depth. The
total root length density (RLD, ih m m) in a soil layer and the relative root
length density in a soil layer {re/_RLD,, dimensionless) are shown.

measured RL.D_ measured ref RLD, modelled re/ RLD
0-4 cm 1.72.10° 1.45 1.54
4-8 cm 1.45.10° 1.23 1.19
8-12 cm 9.7.10 0.820 0.922
12-16 c¢m 5.9.10 0.499 0.713

Root charactsristics, A, 4 Ayand 3,
The soil-root cross section area over which diffusion takes place, 4, is given by:
Aq r(x) = Foxn -ruember of roots, -2-%-R,,,, -root length (7.8

in which I, is the fraction of the root surface active in gas exchange. Gas exchange
mainly occurs around the root tp of primarty roots and along lateral roots (Flessa and
Fisher, 1992). Tanaka et al. (1995) found that on average 83-90% of the total root length
constituted of lateral roots and Yamauchi et al. (1987) found a contribution of 96%. It is
estimated that the root tip forms 5.4% of the primary root, based on the observation that
94.6% of an individual primary root is aerenchymous and the fact that root tips are not
aerenchymous (Beyrouty et al,, 1988). Based on these observations T, ; will vary between
0.84 and 0.96. For the model, 0.90 is chosen as a default value.

roof length is the average individual root length in a layer (in m) and is estimated, assuming
that roots are small chimneys that ctoss a soil layer with a certain tortuosity, as:
soil layer thickness

T
r

a9

rootlength =

in which T, is the root tortuosity, which is estimated at .56 m soil m™ root using Denier
van der Gon and Neue (1996). From the rpor kngth, one can calculate 2, as:
root length

g = (7.10)
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The root cross section area over which diffusion takes place, A, is given by:

)2 .11

Ar (= number of r00tS T - (Rroo p
in which R, is the root radius of a single root, calculated to be on average 0.28 10° m,
based on a root radius for primary roots of 0.9-1.5 mm (Yu et al,, 1995) and a lateral root
radivs of 0.1 mm, calculated from Drenth et al. (1991). The uumber of roois in a layer x is a
function of RLD, and is thus a dynamic parameter:

RLDx - soil layer thickness - As

number of roots = 12
f x rootlength 712

Teller characteristics, A, and £,
The shoot cross section area over which diffusion takes place, A4, is given, analogous to
the root cross section area, by:

A, = number_of _tillers- T - Ryggpy )2 (7.13)

in which Ry, is the tiller radius, which was measured for rice plants of the same rice
variety by Groot et al. (2000} and for which the average value of 3.2 10° m is used as
defaulc in the model. The sumber_of #iers is a functon of time and was monitored while
growing rice plants in the growing chamber. The growth curve of the number of tillers
was fit using a universal logistic growth curve:

max imyum number

—r8t4l_no 't

number_of _tillers =

(7.14)

1+ Ktif_rw e

in which maximun sumber is the maximum possible number of dllers and is estimated at
31 (#/plant), similar to data of Watanabe and Kimura (1995). K,;,, ((maximum tiller
number-number of tillers,_j/number of tillers..)) and rgr, ,, {relative growth rate of
number of dllers) were fitted to our dller numhber observations (Figure 7.3h) at 31 and 1.5
10 5", respectively.

The diffusion length through the tiller, 2, is half the distance from the root-shoot
interface to the micropores. The micropores ate located around the top gap between the
epidermis of the culm and leaf sheath (Nouchi and Mariko, 1993). g, can thus be assumed
to be half the length of a tiller bud. This length depends on the time of tiller emergence.
The later the emergence, the longer the tiller. The time it takes for a tiller to become fully
developed is equal 1o the time needed to form two new tillers (Hanada, 1995). Neglecting
this growing period, the average tiller bud length only depends on the number of tillers.
The average tiller bud length was fit by a universal logistic growth curve:

_ max imumlength
tiller bud length = ~TBTt_tengeh-{iller mumber

(7.15)
1+ Kril_lengrh e

in which maximmm length is the maximum possible length of a dller bud, estimated at 0.40
m (personal observation). K, ,,, ((maximum length-tiller bud length _,)/dller bud
length..) and 727y 4, (telative growth rate) were fit at 26.1 and 0.394 tilier number’,
respectively. A comparison with observed data is given in Figure 7.3c.
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Figure 7.3: Planit parameters for a) depth distribution of root length density from a data
compilation from Teo et al. {1995), Kang et al. (1994), Slaton et al. (1990} and
Beyrouty et al. (1988} as a function of the number of days after transplanting (in
legend), b) fit of the number of tller and ¢) fit of the tiller bud length.

A catbon balance is included in the computer model and never showed relative
deviations >10%, Time steps in the model are determined by the characteristic time of the
fastest flow, which is the flow in root and shoot (see section 7.4.1). The calculation of the
amount of gas released in time is used for model validation.

7.3.2 Estimation of SFdiffusion coefficients
The prediction of SF, gas transport was limited by two unknown parameters, Z,and the
D, for SF,. Both parameters were estimated simultaneously by a measurement set-up
without a plant, described in section 7.2. For both experiments an effective diffusion
coefficient (D) can be related to the transport characteristics according to:

total thickness _ filter thickness soil thickness N water thickness

= + .
Dqﬂ‘" Dw'ef'ff E'Da'fa Dw {716)
24

+6-D, -1,

All thicknesses were measured (in m), 8 was measured (0.57 m" water m* soil) and T,, T,,
6; and o were known. D was estimared numerically with Eq. 7.1, 7.2a, 7.3 and 7.4,
while assigning the same constant D to each compartment. The soil and water
thickness weze different in the two expetimental replicates, vielding two D, values. The
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two unknown parameters, T.and D, could be solved analytically in combination with Eq.
7.16 by substitution. 'This resulted in a SF, diffusion cocfficient in water of 1.31 10° m"s™
{at T=303 K) and a 7,of 2.78 m filter m™ water. The results of the two experiments and
the modelled SF; release using the calculated Tand I, are shown in Figure 7.4.
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250 1 ¥ 0 1
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100 IO’}
” '
0 ‘ . 0 ; -
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e (howrs) time (hours)
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Figure 7.4: Fit of diffusion coefficient to measured concentrations of SFs for 2} the first
experitnent and b) the second experiment

Temperature dependence of D, is calculated with a Q,, value. The Q,, value is given the
value of 1.31, analogous to Segers (2000}, after comparison with the temperature
dependence of common atmosphetic gases. The diffusion coefficient of SF; in ait at any
temperature is calculated from the binary diffusion coefficients using the formulatons
and parameter values given in Hirschfelder et al. (1964).

7.4 Results

7.4.1 Model validation

With the determination of the diffusion coefficients, all parameters to describe the soil-
plant system are known. The average transmissivities for the different compartments for
the first model validation experiment are presented in Figure 7.5. The transmissivities for
the root compartment (except for the upper root layer that includes the root-shoot
interface) and the shoot compartment are much higher than transmissivities of other
compartments. The transmissivities show that diffusion through the tice piant is not the
rate-limiting step, as was suggested already by Lee et al. (1981) and Armstrong and
Gaynard {1976). The combined transmissivities for the soil-root intetface, root and shoot
compartments are also higher than the transmissivity for the soil compartment itself. In
addidon, concentrarion gradients within the soil are much smaller than between soil and
root (results not shown). This explains why most of the gas produced in the soil {e.g.
methane) is emitted via plant mediated wransport -given that the root system is well
developed- (e.g. Schittz et al,, 1989b). The transmissivity and the concentration gradients
for the soil compartment are by far the smallest and thus the rate-limiting step in gas
transport through the soil-plant system. The transmissivity for the soil-root transport is
the second rate-limiting step. This shows, in accordance with the suggestion of Jackson
and Armstrong (1999), that the root surface represents a major gas transport resistance.
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Transport limitations due to diffusion in soil and water are more severe than those at the
water-air interface. It thus seems improbable that measurement techniques, e.g. using
closed chambers for greenhouse gas emission measurements, will lead to major changes
in measured gas release rates.
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Figure 7.5: Overview of all tréhsmissivities (m3 s 1)

The results of the validation experiments are shown in Figure 7.6. SF; follows a pattern
similar to the diffusion experiments without a tice plant. The model predicts the gas
transport through the soil-plant system with reasonable accuracy without fiting any
parameter and using only default settings. If the plant presence is neglected, diffusion
rates are severely underestimated, because the plant mediated transport pathway is
blocked (data not shown}. Inclusion of the characteristics of the plant system is thus
necessary for the prediction of gas flows. On the other hand, gas transport rates are only
slightly increased (data not shown) if ir is assumed that conductivity through the plant is
infinite and thus the gas is released into the atmosphere as soon as it enters the plant.
These results can be understood from the transmissivities shown in Figure 7.5.

Measured gas concentrations in Figure 7.6a show distinct spikes. An increase in SF;
concentrations occurred within two hours after the light was mrned on and a downward
spike was found after the light was tmrned off. Equilibtium was obtained within few
hours and the SF, signal represents real emission values while equilibtium was present.
Similar spikes occurted when the temperature was increased artificially by 5 °C, excluding
direct effects of light radiation {data not shown).

In the second validation experiment the flow inlet had been moved to the bottom of the
headspace. This resulted in an immediate mixing of the air within the headspace and
avoided spike formation (Figure 7.6b). This indicates that the spikes were not caused by
changes in the diffusion coefficient or solubility with temperatute, but that probably the
headspace compartment had not been mized propetly in the first validadon experiment,
even though there had been a continuous flow. It seems that at a temperature increase,
mixing with the lower part of the compartment increased, leading to a release of
accumulated SF,. At the moment the light was turned off and temperature decreased,
mixing decreased as well and a new equilibrium was formed after some time,
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Figure 7.6: Measured and modelled changes in SFs concentratons in dme in ) the first

validation experiment and b) the second validation experiment. Madelled
concentrations were calculated with the default settings of the model

In both validation experiments, the measured SE, signal started to increase later than the
modelled SF release. This might have been caused by the way of injecting SF,. Gaseous
SF; had been added to the bottom space and the gas dissolved by stirring, The temporary
presence of small gas bubbles underneath the filter may have retarded gas diffusion.

7.4.2 Model sensitivity analysis

The model presented in this paper describes gas transport in a soil-plant system as
mechanistically as possible. It can predict SF; release reasonably well without fitting any
experiment specific parameter. Some plant parameters were estimated from a general
expression including the tdme after germinating in combination with the total
aboveground biomass. Other plant parameters were derived from published data. Soil
transport charactetistics were estimated either from published data or from expetiments
independent of the validation expetiments. Even though no parameter fitting was
performed, it is important to understand the sensitivity of gas transport to the various
parameters, because many parameter values are variable or uncertain. Only parameters
influencing transpott processes with low conductances will affect SF, release. From
Figure 7.5 it follows that ST, release is hardly sensitive to processes within tillers and
roots. These processes were therefore not studied in our sensitivity analysis. We focussed
on effects of the exchange surface of the roots, the diffusion coefficient of SF, in water,
the conductance at the toot-shoot interface and the effects of different distributions of
RLD,. The latter is of importance for the determination of X, . All variables were varied
one at a tme within the range estimated from experiments and published data. For
comparison, we used data from the first validation experiment, because this experiment
had a uninterrupted measurement sefies.

Effects of the root fraction permeable to gas, F,,

Only lateral roots and root tips contribute to gas exchange at the root surface. The
influence of increasing F,, ., -which is almost equivatent to the sensitivity for a vatiation
in root radius- is stnall (Figure 7.7a) and one might as well assume that the complete root
surface is active in gas exchange. The total root sutface is latgely determined by the
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lateral roots (leading to a default setting for F,_, of 0.90}. Only if F_, is decreased below
0.8 -thus assuming that there are only primary roots in the system- then the systems
response is modified without improving the transport description. Such low F,,, values
are, however, not likely to be encountered in nature. The system is not sensitive to F,, if
Fen is kept in a reasonable range.
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Figure 7.7: Sensidvity analysis of the model. The sensitivity were tested against measured
values for a) the fraction of the root surface active in gas exchange (Fewn), b)
estimation of the diffusion coefficient of SFs in water at T=303 K (Du), ¢}
different estimates for the conductivity at the root-shoot interface of the tice
plant (0., and d) different root distributions. Two extremes, a uniform
distribution with depth and a toot distribution with depth as it is at the start of
the season and their intermediates were tested.

Effects of diffusion coefficient of SF, in water, D, o

The effects of a change of plus and minus 5 and 10% in the default estimate of 1.31 10
m’s" for D, g ate much larger and major differences in the systems response are found
{Figure 7.7b). This can be understood from Figure 7.5, which shows that the transport
through the soil is the rate-limiting step. An increase in I, g Overestimates transpott
during large periods of the incubation. A decrease in D, g describes the response slightly
better at the start, but poorer than the default settings in the central petiod of the
incubation. It seems not unreasonable that D, o was overestimated if one considers that
D, g5 was 1,01 10 at 303 K and that D, is about 10" times D,. There is thus a need for
better experiments to determine D, g
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Under influence of temperature changes, D, can easily change by 5 or 10%. Such
changes lead to large changes in gas emission patterns {although less than estimated by
the conductance predictions of Hosono and Nouchi (1997)) and may contribute
considerably to the diel emissions patterns found e.g. for methane emissions (e.g. Nouchi
etal., 1994).

Lffects of the root-shoot conductance, @,

Although the low conductance at the root-shoot interface is by far the most important
resistance for plant transport within the plant and one of the lower transtmissivities in the
complete soil-plant system, the effects of a change in @,, are small (Figure 7.7c). The
values for &), were varied within the range encountered in experiments (Groot et al
(2000)), but the system was almost insensitive to these changes.

On the other hand, if there had been no transport limitation, like ,, within the plant,
then gas concentrations within the plant would have been similar to ambient
concentrations. Methane concentrations within the plant are, however, much higher than
ambient concentrations (Byrd et al., 2000},

Effects of root length distribution with depth, rel RLD,_

An average fitted re/_RLD, was used in the model. This distribution was estimated from
published data and tested for our validation experiment (Table 7.1). The differences with
measured distributions were small but, given the plasticity of root distributions and the
transport limitation induced by the transport between soil and root, the sensitivity for
re/ RLD, was tested. The influence of different assumptions for re/ RLLD_ on measured
gas release rates was very large (Figure 7.7d). Hardly any SF, is released at 2 root
distribution that occurs at the start of the season (keeping the same total average RLD
over the profile). With a uniform re/ RI.D, SF, release is increased, especially at the start
of the incubation. This shows -as expected based on the transmissivities in Figure 7.5-
that the bottom layers are the most important layers for the gas transport to provide a
fast shortcut to plant mediated transport. The differences in measured and pradicted
rel RLD, for the bottom layers (Table 7.1), may thus have led to the differences in
measured and predicted SF; release, Due to the plasticity of re/ RLD, it will be very hard
to make a fully accurate prediction of the dynamics in gas release rates from soil-plant
systems.

7.5 Conclusions

In this paper we present a fully mechanistic model based on diffusion equations for the
gas transport in a soil-plant system of flooded rice. The model combines transport
descriptions within the soil with those within the plant and is more comprehensive than
other published transport models. Model patameters were estimated from published data
and experiments from the validation experiment. These default settings could reasonably
predict gas release dynamics in a soil-plant system. Deviations between model and
measurement are most probably caused by the chosen root distribution with depth, as
was shown by the sensitivity analysis. Calculated transmissivities and concentration
gradients under the default settings show that transport within the soil is the most
limiting step in this system, which explains why most gases will be released via plant
mediated transport. The low transmissivity in the soil also explains why the system is
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highly sensitive to changes in the estimation of D, .. This may however change if a
different re/ RI.D_is chosen. At a re/ RLD, that occurs at the start of the season, the low
number of roots at the bottom layers limit transport from the bottom space, as shown by
the sensitivity analysis. The root-shoot interface represents the major resistance for gas
transport within the plant.

This mechanistic model helps to understand the importance of plant mediated transport,
but may also provide insight in other features of gas transport in flooded plant-soil
systems. At in sitn conditions, the distance between the site of gas production and roots
is much smaller than in our experimental system. The limiting factor for gas transport,
D, p is sensitive to temperature changes. This fact, in combination with the shorter
diffusion distances, might provide a -partial- explanation for diel patterns found for
greenhouse gas emissions.
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Methane oxidation in the rice rhizosphere; Competition for oxygen

Abstract

A mechanistic approach is presented to understand oxidation of the greenhouse
gas methane in the rice rhizosphere of flooded paddies. Methane oxidation
involves the conversion of methane and oxygen to CO; and water by obligate
methanotrophic bacteria. In flooded rice paddies these methanotrophs compete
for available O. with other types of bacteria. Soil incubation studies and Most
Probable Number (MPN) counts of oxygen consumers show that microbial
oxygen consumption rates are dominated by heterotrophic and methanotrophic
respiration. MPN counts of methanotrophs show latge spatial and temporal
variability. The most abundant methanotrophs (Methylogutir sp) and
heterotrophs (Prewdomonas sp. and Rbedacocens sp.) were isolated and characterised.
Growth dynamics of these species at carbon and oxygen limitatons are
presented. Theoretical calculations based on measured growth dynamics show
that methanotrophs are only able to outcompete heterotrophs at low oxygen
concentrations (frequently <5 WUM). The oxzygen concentration at which
methanotrophs win the competition with heterotrophs is not dependent on
methane concentration, but it is highly affected by organic catbon
concentrations in the paddy soil. Methane oxidation is severely inhibited at high
acetate concentrations. This is in accordance with competiion experiments
berween Prendomonas sp. and Meshylocystis sp. carried out at different oxygen and
carbon concentrations. We hypothesise that methane oxidation mainly occurs at
microaerophilic, low acetate conditions and thus not very close to the root
sutface. Acetate and oxygen concentrations in the rice rhizosphere are in the
critical range for methane oxidation and a high variability in methane oxidation
rates is thus expected.

8.1 Introduction

Rice paddies ate an important source of the greenhouse gas methane {Houghton et al.,
1996). The magnitude of methane emission from tice paddies reflects the balance
between methanogenesis and methanotrophy, Methane oxidatdon occurs at
anaerobic/aerobic interfaces with available oxygen and methane: the soil-water interface
and the rice rhizosphere. At the soil-water interface methane oxidation efficiencies are
faitly constant at 70-95% of the transported methane (Banker et al, 1995; Epp and
Chanton, 1993; Gilbert and Frenzel, 1995; Schiitz et al., 1989b). Estimates of methane
oxidation in the rice rhizosphere are much more variable. They range 7-90% of the
transported methane (Denier van der Gon and Neue, 1996; Epp and Chanton, 1993;
Gilbert and Frenzel, 1995; Holzapfel-Pschorn et al., 1985; Sass et al., 1992) and still vary
from 7-52% if only data obtained from specific inhibitor studies ate included. A better
mechanistic understanding of rice rhizospheric methane oxidation is important for a
good prediction of methane emissions from rice paddies.

