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Abstract

The aim of this thesis was to increase the understanding of plot scale relations between
CH,4 fluxes and environmental variables in wetlands. Theories of microbial and chemical
conversions were taken as starting point, as a literature review showed that it is hard to
relate methane production and oxidation directly to environmental variables. These
theories only apply under homogeneous conditions at the kinetic scale ¢(here about 1 mm)
and were linked to plot scale CHy fluxes by stepwise scaling up.

At the kinetic scale a CHy production model was developed, comprising anaerobic C-
mineralisation, electron acceptor reduction, methanogenesis and methanogenic growth, of
which the last process is probably not important in wetland soil. Application of this model
to anaerobic incubation experiments with peat soil suggested that organic peat may act as
terminal electron acceptor, using a substantial amount of anaerobically mineralised C.

At the single root scale CH4 dynamics were explained with coupled reaction-diffusion
equations for CH4, oxygen (O7), molecular nitrogen, carbon dioxide and an electron
acceptor in oxidised and reduced form. Included conversions were: aerobic respiration,
C-mineralisation, CHy production and oxidation, electron acceptor reduction and re-
oxidation. Root gas transport was described with first order gas exchange over the root
surface, Bubble formation was modelled with simultaneous liquid-gas equilibria of all
gases and bubble export with a descriptive relation with bubble volume. The model was
simplified by assuming quasi steady-state for Oy and by spatially averaging the other
compounds. These simplifications had little effect on simulated CHy4 dynamics and
therefore the simplified model was used at the next higher level.

At the soil layer scale the CH4 dynamics were calculated with a weighed set of single
root systems with different distances to the next root. These weights were calculated from
the root architecture, conserving the probability density function of the distance to the
nearest root. The model was simplified by averaging over the single root systems. This
had some effect on CH4 production and CHy transport, but little on CHy emissions.

At the plot scale, temporal water unsaturation was accounted for with Richards’
equation. The soil layer models were extended to the plot scale by incorporating vertical
transport of the compounds by diffusion and mass flow. Simulated CHy4 fluxes were of
the same order of magnitude as measured fluxes. They were sensitive to several uncertain
parameters, indicating that predictive process modelling of CHy fluxes is not possible yet.
Heterogeneities within a soil layer seem to be less important than heterogeneities between
soil layers. This may be explained by a weaker effect on the Oz input into the soil.

CHyj fluxes result from the electron donor input minus the electron acceptor input and
changes in storage of electron donors, electron acceptors and CHy in the soil. The
developed models showed that the changes in storage are the result of a number of
uncertain processes. Hence, the most stable relationships between CHy fluxes and
environmental variables may exist at larger time scales.

To conclude, a coherent set of models was developed that explicitly relates processes
at the kinetic, single root and soil layer scale to methane fluxes at the plot scale.

Segers, R. Wetland Methane Fluxes: Upscaling from Kinetics via a Single Root and a Soil Layer to the
Plot, Ph. D. Thesis, Wageningen University, 1999.
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Voorwoord

Dit boekje heeft het meeste bloed, zweet en tranen gekost van ondergetekende, maar
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gevoerd over de materie en het vertrouwen gekregen dat mijn theoretische idegen
interessant kunnen zijn voor praktijkmensen. Met Servé Kengen heb ik zijn incubatie-
proefjes bediscussiéerd, wat uiteindelijk geresulteerd heeft in een gezamelijk artikel.

Kees Rappoldt hielp mij met zijn methode om ingewikkelde geometrién eenvoudig te
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Hugo Denier van der Gon, Fons Stams en de leden van het AIO-groepje van de C.T. de
Wit Onderzoeksschool Produktiecologie gaven nuttig commentaar op mijn
conceptartikelen. I am greatful to Anu Kettunen for discovering two mistakes in my
articles, just before publishing. Elisa D’ Angelo provided me with a submitted manuscript,
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De laatste jaren was de methaan-onderzoeksgroep op de vakgroep uitgebreid met Peter
van Bodegom. Zijn commentaar op mijn ide€en en schrijfsels waren vaak zeer
verhelderend en to the point. Net als mijn andere kamergenoten, Marcos Bernardes,
Sanderine Nonhebel en Huub Klein Gunnewiek was hij bereid mijn dagelijkse
teleurstellinkjes en vreugdetjes met mij te delen.

De computerinfrastructuur werkte meestal voorbeeldig dankzij Rob Dierkx, Frank
Vergeldt (Moleculaire Fysica), TUPEA en de Kezen van lenD, evenals de service van de
veschillende bibliotheken. Bijna elk artikel wat ik wilde lezen had ik binnen korte tijd te
pakken.

Het gaat niet alleen om de inhoud, maar het oog wil ook wat. Gon van Laar en Jacco
Wallinga hebben mij geholpen met de lay-out en Anne Marie van Dam met de voorkant.

Evenals mijn kamergenoten op mijn werk waren mijn huisgenoten bereid pieken en
dalen in het onderzoek te delen. Daarnaast waren ze een prettige basis voor mijn
Wageningse leven buiten het proefschrift en de vakgroep. Cor, Anne Marie, Inge,
Leonie, Han, Piter, Rodney, Guido, Carla, Gerda, Jos, Janneke, Rutger, Remko, Dorte,
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Chapter 1

General introduction

Methane emissions from soils

The concentration of atmospheric methane doubled in the last century, resulting in an
estimated contribution of about 15 % to the enhanced greenhouse effect [Prather et al.,
1995]. About 2/3 of the current atmospheric methane sources is anthropogenic, whereas
its major sink, reaction with OH in the atmosphere, is only indirectly influenced by
human beings (Table 1).

Soils act as source and as sink of methane (Table 1). The uncertainty about the
magnitude of the fluxes from and to soils is large (Table 1), because experimental data
show a large variation which is hard to relate to easily measurable variables such as
weather, soil type or management [Bartlett ez al., 1993, Minami et al., 1993]. The large
variation is the result of a set of interacting underlying processes discussed below.

Methane fluxes from and to soils are a result of methane production, methane
consumption and methane transport [Bouwman, 1990; Schimel et al.; 1993; Wang et
al., 1996]. Methane production is a microbiological process, which can occur when
organic matter is degraded anacrobically and when most alternative terminal electron
acceptors are depleted [Zehnder & Stumm, 1988; Oremland, 1988; Conrad, 1989]).
Methane consumption is a microbiological process as well, which needs oxygen in
freshwater environments [King, 1992]. Methane transport can occur via diffusion or
mass flow both via the soil matrix and via the aerenchyma of vascular wetland plants
[Sebacher et al., 1985; Bouwman, 1990]. These three processes depend on each other

Table 1. Estimated atmospheric methane budget in Tg/yr [Prather et al., 1995]

Sources Sinks
Natural Atmosphere _
Wetlands 115 (55-150) Troposphere 445 (360-530)
Other 45 (25-140) Stratosphere 40 (32-48)
Antropogenic Soils 30 (15-45)
Fossil fuel related 100 (70-120)
Enteric fermentation 85 (65-100)
Rice paddies 60 (20-100)
Landfills 40 (20-80)
Other 50 (35-110)
Total 535 (410-660) Total 515 (430-600)

Segers, R. Wetland Methane Fluxes: Upscaling from Kinetics via a Single Root and a Soil Layer to the
Plot, Ph. D. Thesis, Wageningen University, 1999.
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and on a number of other interacting processes: transport of gas, water and heat and
dynamics of soil carbon, alternative electron acceptors (like SO42- or Fe3+) and
vegetation [Hines et al., 1989; Bouwman, 1990; Schimel et al.; 1993; Wang et al.,
1996; Kim et al., 1999]. .

Despite these complex interactions it is possible to distinguish two soil groups with
respect to methane emissions: wetland soils, in which the top soil is water saturated for at
least some time of the year and non-wetland soils, which are not or only shortly water
saturated. Non-wetlands soils generally consume a small amount of methane, in the
order of magnitude of 1 mg m—2 d-! [Minami ef al., 1993], with a few exceptions in
tropical soils (uptake about 10 mg m—2 d-1 [Singh et al., 1997, 1998]), which received
little attention sofar. By contrast, methane emissions from wetland soils, which cover
about 10% of the earth [Bouwman, 1990], are typically in the order of magnitude of 100
mg m~2 d-1, though variation is large [Bartlett et al., 1993].

In non-wetland soils the rate of methane uptake is mainly determined by the
methanotrophic activity and the diffusion of methane from the atmosphere to the
methanotrophs [King, 1997]. As a result, methane consuming bacteria in non-wetlands
soils have to cope with methane concentrations which are similar to the methane
concentration in the atmosphere (=2 ppmv, [Prather ef al., 1995]). In the water phase
this corresponds to =3 nM, which is very low from a microbial energetic point of view
[Conrad, 1984]. This explains why it is hard to explain the effects of various factors,
such as depth or ammonium concentration, on methanotrophic activity at atmospheric
methane concentrations [Dunfield et al., 1999].

In wetland soils different processes govern methane exchange between soil and
atmosphere. Water saturated periods are long enough to allow substantial methane
production. Methane production is fuelled by anaerobic carbon mineralisation, which
varies strongly with depth near the surface. Therefore, fluctuations of the water table near
the soil surface (within 30 cm) often have a large influence on methane emissions [Moore
and Knowles, 1989; Moore and Roulet, 1993]. Here, also the sensitivity of methane
oxidation for oxygen availability, controlled by the water table, plays a role. Furthermore,
temperature [Hogan, 1993} and vegetation ([Bouwman, 1990; Schimel ef al.; 1993;
Wang et al., 1996], Figure 1) are mmportant. High methane emissions are often observed
in wetlands with gas transporting plants (such as sedges, reed and rice) [Shannon and
White, 1996; Waddington et al., 1996; Bellisario et al., 1999; Nykinen, et al., 1998]
This may be caused by root exudation or root turn-over, promoting methane production,
[Whiting er al., 1991] or by the provision of an efficient cscape route of methane to the
atmosphere [Verville ez al., 1998]. However, gas transporting plants may also have a
negative influence on methane emissions, because oxygen released by the roots

[Armstrong, 1967] may lead to methane oxidation [de Bont et al., 1978] or suppress
methane production directly or indirectl

~der Nat and Middelburg, 1998a].

y via the re-oxidation of electron acceptors [van
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Figure 1. Flows of carbon and methane in wetlands with gas transporting plants.

The integrated CH4 grassland project

In 1992 the integrated CHy4 grassland project (described by Segers and Van Dasselaar,
[1995]) was set up. The aim of the project was to understand and quantify methane fluxes
from grasslands on peat soil, using knowledge at different integration levels.

The integrated CHy grassland project comprised four subprojects (Figure 2). In the
experimental field project [van den Pol - van Dasselaar, 1998] methane fluxes and major
environmental variables, like water table and temperature, were monitored. Methane
production [Kengen and Stams, 1995] and consumption [Heipieper and De Bont, 1997]
were studied in two separate microbiological subprojects. This thesis is the result of the
fourth subproject, which aims to integrate the knowledge of underlying processes by
mathematical modelling. As a case study two peat soils were investigated: a drained,
cultivated grassland at an experimental farm and a grassland in a nature preserve with a
controlled water table near the surface. With respect to methane fluxes from peat soils
these two sites represent two extremes. The first site is relatively dry and the second is
relatively wet.

At the start of the project the drained peat soils were considered a substantial source of
methane, with an average emission of about 60 mg m~2 d-1 contributing about 5% to the
Dutch methane emissions [van Amstel ef al., 1993]. However, soon it was discovered
that methane emission from drained peat soils (average water table = 30 cm) are low (<1
mg m~2 d-!) or even negative, both by measurements at our site [van den Pol - van
Dasselaar et al., 1997] and at other sites [Martikainen et al., 1992; 1995; Roulet et al.,
1993: Glenn er al., 1993]. These field results were supported by anaerobic incubation
studies, which showed that prolonged anaerobic periods (a few weeks) are needed before
substantial methane production starts [Kengen and Stams, 1995; van den Pol - van
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Figure 2. Overview of the integrated CH4 grassland project. NMI is the Nutrient

Management Institute. WAU is Wageningen Agricultural University. From Segers and Van
Dasselaar [1995].

Dasselaar er al., 1997; Segers and Kengen, 1998]. So, with respect to methane
emissions, drained peat soils can be considered as non-wetland soils and are not
important for the Dutch methane budget. Wetland soils contribute also only little to the
Dutch methane budget (<1%) [Van den Pol van Dasselaar, 1998, p. 156], as their area is
small.

As these policy relevant conclusions could already be drawn without any additional
modeling, it was decided to focus the modeling on more fundamental aspects. We
restricted ourselves to wetlands soils, firstly because methane emission is highest (Table
1) and secondly because a lot of interactions are present at different integration levels; A
situation in which process modelling may improve understanding,

This thesis: modelling of methane fluxes from wetlands

Methane emissions from natyral wetlands have been correlated with water table,
temperature, vegetation, peat composition or net ecosystem production [Moore and
Knowles, 1989; Moore and Roulet, 1993; Hogan, 1993; Dise er al., 1993; Whiting and
Chanton, 1993; Denier van der Gon and Neue, 1995a; Bubier er al., 1995a b; Kettunen
et al., 1996; Liblik et al., 1997; Granberg et al., 1997; Bellisario ef al., 1999,
Nykinen et al,, 1998; van den Pol - van Dasselaar ez al., 19994 b]. Those models are
useful to indicate the influence of environmental variables. However, the results of such
models still contain g large unexplainable variation. Furthermore, it is difficult to judge to
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what extent results of such models can be extrapolated, because quantitative
understanding of underlying processes is poor in such models.

To understand methane fluxes from wetland systems it is necessary to look for stable
relationships, which can only be found to some extent in theory of microbial and chemical
transformations and physical transport processes. In this thesis knowledge of these basic
processes is related to methane fluxes and it is investigated what can be gained by doing
so in terms of understanding the relation between plot scale environmental variables and
methane fluxes.

These theories can only be directly applied in homogeneous systems, which makes
their application to soils difficult, as these are generally heterogeneous at various scales.
However, at small scales, when mixing is faster than the conversions, heterogeneities
tend to be resolved. This scale is of the order of magnitude of 1 mm for the conversions
relevant for methane emissions[Chapter 4], which is smaller than typical distances
between roots [Chapter 4]. Hence, heterogeneities around gas transporting roots, caused
by relatively fast gas exchange of gases with the atmosphere, are not resolved and have to
be considered. Also at the profile scale (dm) important heterogeneities exist: a fluctuating
water table and a decreasing organic matter availability. To cope with these scale
differences a stepwise scaling up procedure is used (Figure 3).

driving variables scale target variables
* weather
svegelation  mm == =D o g

* soil type
* hydrology 1

« water content -l through plants
* s0il temperature *[CH,]
* root density » net CH4 production

» distance to next root
* root radius s == =+ CH, flux to root

* root mass transfer * net CH 4 production
* mineralisation single root e [CH,]

» CH 4 production

* mineralisation . OH )
* aeration c ,: c]onsump ion
[
4

Figure 3. Organisation of levels of scale in relating methane kinetics to methane fluxes
in wetlands with gas transporting roots (from chapter 4). The full lines represent existing,
conservative, relationships. The dashed lines represent relationships to be investigated.
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First the kinetic knowledge on methane production and methane oxidation is summarised
(Chapter 2) and extended for methane production in peat soils (Chapter 3). In Chapter 4
the kinetic knowledge is integrated with diffusion around a single gas transporting root in
a reaction-diffusion model. Subsequently, this model is simplified in such a way that the
details at the kinetic scale are not considered explicitly any more, while maintaining the
same functional behaviour at the single root scale. In the next steps (Chapter 5 and
Chapter 6) the same procedure is repeated at consecutively higher integration levels. In
this way it is possible to understand the extent to which knowledge at the kinetic scale
influences methane fluxes at the plot scale.
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Chapter 2

Methane production and methane consumption: a
review of processes underlying wetland methane
fluxes

Segers, R.
Biogeochemistry, 41, 23-51, 1998

Abstract

Potential rates of both methane production and methane consumption vary over three orders
of magnitude and their distribution is skew. These rates are weakly correlated with
ecosystem type, incubation temperature, in situ aeration, latitude, depth and distance to
oxic/anoxic interface. Anaerobic carbon mineralisation is a major control of methane
production. The large range in anaerobic CH4:CO2 production rates indicate that a large part
of the anaerobically mineralised carbon is used for reduction of electron acceptors, and,
hence, is not available for methanogenesis. Consequently, cycling of electron acceptors
needs to be studied to understand methane production. Methane and oxygen half saturation
constants for methane oxidation vary about one order of magnitude. Potential methane
oxidation seems to be correlated with methanotrophic biomass. Therefore, variation in
potential methane oxidation could be related to site characteristics with a model for

methanotrophic biomass.

Introduction

Methane contributes to the enhanced greenhouse effect. Wetlands, including rice paddies,
contribute between 15 and 45% of global methane emissions [Prather et al., 1995].
Methane emissions from wetlands show a large variation [Bartlett and Harris, 1993]
which can only partly be described by correlations with environmental variables [Moore
and Knowles, 1989; Moore and Roulet, 1993; Dise er al., 1993; Hogan, 1993; Whiting
and Chanton, 1993; Bubier et al., 1995ab; Kettunen et al., 1996; Denier van der Gon
and Neue, 1995a]. This limits the accuracy of estimates of both current and future global
emissions, the latter being the result of possibly changed conditions due to a changed
climate or changed soil management. Insight in the underlying processes could improve
this situation.

Methane fluxes from or to soils result from the interaction of several biological and
physical processes in the soil [Hogan, 1993; Schimel er al., 1993; Conrad, 1989;
Cicerone and Oremland, 1988; Bouwman, 1990; Wang et al., 1996]; Methane

Segers, R. Wetland Methane Fluxes: Upscaling from Kinetics via a Single Root and a Soil Layer to the
Plot, Ph. D. Thesis, Wageningen University, 1999.
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production is a microbiological process, which is predominantly controlled by the absence
of oxygen and the amount of easily degradable carbon. Methane consumption is also a
microbiological process. Major controls are soil oxygen and soil methane concentrations.
Gas transport influences aeration and determines the rate of methane release from the soil.
Gas transport occurs via the soil matrix and via the vegetation. In the first case it is
controlled by soil water and in the second case it is sometimes influenced by weather
conditions. The vegetation also influences the amount of easily degradable carbon. All
these processes are affected by temperature, and thus by heat transport.

In the last decade, knowledge of methane production and methane consumption has
increased considerably. This increased knowledge has been used to support the
descriptive models mentioned above and to develop process models [Cao et al., 1995;
1996; Walter ef al., 1996; Watson et al., 1997]. However, these process models require
fit procedures or intensive on site measurement of parameters which are as variable as
methane fluxes, which limits their applicability for understanding and developing general
relationships between methane fluxes and environmental variables. To improve the
process models in this respect the knowledge of methane production and methane
consumption is reviewed and it is investigated how this knowledge could be used to
establish quantitative relations between the rates of both processes and environmental
variables.

Two pathways are followed. Firstly, potential, laboratory rates, collected from a large
number of studies, are related directly to environmental variables with statistical methods.
Secondly, the process knowledge underlying these relations is summarised. Methane
production and consumption are driven by organic matter mineralisation, soil aeration and
heat transport. For understanding the relation between environmental variables and

methane kinetics, these driving processes have to be understood as well, However, these
processes are not reviewed here to limit the size of the paper.

Methane production

Methane production in soils can occur when organic matter is degraded anaerobically
[Oremland, 1988; Svensson and Sundh, 1992; Conrad, 1989]. Several bacteria that
d-egrade organic material via a complex food web are needed to perform this process. The
final s.tep is performed by methanogens, methane producing bacteria. Methanogenic
bactc.:rla can use a limited number of substrates, of which acetate and hydrogeﬁ are
conmde-red the most important ones in fresh water systems [Peters and Conrad, 1996;
Goodwin and Zeikus, 1987; Lovley and Klug, 1983; Yavitt and Lang 1990]., Other
substrat.es have never been shown to be responsible for more than 5% c;f the methane
production. Acetate and hydrogen are formed by fermentation from hydrolysed organic
maFter.[Doifing, 1988]. Alternative electron acceptors suppress methane production
which is most easily understood from thermodynamics [Zehnder and Stumm, 1988]. |
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Potential methane production correlated to environmental variables

Potential methane production, PMP, is the methane production by an anaerobically
incubated soil sample. Rates of PMP have been determined in a large number of studies
in various natural wetlands and rice paddies. Here, it is investigated whether general
applicable relations emerge when all data are put together. To do so, the following
assumptions were made: Zero rates in tables were assigned values equal to half of the
detection limit, which was, when not specified, equal to half of the lowest value. Zero
rates in graphs were assigned a value of 1/20 of the smallest unit. All rates were converted
to volumetric units, because both the ultimate controls (primary production and oxygen
influx) and the quantity to be explained (methane fluxes) are on an area basis, which is
more closely related to volumetric rates than to gravimetric rates. Consequently, all rates
which were originally expressed on a soil weight basis had to be multiplied with soil
density. In case the soil density was not given, wet bulk densities of peat were 1 g cm=3,
dry bulk densities of peat varied between 0.04 and 0.11 g cm=3, depending on depth and

- potential

< 0.8 1 methane —p

v production

(3]

© 0.6 4 potential
o methane
Q . .
S oxidation
o 0.4
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0 1 1 L 1 lI
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Figure 1. Accumulated probability density functions of 10]og of potential methane production and
101og of potential methane oxidation. Methane production data are from 1046 samples [Amaral and
Knowles, 1994; Bachoon and Jones, 1992; Bridgham and Richardson, 1992; Chapman et al., 1996; Chin
and Conrad, 1995; Crozier and Delaune, 1996; Crozier, et al., 1995; Dunfield, et al., 1993; Frenzel et
al., 1992; King, 1994; Krumholz et al., 1995; Magnusson, 1993; Moore and Dalva, 1993; Moore and
Knowles, 1990; Moore et al., 1994; Nedwell and Watson, 1995; Rothfuss and Conrad, 1993; Roulet et
al., 1993; Rouse et al., 1995; Sass et al., 1990; Sundh et al., 1994; Valentine et al., 1994,
Westermann, 1993; Williams and Crawford, 1984; Yavitt and Lang, 1990; Yavitt et al., 1987; Yavitt et
al., 1988]. Methane oxidation data are from 328 samples [Amaral and Knowles 1994; Bender and Conrad
1994; Dunfield et al., 1993; Gerard and Chanton, 1993; King, 1990; King et al., 1990; King, 1994;
Krumholz er al., 1995; Moore and Knowles, 1990; Nedwell and Watson, 1995; Sundh et al., 1994;
Yavitt et al., 1990a).
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soil type [Minkinnen and Laine, 1996] and dry bulk densities of mineral soils were 1.5 g
cm—3 [Koorevaar ef al., 1983]. For roots a dry bulk density of 0.08 g cm=3 was
calculated, assuming a water content of 90% and a porosity of 20% [Crawford, 1983].
To improve future comparisons of rates in any unit it is recommended to measure bulk
density and soil moisture contents in addition to the biogeochemical rates.

The distribution of PMP rates is skew and variation is large (Figure 1), as is for
methane fluxes in the ficld [Bubier ez al., 1995a b, Dise et al., 1993, Panikov, 1994].
Typical PMP rates vary from 10-2 to 10! mmol m=3 s-I. An exception are the very high
values of around 103 mmol m~3 s-1 found by Bachoon and Jones [1992]. This may be
attributed to their relatively high incubation temperature (30 °C) and the high concentration

of available organic matter, as they sampled only the upper 2 ¢cm of subtropical
minerotrophic wetland.

Evaluation of experimental methods

No standard procedure exists for measuring PMP, though the effect of the experimental
procedure on measured rates could be large. Hall er al. [1996] observed that small
periods of aerobiosis (5 min.) decreased PMP in peat soil samples 10 to 70 %. Sorrell
and Boon [1992] reported that rigorously mixing of a sediment decreased methane
production by an order of magnitude. By contrast, Kengen and Stams [1995] found
higher production of both methane and carbon dioxide in slurried samples compared to
unslurried samples of a drained peat soil. Valentine et al [1994] suggested that slurrying
could decrease methane production as a result of inhibition by a flush of fatty acid
production. Kelly and Chynoweth [1980] could stimulate methane production in deep
fresh water sediments (3-20 ¢m) by stirring. By contrast, in the top sediment (0-3 cm)
they could not do so. So, the effect of measurement procedure on methane production is
highly uncertain, which was also concluded by Sundh et al. [1994]. Knowledge of the
effect of sampling procedure on the processes underlying methane production is needed to
improve this situation. Recently, Dannenberg et al, [1997] made considerable progress in
this area by showing that acetoclastic methanogens in paddy soils are seriously affected
by stirring and moderately by gently shaking,

The effect of sampling procedures on the conclusion drawn in this paper may be
limited by the large number (19) of used data sets. Due to the wide variety in experimental

methods it was not possible to investigate the effect of sampling procedures with
statistical methods, |

In situ aeration, ecosystem type and latitude

In situ aeration affects PMP significantly (Table 1a). Mean Olog(PMP) of samples
from aerobic sites was more than one order of magnitude less than the mean 0log(PMP)
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of samples from anaerobic sites, probably caused by higher concentration of electron
acceptors and/or lower concentrations of methanogenic biomass.