Obligate methanotrophic microorganisms carry out methane oxidation. In freshwater
wetlands, high affinity methanotrophy (Bender and Conrad, 1992) does not have to be
considered (Segers, 1998) and neither does anaerobic methane oxidation (Chapter 3).
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Nitrifiers are also of little importance to methane oxidation in the rice rhizosphere
(Bodelier and Frenzel, 1999). Methanotrophic activity is thus determined by oxygen and
methane concentrations. Methanotrophs are the most important methane sink in the rice
rhizosphere and there is thus no competition for methane. However, an intensive
competition for oxygen occurs. Quantification of the competition for oxygen forms the
basis for a better understanding of methane oxidation rates. Important oxygen sinks are
plant respiration, chemical oxidaton and microbial oxidation.

This paper quantifies oxygen sinks in rice paddies. Isolation and characterisation of the
most abundant microbial oxygen consumers in this system are described. Their growth
kinetics in relation to oxygen and carbon substrare concentratons is studied.
Competition experiments for oxygen between these organisms and theoretical
considerations of competition for oxygen are presented. This should result in a better
mechanistic understanding of methane oxidation in the rice rhizosphere,

8.2 Materials and Methods

8.2.1 Sinks for oxygen in a rice paddy seil

Overall oxcidation rates

Ten soil slurries were prepared in 120-ml bottles by mixing 25 g air dried rice paddy
Maahas soil from the Philippines (Wassmann et al., 1998) with 25 mi water. The bottles
were closed with butyl stoppers and incubated anaerobically for 2 months at 30°C while
shaken at 120 rpm to obtain a fully teduced soil. After 2 months, samples were taken for
analysis of inorganic anions and Fe*'. Reosxidation of nitrogen, iron and sulphurous
compounds was measured in duplicate in bottles opened for 8 hours, 1 day, 2 days and 4
days, respectively and in a control that was not opened at all. Samples for inorganic
anions and Fe*” were taken daily. The same expetiment was carred out at 15 and 20°C.

Aerobic microbial communities

A soil slatry was prepared from air-dried tice paddy Maahas soil from the Philippines.
The slurry was left to stabilise for 1 week ar 30°C while shaking ar 120 rpm. Dilution
series down to 10"/ g d.w. soil with a step size of a factor 3 were prepared in triplicate in
120-m] bottles with 25 ml stetile Nitrate Mineral Salts (NMS} medium (Whittenbury et
al., 1970) and closed with butyl stoppers. Seties were prepared at 20% O,/ 80% N, with
30 mM acetate, at 1% O,/ 99% N, with 30 mM acetate and at 1% O,/ 19% CO,/ 80%
H, with 1 mM acetate. For each series, treatments with different additional electron
donors were prepared by adding 240 mM Fe®", 30 mM 8,0, -which is more stabile than
H,S- 30 mM NH,’, 10% CH, in the gas phase and no additional donot, respectively. A
control without soil was included for each treatment. Optical density (O.D.) -measured
routinely photospectrometrically at 660 nm- and the consumptdon of electron donors
and electron acceptors were monitored weekly for ten weeks. Positive growth was
assumed if a significant decrease in the additional electron donor concentration (or in
acetate concentration in case no additional electron donor was added) was determined.
For iron oxidation, tubes with gel-stabilised gradients (Emerson and Mover, 1997) were
prepatred with and without soil inoculation. After 4 weeks, the tubes were frozen and cut
into small bands. Each band was analysed for Fe® and O, after thawing.
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Microbial oxcygen conswmption rates

Entichments from the highest dilution with growth on acetate, Fe™, 82032, NH," and
CH, at 1% O, and 1 mM acetate were used to quantify the potential activity of microbial
oxygen consumption. The total numhber of bactetia in these entichments was counted
using a Biitker-Tiitk counting cell. 10 ml of the enrichment was added to 25 ml freshly
made sterile NMS medium in 2 120 ml bottle with 1% O, in N, and additional 30 mM
acetate, 240 mM Fe™, 30 mM S,0,%, 30 mM NH,” or 10% CH,, respectively. Bottles
were incubated in the dark at 30°C shaking at 120 rpm. Oxygen concentrations in the gas
phase were monitored daily for two weeks.

8.2.2 Culture isolation and characterisation

Microorganisms were isolated from the highest dilution from the MPN counts (section
8.2.1). The heterotrophs and the methanotrophs from the highest dilution with growth
were enriched in NMS-medium with acetate and CH, as sole C-source, respectively. By a
combinaton of inoculadon and selecton on liquid NMS media and NMS media in
highly purified agar, microorganisms were isolated from the enrichments.

Cell morphology of isolated heterotrophs, strains HET-7 and HET-2, was analysed in
liquid NMS-medium and acetate as sole C-source by microscopy. Colony morphology
was analysed by growth on NMS-medium in agar with acetate as sole C-source. Gram
stain reaction and the presence of cytochrome oxidase were tested (Krieg, 1984). The use
of acetate, ethanol, glucose, citrate, lactose and fumarate as sole C-source by the
otganisms in liquid aerobic NMS medium at 30°C was tested. The decomposition of
urea, arginine, lysine, ornithine and tryptophane in liquid aerobic NMS-medium at 30°C
was also tested. The denitrifying capacity, reduction of sulphurous compounds and the
fermentation of glucose, mannitol, inositol, sorbitol, thamnose, sucrose, melibiose and
arabinose at anaerobic conditions were tested in liquid NMS-medium at 30°C. The
denitrifying capacity was also tested in solid agar with NMS-medium at 36°C. The growth
temperature response on 30 mM acetate in liquid NMS-medium was tested at 10, 20, 30,
37 and 45°C. tDNA of the heterotrophic strains on agar plates was amplified in a PCR-
reaction with the universal 16 S fDNA primers 27F and 1492R. The size of the PCR-
product was tested on an agarose gel and purified using the QIAquick purificadon kit.
Amplified 165 tDNA was sequenced with the Big Dye Terminator Cycle Sequencing kit
(Perkin Elmer). The 1 isolate was sequenced with the 342F primer, the 2™ isolate with
the 500F primer. After the sequencing reaction, DNA was precipitated with the
isopropanol precipitation reaction {(Petkin Elmer) to remove the Big Dye Terminator.
The sequencing products were analysed with an ABI310 Genetic Analyzer (Perkin
Elmer)}.

Cell morphology of a methanotrophic isolate, strain MOX-7, was analysed in liquid
NMS-medium with a 30% CH, headspace by phasc contrast microscopy. Colony
motphology was analysed by growth on NMS-medium in agar with a 30% CH,
headspace as sole C-source. Gram stain reaction (Krieg, 1984} was tested, Transmission
Electron Microscopy (TEM) was used for the characterisation of flagellae, plasmatic
membranes and intracellular storage compounds.
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8.2.3 Determination of growth kinetics

MPN counts for methane oxidation in the rhizosphere

Rice plants were grown in soil with 15 cm spacing and a latge area around the plants to
avoid wall effects. Soil samples were taken at four moments duting the growing season,
At each moment, soil cores were taken at different distances from the main plant (Figure
8.1). Material from the top 2 em was discarded to avoid interference of methanotrophs
accumulated at the soil-water interface. The samples were mixed, diluted in triplicate in
120-ml bottles with 25 ml stetile NMS medium in dilution series down to 10™/g dw.
soil with a step size of a factor 3 and closed with butyl stoppers. A headspace with air
was enriched by 30% CH,. All samples were incubated at 30°C in the dark without
shaking for 5 months, Every 30 days (and at time zero), samples for CH, were taken.

sampled 47 DAT Sampled 61 DAT

f pEe

15¢cm i

sampled 13 DAT sampled 34 DAT

Figure 8.1; Set-up for soil sampling the Most Probable Number of methanotrophs at

different moments during the season and at different distances from the main
stemn of the plant. A rice plant is located at each corner,

Pure culture experiments

Monod substrate half-saturation constants for microbial growth (K, in mol/l} and the
maximum specific growth rate (U, in h?) {(further explained in section 8.3) were
determined for the isclated heterotrophs and for the methanotroph. Chemostats were
found to be inadequate for this purpose due to the extremely low, steady constant
oxygen concentratons needed. Instead, use was made of batch experiments in which
oxygen and carbon concentrations were monitored at least once a day. The organisms
wete pregrown at low oxygen concentrations to simulate thizospheric conditions. This
was necessaty because kinetic properties depend on the growth conditions (Kightley et
al,, 1995). Sterile 120-mi bottles with 25 ml NMS medium and closed with butyl stoppers
wete inoculated with organisms in the logarithmic growth stage. For each species, 8-10
bottles with vatious initial oxygen and catbon concentratons -one was limiting and the
other in excess- were incubated in the dark at 30°C. Concentrations were chosen based
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on results of preliminary experiments and on published data. Heterotrophs were grown
with acetate and methanotrophs with methane as sole C-source. Samples were taken at
anaerobic conditions with syringes flushed in N, medium containing sodium dithionite
and analysed for oxygen, acetate or methane. Bacterial numbers were analysed routinely
by O.D. measutements. A species-specific relatonship between O.D. and bacterial
numbers was obtained by relating O.D. to Biirker- Ttk counting cell measurements.
Kinetic parameters were fitted by minimising the Mean Square Error between calculated
and measured specific growth rates at different limiting substrate concentrations,

BOM experiments

The W, for strain HET-2 was validated polarcgraphically with 2 Clark-type oxygen
clectrode (Biological Oxygen Monitor (BOM)) mounted in a thermostatically-controlled
and continuously stirredt vessel at 25°C. The vessel was closed except for a small hole
through which substrate and culture additions could be made. The oxygen electrode was
calibrated with an oxygen-saturated suspension. The vessel contained 3 ml oxygen
saturated sterile NMS-medium with abundant acetate (20 mM). A 100 pl microbial
suspension, with a known cell density was added to the vessel. Cells had been pregrown
at 25°C and were harvested in the logarithmic growth stage. Oxygen consumption upon
addition of substrate was recorded continuously during 30 minutes and corrected for
endogenous respiration. The relative oxygen consumption rate was determined from the
exponential decrease in oxygen concentration in time. W, was calculated from relative
Oxygen consumption rate assuming a yield of 0.375 mol C,/mol C; (section 8.3} and an
avetage size of 1.87 10" g C/cell (Brathak, 1985).

8.2.4 Competition for oxygen between microorganisms

Competition experiments

Competition for oxygen between sttain HET-1 and strain MOX-1 was determined in
batch experiments. Equal numbers of bacteria as determined from measurements with
the Biurker-Tiitk counting cells were added to 25 ml sterile NMS medium in 120-ml
bottles containing N,-gas. Different amounts of carbon sources, CH, and acetate, and
oxygen were added to these bottles. Incubations were made with initial concentrations of
2, 5 and 10 mmol CH,/1 gas and of 0.5 and 2-4 mmol O,/1 gas. The bottles were
incubated at 30°C, while shaken continuously at 120 rpm. Concentrations of O,, CH, and
acetate were monitored at least once a day until one of the substrates was depleted.
Samples were taken at anaerobic conditions with sytinges flushed in N, medium
containing sodium dithionite and analysed for oxygen, acetate, methane and O.D., The
{six) experiments were cartied out in 4-6 replicates.

Theoretical desoription of comipetition

The outcome of the competition between heterotrophs and methanotrophs can also he
predicted theoretically from the measured kinetic parameters. These theoretical
calculations ate presented in section 8.3.
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8.2.5 Chemical analyses

All samples were centrifuged (after extraction, if any) for 5 min at 13,000 rpm and the
supernatant was analysed. Acetate was determined by gas chromatography, using a
Chromosorb 101 column saturated with formic acid at 160°C, connected to a flame
ionisadon detector (FID). Ptior to analysis the samples were diluted 1:1 with 1 M formic
acid containing 1 mM isobutyric zcid as internal standard. Fe* in water and in a 50:1 0.5
M HCl extraction were analysed colorimettically with phenanthroline as reagents
(Walinga et al.,, 1995). The absotbance was measured at a wavelength of 515 nm on a
photospectrometer. NH,” concentrations were analysed colorimetrically with a glutamate
assay (Kun and Kearney, 1974). Samples for inorganic anions were diluted 5:1 with a
solution of 20 mM mannitol and 60 pM potassium bromide, as an internal standard, and
analysed on a HPLC equipped with suppressed conductivity detecton. Anions wete
sepatated on an Llonpac AS9-SC column using a 1.8 mM bicatbonate/1.7 mM carbonate
eluent at 1 ml/min. CH, was analysed by GC on a molecular sieve column at 70°C,
coupled to a FID. O, was analysed on a molecular sieve column at 100°C coupled to a
thermal conductivity detector (TCD}. The amounts of CH, and O, were quantified using
standard curves obtained by injecting known amounts of gases.

8.3 Theoretical calculations on competition
In case of a dynamic microbial population, as is the case in the rice rhizosphere, a
straight forward method to calculate microbial biomass kinetics is the application of a
double Monod equation, assuming that there ate no other inhibitory effects:
O C
b O g (6
5.0y 2 5 C

8.1)

in which gt is the specific or relative growth rate (s%), f,.,. is the maximum specific
growth rate (s7), K5, and K, are the Monod substrate half-saturation constants for
oxygen and catbon (mol/l), respectively and /(/ is the concentration of the catbon
substrate, all referting to the water phase (mol/l). Specific growth rates reach g, values
if neither oxygen nor carbon is limiting growth. Substrate half-saturation constants are
the concentrations of a limiting substrate at which half of the maximum specific growth
rate is obtained, if other substrates are not limiting,

Eg. 8.1 can be used to determine the results of competition between heterotrophs and
methanotrophs, using (7 is [CH,] for methanotwophs and /7 is [CH,COCH] for
heterotrophs. We describe this outcome of short-term competition for oxygen between
heterotrophs and methanotrophs by a critical oxygen concentration, /O, _.7. It is assumed
that competition only takes place for oxygen and that, except for this substrate
competition, there are no other interactions. /0, / is defined as the oxygen
concentration at which the specific growth rates (subsctipt g) of heterotrophs (subscript
4y and methanotrophs (subscript #) are equal. Assuming that carbon substrates are not
limiting and using Eq. 8.1, /0, ../ is:

lumnx.m ' Ks. e #max, : Ks. m
10,0, 1= ot o )
ﬂmn,h - -umax.m

Mote general, with limiting catbon substrates:
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0. e Kion tICHI O Font "R, ca < ICH,COOH) "+ (8.3)
b 1 = [CH,COO0H] _ [CH.]

Foso g s1CH,COOH] Fmn K HCH,)
However, it is not 4, but the absolute consumption rates of the substrate for which
competition takes place that determines the results of competiion. Neglecting the
consumption for maintenance purposes (because maintenance costs were implicitly
accounted for in our experimental set-up), the consumption rate (I in mol I's”) is
related to p by:
u-B
V= v 8.4

in which B is the bacterial carbon (mol Cy/I) and Y is the apparent yield (mol Cy/mol G
with subscript s referring to “substrate’). Analogously to the critical oxygen concentration
for growth, a critical oxygen concentration for consumption, [0, ../, can be defined at
which both microbial groups consume equal amounts of oxygen:

[CH,] [CH,COOH]

o I R iy et B aacoom e
Oz,m'hr - %'B'Y'M' - -B ,Y,igc.H‘]
h tm K;gc},""[a{j(m{] u\mm m th Krj'cr,,,"'[alz;]

To win the short-term competition, it is thus not only necessary to have good growth
kinetics, but also to have enough biomass and a good yield. For this study Y, is estimated
at average at 0.29610.078 mol Cz/mol C; {Buchholz et al.,, 1995; Dedysh et al., 1998;
Jotgensen, 1985; Jergensen and Degn, 1983; Harwood and Pirt, 1972; Nagai et al., 1973;
Sipkema et al., 1998) and Y, as 0.375£0.039 mol C,/mol C; (Gerritse et al., 1992; Pirt,
1965; Tros et al, 1996). Bacterial carbon is calculated from microbial numbers. It is
assumed that methanotrophic numbers in the thizosphere equal 10°/g d.w. (section
8.4.3) and heterotrophic numbers equal 10°/g d.w. (section B.4.2). An avetage amount of
1.87 10" g C/cell (Brachak, 1985) is assumed for the heterotrophs. The amount of
catbon in methanotrophs is decreased proportionally to their smaller size {calculated
from the calibratdon curve of O.D. versus bacterial nwnbers (secticn 8.4.3)).

8.4 Results and discussion

8.4.1 Sinks for oxygen in a rice paddy soil

Ouwerall oxidation rates

If oxygen was allowed into the botdes with soil slurties, a fast increase in oxidised
products (NO, and SO/ and a decrease of Fe* occurred. First order rate constants in
day" wete detived from the oxidation states (Table 8.1). Iron was oxidised much faster
than sulphurous compounds as could be expected from thermodynamics. NH,” was
oxidised at a much lower rate and also much slower than found elsewhere (Table 8.1).
This might be due to a limitation of NH,', which concentradons were very low in our
soil (data not shown). A first order rate approach might not have been valid for this
situation. The rate constants calculated at 15°C and 20°C were only slightly smaller
{<10%) than those at 30°C {data not shown), indicating that the oxidation rates were
mainly influenced by chemical and not by microbial reactions.
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Table 8.1: Rate constants of oxygen consumption (in day") for overall oxidatdon (as
determined in a soil slurry experiment at 30 °C) and for microbial reoxidation (as
detetmined from microbial enrichments), A compatison with published data on
overall oxidation is given. (n.d.= not determined, n.s.~not sipnificant)

overall oxidaton microbial oxidation overall published
nitrogen 0.023 0.015 18.612
iron 15 fLs. 41.5 23435
sulphur 0.78 0.045 0.77 245
methane n.d. 0.17
acetate n.d. 1.8

1Soetaert et al, 1996; Zvan Cappellen and Wang, 1996; *Ahmad and Nye, 1990; Murase and
Kimura, 1997; SRatering and Conrad, 1998

Aerohic microbial conrmunities

The results of the MPN counts at aerobic conditions ate shown in Table 8.2, The
number of bacteria found at 20% O, was significantly different (P<<0.05} and orders of
magnitude larger than at 1% O, after 10 weeks of incubation. This might imply that 10
weeks is not enough to estimate the population size able to grow at 1% O, (details in
section 8.4.3). The population sizes estimated at 1% O, and 1 and 30 mM acetate,
respectively, were not significantly different, indicating that the oxidation of compounds
other than acetate was mainly cartied out by autotrophic organisms.