PMP in samples from oligotrophic natural wetlands is lower than methane production
in samples from minerotrophic natural wetlands (Table 1a), possibly because of the lower
amount of fresh organic material as a result of lower primary production. In contrast,
Moore and Knowles [1990] did not find any correlation between trophic status of the soil
and PMP. This difference can only partly be explained by the difference in units used,
because also when the data of this paper are converted to the gravimetric units of Moore
and Knowles [1990], PMP in oligotrophic wetlands is relatively low. PMP in soil
samples from paddy soil is higher than PMP in samples from natural wetlands. The

Table 1a. Statistics of potential methane production (PMP). Data are the same as in Fig. 1. SED is
the standard error of the mean and SD is the standard deviation. Aerobic samples were taken from =5 cm
above the water table, intermediate samples from within 5 cm of the water table and anaerobic samples
were taken from 25 cm below the water table. In submerged soils the aeration of the first cm was
considered intermediate, deeper layers were considered anaerobic. Values with the same letter are not
significantly different from each other (p=0.05).

1010g (PMP) (PMP in umol m™3 s-1)
qualitative variables mean SEM SD n

in situ aeration

aerobic -1.74 0.1 0.8 39
intermediate —0.42b 0.06 1.0 268
anaerobic —0.42b 0.04 1.1 621

ecosystem type

minerotrophic natural wetland ~-0.472 0.05 1.2 657
oligotrophic natural wetland -0.91b 0.06 0.8 176
rice paddy 0.09¢ 0.05 0.7 210

Table 1b. Linear regressions for potential methane production (PMP). Tipc is the incubation
temperature (°C), lat is the latitude (°N) and depth is the depth below the soil surface (cm). /y);
(oligotrophic) /pad (paddy) and I e (aerobic) are dummy variables, used to combine qualitative and
quantitative variables. /o;=1 if soil type is oligotrophic and /4];=0 for the other soil types, ect..
Standard errors of coefficients are between brackets.

PMP in pmol m=3 571, adj n
01og(PMP) = ~1.8(0.1) + 0.069(0.005)Tnc 016 973
10)0g(PMP) = 1.3(0.1) — 0.040(0.003)lar 0.20 1001
1010g(PMP) = —0.28(0.04) — 0.008(0.001)*depth 0.03 1042

1010g(PMP) = —0.2(0.2) + 0.069(0.006)*Tipc -
0.026(0.003)lat — 0.39(0.08)*Io; — 0.7 (0.1)*/pag
— 1.2 (0.2)*1 30y — 0.012(0.002)depth 0.36 926
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minus sign in the summary relation for the Ipaq (Table 1a) suggests, that this is caused by
more anaerobic conditions, higher temperature, and lower latitude.

The relatively high PMP at lower latitudes (Table 1b) can be explained the higher
incubation temperatures and by the higher primary production (resulting in more easily
degradable carbon).

Temperature

Incubation temperature could describe part of variation in the 10jog PMP (Table 1). Q10
of all samples together was 4.1(0.4). Alternatively, Q1 values have been determined in
incubation experiments with temperature as single varying factor, resulting in a range
from 1.5 to 28 (Table 2). To explain this large range @19, values of underlying processes
are listed as well. Q¢ of anaerobic C-mineralisation is between 1 and 4 and
methanogenic bacteria have Qg values up to 12, which is still not high enough to explain
the highest end of the Q1q values for methane production. A possible explanation for the
high Q19 values for methane production is the interaction of several processes: An
increasing temperature increases rates of electron acceptor reduction, which results in
lower electron acceptor concentrations which has an additional positive effect on methane

Table 2. Temperature dependence of methane production and sub processes responsible for methane
production.

Sample source, process or organism g10

Methane production, soil sample scale

minerotrophic peat45:6,13,15,19 1.5-6.4
oligotrophic peat®:10,13,14,15 2-28
paddy!.8:17 2.1-16

Methanogenesis of pure cultures
acetotrophic3:16.20,18

2.9-9.0
hydrogenotrophicl:3 1.3-12.3
growth of M. soehngeniil6.20 2.1

Processes related to anaerobic carbon mineralisation

anaerobic CO7 production in peat%:14 1.5
total anaerobic C -mineralisation in paddy soill7 0.9-1.8
anaerobic hydrolysis of particulate organic matter2 1.9
acetate production from various substrates!1 1.7-3.6

ISchittz ez al. {1990], 2Imhoff and Fair [1956], 3Westermann et al. [1989], 4Westermann and Ahring [1987],
l}Nestermann [1993], SUpdegraff er al. [1995], 8Sass er al. [1991], 10Nedwell and Watson [1995],
Kotsyurbenko et al. [1993], P3Valentine ef al. [1994], 14Bridgham and Richardson [1992], !SDunfield er

c}zé. {}993], 16Huser et al. [1982], ! 7Tsutsuki and Ponnamperuma {1987], !8van den Berg er al. [1976],
Williams and Crawford {1984}, 20Gujer and Zehnder [1983]
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production. This mechanism could explain the high Qg values of Updegraff et
al.[1995] and Tsutsuki and Ponnamperuma [1987] in their long term (2several weeks)
experiments in which methane production increased with time. However, for the shorter
term experiments (a few days) of Dunfield et al. [1993] and Nedwell and Watson [1995]
this explanation is not applicable as methane production was more or less constant over
the incubation time [R. Knowles pers. comm.; A. Watson pers. comm.], indicating that
depletion of an inhibiting electron acceptor did not occur during the incubation
experiment.

In summary, variation in reported Q19 values of methane production is large. This
could be due to the anomalous temperature behaviour of the methanogens themselves and
due to the interaction of the underlying processes.

pH

Most known methanogenic bacteria have their optimum pH at 7. However, anaerobic
bacteria with lower optima have been isolated from acidic peats {Williams and Crawford,
1985; Goodwin and Zeikus, 1987]. Mostly, increasing pH in incubated samples increases
PMP [Dunfield et al., 1993; Yavitt et al., 1987; Valentine et al., 1994]. A correlation
between pH and PMP was found in most samples by Valentine et al., [1994], but not
by Moore and Knowles [1990]. Dunficld et al. [1993] observed that optimum pH was
0-2 units above field pH for peat samples from five different acidic sites. So, the adaption
to in situ pH of the microorganisms controlling methane production is variable.

Root-associated methane production

Roots can affect methane production both positively and negatively, because root oxygen
transport suppresses methane production, whereas root decay and root exudation promote
methane production. King [1994] reported methane production in roots and rhizomes of
anaerobically incubated Calamogrostis canadensis and Typha latifolia, which were
washed aerobically. The conversion time of photosynthesised 13C to emitted methane was
sometimes less than 1 day in a rice paddy [Minoda and Kimura, 1994; Minoda et al.,
1996]. These two observations point at methane production inside, at, or near roots.
Apparently, aeration of roots and rhizosphere is not complete, as follows also from the
observation of organic acids within waterlogged plants {Ernst, 1990], a root oxygen
diffusion model of Armstrong and Beckett [1987] and rhizosphere oxygen measurements
[Conlin and Crowder, 1988; Flessa and Fischer, 1992].

The relative contribution of root—associated methane production to methane emissions
could be important in a rice paddies, as it varied between 4 and 52 % in a case study of
Minoda er al. [1996]. Also in natural wetlands the contribution of root—-associated
methane production to methane emissions could be large, because removing above
ground vegetation decreased methane emissions considerably (up to more than a factor
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10) without a concurrent decrease of stored methane in the soil [Waddington et al., 1996;
Whiting and Chanton, 1992].

Inhibitory compounds

Under anaerobiosis, compounds can be formed that are toxic to plants [Drew and Lynch,
1980] and possibly also to bacteria involved in methane production. Some volatile
compounds may inhibit methanogenesis [Williams and Crawford, 1984] and anaerobic
carbon dioxide production [Magnusson, 1993], as flushing with N, resulted in an
increase in gas production in anaerobic incubation expetiments. It is not known what kind
compounds are involved and whether this effect is important under in situ conditions.

Fatty acids can inhibit anaerobic bacteria when its undissociated concentrations are too
high [Wolin ef al., 1969]. Consequently, especially acid environments are sensitive for
this inhibition. Fukuzaki et al.[1990] found that two methanogens had distinct optimum
undissociated acetate concentrations (140 and 900 pM) for acetate consumption. Also in
laboratory incubations experiments with acid soil samples, acetate inhibited methane
production [Yavitt ef al., 1987, Williams and Crawford, 1984] and glucose
decomposition [Kilham and Alexander, 1984]. By contrast, van den Berg er al. [1976]
obtained a methanogenic enrichment culture for a waste digestor, in which acetate uptake
was independent of acetate concentration between 0.2 and 200 mM.

Also sulfide can inhibit methane production. Cappenberg [1975] found a total
inhibition of methane formation at 0.1 mM, and no inhibition at 0.001 mM, but in
methanogenic enrichment cultures from a waste digestor there was no inhibition of

methanogenesis below approximately 1 mM [van den Berg er al., 1976; Maillacheruvu
and Parkin, 1996].

Explanation of methane production via the underlying processes.

Substrate, organic matter

Once anaerobiosis is established, organic substrate is considered as the major limiting
factor for methane production: Firstly, both the addition of direct methanogenic
substrates, like hydrogen or acetate, and the addition of indirect substrates, like glucose
and leaf leachate, enhanced methane production in anaerobically incubated soil samples
{Williams and Crawford, 1984; Valentine et al., 1994; Amaral and Knowles, 1994,
Bachoon and Jones, 1992]. Yavitt and Lang [1990], however, did not find substrate
limitation in some of their soil samples. Secondly, Denier van der Gon and Neue [1995a]
found a positive correlation between methane emission and organic matter input at 11 rice
paddy sites. Thirdly, Whiting and Chanton [1993] and Chanton et al. {1993] found a
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relation between carbon dioxide fixation and methane emission in flooded wetlands,
though this could also be a consequence of a larger vegetational transport capacity.
Fourthly, root-associated methane production could contribute to methane emissions (see
above). Fifthly, methane production measured in laboratory incubations of soil samples
often decreases with depth, when taken from below the water table [Sundh et al., 1994;
Williams and Crawford, 1984; Yavitt et al., 1987], as does the availability of organic
matter. Sixthly, the 14C fraction of emitted methane was near the 14C fraction of
atmospheric carbon dioxide [Chanton et al., 1995], indicating that the methane was
mainly derived from recently fixed carbon. And seventhly, often there is a correlation
between organic matter quality parameters and methane production: (i) Crozier et al.
[1995] found a good correlation between aerobic carbon dioxide production and anaerobic
methane production in dried and fresh undisturbed peat cores. (ii) Yavitt and Lang [1990]
found positive correlations with total organic matter and acid-soluble organic matter,
though no correlations were found with dissolved organic matter and hot water—soluble
organic matter and a negative correlation was found with acid-insoluble organic matter.
(iii) Valentine et al. [1994] found positive correlations with carbohydrate content.
Correlations with C:N and lignin:N content were not consistent, however. (iv) Nilsson
[1992] successfully correlated methane production to infrared spectra of peat samples,
suggesting that the organic composition of the peat samples was a major determinant of
methane production.

As organic substrate availability under anacrobic conditions is a major control of
methane production it is worthwhile to summarise the information on anaerobic carbon
mineralisation. In Table 3 various acrobic versus anaerobic mineralisation rates, measured
as carbon dioxide production, are compared. Aerobic degradation rates are higher with a
factor 1 to 8 with the average in the lower end of this range. Little is known about the

Table 3. Comparison between rates of methane production, aerobic carbon dioxide production and
anaerobic carbon dioxide production.

Sample source aer COY/ anaer COY
anaer CO» anaer CHy
mol:mol mol:mol

oligotrophic peat 1.6-2.71 4-8821-4

minerotrophic peat 2.71 0.6-6301-7

paddy soil10 1-594

drained peat soil, 4 day incubation 4.843.1

Sphagnum® ]1.42

plant material in mineral soils! 1(a),12.13 2-8

various peat soils!4 2.5 (1-5)

I Bridgham and Richardson [1992], 2Updegraff er al. [1995}, 3Yavitt er al. {1988], 4Yaviut and Lang {1990],
5Amaral and Knowles [1994], ®Yavitt er al. [1987), 7Schimel {19951, 8Glenn er al. [1993], 9Tenney and
Waksman [1930], 0Tsutsuki and Ponnamperuma {1987], [IBhaumik and Clark {1947], 12Broadbent and
Stojanovic {1952}, 13parr and Reuszer [1959], 14Moore and Dalva [1997), 2anaerobiosis established by

submergence.
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causes of this variation, which limits the accuracy of soil carbon models with respect to
anaerobic carbon mineralisation.

Microbial biomass

Limitation of methane production by microbial biomass occurs when microbial uptake
capacity does not meet substrate supply. In principle, it can be a result of (i) periodical
damage to bacteria due to poisoning or starvation, (ii) nutrient stress of the bacteria and
(iii) an increase of substrate supply that is larger than the growth rate of the bacteria.
Methanogenic bacteria are more likely to limit methane production than fermenting
bacteria for several reasons. Firstly, their relative growth rate is relatively low
[Pavlosthatis and Giraldo-Gomez, 1991] and secondly, accumulation of substrates for
fermenting bacteria, like sugars, has never been observed, whereas accumulation of
substrates for methanogenic bacteria, especially acetate, did occur at low temperatures
[Shannon and White, 1996; Drake et al., 1996] and upon anaerobic incubation of
non-wetland soils [Peters and Conrad, 1996, Kiisel and Drake, 1995, Wagner et al.,
1996].

Damage to a methanogenic population could be the result of aerobiosis, either directly
by poisoning or indirectly by C—starvation due to competition for substrates with aerobic
microorganisms. If damage occurs during aerobiosis the methanogenic population needs
time to recover when anaerobiosis returns, especially because relative growth rates of
methanogenic bacteria are low, typically 0.4 d-! at 35 °C [Pavlostathis and Giraldo-
Gomez, 1991]. Shannon and White [1994] attributed the reduction of methane emission
from a bog in the year following a dry year to this mechanism. By contrast, in rice
paddies methane emission can develop quickly after inundation [Holzapfel-Pschorn and
Seiler, 1986], which can be explained by the good oxygen survival abilities of
methanogenic bacteria in paddy soil [Mayer and Conrad, 1990; Joulian ef al., 1996].
These differences in the onset of methane emission after aerobiosis can explained by (i)
differences in kind and concentration of electron acceptors that suppress production,
which are formed during an aerobic period [Freeman et al., 1994, by (ii) differences in
temperature causing differences in rates of electron acceptor reduction and differences in
rates of bacterial growth and by (iii) differences in OXxygen survival times of methanogenic
bacteria, ran ging from a few hours to several months [Kiener and Leisin ger, 1983; Fetzer
et al., 1993; Huser et al., 1982; Huser, 1981]. The latter explanation is not so likely, as,
from an ecological point of view, it is likely that methanogenic bacteria in sites with a
fluctuating aeration have good oxygen survival characteristics.

- N or P limitation for the methanogenic consortium does not seem to occur, as N or P
addltlons' generally do not stimulate methane production [Bridgham and R;chardson,
caction of methane production on the additio

t d[1984] n of yeast
€Xtract and vitamins in samples from an acid bog. Yavitt and Lang [1990]

suggested that
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in rain water fed mires nickel could be limiting, as explanation why they could not
enhance methane production by adding various substrates. For Methanothrix concilii

optimum Ni2* concentration was about 0.1 uM [Patel et al., 1988]. Apart from the
concentration of NiZ+ also the form of Ni2* (chelated or not) could be relevant [Nozoe
and Yoshida, 1992].

Flushes of substrate are not a likely cause of biomass limitation, because plant decay,
which is the major source of labile organic matter, is a rather stable process. Even the
application of organic material in agricultural ecosystems is not a likely cause of biomass
limitation, because normally it is managed in such a way that fatty acids do not
accumulate, as they are toxic.

Electron acceptors

Alternative electron acceptors, like NO3~, Fe3+, Mn#+, SO42- and possibly humic acids
[Lovley et al., 1996] suppress methanogenesis, because reduction of alternative electron
acceptors supplies more energy than methanogenesis [Zehnder and Stumm, 1988]. Three
mechanisms, that could operate at the same time, could be responsible for this effect.
Firstly, reduction of electron acceptors could reduce substrate concentrations to a value
which is too low for methanogenesis [Achtnich er al., 1995, Peters and Conrad, 1996;
Kristjansson et al., 1982; Schonheit et al., 1982]. Secondly, the presence of electron
acceptors could result in a redox potential which is too high for methanogenesis [Wang et
al., 1993; Peters and Conrad, 1996; Jakobsen er al., 1981]. Thirdly, electron acceptors
could be toxic for methanogens [Jakobsen er al. 1981].

The large range of anaerobic CO2:CHy production rates (Table 3) indicate that
reduction of terminal alternative electron acceptors uses a large and variable part of the
anaerobically mineralised carbon, provided that no substantial accumulation of
fermentation products occurs, which has never been observed in the CO2:CHy
measurements. Consequently, cycling of electron acceptors is probably a major process in
controlling methane production.

Reduction of electron acceptors requires organic matter. Consequently, anaerobic
carbon mineralisation influences methane production not only directly, but also indirectly,
via the rate of electron acceptor depletion. A dynamic process model centered around this

relation was developed [chapter 3].

Summary

The knowledge of the processes underlying methane production can be summarised in a
simple equation [Segers and Leffelaar, 1996]:

MP=ICF, (1)



28 chapter 2

where MP is the methane production rate, I is an aeration inhibition function, which is
one under anaerobiosis and zero under aerobiosis, C is the anaerobic C-mineralisation
rate and F is the fraction of the anaerobically mineralised C, which is transformed into
methane. When PMP rates are considered I is equal to one. A basic assumption
underlying equation (1) is that availability of organic matter is a major control of methane
production. Variation in F is caused by a varying contribution of the reduction of
terminal electron acceptors. Therefore, to explain variation in F, cycling of electron
acceptors should be considered.

Methane consumption

In contrast with methane production, methane consumption in wetlands is considered to
be mainly performed mainly by a single class of microorganisms: a methanotroph
[Cicerone and Oremland, 1988; King, 1992]. Methane consumption is essential for
understanding methane emission. Although the methods for determining in situ methane
oxidation on the field scale are under debate [Denier van der Gon and Neue, 1996;
Frenzel and Bosse, 1996; King, 1996; Lombardi ez al., 1997], it is likely that a large and
a varying part (1-90%) of the produced methane could be consumed again, either in the
oxic top layer or in the oxic rhizosphere [de Bont ez al., 1978; Holzapfel Pschorn and
Seiler, 1986; Schiitz et al., 1989; Sass et al., 1990; Fechner and Hemond, 1992;
Oremland and Culbertson, 1992; Happell ez al., 1993; Epp and Chanton, 1993; Kelley
et al., 1995; King, 1996; Denier van der Gon and Neue, 1996; Schipper and Reddy,
1996; Lombardi et al., 1997]. This large variation could be explained by knowledge of
methane oxidation on the soil sample scale, which is reviewed below.

High affinity and low affinity methane oxidation

It is convenient to distinguish two kinds of methanotrophic activity: high affinity (low,
atmospheric, methane concentrations) and low affinity (high methane concentrations).
The essential difference is that growth and ammonium inhibition of high affinity activity i
barely understood [Roslev et al., 1997; Gulledge er al. 19971, while the basic kinetics of
low affinity methane oxidation are relatively well established [King, 1992]. The transition
point between high and low affinity oxidation is somewhere between 100 and 1000 ppm
methane (gas phase) [Bender and Conrad, 1992, 1995, Nesbit and Breitenbeck 1992,
$chneil and King, 1995; King and Schnell, 1994]. When soil methane concentrations are
in the range of high affinity methane oxidation, methane emission can only be relatively
small for wetlands. A closer study of (hi gh affinity) methane oxidation will not change

that .plcture.:. Tt.lerefore, the peculiarities of high affinity methane oxidation are not
considered in this article, which is restricted to wetlands,
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Aerobic methane oxidation

Aerobic methane oxidation, MO, requires both oxygen and methane. So, in principle,
both substrates could be limiting. The following double Monod expression describes this
double substrate dependence:

[CHy] . [0O9]

2
[CH.J+Kmcty 1021 + Kmo, @

MO = PMO

Potential methane oxidation, PMO, is typically between 0.1 and 100 umol m—3 s-!
(Figure 1). This is about one order of magnitude larger than PMP. Ky,cry and Ky 05
vary about one order of magnitude (Table 4). In experiments with pure cultures the higher
values for Kp,,cHy4 could have been too high, because in those experiments MO was
determined as the oxygen uptake rate, while methane concentrations were assumed to be
constant [Joergensen and Degn, 1983]. However, this reasoning does not hold for the
experiments with peat soils, because in those cases Ky,,cH4 values were determined by
monitoring the decrease of methane concentration in the headspace above continuously
stirred samples. Therefore, the large variation in K, values may be an intrinsic property
of methanotrophic bacteria.

There are two strategies to find predictive relations for PMO. Firstly, by using
descriptive relations between PMO and soil environmental variables, like water table.

Table 4. Half saturation constants for methane oxidation.

Organism or sample source Km,CH4 Km,02
uM uM

Wetland soils

fresh water sediment 2.2-3.71
sediment free roots 3-62
natural peat soils 1-453,5.6.7 20037
agricultural peat 66.24 374
paddy soil g8.a

Other methanotrophic environments )
various methanotrophs 0.8-489-15 0.3-1.311.12
deep lake sediments 4.1-1016.18 2018, <1817
landfill soils 1.6-31.719.20

IKing [1990], 2King [1994], 3Yavitt er al. [1988), “Megraw and Knowles [1987], Dunfield et al. [1993],
6Nedwell and Watson [1995), 7 Yavitt et al. [1990a], 8Bender and Conrad [1992], 9Linton and Buckee [1977],
10amb and Garver [1980), !1Joergensen [1985], 12Nagai et al. [1973], }3Harrison [1973], 140’ Neill and
Wilkinson [19771, 19Ferenci et al. [1975). Y6Bucholz er al. [1995], 17Frenzel et al. [1990], !8Lidstrom and
Somers [1984] 19Kightley ef al. [1995], 20Whalen et al. (1990], 2upper limit, as obtained in unshaken

samples.



10 chapter 2

Secondly, by using a model for methanotrophic biomass, because PMQO appears,
logically, to be correlated with methanotrophic biomass [Bender and Conrad, 1994 and
Sundh et al., 1995b].

Anaerobic methane oxidation

Thermodynamically, it is possible to oxidise methane anaerobically with the alternative
electron acceptors that inhibit methane production. However, bacteria that perform this
process have never been isolated. Nevertheless, for anaerobic methane oxidation by
sulphate in marine systems fairly strong evidence is present [Cicerone and Oremland,
1988; King, 1992]. In freshwater systems indications were obtained at sulphate
concentrations from 0.5 mM, but not at concentrations below 0.2 mM [Panganiban,
1979; Nedwell and Watson, 1995; Yavitt et al., 1988]. Panganiban [1979] could not find
any anaerobic methane oxidation at any nitrate concentration. Ferrous iron [Miura et al.,
1992] and sulphate [Murase and Kimura, 1994b] may be involved in anaerobic methane
oxidation in paddy soil (with about 1 mM sulphate and 2.5% of free iron), with an upper

limit of about 3 umol m=3 s-1 (calculated from Miura et al. [1992] and Murase and
Kimura [1994a b]). This upper limit is of the same order of magnitude as typical rates of
PMO in paddy rice (Table Sa).

Concluding, anaerobic methane oxidation in freshwater systems could be possible
from sulphate concentrations of about 1 mM, which is relatively high for natural
freshwater wetlands. Also anaerobic methane oxidation by iron may occur, while very
little is known about the other alternative electron acceptors. However, it has never been
shown that anaerobic methane oxidation is relevant for the total soil methane budget in a
freshwater system. In a case study of Murase and Kimura [1996] anaerobic methane
oxidation in the subsoil of a rice paddy was below 5% of the methane emission during the

whole growth period. Therefore, and because little more is known, for the remaining part
of this article anaerobic methane oxidation is not considered.

Table 5a. Statistics of potential methane oxidation (PMO). Data are the same as in Figure 2, but

without the marl samples of King er al. (1990). Values with the same letter are not significantly different
from each other (p=0.05).

Oog(PM0O) (PMO in pmot m=3 s~1)
{eco)system type

mean SEM SD n
minerotrophic natural wetland 0.752 0.07 0.9 159
oligotrophic natural wetland 0.744 0.11 1.0 77
rice paddy 0.482 0.14 0.5 11

roots of wetland plants 0.912 0.11 0.9 65
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Potential methane oxidation correlated to environmental variables.

Effects of experimental methods on potential methane oxidation

In contrast with PMP, there are no reports on large effects of experimental methods on
PMO. The main precaution of experimentalists seems to be the avoidance of mass
transfer limitation. This is necessary, because, when molecular diffusion is the only mass
transfer process, the characteristic length scale is typically only 1 mm (calculated by

D
\/ aq ][\2:0}14]aq , assuming MO= 10 pimol m=3 s=1, [CH4],q=10 uM, and a diffusion

constant, Djpq, of 2¢10~% m2 s71) So, to avoid mass transfer limitation samples should be

dry, shallow (<1 mm) or shaken.
To measure a true PMO the methane concentration in the soil solution should be

above the half saturation constant. Taking a typical half saturation constant of 10 uM,
this implies that, at 15 °C, the methane concentration in a head space with atmospheric
pressure should be at least 6000 ppmv. Therefore, in this paper, PMO rates obtained
below 2000 ppmv were not used and rates obtained between 2000 and 10,0000 ppmyv
were only used when there was a linear decrease in methane concentration with time. It is
recommended to use at Jeast 10,000 ppmv in future determinations of PMO.

Distance to oxic/anoxic interface

Highest PMO is expected near oxic/anoxic interfaces, because substrates from the
aerobic zone (oxygen) and the anaerobic zone (methane) are needed for this process.
Indeed, all high values of PMO (> 50 umol m—3 s~1) were found within 25 c¢m of the
anoxic/oxic interface (Figure 2). At the anoxic site of the aerobic/anaerobic interface
potential rates are higher than at the oxic site. This reflects the better survival abilities of
methanotrophs under anaerobic circumstances compared to aerobic circumstances [Roslev
and King, 1994, 1995]. The negative correlation relation between PMO with (absolute)

Table 5b. Linear regressions for potential methane oxidation (PMO) (p<0.01). Tjp is the incubation
temperature (°C). dox/anox 15 the distance (cm) to the nearest oxic/anoxic interface, which is the water
table for non-root samples and zero for root samples. Standard errors of coefficients are between brackets.

PMO in umo!l m=3 s~! radj n
W015g(PMO) =1.0(0.1) — 0.021(0.005)*dox/anox 0.07 252
015g(PMO) =0.1(0.2) + 0.032(0.008)*Tinc 0.05 312

101659(PMO) = 0.4(0.2) — 0.022(0.005)*dox/anox +
0.028 (0.009)*Tinc 0.10 252
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O5g(PMO ), PMO  in pmol/m’/s)

distance to oxic/anoxic interface {cm)

Figure 2. Potential methane oxidation rates as function of distance to oxic/anoxic interface. Data are the
same as in Fig. 1. For bulk soil samples it was assumed that water table resembled the oxic/anoxic
interface. For roots it was assumed that the distance was zero. Open dots are samples from above the water
table, black dots are samples from below the water table, diamonds are from the oxic/anoxic interface. The
linear regression line is taken from table 5b.

distance to water table was also found by Sundh ez al. [1995a), Vecherskaya et al.
[1993] and Moore and Dalva [1997] using their own data. However, the variation of
PMO that can be described with distance to water table is limited (Table 5b).

Seasonality and methane production

A seasonality of PMO has been observed by King [1990], Bucholz et al. [1995],
Amaral and Knowles [1994] and King [1994]. Highest PMO was observed in summer.
In the study of King [1994] it seemed as if potential root-associated methane oxidation
lagged ambient field temperature by about one month. This could indicate that
methanotrophic activity is driven by methane availability, which is related to temperature
dependent.methane production. This was confirmed by Bucholz er al. [1990] who
compared sediments of two fresh water sediment lakes. The lake with the higher
sedimentation rate had a higher organic matter content, a higher methane concentration
and a higher methane oxidation potential. It could be hypothesized that high methane
production rates would lead to high methane concentrations and also to high methane
oxidation potentials. Moore ef al. [1994] and Moore and Dalva [1997] measured PMO
and PMP in more than 100 samples from several wetlands. They concluded that a high
PMP resulted in a PMO. However, a high PMO did not necessarily go with a high
PMP, which was suggested to be caused by methane diffusion from below the water
table to zones above the water table with low production potentials. This asymmetric
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relation may also be caused by temporal inhibition of PMP due to the presence of
electron acceptors or damage to the methanogenic population as a result of in situ
aerobiosis.

Soil type, root-associated methane oxidation, pH, temperature and salinity

There is no difference between PMO at minerotrophic and ombotrophic natural wetlands
(Table 5a). At roots, PMO is relatively high, though the difference is not significant.
This is reflected by the relatively high number of methanotrophic bacteria in rhizospheric
sotl [de Bont et al., 1978; Gilbert and Frenzel, 1995]. Root-associated methane
oxidation depends on plant type and may be controlled by root oxygen release [Calhoun
and King, 1997]. Gerard and Chanton [1993] found zero methane oxidation in stems and
most rhizomes of several wetland plants. King et al. [1990] could not find
methanotrophic activity in a subtropical marl sediment, in contrast with a peat sediment
with a similar vegetation.

Dunfield et al. [1993] found that the pH optimum for PM O was 0-1 pH units above
the in situ pH, which vanied between 4 and 6. No trend between optimum pH and PMO
was observed. So, pH does not seem to be a discriminating factor for methane oxidation
at different sites.

Q10 of methane oxidation was around 2, when determined in experiments with
temperature as single varying factor (Table 6). Lumping all incubation experiments of
Fig. 1 results in a similar value: 1.91£0.4.

In moderately saline soil, salt concentrations 40 —~ 80 mM (US Salinity Laboratory
Staff, 1954], methane oxidation is seriously reduced but not completely inhibited [Denier
van der Gon and Neue, 1995b and Kighthley et al., 1995]. At high salinities (>9%)
methane oxidation was completely inhibited, despite the presence of ample methane and

oxygen [Conrad et al., 1995].

Table 6. Temperature dependence of methane oxidation.

sample source or organism 10
oligotrophic and minerotrophic peat! 1.4-2.1
Roots of C. canadensis? . 4.14

M. rubra’ ' 2.22
landfill soil* 1.9
landfill soil, high affinity methaned 2.32

IDunfield er al. [1993], 2King [1994], 3King and Adamsen [1992], 4Whalen er al. {1990], SBoeckx and Van
Cleemput [1996], 2Calculated with Qg = exp (-—]-%’-»). where T is the temperature, Treg is the reference
temperature. E, is the activation energy. R is the gas cBhstant and T=Tar=288 K.
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Summary

Rates of PMO are skewly distributed and vary three orders of magnitude. Only a very
limited part (r2=0.10) of this variation can be described with well established variables:
distance to average water table and incubation temperature (Table 5b). Possibly, the
descriptive relations can be improved by adding correlations with methane and oxygen
concentrations, time averaged over a certain period, possibly a month. In this way,
seasonal variation and the good survival characteristics of methanotrophs are
incorporated.

A methanotrophic biomass model to explain variation in potential methane
oxidation

Correlations with soil environmental variables describe only a small part of the variation
in PMO. Therefore, it is investigated to what extent a kinetic model for methanotrophic
biomass can explain the variation in PM Q. Coupled equations (2-5) represent the model:

PMO=0mo Bmo (3)

Omo = (Hmo,max — Pmo) / Ymo 4}
dB

d[InO:'MO Ymo_Dmo B, (5)

Here, B, is the methanotrophic biomass, O, is maximum methane oxidation rate per
unit of biomass, Y, is the yield of biomass on methane, Hmo.max 18 the maximum
relative growth rate of methanotrophs and Dy, is the relative decay rate of
methanotrophs. Equation (4) is used to relate Qpm, to variables that have been measured
regularly. Reported estimated values for Y vary between 0.02 and 0.8 C—biomass (C-
CHy)~! (Table 7). This range can be reduced to 0.15-0.67 C-biomass (C-CHg) 1,
because (i) the highest values were obtained by neglecting extra-cellular products and
because (i) the lowest values were obtained at low methane concentrations at which

maintenance respiration would dominate over biomass growth. Umo.max 1S between 0.14

and 0.34 h—! at mesophilic temperatures [Linton and Vokes, 1978; Lamb and Garver,
1980; Linton and Drozd, 1982].

6I;;way of biomass may be described with a maintenance coefficient, mmo [Pirt, 1975,
p. 671

Dmo=mmo Ymo (6)
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Table 7. Carbon partitioning of methane consumed by methanotrophs

Organism or sample source Yield (Ymo) Extra cellular product
C-biomass/C-CHy C/C-CHy
drained peat! 0.772
tundra soil? 0.5
various methanotrophic bacteria3s4->.6:12 0.19-0.67 0-0.48¢
M. trichosporium OB3b! 0.804
Mihylococcus capsulatu’ CHy limited  0.66 0c
02 limited 0.25 0.7¢
fresh water sediment®® 0.15-0.61
landfill soil® 0.69P
high affinity conditions?>10-11 0.02-0.6

I'Megraw and Knowles [1987], 2Vecherskaya [1993], SNagai ez al. [1973], 4Nagai et al. [1973] from data of
Sheehan and Johnson [1971], SWhalen et al. [19907], Olvanova and Nesterov [1988], 7THardwood and Pirt
(1972], 8Bucholz et al. [1995], ILidstrom and Somers [1984], 1OYavitt et al. [1990a], !Yavitt er al.
[1990b] !2Linton and Drozd [1982] 2calculated as CHg4 consumption — CO2 production, bC in biomass +
organic compounds, “calculated as CH4 added ~ (CO2 produced + C incorporated in biomass).

Taking mmo and Y from Nagai et al. [1973] and Sheehan and Johnson [1971], who
measured these under optimal and sub optimal growth conditions, leads to Dy = 1 d-1,
which is substantially higher than the aerobic and anaecrobic C—starvation rates of
methanotrophs, which were about 0.1 d-! [Roslev and King, 1994]. Apparently,
methanotrophs are able to decrease their maintenance requirements under conditions of
C—-starvation. So, the maintenance coefficient at (sub) optimal growth conditions cannot
be used to describe the starvation of methanotrophs. A solution may be the introduction of
an extra state variable, representing the physiological state of the micro-organism
[Panikov, l1995, p. 203], in combination with experimental data of starvation Kinetics of
methanotrophs [King and Roslev, 1994].

So, it is possible to model PMO via a model for methanotrophic biomass, although
predictability of the model will be limited, because of a large variation in parameters

which is hard to explain.

Concluding remarks

Like methane fluxes, rates of potential methane production (PMP) and potential methane
oxidation (PMO) are skewly distributed and vary three orders of magnitude. In relating
(potential) rates of methane production and methane consumption to environmental
variables, like weather, soil and vegetation data, two lines were followed. Firstly,
potential rates collected from a large number of studies were statistically analysed. 34 %
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of the variation in the 1%log of PMP and 10% of the variation in the 10log of PMO could
be described with correlations with environmental variables. Secondly, the knowledge of
the processes underlying methane production and oxidation was reviewed and
summarised in explanatory models. For a quantitative evaluation of these models they
need to be integrated in a framework that provides the dynamics of water, heat and gas
transport, carbon and vegetation dynamics on a sufficiently small scale. Given the large
unexplainable variation in the descriptive models it is worthwhile to do so, although
expectations for predictive modelling should not be too high, as the variation in
parameters of the process models is large. Anyhow, such an integrating effort would
provide a lot of insight in the dynamic, non-linear, interactions between processes and in
the causes of the large variations in methane fluxes.
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Chapter 3

Soil methane production as a function of anaerobic
carbon mineralisation: a process model

Segers, R. and S. W. M. Kengen,
Soil Biol. Biochem., 30, 1107-1117, 1998

Abstract

Anaerobic carbon mineralisation is a major regulator of soil methane production, but the
relation between these processes is variable. To explain the dynamics of this relation a
model was developed, which comprises the dynamics of alternative electron acceptors, of
acetate and of methanogenic biomass. Major assumptions are: (i) alternative electron
acceptors suppress methanogenesis and (ii) the rate of electron acceptor reduction is
controlled by anaerobic carbon mineralisation. The mode! was applied to anaerobic
incubation experiments with slurried soil samples from a drained and an undrained peat soil
in the Netherlands to test the model and to further interpret the data. Three parameters were
fitted with a Monte Carlo method, using experimentally determined time series of methane,
carbon dioxide and acetate. The fitted parameters were the initial concentration of electron
acceptors, the initial concentration of methanogenic biomass and the maximum relative
growth rate of methanogenic biomass. Simulated and measured time courses of methane
corresponded reasonably well. The model as such stresses the importance of alternative
electron acceptors. At the drained site initial alternative electron acceptor concentrations were
between 0.3 and 0.8 mol electron equivalents (el. eqv.) kg~! dw soil, whereas at the
undrained site they were between 0.0 and 0.3 mol el. eqv. kg~! dw soil, depending on the
experimental treatments. The sum of measured NO3~ and SO42" concentrations and
estimated maximum Fe3* and Mn%* concentrations was much lower than the fitted
concentrations of alternative electron acceptors. Apparently, reduction of unknown electron
acceptors consumed a large part of anaerobically mineralised carbon which, therefore, was

not available for methanogenesis.

Introduction

The increase of atmospheric methane from 0.7 to 1.7 ppmv is estimated to be responsible
for about of 15% of the enhanced greenhouse effect [Houghton ez al., 1995]. Wetland
soils, including rice paddies, contribute between 15 and 45 % to the methane source of
the atmosphere, whereas non-wetland soils contribute between 3 and 10% to the methane
sink of the atmosphere [Prather et al., 1995]. Current flux estimates contain a large
uncertainty and the effects of soil management and climate on fluxes are difficult to
estimate, because the conditions, scales and processes that control methane emissions are
not well known. Methane fluxes from or to soils are a result of the interaction of several

Segers, R. Wetland Methane Fluxes: Upscaling from Kinetics via a Single Root and a Soil Layer to the
Plot, Ph. D. Thesis, Wageningen University, 1999.
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biological and physical processes and factors in the soil [Schimel et al.,1993; Wang et
al., 1996]. This paper, specifically focuses on the dependence of methane production on
anaerobic carbon mineralisation.

§ The available literature indicates that, at least on a small scale, a simple relation
between both processes does not exist. For instance, the ratio of anaerobic CO»/CHg4
formation in peat samples was found to vary by as much as two to three orders of
magnitude [Amaral and Knowles, 1994; Yavitt ef al., 1987; Yavitt and Lang, 1990].
Similarly, potential methane production rates were shown to vary by several orders of
magnitude [e.g. Moore et al., 1994], whereas anaerobic carbon mineralisation varied
only by one to two orders of magnitude [Amaral and Knowles, 1994; Magnusson, 1993;
Yavitt et al., 1987; Yavitt and Lang, 1990].

Because the relation between methane production and anaerobic carbon mineralisation
is complex, knowledge of the underlying controlling processes is required to derive it.
Soil methane production is the result of anaerobic degradation of organic matter via
several interdependent microbiological reactions [Oremland, 1988]. This paper presents a
model that explains the dependence of the time course of methane production on the time
course of anaerobic carbon mineralisation and integrates current knowledge of the
underlying controlling processes.

The model should be suitable to simulate field scale methane production. For this it
should be integrated with models on soil aeration, soil mineralisation and electron
acceptor re-oxidation. Consequently, the accuracy of the methane production submodel
(presented in this paper) should be in balance with the accuracy of the models for these
other processes. Therefore, we tried to reduce as much as possible the number of
parameters that are both sensitive and uncertain. Only after scaling up it is possible to

- judge whether refinement of the kinetic model is useful for understanding field scale
methane production.

Material and methods

Main structure of model
Methane is produced according to the reaction (Figure 1, box 1):

acetate — methane + carbon dioxide + methanogenic biomass (1)
T

methanogenic biomass

We assumed that acetate is the only substrate for methanogenesis and that acetate -

production can be directly coupled to anaerobic carbon mineralisation. The rate of reaction

(1) depends on the simulated concentrations of acetate and methanogenic biomass. Acetate
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Figure 1. Material flow diagram for the methane production model. The upper part concerns the carbon
flow, the lower part concerns the electron acceptor cycling. Rectangular boxes represent material, rounded
boxes represent processes. The thicknesses of the lines qualitatively represent typical sizes of the flows.

The size of the flows vary with time.

is also consumed by the reduction of an arbitrary alternative electron acceptor (Figure 1,
box 2):

acetate + electron acceptor — carbon dioxide + reduced electron acceptor (2)

The rate of this reaction depends on the concentrations of acetate and the alternative
electron acceptors. In contrast with methanogenesis, the concentration of biomass is not
included as controlling factor in reaction (2). During aerobiosis alternative electron
acceptors are re—oxidised (Figure 1, box 3), acetate is oxidised and methanogenic
biomass decays. These processes are not included in the model, however, as it is

restricted to anaerobic conditions.
In an earlier version of this model [Segers and Leffelaar, 1995] retardation of the

onset of methane production by electron acceptors was simply described by a lag time.
With the present model it is possible to account for this lag by the time it takes to reduce
alternative electron acceptors. Lovley and Klug [1986] have used a comparable model to
explain competition between sulphate reduction and methanogenesis in an anaerobic
freshwater sediment in steady state. Our model is a generalisation of their model, because
(i) it is designed for alternative electron acceptors other than sulphate as well, (ii) acetate
production is directly coupled to anaerobic organic matter mineralisation and (iii) dynamic

situations are considered.
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Assumption I: The inclusion of methanogenic bacteria

Often it is assumed that methanogenic bacteria do not limit methane production in wetland
soils, because (i) additions of substrates like acetate, hydrogen or glucose often stimulate
methane production [Williams and Crawford, 1984; Amaral and Knowles, 1994; and
Bachoon and Jones, 1992], (ii) some methanogenic bacteria survive aeration for periods
from several hours to at least several months [Mayer and Conrad, 1990; Fetzer et al.,
1993, Huser, 1981] and (iii) methane emissions can start quickly after inundation of rice
paddies [Holzapfel Pshorn and Seiler, 1986]). However, limitation of methane production
by methanogenic biomass probably does occur in wetland soils under low temperatures
[Shannon and White, 1996 and Drake et al., 1996] and in non wetland soils upon
anaerobic incubation (this study; Peters and Conrad, 1996; Kiisel and Drake, 1995;
Wagner et al., 1996], as acetate accumulation was observed under these conditions. To
account for a large range of conditions, including the incubation study used in this paper,
methanogenic biomass was included in the model.

Assumption II: The exclusion of electron acceptor reducing bacteria

The concentration of electron acceptor reducing biomass was not considered, as it is not
likely to limit electron acceptor reduction. There are two reasons for this assumption: (i)
Iron and nitrate reducing bacteria are facultative anaerobic [Sikora and Keenet, 1983] and
sulphate reducing bacteria can survive aerobiosis [Le Gall and Xavier, 1996], so periods
of aerobiosis would not severely affect the population. (ii) If a biomass limitation would
. oceur, organic substrate (e.g. acetate) accumulation would occur in the presence of ample
electron acceptors. Thus far, this has only been observed in anaerobically incubated
upland soils [Peters and Conrad, 1996]. However, in upland soils, in situ methane
production is likely to be small, as anaerobic periods are generally short.

Assumption III: Acetate as single methanogenic substrate

We assume that acetate is the sole substrate for the methanogens. Other possible
substrates like hydrogen or formate are thus not included explicitly. There are two reasons
for this. Firstly, in several case studies with wetland soils acetate was the precursor of
about 70% of the produced methane [Goodwin and Zeikus, 1987; Cappenberg and Prins,
1974; Drake er al., 1996]. Secondly, including other substrates would not change the
trc?nd of the dependence of methane production on anaerobic organic matter
mineralisation, because alternative electron acceptors would also Suppress
methanogenesis from other substrates for thermodynamic reasons. This is reﬂected in the
model by a low sensitivity of simulated methane production for substrate specific
parameters (see subsection on parameter estimation). So, when other substrates are
relevant, the acetate in this model can be taken as representing other substrates as well.
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The relative unimportance of the kind of the substrate was also found by Lovley and Klug
[1986] when they replaced acetate by hydrogen in their model for sulphate reduction and
methanogenesis.

Assumption IV: No intermediate fermentation reactions included

Acetate production is assumed to be directly coupled to anaerobic organic matter
mineralisation. This implies that all intermediate fermentation reactions and hydrolysis are
not explicitly taken into account. If intermediate fermentation reactions controlled acetate
production, significant accumulation of other intermediates should occur. This has only
been observed when acetate accumulates as well, which indicates that other intermediates
only accumulate when acetate itself inhibits the conversion of those intermediates. When
such an inhibition is resolved these compounds would be converted to acetate. In soils
this conversion is not often observed, but it could be rather slow [Chin and Conrad,
1995], in which case fermentation reactions would limit methane production. This
situation is not considered in the model, because (i) the few measurements of small

concentrations of propionate and lactate in field soils (<100 uM) [Rothfuss and Conrad,
1993; Amaral and Knowles, 1994] do not point at significant accumulation, (ii)
accumulation of acetate implies limitation of methane production by methanogenic
biomass, which does not seem to occur often (see above), (iii) lack of information
required to model these fermentation reactions without additional measurements.

Assumption V: Electron acceptors suppress methanogenesis

An unspecified alternative terminal electron acceptor that suppresses methane production
plays a central role in the model. Apart from the inorganic electron acceptors (NO3—,
SO42-, Fe3+ and Mn4*) [Zehnder and Stumm, 1988] organic peat material may also act
as terminal electron acceptor [Lovley et al., 1996] and suppress methanogenesis. In the
model it is assumed that the reduction of electron acceptors -lowers the acetate
concentration to a value that is too low for methanogenesis. Alternatively, the suppressing
effect of electron acceptors can be explained via their influence on the redox potential, It is
not clear which mechanism is closest to reality [Peters and Conrad, 1996]. In fact, both
could operate at the same time. Incorporating the alternative mechanism in a model would
mostly result in a similar functional relation between anaerobic carbon mineralisation and
methane production, because also with the alternative mechanism the depletion rate of
electron acceptors will be mostly controlled by anaerobic carbon mineralisation (see

assumption II).
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Model equations

A simplified version of the microbial kinetic concepts of Panikov [1995, p. 42} was used
in setting up the equations. Equation (6) was used to relate Omgac t0 more commonly
measured parameters. Table 1 lists the symbols.

dAic _—_1 - 3
dt am anc Camm ( )
d_(%g' = dmgac Bmg (4)
mg
[Ac]
dmgac = @
mgac mgac [AC] + ngac (5)
0 _ Hmgmax
mgac =
Zeac Ymgac (6)
dCH4 Zeac dA
= Vg (1-Y ac_CnC 7
0 mg mg (1~Ymgac) Zechs O mg (7)
dCOy Z;
S22 = (1- vy - (-, ac_dac
ar g mg) ( mgac) ZCCOz dr g (8)
dB
_&I% = anc Ymgac % - Dmgan Bmg (9)

mg

It was assumed that the rate of electron acceptor reduction depends on both the
concentration of electron acceptors and on the concentration of acetate. To account for

both limiting factors a double Monod expression (10) was used, together with a large
value for ELRyy.

dELQ _ [ELO] [Ac]
=~ FLR
d.t mx [ELO] + Ker,el [AC] + Ker,ac (10)
dAc _ , dELO
dt o S df (1)
dCO, Zeae dELO
— s =y cac
dt et “ choZ dr (12)

Quantities on a dry weight basis were converted to quantities on volume water basis by:

[Ac] = AC and [ELO] = ELO.
Vi, [ELO] Ve (13)
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Table 1. List of symbols.

symbol description

Ac concentration of acetate, mol Ac kg‘l dw soil

am subscript to indicate rates as a result of anaerobic C—mineralisation

Bmg aceticlastic methanogenic biomass, mol C biomass kg‘1 dw soil

Camin anaerobic C—mineralisation, mol C kg~! dw soil s~!

Dmgan relative decay rate of methanogenic biomass under anaerobic conditions, s~1

ELRx maximum rate of electron acceptor reduction, mol el. eqv. kg~! dw soil s~1

ELO concentration of electron acceptors, mol el. eqv. kg‘l dw soil

e subscript to indicate rates as a result of electron acceptor reduction

i subscript to indicate initial value

Kerac half saturation constant of electron acceptor reduction for acetate, mol Ac m= H20

Ker el half saturation constant of electron acceptor reduction for electron acceptors, mol electron
eqv. m~3 Hp0

Kmgac half saturation constant of methanogenic aceate consumption, mol Ac m=3 H0

Kimgac inhibition constant of methanogenic aceate consumption, mol Ac m™ H0

mg subscript to indicate rates as a result of methanogenesis
methanogenic acetate consumption per methanogenic biomass, mol Ac mol~! C-biomass

qmgac
g1

Cmgac maximum methanogenic acetate consumption per methanogenic biomass, mol Ac mot~!
C-biomass s~!

Vaq volume of water per mass of dw soil, m3 Hp0 kg~! dw soil

Ymgac yield of methanogenic biomass on acetate, mol C-biomass mol~! C Ac

Zeac number of C atoms in one molecule acetate, mol C mol~! Ac.

Zechy number of C atoms in one molecule methane, mol C mol~1 CHy

Zecon number of C atoms in one molecule carbon dioxide, mo! C mol~! CO».

Hmgmax maximum relative growth rate of methanogens, g1

acetate needed per reduced electron acceptor, mol Ac mol~! electron eqv.