Table 8.2: Most Probable Number (MPN) estimates for various conditions in number of
bactetia/g d.w. soil after stabilisation of the number and at mast after 10 weeks
of incubation at 30 °C.

Bacterial group MPN at 1% O MPN at 1% O MPN at 20% O
1 mM acetate 30 mM acetate 30 mM acetate
Heterotrophs 3.10% 108 10°
Methanotrophs 107 3.106 107
NHs* oxidisers 108 0 3.108
52047 oxidisers 3.105 105 106
Fe2* oxidisers 0 0 0

Heterotrophs and methanotrophs were the most abundant groups at all conditions
{Table 8.2). Al other microbial groups seemed to play only a minor role in the
consumption of oxygen in the rice rhizosphere. Conditions for both heterotrophs and
methanotrophs are good in the rice rhizosphere. Methane concentrations ate high due to
anaerobic conditions, while oxygen diffuses into the soil, vielding good conditons for
methanotrophs. Hleterotrophs can make use of diverse carbon sources, of which various
fatty acids and especially acetate are abundant in rice soils {e.g. Chin and Conrad, 1995;
Chapter 5) and near decaying rice roots {Conrad and Klose, 1999). Their potential
growth rates are high (see section 8.4.3) and some heterotrophs can denitrify at anaerobic
conditions. This combination explains why numbets of hetetotrophic bacteria are high in
rice soil (this study; Gilbert and Frenzel, 1998; Watanabe et al,, 1979).

Ammonia oxidation can take place by nitrifiers and by methanotrophs (which have some
affinity for ammonia). At 20% O,, methane oxidation was more important than the total
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ammonia oxidation, which might indicate that nitrifiers were less abundant than
methanotrophs, in agreement with results found by others (Bodelier and Frenzel, 1999;
Kumaraswany et al., 1997). At low oxygen concentrations, hardly any ammonia oxidation
was found. At 1% O, mainly heterotrophic respiration was found. Probably, the
difference in respiration rates between acetate and ammonia oxidation was not due to the
lower affinity of ammonia oxidisers, but due to the higher number of heterotrophs
outcompeting ammonia oxidisers (Bodelier and Laanbroek, 1997) and scavenging most
of the available oxygen. This also means that ammonia oxidisers will play only a minor
role in the rice rhizosphere, because at the low oxygen concentrations, they will be
outcompeted by the heterotrophs and the contribution of ammonia oxidisers to methane
oxidation seems negligible (Bodelier and Frenzel, 1999). Moreover, NH," concentrations
in the rce rhizosphere are usually less than 0.5 mM (Bodelier and Frenzel, 1999; Gilbert
and Frenzel, 1998), futther limiting the role of ammonia oxidation.

Thiosulphate oxidisers were found to be present at all conditions (and in similar numbers
as found by Stubner et al. (1998)), but they were present in lower numbers than the
methanotrophs and heterotrophs. The MPN counts at low oxygen and low acetate
concentrations {Table 8.2) indicate that thiosulphate was mainly oxidised autotrophically.
Many colonies were formed on putified agar with thiosulphate and without acetate (data
not shown).

Contrary to other reports (Emerson and Moyer, 1997; Emerson et al.,, 1999), no iron
oxidation (different from chemical oxidation) could be detected in the MPN counts,
neither with nor without acetate addition. Even in gradient tubes, no differences in
oxygen and iron profiles between inoculated and sterile tubes could be detected (data not
shown). Chemical iron oxidaton proceeded much faster than microbial oxidation.
Microbial iron oxidation can thus be neglected compared to chemical oxidation.

Microbial oscygen consumpiion rates

Oxygen consumption by enrichments was, sitnilar to overall oxidation rates, expressed by
first order rate constants (Table 8.1). Rate constants for ammonia, thiosulphate and
ferrous iron were much smaller than those found for chemical oxidation. Nitrifiers have
a low potential growth rate (Hunik et al, 1994), which might explain the low rate
constant found for NH,' oxidation. Microbial thiosulphate oxidation was also much
lower than the overall oxidation, which is in contrast to what has been found by Stubner
et al. (1998). Thus, the contribution of chemical and microbial processes to thiosulphate
oxidation cannot be given. No microbial iron oxidation was found in the enrichments.
Based on the rate constants, heterotrophic respiration and methanotrophic respiration
seem the most important microbial sinks of oxygen. Oxidation rates expressed as an
initial activity per bacterium showed similar results (data not shown).

8.4.2 Culture isolation and characterisation

Based on the first experiments, the two most important oxygen consuming microbial
groups, the heterotrophs and methanotrophs, were selected for further experiments.
Heterotrophs and methanotrophs from the highest dilution with growth were eariched
and isolated in NMS-medium with acetate and CH, as sole C-source, respectively.
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Two species of heterotrophic microorganisms were isolated. Strain HET-/ is a gram
negative, oxidase positive, motile straight rod of 0.8-1.0 by 1.4-1.8 pm. It forms small
colonies with a smooth, white and viscous appearance on plates. The organism grows on
NMS medium with nitrate as sole nitrogen source and acetate, ethanol, glucose, citrate,
lactose or fumarate as sole C-source ar 30 °C. The otganism can also decompose urea,
arginine, lysine, ornithine and tryptophane at 30 °C. At anaercbic conditions, the
organism can denitrify nitrate (both in liquid and agar NMS media), but it cannot grow
fermentatively or by the reducdon of sulphurous compounds. The crganism is able to
grow at 10-37 °C and does not grow at 45 °C. A compatison of the partial 165 DNA
analysis of the isolate with the GenBank showed as the highest score 99% association
with various strains of Prewdomonas stutzeri, which is in accordance with the physiological
characteristics (Krieg, 1984). Below, the isolate will be referred to as Psewdomonas sirain
HET-1.

Strain HET-2 is a gram positive, oxidase negative, non-motile straight rod, sometimes
occurting in pairs and measuring 0.8-1.0 by 1.1-1.4 pum. On plates, it forms small
colonies with a red, viscous appearance, a rough edge and branches. The organism grows
on NMS medium with nitrate as sole nitrogen source and acetate, ethanol, glucose,
citrate or fumarate as sole C-source. Lactose does not support growth. The organism can
also decompose arginine, lysine and omithine, but not tryptophane and urea at 30 °C. At
anaerobic conditions, the organism cannot denitify or reduce sulphurous compounds
and it cannot grow fermentatively. However, it appears to be able to grow at
microaerophilic conditions, because it can grow several centimeters below an agar
surface. The organism grows between 10 and 37 °C, bur does not grow at 45 °C. A
comparison of the pattial 165 DNA analysis of the isolate with the GenBank showed as
the highest score 99% association to Rbodococcus erythropolis and Rbedococcus erythrens. The
physiological characteristics are in accordance with those of Rbedococcas (Goodfellow and
Minnikin, 1991; Krieg, 1984). Below it will be referred to as Rbedosorcus HET-2.

One methanotrophic strain that grows in NMS medium with methane as sole C-source
and nitrate as sole N-source was isolated from the highest dilution with methanotrophic
growth, The organism s a non-motile, gram negative organism with a coccoid and
reniform appearance. It has no flagellae, as can be seen on the negatively stained
preparation (Figure 8.2a). The average size is 0.4-0.6 by 0.7-1.0 m. On plates, it forms
small round, smooth and butyrous colonies with white/light yellowish appearance. The
growth in liquid media is evenly dispersed and the organisms are routinely grown at 30
°C. Cells have a few layers of paited internal membranes located along the cytoplasmatic
membrane. The membranes are mostly stacked, but sometimes there are spaces between
the membranes. Based on these observations (Figure 8.2b), the membranes were
identified as Type II membranes (Davies and Whittenbury, 1971). Polyphosphate
accumulates in the cytosol (Figure 8.2c). Based on this morphology, the organism was
tentadvely identified as Meshylocystis (using Bowman et al, 1993) and will be called
Methylocystis MOX-T in this paper. A domination of a type II methanotroph in the MPN
counts is also expected based on the dynamics in a tice paddy. Type II organisms are
better survivors at dry conditions and can utilise lower oxygen (Amaral and Knowles,
1995) and nitrogen concentrations than type I methanotrophs (Graham et al, 1993).
Type II outcompete type I methanotrophs at high methane concentrations (Graham et
al,, 1993). This expectation is in accordance with other studies that isolated type II
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Methylosinus species (Bowman et al., 1993; Dianou and Adachi, 1999) and Methylocystis
species (Takeda, 1988) from rice paddies. Type II methanotrophs prevailed in rice
paddies (e Mer et al., 1996; Henckel et al., 1999). In tice roots, type II methanotrophs
were also the dominating methane oxidisers {Calhoun and King, 1998) and Gilbert et al,
{1998) isolated only type 11 methanotrophs from fice raots.

c
Figure 8.2: Transmission Flectron Microscope preparations of the methanotrophic isolate
showing 4) a negatively stained preparation for flagellae determination, b}

cytoplasmic membranes and ¢) accumulation of polyphosphate inside the cell.

8.4.3 Determination of kinetic parameters

MPN counls for methane oxidution in the rhizosphere

The spatial and temporal growth dynamics of methanotrophs was investigated by MPN
counts. Methanotrophic numbers increased during the growing season and decreased
with distance from the main stem (Figure 8.3). This is directly related to the availability of
oxygen. More oxygen becomes available in time due to roor growth and its root oxygen
release. Oxygen availability is less at 4 larger distance from the main rice stem, because of
lower root densities at larger distances. This shows that oxygen availability, and not
methane  availability, is limitng growth of methanotrophs. The number of
methanottophs was therefore larger in the thizosphere than in the bulk soil, in
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accordance with data presented by others {e.g. de Bont et al,, 1978; Gilbert and Frenzel,
1995; 1998).

(ap 3 jsraqumu} NJW

time (DAT)

Figure §.3: Most Probable Number of methanotrophs at different moments during the
growing season (given in Days After Transplanting (DAT)) and at different
distances from the main stem of the plant,

Concomitantly with the number of methanotrophs, a significant change in maximum
methane oxidation rate was found both in tme and with distance from the main rice
stem (data not shown). Methane oxidation was thus related to methanotrophic growth,
In this experiment, higher numbers of methanotrophs were found than reported by
others (10%-4.10°/g d.w.)) using incubadon periods varying between 3 and 8 weeks
(Bodelier and Frenzel, 1999; Bosse and Frenzel, 1997; Espiritu et al., 1997; Gilbert and
Frenzel, 1995; Joulian et al, 1997). The number of methanotrophs obtained after 5
months were similar to those after 4 months, MPN counts aftet 5 months were,
however, on average one order of magnitude higher than those obtained after 2 months
of incubation (data not shown), although spatial and temporal differences were large. The
total number of methanotrophs can thus be underestimated using a 2 months incubation
petiod.

Pare culture experiments

The dynarmics in MPN counts implies that growth kinetics has to be included to allow a
good understanding of the microbial competition for oxygen. Microbial growth in the
batch experiments was assessed by O.D. measurements. The O.D. was lineatly related to
the number of microorganisms, measured with the Barker-Tirk counting cells (Figure
8.4). Specific growth rates obtained from the bacterial number dynamics were related to
the average limiting substrate concentration during the sampling interval (Figure 8.5).
The Monod substrate half-saturation constants for microbial growth (K| in mol/I) and
the maximum specific growth rate (L_, in h™") were fitted for each microorganism and
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each limiting substrate combination by minimising the Mean Square Error between
experimental data and fit (Tables 8.3 and 8.4). The R* of the fit was in all cases >0.65 and
modelled and measured [ values were not significandy different (P<0.03}, although there
is some scatter in the data because a continuous process was monitored in a
discontinuous batch experiment, The W, values determined with different limiting
substrates were similar (Tables 8.3 and 8.4).

0.12

heterotrophs
0.1 1
E’ 0.8 -
+
% 0.06 methanotrophs
=
8 004
o
0.02 -
0 )
OEH0 2EH9  4E+09 6E+«{9 8E:®  1LE+I0
mumnber of bacteria (#/mil)
Figure 8.4: Calibration of the Optical Density (0.ID.) measurements with the direct counts
of bacterial numbers using the Biirker-Tiirk counting cells for methanotrophs
and heterotrophs.

The K, valuves determined in these batch experiments are comparable with values
presented by others (Tables 8.3 and 8.4), although variability among published values is
large (see secton 8.4.4). W, values determined in this batch experiment are lower than
avetage published values, especially the L, of methanotrophs is at the lower end of the
measured values. [, values might have been decreased, because the microorganisms
have been enriched, isolated and routinely grown at low oxygen concentrations to mimic
fice thizosphere conditions.

BOM experiments

The W, for Rbodococens HET-2 was validated by BOM experiments at acetate limiting
conditions, The M, calculated from this experiment was 0.12£0.03 h”, which is
consistent with the values measured in the batch experiments. The W, is thus
cornparable for all experimental conditions.
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Table 8.3: Monod half-saturation constants for microbial growth (I in mol/1 water) for
oxygen (O2) and acetate {Ac) and the maximum specific growth rate (lmsx in h)
for heterotrophic pure cultures.

Koz {in M) Koae (in M) Pona (i1 1)
Prseudomonas HET-1 C-limited n.d. 0.36 103 0.054
Prendomonas HET-1 Qz-limited 15 10 n.d. 0.062
Rbodococeus HET-2 B.O.M. n.d. n.d. 0.12
Rbodococens HET 2 C-limited n.d. 1.3 102 0.12
Rbodacoccns HET-2 Oa-limited 9.0 10 n.d. 0.058
Published pute cultures | 9.4 10-:6 123467 (.58 102 2an (1.23 12590

Bodelier and Laanbroek, 1997; 2Gerritse and Gottschal 1993; Sipkema et al, 1998;
4Krooneman et al, 1996; SRobertson and Kuenen, 1984; Geraats et al., 1990; 7Sharma and
Ahlert, 1977; 8Getritse et al, 1992; ¥T'ros et al., 1996; ¥Iwahoti et al., 1995; 11Blackall et al., 1991

Table 8.4: Monod half-saturation constants for microbial growth (K, in mol/1 water) for oxygen
(O) and methane (CHy) and the maximum specific growth rate (Umax in h') for methanotrophic
pure cultures.

Kooz (in M) Keocns (in M) Panax (in B
Metbylocystis MOX-7 C-limited n.d. 28 10 0.018
Methylacystir MOX-1 Op-limited 1.9 106 nd 0.017
Published pute cultures § 6.7 106 1235 29 105 24578 0.12 235678

Jorgensen, 1985; ZHarwood and Pitt, 1972; 3Getritse and Gottschal, 1993; *O’Neill and
Wilkinson, 1977; SNagai et al,, 1973; ‘Amaral and Knowles, 1995; "Graham et al., 1993; 5Sipkema
et al., 1998

8.4.4 Competition for oxygen between methanotrophs and heterotrophs

Compelition experinients

The batch experiments showed a lower K ,; and {1, for methanotrophs, compared to
the heterotrophic cultures. Based on these characteristics it is expected that
methanotrophs will only win the competiion for oxygen with the heterotrophs at very
low oxygen concentrations, This hypothesis was tested in competition experiments with
equal numbers of Methylocystis MOX-1 and Psendomgnas HET-1 at different methane
concentrations and low (around K, for both organisms, expecting the most severe
competition) and high oxygen concentrations.

In all competition experiments, methane consumption rates increased after competition
for oxygen had stopped and all acetate was consumed (Figure 8.6). This increase is partly
due to growth of the methanotrophs, which leads to increased biomass that can consume
methane. However, the absence of competition for oxygen after all acetate was
consurned is probably more important. At high oxygen concentrations, methane
consumption rates already increased before all acetate was depleted -due to less severe
competition for oxygen. At low oxygen concentrations methane consumption was
suppressed for a longer period and to lower acetate concentrations. Only at both high
methane concentrations and low oxygen concentrations, methane consumption rates
increased eatlier (Figure 8.6¢). Compedtion for oxygen was thus limiting methane
oxidation rates.
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Figure 8.¢: Competition for oxypen between methanotrophs and heterotrophs at initially a)
2 mmol CHa/1 gas, b) 5 mmol CHa/1 gas and c) 10 mmol CH./1 gas and at
initial concentrations of 0.5 mmol Os/1 gas (open symbols) and 2-4 mmol Oz/1
gas (closed symbols). Indicated are the amount of oxygen (citcles} and of acetate
(diamonds) and the consumption rates of methane {triangles) and of acetate
(squares). Note the different scales.

Acetate consumption rates were higher than methane consumption rates, as long as
acetate was present. Acerate consumption rates were only slightly suppressed at high
methane concentrations. Psexdomonas HET-1 is thus a better competitor than Methylocysits
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MOX-1, which is reflected in the 1, values of the organisms. An exception occurred at
non-limiting carbon concentrations in combination with low oxygen concentrations
when Methylocystis MOX-1 had higher consumption rates (Figure 8.6¢). In that case, the
Monod equation predicts that the K 5, value determines the outcome of the competition.
The ratio of acetate consumption rate to methane consumption rate was indeed found to
be significantly -at P<0.05- correlated to oxygen concentration (data not shown). It is
expected that significant methane oxidation can only occur in the rice rhizosphere at low
oxygen and high methane concentrations.

Theoretical descripiion of competition

The Monod parameters obtained in the batch expetiments (section 8.4.3) were used to
calculate the critical oxygen concentrations at which specific growth rates for each
microbial group were equal (Eq. 8.3). A negative oxygen concentration was calculated for
the competition berween Rbodococeus HET-2 and Methylocystis MOX-1 at non-limiting
catbon concentrations, which indicates that Rbodecocens HET-2 outcompetes Methylocystis
MOX-7 at all oxygen concentrations at these conditions. This is cansed by the much
higher tt,,. for Rbodocowns HET-2. A O, ] of 38 UM was calculated for the
competition between Pseudomonas HET-1 and Methylocys#is MOX-T at non-limiting carbon
concentrations. At lower oxygen concentrations, the methanotroph obtained higher
specific growth rates, while the opposite was true for higher oxygen concentrations.

The results for [0, | at methane concenrrations from 0 WM to saturation and acetate
concentrations from 0-1 mM are shown in Figute 8.7ab. [0, ] was in general not very
sensitive to the methane concentration. Only at very low methane concentrations,
[O.cing decreased. A [O, ] of 20 pM or higher was calculated for most acetate
concentrations {5-30 M) in tice paddies in the methanogenic phase (Achtnich et al,
1995b; Frenzel et al,, 1999). Such oxygen concentrations ate regularly found in the rice
rhizosphere (Frenzet et al,, 1992; Gilbert and Frenzel, 1995; 1998; Revsbech et al., 1999),
implying that specific growth rates of methanotrophs can be similar to those of
heterotrophs, although fi . for the heterotrophs was much higher (Tables 8.3 and 8.4).
At low acetate concentratons, [0, ] was slightly lower for the competition with
Prendomonas HET-T than for Rbedacocens HET-2, because of the lower K, - for Prendomonas
HET-1. At high acetate concentrations, [(, ., | was higher for the competition with
Preudomonas HET-1 than with Rbedococcus HET-2, because of the lower i, of Preudomonas
HET-1. Only at oxygen concentrations lowet than {0, ], methanotrophs had a higher
H than heterotrophs.

{O,s ] dynamics as a function of methane and acetate (Eq. 8.5) for a situation of equal
biomass were similar to the situation calculated in Figure 8.7a,b and had only slightly
higher values (data not shown). These slightly higher values are caused by the (slightly)
lower yield values for methanotrophs. In correspondence with the competition
experiments {section 8.4.4), growth of methanotrophs was strongly suppressed at high
acetate concentrations. The oxygen concentrations in the competition expetiments were
regularly higher than [O, . | which explains why acetate consumption rates were higher
than methane consumption rates in the competition expetiments. Only at low oxygen
concentrations and non-limiting carbon concentrations, for which a [0, ] of 6 (M was
calculated in competition with Presdomonas HET-I, the consumption rates of the
methanotrophs were higher.
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The situation changed dramatically when actual biomass estimates were used to calculate
[0, d- With non-limiting carbon concentrations, a negative [0, ] was calculated,
indicating that methanotrophs were outcompeted by the heterotrophs at all oxygen
concentrations. At acemate limiting conditions (and no methane limitation} the [0, ]
became positive at acetate concentratons lower than 53 and 56 UM for Prendomonas
HET-1 and Rébodocosens HET-2, respectively. Again, methane concentrations hardly had

any influence on [O,,,,J as shown in Figure 8.7¢,d. Biomass estimates are thus of major
importance for the estimation of competition cutcomes,

crtioal O, congentration (k)

Figure 8.7: Critical oxygen concentration for competition between Meshylocystis MOX-1 and

heterotrophs- Pseudomonas HET-1 (b,d) and Réedococens HET-2 (a,c)- for ab)
specific growth rates and ¢,d} consumption rates.

All parameters to calculate [0, ] are more or less uncertain. The estimates of Y, and
K, arc not very precise, given their dynamic nature and experimental errors. The
coefficients of variation in these parameters were estimated from published data referred
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to in Tables 8.3 and 8.4. Standard deviations for yield are given in section 8.3 and it was
estimated that the coefficient of variation in B is 50%, A Monte Catlo approach
(Keesman and van Straten, 1990} of 1000 runs varying all parameters within the ranges
given by their coefficients of variation and assuming an acetate concentration of 50 pM
and non-limiting methane concentrations was carried out. The overall {0, _; | was 317
MM (default 0.13 uM) for competidon with Psesdomonas HET-1. In 42% of the
combinations, methanotrophs were outcompeted by Psesdomonas HET-1 and [O,,, ]| of
the remaining combinations was 748 pM. This analysis shows that, even though
variability in the parameters is large, the range of [0, ] estimates is limited. The
conclusions drawn for the default settings can thus be applied more generally,

8.5 Concluding remarks

In this study the competition for oxygen between methanotrophs and other oxygen sinks
was determined. Incubation studies showed that microbial oxygen consumption was
dominated by heterotrophic and methanotrophic respiration. Besides these microbial
oxygen sinks, chemical iron oxidation was important. The most abundant methanotrophs
and heterotrophs were isolated and growth kinetic parameters were derermined. Based
on the determined parameters -in combinatdon with kinetic data by others- the
competition between heterotrophs and methanotrophs was quantified experimentally
and theoretically.

A basic assumption in this study is that methane oxidation rates ate limited by oxygen.
Such a limitation appeared to be present in the MPIN counts of the methanotrophs and is
in accordance with other studies (Bosse and Frenzel, 1997; Calhoun and King, 1997;
King, 1996). The theoretical calculations showed indeed that methane concentrations
hardly limited methanotrophic consumption rates. Another assumption is that the data
for the most abundant microorganisms can be extrapolated to overall methane oxidation
kinetics. The fact that the determined affinity constants were similar to average affinity
constants presented by others supports that this extrapolation might be correct.

Both competition experiments and theoretical calculations on competition showed that
methanotrophs outcompeted heterotrophs only at low oxygen concentrations, due to
their lower K. At higher oxygen concentrations, except at very low acetate
concentrations, methanotrophs were outcompeted, mainly due to their lower U,,,. Based
on these observations and the presence of easily accessible carbon substrate in rice fields,
it is expected that methane oxidation rates at the root surface will be very low, except if
oxygen availability is not limiting methane oxidation rates at the root sutface.
Methanotrophs have been found at the tice root surface (Bosse and Frenzel, 1997;
Calhoun and King, 1998) and inside the rice root (Gilbert et al., 1998; Watanabe er al.,
1997), but they were less abundant on the root than in the rhizosphere (Gilbert and
Frenzel, 1998). Probably, heterotrophs will consume most oxygen close to the root
surface, while methanotrophs will be active a bit further away from the root surface at
lower oxygen concentrations. Methane oxidation efficiency at the soil-water surface is
probably higher than in the rhizosphere, because of the lower acetate concentration in
the bulk soil in combinatdon with the longer residence time of methane in the
mictoaerophilic zone.

The necessity of low oxygen and low acetate concentrations was accentuated when actual
biomass estimates were included. Heterowwophic biomass was higher than
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methanotrophic biomass. Methane oxidation was further restricted to areas with low
oxygen and low acetate concentrations. Methane oxidation will thus only occur at
microaetophilic conditions. The large influence of microbial biomass on the competition
outcome shows that prediction of methane oxidation rates will be difficult, unless actual
biomass is measuted. Predictions of biomass dynamics have limited accuracy as long as
quantitative general information on microbial biomass maintenance and survival
strategies, as presented for methanotrophs by Roslev and King (1994; 1995) are scarce.
The high variability of in-situ microbial biomass and substrate concentrations found in
the rice thizosphere, in combination with the sensitivity of the outcome of competition
for these variables, indicates that the high vatiability found in rhizospheric methane
oxidaton rates might be real, Methane oxidation will be most effective at low oxygen and
low acetate concentrations. Insight in mictobial biomass dynamics limits a more precise
prediction of its dynarnics.
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A mechanistic model on methane oxidation in a rice rhizosphere

Abstract

In this paper, a mechanistic model is presented on the processes leading to
methane oxidation in fice thizosphere. The model is driven by oxygen release
from a tice root into an anaercbic rice soil Osxygen is consumed by
heterotrophic and methanotrophic respiration, desctibed by double Monod
kinetics, and by chemical iron oxidation, described by a second order reaction.
Production of substrates for these reactions -ferrous iron, acetate and methane-
are described by an exponential time dependent organic matter minetalisation in
combinaden with modified Michaelis Menten kinetics for the competition for
acetate and COz/H;. Compounds diffuse between the rhizosphere, root and
atmosphere. An exira diffusion tesistance between the rice root and shoot is
included as well as active transport across the root surface for root exudation
and plant nutrient uptake. Iron adsorption is described dependent on pH. The
model predicts root oxygen release, compound gradients and compound
concentrations in a rice thizosphere well, Also methane oxidaton estnates are
comparable to experimental estimates. A sensitivity analysis showed however
that methane oxidadon is highly dependent on model initialisatdon and
parameterisation, Equilibrum is not obtained within the period thar a single
root influences a soil microsite. The equilibrium is moreover dependent upon
the diffusion resistance across the root surface. Methane oxidation depends thus
on root growth dynamics and is therefore highly varable in space and dme.
Methane oxidation dynamics appears differently whether it is expressed per
methane produced or per methane lost by emission or ozidaton. This
difference is caused by the non-equilibrivmn condidons that result in a large
change in methane storage. A general prediction of methane oxidation is very
difficult given the high vatiability and the lack of knowledge to allow prediction
of this variability.

9.1 Introduction

Rice paddies are suspected to contribuie substantally to the increasing atmospheric
methane concentration, Methane emission reflects the balance between methane
production and oxidation. Methane oxidation in rice paddies occurs at the soil-water
interface and in the thizosphere, whete both oxygen and methane are available. Methane
oxidation rates in the rhizosphere are highly variable and plant mediated transport is the
dominant methane emission pathway (Schitz et al,, 1989b). A hetter mechanistic
understanding of rice rhizosphetic methane oxidation is thus important for a good
prediction of global methane emissions.

Vatious processes determine rhizospheric methane oxidation (schematically represented
in Figure 9.1). Methane is produced at anaerobic sites in a rice paddy by methanogens,
which compete for carbon substrates with microorganisms that use alternative electron
acceptots of which iron oxides are the most important (Chapter 5; Inubushi et al,, 1984).
Carbon substrates become available via soil organic matter mincralisation, root
decomposition and root exudation (Chapter 2). Root exudates diffuse towards the
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anaerobic sites, Methane diffuses towards the root surface and is released into the
atmosphere through aerenchyma channels present in rice roots and shoots (Nouchi and
Marko, 1993). Oxygen diffuses through the same aerenchyma channels into the soil -
root oxygen release- while part of the oxygen is already consumed in the roots by root
respiration (Ando et al., 1983}. Methane oxidation can occur at sites where methane and
oxygen concentration profiles overlap. Methanotrophs have to compete for the available
oxygen with other processes, of which heterotrophic respiration and chemieal iron
oxidation are most important (Chapter 8). Chemical iron oxidation again depends on
adsorbed iron and pH (Kirk et al., 1990) and thus on CO, production and plant nuttient
uptake.
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Figute 9.1: Schetnatic representation of a thizosphere and its processes

Various models have been developed for some of the processes mentioned above. Some
process-based methane emission models describe organic substrate production and
methane production (e.g. Cao et al, 1995), but do not consider competition with
alternative electron acceptors (Arah and Stephen, 1998; Cao et al., 1995; Walter et al,,
1996). Cao et al. (1995) treats methane oxidation as a fracton of methane production
and Walter et al, (1996} assumes no oxygen limitation on methane oxidation. A kinetic
model describing methane oxidation in rice paddies {Cai and Yan, 1999) neither assumes
oxygen limitation of methane oxidation nor includes methane production. Grant (1999)
and Ridgwell et al. (1999) presented methanc oxidation models that can only be used in
aerobic soils without plants and are therefore not suitable for rice paddies. Armstrong
and Beckert {1987) presented a mechanistic model on oxygen dynamics within an
aerenchymous root, but included no rhizospheric oxygen dynamics. Available
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thizosphere models describe iton dynamics (Jones et al., 1996; Kitk, 1993) or dynamics
of heterotrophic respiration (Darrah, 1991ab; Newman and Watson, 1977), but no
methane oxidation. The most comptehensive rhizosphere model that can be used to
estimate methane oxidation is described by Segers (2000), that was developed for
wetland plants, Parameterisation of wetland dynamics is very complicated and Segers
(2000) therefore simplified electron acceptor dynamics, soil organic marter
minetalisation, heterotrophic respiration and root gas transport, This makes the model of
Segers (2000) less suitable for a mechanistic understanding of methane oxidation
dynamics.

None of the described models are thus directly suitable for a mechanistic desctiption of
methane oxidation in rice rhizosphere. In this paper we describe a mechanistic model on
methane oxidation in rice rhizosphere using available information on all underlying
processes shown in Figure 9.1. Moedel predictions are compared with other models and
with in-situ measurements. A model sensitivity analysis is presented to determine the
vatiability in modelled methane oxidation as a function of the underlying processes and
to improve the mechanistic understanding of methane oxidation in a rice rhizosphere.

9.2 Model description

The mechanistic model describes the kinetics of aerobic oxidation of the most important
electton donots and the diffusion of those electton denots from a rice root surface and
their release within a rice rhizosphere. Transport within the rhizosphere and the release
of gaseous compounds via the root to the atmosphere is described. Methane oxidation in
a tice thizosphere system can be simulated mechanistically with this combination of
kinetics and transpott.

Aerobic oxidation

Methane oxidation in tice rhizosphere is oxygen limited (Chapter 8). It is therefore of
ptime importance to estimate the dynamics of oxygen consumption processes propetly.
Although denitrifiers can ouicompete rice plants for nitrate (Reddy and Patrick, 1986),
denitrification is a minor soil sink of reducing equivalents because nitrate concentrations
are low and denitrification is negligible in unfertilised rice paddies (Arth et al, 1998).
Nitrifying bacteria are outcompeted by plant roots and heterotrophs at limiting amounts
of ammonia {(Reddy et al., 1989; Verhagen et al, 1995). Sulphur oxidisers have been
found in rice rhizosphere (Stubner et al, 1998) and sulphate concentrations are
significantly higher in rice rhizosphete in compatison with the bulk scil (Dannenberg and
Conrad, 1999; Wind et al, 1995), but sulphur oxidation rates are lower than other
oxidation rates {Chapter 8). The most important oxygen sinks in a rice rthizosphere are
therefore chemical iron oxidation (Eq. 9.1), microbial methane oxidation (Eq. 9.3) and
microbial heterotrophic respiration (Eq. 9.4) (Chapter 8).

4Fe™ + O, + 10H,0-> 4Fe(OH), +8H* (9.1)

Iron oxidation rate, Ry, (mol m™” water s, is given by (Ahmad and Nye, 1990):
Rppor =k -[Felt]-[05] ©2)
in which £ is the iron oxidation constant (0.344.107 m® mol™ s, according to Ahmad

and Nye (1990)), subsctipt s reflects that iron is adsorbed to clay particles. [...| reptesents
a compound concentration in the water phase (mol m¥ and is cotrected for the
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solubility in the gas phase, if appropriate. Similarly to Kirk et al. (1990}, only fast iron
oxidation is considered in this study. .25 moles of O, are consumed during the
oxidation of one mol of ferrous iron.

Heterotrophic respiration is simplified to oxidation of acetate, because acetate is the
most impottant organic acid in fice soils (e.g. Chin and Conrad, 1995; Sigren et al,, 1997)
and around decaying rice roots (Conrad and Klose, 1999).

CH, + 2-0,)0, > (1-0,)CO, + 2-0,)H,0 + o, <CH,0>_ ©.3)
CH,COO + H' + 2(1-0,)0, -> 2(1-0)CO, + 2(1-0)H,O + 20, <CH,0>,(9.4)

in which <CH;O> tepresents a simplified description of microbial biomass. @ is a
reaction coefficient which is numerically equal to the microbial yield Y (in mol microbial
carbon per mol carbon consumed) and is estimated from a data compilation (Chapter 8).
Subscript |, indicates methanotrophs and subscript ;, indicates heterotrophs. Microbial
growth is taken proportional to biomass and the specific growth rate f (s) is expressed
by Double Monod kinetics as:
[0,] I

Kson, +10,] Ky, +[G]

in which i, is the maximum specific growth rate (s, K, is the affinity constant for a
compound (mol m™® (values from a data compilation (Chapter 8)) and C, stands for
methane or acetate for methanotrophs or heterotrophs, respectively. Total microbial
oxygen consumption is not only influenced by growth, but also by maintenance and

Hi = Hmax i {9.5)

growth independent microbial decay. These processes are usually neglected in
cxpetiments in which kinetic parameters are measuted and are thus implicitly
incorporated into these parameters. This allows to define microbial oxygen consumption
rate, Ry, (mol O, m? water s, as:

Ry, = ;- B; - :

&;

(9.6)

in which B is the microbial biomass (mol C m™) and v is a stoichiometry coefficient,
which is 2 and 1 for methanotrophs and heterotrophs, respectively. Microbial catbon
substrate consumption, R, (mol C m” water s, is calculated analogously as:

Ro =M o)
;-0

in which 7] a stoichiometry coefficient for the number of moles C in the substrate (1 and

2 for methanotrophs and heterotrophs, respectively). The fraction of consumed carbon

substrate that is not incorporated into biomass is oxidised to CO,.

Production of electron donors

Within a rice rhizosphere, production and consumption of carhon substrates and ferrous
iron can occur simultaneously. The production of acetate and CQO,/H, is driven by soil
otganic matter mineralisation, P, (in mol C m” s"), neglecting root decay and the
decomposition of organic fertilisers, and is desctibed by Yang (1996):

ij_n = Crnin (I_Smm) Kdmin -e
in which C,,,, is the soil arganic carbon pool {mol C m™} and:

-K,; . -time_season
min

(9.8)
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Kdmin = R[mn ) ume_ SEGSOH_S’“"“ (9-9)

R, 8™ is the relative decomposition rate at #ime_season=1 and §,,, () represents the
rate of change of Ky ;. R, and 5, have been determined experimentally (Chapter 2).
fime_season 15 the time after flooding the soil (s) and is taken 40 days after transplanting in
the default settings, because at that point a reasonable rice root system has been
developed.

Methane is produced from acetate and from CO,/H,. Methanogens have to compete for

these substrates with heterotrophs and ferric iron reducing bacteria that also use acetate

and CO,/H,;
CH,COO + H' -> CO, + CH, (9.10)
CO, + 4H, -> 2H,0 + CH, (9.11)
8 Fe(OH), + CH,COO + 17H" -> 8 Fe?* + 2CO, + 22H,0 (9.12)
2Fe(OH), + H, + 4H" -> 2Fe”" + 6H,0 (9.13)

Both methane production, Ry, and fersic iron reduction, Rg,,, are inhibited in the
presence of oxygen. Moteover, methane production seems to be inhibited directly in the
presence of reducible ferric iron (Chapter G). Microbial biomass dynamics seems not
imporranr for methane production (subscript ) and fetric iron reduction (subscript ).
Both rates can thus be described by 2 modified Michaelis Menten kinetics:

Rena; =V, e donoryl . 1 ' ! (*14)
! " Ky, +le"donor;] 17 K0 1021 1y g, o [FeT )
3+
le doneor;] [Fe! 1 1
Rferea; =V, ! (9.15)

maxjf KM,jf +[e_donarj] KM,FE+[Fe33+} 1+K"102f '[02]

in which the ¢ donor, is cither H, or acetate and the maximum conversion rate [maox,,
equals 7.6 10 mol m”s”, Vmax "4 €quals 3.8 10° mol ms™ Vmax,, s and Vmax, equal
1.2 10 mol m" {Chapter 6). The affinity constant Kmy;,, is 13.3 10 mol m>, K» ip 18
2.56 mol m?, Knty,,is 0.22 10° mol m™ Km,, is 0.23 mol m” and K, is 61 mol m”
(Chapter 6). The inhibition constant K, (defined similarly in Arah and Stephen (1998))
for methane production is estimated at 47 m® mol” (from Fetzer and Conrad, 1993;
Nedwell and Watson, 1995). K, for ferric iron reduction will be smaller and is chosen at
2/3 of the value for methane production, K, is taken at 8.3 m® mol” total reducible iron
(Chapter 6). The ferric iron concentration has a subscript , to indicate that Fe** is
precipitated as Fe(OH), and dissolved and reduced by microbes, leading to 2 release of
ferrous iron into the soil solution.