Ver
Ving fraction of the respired C, which evolves as CHg, mol C-CHy mol~1 C-respired
[] dissolved concentration, mol m=> H2O

Description of experiment

The model was applied to anaerobic incubation experiments with slurried soil samples
from a drained and an undrained peat soil to test the model and to further interpret the

data. Time series of methane and carbon dioxide in the head space and acetate in the
aqueous phase were measured under various conditions (Table 2).

Here, the experimental procedure is briefly described. Fuller details on laboratory
procedures can be found in Kengen and Stams [1995] and a more detailed site description
in Segers and Van Dasselaar [1995]. Soil samples were taken from a drained fertilised
peat soil at the experimental grassland farm R.O.C. Zegveld and from an undrained
minerotrophic peat soil in the nature reserve Nieuwkoopse plassen. Samples were slurried
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Table 2. Parameter estimates for different peat soil samples obtained with (i) the model, (ii) measured
time courses of acetate, carbon dioxide and methane and (iii) a Monte Carlo fit procedure. The difference

between undrained I and II is sampling spot. WT refers to the average water table. The SO42~ addition
was 0.8 mol el. eqv. kg*l dw soil. ELOj is the initial electron acceptor concentration, Umgmax is the
maximum relative growth rate of methanogenic bacteria and Bpg j. is the initial concentration of
methanogenic biomass. Given are the minimum and maximum value of each parameter. ND means not
determined because of scarceness of data in the regime where the parameter is relevant. Camin,i 1S the
anaerobic carbon mineralisation rate at the beginning of the simulation period. This driving variable was
recalculated every time step as described in the subsection “parameter estimation’ in the text.

Sample Depth  Addition or Camin.i ELO; Mmgmax Bmg,i
Site pre incubation 108 mol C 10~! mol el.eqv. 102d-1 1079 mol C
Code  cm kg~1 dw soil s=1  kg~1 dw soil kg~! dw soil

drained (sampled 25 Nov, WT 55 cm)

A 0-5 none 9.4 2.6-3.1 22-29 3.8-9.8
B 5-10 » 2.9 3.9-4.0 20-20 0.37-0.52
C 10-20 ” 2.0 4.9-6.2 11-18 2.6-98
D 20-30 ” 1.9 4.3-5.2 11-19 0.4-5.0
E 30-40 » 2.8 6.8-7.6 ND <5.0
drained (sampled 25 Nov, WT 30 cm)

IF 0-5 none 10 4,7-5.8 15-25 13-59
G 5-10 » 5.2 3.0-3.1 9-13 16-61
drained (sampled 28 Jun 1994, WT 55 c¢m)

H 0-5 none 6.5 3.3-3.4 17-21 3.6-6.2
I ”  71dNg, L dair 3.6 0.0-1.2 17-26 0.9-6.3
I 7 71dNp,4dair 4.3 2.3-2.8 19-35 1.4-4.8
K ”  71dNp, 8d air 4.3 3.0-3.0 15-37 0.5-4.2
drained (sampled 18 Oct 1994, WT 55 cm)

L 0-5 none 9.6 4.2-4.3 13-14 16-20
M » S042- 9.0 17 - 21 ND ND
undrained-I (sampled 23 Jan 1995, WT 10 cm)

N 0-5 none 7.5 2.9-3.1 ND >220
20 5-10 ” 3.2 2.2 ND ND
P 10-20 » 5.5 1.1-1.3 ND >2700
Q 15-35 ” 1.1 0.1-0.5 ND >10
undrained-11, (sampled 23 Jan 1995,WT 10 cm)

R 0-5 none 15 0.0-1.0 ND >870
S 5-10 " 6.3 2.1-2.5 ND >44
21 10-20 ” 2.7 2.2 ND ND
U 20-35 ” 3.6 1.2-1.3 ND >1400

1 - r s

No.parameter sets fitted the original model, because exponential growth slowed down at the end of phase II.
Possibly acetate (5 mM) mhl-bited methane production. It was possible to obtain an acceptable difference
between model and experiment by expanding equation 5 with an inhibition term: q c~
OmgaclACH([AC]+K mpac+t[AcI2/K: F i J betwee

dg22 Kmgac imgac) [Fukuzaki et al., 1990]. Kimgac was allowed to vary between 12
ax;3 ; mM {Fukuzaki er al., 1990], assuming pH is 5 {Segers and Van Dasselaar, 19951.

efore day 45 methane production was less than 5% of total carbon mineralisation, after day 45 it was about

3{)%, well b?low the theoretical 50 % for a purely methanogenic process. Therefore, the model did not fit the
ata. The estimate for ELO; was obtained directly from the accumulated CO7 at day 45.
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inside an anaerobic glove-box using anaerobic water and transferred to stoppered serum
bottles. These bottles were repeatedly evacuated and gassed with oxygen-free nitrogen
gas before incubation at 15 °C in the dark for periods up to 140 days. CH, and CO5 in the
head space were monitored by gas chromatography. Total CO» was calculated as the sum
of COz in the head space, dissolved CO, and HCO3~. Dissolved CO, and HCO3~ were
estimated by assuming equilibrium between gaseous CO3, dissolved CO; and HCO3~ at
pH=5 [Segers and Van Dasselaar, 1995] at 15 C°. In treatments H to K (Table 2) soil
samples were first anaerobically incubated for 71 days, then aerated for one to eight days
and subsequently anaerobically incubated again. The model was applied for both
anaerobic periods. By comparing the concentrations of electron acceptors and the
concentrations of biomass at the end of the first and the beginning of the second anaerobic
period the rates of change of these variables during aerobiosis could be estimated.

A typical dataset revealed three distinct phases (Figure 2). During phase I carbon
dioxide production rates were high, methane production rates were almost zero and no
accumulation of fermentation products, like acetate or hydrogen, was observed.
Apparently, all carbon dioxide production was caused by reduction of terminal electron
acceptors. In this phase methane production was probably suppressed by the presence of
electron acceptors. In phase II acetate started to accumulate concurrent with an exponential
increase in methane concentration in the head space. In this phase all electron acceptors
had been used and methane production was apparently biomass limited. In phase II
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Figure 2. A typical time series of methane (CHy), carbon dioxide (CO3) and acetate (Ac)

in anaerobically incubated, slurried soil samples from a drained peat soil (treatment B). In
Phase I methane production is small. In phase II it increases exponentially concurrent with
an accumulation of acetate and in phase III acetate disappears and methane and carbon dioxide

production are almost equal.



Py Chapter 3

acetate disappeared and methane production was more or less equal to carbon dioxide
production. Apparently, methane production became substrate limited. It has to be
stressed that this typical time series was obtained from samples which were taken from a
drained, aerobic soil. This explains why the initial methanogenic biomass concentration
was small enough to be a controlling factor during the second phase. In soil samples from
undrained peat phase I and III were present, but phase II was not. No acetate
accumulation and no exponential increase in head space methane was observed, as

apparently the concentration of methanogenic biomass was large enough to consume all
acetate when the electron acceptors were depleted.

Parameter estimation

Camin Was calculated every time step as the derivative of the sum of mineralised C in
methane, carbon dioxide and acetate. This sum at an arbitrary time was obtained by linear
interpolation between observed values. This method is considered as reasonable, because
other dissolved fatty acids or alcohols were not found in significant amounts, except for
propionate which was occasionally measured and found during the end of phase II and in

the beginning of phase III. Mmgmax Was fitted, because it was a sensitive parameter and
because no literature values of this parameter are known for methanogens living at the
prevailing temperatures (15°C). Initial values for ELO and Bmg were fitted, because (i)
they depend on in situ circumstances, which vary between treatments, (ii) they are
difficult to measure directly and (iii) models results are sensitive for these initial values.
The other parameters were either taken from literature or theoretical arguments were
used to establish reasonable ranges for parameter values (Table 3). Note that the
parameters adopted for electron acceptor reduction describe a process which rapidly
consumes available acetate whenever electron acceptors are present. This choice of

parameters reflects the assumptions that electron acceptor reducing biomass can be
neglected and that electron acceptors su

ELRmx does not affect the rate of reducti
interest, because of the fast negative feed
sensitivity analysis on the non-fitted p

ppress methane production. An increase of
on of electron acceptors over the time scale of
back of the acetate concentration on this rate. A

. arameters was performed to investigate their
influence on model behaviour, Parameter ranges were as in Table 3. Cymin Was taken

from treatment A. The results of this analysis (data not shown) confirmed the idea that

deviations in the parameters that were not fitted did not influence the duration of phase I
and II and hence the major trends in the model.

Mathematical fit procedure

A Monte Carlo approach [Keesman and

A% van Straaten, 1990] was used to timate the
initial electron acceptor concentration (EL ] .

0)), the initial methanogenic biomass (Bmg,j)
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Table 3. Parameter values which were not fitted, but otherwise estimated.

param. value  unit range comment

ELRpLx 1075 molel. eqv. kg~! dw soil s~1 1076 - 104 >Camin/(Ver Zeac)

Dmgan 0.01 d-1 0-0.02 Pavlosthatis and Gomez {1991]
Ker,el 10 mM 1 - 100 < initial [ELQ]

Ker.ac 0.0l mM 0.001 ~ 0.1 < Kmgac

Kmgac 0.1 mM 0.01 - 0.3 Fukuzaki et al., [1990],

taking pH=5, Segers and Van
Dasselaar, 1995]

Ymgac 0.04 mol C biomass mol~! C-Ac 0.01 —-0.05  Pavlosthatis and Gomez [1991]

Zeac 2 mol C-Ac mol~! Ac ND molecular constant
Zcha 1 mol C-CHy mol~1 CHy ND molecular constant
Zcon | mol C-COy mol~! CO, ND molecular constant
Ver 0.125 mol Ac mol-! el. acc. (el.eqv.) ND stoichiometric constant in
electron acceptor reduction
Vmg 0.5 mol C—CHy mol~! C-resp. ND stoichiometric constant in
by methanogens methanogenesis

and the maximum relative growth rate of methanogenic biomass (Umgmax) . The result of
the procedure was not a single set of optimal parameters, but multiple sets of acceptable
parameters. We used this method, because (i) no linearisations have to be performed, (ii)
the method is suitable for situations with little data and (iii) the acceptable-non-acceptable
criterium allows to use problem dependent information in a straight forward and explicit
way.

The following constraints were imposed to discriminate between acceptable and non-
acceptable parameter sets: Phase 1 (Ac < 0.1 mM): CH4 < CHy4 at transition phase I/II;

Phase 11 (Ac> 0.1 mM): [log0 (CHa, meas/ CHa, sim)| < 0.25; Phase III when phase II
present: no constraints on CH4; Phase III when phase II not present: |log1o (CH4, meas /

CHy, sim)| < 0.25; All Phases: |10g10 (AC meas / Ac sim)l < 0.5. In the defined constraints
focus is on parameters which control the main trends of methane production. Therefore,
in phase I the restriction on methane is that the concentration is absolutely small. In the
second phase, we elected a logarithmic comparison of measured with simulated methane,
because an exponential increase is characteristic for this phase. In phase II the model
predicts a very low carbon dioxide production, because a still low methane production is
the only carbon dioxide source in this phase. However, in experiments some carbon
dioxide production is observed. Via Camin this carbon dioxide production results in an
overestimated acetate production. To account for this structural difference between model
and reality the constraint on acetate was weak, implying that only the trend in the time
course of acetate had to be predicted for acceptable model behaviour. As a consequence of
the high simulated acetate concentrations also methane concentrations directly after phase
I were simulated too high. Therefore, no constraints were put on CHy in phase III when
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phase I was present.-When a measured value was below the detection limit, above
mentioned constraints were valid with measured values replaced by the detection limit and
additionally all simulation results below the detection limit were considered acceptable.
The simulations were performed in the Fortran Simulation Environment FSE [Van

Kraalingen, 1995]. For the parameter estimation the program FSEOPT [Sto! ef al., 1992]
was adapted.

Results

During phase I the relative difference between simulated and measured methane was large
(Figure 3). However, this was not considered important, as the absolute difference was
small during this phase. Acetate accumulation in phase II was overestimated typically by a
factor two, but this did not have a large influence on simulated methane production,
because methane production was limited by methanogenic biomass in this phase.
In Table 2 all fitted parameters are given. For the undrained site only minimum values
for the methanogenic biomass could be established. These numbers are the minimum
concentrations of methanogenic biomass needed for methane production not limited by
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Figure 3. Measured and simulated time series of acetate and methane in treatment A, as a typical

example for comparison between model and experiment. Simulated-I and simulated-II refer to two different
acceptable parameter sets.
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methanogenic biomass. The low value for initial methanogenic biomass in treatment Q can
be explained by the low anaerobic C-mineralisation rate.

At the drained site initial concentrations of electron acceptors were larger and initial
concentrations of methanogenic biomass were smaller than at the undrained site. This is
probably the cause of the higher in situ aeration at the drained site. At greater depths
concentrations of electron acceptors were not larger than at the surface. The lower aeration
of the deeper layers may be compensated by the greater reducing power of the top layer
due to the higher anaerobic carbon mineralisation in the top layer. In this respect it is
interesting to note that Amaral and Knowles [1994] found increasing sulphate
concentrations with depth (from 15 cm) in a peat soil.

The addition of 0.8 mol electron equivalents (el. eqv.) SO42~ kg1 dw soil (treatment
M) resulted in a comparable increase in concentration of initial electron acceptors. In this
treatment during the last part of phase I, acetate concentration was more or less stable for
some period at 0.1 mM (the same order of magnitude as typical half saturation constants
for methanogenic acetate consumption), concurrent with an increase in methane
production, which was less than the increases in phase II in the other treatments.
Apparently sulphate at = 5 mM [Kengen and Stams, 1995] did not inhibit aceticlastic
methanogenesis completely. |

A period of aerobiosis affected both the electron acceptor concentration and the
methanogenic biomass (Table 2, treatment H — K). After 71 days of anaerobiosis the
simulated methanogenic biomass was above 10-3 mol C-biomass kg~! dw soil. A single
day of aerobiosis was sufficient to reduce the fitted methanogenic biomass to below 10-5
mol C-biomass kg~! dw soil. Apparently the methanogens which grew during the 71
days anaerobic incubation period were not able to survive aerobiosis. Electron acceptor
re—oxidation was slower than the loss of activity of methanogenic biomass. After eight
days of aerobiosis the concentration of electron acceptors was back to its initial
concentration. Using the estimates of ELO; in treatment F and G an electron acceptor

re—oxidation rate was about 0.05 mol el. eqv. kg~! dw soil d-1.

Discussion

Except for two cases the model was able to describe the experimental data according to the
criteria in the subsection “mathematical fit procedure”. Therefore, we conclude that the

model captures the underlying processes accurately enough to explain the major trends of

methane production in our case study.

Electron acceptors

From the sulphate addition experiment it became clear that sulphate did not suppress
methane production completely. This was also found by others [e.g. Yavitt et al., 1987]
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and is understandable as thermodynamically sulphate reduction favours methanogenesis
only slightly [Zehnder and Stumm, 1988].

Apparent initial electron acceptor concentrations amounted to 0.8 mol el. eqv. kg~! dw
soil in the drained soil. This was considerably more than the sum of the estimated
inorganic electron acceptors as calculated below. Nitrate was not observed, neither was
the production of nitrogen and nitrous oxide [Kengen and Stams, 1995]. A typical
sulphate concentration was 0.3 mM [Kengen and Stams, 1995] which corresponds to
0.024 mol el. eqv. kg1 dw soil, taking for our case (slurried soil) a typical water content
of 0.01 m3 kg~! dw soil. Typical maximum Fe3+ and Mn** concentrations in peat waters
are about 40 mg FepO3 L1 and 7 mg MnO; L-! [Shotyk, 1987]. This corresponds to
0.008 mol el. eqv. kg~! dw soil, assuming a water saturated peat soil with a porosity of
95 % and a solid phase density of 1300 kg m=3. So, reduction of inorganic electron
acceptors cannot explain the observed carbon dioxide production during phase L.
Theoretically, net production of hydrogen, ethanol or propionate also results in a net
production of carbon dioxide [Thauer et al., 1977]. However, accumulation of these
fermentation products was not observed. Therefore, these kind of fermentation reactions
cannot explain the observed carbon dioxide production. Solubility of carbon dioxide
depends on pH and, therefore, changes in pH could cause changes of carbon dioxide in
the head space. However, pH (=5) and volumetric liquid:gas ratios (=0.2) were so small
that only a small fraction (=0.2) of carbon dioxide was in the liquid phase. As a result,
changes in pH cannot explain the observed carbon dioxide production.

In anaerobic incubation studies of Yavitt and Lang [1990] and Amaral and Knowles
[1994] carbon dioxide production that was not explained by methanogenesis or sulphate
reduction was equivalent to (~0.2 to 12) mol el. eqv. m~3 peat slurry d-1. Assuming that
this production lasts for five days and assuming a water saturated peat soil with a porosity
of 95 % and a solid phase density of 1300 kg m=3, this corresponds to (=0.02 to 0.9) mol
el. eqv. kg~! dw soil. Values of this study fall within this range. Amaral and Knowles
[1994] found little Hy production. Yavitt and Lang [1990] observed one of the highest
unexplained carbon dioxide production rates in a low pH (3.8) sample. Therefore, though
the evidence is less strong compared to this study, also in the studies of Yavitt and Lang
[1990] and Amaral and Knowles [1994] unknown terminal alternative electron acceptors
may have been active. By contrast, in two mineral rice paddy soils methane production
and inorganic electron acceptor reduction were able to explain a large part of the carbon
dioxide production [Inubushi ez al., 1984].

In conclusion, commonly used arguments cannot explain the observed carbon dioxide
production during phase 1. Therefore, it is hypothesised that peat material acts as terminal
electron acceptor. This hypothesis is supported by recent findings of Lovley et al.
[1996], -who demonstrated that humic acids could act as terminal electron acceptor.
Alternatively, the assumed dissolved concentrations of NO3-, SO42-, Fe3+ and Mn*+
may not represent the amounts of these compounds that are available for reduction,
becau.se .a large part of the reducible inorganic electron acceptors may be bound to peat
material in some way. Humic acids may shuttle electrons to relatively inaccessible electron
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acceptors [Lovley et al., 1996]. Okruszko [1993] reports total Fe;O3 concentrations in
drained peat soils are typically 1.5 % (mass) of the dry matter, which corresponds to 0.2

el. eqv. kg~! dw soil.

Methanogenic biomass

The relative growth rate of the methanogens was about 0.2 d-1. This value is relatively
high considering the temperature (15°C), because it is within the range of rates found for
aceticlastic methanogens that live at 35°C (0.1-0.7 d-1) [Pavlosthatis and Gomez, 1991].
Apparently methanogens from this environment are adapted to sub mesophilic
temperatures, which was also found by Svensson [1984] for a Swedish peat soil .

Effect of aerobiosis

The rate of electron acceptor re-oxidation (0.05 mol el. eqv. kg-! dw soil d-1) is
comparable to the oxygen consumption of soil samples from this site under aerobic
conditions, which were about 0.03 mol el. eqv. kg"1 dw soil d-! at 15.5°C [Otten, 1985]
or 0.04 mol el. eqv. kg1 dw soil d-! at 20°C [C. A. Langeveld, pers. comm.] under
different incubation conditions. The data are too limited to say anything about the corntrols
of electron acceptor re-oxidation.

Conclusions

The model explains the large variation in observed anaerobic CO2/CH4 production ratios
with a varying contribution of reduction of electron acceptors to total anaerobic C
turnover. The rate of depletion of electron acceptors depends on the anaerobic carbon
mineralisation. As a result the relation between methane production and anaerobic carbon
mineralisation is dynamic and non-linear, at least on small time scales (days or weeks).
The model as such stresses the importance of alternative electron acceptors. In our case
study and probably also in the studies of Amaral and Knowles [1994] and Yavitt and
Lang [1990] reduction of unknown electron acceptors consumed a large part of
anaerobically mineralised carbon, which, therefore, was not available for
methanogenesis. Identification and quantification of these electron acceptors deserves
attention in research directed at understanding the relation between methane production

and anaerobic C—mineralisation.
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Chapter 4

Modelling methane fluxes in wetlands with gas
transporting plants: 1. Single root scale

Segers, R.

Abstract

Methane fluxes were related to the first principles of transport and kinetics (microbial and
chemical conversions). The difference between the kinetic scale and the smallest flux scale,
the plot scale, is large. A stepwise scaling up procedure was therefore used in a series of
three papers. This paper treats kinetics and diffusion around a single gas transporting root.
Kinetic processes include: methane production, methane oxidation, electron acceptor
reduction, acceptor re-oxidation and aerobic respiration. This is the minimum number of
processes needed to relate net methane production to the main driving variables: carbon
availability and oxygen inflow. Kinetics were integrated with diffusion, leading to a set of
partial differential equations. This set was solved directly and also after simplification to a
set of spatially averaged ordinary differential equations. Results of the simplified model
closely resembled results of the unsimplified (full) model, which implies that the simplified
model covers the main interactions of the full model and is suitable for further scaling up.
Model results showed that reduction of methane emission after 100% specific inhibition of
methane oxidation may not result an reliable estimate of methane oxidation, firstly because
of changes in the oxygen dynamics, directly or indirectly affecting methane production, and
secondly because of transient effects.

Introduction

Methane fluxes from wetlands are highly variable. This variation is not well understood
and can only be partly described by correlations with environmental variables, such as
water table, temperature, vegetation and net carbon dioxide flux [Moore and Roulet,
1993; Bartlett and Harris, 1993; Whiting and Chanton, 1993; Bubier et al., 1995a b;
Liblik et al., 1997; Nykinen et al., 1998]. High methane fluxes are often found in
wetlands with plants that can transport gases, like rice paddies or sedge fens [Prather er
al., 1995; Nykinen et al., 1998; Bellisario et al., 1999; van den Pol - van Dasselaar et
al., 1999b]. Therefore, these systems get special interest. Gas transporting plants affect
methane fluxes in three ways: Firstly they provide organic substrates (via root decay and
root exudation), which promotes (i) methane production, (ii) electron acceptor reduction
and (iii) oxygen consumption by aerobic respiration. Secondly they provide an escape
route of methane to the atmosphere. Thirdly they allow oxygen penetration into the soil,
resulting in (i) enhanced methane oxidation, (ii) enhanced electron acceptor re-oxidation
and (iii) reduced methane production [Wang et al., 1996].

Segers, R. Wetland Methane Fluxes: Upscaling from Kinetics via a Single Root and a Soil Layer to the
Plot, Ph. D. Thesis, Wageningen University, 1999.
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Given these complex interactions, it is not surprising that no simple relation are found
yet to account for the influence of gas transporting plants on methane fluxes. For
example, estimated percentages of methane oxidation in the rhizosphere range from 10 to
90 % [e.g. Epp and Chanton, 1993; Schipper and Reddy, 1996; Lombardi et al., 1997]
and removing vascular vegetation may lead to an increase, but also to a decrease in soil
methane concentrations [e.g. Waddington et al., 1996; Verville et al., 1998].
Consequently, to understand methane fluxes from these systems it is necessary to look
for stable relationships, which can only be found to some extent in theory of microbial
and chemical transformations.

These theories can only be directly applied in homogenous systems. This makes their
application in soils difficult, as these are generally heterogeneous. However, at small
scales, when mixing is faster than the conversions, heterogeneities tend to be resolved.
The spatial scale, at which the system can be considered homogeneous, is defined as the
kinetic scale, Ly. As molecular diffusion in the aqueous phase is the dominant small
scale mixing process, an estimate for Ly is:

Ly ~ VDyq % (D

Table 1 lists the symbols. A lower limit of 7, the characteristic time of the kinetic
processes, was obtained by considering a fast kinetic process: oxygen consumption.
Dividing the concentration (=0.3 mol m=3 in equilibrium with atmosphere) by the

consumption (100 umol m~3 s~! as a typical large value (Table 2, equation 16)), results

in a 7 of 1 hour and Ly ~ 3 mm. Direct application of the kinetic knowledge on scales
larger than Ly is not correct, because spatial micro variation may affect calculated rates,
due to non-linear relationships. This implies that gradients around gas transporting roots
should be considered, as typical distances between roots are 0.5 to 10 mm (equations
Al0). A spatially explicit treatment of a soil root system would be most accurate.
However, this has also disadvantages: Firstly, the accuracy may be lost in the
uncertainties on parameters. Secondly, without any further analysis of intermediate scales
it would not provide much insight. Thirdly, computer hardware may be limiting,
Therefore, a stepwise scaling up procedure is introduced (Figure 1). At each scale the
aim is to deduce conservative relationships that can be understood from the lower level. In
this way it is possible to trace how (information on) the physical, biological and chemical
p.rocesses at various scales affect plot scale relationships for methane fluxes. Each step 18
discussed in a separate paper.
| In this (first) paper existing kinetic knowledge is summarised and integrated with
diffusion to obtain a coupled set of reaction-diffusion equations for methane dynamics
around a single gas transporting root, which is used to gain insight in the interactions
be‘t\\.zeen prf)cesses. On the basis of insight in the order of magnitude of parameters and
driving variables this (full) mode] s simplified, resolving the spatial variable ‘distance to

the root’. The simplifications are tested b i
compa e
and full model. y panison of mode! output of the simplified
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driving variables scale targef variables
» weather
» vegetation — CH, flux

* soil type
» hydrology *

* water content - + * flux through plants
* soil temperature *[CH,]
* root density * net CH4 production

« distance to next root

* root mass transfer * net CH , production
* mineralisation single root * [CH,]

* mineralisation * CH 4 production
» aeration @ * CH , consumption
* [CH,]

Figure 1. Organisation of levels of scale in relating methane Kinetics to methane fluxes
in wetlands with gas transporting roots. The full arrows represent existing, conservative,
relationships. The dashed arrows represent relationships to be investigated.