Root compound conversions
The important process within a root that influences methane oxidation is root
respiration, R,, (mol O, em” root s"), which is described according to Luxmoore
(1970a), neglecting the influence of assimilates on root respiration:
R = resp O
resp max Kresp +(02)roor

in which (0,),,, is the concentration in a root (mol m” gas), Regp,,, is the maximum rate
of root respiration (3.23.10° mol em™ root s for rice (Luxmoore, 1970b)) and K,, (642

(9.16)



162 Chapter 9

mol m™ gas for rice roots (Luxmoore, 1970b)) is the oxygen concentration at which
tespiration is half Resp,,. Root respiration is assumed to occur across the whole root
length, which is assumed to be 0.22 m (Armstrong et al, 1991; Kludze and Delaune,
1995). CO, is produced by root respiration,

All biological reactions are presumed to proceed with a temperature dependence that can
be described by a Q,, value, which is the relative increase in reaction rates at a
temperature increase of 10°C, of 2 {Adas and Barta, 1987).

Iron adsorption

Iron transport in rice rhizosphere is complex and highly depends on pH dependent
solubility. All ferric iron is immobile -indicated as [Fe™}- precipitated as Fe(OH),,
neglecting other iton precipitates and is produced by iron oxidation and decreased by
iron reduction. Ferrous iron is present in two forms: [Fe?”] -mobile in the soil solution
and produced by iron reduction- and [Fe™] -immobile, adsorhed to clay particles and
consurned by iron oxidation. The equilibtium, which is assumed to occur almost
instantaneously, between [Fe*] and [Fe®" ] is given by (Kirk et al,, 1990):

Im 1/n
{FeX*y+{Fe) ] {Fe*)
F 2+ - s 5 . E1 9.1
tFel ( a ] {FeX')+{Fel*) o4

in which {.} represents a concentration expressed in mol kg™ soil, # and m are Freundlich
isotherm parameters (0.032 k" mol™ m™ and 0.57, respectively (calculated from
Ahmad and Nye (1990)). # describes the pH dependence of Fe*™ adsorption on partially
oxidised soil (Kirk et al., 1990):

n=ny-e 8P (9.18)
in which #, is 30 and #, is 0.9 pH" (Kirk et al,, 1990). The pH is determined by the soil
acidity, /HS7 (mol m™ water) and the soil buffer capacity &, (39.6 mol m” water pH",
calculated from Kirk et al. (1990)) (Nye, 1972):

dp 1 d{HS]

= A
dr bHS dt (9 9)

Temporal change in [HS] is determined by the production of acidity (in this study iron
oxidation), consumpdon of acidity (in this study iron reduction} and transport of the
most dominant base pairs in a soil layer 4, H™-H,0 and H,CO,-HCO,:

dHS

—dt—[ =(FIOWH;-_1 "'FIOWH;- )“'(FIOWHcosl—_l _FIGWHC03[_ ) {9.20)

+4 Rreox 'le -4 Rrered ‘Vw;

in which A is a stoichiometry constant depicting the number of H' transferred per iron
and 17, ;is the water volume (m? in soil layer / Transport is desctibed by flow rates from
layer /1o layer /+7 (Eq. 9.21) and layer 1 is located closest to the root.

Concentrations and flows of H* are calculated by combining Eq. 9.19, 9.20, 9.21 and an
active root release of H' to balance nitrogen uptake (next section). Concentrations and
flows of HCO,, Flow,y,;, are calculated from concentrations and flows of total CO,
available in 2 soil layer (which is CO,({) + CO,@®+ H,CO,N)+ HCO, (), neglecting CO,*
because pH<8). Totat CO, is produced by soil mineralisation, methane production, iron
reduction, root respiration and respiration coupled to methane and acetate oxidation {all



A mechanistic model on methane oxddation 163

treated above). Total CO, is distributed among water and gas phase as a function of pH
in each soil layer / according to chemical equilibria for dissolution of CO, (pK,=1.406),
hydradon of CO, to H,CO, (pK,=2.616) and the acid-base reaction of H,CO; to HCOy
(pK,=3.76) (Garrels and Christ, 1965; Kerns, 1960), Produced total CO, is transported
through the system via diffusion through water and gas phase.

Tmﬁ@ﬂﬂ

All reactions described above can occut at different distances, 7, from the root. In the
model, a cylindrical geometry of 20 layers around a root has been incorporated. The
thickness of the layers increases linearly with distance from the root, as the steepest
gradients will occur closest to the root. The first soil layer has the same thickness as the
root radius, 7, (m), which was estimated at 0.37 10" m from primary root data (Drenth
et al., 1991).

Under influence of all reactions, gradients develop between compartments and diffusive
flows occur. In the model, convective flows are neglected, because these flows contribute
litde to total water and solute transport in rice systems (Denier van der Gon and van
Breemen, 1993; de Willigen and van Noordwijk, 1994). It is also assumed that the
contribution of gas bubbles to transport is negligible at the short distances considered in
the model. Adsorption of organic acids on iron oxides is also neglected, contrary to the
model of Jones et al. (1996). The diffusive flow (mol 5") out of soil layer /1o layet H7for
all mobile compounds, M (O,, CH,, acetate, H,, CO,, HCO,, H,CO;, Fe** and H"), can
thus be described by:

Flowy, = Do, - A4 % 9.2
in which D, is the effective diffusion coefficient (m’ water m” soil 57) and A4,is the
cross section area {m” soil) between soil layer /and layer /+7. D, is given by:

D “Tp " STA

Dy, ——-A"‘a_:+DWM 750 9.22)
in which € is the gas filled porosity (m’ gas m” soil}, 8 is the water filled porosity {m’
water m” soil), 0, is the Ostwald coefficient (m* gas m” water) and is taken from
Wilhelm et al. (1977) for all M that can occur in the gas phase. T, and T, determine soil
tortuosity -path length extension- and have values of 0.9 and 2.3, respectively (Campbell,
1985). D, is the diffusion coefficient of compound M in air (m® gas s") and is
calculated against N, as a function of temperature according to theory by Hirschfelder et
al. (1964). Dy, is the diffusion coefficient of a compound M in water (m’ water s
(CH,: 2.22 10° m®s" (Jihne et al,, 1987), O, 299 107 m’s" (Langw et al,, 1996), H,: 5.34
10° m’™ (Lange et al,, 1996), HCO, and H,CO,: 1.40 10° m%"* (Nye, 1972), CO,: 2.22
10° m%" (Lange et al, 1996), Fe*": 0.707 10° m’s” (O’Connor et al.,, 1971), H": 8.4 10°
mls? (Nye, 1972), acetate: 0.672 10”7 m’s" (Darrah, 1991a) all at 30 °C). Temperature
dependence of Dy, is described by a Qy, value of 1.31 (Segers, 2000).

Besides vatious soil layers, a root compartment and an atmospheric compartment are
distinguished. 'The root and atmospheric compartments are dominated by the gas phase
and exchange between these compartments is given by:

Flowy =@, - A AM )~ (M 0,) (9.23)
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in which (M) is the concentraton of a volatile compound M’ (O,, CH,, CO,, H,) in the
gas phase (mol m” gas), @, is the conductance at the rice root-shoot interface (estimated
at 2.04 10° m® gas m? diller 57, Groot et al. (2000)), 4, is the cross section area of a tillet
(estimated to be 3.2.10° m% and #, is the number of roots per tiller (estimated to be 22
(Colmer et al,, 1998; Harada and Yamazaki, 1993)). (M) is corrected for root porosity.
@,, 1s by far the most important limiting factor for gas wransport in a rice plant (Chapter
7) and therefore other factors were neglected. This also implies that @A)} can be
assumed to be homogeneous and that root respiration does not have to be solved
spatially explicitly (this contrary to Armstrong and Beckett (1987)}, because exchange
between roots and atrnosphere is about 45 times slower than mixing within a root. This
also allows the assumption that exchange sites between root and soil (mainly at root tips
and root hairs (Flessa and Fischet, 1992)) ate homogeneocusly spread across the root
surface. In addition, it is assumed that compound exchange between soil and root is not
limited by root access. The root sutrface itself does not introduce an additional resistance,
analogous to the situation at a leaf surface, where the limired area of the stomata does
not introduce an extra resistance for transport (Monteith and Unsworth, 1990), This

leads to:

- 1 M —a i (0.24)
Flo“‘l'rml-mil = T O ~ Fou 0.5- P ([M ]l & (Mroo:))

Dise A D A 1=, Do b

in which .4, is the root surface available for gas exchange (m®) assuming an active root
length available for exchange of 0.075 m (Armstrong, 1971b), £, is the root porosity to
convert D), to a root surface {estimated from a data compilation at 0.295 m’ gas m”
root (Chapter 7)), A, is the soil cross section area halfway the first soil layer (m?) and 7,
is the thickness of the first soil layer (m).

Root oxygen trelease can also be calculated with Eq. 9.24, because biochemically and
photo-synthetically produced oxygen are not of importance in rice (Ando et al., 1983). If
oxygen gradients within the root are important, then the model will underestimate root
oxygen release, because oxygen concentrations at the root cortex is above the average

root oxygen concentration (Armstrong and Beckett, 1987).
Root exudation, assumed to be either acetate -shown to be a major constituent of root
cxudates {Dannenberg and Conrad, 1999)- or converted instantaneously into acetate
(Dannenberg and Conrad, 1999}, cannot be described by diffusion equations, because
exudation is partly an active process, e.g. to allow phosphate uptake:

Flowey, oo =E Ao 9.25)

in which E is the root exudation rate (estimated at 9.6.10™ mol m” root 5™ (Hoffland et
al,, 1989; Delhaize et al., 1993), which is similar to data presented by Lu et al. (1999 for
default root radius and root length.

For H' diffusion across the root surface an eq. similar to Eq. 9.24 is used, using an
apoplast pH of 6.5 (Mattsson et al., 1998):

—soil

1
rmn}l + 0'5 . rl
(l_smr)'Aroor'DW,“ DW,,, 'T.B'elrA 'AG.S
In addition an active root release of H to balance plant uptake of ammenia is included.
As default, 2 nitrogen uptake of 5 kg N ha' day " is assumed.

Flow,, = {(H*],-[H:, D320
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Boundary and initial conditions

The atmosphere represents one system boundary (for which the exchange is dealt with
above). 'The 2™ boundary occurs at the interface between rhizosphere and bulk soil. It is
assumed that net exchange at this boundary is zero. This can be interpreted as
equilibrium between bulk soil and outer soil layer or that the outer soil layer meets the
outer layer of a proximate root.

The amount of a compound M in a compartment is calculated from the producdon and
consumption rates (corrected for comparunenc volume) and flows into and out of the
compartment. The concentration of compound M is calculated from the amount M and
compartment volume, The model simulation starts with an anaerobic soil that comes
under influence of an oxygen releasing root at time zero. Dissolved methane is assumed
to be 0.35 mol m® water (Rothfuss and Conrad, 1993; 1998) and initial acetate
concentration is estimated at 0.05 mol m™ from anaerobic soil in equilibrium (Chin and
Conrad, 1995; Rothfuss and Conrad, 1993). All iron is assumed to be reduced and is
estimated from the total reducible iton content, on average 180 wmol g dw." (Yao and
Conrad, 1999). Total dissolved CO, is estimated to be 6 mol m™ (Contad et al,, 1986).
Soil pH is chosen to be initially 6.7 (Ponnamperuma, 1972). Initial microbial biomass of
heterotrophs and methanotrophs is estimated from biomass data presented for anaerohic
bulk soil in rice paddies (Chapter 8; Gilbert and Frenzel, 1998; Kumaraswamy et al.,
1997). Gaseous concentrations in the root are assumed to be in equilibrium with the
atmosphere. The model was run to simulate 48 hours. This is about the maximum united
petiod that a microsite is under infleence of oxygen release from a single rice root (Flessa
and Fischer, 1992). A carbon balance was included in the model and never showed
relative deviations >10%,

9.3 Results
Model performancs
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Figure 8.2: Development of oxygen gradients in a rice rhizosphere after introduction of a

rice root at an anaerobic microsite at t=0.
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The driving force of the model is diffusive transport of oxygen from the atmosphere into
the anaerobic soil. Part of the oxvgen did not reach the soil, but was consumed in the
roots, 4.11 {mol cm? root surface day’. Root oxygen release (ROL) was one of the
diffusive flows calculated by the model and decreased in tme {under influence of
increasing soil oxygen concentrations) from 2.7 pmol em™ root day” to 1.8 Mmol em™
root day'. The combination of root respitation, ROL and oxygen exchange with the
atmosphete led within two hours to stable root oxygen concentrations of 2.37 mol m”
gas (5.7% v/v).

Under influence of ROL, oxygen was introduced into an initially anaerobic rhizosphere
and an oxygen gradient was established within few minutes. Most of the oxygen was
consumed directly (total oxygen consumption, which is treated below, was more than
99% of the ROL), but rhizospheric oxygen consumnption never fully equalled ROL. This
led to slightly increasing oxygen concentrations in time without obtaining stable gradients
(Figure 9.2). No oxygen was present beyond 3 mm from the root surface.
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Figure 9.3: Development of gradients for a) total ferric iron, b) adsorbed ferrous iron and ¢)

pH in a rce rhizosphere after introduction of a rice root at an anaerobic
microsite at t=0.

The introduction of oxygen into the rhizosphere triggered many oxidative processes.
Fetric iton concentration increased (Figure 9.3a) and ferrous iron concentration
decreased (Figure 9.3b) instantaneously near the root surface, but the maximum fertic
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iron concentration moved away from the root surface in time. Around one 1 mm from
the root surface, the ferric iron accumulated to concentrations that were higher than the
initial total iron concentration. The pH decreased 2 units near the root surface under
influence of iron oxidaton (Figure 9.3¢). Iron reduction had a minor counteracting
influence on the pH decrease, because iron reduction rates were on average 25 times
lower than iron oxidation rates. Maximum iron reduction rates occurred around 2 mm
from the root surface, while the maximum iron oxidation rates occurred at 0.5 mm from
the root surface (Figure 9.4c). Neither active (via nuttient uptake} nor passive (via carbon
dioxide diffusion) flows of H* across the root surface had a big influence on the soil pH:
Neglect of both flows caused an additional pH decrease in the soil layer closest to the
root of 0.17 unit.
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Figure 9.4: Competition for oxygen: Oxygen consumption rates by a) methanotrophs, b)
heterotrophs and ¢} iron oxidation in a rice rhizosphere after introduction of a
rice root at an anaerobic microsite at t=0.

Tron oxidaton was the most important oxidative process in the tice rhizosphere and
accounted inidally for 97% of the consumed oxygen. Iron oxidation rates decreased in
time under influence of a decrease in available reduced iron (Figure 9.3b, ferrous iron
concentration in the soil solution was negligibly small) and accounted for 80% of the
oxygen consumption after two days of root influence. Methanotrophic and heterotrophic
tespitation increased in time, both relatively and absolutely. Heterotrophs were the
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initialisation (taken from average anacrobic conditions). A sensitivity analysis, changing
each parameter independently -which is correct because each parameter is independent-
was cartied out to determine the dependency of the fraction of lost methane via methane
oxidation (Figure 9.6).
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Figure 9.7: Sensitivity of the model expressed as the fraction of methane production that is
oxidised under influence of a) model parameter values and b) model
initialisation. Parameters are as in Figure 6.

Methane oxidation was mainly limited by oxygen. The sensitivity of methane oxidation
on methane production (influenced by C,, and Vmax, ;) and on initial methane
concentrations was less than the sensitivity on parameters influencing competition for
oxygen. ‘The highest sensidvity was obtained for parameters influencing the competition
for oxygen between methanotrophs and chernical iron oxidation. Methanotrophs had a
better competitive ability at a higher initial biomass (B,), higher maximum relative growth
rate (i,...J and a higher affinity for oxygen (lower Ksy, ) and if chemical oxidation
proceeded slower, ie. at a lower k and at lower total iron concentrations ([Fe™ + Fe'']).
Heterotrophs had much less effect on methane oxidation as shown by the hatdly any
sensiivity for B, and [CH,COOH]. The sensitivity for root exudation and kinetic
parameters of the heterotrophs was even less (results not shown). This can be explained
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from the smaller competitive ability of heterotrophs compared to chemical iron
oxidation. Soil oxygen concentrations were mainly determined” by the oxygen
consumption processes in the soil. The conductivity of the root-shoot barrier (@,) and
toot respiration hardly influenced ROL (due to cfficient exchange with the atmosphere)
and thus hardly influenced methane oxidation {results not shown).

Although methane oxidation is usually estimated from 2 difference in methane emissions
with and without addition of specific inhibitors on methane oxidation, and is thus
directly related to the methane oxidation fraction presented in Figure 9.6, these estimates
are usuatly related to methane production. This procedure neglects the large changes -
also in comparison to methane production rates- in soil methane storage in proximity of
a rice 100t Because this may have mmajor implications for the interpretation of methane
oxidation rates, a sensitivity analysis on methane oxidation as a fraction of methane
production was petformed (Figure 9.7).

In general, the sensitivities in Figure 9.7 were similar to those in Figure 9.6, with a few
exceptions. The sensitivity for C,, was much higher; a high C,_;, resulted in high methane
production compared to total soil methane storage and led to a seemingly lower
efficiency of methane oxidation. A similar reasoning can be followed for Vmax,, p, which
showed a negative relationship with methane oxidation fraction, whereas it had a slightly
positive relation in Figure 9.6, The positive relationship in Figure 9.6 was caused by the
inhibition of a higher “max ., on iron recycling, thus increasing the competitive ability
of methanotrophs. Also the initial {CH,] shows a reverse relationship with methane
oxidation in Figure 9.7 compared to Figure 9.6. A high initial [CH,] decreased the
contribution of produced methane to oxidised methane and increased thus the apparent
methane oxidation fraction. In some conditions the methane oxidation fraction increased
even ahove one, showing that care has to be taken when calculating a methane oxidation
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The sensitivity analysis showed that the methane oxidation fraction is highly sensitive
and non-lincarly influenced by model parameterisation and initialisation, which makes
methane oxidation hard to predict. Not only methane oxidation, but also the steady state
for oxygen is influenced by the model parameterisation. At default conditions, oxygen
amounts in the rice rhizosphere tended to increase in time, Decreasing the transport
conductivity across the root-soil interface led however to decreasing oxygen in the rice
thizosphere (Figure 9.8, inidalised with oxygen concenttations above zero to allow
comparison). Decreasing oxygen concentrations in the tice rhizosphere have been
predicted by Kirk (1993) and might well have been caused by his choice on transport
conductivity across the root-soil interface (which wvalue was unfortunately not
documented).