In the second paper [chapter 5] this simplified model is integrated with a model for the
geometry of the root system to obtain a model for the methane dynamics at the (water
saturated) soil layer scale. The model is used to investigate the relation between driving
variables and methane release at this scale, like the complex relation between root density
and methane release. In the third (and last) paper [chapter 6] the step is made to the
smallest scale at which fluxes can be measured, which is defined as the plot scale. Vertical
gradients in root density, temperaturc and water content are then introduced. The latter
two are dynamic.

It would be very laborious to perform experiments to test all parts of the models.
Hence, first the whole set of models is analysed, after which it is better possible to judge
the benefits of further experimental or theoretical research on the various underlying
processes. The most important uncertainties are reflected in a plausible range for the
parameters. In order to facilitate understanding of the effects of uncertainties it was tried
to find a formulation for each process with only one uncertain and sensitive parameter.
Furthermore, discontinuities in the equations were avoided, as these may lead to
numerical problems, especially when integrating submodels in a larger framework,
Together, the three papers describe a coherent set of models, which relates knowledge at
the kinetic scale to methane fluxes at the plot scale, without losing touch with first
principles of microbiology, chemistry, and physics. With these models it is investigated
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Table 1. List of Symbols

Art surface area of root, m2 soil

b rate of change due to bubble transport, mol m=3 soil s~
concentration in soil, mol m™ soil

c’ dimensionless oxygen concentration at root surface

€ integration constant, mol m~> Hz0 (equation 43a) or mol m~3 Hz0 m soil (equation 43b)

c2 integration constant, mol m—> H>O

o root density, kg dw m= soil

Csat saturated aqueous gas concentration, mol m™3 Hp0

curv curvature of equation for bubble release, m? soil m=3 gas

Dg .0 gaseous molecular diffusion coefficient, m2 gas s~

Dy molecular aqueous diffusion coefficient, m2 HyO 57!

Dyqeff  effective aqueous diffusion coefficient, m3 HyO m~! soil s~1

Saer aeration factor

fan relative reduction of C-mineralisation under anaerobiosis

fdrt diffusion reduction factor in roots, m gas m~! soil

feo factor to account for the concentration of electron acceptors

Aat mass fraction of lateral reots, kg dw lateral root kg~! dw total root

Jprim mass fraction of primary roots, kg dw primary root kg~! dw total root

kro electron acceptor re-oxidation constant, ™1

kit effective root surface gas transport coefficient, m® HyO m~2 soil s~1

Ky, half saturation constant of process p and compound i, mol m=> HyO

It length of root, m soil

Ly characteristic length of kinetic processes, m soil

Liot root length density, m root m™3 soil

Niot root tip density, m™> soil

P air pressure, Pa

q transport of gas via plant, mol m™3 soil s~1

9nt root respiration, mol O3 kg=! dw total root s~!

g’ root respiration, mol Oy m™2 active area s~1

r spatial coordinate, distance to centre of root, m soil

Raer distance to centre of root to which the soil is aerated, m soil

o relative rate of bubble release, s~1

b,mx maximum relative rate of bubble release, s~!

ry effective root gas transport coefficient, m3 HyO m~3 soil 571

"t root radius, m soil

R half the distance between a root and the next root, m soil

Rgas gas constant, J mol~! K-1

ROL root oxygen loss, mol kg~! dw root s-!

s net production of a compound, mol m=3 soil s=!

SARA specific active root area, m? active root kg=! dw total root
SRL specific root length, m kg~! dw

t time, s

T temperature, K

v probability density of R, m™! soil

Vhub velocity of bubbles, m3 gas m=2 soil ¢-!

Vmp i maximum rate of process p and compound i, mol m=3 =1
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other symbols

*®

Viot volume of model system, m3 soil
o solubility, m3 gas m— Hp0
B ratio of time constants of O3 sink in the soil and root O transport
Y ratio of time constants of transport in root and transport just around a root
r gamma function
Axiat distance between the bases of the lateral root at the primary roots, m soil
Az thickness of soil layer, m soil
€aq.rt volumelric water content of non—aerenchymatous root tissues, m> HoO m=3 root
Ehub bubble volume, m3 gas m=3 soil
Ecr critical gas filled pore space for bubble release, m3 gas m™3 soil
Eg.rt gas filled pore space of roots, m3 gas m™3 root
Esolid volumetric solid phase, m3 solid m™3 soil
g partitioning factor for anaerobic C-mineralisation
n carbon sink strength of electron acceptor reduction relative to methanogenesis
no 7 under electron acceptor saturation
2} volumetric moisture content, m3 H»O m=3 soil
K root O5 release relative to the O demand for aerobic respiration
v stoichiometric constant, mol mol~!
Prt density of root, kg dw m=3
Ps.1t solid phase density of root, kg dw m=>
Tk characteristic time of kinetic processes, s
¢’ flux density of gas through root surface, mol m~2 soil s~!
w 07 sink relative to Oy sink for aerobic respiration.
Compounds
cs carbon substrate
€0 oxidised electron acceptor
er reduced electron acceptor
€tot sum of oxidised and reduced electron acceptors
Subscripts
acm anaerobic C-mineralisation
a aerobic respiration
a aqueous phase
& equilibrium
c in the cylindrical geometry
g gas phase
i index of compound
lat lateral root
mo methane oxidation

-mg methanogenesis

mXx maximum
o] re-oxidation (of electron acceptors)
d reduction (of electron acceptors)
rf root
rcm reference C-mineralisation
s in the spherical geometry

spatially averaged at the single root level.
normalised with equilibrium CHy production when 01 inflow is zero
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. : N text.
Table 2. Parameters values. For the meaning of the kind of parameter see the main te

Chapter 4

i kind
Param. typical range unit
a
3 soil m=> gas 4
cury 100 10-1000 m2 o g . )
- m
Dyg 2.0-107° - SH0 s ) 2 .
£ 0.10 (0.06-0.14) m- gas m™~ soi - ;
. 5 1-10 mol el. eqv. m™3 soil 4
Cetot o X o
02 -1 -
Sfan 04 ih
1075 1076 - 104 sl 3 .
- 3 -2 ool 51 4 i
krt - (0.02 - 30)+10-6 m3 Hy0 m~2 soil s |
kr - - (2 - 3000)+10-6 m3 H30 m~2 soil 5! 4
Kr,t:eo 10 1-100 mM i ]i :
| - mM ’
Kdcs 0.01 0.001 - 0.1 o
K 0.1 001-1 mM
mg,cs y . .
Kmo,CH4 5 1 -66 mM ; -
KaeyOz 20 0.3-40 mM ; f,m
q ¢ - (0.006 - 0.1)+106 mol m# active area s i
C]”n, - (0.6 - 70)210~6 mol m? active area s~! 4 .
s i
| 1
R, 2.5 0.1 - 40 mm |
R, 5 0.8 - 30 mm 1 n
Srem 51076 (0.5-15)+10~6 mol C m~3 soil 5! 1 i
Vbub 2.8+ 1073 unknown m3 gas m=2 soil s~ 4
Vinmg,cs 10— 106 - 104 mol Ac m=3 soi] s~! 4 P8
Vimrg C’S 104 1073 - 1073 mol Ac m—3 soi] 51 4 P8
- f
Vi, 6+ 106 71077 —5410-5 mol CHg m~3 soil -1 4
aos 0.036 - m3 gas m=3 H,0 2 q
CCH4 0.040 - m3 gas m~3 HyO 2 r
Vid 4 - mol el. eqv. mol~! C 2
Vg 0.5 - mol C-CHy4 mol-! C 2 r
Ymo 2 - mol Oy mol~! CHy 2 :
Vro 0.25 - mol O7 mol~1 el. eqv. 2
r
Vae ! - mol O mol-1 C 2
6 1 - {

m3 Hy0 m~3 soil

3Results in smooth and sharp transition bubb]
15 °C, just as other gases from:
correction from Jahne er ol
Hemond [1996). CISegers and
literature review [Segers, 1998]. Erange +] o
[1994] and Slomp er at. [1997], |
[1990}, with pH=5.
6], a turnover time
deviation of the avera

)

[1987]. “Reynolds er al. [1992]) and
Kengen [1998]. D" Angelo and Re

rder of ma
'Appendix A. jKrd,eo
MKae,02 was equal to Kno,07-Ma
f2yr [Saarinen, 1996], a tempe
ge rate of factor 2. ©
is faster than other processes, but not s
>Sacm and Vg o > Sacm [Segers an

constant, SAssuming a saturated peat soil with a porosity of 100%.

¢ release below eor and above g, (equation 8). Pvalue for 02, at
Janssen and Warmoeskerken

1987); Harremoes [1978] with temperature
Hogg and Wein [1988], Fechner-Levy and
ddy [1999]; McLatchey and Reddy [1998],

gnitude, because lack of knowledge NKirk and Solivas
< initial caq 0. KKy o5 << Kmg,cs. [Fukuzaki er al.
ssuming a root density of (1 - 10) kg dw m™3 [chapter
rature correction factor of 1.5
corresponding with a time constant of 36
o fast that the time ste
d Kengen, 1998]. 9at 15

and a possible (seasonal)
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why methane fluxes are so variable and what limits predictability of methane fluxes from
environmental variables at the plot level.

Model description

Methane production is an anaerobic process and methane oxidation is an aerobic process.
Therefore, it is essential to consider both methane and oxygen. Furthermore, from a
process point of view, electron acceptors of cycling should be considered as well, as this
may consume a substantial amount of the available carbon [Segers and Kengen, 1998;
van der Nat and Middelburg, 1998a; Roden and Wetzel, 1996; Frenzel et al., 1999] and
oxygen [van der Nat and Middelburg, 1998a]. Figure 2 sketches the most important
concentration profiles around a gas transporting root that result from the major reactions
and transport processes. Oxygen is released from the root and consumed rapidly,
resulting in an aerobic zone near the root [e.g. Conlin and Crowder, 1988] and an
anaerobic zone at some distance from the root. In the anaerobic zone methane is produced
and in the aerobic zone methane is oxidised and released to the root, which results in a
concentration gradient leading to diffusion of methane from the anaerobic zone into the
acrobic zone. Electron acceptors are depleted in the anaerobic zone by reduction and
produced in the aerobic zone by re-oxidation, which leads to a flow of electron acceptors
from the aerobic zone to the anaerobic zone. Similarly, reduced electron acceptors are
transported from the anaerobic zone to the aerobic zone.

Geometry

Traditionally, the shape of roots is represented by cylinders. In that case the rhizosphere
can be represented by a hollow infinite cylinder in which the inner surface represents the

aerobic anaerobic

|

l
/ | CHs

1

|

!

concentration

eg

0 distance to root

Figure 2. Sketch of the concentration profiles of oxygen (072), methane (CH4) and

electron acceptors (eo) around a gas transporting root.
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root surface and the outer surface is located at half the distance to the next root. However,
there are indications that the tips of the root are the most active parts, both in nutrient and
water uptake [Marschner, 1995] and in gas exchange [Gaynard and Armstrong, 1987;
Flessa and Fischer, 1992; Sorrell, 1994]. In that case the geometry of the rhizosphere is
more realistically modelled by a hollow sphere. Both options will be treated and compared
with each other. In both cases two parameters characterise the geometry: root radius ryt
and half the distance to the next root R.

Reaction diffusion equations

The dynamics of the the gases O, CHy, CO7 and N>, and an arbitrary alternative electron
acceptor in oxidised form (eo) and reduced form (er) are explained with a set of coupled
reaction diffusion equations (2 - 3). The first term on the right hand side of equations (2)
represents diffusion, the second represents the conversions (kinetics) and the third
represents ebullition (zero for the solutes). Adsorption of er or eo to soil particles is
neglected, because information lacks on the kind of electron acceptors involved [Segers
and Kengen, 1998]. When it is important the model can be extended. Mass flow of the
compounds to transpiring roots is neglected, because it is not important when (i)
adsorption does not occur [de Willigen and van Noordwijk, 1994] and when (ii) distances
are small. This second condition occurs in dense root systems, which are probably the
most important ones with respect to methane fluxes.

Cylindrical
dc; d 0Cyq ;
—a—t‘ = %_- § (Daq,eff r—(.;}%’l) + 5; + bi (23)
Spherical:
de; | 0 0Cyq ;
3;‘ = ;5 ar (Dag,eff 12 —-—""-gf’l) + 5; + b (2b)

Boundary conditions in both cases:

de;

E‘L =0 atr=R (3a)

¢"=0 at r=rpy solutes (3b)
aCaq,i - (Di“

O Dyt atr=ry gases (3¢)



Single root scale 61

Peat soils have a high porosity and as we only consider water saturated soils here it is
reasonable and simple to assume that the volumetric moisture content is 1, and hence that
the effective diffusion coefficient is equal to the molecular diffusion coefficient and that
the aqueous concentrations are equal to the soil concentrations. The more complicated
formulation of equations (2 - 3) was chosen to keep open possibilities for application of
the model to non-peat soils (e.g. rice paddies) or water unsaturated soil (chapter 6)

Gas bubble dynamics

Not only methane, but also other gases (in particular N7) are present in gas bubbles in
peat [Hogg and Wein, 1988; Chanton and Dacey, 1991] or paddy [Rothfuss and Conrad,
1993; Watanabe and Kimura, 1995]. Therefore, all gases, i, have to be considered
simultaneously when calculating bubble formation. Assuming equilibrium for a three
phase system (gas bubbles, water and solids) results in:

Ca

(:_!,1 + (1 = &pub — Esolid) Cagq,i = Ci @)

Ebub o

rewriting, summing over all gases, and applying the gas law:

Can i C: )2
Y iy ' = (5)
i 0 i Eoub+ 0 (1 —Ebub— Esolid) Rgas T
which leads to:
Ci
Csat,i _
2 — =1 ©6)
b1~ &solid — €bub (1 —af)
I
where
R 7
Csat,i = O RgasT (7N

So, given gas concentrations on a soil basis, bubble pressure, temperature and

solubilities, the volumetric bubble content, &b, can be estimated with implicit equation
(6). For more than 2 gases this equation should be solved numerically.

The rate of gas bubble release, b;, probably depends on the bubble size distribution
and on mechanical properties of the soil. However, in contrast with bubble formation, no
knowledge is available to quantitatively explain these relations. Therefore, a descriptive
equation is used, based on two assumptions: 1} below a critical bubble volume, &,

bubbles are hardly released and ii) above & bubble release is a fast process, limited by
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bubble rise velocity, vpyb. The second assumption is based on the suggestion that
ebullition may be triggered by small disturbances [Bartlett et al., 1988; Shurpali et al.,
1993] and results in a high value of vpyp (Table 2). To obtain a continuous transition
between (i) and (ii) the expolinear equation [Goudriaan and Monteith, 1990] 1s used:

bi=-rp Eoub Cgji (8a)
_ T"bmx
1= s s In(L4expeury (eoub — &) (8b)
P mx = —2ub (8¢c)
Az Ebub

Root gas transport

Depending on plant species, root gas transport is influenced by anatomy of roots
[Armstrong and Beckett, 1987], anatomy of the root/shoot interface [Butterbach-Bahl ez
al., 1997], soil temperature [Hosono and Nouchi, 1997] and/or through-flow
mechanisms that depend on weather [Armstrong er al., 1996; Chanton et al., 1993;
Morrissey et al., 1993; Grosse et al., 1996a; Brix et al., 1996; van der Nat et al.,
1998]. It would be possible to formulate a model to summarize and integrate (part of)
these insights, using Luxmoore et al. [1970], Armstrong and Beckett [1987], Armstrong
et al. [1990], Kirk [1993] and Sorrell [1994]. However, such a model would be
complex and would contain many uncertainties, which would complicate understanding
of the processes in the rhizosphere, on which this paper focuses. Instead, an effective

root surface gas transport coefficient, krt, is introduced (equation 9) which represents the
overall transport resistance.

"o . . ql’t,i” i’
9" = ke (i cgatm,i - —k“'n“) = Caq,it,i) = ket {Q iCgatm i (1 — “ﬂL—) — Cagnti)  (9)

nt® Cg atm,i

It is assumed that all root g4as consumption is at the gas exchanging root surface, firstly

because the root/rhizosphere interfaces are the most active root parts [Armstrong and

Beckett, 1987] and secondly because it enables a description of root Oxygen consumption

as a c.lecrease in atmospheric OXygen concentration (second part of equation 9). Root
associated volumetric potential methane oOXidation is only slightly higher than volumetric
potential methane oxidation in the soj] [Segers, 1998] and the volume of roots is probably
les.s than the volume of aerated rhizosphere. Therefore, g, for methane is probably not
SO 1n?p0rtant and is assumed to be zero. Note, however, that methane oxidation near the

equation 9).



Single root scale 63

Kinetics

Net methane production is the result of methane production and methane oxidation
(equation 10). Net production of electron acceptors in oxidised and reduced form are
described similarly (equations 11-12). Oxygen consumption is the sum of aerobic
respiration, methane oxidation and electron acceptor re-oxidation (equation 13). Carbon
dioxide production is the result of aerobic respiration, methane oxidation, methane
production and electron acceptor reduction(equation 14). Molecular nitrogen is inert
(equation 15).

SCH4 = Smg,CHa + Smo,CHy (10)

Seo = Sro,eo T Srd,eo (11)

Ser = Sro,er T Srd.er (12)

S07 = Sae,02 T Smo,02 T 510,02 (13)

SCO2 = Sae,COz2 + Smo,COz2 + Smg,COz * 51d,CO2 (14)
SN, =0 (15)

C-mineralisation

As the simplest approach in a partially aerobic environment it is assumed that aerobic
respiration (=aerobic C-mineralisation) only depends on the oxygen concentration
(equations 16-18). Under anaerobic conditions C-mineralisation proceeds slower than
under aerobic conditions which is described by equation (19).

Sae,02 = — Vae faer Srem (16)
Sae,COz = faer Srem {7
= 80 (18)

foes Caq,0; T Kae,0,
Sacm = (1~faer) fan Srem (19)

The reduction factor for anaerobic-mineralisation, fan, probably depends not [D’Angelo
and Reddy, 1999] or only weakly [McLatchey and Reddy, 1998] on the kind of
alternative electron acceptor and hence is assumed to be constant.
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methane production

The relation between anaerobic C-mineralisation and methane production is dominated by
the influence of electron acceptors [Segers, 1998]. Van Cappellen and Wang [1996]
developed and parameterised a comprehensive model on methanogenesis and cycling of
nitrogen, iron, manganese and sulfur. However, including all this knowledge would be in
imbalance with the complexity and accuracy of the model for root gas transport.
Moreover, in peat soils also organic electron acceptors may be active, which suppress
methane production just like the inorganic alternative electron acceptors [Segers and
Kengen, 1998; Lovley et al., 1996; Coates et al., 1998]. Therefore, all individual
electron acceptors were lumped into one generalised electron acceptor pool, following
Segers and Kengen [1998]. Furthermore, in wetlands it is likely that methanogenic
biomass does not limit methane production [Segers, 1998]. Therefore, the methane
production model of Segers and Kengen [1998] is further simplified with a quasi steady
state assumption for acetate leading to:

Smg,CHa = Vmg $mg Sacm (20)
Smg,c02 = (1 ~ vimg) {mg Sacm (21)
Std,eo =~ Vid (1 = {mg) Sacm (22)
51,002 = (1 = Cing) Saem (23)

Here, {img is a partitioning factor for anaerobically mineralised carbon, which depends

on a set of kinetic parameters and the concentration of electron acceptors (equations 24 -
27).

=1 | 24
Cmg n+1 (24)
N =feo No (25)
Vg c‘;s ng cs
0= : 26)
7 Krd,cs meg cs (
_ Caq.eo
= 27)
% Kideo +cageo (

As a first approximation, it is reasonable to assume that the presence of electron acceptors
completely suppresses methane production [Segers and Kengen, 1998], which implies

that 779 >> 1 and, hence, that Cmg << 1 when electron acceptors are present and {mg =
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1 when electron acceptors are depleted. A process based refinement of this picture is
difficult as five independent kinetic parameters (Vm and K) are involved [van Cappellen
and Wang, 1996].

Electron acceptor re-oxidation

Under aerobic conditions reduced electron acceptors are re-oxidised, which can occur
both biologically and chemically [van Cappellen and Wang, 1996]. Chemical re-oxidation
is probably best described with a second order equation and biological re-oxidation is
probably best described with Monod equations. In the low substrate range, which is not
unlikely in reality {van Cappellen and Wang, 19961, both formulations result in the same
behaviour, namely proportional to the substrate concentrations. Therefore, and because in
general little is known about the re-oxidation process, the simplest formulation is chosen:
an oxygen dependence similar to aerobic respiration and a first order dependence on the
concentration of reduced electron acceptors:

Sro,er = —Jaer kro 0 Cag.er (28)
Sro,e0 = — Sto.er (29)
Sro0,02 = Vro Sro.er 30

Methane oxidation

In freshwater wetlands, aerobic methane oxidation is probably more important than
anaerobic methane oxidation and is mainly controlled by the availability of methane and
oxygen [Segers, 1998]. To account for both controlling factors a double Monod

expression is used:

Caq,CHy . €aq.0; a1
Caq,CHsHKmo,CHy  €2q,0, + Kmo,0,

Smo,CHy4 = — Vinmo

(32)

Smo,02 = Vmo Smo,CH4

(33)

Smo,COz = — $mo,CH4

As typical values for Ko 0, are in the same range as typical values for K,e 0, [Segers,

1998: Bodelier and Laanbroek, 1997] it is reasonable {and simple) to assume that both
values are the same, which leads to the replacement of the third factor in equation (31) by

faer (equation 18).
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Simplification of the reaction diffusion equations

Equations (2-33) form the full model, which was solved numerically. However, using
information on the order of magnitude of various parameters, also a simplified model
was deduced to improve insight in the interactions and to speed up calculations. The
simplifying procedure consists of two steps. First, a quasi steady state condition for
oxygen is applied and subsequently the differential equations for the other compounds are

spatially averaged. As a result the distance to the root, r, is resolved as independent
variable.

Rewriting the equations for the oxygen COnsuming processes

Main drivers of the system are root oxygen release (electron acceptor input) and carbon
mineralisation (electron donor input). Therefore, as first step, methane oxidation, electron

acceptor re-oxidation and total oxygen consumption are normalised with oxygen
consumption by aerobic respiration:

s
O = ;110,02 = O gy Caq,CHy (34)
ae,0p Caq,CH; *+ Kmo,cH,
— Vo Vm
Omo,my = Ym0 mo (35)
Vae Stem
510,0 C
W =— 2=a)rc» =2 36
Sae,0, o Caq.etor 0
(Uro,mx — T aq’etot (37)
Vae Srem
— Vo Vim
Omo,mx = —I‘T;o . -no (38)
ae Srem
SO
) = 2 =
and thus
S02 = Wfer Vae Srem (40)
So,

relative to the influence of aerobic respiration.
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Analytical approximation of radial oxygen release

In principle, root oxygen loss depends on both the mass transfer characteristics of the root
and on the strength of the oxygen sink in the soil. As the relation between the oxygen
consumption by the soil and the oxygen concentration is non-linear, there is no analytical
solution of equations (2, 3, 9, 18, 40) for oxygen and an approximation has to be made.
Such an approximation is trivial when either root transport capacity or the soil oxygen
sink is limiting. However, a reasonable approximation can also be found when both the
root and the rhizosphere influence root oxygen release; In that case the concentration
gradient will be divided between root and rhizosphere and the oxygen concentration at the
root surface will be about 0.15 mol m=3 Hy0 (50% of the equilibrium with atmosphere).
This is one order of magnitude larger than the half saturation constants for the oxygen
consumption processes which are about 0.01 mol m~3 H»O (Table 2). As a result, the
interaction between oxygen in root and rhizosphere needs only to be investigated in the
zero order regime of rhizospheric oxygen consumption (faer = 1).