9.4 Discussion

Model lmitations

Like all models, the model presented in this paper has several limitations. It is itnportant
to understand these limitations to intetpret model perfotmance. Microbial aetobic
dynamics was limited to one methanotrophic species and one heterotrophic species,
whereas many organisms interact in a rice rhizosphere. Arguments for excluding
nitrification and sulphur oxidation are given in section 2, but one can still argue that one
representative of a microbial group cannot mimic a complete microbial population. The
affinity constants were however averages taken from published values and wete similar
to affinity constants found for deminant microorganisms isolated from a tice paddy
{(Chapter 8). The maximum relative growth rates were also average published values and
might thus tepresent average conditions. Bodelier et al. (2000) showed however that
methanotrophic activity in rice paddies might be increased significantly hy nitrogen
fertilisation. Such interactions are not explicitly accounted for in the model and need
more research as the sensitivity analysis showed that g, ., had a large influence on the
fraction of methane oxidised. Many of the parameter values for other processes, like iron
oxidation, methane production and soil mineralisation, are variable or uncertain. For
these parameter values a sensitivity analysis has been carried out and the influence could
be quantified, although the variability in parameter values limits the application of the
model for prediction purposes.

Besides in the rice rhizosphere, methanotrophs (Bosse and Frenzel, 1997; Gilbert and
Frenzel, 1998) and heterotrophs (Watanabe et al., 1979) have also been found at the rice
root surface. These are not explicitly accounted for by the model, but the first soil layer is
so thin (1/4* root diameter) that it can be assumed that this soil layer represents the root
surface as these will be hard to disdnguish experimentally. Methanotrophs have also been
found inside the rice root (Bosse and Frenzel, 1997; Gilbert et al,, 1998). The activity of
the microorganisms inside the root is however not known and their possible influence on
total methane oxidation could therefore not be quantified. Given the short residence
time of methane inside the root and the dominant gas phase within the root their
influence will however probably be small.

A more important limitation of the model seems that a homogeneous cylindrical
geometry around the active part of a primary root has been used. An alternative spherical
geometry around each root tip (of the primary and the laterals roots) does not represent
reality either, because such geometry would need the assumption of a full sphere around
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a tip, while in reality each tip is in exchange with the other parts of the root. Application
of a sphetical geometry did not lead to different results for the methane oxidation
fraction (results not shown), although the gradients within the soil were steeper, hecause
of the faster volume change with distance from the root sutface. The reason for the
comparable results for different geometries is that the exchange across the root surface
and within the root are not the limidng factors for methane oxidation.

A final limitation of the model is that root growth dynamics was not accounted for
explicitly. None of the models mentoned in the introduction of the paper include root
growth dynamics. This dynamics may however be important because of the absence of a
steady state within the period over which a root is influencing a certain microsite, The
implications of this limitation are therefore explored later on.

Mode! performance

There are no mechanistic models on methane oxidation in a rthizosphere, except for the
model of Segers (2000), and there are no in situ measurements on methane oxidation in
the rhizosphere, but model outcomes can be compared with various measurements and
model estitates for different parts of the model.

The model was drven by ROL into a rice rhizosphere. Unfortnately, many
measurements of ROL expressed ROL per plant or per gram root, which would
necessitate additional conversion with additional uncettainty. Those data were therefore
excluded from compatison. Armstrong (1969) measured 4.2-6.8, Armstrong (1971a) 1.9-
3.6 and Colmer et al. (1998) 0.8-1.5 ymol cm? root day™ in rice. These measurements are
allin the same range as the ROL calculated by the model. Our calculated root respiration
of 4.1 pimol cm? root day” is similar to 3.0-4.2 (Armstrong, 1971a) and 2.1-2.5 umol cm’*
toot day’ (Armstrong, 1971b). The ratio of root respiration and ROL can also be
compared with measurements. Ueckert et al. (1990) showed that ROL was incteased by a
factor 2.6 when root respiration was inhibited, which means that toot respiration is 1.6*
ROL. In our model we obtain an estimate of 1.52-2,28*ROL. Root respiration had little
influence on ROL as was shown in our sensitivity analysis, although root respiration was
higher than ROL. This is in accordance with Colmer et al. (1998) who state root
tespiration rates are not a major factor determining the pattern of ROL along roots, Root
oxygen concentrations are the resultant of root respiration, gas exchange with the
atmosphere and ROL. Our modelled oxygen concentration of 5.7% v/v is compatable
with 2-14% v/v (Raalte, 1940) and 0.4-10.4% v/v (Revsbech et al., 1999). Modelled root
cortex oxygen concentrations (Armstrong and Beckett, 1987) vary between 0-20% v/v
depending on root length and diffusion characteristics.

Oxygen release into the anacrobic soil led to oxygen gradients, which did not proceed
further than 3 mm from the root sutface, Armstrong (1970) modelled an extent of 2.3-
29 mm for rice roots and Kirk {1993) alsc modelled 3 mm. Modelled oxygen
concentrations vatried from 0-190 UM with an average of 60 WM. These concentrations
are comparable to those expetimentally found by Frenzel et al. (1992) 10-115 uM,
Gilbert and Frenzel (1998) 10-152 pM and Revsbech et al. (1999) 0-96 pM.

The introduction of oxygen triggered iron oxidation, leading to ferrous iron depletion
and an accumulation of immobile ferric iron near the root surface. Kirk (1993) modeled
similar disttibutions. Ferric iron accumulated to concentratons higher than the initial
values. This is in accordance with measurements of Conlin and Crowder {1989} and
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Wang and Peverly (1999). Such metal accumulation might either intensify toxicity or
might be beneficial for micronutrient uptake. A steep pH gradient of 2 units established
near the root sutface under influence of acidity produced by iron oxidaton, which was
not balanced by acid consumption by iron reduction, similar to what was modelted by
Kirk (1993). Measurements indicate variable gradients of 1-2.5 units (Begg ct al., 1994),
0.6 units (Gilbert and Frenzel, 1998) and 0.2 units (Revsbech et al., 1999).
Methanotrophs and heterotrophs have to compete for oxygen with chemical iron
oxidation, that dominated oxypen consumption. Reddy et al (1980) also found that at
first oxygen consumpton is dominated by chemical iron oxidation and that only
thereafter both chemical and microbial oxidation reactions occur. Howeler and Bouldin
(1971} found a somewhat lower contribution of iron oxidaton, 50%, to total oxygen
consumption in swamp soils. Swamp scils are however in general much richer in organic
catbon than rice paddy soils. A higher contribution of heterotrophic respiration can
therefore by expected for swamp soils. Watson et al. (1997) found in peat soils that 89-
94.2% of the microbial respiration is via heterotrophic respiration. We found a 75%
conttibution of heterotrophic respiration to microbial respiration for rice paddies.
Oxygen consumption by methanoteophs in combination with methane release to the
atmosphere and methane production led to changes in methane gradients. Methane
production was only inhibited in the first 1.5 mm from the root surface in the tice
thizosphere, In the remaining aerobic rhizosphere, methane production was almost
similat to the methane production under anaerobic conditions, The methane gradient in
the rhizosphere was mainly determined by methane release to the atmosphere and was
highly similar to the gradients measured by Gilbert and Frenzel (1998). In the rice root,
methane concentrations were, with 140 ppm, much higher than background atmospheric
concentrations. The authors are not aware of thizospheric acetate data to compare the
model estimates with. This is a pity, because other models on rhizospheric otganic
carbon predict similar Jones et al., 1996), slightly higher (Newman and Watson, 1977) or
much higher (Darrah, 19%1ab) carbon concentrations and all show decreasing organic
carbon concentratons with distance from the root. This different trend from our model
(Figure 9.5a) is explained by the fact that all other models were developed for acrobic
systems, which do not have a large change in consumption efficiency with distance from
the root surface.

Given the proper model petformance on the individual processes, the model can be used
to calculate methane oxidation rates and compare those values with measured values of
methane oxidation. However, such a compatison may be difficult, because of the many
different methods used to measure methane oxidaton. Even methane oxidation
estimates with specific inhibitors, which vield the most accurate estimates of methane
oxidation, vaty from 4% (Denier van der Gon and Neue, 1996) to 52% (Epp and
Chanton, 1993). Bodelier et al. (2000} recently showed that methane oxidason is highly
dependent on nitrogen ferdlisation. The sensitivity analysis of the model showed that
high variabilities are probably not experimental artefacts, but reality. Methanotrophic
biomass estimates in the rice rhizosphere can differ more than an order of magnitude,
standard deviations in various estimates of the maximum specific growth rates of the
methanotrophs (i, ) and the methanotrophic constant for oxygen (K, ) are more
than 50% (Chapter 8) and methanc concentrations in rice paddies have a spatial
vadability of more than 300% {Rothfuss and Conrad, 1998). Such differences in
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environmental conditions change modelled methane oxidation fractions by more than
250% as shown by the sensitivity analysis, even though only one parameter was changed
at a time. A sensitivity analysis cartied out by Segers (2000) also showed that methane
oxidation fractions could vary between 0-100%.

On average, the model predicts a methane oxidation of 8.5% of the total amount of
methane lost and 33% if expressed as a fraction of methane production. This is much
smaller than the model estimates of Watson et al, (1997). It is however similar to a
measured average methane oxidation of 29-34% of methane produced (Banker et al,
1995; Bosse and Frenzel, 1998; Denier van der Gon and Neue, 19906).

A direct comparison with measuted values is however difficult, because the calculated
methane oxidadon fracdon depends on the definiton. Both definitions are used
simultaneously, while this is not correct given the large change in methane storage due to
methane released to the atmosphere. The dissynchronisation of methane production and
methane oxidation makes that the definitions represent highly different situations.
Without correction for changes in methane storage, the caleulated methane oxidation
fracton matks an upper boundary (33% in the default simulation), representing a
situation in which the losses of methane in the thizosphere are quickly refilled by
methane produced in the surrounding anaerobic soil. Such situations may occur in soils
with low root length densities. In such situations, a diffusive flow instead of an
equilibrium should be considered across the outer boundary of the rhizosphere. Such a
diffusive flow did not change the value of the simulated methanc oxidation fraction
(tesults not shown). On the other hand, methane oxidation as a fraction of total methane
loss (8.5%) represents a lower boundary for methane oxidation and is only representative
for a complete plant if the distance berween primary roots is equal or closer than 10 mm
everywhere in the soil. Depending on the toot length density the overall average for
thizospheric methane oxidation calculated by the model is thus 8.5-33% and that is
similar to published values obtained by the use of specific inhibitors.

Rice rhizpsphere dynamics

The model showed two important things: i) The fraction of methane that is oxidised
highly depends on model initialisation and other variable parameters. ii) There is no
steady state within the period that a single root influences a soil microsite, because the
growing root passes too quickly, The consumption of oxygen by chemical iron oxidation
and microbial respiration is always smaller than ROL. As soon as a root tip reaches an
anaerobic microsite, Oxygen concentrations will increase according to the default
sitnulation. Results with decreased conductivity across the root-soil interface (Figure 9.8)
show a different sitnation. Under influence of root growth, the positions of exudate and
oxygen release change however continuously in time. After an oxygen releasing period,
the microsite becomes anaerobic within a few hours (results not shown), because root
growth rates are with 1-2 cm day” much higher than the few mm diffusion per day in
watet. Aerobic conditions develop again when a new root arrives at the microsite, The
length of the period in between depends on the root length density, This means that the
rice soil is a dynamic system and that the rice rhizosphere is not a static, steady state
environment.

Methane oxidation is a.o. highly influenced by the initial microbial biomass, and
especially by methanotrophic biomass. Given the temporal dynamics in a rice
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rhizosphere, it seems that this biomass will mainly be determined by the extent to which
tnethanotrophs are able to sutvive anaerobic periods. There is not much information
available on this subject, although it seems that methanotrophs can sutvive anaerobic
conditions for long periods (Roslev and King, 1994; 1995). The model predicts that
methanotrophic biomass increases to maximally 800% of its initial value within two days
(the maximum heterottophic biomass was less than 400% of its initial value).
Experimentally, methanotrophic numbers in the thizosphere have been found to be up
to 2 orders of magnitude higher than in the bulk soil (Chapter 8; Gilbert and Frenzel
1998; Kumaraswamy et al., 1997). Methanotrophic biomass has also been found to
increase during the season (Chapter 8). These increases are probably due to the
combination of a good survival and rapid growth if oxygen is available. Methanotrophic
biomass and methane oxidation will thus depend on the history of the microsite. A better
prediction of methane oxidation will be possible if more quantitative information on
adaptation and survival capacities of methanotrophs and heterotrophs becomes available,
In time, not only microhial biomass may change, but also the concentrations of acetate,
methane and ferrous iron will change. The turnover time for root exudates is less than Y4
day. Consumption is larger than the production of catbon substrates and ferrous iron.
Depending on root growth dynamics and root length densities, the carbon substrates or
ferrous iron may thus become lLimiting, influencing the methane oxidation fraction.
Moteover, the effects described above will depend on whether a root fip or lateral roots
arc considered. Methane oxidation will thus be highly vatiable, both spatially and
temporarily and will depend on the history of the microsite.

9.5 Conclusions

This paper presents an extensive integrative mechanistic model on the processes leading
to methane oxidation in rice rhizosphere. Modelled predictions on processes, a.0, root
oxygen telease, and tmodelled compound distributions were similar to what has been
found experimentally. The introduction of a growing root into a reduced soil microsite
leads to a fast increase in oxygen concentrations near the root, accumulation of ferrous
iron, pH decrease and depletion of acetate and methane near the root surface. Estimates
of methane oxidation depend on the definition used. Methane oxidation as a fraction of
methane produced was comparable (33%) to experimental estimates, but should only be
applied in soil with low root densities. The fraction methane lost via oxidation, which is a
more appropriate measure in soils with normal or high root length densities, was much
lower (8.5%). A sensitivity analysis showed that methane oxidation depends on model
initialisation and parameterisation and that it is especially sensitive to parameters
influencing the competition between methanotrophs and chemical iron oxidation. Other
processes, ¢.g. methane production or heterotrophic tespiration, have much less
influence. Methane oxidation depends thus on root growth dynamics and will be highly
spatially and temporarily variable, which makes a general prediction of methane
oxidation difficult,
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General discussion

This thesis desctibes the development of a model on methane emissions from tice
paddies that can be coupled to a Geographical Information Systemn (GIS) to estimate
regional emissions. Such a model should be process-based, to allow extrapolation, and
should need only few input parameters, to allow the estimation of emissions at a regional
scale using commonly available databases. In this chapter I will evaluate to which extend
these objectives have been realised. Three issues will be discussed: i) The extend to which
the field scale model could predict methane emissions from rice paddies with few input
patameters (also in comparison with earlier developed field scale models), i) The validity
of the process-based field scale model by a comparison between process descriptions in
the field scale model and cutcomes of developed mechanistic models on these processes,
iii) The possibilities for upscaling by a combination of model and databases.

10.1 Emission predictions with a field scale model

Several models on methane emissions from rice paddies were published the last few
years. Some of these models were highly empirical (Hosono and Nouchi, 1997; Huang et
al., 1998}, others were process-based (Arah and Stephen, 1998; Cao et al., 1995; Khalil et
al, 1998a). The advantage of empirical models is that they need only few input
parameters. Results of empirical models are however difficult to extrapolate beyond the
area for which they were developed, which is problematic in view of the upscaling
objective. Some process-based models (Arah and Stephen, 1998; Khalil et al.,, 1998a)
need site specific parameters, like on methane production potential and plant tansport
characteristics. This makes these models not suitable for upscaling, although their
process-based descriptions are proper. The model of Cao et al. (1995) is process-based
and needs only few parameters, which makes this model potentially suitable for
upscaling. Some of the descriptions in this model however do not seem proper in view
of recent process information (discussed below). Therefore, it was chosen to develop a
new process-based field scale model on methane emissions from rice paddies (Chapter
2.

None of the models, including the model presented in this thesis, is suitable to predict
diurnal variation -high in the afternoon and low during the night- in methane emissions.
'The processes leading to diurnal variations are complicated and only partly understood.
Diurnal variations depend in many cases on temperature {Chanton et al., 1997; Wang et
al, 1999) and are much larger early in the season (Satpathy et al, 1997) and in
unvegetated than in vegetated paddies (Byrnes et al, 1995). This suggests a major
influence of ebullition on diurnal vatiations. Ebullition is not treated explicitly in any of
the models. Diurnal vatiatons will therefore not be considered in this discussion.
Neither can the model be used for predictions of emissions from ratoon crops, a rice
crop produced by regrowth of previously harvested rice, which is produced in e.g. Texas.
The new model (Chapters 2 and 3) uses process information to simplify the process
description making one crucial assumpton, which is the division between a rhizosphere
and a bulk soil compartment. This approach led to a process-based model that needs
only few parameters and which is thus potentially suitable for upscaling, The maodel was
validated with field methane emission data by closed chambers -which do not seem to
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bias emission estimates- and showed 2 standard deviation of less than 10% compared to
the measurements (Chapter 2; Figure 10.1c).

For the methane emissions from 0 treatments at 2 sites in the Philippines (Figure
10.1a,b), the model presented in this thesis performed better than the two other
published models that can be used with few parameters, both for the daily and the
seasonal dynamics. The other models were originally not parameterised for the
Philippines, but for Italy (Cao et al, 1993) and Texas, USA (Huang et al, 1998),
respectively. The model of Huang et al. (1998) performs better than the model of Cao et
al. (1995) -that was reprogrammed- for almost all treatments. The model of Huang et al.
(1998) which was developed for soils low in soil organic carbon, underestimates methane
emissions in most treatments, because soil mineralisation was neglected. On the other
hand, the model of Cao et al. (1995) is almost fully determined by soil mineralisation and
is hardly influenced by site specific conditions. Both Cao et al. (1995) and Huang et al.
(1998) neglect the influence of alternative electron acceptors and overestimate methane
emissions at Los Barfios, that is high in reducible iton. From these comparisons, the
development of a new process-based model that needs few input parameters {like the
model of this thesis) seems thus justified. A more complete comparison with sites from
all over the world is however necessary to provide a conclusive answer,
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Figure 10.1: Methane emission measurements and predictions using different models for
different sites in the Philippines; a) Maligaya wet season 1996, b} Los Bafios wet

season 1997 and c) seasonal methane emissions.