The oxygen sinks strength depends on the r dependent concentrations of methane and
reduced electron acceptors. However, as the oxygen consumption zone is thin, it is likely
that gradients of these concentrations will be small and, therefore, these gradients are
neglected. Furthermore, it is assumed that the oxygen sink strength in the oxygenated
rhizosphere is equal to the spatially averaged (indicated by a single bar) sink strength, @ .
For methane oxidation, this is reasonable, because methane concentrations are mostly
above Kpo.cus (e.g. [Shannon and White, 1996; van den Pol - van Dasselaar ef al.,
1999a]; Table 2). For re-oxidation of electron acceptors this assumption is probably less
good, though the slow reduction of electron acceptors has a spatially smoothening effect
on the electron acceptor dynamics. So, equation (40) is further simplified into (41),
resulting in a linear partial differential equation for oxygen (equation 2 and 41a) with
boundary conditions (3¢, 9) and (42). From these equations Raer can be solved as well,

due to the extra condition at r = Raer-

50, =— Vae @ Srem I < Raer (41a)
302 = 0 r> Raer (41b)
(—3592_ =0and co,=0 r = Raer (42)

or

As oxygen consumption is a fast process, with time constants typically less than 1 day,
only steady state conditions for the oxygen profiles are considered, which, for r < R,

leads to [Carslaw and Jaeger, 1959, p. 191]:

_ Vae OStem 12 4 ¢ [n (F) + ¢ (cylinder) (43a)
CaQ902 4Daq,eff l ( ) 2
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and (straight forward integration):

_ Vae @ Srem 2.6l h 43b
Caq.On = r2+-L 4 ¢ sphere) (43b)
2992776 D eft r ep

Now equations (3¢, 9, 42 and 43) form two systems of five equations and five unknowns

(integration constants ¢j and c2, ¢’ oy, crt,07 and Ryer), which result in single closed
equations for the dimensionless oxygen concentration at root surface, ¢’

2By+2Bc(2-y)
2Byd -+ y

=lnQRBUA-c+ 1) (cylinder) (44a)

c'+ 2—%( (I3 BA-cNB-2B0-c)-1)=0 (sphere) (44b)

with

ket (o Co.atm,05 ~ qkrtt )

B= r (45)

Vae W Srem Iy

ket 1y
= 46
Y Duget (46)
¢'= Caq’(’zﬂq - @7
X Cg atm — kr L

rt

B and y can be interpreted as ratios of characteristic times of three processes: external
mass transfer (0 ry/ky), mass transfer around the root (@ I‘rtzl(Daq,eff)) and reaction
(0 (@ catm ~ gr” Thke)(Vae ® Srem)- In the field of transport phenomena 7y is
called the Biot number [Janssen and Warmoeskerken, 1987].
equations (44) (Figure 3) are used to calculate Raer:

Numerical solutions for

R 1
2P =142 B (1) cylinder (48a)
Baerps 14310

s sphere (48b)

In case Ryer > R the soil is completely aerated and the 0Xygen concentration at the root
surface can be re-calculated from the concentrat

. ion difference over the root needed to
sustain the total oxygen consumption:
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B

Figure 3. Dimensionless oxygen concentration at the root surface, ¢’, as function of
dimensionless number f, for several values of the dimensionless number ¥. The full line
refers to the cylindrical geometry, the dashed line refers to the spherical geometry. The graph
is obtained from numerical solutions of equations (44).

2_ .2
c=1--1 (R Zr“ ) cylinder (49a)
2B Frt
3_,.3
c'=1- IB & 3’“ ) sphere (49b)
3 Fre

Spatially averaging methane kinetics

Using the analytical approximation for total oxygen release, spatially averaged equations
for the other processes can be found. Under the quasi steady state condition, oxygen

inflow is equal to oxygen consumption:

Art ¢"0, = [V [ aer(r) Vag @ Sgem dV (50)
tot

From equation (19) average anaerobic carbon mineralisation is:

L} (1 —faer?) fan Srem AV (51)
Viot Viot

Sacm =

Substitution of a re-written form of equation (50) into equation (51) leads to:

(52)

— K
Sacm =fan Srcm (1- 'a—))

with
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K = 2 90 cylinder (53a)

Vae Srem (R 2_ rt2)

3r I't2 (0"02

Vae Srem (R Sy rt3)

K = sphere (53b)

K is the total oxygen inflow divided by the maximum oxygen consumption by aerobic
respiration. Hence, it is a kind of aeration factor.

As reduction of electron acceptors is slower than diffusion, it is assumed that the
average concentration prevails in the whole volume, in which case the mean carbon

partitioning, &, factors can be calculated from the mean values of the concentrations of
electron acceptors:

Smg,CHy = Ving gmg Sacm (54)

Srdeo =— Via (1 - gmg) Sacm (55)

Now, the only two processes which are explicitly dependent on r are methane oxidation
and electron acceptor re-oxidation. To resolve this it was assumed that the volume

averaged partitioning of the oxygen over the three oxygen sinks could be calculated from
the volume averaged sink strengths:

Sae,0, = — K “;—;Vae Srem | (56)
= Wmo V.
Smo,CHy = — K ‘—n}*ovﬁ Srem (57)
@ VYmo
Sto,e0 = v_l“ K ‘a@ Srem (58)
o w

In case the electron acceptors are in equilibrium (se; e = Seo,er)» Which would happen
after prolonged flooded conditions and a relatively stable root system, normalised net

. — &
methane production, 5qy » €an be calculated with:

% S n —
Vme fan Srem W fan

which can also be calculated directly from the difference between electron donor
production and electron acceptor inflow (oxygen). So, under these conditions, net
methane production is only dependent on soil mineralisation and overall oxygen
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dynamics. Information about methane oxidation and electron acceptor cycling is only

relevant via their influence on the total oxygen demand, @.

Simplification of plant mediated transport of methane

Like the kinetics and the oxygen dynamics also the plant mediated transport of methane,
dcH,, s summarised at the single root scale, using two assumptions. Firstly, net methane

production rate does not depend on distance to the root, r, because the aerated zone is
often small and because reduction of electron acceptors is slow. Secondly, net methane

production (7 = residence time in soil =~ days to weeks [Moore et al., 1990; Liblik et

al., 1998]) is slower than methane transport to the root (7= 1 day, with distances of = 1
cm). These two assumptions lead to a first order equation (appendix B):

qcH, = — 7q,cH, (Caq,CH, — OCH, Cg atm,CH,) (60)

with

rq.CH, = Z krt (2‘)2 L > cylinder (61a)
(1+Ycnyln (;;t-))

3 krt (” my3__ 1 sphere (61b)

Y
q.CHy = (1+ycn,)

The other two gases (N3 and CO3) only have effect on methane emissions via ebullition,
which is probably not so strong. Therefore, plant mediated transport of these gases is

modelled similar to methane.

Simplification of bubble transport

The formation of bubbles is mainly governed by the concentration of methane. In line
with the assumptions above it is assumed that average methane concentration can be used

to estimate the bubble volume.

Simplified model in transition directly after an aerobic period

In the simplified model it is assumed that quasi-steady state conditions prevail for oxygen,
which implies that the supply of oxygen is equal to the sink. However, directly after an
aerobic period there is a stock of oxygen which has to be consumed before the steady
state condition is realistic. Therefore, during such an initial, transition phase, oxygen is
maintained as state variable until its concentration is below 10% of the equilibrium with
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the atmosphere. In this phase, the system is not dominated by the gas transporting root,
and hence, gradients with distance to the root are neglected. As a first approach in this
generally short phase also oxygen exchange with the atmosphere is described with
rg,02-(equations 61).

Parameterisation

Four kinds of parameters are distinguished (Table 2). The first kind are driving variables,
representing external factors, which will be resolved when the model is integrated in a
large framework [chapter 5]. For this paper it is sufficient to get an idea over which range
these parameters vary. The second kind are physical or chemical constants, like
solubilities or stoichiometric constants. Accurate, generally valid estimates of these
parameters are available. The third kind are biological constants, such as Ky, or the
anaerobic reduction factor, f,,. Often it is assumed that these parameters are similar
across sites and situations. However, quite some variation may be present [e.g. Segers,
1998] due to biological variation which is often poorly understood. The fourth kind are
biological variables which, intrinsically, vary across sites and in time, like Vm (potential
activity on a soil basis) or &y (root surface gas transport resistance). Often these
parameters are the weakest point of a model, as ground for extrapolation is poor.

In the formulated model, nine parameters of the fourth kind are present. Of these,
Vinmg,cs and Vimeq ¢ are not sensitive, which is a consequence of the assumption that
electron acceptors suppress methane production completely [Segers and Kengen, 1998].
Furthermore, for reasons of simplicity, situations where bubble transport is important are
avoided. This leaves Vimmo, Etot, kit, gre and ry¢ as the most problematic ones.
Together with R and s;¢py and the geometry eight sources of uncertainty are present
which should be considered. To catch as efficient as possible this space of uncertainty 32

parameter sets were chosen in such g way that key dimensionless numbers (@Wmo,mx;

Oro,mx» B, ¥, ¥) varied over a large range in several combinations (Table 3). Initial
values of the gas concentrations were equal to equilibrium with the atmosphere. The
electron acceptors were set at 50% in oxidised form and 50% in reduced form.

Numerical techniques

Equations (2 - 33) were discretised according to the control volume method [Patankar,
1980], which ensures conservation of mass. The
next to the root was calculated using the analytical solution for an inert gas in the first
shell, to avoid very small shells. Numerica] solutions of the full model (with state
variables ccy, (1), Ceo(r,1), cer(r,t) and co, (r,1)) and the simplified model (with
state variables ccy A8) and 2.0(1)) were calculated by explicitly solving the equations with
the Euler method, to avoid problems with discontinuities. Spatial discretisati;)n was taken

gas exchange between the root and shell
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so small that the influence on the results was negligible. For the temporal discretisation
the explicit Euler method was used with a dynamic time step. For each state at each time
step, a maximum time step was estimated as a fraction of the inverse of the relative rate of
change. The smallest of these maximum steps was used for integration of all states. The
fraction was chosen so small (0.1) that the simulation results were not affected by its
value. Equations (6 and 44) are solved with the ZBRENT module of Press et al. [1987].
To check the numerical code mass balances are calculated of the individual species and of
total carbon. The Fortran programme was run on a Alpha machine (model 600, 333 MHz,
open VMS). Typical computer time was 17 seconds per simulated day for the full model
and about 100 times less for the simplified model. The code containing the integrated
models of the three papers is available upon request.

Model Analysis

General

Both the full and the simplified model were run several times after varying a few sensitive
parameters, leading to a representative range of the controlling dimensionless parameters,
B,y and w (Table 3). § was always larger than 1, which implies that the gas
transport capacity of the plant is large enough to supply the rhizosphere with oxygen over
distances of at least the radius of the root. When the relative aeration, k, was below 0.2,
@ approached its maximum value, indicating a highly reduced environment, producing
considerable amounts of methane. When k was above 0.5 methane production was very
small. Furthermore, it is interesting to see that x did not depend on @, which implies
that the oxygen sink strength in the rhizosphere is always in the saturation regime. Time
coefficients for the release of methane, 6/rq, vary from 0.3 to 30 days, which
corresponds to experimental values for rice [Sass ef al., 1991; Byrmes et al., 1995;
Watanabe and Kimura, 1995] and for sedge wetlands [Moore ef al., 1990; Liblik et al.,

1998].

Simplified and full model

Agreement between the two models was good, though in some cases net methane
production was somewhat lower in the simplified model, because the aeration was higher,
due to the higher oxygen sink strength. Methane flux through the plant was slightly lower
in the simplified model, because of (i) the steady state assumption of the methane profiles
and (ii) the assumption of a homogeneous net methane production. Both assumptions lead

to a lower methane concentration near the root surface.
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Table 3. Test of simplification ¢ = 30 d. The default temperature is 15 °C. The methane release through
the root at 25 °C, ZIEH 4,+10°C» is normalised with C-mineralisation at the default temperature (5 pmol

m~3 s~1). Other parameters are in Table 2.

varied parameters constant dimensionless numbers
n krt qrt R Vimmo Cetot Wmo,mx Pro,mx Y 9/’q
pmol umol  mol
pum m3 mm m3 el eqv. - - d
sl s=1 s—1 m‘3
Cylindrical
1 1.0 005 2 1 1 0.4 0.5 0.049  0.25
2 1.0 005 2 1 10 0.4 5 0.049  0.25
3 1.0 005 2 10 1 4 0.5 0.049  0.25
4 1.0 005 2 10 10 4 5 0.049  0.25
5 1.0 005 5 1 1 0.4 0.5 0.049 1.6
6 1.0 005 5 1 10 0.4 5 0.049 1.6
7 1.0 005 5 10 1 4 0.5 0.049 1.6
8 1.0 005 5 10 10 4 5 0.049 1.6
9 0.1 001 2 1 1 0.4 0.5 0.005 2.3
10 0.1 001 2 1 10 0.4 5 0.005 2.3
11 0.1 001 2 10 1 4 0.5 0.005 2.3
12 0.1 001 2 10 10 4 5 0.005 2.3
13 0.1 001 5 ] 1 0.4 0.5 0.005 15
14 0.1 001 5 1 10 0.4 5 0.005 15
15 0.I 001 5 10 1 4 0.5 0.005 15
16 0. 001 5 10 10 4 5 0.005 15
Spherical
17 200 10 4 1 1 0.4 0.5 9.9 1.3
18 200 10 4 1 10 0.4 5 9.9 1.3
19 200 10 4 10 1 4 ' |
2 0.5 9.9 1.3
200 10 4 10 10 4 5 9.9 1.3
21 2
00 10 10 1 1 0.4 0.5 9.9 21
22 200 10 10 1 10 0.4 5 9.9 21
23200 10 10 10 1 4 '
24200 10 10 0 1 - o
4 5 9.9 21
25 20 2
e 9 ; j 1 1 0.4 0.5 0.99 2.5
: 1 10 0.4 5 0.99 2.5
7 20 2 4 10 1 4
e 0 ; ) o 0.5 0.99 2.5
1 4 5 0.99 2.5
29 20 2 10
20 1 1 0.4 0.5 099 38
20 2 10 ] 10
3l 0.4 5 0.99 38
20 2 10 10 1
3 -0 ) 0 o 4 0.5 099 38
1 4 5 0.99 38
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Table 3. (Continued) s refers to the simplified model, f to the full model and a to the analytical

steady state solution (equation 59). app refers to the apparent percentage of oxidation, which is defined as

the reduction of plant methane flux after setting Vi to zero.

dynamic dimensionless quantities
— %

@ B SCHa qCHj4 Peoxid,s
5 f s 5 f s f a s f 5 real app.
- - - - - - - - +10 °C - -
Cylindrical
1 1.1 510 093 0.93 0.00 0.00 0.00 0.00 0.00 0.02 82 82
1.1 1.1 509  0.93 093 0.00 0.00 0.00 0.00 0.00 0.00 86 86
1.1 1.1 509  0.93 093 0.00 0.00 0.00 0.00 0.00 000 105 99
L1 1.1 509 093 0.93 0.00 0.00 0.00 0.00 0.00 0.00 114 103
1.8 19 290  0.36 0.35 039 041 039 039 041 156 32 17
53 55 101 037 036 003 004 018 0.02 0.03 1.42 53 70
49 50 109 037 036 019 021 0.19 0.19 021 1.44 77 60
56 6.0 96 0.37 036  0.00 001 0.17 0.00 0.00 1.40 94 97
19 19 23 020 020  0.65 066 0.65 0.65 0.66 1.74 14 6
63 63 7 020 020 054 054 054 0.54 054 1.71 5 1
53 53 8§ 020 020 055 055 055 0.55 055 172 40 21
9.8 9.8 4 021 020 052 052 052 052 052 171 28 4
19 19 23 0.03 0.03 0.94 094 0.94 0.62 0.63 0.67 2 5
6.4 6.5 7 003 0.03 0.93 093 0.90 0.56 0.57 0.66 19
55 55 8 0.03 0.03 0.93 093 093 0.61 062 0.67 6 6
10.0 10.0 4 003 003 092 092 092 0.56 0.57 0.66 3 9
Spherical
I8 1.8 59103 046 045 022 024 022 022 024 135 50 31
35 3.6 31.103 047 046 001 001 0.03 0.01 0.01 099 78 78
34 37 31103 047 046 003 003 003 0.03 0.03 1.13 9 91
35 36 30103 047 046 000 0.00 0.02 0.00 0.00 097 98 98
19 19 57103 0.03 0.03 095 095 0.95 0.39 040 0.49 6
6.4 65 17103 0.03 0.03 093 0.93 093 035 0.36 0.47 111
55 55 20103 003 003 093 093 093 0.39 041 048 6 7
10.0 10.12 11.103  0.03 0.03 0.93 093 093 035 036 047 3 1
19 19 46103 020 020 066 066 0.66 0.66 0.66 1.70 14 6
64 64 144103 020 020 054 054 054 0.53 054 1.66 5 1
54 54 16103 020 020 055 055 055 0.55 055 1.66 40 22
98 9.8 09103 021 020 051 052 051 0.51 052 1.65 28 5
19 19 46103 001 001 098 098 098 027 028 029 17
6.4 65 14103 001 0.01 097 097 097 024 025 028 0 11
55 55 16103 001 001 097 097 097 027 027 029 -2 7
10.0 10.12 09103 0.01 0.01 097 097 097 024 025 028 1 11

: . i increase in {cer], leading to
4w>wmx, because of bubble formation, which decreases @, leading to an increase in {cer] g

@er>Wer, mx, which is calculated with 8= 1.
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Figure 4. Example of normalised net methane production, Eém, and the concentrations
of methane,ccy, and electron aceeptors, Ceo as function of time, ail spatially averaged. Full
lines are from the simplified model and dashed lines are from the full model. Parameters are
from set 5 (Table 3). After 30 days the temperature was raised from 15 to 25 °C.

The data in Table 3 refer to 7 = 30 d, after which steady state is reached in most cases.
However, in scaling up also the transient behaviour of the model 1s relevant, as driving
variables, such as water table and temperature, vary with time. Therefore, also the
dynamic behaviour of both models was compared (Figure 4). Again, agreement is good,
in all four phases: 1. electron acceptors going down, methane production going up; 2.
methane production constant, methane concentrations and methane emission still rising; 3.
stationary phase; 4. transition after sudden change in temperature.

Cylindrical and spherical geometry

Both a cylindrical geometry (whole root is active) and a spherical geometry (only root tip
18 active) were studied, To be able to compare both geometries, the hi gher gas exchange
area in the cylindrical case was compensated by a higher gas exchange coefficient in the
spherical case (equation A9). Net methane production was lower or equal in the
cylindrical case, which is caused by the difference in aeration, x (Table 3). Differences
in aeration are more pronounced when

occurrence of a diffusive transport resistanc
§EOMElry gas transport is mainly limited by t
diffusion from or to this exchange surface
resistance are reflected in the effective tran

of ythe relative difference in (6/rg) between

Y >> 1, which can be interpreted as the
¢ just around the root. So, in the cylindrical
he root, whereas in the spherical case also the
plays a role. These differences in transport
sport time constants, 0/rq. With high values
the two geometries is much larger.
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Analytical expression for methane production in equilibrium situation

M (59)

—%k _ 1
SCH4— - K af
Jan

Simulation results confirmed that equation (59) is the steady state of the simplified model
(Table 3). This means that in steady state situations (typically a month in water saturated
soil with no rapid changes in the root system) this equation can be used to summarise the
full model and to find the key interactions.

In the limiting cases (@ = 1) or (fyn =1) the factor (w - 1 + fu)@ fon is equal to 1
and in the other cases the factor is larger than 1. This means that methane oxidation and
electron acceptor cycling influence net methane production only if fan < I, which can be
explained by considering the electron donor production. If f;, = 1 methane oxidation and
clectron acceptor cycling do not affect the total electron donor production, which is equal
to C-mineralisation. If f,, < 1, these processes reduce electron donor production, as less
oxygen is available for C-mineralisation, increasing the proportion of anaerobic C-
mineralisation and thus decreasing total C-mineralisation and electron donor production.
Similarly, it can be understood why electron acceptor cycling and methane oxidation

influence methane production in the same way, via w.

From equation (59) it may seem as if the relation between relative aeration, k, and
methane production is simple. However, as @ depends on k, this is not the case (Figure
5). w plays an important role in the model. Therefore, it is useful to note that the
estimated plausible range for wpyo mx (1-10) is similar to a measured range [Watson ef
al., 1997].

]
L mull
*é,]; o o simpl
t
0.5 B
[
% ©
0 +—+— :M.L —t . * e

0 0.5 «k (=) 1

. . —% .
Figure 5. Relation between normalised net methane production, sch,. and relative

aeration, K.

Model reliability

The assumptions for the simplification procedure were tested under a wide range of
conditions. Therefore, the weakest points are in the assumptions for the full model. It is
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very difficult to test a model by experiments at the single root level. Instead, the reliability
of the full model is based on the use of first principles of kinetics and transport. A lot of
uncertainty is already reflected in the uncertainty of the parameters. However, there are
also some implicit assumptions: Firstly, reference C-mineralisation and potential methane
oxidation are assumed to be constant and independent on the distance to the root and
secondly a constant, first order behaviour of the gas exchange between root and
rhizosphere is assumed. In principle, the full model is open for refinement to test the
implications of these assumptions. However, priority was given to scaling up the
information at this scale to plot scale [chapter 5 and 6]. After doing so, it will be better
possible to judge the benefits of refinements at the single root scale for understanding
methane fluxes at the plot scale.

Model Applications

Effect of temperature

Methane fluxes exhibit a highly variable temperature response. This may be due to the
anomalous temperature response of the methanogens [Gujer and Zehnder, 1983: Huser,
1981], but also due to the interactions between the different processes. Van Hulzen et al.
[in press] demonstrated that already at the kinetic level the interaction between electron
acceptor reduction and methane preduction could result in high overall Q1 values,
assuming modest Qg values of the individual biological processes. Here, in addition to
the interactions between biological processes, we also investigated the interactions with
transport processes, which generally have a modest temperature response.

Solubilities decrease = 20% with an increase of 10 °C in temperature [Wilhelm et al.,
1977], gaseous diffusion coefficients increase = 5% with an increase of 10 °C in
temperature [Hirschfelder ef al., 1964] and aqueous diffusion coefficients increase =
30% with an increase of 10 °C in temperature [Jihne et al,, 1987). For thé biological
processes we assumed an increase of 100% with an increase of 10 °C in temperature. Ky
was considered insensitive to temperature, as in general little is known and as temperature
effects may be positive (due to correlation with diffusion coefficients or pressurised
ventilation) or negative (due to correlation with solubility). The standard simulation as

described above was extended with 10 days after a sudden increase in temperature of 10
°C (Figure 4).

The temperature response of meth
(Table 3). The most dramatic (relativ
was present before the temperature in

linear dependence of methane produc
Diurnal variations in methane flu

ane emission through the root was hi ghly variable
e) effects occurred when a small methane emission
crease, which can be explained considering the non-
tion on the aeration, Kk (Figure 5). o
Xes are the result of the effects of diumal variations in
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temperature or plant activity on the processes that underly methane production [Chanton
et al., 1993; Thomas et al., 1996]. The model covers the major underlying processes
and the effects of temperature. However, it is not suited to analyse the diurnal variations,
because it was assumed that gas transport in the plant is constant and infinitely fast, while
in reality it may depend on weather and has a time constant of a probably one to a few
hours [Chanton et al., 1993; Thomas ef al., 1996; Sebacher et al., 1985; Whiting and
Chanton, 1996; Yavitt and Knapp, 1995]. To analyse diurnal variations the model should
be extended with a plant gas compartment that exchanges with the atmosphere with a
(possibly weather dependent) time constant of about a few hours.

Effect of inhibitor of methane oxidation

Methane oxidation was often measured in undisturbed soil with inhibitors for
methanotrophs such as, acetylene [e.g. de Bont et al., 1978], 100% Nj [e.g. Holzapfel-
Pschorn ef al., 1986], Methyl Fluoride [e.g. Oremland and Culbertson, 1992] or 1-
Allyi-2-thiourea [Calhoun and King, 1997]. However, the inhibitors may not be specific,
affecting methanogens as well [Denier van der Gon and Neue; 1996; Frenzel and Bosse,
1996; King, 1996]. Furthermore, the inhibitors may affect other processes than methane
oxidation indirectly, via the role of methane oxidation in the oxygen dynamics [suggested
by J. Arah in a minisymposium on” methane fluxes from soils and sediments”,
Wageningen, June 1996]. This last mechanism is investigated with the simulation model.

After 30 days methane oxidation was numerically inhibited by setting Vimm, to zero,
mimicking an idealised inhibition experiment. In all cases net methane production and
methane efflux increased (Table 3). In case equilibrium of the emission was not reached
yet (small rg), the apparent oxidation was higher than the real oxidation, because the soil
methane concentration continued to increase. In contrast, when equilibrium was reached
(high rq, Figure 6), the apparent methane oxidation was lower than the real oxidation,
because of the promotion of electron acceptor re-oxidation and the decrease of anaerobic
C-mineralisation. Moreover, the effect of the inhibitor is dynamic (Figure 6).

In conclusion, at the single root level, the percentage of methane oxidation depends on
specific conditions. Furthermore, interpretation of experiments with specific inhibitors for
methane oxidation is not straight forward, because of indirect effects of the inhibitors,
which could lead to both an underestimation and to an overestimation of methane

oxidation.
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Figure 6. Example of normalised net methane production, EéHA, and the concentrations
of methane, ccy, and electron acceptors, Ceo as function of time, all spatially averaged. Full
lines are from the simplified model and dashed lines are from the full model. Parameters are
from set 5 (Table 3). After 30 days potential methane oxidation was set to zero, mimicking
an idealised inhibition experiment.