Gentral discuession 179

10.2 Validity of the field scale model

Metbane production

In the field scale model, two major simplifications on the description of methane
production wete made. i) It was assumed that produced carbon substrates were directly
used by microorganisms reducing nitrate, sulfate, ferric iron or producing methane
without intermediate accumulation. i) It was assumed that the microbial reduction
sequence followed suictly the redox sequence and thus that microorganisms
outcompeted each othet.

The mechanistic methane production model (Chapter 6) combines available knowledge
on the processes leading to methane production under anaerobic conditions. Microbial
competition for common substrates -acetic acid, H, and some inorganic electron donors-
is described by Michaelis-Menten kinetics. This implies that actual substrate
concentrations ate calculated and used in the model. In addidon, some other microbial
interactions that are only partly understood, like product inhibitions and lag times, are

accounted for as mechanistically as possible.
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Figure 10.2: Compatison between field scale —simplified- madel and extended mechanistic
model estimates on methane production for a} seasonal dynamics at Maligaya,
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Methane estimates for both models were compared for all validation treatments
discussed in Chapter 3. Two examples are shown in Figure 10.2a,b. At the Maligaya site
with relatively low reducible iron, the simplified model simulates higher methane
production rates than the extended model, except at the beginning and the end of the
season. At that point, the reducible iron is below its inhibiting concentrations and all
available substrate is directly converted into methane. In the extended model, not all
available substrate can be consumed directly, because of limited production rates. The
competitive ability of the methanogens compared to the iron reducing bacteria increases
during the season. This leads to a steady increase in methane production rates duting the
season. A similar pattern is found for the extended model for Los Bafios, whereas the
simplified model predicts less methane production than the extended model. At Los
Bafios, the reducible iron concentrations are high. The simplified model predicts no
methane production at the start of the season and very small production rates at other
moments due to the simplified description for competition. Depending on the ratio of
substrate availability to reducible iron, either the neglect of substrate accumulation ot the
outcompetition effects dominate the deviation between the estimates of the extended
and simplified model. The largest differences between the two production estimates
coincided with the highest differences between predicted and measured methane
emissions (Chapter 2; Figure 10.1). Methane production on a seasonal basis for both
models is quite related, which is important to know because seasonal estimates are used
for upscaling purposes,

Besides a validation of the simplified model, the mechanistic model can also be used to
identify gaps in knowledge. There is a lack of quantitative knowledge on the temperature
dependence of affinity constants, on manganese reduction kinetics, on the use of
inorganic compounds as electron donors and on the inhibition of sulphate reduction and
methane production during iton reduction. Humic acid reduction does not seem
important in rice paddy soils, but might become more important in otganically fertilised
rice paddies. Coupling of thermodynamics with kinetic descriptions might improve some
of the uncertainties, Introduction of different microbial species, like homoacetogens and
the distinction between Meshanosarcine and Methanosaeta, might further improve the
understanding but would make it completely impossible to apply the model for
upscaling. These uncertainties on methane production have a strong influence during the
first part of the season. To understand the dynamics of methane emissions in this period,
a better quantitative understanding of the processes leading to methane production is
needed.

Methanogens have also been found at the root sutface, as recently described by
Grosskopf et al. (1998). These methanogens might have different kinetic characteristics
than methanogens in the soil slurry (Conrad et al., 2000). At the rice root surface aerobic
conditions prevail, which will inhibit methanogens ditrectly (Nedwell and Watson, 1995).
This inhibition was not accounted for in the model. Due to the presence of oxygen, part
of the acctate will be consumed during heterotrophic aerobic respiration (Chapter 9),
which is much faster than the anaerobic consumption of acetate. This was neither
accounted for in the model. This might have led to an overestimation of substrate
accumulation in the rice rhizosphere. The methane production model can thus not be
directly used for predictions near the root surface.
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A high spatial variability -as explained above for the root surface- occurs at many other
microsites within the rice paddy, e.g. around soil cracks or soil aggregates. This variability
limits, in combination with non-linear relations, the prediction possibilities of methane
production for a complete rice paddy.

A prerequisite for a good model on methane production is that the production of carbon
is well described. The influence of different descriptions for soil organic matter
mineralisation is considerable (Chapter 2. A model specifically developed for anaerobic
conditions does not exist, but such a model might improve the predictions. Such model
should at least account for different mineralisation rates as affected by different
dominating electron acceptors (D’Angelo and Reddy, 1999; McLatchley and Reddy,
1998) and should distinguish various hydrolysis and mineralisation steps (Vavilin et al,,
1996). The mineralisation model presented in this thesis seems to be the best description
available (Chapter 2).

Besides gaps in knowledge, there is also a deficiency in quantitative data. The V. for
acetic acid and H, of nitrate reduction, ferric iron reduction, sulphate reduction and
methanogenesis in principle have to be estimated for each situation separately. The
differences in V_, estimates and the consequences of these differences can be
considerable {Chapter 6), but will, by definidon, be unknown during upscaling, It is
encouraging, that the mechanistic model with average estimates for V. values gave
similar seasonal methane ptoduction values to the simplified model (Figure 10.2c). This
might be different in a situation with high organic ferdliser applications, when V
values will probably be higher (Wassmann et al., 1998). This may lead to a methane
emission undetestimaton at high applications, when using the mechanistic model. It can
be argued that methane emissions are underestimated if carbon substrate concentrations
at the end of the growing season are still considerable.

Methane transport

Methane transport is desctibed in the field scale model by a mean residence time, which
is constant throughout the season, multiplied by the methane concentration in a
compartment {Chapter 2), The mean residence time was different for each compartment
and was much latger for the bulk scil than for the rhizosphere. The residence times were
estimated from published data as 2.5 hours for the thizosphere and 12.5 days for the
bulk soil. The development of a mechanistic model on gas transport through a flooded
soil-plant system {Chapter 7) allows a mechanistic validation of estimated residence
times.

The mean compound residence time in the rhizosphere can be estimated from the sum
of the ratios of compartment volume over compartment conductance for rice shoot, rice
root and thizosphetic soil. The volume of the rice shoot depends on the number of
tillers, tiller tength and tiller radins. The volume of the rice root depends on the root
radius, root length and number of roots and the volume of the rhizospheric soil depends
additionally on the distance between the roots. The conductances in shoot and root
depend on the diffusion coefficient in air and on the conductance over stomata and the
root-shoot intetface, respectively. The conductance in the rhizospheric soil depends on
the soil diffusion coefficient. All these parameters can be calculated from the equations
given in Chapter 7. Results are shown in Figure 10.3.
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The average residence in the rhizosphere is 5.1 hours and this difference with the
imposed residence time in the field scale model can be neglected on a seasonal scale.
Contrary to the estimate in the field scale model, the mechanisic model shows large
dynamics during the season. This dynamics is mainly caused by changes in the residence
time in the rhizospheric soil, which also in absolute terms is the dominant contributor to
the residence time in the rhizosphere compartment. The residence time in rhizospheric
soil s mainly determined by the distance between the roots, which is again a function of
the root length density. The root length density is different at different soil depths, at
different times of the growing season and depends moteover on the rice caltivar. In the
field scale model differences in soil depth were neglected for arguments given in Chapter
2. Due to non-linear relationships between root length density and root distance, these
soil depth differences might lead to a refinement of components that contribute to the
overall residence time in the rhizosphere, but will probably not change overall dynamics.
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Fi 10.3: Calculated residence time in the total rthizosphetic compartment based upon

individual residence time for the rhizospheric soil, rice root and rice shoot as a
function of the time in the growing season.

Temporal changes in root length will have more influence. Both the temporal change in
root length and the rotal root length density that is obtained depends on many variables,
such as site, fertiliser use and rice cultivar (Slaton et al, 1990; Tanaka et al., 1995).
Quantification and predicton of the effects of these factors is difficult. In this thesis all
data on this subject were averaged and only data from high vielding rice varieties were
used. Prediction of these changes will however be important for mechanistic modelling
of methane emissions from rice paddies under different conditions and different rice
vatieties, especially because of the influence of root distance on methane oxidation
(treated below). Rice varieties will not only influence root length density, but also root
exudation, root respiration, root transport conductivity and toot oxygen release. The
results of Figure 10.3 show that although variability in root conductance ate up to a
factor 5, this will only lead to a doubling of the thizospheric residence time. For a
seasonal estimate of methane emissions, this factor is therefore less impottant. Root



General discussion 183

respiration is also only of minor importance (on methane oxidation) as shown below.
Root oxygen release is also highly cultivar dependent {Satpathy et al.,, 1998) and affects
methane oxidation. Root exudaton, an important carbon source for methane production
in soil low in organic catbon, is another factor causing large differences in methane
emissions from different rice varieties as mentioned in Chapter 3. These factors need to
be known before mechanistic modelling of methane emissions from rice paddies can be
applied for different rice cultivars in upscaling.

The residence time of methane in the bulk soil can also be estimated from the theory
presented in Chapter 7. The total residence time in the bulk soil is the sum of the
residence times in the soil and in the water layer on top of the soil. These residence times
are again determined by the layer thickness and the diffusion coefficient of methane in
watet. If an average soil depth of 10 em -which is half the average thickness of a rice
paddy- and a flocding layer of 2 cm is applied, then a residence dme of 122 days is
calculated. This is much higher than the 12.5 days for measured average residence time.
The main reason for the difference between calculated and measured residence times is
that the dominant pathway in the bulk soil is not diffusion, but ebulliion (Chapter 2).
Ebullition is a complex process that depends among others on methane concentration,
soil bulk density, soil structure and the production of other gases. Ebullition is usually
neglected in field scale models, while it is an important pathway for methane. Ebullition
is only implicitly accounted for in the field scale model presented in this thesis. If
cbullition is accounted for, then it is taken as a function of saturated methane
concentrations (Arah and Kitk, 2000; Grant, 1998). The most comprehensive description
is presented by Segers (2000), but even that description is, necessarily, partly empitical. If
methane transport is to be described mechanistically, then a model on ebullition needs to
be developed.

Methare oxdation

The field scale model describes methane oxidation as a bell-shaped, time dependent
fraction of methane production. The parameter values for the gaussian function were
based on an average estimated methane oxidation fraction of 33% and estimated root
oxygen release dynamics throughout the season. The average methane oxidation fraction
was only based on measurements using specific inhibitors, hecause indirect methaods to
measure methane oxidation highly overestimared methane oxidation (Chapter 2; King,
1996;. Root oxygen release will drive methane oxidation in the rhizosphere, because
methane oxidation in the tice rhizosphere is oxygen limited (Chapter 8, Bosse and
Frenzel, 1997). Root oxygen telease was estimared from root exudation data -which is
highest when the root is most active-, because root oxygen release and root exudation
appear to be coupled via changes in membrane permeability (Setter et al, 198%). One
function of root oxygen release is to detoxify reduced products like Fe™, H,S and
organic acids, which is needed most when the root is most active, Circumstantial
cvidence is found from the fact that the root oxidative power — which unfortunately
cannot be used directly to estimated root oxygen release (Ando et al,, 1983}- had a similar
seasonal dynamics 2s the imposed gaussian curve (Satpathy et al., 1997).

The mechanistic model (Chapter 9} does not impose any direct relationship between
methane production and methane oxidation. Instead, the important acrobic and
anaerobic chemical and microbial interactions occurring in the rice rhizosphere were
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accounted for. Using all these interactions, the competition for oxygen between
methanotrophs and other oxygen sinks -heterotrophic respiraton, chemical iron
oxidation and toot tespiration- was calculated. Calculated methane oxidation rates were
compared with methane lost from the thizosphere duting the same petiod (caused by
methane emission and methane oxidaticn) and to the actual methane production rate
during the same period,

Mechanistic estimates of methane oxidation were calculated by running the mechanistic
oxidation model (Chapter 9) for one day at different times during the growing season
(Figuze 10.4). Initial concentrations of acetic acid, ferrous iron, fertic iron and methane
wete estimated from a coupled model of the mechanistic methane production model
(Chapter 6} and the field scale model (Chapter 2) and by running this coupled model as a
function of the growing season. Mineralisation rates were directly estimated from the
time of the growing season (Chapter 2), Root exudation rates were varied during the
season according to the gaussian curve introduced above. Initial methanotrophic and
heterotrophic biomass were estimated as a function of the growing season from Most
Probable Number counts (Chapter 8).

LB97, mechanistic model
—— MAY6, mechanistic model

071 = field scale model for both sites

methane oxidation fraction

Figure 10.4: Compatison between field scale model and mechanistic model estimates on
methane oxidation.

Both estimates for methane oxidation peak in the middle of the growing season. The
small peak found for the mechanistic model occurs probably at different moments
during the season for different roots and will smooth to a gaussian type of cutve.
Calculated methane oxidaton is slightly site dependent, which is mainly due to a
difference in alternative clectron donors. At the start of the secason, the mechanistic
model calculates higher methane oxidation fractions, but this difference can be neglected
because methane production rates are very low at that point. There is however 2 major
differenice in the absolute methane oxidation fraction calculated for both models. This
difference may have several reasons:

i) The lower estimate for the mechanistic model may partly be due to the low calculated
methane concentrations in the rice thizosphere. These concentratons were far below
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saturation and might be caused by the continuous methane release from the thizosphere
in the field scale model, whereas in reality methane will only be released close to lateral
roots of root tips, Actual methane concentrations and therefore methane oxidation rates,
will thus be underestimated.

1)) Methane oxidation is usually estimated from a difference in methane emission when
using specific inhibitors. Methane oxidation as a fracton of the methane lost was
therefore used for comparison with the field scale model. In most reports, including
those used for estimation in the field scale model, calculated methane oxidation is
directly related to methane production. This is not strictly correct because changes in
methane storage are neglected in this approach. Changes in methane storage in the rice
thizosphere -and thus between the two calculations for methane oxidation- can be
enormous (Chapter 9), because roots provide an efficient pathway for methane to escape
to the atmosphere. This might have major implications for the interpretation of methane
oxidation rates, so far never considered.

iii) Recycling in rice thizosphere of electron acceptors, like ferrous iron and sulphides, is
neglected in the field scale model, while it was shown (Chapter 9) that reoxidation of
ferrous iron in the rice rhizosphere is important. Sulphur recycling in the rice rhizosphere
might explain the influence of sulphate fertilisaion on methane emissions from rice
paddies {Denier van der Gon et al., 2000). This neglect overestimates methane oxidation
and expetitments with stabile isotopes might help to quantify these processes. Recent
methane oxidatdon measurements indicate that methane oxidation is probably closer to
10-30% (Bodelier et al., 2000) than 10-60%, as used in the ficld scale model. The neglect
of alternative electron acceptor recycling and overestimation of methane oxidation is
mechanistically speaking wrong, Overall methane emissions are however not influenced
by these errors, because this neglece only has an influence within the electron acceptor
input of the electron balance (Segers, 1999). For the electron balance, and thus for
methane emissions, it does not matter whether electrons are recycled via methane or via
iton. In both cases the overall reaction equation can become the same:

CH,COOH > CH, + CO,
CH, + 20, > CO, + 2H,0 +
CH,COOH + 20, -> 2CO, + 2H,0

and

t6H" + CH,COOH + 8Fe(OH), -> 8Fe*" + 2CO, + 22H,0
4Fe*" + O, + 10H,0 -> 4Fe{OH}, + 8H" +
CH,COOH + 20, ->» 2C0, + 2H,0

The application of 2 mechanistic medel for methane oxidation does not necessarily mean
that methane oxidaton can be predicted well, There are still several additional factors
that need to be considered and that are only partly known. Measurement of oot oxygen
release, the driving factot for methane oxidation is difficult and uncertain (Sorrell and
Armstrong, 1994). Anaerobic methane oxidation is thermodynamically possible, but
never proved to occur, and was therefore not included. It is also known that
methanotrophs and heterotrophs are present at the root surface {Bosse and Frenzel,
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1997; Gilbert and Frenzel, 1998). These are not explicitly accounted for by the model,
but the first soil layer is so thin (1/4* root diameter) that it can be assumed that this soil
layer represents the root surface. Methanotrophs have also been found inside the root
{Bosse and Frenzel, 1997; Gilbert et al,, 1998) and even on or in the leaves (unpublished
results). The number of microorganisms inside the plant and their activity are not known
and their possible influence on total methane oxidation could therefore not be
quantified. Given the short residence dme of methane inside the plant {Chapter 7}, their
influence will probably be small. The influence of other uncertain parameters like root
respiration, root exudation and root conductance wete also shown to be small (Chapter
9). More important is the uncertainty in kinetic parameters of the methanctrophs and
chemical iron oxidation. Changing the -highly uncertain- rate constant for chemical iron
oxidation, k, leads to a more than proportional change in methane oxidation rates. The
influence of W, is even larger (Chapter 9), while the standard deviation in M. .
amounts 50% (Chapter 8), depending on conditions and on the methanotrophic species
chosen. Recent results of Bodelier et al. (2000) showed that the growth of
methanotrophs is ammonia limited. Fertilisation with urea will increase W, .. and thus
methane oxidadon. After ammonia has been taken up by the rice plant, mechane
oxidation will decrease again. The survival of microorganisms in adverse conditions is
another limiting factor. Quantification of these effects deserves high priotity and limits
the application of mechanistic insights for upscaling.

Finally, a major limitadon for the use of the mechanistic model to estimate methane
oxidation at the field scale or higher scales, is -as shown before for the processes of
methane producion and methane transport- the parameterisation. The influence of
various initial parameters on methane oxidation estimates is large (Chapter 9} because no
steady state gradients are established within a short time frame. Hstimation of these
parameter values is difficult due to the spatial and temporal variability of the processes,
driven by root growth dynamics, which is hard to estimate (as shown above). Besides the
large spatial and temporal dynamics of concentratons of methane and acetate (Rothfuss
and Conrad, 1998) and acetate, the dynamics of methanotroph biomass is important
{Chapter ¥), This dynamics is not only influenced by W, ., but also by the survival of
methanotrophs under anaerobic conditions, The influence of different descriptions for
survival, adaptation and maintenance is large {results not shown). Unforrunatley, these
processes are pootly understood (Roslev and King 1994; 1995). It might also be
questioned whether a Double Monod description is appropriate in all circumstances.

The influence of temporal variability is shown in Figure 10.5. It was assumed that
microbial mortality did not occur. In Figure 10.5, the mechanistic model was adapted to
a spherical geometry. The simulation starts at a soil microsite in exchange with a root tip.
While the root grows at a rate of 1 cm day” (Wopereis et al, 1995) different conditions
occur at this microsite, After the root tip of 1-2 em (Armstrong, 1971a; Kumazawa,
1984), an anaerobic root zone passcs. Then, the soil comes into contact with the oxygen
releasing lateral roots, that are around 7 cm from the apex (Armscrong, 1971a). In the
meantime, the concentrations of acetate and methane changed due to anaerobic
processes and as a result the methane oxidation at the lateral roots is higher than at the
root tip. These results can however not be generalised, because of the many non-linear
interactions. All together it can be concluded that, due to the complicatons, a
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mechanistic model on methane oxidation will be very difficult ro apply in upscaling
studies.
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Figure 10.5: Temporal dynamics in methane oxidation around a single rice root under

influence of root growth using the mechanistic model on methane oxidation
with a spherical geometry.

10.3 Upscaling possibilities for methane emissions

Although there are considerable differences between mechanistic process descriptions
and the corresponding desctiptions in the field scale model, the predicted seasonal
methane emissions for the field scale model had only a deviation of 7% compared with
measured emissions. Given the large uncertainty in global methane emissions, 20-100 Tg
CH, yt, the field scale model is not limiting the accuracy of global methane emissions.

A model that predicts emissions with only few input parameters available in regional
databases is, however, not the only necessity in upscaling. Other factors are the
estimation of input parameters, data handling and data resolution. Although it was tred
to keep the number of input parameter to the minimum, some crucial parameters are
difficult to estimate. This applies for instance to the amount of reducible iron, which has
to be estimated from extracted iron. Data on the reladonship between reducible and
extractable iron are scarce. Another example is the sraw management of farmers, which
has a latge influence on methane emissions (Denier van der Gon et al., 2000), while it is
not included in agricultural databases. Not all data are available at the same data
tesolution, while some data are only available as point data. This makes dara interpolation
necessary and induces etrors (Chapter 4). Data resolution is also of importance, Most
estimates assume a homogencous methane emission within each country, while
resolution effects might occur due to non-linear relations between methane emissions
and undetlying parameters in combination with the high spadial and temporal variability
in underlying parameters. This was shown for the case study of Java {Chapter 4; Denier
van der Gon et al., 2000). In an analysis for the case study of Java (van Bodegom et al,,
2000y it was shown that the uncertainties introduced by estimating methane emissions
from a model were much smaller (7%) than uncettainties due to dara interpolation
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(32%), use of different data sources (48%), or data resolution (9%). In this analysis only
data effects under influence of soil informarion were included. If all data variability {e.g.
of variability in yield, harvest index or water and nutrient management) would have been
included, the effects might have been even larger,

The presence of these scaling effects means that data availability and not model
uncertainty is the limiting factor in upscaling of methane emissions from rice paddies to
regional scales. Many of the data issues are not accounted for in upscaling studies, which
might partly explain the large uncertainty in the global estimates, Only with more detailed
databases might an unbiased estimate of methane emissions from tice paddies be
possible. As long as this information is not available it will be hard to obtain less
uncertain emission estimates by the application of upscaling alone.

10.4 Conclusions

Comparison between mechanistic process models and simplified descriptions in the field
scale model showed some deviations between the different descriptions, Srill,
mechanistic models or a2 combination of these mechanistic models are not suitable for
application in upscaling. Some processes, like ebulliion and microbial dynamics, are
poorly understood and limit application. Even if all processes can be quantified, the
unknown spatial and temporal variability of the parameters will still limit the application.
A simplified process-based field scale model will therefore have 1o be used for upscaling.
The process-based model presented in this thesis is suitable for that purpose, although
the incorporation of alternative electron acceptor recycling combined with a downward
adjustment of methane oxidation would be advisable. The field scale model presented in
this thesis compares favourably with other field scale models, although for a
generalisation of the results, more validation sites are necessary. The deviation in
seasonal methane emissions was 7% for 6 sites in the Philippines.

With this small model deviation the objectives mentioned in the introduction of this
thesis are met. This does not mean that upscaling for methane emissions from rice
paddies can be applied successfully. Several problems can be mentioned; i) Essential data
on the spatial disttibution of vatiables, like water, nutrient and cultivar management are
not available, ii) High heterogeneity in combination with the non-linear relations induces
scaling errors, which can be considerable when applying large scale databases. With
detailed databases and geostatistical tools, the heterogeneity can be accounted for, but
this estimate will be regionally specific, i} Validation is setiously hampered by the lack of
independent data at a regional scale, Validation by downscaling techniques could in
principle be possible but is severely hampered by data on atmospheric CH, mixing ratios
(Houweling, 2000). Upscaling of methane emissions from rice paddies remains thus a
major scientific challenge.
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Samenvatting

van Bodegom, P.M., 2000. Methaanemissies uit rijstvelden; experimenten en modellering.
Proefschrift Wageningen Universiteit, Wageningen.

Inletiding

Dit proefschrift behandelt modelontwikkeling en expetimenten uitgevoerd om
methaanemissies uit rijstvelden te begtijpen en te voorspellen. De methaanconcentratie
in de atmosfeer is de afgelopen eeuw verdubbeld en draagt daarmee ongeveer 20% bij
aan het versterkte brocikasefiect. Dit versterkte broeikaseffect kan niet alleen mondiale
opwarming veroorzaken, maar kan ook weerspatronen verandeten en kan leiden tot
meer extreme weerstypen, zoals stormen, overstromingen en droogtes. Rijstvelden
veroorzaken ruim 10% van de mondiale methaanemissies en zijn hiermee een belangtijke
anthropogene bron van methaanemissies. De huidige schatting is erg onzeker. Hen
betere mondiale schatting van methaanemissies uit tijstvelden zou kunnen helpen om het
nui van technologiéen die moeten leiden tot minder methaanuitstoot te evalueren.
Bovendien zou een betere schatting voor rdjstvelden de onzekerheid in de schatdngen
van andere methaanbronnen kunnen venminderen. De doelen van dit proefschrift zijn i)
de ontwikkeling van een procesmatig veldschaalmodel dat kan worden gekoppeld aan
cen geografisch informatiesysteem (GIS) om tegionale methaanemissies wit rijstvelden te
berekenen en te voorspellen en i) de processen die leiden tot methaanemissies uit
tijstvelden te begrijpen en te kwantificeren door expetimenten uit te voeren en modellen
te ontwikkelen.

Een procesmatig veidschaalntodel

De tempotele en spatiéle vatiatie in gemeten methaanemissies is vaak groot en slecht
begrepen. Bovendien zijn de processen die leiden tot methaanemissies vaak niet-lineair.,
Empirische en correlatieve modellen hebben om deze redenen maar een beperkte
toepasbaarheid en extrapoleetbaarheid. Het ontwikkelde veldschaalmodel is daarom op
de ondertliggende processen gebascerd. Echter, een koppeling aan een GIS vereist ook
dat het aantal noodzakelijke inputparameters tot een minimum wordt bepetkt en
bovendien dat de inputparameters algemeen beschikbaar zijn. Om dit te bereiken, zijn de
processen die leiden tot methaanemissies -hieronder uitgebreider behandeld-
vereenvoudigd. Een cruciale stap in de verecenvoudiging was de verdeling van rijstgrond
in een rhizasfeer -grond onder directe invloed van plantenwortels- en een bulkgrond
zonder invloed van planten. Deze onderverdeling maakte vereenvoudiging van de
procesbeschrijvingen mogelijk.

Het veldschaalmodel is gevalideerd met onafhankelijke veldmetingen van
methaanemissies uit tijstvelden in de Filipijnen, China en Indonesié. Het model was goed
in staat om zowel de dynamiek in methaanemissies als de totale seizoensemissies te
voorspellen met slechts enkele inputparameters en is behalve voor verschillende lokaties
cok getest voor verschillende seizoenen en voor verschillende toevoegingen van
meststoffen. De standaarddeviatie ten opzichte van de metingen was minder dan 10% en
was daarmee nauwkeuriger dan andere modellen. Een gevoeligheidsanalyse van het
madel toonde aan dat de modelaannames redelijk waren en dat het expliciet
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onderscheiden van de rhizosfeer noodzakelijk was voor een goede voorspelling van
methaanernissies.

De nauwkeutigheid van het veldschaalmodel werd bepaald door de variabiliteit en
onnauwkeurigheid van de processen die leiden tot methaanemissies in combinatie met de
gevoeligheid van emissies voor die onderliggende processen, Het veldschaalmodel was
niet zo gevoelig voor de manier waarop methaanproduktie of methaantransport werd
beschreven. Het was echter wel heel gevoelig voor de beschrijving van het vrijkomen van
substraat voor methaanproduktie. De hoeveelheid substraat die veijkomt was echter
slecht bekend. De gekozen beschtijving voor het vrijkomen van substraat lijke een
belangrifke reden voor de nauwkeuriger schatingen van methaanemissies door het
gepresenteerde veldschaalmodel ten opzichte van andere modellen.

Het proces van methaauprodukiic

In een zuurstofloze grond worden, in plaats van zuurstef, altemnatieve electron
acceptoren gereduceerd. Incubatie-experimenten met bodemslurries uit rijstvelden
toonden aan dat eerst nitraat werd gereduceerd, gevolgd door ijzer- en sulfaatreductie en
methaanprodukde. Er trad vooral substraatcompetitie -voor acetaat en H,/CO, op
tussen sulfaatreducerende en methaanproducerende microorganismen. Alle processen
vetliepen sneller bij hogere tempetratuur, maar de mate waarin verschilde per proces.
Methaanproducerende microorganismen kwamen in een competitiel voordeel bij hogere
temperaturen. Dit zou verklaard kunnen worden dootr een verandering in affiniteit voor
acetaat met temperatuur, Incubatie-experimenten toonden tevens aan dat otganische
electron acceptoren niet van belang zijn in rijstvelden.

Op basis van deze en aanvullende experimenten, waarin extra electronacceptoren of
electrondonoren waren toegevoegd, is een mechanistisch model ontwikkeld dat de
competitie voor substraat, maar ook inhibitie-effecten en chemolithotrofe redox reacties
-reacties zonder koolstofbron- analyseerde. In her model werden de maximale
omzettingssnelheden  gecalibreerd  met  incobatie-experimenten.  Alle  andere
patameterwaarden werden uit gepubliceerde gegevens afpeleid. Het model werd
gevalideerd met incubate-experimenten waarin extra electron donoren of electron
acceptoren waren toegevoegd. De verschillen tussen model en experiment waren niet
significant en er werd geconcludeerd dat het model adequate procesbeschrijvingen had.
Een gevoeligheidsanalyse van het model toonde aan dat het model gevoelig was voor
schattingen voor de maximale omzettingssnelheid en voor beschrijvingen voor het
vrijkomen van substraat, hetgeen de gevoeligheid van het veldschaalmodel hiervoor
verklaart. Inhibitie van methaanproduktie en sulfaatreductie doot ijzer gaf een verklaring
voor de ophoping van acetaat aan het begin van incubaties.

Hetz proces van gastranspert

Eenmaal geproduceerd methaan diffundeett via de bodem en de plant naar de atmosfeer,
De snelheid waarmee dit gebeurt is onderzocht met experimenten waarbij het transport
van het inerte gas SF, werd gevolgd door gronden met en zonder tijstplanten d.m.v.
fotoacoustische detectietechnieken. Deze experimenten werden gebruike om een
mechanisdsch diffusiemodel voor gastransport door een overstroomd tjstsysteem te
valideren. De benodigde parameterwaarden voor dit model werden geschat op basis van
gepubliceerde gegevens en uit experimenten die onafhankelik van de validate-
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experimenten werden uitgevoerd. Het diffusieverloop van SF; kon redelijk goed worden
voorspeld door het mechanistische model. Het model toonde duidelijk aan dat diffusie
door de bodem de limiterende factor is in het gastransport door het bodem-plant
systeem, wat verklaart waarom veel methaan via de rijsplant wordt geémiteerd. Binnen de
plant was de overgang tussen wortel en spruit de meest Hmiterende factor voor
gastransport. De snelheid van gastransport werd vooral bepaald door de
diffusiccoéfficient en door de wortelverdeling over de diepte.

Het proces van methaanoxidatie

Voordat methaan de atmosfeer bereikt, kan het geoxideerd -geconsumeerd- worden in
zumurstofbevartende lagen van de bodem. De toplaag van de grond en de waterlaag erop
is zuurstothoudend. Van deze laag is de methaanoxidatic viij goed bekend. De tijst
thizosfeer is ook zo’n zuurstofbevattende zone. Methaanoxidatieschattingen voor deze
zone zijn echrer heel variabel. Verschillende expetimenten en beschouwingen hebben
aangetoond dat methaanoxidatie in de rhizosfeer zuurstofgelimiteerd is. Daarom zijn
bodetnincubatie-experimenten uitgevoerd en zijn tellingen van zuurstofconsumerende
bacterién verricht. De aantallen methaanoxiderende bacterién waren zowel temporeel als
spaticel sterk variabel. Deze experimenten hebben ook aangetoond dat chemische
ijzercxidatie, microbiéle heterotrofe respirate en microbiéle methaanoxidate de
belangrijkste zuurstofconsumerende processen waren in de tijstrhizosfeer. De meest
talrijke heterotrofe en methanotrofe bacterién zijn geisoleerd en gekarakteriseerd. De
groei van deze bactetién onder koolstof- en zuurstoflimitaties is gekwantificeerd.
Bovendien zijn competitie-experimenten tussen heterotrofen en methanotrofen
vitgevoerd onder verschillende methaan- en zuurstoflimitaties. Deze experimenten
toonden aan dat methaanoxidatie het alleen wint van heterotrofe respiratie bij lage
zuurstof- en acetaatconcentraties,

Op basis van de experimenten werd gehypothetiseerd dat methaanoxidatie niet heel dicht
bij de rjstwortel zal plaatsvinden, omdat de methanotrofen dichterbij de wortel de
competitic zouden vetliczen van de heterottofen. Om dit verder te onderzoeken, is er
een mechanistisch model van de rijstrthizosfeer ontwikkeld. Dit model bevatte zowel
teacties die leiden tot de produktie van acetaat, methaan en gereduceerd ijzer als reactes
waarbij deze stoffen door zuurstofconsumptic worden geoxideerd. Daarnaast was er een
pH-athankelijke jjzeradsorptie in het model opgenomen en werd het diffuse transport
van verschillende stoffen door de rhizosfeer en de dijstplant beschreven. Dit model kon
goed de zuurstofafgifte door de rijstwottel vootspellen, alsmede concentrates van
verschillende stoffen in de rhizosfeer. Dit model bevestigde de hypothese dat
methaanoxidade iets verder van de wortel af zal plaatsvinden. Methaanoxidatie-
schattingen waren lager dan veelal gepresenteerd en waren bovendien sterk afhankelijk
van de opgegeven condities. Die condities betroffen vooral de zuurstofconcentratie en
andere parameters die de competitie tussen methaanoxidatie en chemische ijzeroxidatic
beinvloeden. Daatnaast bleek dat er geen evenwicht in de rhizosfeer kan worden hereike
in de korte periode dat een wortel ecen bepaalde plek in een bodem beinvlioedt,
aannemende dat alleen de worteltop zuurstof uitscheidt en dat de worteitop zich door
wortelgroei doer de bodem verplaatst. Door wortelgroei ontstond een dynamisch
systeem dat leidde tot een grote variabiliteit in methaanoxidatie. Dit betekende tevens dat
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methaanoxidatieschattingen anders waren als ze werden uitgedrukt per eenheid methaan
verdwenen uit de thizosfeer dan wel per eenheid methaan geproduceerd in de rhizosfeer.

Bruikbaarbeid van het veldschaalmode!

De mechanistische studies hebben de dynamiek van het systeemn aangetoond en hebben
bijgedragen aan een beter begrip van de ondetliggende processen. Dit begrip kon
gebruikt worden om de vereenvoudigingen in het veldschaal model te evalueren, In het
veldschaalmodel was aangenomen dat substraat direct werd geconsumeerd en dat de
volgorde van de reductie bepaald werd door de redoxsequende. Die vereenvoudigingen
leidden tot een overschatting van methaanprodukde als er relatief veel substraat was en
tot een onderschatting als er vecl alternatieve clectron acceptoren waren. De verschillen
waren over het algemeen echter vidj gering. In het veldschaalmodel werd aangenomen
dat methaan binnen enkele uten vanuit de rhizosfeer in de atmosfeer kwam. Dit werd
bevestigd door het mechanistische transportmodel. In de bulkgrond werd het transport
bepaald door transport van gasbellen dat helaas niet onderzocht kon worden met een
diffusiemodel, waardoor er geen vergelijking gemaaks kon worden. Tenslotte konden de
methaanoxidatieschattingen met elkaatr worden vergeleken. Volgens het mechanistische
rhizosfeer model werd er minder methaan geoxideerd dan in het veldschaalmodel werd
aangenomen. Daar staat echter tegenover dat in het veldschaalmodel de recycling van
alternatieve electron acceptoren was genegeerd. Deze verwaarlozingen heffen elkaar op,
omdat ze binnen de electronenbalans tegen elkaar wegvallen. Al met al was het
veldschaalmodel in staat om met weinig inputparameters methaanernissies zecr redelijk te
voorspellen.

Het veldschaalmodel is dus in principe geschikt om in combinatic met GIS regionale
methaanemissies te schatten. Om tot repionale emissieschattingen te komen, moest
echter ook voldaan worden aan een aantal andere voorwaarden. De inputparameters
moesten goed afgeschat kunnen worden. Dat was niet voor alle inputparameters altjd
het geval Daarnaast leidde de noodzaak van data-interpolate tot fouten. Deze
foutenbron kon beperkt worden door een juiste interpolatietechniek en semivariogram te
kiezen. Het verlies aan informatie over heterogeniteit leidde echter alsnog tot
schaaleffecten in schattingen van regionale methaanemissies in een case study voor het
ciland Java. Schaaleffecten traden ook op als grovere dataresoluties werden gekozen.
Dergelijke schaaleffecten worden regelmatig genegeerd in opschalingsstudies en kunnen
leiden tot onnauwkeurige emissieschattingen. In opschalingsstudies zal, mede door het
beschikbaar gekomen veldschaalmodel, niet langer modelkwaliteit maar de
beschikbaatheid van goede data limiterend zijn voor het tot stand komen van goede
regionale methaanemissieschattingen.,
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