Concluding remarks

Methane dynamics around a single gas transporting root was investigated with a
mathematical model consisting of reaction diffusion equations for oxygen, methane and
oxidised and reduced electron acceptors. The model shows that, given the uncertainty and
natural variation in parameters, several interactions are possible at the times of days to
weeks, resulting in diverse responses of the system to external influences, such as
changes in temperature or inhibition of methane oxidation. At long times methane
emissions are determined by the balance between electron donor input (C-mineralisation)
and electron acceptor inflow (oxygen). This balance is mainly determined by the root gas
transport capacity, the root oxygen consumption and the carbon availability in the system.
The overall effect of electron acceptor cycling and methane oxidation is to decrease net
methane production by decreasing aerobic C-mineralisation (electron donor input) via a
faster depletion of oxygen.

To support the process analysis and in view of future scaling up a simplified model
was deduced, resolving oxygen as state variable and distance to the root as independent
variable. This simplified model produced almost the same results as the original full
model. In this way driving variables at the single root level are directly related to target
variables at the single root level (Figure 1), using knowledge on the kinetic level.
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Appendix A: Parameter estimation

Root gas transfer coefficient and root oxygen consumption

In principle, the resistance for gas transfer in the plant, 1/ky, is the sum of the resistances
in the leaves, in the stem, in the root/shoot transition, and in the rhizomes or in the roots
[Armstrong, 1979]. For many plants the resistance in the above ground part is probably
low [Armstrong, 1979, Denier van der Gon and van Breemen, 1993; Kelker and
Chanton, 1997). The shoot/root transition could limit gas transport in rice [Butterbach-
Bahl et al., 1997], though in general little is known about this resistance [Armstrong,
1979]. Long rhizomes could limit gas transfer under weather conditions that are
unfavorable for pressurised ventilation of the rhizomes [Armstrong ef al., 1996]. Large
concentration differences of methane between plant and rhizosphere [Sebacher et al.,
1985; Chanton and Dacey, 1991; Sorrell and Boon, 1994; Frye et al., 1994; Yavitt and
Knapp, 1995] and the theoretical considerations of Armstrong et al., [1996] suggest a
substantial resistance between root and rhizosphere. An additional complication in
predicting ky is the possibility of adaptation of plant roots to redox conditions in the soil
[Kludze er al., 1993; Kludze and Delaune, 1995a b,1996), temperature [Hosono and
Nouchi, 1997] or plant development (Hines er al., 1989; Hosono and Nouchi, 1997;
Kim ez al., 1999]. So, knowledge to predict k¢ is scarce. However, from a process
point of view k;; cannot be ignored. Therefore, information from literature was used to
come to a reasonable estimate for the range of plausible values for k.

The root system of sedges, reed and several other gas transporting wetland plants can
be divided into rhizomes, primary (course) roots (typical radius 0.5 mm [Armstrong e?
al. 1996; Metsivainio, 19311) and lateral (secondary, fine) roots (typical radius 0.1 mm
[Armstrong et al., 1996; Metsivainio, 1931)). Probably, gas exchange with the soil
occurs mainly at the surfaces of the lateral roots [Conlin and Crowder, 1988; Armstrong
et al., 1992, 1996], which can be understood from the relatively large root length (m m-3
soil) [Metsivainio, 1931; Wallén, 1986; Sjors, 1991; Saarinen, 1996] and the relatively
high root wall permeability [Armstrong et al., 1990] of the lateral roots. Therefore, the

lateral roots were taken as starting point for estimating .

Calculating k. from physical root properties

In non-rhizome roots (where no convection occurs), molecular diffusion is probably the
main transport process [Beckett et al., 1988; Armstrong et al., 1996], resulting in:

2 70 ryt It Jat kit (Q Cgoatm = Cag,rt) <

7 112 fart Dg,o (cgatm — €grt) 1 05 It lat cylinder (Ala)
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The LHS of this equation represents the mass transfer over the surface of the root, the
RHS represents the diffusion within the root. In case gas exchange occurs mainly at the
tips of the primary and/or lateral roots & will be higher, because the exchange surface

(assumed to be 4 7 ry2 in order to match the spherical geometry) is smaller which can
be expressed by modification of (Ala):

4 70 re? ket (ot Cg.atm — Caq,rt) <
7 ret? Jdrt Dg,O (Cg,atm —C g,rt) it Jat sphere (Alb)

Equations (A1) can be rewritten leading to maximum values for ki based on the gas
transport resistance within lateral roots:

rrt Jartlat Dy, .
ket < rt];r; a 2g0 cylinder (A2a)
rt,lat

Jartlat Dgo
kit < jrta—atl}:ga’t_ sphere (A2b)

Calculating k¢ using data on root oxygen release

An alternative way of obtaining an estimate of k1 is using measured data on root oxygen

release in infinite sink situations in which case it can be assumed that ;=0 and equation
(9) leads to:

ROL + Grt

krt =
@0, €g,a1m,0, SARA

(A4)

Specific active root areas can be estimated with either the physical properties of the active
=lateral) roots:

SARA = — 2fiat

Fredat Prt lat cylinder (ASa)
SARA = — 4 iat
lrt,]at prt,lat Sphere (ASb)

or the geometrical properties of the lateral roots related to the

primary roots: physical properties of the

SARA =2 T ry iy fovim SRL i Ia cylinder (A6a)
Axlat
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SRLy.i
SARA = 4 T ryejai? forim— P sphere (A6b)

AX]a

SRLprim is estimated with:

SRL prim= 2 ! _ (A7)
T Frt™Prt,prim

Pri,prim = (1 — &g rt prim) (1 — &aq,rt) Ps.rt (A8)
Stephen et al. [1998] determined specific active root area, SARA, by fitting their gas
transport model to measurements. Their value (0.85 10~ m? active area kg—1 dw root) is
lower than the values from this study (Table A1), which is partly caused by their high
estimate for k. (3 10~3 m3 HyO m—2 soil s~1).

Conclusion in estimating k¢ and ¢¢”

The various ways of calculating &y and g,” result in different values (Table Al).
However, the magnitude of these differences is reasonable, considering the uncertainties
in the methods and the expected natural variation. A set of gas exchange measurements in
combination with a study on gas transport mechanisms in interaction with physical plant
properties is needed to make further progress. Measurements solely at the root system
level are not sufficient, as in that way it is impossible to disentangle the specific active
root area, SARA, and the transport coefficient, k.

As with present knowledge it is impossible to estimate kg in specific situations, two
situations were selected to cover the plausible range (Table 3). The ratio of k¢ and ks
was taken equal to the inverse of the ratio of their specific active areas, in order to

conserve total potential transport capacity:

krts _ B (A9)
krt,c 2r 1t

BDistance to next root

When roots are randomly distributed, the average distance to the next root can be
calculated from the root length density, Ltot, and root tip density Nyor, fequations 4 and

5, chapter 5]:

= _ [ -3 (A10a)
RC-.L R vo(®) dR = 2=
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Table Al. Parameters and variables for the estimates of the root surface mass transfer coefficient, kp
and root surface oxygen consumption, gy". Between brackets is the considered range. Lowercase letters
refer to the foodnotes, uppercase letters combined with figures refer to the equations in the appendix.

Subscripts ¢ and s in root properties refer to the cylindrical and spherical geometry respectively.

root property value unit source
Dg0 2.0 1073 m?2 gas s~! a
fa.r Eg.1t m gas m~! root b
et lat 0.1 (0.05 - 0.1) mm root c.d
Fet,prim 1.0(03-1) mm root c.d
Eaqrt 0.9 (0.85 - 0.95) m3 HyO m~3 non aerenchymatus root g
€g.rt.lat 0.014 (0.01 - 0.03) m3 gas m™> root c.e
£g.1t, prim 0.3 (0.02 - 0.45) m3 gas m™> root c.f
Ps.1t 1000 kg dw solid root m™3 solid root &
lrt at 40 (10 - 100) mm root c.d,h
Ax]ap 2 (0.5-5) mm root c,d,h
fiat 0.67 (0.50 - 0.85) kg dw lateral root kg~! dw total root i
Jprim 0.22 (0.06 - 0.39) kg dw primary root kg‘1 dw total root i
SRLprim 4.5 (2 - 100)+103 m kg"l dw primary root A7
SARA, 130 (70 - 700) m? active area kg~! dw total root ASa
SARAg 0.7 (0.1-7) m? active area kg~ dw total root ASb
SARA, 12 (0.08 - 6000) m?2 active area kg‘l dw total root Ab6a,A7,A8
SARAq 0.06 (0.0008 - 10) m? active area kg‘1 dw total root A6b,A7T,A8
SARAqg, bog bean 09 104 m? active area kg‘l dw total root ]
ROLsgveral plants (0.07 - 56)+1076 mol kg=! dw (total root?) s~! k
qrt,sedges (4-7el0” 6 mol kg‘1 dw total root s—1 I
9"t sedges (0.006 - 0.1)e106 mol m? active area s~ ! m
q”ﬂ_‘s’sedges (0.6 - 70)+10-6 mol m2 active area s~ m
ket.c <2 (0.1 - 30)+10°° m? Hy0 m~2 soil s~ A2a
krt,s <200 (10 - 3000)10¢  m3 HyO m~2 soil s~ A2b
krt,c (0.02- 3) « 1076 m3 HyO m~2 soil s~/ Ad,ASa
krt,s (2. - 2000) » 10-6 m3 Hy0 m2 soil 5~! A4,ASb
krtss 3103 m3 Hy0 m~2 soil 5! f

302 ir‘1 Ng E.l.[ 15 °C [Hirschfelder ez al., 1964; Leffelaar, 1987]. bArmstrong [1979]). CArmstrong et al. [1996].

Metsivainio [1931]. range estimated. fCr.awford [1983]. 8guessed. NConlin and Crowder [1988]. iwallen
[1986], Sjors [1991] and Saarinen [1996]. JStephen et al. [1998]. kSorrell and Armstrong [1994] Iassuming
that the authors made a factor 10 mistake in their Table 1, Kludze and Delaune [1996], Kludze et al. {1994] and

Jespersen et al. [1998]. lvan der Werf et al. [1988] and Bouma et al. [1996]
(AS). MAssumption of Stephen et al. [1998], at depth 0.1 m.

ﬁs=f R v(R) dR =

0

42 ra
)3 F(3)~ 0.74

V7T Niot Vot

These root density parameters are estimated with:

. MCalculated from g and SARA

(A10b)
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Ltot = SRL Crt (Al l)
:mSR Lo
Ntot — f prim prim Cut (A 12)
Axlat
!
SRL = fprimSRLprim (1 +—12L) (A13)
Axlat

Using equation (A13) and the data from Table Al result in a SRL of about 21 (0.4 -
7800)+103 m kg-! dw, which is more or less in line with the measured range for sedges
((8 - 200) 103 m kg~! dw [Shaver and Billings, 1975; Konings et al., 1992]). A typical
root density, crr, is 5 kg dw m=3 [chapter 6], which leads to typical values of 2.5 mm
for R; and 5 mm for R

Appendix B: Analytical solution for release of methane

If methane production is homogeneously distributed then the equilibrium concentration of
methane can be calculated analytically with equations (2-3,9):

r 2
:SCH4R f_llz.__’;z.i_]n ry2 +g 1_&2
CHg,aq,eq 4 Daqatt ((R) (R) ((,,rt) ) }/( (R) )
cylinder (B1)
< 2
_SCy RT oy AR L2 (R _(f2y, fy2 4o R
CCHy,aq,eq = 6Daq,eff ( (R) 2 = + v (rn (R) ) (R) ’"rt)
sphere (B2)
which can be spatially averaged using (R >> ryp):
R < 2
R
z - 1 Imrdr =2CHa 1 (1 p(RY)
CCHy,aq.eq = f CCH ,aq,eq(r )2mrdr
T (R? -1 Iny ) Dagetf 2 Y 't &)
cylinder
: R < 2
R
oo = 3 anr2ar ~ R LR
CCHy,aq,eq = f CCHyaqeq(t) 4 Tr=dr
’ 47 (R? - rp) Ira ) Dygeff 3 7ty
sphere (B4)

Assuming that diffusion of methane to the root is almost in equilibrium, the mass transfer
coefficient in steady state can also be used in transient situations and:
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qcH, = - 2kt 21 (CCHyaq — & CCHygatm)  Cylinder (B4)
o R 14y

it

— 3kt Hrn3
qCH“:—_?‘;tﬁ_(ﬁn) 1+

1 y (cCHyaq — @ CCHyg,atm) sphere (BS)
This can be rewritten into equations (60 - 61). The calculated first order constant for
methane release in the cylindrical case differs slightly with the constant for a solute uptake
in the limited single root system of [Baldwin ef al., 1973]: in the logarithm of their
expression a factor 1.65 is present. This is caused by a different steady state profile: In
contrast with this paper, Baldwin er al., {1973] use a single root system with a zero
source/sink and an influx at the boundary, R.



87

Chapter 5

Modelling methane fluxes in wetlands with gas
transporting plants: 2. soil layer scale

Segers, R. and Rappoldt, C.

Abstract

Methane dynamics in a water saturated soil layer with gas transporting roots is modelled
with a weighted set of single root model systems. Each model system consists of a soil
cylinder with a gas transporting root along its axis or a soil sphere with a gas transporting
root at its centre. The weights associated with different cylinder or sphere radius were
deduced from root architecture. Methane dynamics in each single root model system are
calculated using a single root model from the previous paper. From this full model a
stimplified model was deduced consisting of an oxygen saturated and an oxygen unsaturated
model system. An even more simplified model was deduced, called the kinetic model. In this
model the concentrations are homogeneous in the whole soil layer. Simulation results of
the simplified model are closer to the simulation results of the full model than the
simulation results of the kinetic model. The overall effect of the simplifications on
simulated methane emissions are small, though the underlying processes are affected more
severely, depending on simulation time and parameters. At high root densities and at large
times, under stationary conditions, root density is proportional to simulated methane fluxes,
provided that carbon availability is proportional to root density. Sensitivity analysis shows
that lack of knowledge on root gas transport is an important limitation for the predictability
of methane fluxes via the processes at the kinetic level.

Introduction

Wetland soils with gas transporting plants are an important source of methane [Prather et
al., 1995; Nykinen et al., 1998; Bellisario et al., 1999]. Variation in methane fluxes from
these systems is large and difficult to understand due to the dynamic, non-linear
interactions between underlying processes [Conrad, 1993; Wang, 1996; Segers, 1998].
This paper is the second in a series of three, which aims to unravel these interactions by
explicitly relating knowledge at the kinetic level to methane fluxes at the plot level.

In the preceding paper [chapter 4] the interactions between the kinetic and diffusion
processes around a single gas transporting root were investigated by developing,
simplifying and testing a reaction-diffusion model. In this paper this model is scaled up
from a single root to a soil layer. In the next paper [chapter 6] the step is made to 2 model
for methane fluxes at the plot scale, allowing vertical gradients and temporarily water
unsaturation. At the (discretised) soil layer scale, studied in this paper, it is assumed that
root density, water content and temperature are constant. Furthermore, in this paper only

Segers, R. Wetland Methane Fluxes: Upscaling from Kinetics via a Single Root and a Soil Layer to the
Plot, Ph. D. Thesis, Wageningen University, 1999.
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water saturated soil is considered in which gas exchange with the atmosphere occurs via
the plant roots and ebullition. Hence, focus is on the role of a system of gas transporting
roots in methane dynamics.

Model description

A single root model system

Starting point of the analysis is a single root model system [chapter 4]. The soil is
represented by a hollow infinite cylinder or a hollow sphere. The inner surface represents
the root surface via which gas exchange with the atmosphere is possible. The outer
surface, at distance R from the centre, is half the distance to the next root at which fluxes
are zero. Within this system methane, oxygen, carbon dioxide, molecular nitrogen and an
arbitrary alternative terminal electron acceptor in reduced and oxidised form react and
diffuse. These processes cause the oxygen concentration to decrease with distance to the
root. Near the root aerobic processes occur: aerobic respiration, methane oxidation and
electron acceptor re-oxidation. Far from the root anaerobic processes occur: methane
production and electron acceptor reduction. The system as a whole imports oxygen and
exports methane via the root, Both a cylindrical and a spherical geometry are studied. The
cylindrical geometry represents a situation where the whole root is active, while the
cylindrical geometry represents a situation where only the root tip is active. In the
previous paper [chapter 4] reaction-diffusion equations for the six compounds were
numerically solved to study the behaviour of this system. Using insight in the order of
magnitude of parameters this full single root model was simplified by a quasi steady state
assumption for oxygen and by spatially averaging the equations for the other compounds.
The resulting simplified single root model produced almost the same results as the full
model and is therefore used in this paper. The derivation of this simplified model in

[chapter 4] is rather long. Therefore, a shorter description of this simplified model is
added (Appendix A) to make this paper easier to read.

A soil layer with a root system: a weighted set of single root systems with
different radii.

The interaction between diffusion and reactions is mainly determined by surface-area-to
volume-ratios and not by the exact geometry [Bird et al., 1960]. The surface-area-to
volume-ratio is closely related to the distance of a point in soil to the gas exchanging
surface. Using this insight Rappoldt {1990, 1992] developed an algorithm to represent the
fgeometry of a complex medium by a weighed set of simple geometric forms. The basic
1dea is that the probability density distribution, PDF, of the distance to the nearest gas
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exchanging surface of the model system is matched to the distance PDF of the real
system. The weights needed to achieve this are a representation of the geometry.

Here, a rooted soil layer is represented by a weighed set of either cylindrical or
spherical single root model systems with variable radii, R. Weights v(R) are used to
calculate soil layer averaged properties for each quantity, ¥, which can be defined in a
point.

2 = f v(R) Z(R.0) dR 1)
0

Table 1 lists the symbols. y is for example the methane concentration, or the volumetric
rate of electron acceptor re-oxidation. The dynamics of each y is calculated with the
simplified model from the previous paper [chapter 4; Appendix A). Weights v (R) are
derived from the PDF of the distance to the nearest root, s(x) (Rappoldt [1992] and
Appendix B):

ve®) =L st - Lx 0y 2)
v(R) = 2 50~ Lx S (2b)

5(x) can be derived in three ways [Rappoldt, 1990, 1992]. Firstly, it can be deduced
experimentally from 2D or 3D images of rooted soils. Secondly, it can be calculated
numerically from any simulated root system and thirdly it can be calculated analytically
from root systems with a simple mathematical description. In this paper we took the last
two approaches, as these allow us to study the role of the root architecture in methane
fluxes. The numerical procedure to deduce s(x) and v(R) from the root system

characterised by the parameters crt, fprim, SRLprim, lat and Axjat is given in
Appendix C. To interpret the resulting s(x) also analytical expressions for randomly
distributed roots are used (Ogston [1958]; 3D analog of 2D derivation of Pielou [1977, p.

1487):

5e(x) = 21 Ligy x exp(=T Leot ¥?) (3a)
55(x) = 4 7 Nyo x 2 exp(- 5 7 Niot ) (3b)
with corresponding probability density functions (with equations 2):
ve(R) = 2 12 Lioi2 R3 exp(— Tt Lyoy R?) (42)
(4b)

ve(R) = Jf 12 Nioi RS exp(- g 1T Niot R3)
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Table 1. List of symbols. (Continued on next pages)

Symbol Meaning and unit
transport of gas via bubbles, mol m=3 soil 571
concentration in soil, mol m=3 soil
concentrations in soil of all compounds, mol m=3 soil
co initial concentration, mol m™ soil
crt root density, kg dw m™> soil
Csat saturated aqueous gas concentration, mol m=3 Hy0.
curv curvature of equation for bubble release, m3 soil m—3 gas.
dlat,j direction vector of lateral root j, m
Dag eff effective diffusion coefficient, m3 HyO m1 soil s71.
fan relative reduction of C-mineralisation under anaerobiosis
fc fraction C
fprim mass fraction of primary roots, kg dw primary root kg"l dw total root
hyat base vector of lateral root, m
kro electron acceptor re-oxidation constant, s™1.
krt effective root surface transport coefficient, m? HyO m~2 soil s~1
Kp.i half saturation constant of process p and compound i, mol m~3 HpO.
lat length of lateral root, m
Lprim root length density of primary roots, m root m™ soil
Lot root length density, m root m™ soil
Mc molar weight of carbon, kg mol™!
Niot root tip density, m=> soil
N number of single root model systems
i probability that x is in distance class i
Pim probability that a point of the model system m is in distance class i
q transport of gas via plant, mol m=3 soil s~!
an”’ root respiration, mol Q) m~2 active area s~!
Q10 relative increase in activity upon a 10 °C increase in temperature
q effective root gas transport, m3 HyO m=3 soil s~
it root radius, m
R radius of single root model system, m
Raer.0 distance from centre of root to which the soil is aerated when aerobic
respiration is the only O» sink in the soil, m
Retsys radius of numerically generated root system, m
s net production of a compound, mol m~3 -1
5(x) probability density of distance to nearest root, m~!
SRL specific root length, m kg1
! time, s
t test point 7, m
T temperature, K
Trer reference temperature of Q1 factor, K
v probability density of R, m~1
Vbub velocity of bubbles, m3 gas m~2 soil 51,
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Table 1. (Continued)

Symbol Meaning and unit

Vimp i maximum rate of process p and compound #, mol m™=3 s~1.

W weight of single root model system m

x distance to nearest root, m

Xi,j vector between test point i and lateral root j, m

o solubility, m3 gas m~3 H,0.

B dimensionless number, ratio of time constants of O3 sink in the soil and root Op
transport

Bo B when aerobic respiration is the only O3 sink in soil

14 dimensionless number, ratio of resistances for gas transport in root and
transport just around a root

AX]at distance between the bases of the lateral root on the primary roots, m

Az thickness of soil layer, m

Ebub gas filled pore space of bubbles, m3 gas m™3 soil.

Ecr critical gas filled pore space for bubble release, m3 gas m™3 soil,

Esolid volumetric solid phase, m3 solid m™ soil.

¢ partitioning factor for anaerobic C-mineralisation.

Naer fraction of single root model systems, which is completely aerated

6 volumetric moisture content, m3 HyO m=> soil.

K root Q5 release relative to the O demand for aerobic respiration

Adj distance between x;j and &yt j, m

stoichiometric constant, mol mol—1.

v
Tq time constant of transport via plant, s
Trt time constant of root turnover, s
X arbitrary quantity
W O3 sink relative to O sink for aerobic respiration.
compounds
€0 electron acceptor
= reduced electron acceptor
€tot sum of oxidised and reduced electron acceptors
subscripts
acm anaerobic C-mineralisation
atm atmospheric
¢ cylindrical
gas phase
i index of compound, index of distance class
] index of lateral root
* aerobic respiration
fat lateral root
m index of single root model system
mg methanogenesis.
mo methanotrophic
mx maximum

prim primary root
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Table 1. (Continued)

Symbol Meaning and unit

subscripts (continued)

rcm reference C-mineralisation
reduction of electron acceptors
re-oxidation of electron acceptors
root

spherical

N}

other symbols
bold vector
- spatially averaged at the single root level.

spatially averaged at the soil layer level.

normalised with equilibrium CHy production when O3 inflow is zero
# single root systems that are completely aerated
t single root systems that are not completely aerated

Simplified soil layer model

In analogy to the single root level, a simplified model is formulated at the soil layer level
by aggregating over the single root model systems, to arrive at state variables,
concentrations ¢, at_Ehe soil layer level (Figure 1). Each concentration, ¢;, changes as a
result of ebullition, b;, kinetics, s;, and plant mediated transport, g;.

de; _

" bi(©) + 5i(€) + Gi(©) )

The dynamics of the simplified model are governed by the oxygen dynamics, a key
factor. First, the distance to the root at which the soil is aerated is estimated from some

dimensionless numbers consisting of ratios between kinetic and transport parameters
[chapter 4, equations 44-48]:

Raer0.=v2 fo (1-¢") ry (6a)
Raer,D,s =V3 ﬁ() (1-0') T (6b)

?Nhere Bo is B with @ = 1. Subsequently, the single root model systems are divided
into two fractions: (i} oxygen saturated single root model systems with R < Raer.o With
symbol “#" and fraction 1,¢; and (ii) oxygen unsaturated single root model systems with

R > Raer,0, with symbol “+” and fraction (1 ~ 1)) Weight function v(R) is used to
calculate 1yer:
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R aer,0
Naer = f v(R) dR )
0

From the state variables at the soil layer level (concentrations ¢) the concentrations of
oxidised and reduced electron acceptors and methane in the two soil fractions are deduced
(Figure 1). This is done by allocating the reduced compounds (reduced electron acceptors
and methane) to the oxygen unsaturated fraction, under the constraint that the
concentration of reduced electron acceptors is not higher than the concentration of the total

electron acceptor pool (equations § - 11).

c Cor — (1 ~ Naer) Cert
Cort = MIN (—5—, ¢, ) Cof = (8)
~ Naer Naer
Ceo* = Cepgy = Cer® Ceo® = Ceyoy = Cer” (9)
CCHy # 1
comt =S cent =0 (10)
4 (1= aer) 4
ct=¢# =G for i =Nz, CO, (11)
O unsaturated single O o saturated single
root model system root modef system
.5 soil layer averaged #
concentrations
1= Tger Naer
- adapted concentrations - adapted concentrations
- effective radius - effective radius
- effective root gas - effective root gas
transport coefficient transport coefficient

¢ v

rates of change rates of change

1-n Naer
aer soil layer averaged
rates of change of
concentrations

Figure 1, INustration of calculations for the simplified single root model.
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Now the fractions are considered as two single root model systems with concentrations
¢t and ¢# and weights (1 ~ Taer) and Maer. Using this ebullition is calculated with with
the simplified single root mode} (equation A26) for each gas .

E = Naer Ei(c#) + (1-Naer) Ei(ci) (12)

For the kinetic rates, s;, the situation is a bit more complicated, as an effective R is
needed. An estimate is deduced starting from the full soil layer model reads (equation 1):

o0

_ Raer,0
§i= f v(R) 5i(R,c(R)) dR +I v(R) 5i(R,c(R)) dR (13)
0 Raer,0

Here, the first term represents the kinetics in the oxygen saturated fraction and the second
term represent the kinetics in the oxygen unsaturated fraction. To resolve the integrals the
dependence of 5j on R, has to be eliminated. This is done by introducing effective
values for R and ¢ in the oxygen saturated and in the oxygen unsaturated zone:

_ Raer,0 oo
5= f v(R) 5i(R*,c*) dR + [ y(R)5i(R¥,cT) dR =
0 Raer,0

_ ~ (14)
Naer Si(R#aC ) + (1-Taer) Si(R i’c ¥)

Expressions for ¢ and ¢t are in equations (8 - 11). Effective values for R are estimated
in such a way that relative aeration, k, a crucial quantity [chapter 4], is calculated as
exact as possible. k is proportional to 1/R?2 for the cylindrical case and to 1/R3 for the

spherical case. Therefore, average values of 1/R? and 1/R3 are used to calculate effective
values of R:*, Rt R and Rt For example:

R = 1 (15)

/\/ 1 Raer,O {
—— V(R) —=-d
Naer 0 ( )R2 K

As root gas transport does not scale with R in the same way as aeration (equation A24),
itis calcula 1 i iCi
alculated with effective gas transport coefficients,r o, rqc% rq s* and rg ¢t:

q = Thaer G(r q#ac ) + (1-Nger) zf("qi,c %) (16)
rq, = R
LR Naer jRaer.O ) "aclR) AR 4
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Kinetic soil layer model

In the simplified soil layer model, the soil is represented by an oxygen saturated and
oxygen unsaturated single root model system. To investigate the meaning of this
distinction a even more simple soil layer model was tested: the kinetic soil layer model
(equation 18) In this model kinetic knowledge [chapter 4, equations 10-33] is directly
applied at the soil layer level to calculate 5;(¢), like Arah and Stephen [1998], implying
that O5 is treated like the other gases.

de;
dt

i

= 5i(¢) + g;(©) + bic) i =CHy, O2, Na, COy, eo, er (18)

Vegetation mediated transport, ;(€), is calculated with a first order coefficient, rg, that is
calculated from the single root gas transport coefficients with equation (1). In this
coefficient also transport resistance between soil and rhizosphere is incorporated. Bubble
formation and transport, bi(¢), is calculated from equations (A25-A26) with the soil layer

averaged gas concentrations.

Parameters and initial values

To understand methane fluxes in peat soils, it is particularly important to quantify the
flows of carbon, and not the total carbon pool, which is very stable in peat [e.g. Clymo,
1984; Bridgham et al., 1998]. To do so, the flow of carbon is related to the source,
decaying plant material. Here only roots are considered, firstly because the root/shoot
ratio of sedges can be much larger than one (14C experiments [Wallen, 1986; Saarinen,
1996]) and secondly because this paper focuses on roots. Reference C-mineralisation was
estimated in such a way that total C-mineralisation under complete anaerobiosis is equal to

total root turnover:

T = Tref c
Seem(T) = 010 To ;f;%;;—‘?l— (19)

Root exudation was neglected as reliable data for natural wetland plants are absent.
Turnover time of roots, Ty, of vascular wetland plants is probably between 1 and 10

years for northern wetland sites [Shaver and Billings, 1975; Saarinen, 1996]. Here, Tt
is sct at 2 yr at the reference temperature (9 °C), which is the average temperature in the
region of the model application (the Netherlands, chapter 6). The model is run with
temperature of 15 °C, a typical soil temperature in summer. As in the previous paper
[chapter 4] all biological processes are temperature dependent with a Q10 of 2. fc was
0.4. Apart from R and sor all other initial conditions and parameters in each single root
model system are the same as in the paper that describes the single root scale [chapter 4].
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cylindrical

200 +
R spherical
100 T
A
0 4 1
0 0.005 0.01 0.015
R (m)

Figure 2. Weight function, v, for the radius, R, of the single root model systems. Root
density is 1 kg dw m™> soil, SRLprim was 4.5-103 m kg1 dw, iz was 0.04 m; Axy;
was 0.002 m and fprim was 0.22. Sources are in chapter 4 and 6. Symbols represent the
numerical procedure (appendix B) for the structured root systems with lateral roots attached
to primary roots. The lines represent the analytical equations (4) for the random root
systems with same total root (tip/length) density. The rather odd position of the square at
the largest R (0.01 m) is due to the truncation of the function which goes to infinity.

Numerical procedures

The weight function v(R) is approximated by N weights, wy,, in equal distance
classes, using a discretised version of equation (2a) [Rappoldt, 1992] and equation (2b)
(Appendix B). R goes to infinity in case the analytical expressions (equations 4) are
used. Therefore, v(R) is cut off at v=1 — 1/(4N). N was 10. Simulation results for
N = 20 yielded similar results (data not shown). The Fortran code containing the
integrated models of the three papers is available upon request.

Model behaviour

Description of root system

Weight functions for system radius R, v(R), were calculated for a number of illustrative
cases (Figure 2). The analytical solutions (equations 4) of the random root systems
closely match the numerical calculations of root systems with the same root density (Lot
or Niot) but a non-random geometry, Apparently, for the given root parameters the roots
are cffectively randomly distributed. This can be explained by the length of the lateral
roots (40 mm), which is larger than typical distances between the primary roots (= 20 mm
with the prevailing root parameters [chapter 4, equations A10]. By contrast, if the length
of the lateral roots is shorter than the distances between the primary roots (which may be
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the case in reed, for example) than the root system is clustered and the distance probability
density distribution gets wider than the distribution of the randomly distributed roots (data
not shown). As in our case the difference between the two methods for estimating v(R)
is small, we used the fastest and simplest method, the analytical expression, in the
remainder of the paper.

Full, simplified and kinetic model at the soil layer level

The complete soil layer model with N weighted single root model systems is called the
Jull soil layer model (equation 1). In the simplified soil layer model (equations 5 - 17),
the rates are calculated in two single root model systems: an oxygen unsaturated single
root model system and an oxygen saturated single root model system. To investigate the
meaning of the single root details of these models also an even more simple soil layer
model was tested: the kinetic soil layer model. In this model kinetic knowledge is
directly applied at the soil layer level.

Simulations of relative aeration, Z are little affected by the assumptions in the
simplified soil layer model, but the kinetic soil layer model results in a higher aeration
than the two other models (Figure 3a) due to the absence of the influence of oxygen
saturated single root model systems. This means that in the full and the simplified model

0.2 '
a .’
c )t
- — -
o K (=) d?#,
&
£ I
(4] ’i
0.1 4
¥
0 < ;
0 0.1 0.2
full

Figure 3a~3e. Comparison of simplified (open squares) and kinetic (plusses) model with

full model after 30 days for 32 different parameter sets. Parameter values are in chapter 4 and

in the subsection on parameterisation. (a) O supply/ O demand, k, b) net normalised

methane production, ?;H s (c) time coefficient for methane release via plant ?q,CH o (@)
—%

normalised methane released via ebullition, bcy, and (e) total normalised methane release,

:* :* - . -
bcHa + GoHy. Methane production and methane release are normalised with fan Ving

Srem» the maximum (equilibrium) methane production if no oxygen enters the system. The

dashed line is the 1 to 1 line.
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part of the gas exchanging root surface experiences a limited oxygen sink due to a other
root nearby, whereas in the kinetic model this is not the case.

Net methane production is lower in the kinetic model and in the simplified model
compared to the full model, especially when normalised net methane production 1s low

(Figure 3b). Hence, the non-linear interactions between relative aeration, k;, the relative
oxygen sink strength, @, and net methane production, scyy, at scales below the soil
layer do have some impact on net methane production and the use of effective values
(equation 14) introduces an error. In process terms: Methane production only occurs
under highly reduced circumstances. Averaging eliminates highly reduced conditions and

hence reduces net methane production.

Time coefficients for methane transport through the roots, T, cu,, (Cong/gcn,) of the
simplified soil layer model are smaller than those of the full soil layer model (Figure 3¢).
To investigate this difference a simple analytical case study was carried out of an inert

gas, initial soil concentration cp, being released to the atmosphere (concentration zero).
According to the full soil layer model (equation 1):
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oQ

1) = o __ Tt
c(t)=co [0 v(R) exp( = (R)) dR (20)

where ?q is the time coefficient of a single root model system (increasing with R,
equations A24). From equation (20) it is clear that the contribution to the total
concentration of the single root model systems with the largest radius increases in time.
These single root model systems could be seen as dead zones that exchange gases slowly
with atmosphere. By introducing an averaging procedure, these dead zones are artificially
mixed with the remainder of the system, enhancing total transport and preventing the
overall time coefficient, ZI’ to increase in time. Therefore, plant mediated transport is
faster in the simplified models compared to the full model.

So, a fundamental problem with methane release from the soil on the root system scale
is that one needs to know the spatial micro distribution of methane, which depends on the
history and which cannot be estimated from the actual average concentrations only.
Consequently, gas transport experiments with plants in a mixed culture solution [Nouchi,
1994, Hosono and Nouchi, 1997; Butterbach-Bahl ef al., 1997] cannot be directly
extrapolated to the soil and the first order models [Nouchi et al., 1994; Hosono and
Nouchi, 1997; Stephen et al., 1998; Walter et al. 1996] have to be interpreted with care.

Similar to methane plant transport, averaging reduces rates of bubbles release (Figure
3d), firstly due to the non-linear relation between bubble volume and bubble release
(equation A26) and secondly due to the lower methane concentrations as a result of the
higher plant mediated transport. As the errors introduced by the assumptions on net
methane production and methane transport partly cancel, the difference in simulated
normalised methane flux by the full and the simplified model is surprisingly small (Figure
3e).

In the analysis above (Figures 3) variables were analysed after 30 days, under
constant driving variables. However, differences between the three models depend on
simulation time (Figure 4). In situ driving variables, like temperature and aeration (water
table) will fluctuate on all kinds of time scales. Consequently, it is difficult to judge how
large the difference between the kinetic, simplified and full model will be when
incorporated in a model for fluxes at the plot scale. Therefore, in the next paper [chapter
6], which will address this scale, all three models will be used. In the remaining part of

this paper only the full soil layer model is used.

Cylindrical and spherical geometry

Two models for root and rhizosphere geometry were used: a cylindrical and spherical.
The cylindrical model represents a situation where the whole root surface exchanges
gases. The spherical model reflects the situation where only root tips are active. To
compare both models, ky; and gy’ are taken in such a way that total root activity per
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Figure 4. Comparison of simulated time courses of normalised methane emission by the
kinetic, simplified and full model for parameter set 12. The three models are defined in the
main text. Parameter values are in chapter 4 and in the subsection on parameterisation.
Methane release is normalised with fan Vg Srem, the maximum (equilibrium) methane
production if no oxygen enters the system.
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Figure 5a — Se. Difference between cylindrical and spherical geometry for 16 parameter

sets after 30 days simulation time. &y and gp’” (which are on root surface basis) were set

to keep potential root surface gas transport constant on a root mass basis. Parameter values

are in chapter 4 and in the subsection on parameterisation.(a) O supply/ Q2 demand, K,

(only three points visible, because aeration was similar for many parameter sets), (b) net

normalised methane production, Eém, (c) time coefficient for methane release via plant
—%

= . =%
Tq,CHy (d) total normalised methane release, goy, + bep, and (e) normalised methane
=%

telease via ebullition, bcy,. Methane production and methane release are normalised with
Jan Ymg Srcm. the maximum (equilibrium) methane production if no oxygen enters the
system. The dashed line is the 1 to 1 line.
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Figure 5. (Continued)

root dry weight is constant [chapter 4, equation A9]. The difference in exchange area
(determined by /)¢ and ryy) is a factor 200, which is probably an upper value, as root
radius is rather small (0.1 mm), and as in reality the active area of a root is probably larger
than the root tip only.

In the spherical case transport between root surface and soil is more difficult than in
the cylindrical, as the exchange surface is smaller in the spherical case. Consequently,
aeration is lower (Figure 5a) and net methane production, the time coefficients for
methane transport via the plant and total methane emission are higher in the spherical case
(Figure 5b — 5d). Due to the lower plant transport in the spherical case, ebullition is
enhanced in the spherical case (Figure 5¢). Also, the sensitivity of net methane production
for the root gas transport coefficient, &rt, 1s much less in the spherical case compared to
the cylindrical case (Figure 6), as in the first case oxygen release is more limited by the
transport from the root surface to the soil. These differences in behaviour can be

understood in terms of the dimensionless number y [chapter 4]. y is much smaller than

1 in the cylindrical case, which means that in the cy]indrical case gas transport directly

around a root is not important. By contrast in the spherical case Y is about 1, which
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means that gas transport around a root is approximately as important as gas transport
within a root.

Model Applications

Relation of methane flux with root gas transport coefficient

The root surface gas transport coefficient, k; has been varied over two orders of
magnitude within the plausible range as estimated in chapter 4. Net methane production
was very sensitive for &y, especially in the cylindrical case (Figure 6). The extreme range
in relative net methane production is not unrealistic as redox values in water saturated
soils with gas transporting plants may vary between -200 and +300 [Holzapfel-Pschom
et al., 1986; Chen and Barko, 1988; Grosse et al., 1996b; Frenzel et al., 1999].
Furthermore, it is interesting to note that & may both be positively or negatively
correlated with methane emissions. By contrast, Arah and Stephen [1998] found a
consistently negative correlation between methane emissions and k;, because they
considered the steady state of the system, whereas we evaluated emissions after 30 days
simulation time. In our simulations, net methane production, which is equal to net
methane emission in steady state, was consistently negatively correlated with kg (data not
shown). In reality all kinds of times are relevant, especially when a fluctuating water table

is present. So, it 1s hard to draw general conclusion about the sensitivity of methane
emissions for k.
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Flgure‘ 6. Normalised methane release, qcHs *+ by as function of root gas transport
coefficient, k. for 8 different parameter sets after 30 days of simulation. Parameter values
are in chapter 4 and in the subsection on parameterisation. Methane release is normalised

With fan Ving Srem. the maximum (equilibrium) methane production if no oxygen enters
the system.
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Little information is available on exact values of k., which means that knowledge on
this parameter is one of the factors that limit the predictability of methane fluxes with a
process model.

Relation of methane flux with root density

The model was run for a range of root densities for several combinations of sensitive
parameters, with carbon availability (represented by srcm) proportional to root density.
Potential methane oxidation was scaled with root density, as it is likely that roots promote
the presence of both methane and oxygen, leading to higher active methanotrophic
biomass,

At low root densities net normalised methane production remains low, as after the 30
days simulation time the carbon availability is too low to reduce a substantial amount of
the electron acceptors (Figure 7a). This may represent the situation in deep soil or an
oligotrophic peat with mainly mosses. At higher root densities net methane production is
proportional to root density (Figure 7a), which is remarkable given the non-linearities in
the model.

In experiments with clipped or completely removed plants soil methane concentrations
sometimes decrease [Whiting and Chanton, 1992; Waddington et al., 1996; Yavitt,
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Figure 7a - 7e. Model results as function of root density, ¢y. Parameter values are in
chapter 4, Table 3] and in the subsection on parameterisation, apart from Vinmge mx, which
was proportional to ¢y Note that also syep is proportional to ¢yy. (a) Net normalised

:* - = - - -
methane production, scyy, (b) soil methane concentration ccy,, (¢) time coefficient for
—%*

—_ =%
methane release via the plant 'fq,CHq, (d) total methane release, gcpy + bcpy and (e) methane

=%

release via ebullition, bcy,. Methane production and methane release are normalised with
fan Vmg Srcm. the maximum (equilibrium) methane production l-f no oy.cygen entcrslthe
system. Solid lines are with the cylindrical geometry, dashed lines with the spherical
geometry. Closed diamonds in (c) are from experiments with soil cores with bog bean

[Stephen et al., 1998].
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Figure 7. (continued)

1997} and sometimes increase [Yavitt, 1997; Verville er al., 1998; King et al., 1998].
These manipulations may be seen as an artificial decrease of root density. In the model,
decreasing root density consistently decreases soil methane concentrations (Figure 7b).
This discrepancy between model and experiment may be due to a difference in the
dependence of carbon mineralisation on root density. In the model this dependence is
assumed to be linear. However, in the experiments the dependence may be less than linear
over the considered time, as, soil carbon availability is not only dependent on the
vegetation of the near past. Hence, information on soil carbon flows is needed to properly
interpret vegetation removal exXperiments.

The dependence of the time constant of root gas transport on root density is similar to
the experimental findings for bog bean (Figure 7c). The simulations show that at higher
root densities methane emission is pProportional to root density (Figure 7d), which
confirms the experimentally found linear relations between methane fluxes and net
primary production [Whiting et al., 1991; Chanton et al., 1993] and biomass of grasses
and sedges [Whiting et al., 1991; van den Pol - van Dasselaar, 1999b], The
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disproportionate relation at lower root densities can be explained by (i) the effective time
coefficient of plant gas transport being larger than the simulation time at low root densities
(Figure 7c) and by (ii) the onset of ebullition at high root densities (Figure 7e) when
methane concentrations are high enough.

Possible model extensions

The knowledge from the single root level is scaled up to the soil layer level by a
probability density distribution for R. By contrast, other system parameters are assumed
to be constant within a soil layer. However, it is likely that, apart from R, also &y and
Srem Vary within a soil layer, as parts of the roots will be more effectively connected to
the atmosphere than other parts and as hot spots will be present in which carbon is
preferentially available. It would be possible to assume probability density distributions
for kit and s;cm as well. However, this would make interpretation of results more
complex without an increase in predictability on the field scale, as information on average
or effective values of k;t and s;cry is scarce, let alone information on the variation in
these parameters.

In the model and the sensitivity analysis it was assumed that most parameters are
independent. Only @me mx Was scaled with cr;. However, also other parameters are
probably correlated to each other. If redox decreases, plants tend to increase their gas
transport capacity by increasing root oxygen release to prevent damage by toxic
compounds [Drew and Lynch, 1980; Kludze et al., 1993; Kludze and Delaune, 1996].
So, probably high ¢’’; and ¢y are correlated to high values of k. Principally, it would
be possible to dynamically model such an adaptation mechanism by relating the rate of
change of k to, for example, the oxygen concentration at the root surface. But
practically, this would be difficult as quantitative information on such relations is absent.
A functional relation, assuming sufficient adaptation, is also not feasible, as the actual
redox conditions in rooted water saturated soil may vary largely [Chen and Barko, 1988;
Holzapfel-Pschom et al., 1986; Grosse et al., 1996b). So, quantitative research on plant
mediated transport and its” regulating mechanisms [Jackson and Armstrong, 1999] is
needed to be able to predict &y under various circumstances.

As a first approach it was assumed that the root system is static. Given the large time
coefficient of root turnover this may seem realistic. However, in reality root growth and
inactivation of root oxygen loss may occur in short time intervals (a month, [Hines, ef
al., 1989; Behaeghe, 1979]) in the season. Fast root dynamics may have two
implications. Firstly, the probability density function of the model systems will be
dynamic and, secondly, a kind of mixing will occur, as acrobic spots (new roots) will
emerge at anacrobic spots and aerobic spots (decaying roots) will emerge in anaerobic
spots. This mixing may be described with an exchange between the different single root
model systems or an exchange between the shells of different single root mode] systems.
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Concluding remarks

In this paper we scaled up from the single root scale to the soil layer scale. The simulation
results demonstrate that methane emission may be limited by as several processes (oxygen
transport via vegetation, root oxygen consumption, methane transport via vegetation,
reduction of electron acceptors, soil carbon mineralisation). The relative importance of
these processes depends on the conditions.For example, at high root densities, under
continuous water saturation and at longer times, methane emission is proportional with
carbon avatlability, and hence with net primary production.
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Appendix A: Overview of simplified single root model

The simplified single root model was derived from the full single root model which is a
coupled set of root reaction-diffusion equations for methane, oxygen, molecular nitrogen,
carbon dioxide and electron acceptors in oxidised (eo) and reduced (er) form [chapter 4,
equations 2-33]. The equations were simplified in two steps: 1. quasi-steady state
assumption for oxygen, 2. spatially averaging the equations for the other state variables.
The result of this procedure is a set of coupled ordinary differential equations for the mean

concentrations, c;

TECH: 5o + Gey + B, @A
dEd(;og =5¢0, + 4co, + bco, (A2)
doy qn, + N, (A3)

dr
e 5, (Ad)
Lo 5, (AS)

Here, 5 are the spatially averaged kinetic rates, g is the spatially averaged gas transport via

the plant b is the spatially averaged gas transport via bubbles.
Net methane production is the result of methane production (mg) and methane

oxidation (mo):

SCH4 =Smg,CHy + Smo,CHy (A6)

Electron acceptor cycling is the result of electron acceptor reduction (rd) and electron

acceptor re-oxidation (ro).

(A7)

Seo =Srd,eo + Sto,e0

(A8)

Ser =Srd.er + Sroer
And carbon dioxide production is the result of aerobic respiration (ae), methane
oxidation, electron acceptor reduction and methane production:

5C0, =Sae,C0O, + Smo,CO; + 51d,CO; + Smg,COy (A9)
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Two groups of processes are distinguished: aerobic processes and anaerobic processes.
To compare the different processes, all rates were normalised with carbon mineralisation
under optimal aeration or with the oxygen demand for this process.

aerobic processes

The aerobic processes (aerobic respiration, methane oxidation and electron acceptor re-
oxidation) are determined by the total oxygen consumption, 5o,, and the relative oxygen

sink strengths, w, of each process:

Sae.0, = & 50, (A10)
w

Sm0,0, = 0. 5o (A1)
w

Em,ozr-%%oz (A12)

By definition, @ is the oxygen sink relative to the oxygen sink for acrobic respiration:

W= Wye + Omo + Gro (A13)
e = 1 (A14)
O mo = Vmo VMimg Caq,CH, (A15)

Vae Stem  Caq,CH, + Kmo,cH,

~ Vio ko O Cager
Wro = ¥

(A16)

Vae Srcm

The total oxygen consumption rate 50, is calculated from steady state solution of the
reaction-diffusion equation for oxygen, assuming a zero order behaviour. The essential
functional property of the procedure is that root oxygen release (equal to total oxygen
consumption) depends on only two dimensionless numbers:

kit (€ Co atm,05 ~ ‘qii—)
B = rt - (A17)

Vae W Srem Ty

_ knry

Y =
Daq,eff

(A18)
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In both numbers & appears which is the root surface transport coefficient for gases,
used as boundary condition at the root surface in the original reaction-diffusion equation:

Tt

Qrt ) _ Caq,rt)

P (Al19)
ki@ Cg atm

¢" =kt (@ cgam (1 -

Here « cg,at,ﬁ is the aqueous gas concentration in equilibrium with the atmosphere,
[crt] s the gas concentration at the root surface and g’ is the oxygen consumption at
the root surface. The aerobic rates of change in methane, carbon dioxide and electron
acceptors are related to the oxygen consumption rates (equations Al0-Al12) via
stoichiometric factors (relations not shown).

anaerobic processes

Both anaerobic processes (methane production and clectron acceptor reduction) are

determined by anaerobic C-mineralisation, Sacm.

Smg,CH4 = Vmg gmg Sacm (A20)

Std,eo =~ Vid (1- gmg) Sacm (A21)

The partitioning factor for anaerobically mineralised carbon, {ng, depends on the kinetic
constants and the concentration of electron acceptors. If ample electron acceptors are

present methane production is low and (g approaches zero. When the electron acceptors

get depleted, (g will rise until one. Anaerobic production of CO3 and reduced electron

acceptors depend on equations (A20-A21) via stoichiometric relations.
Anaerobic C-mineralisation could be related to the aerobic processes, for which

expressions are above:

Eacm zf;m Srem (1 -

_EQLm) (A22)
@ Vae Srem _

Here, f,, is a factor which describes the slow down of C-mineralisation under anaerobic

conditions,

root gas transport of gases other than oxygen

Plant mediated transport of gases other than Oz was modelled with a first order relation:

qi=— Tq.i (Caq,i— i Cg,atm,i) (A23)
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where ¢g atm,i 18 the gas conceniration in the atmosphere of gas i. The constants rq,; are
taken from the steady state solution of the reaction-diffusion equation with methane
production constant in time and space.

2 ket fity2 1
ro o= 2kt (A24a)
O ORT eyl Ry)

=3kt T3 1 A24b
"05i= T R e (A28

bubble transport

Ebullition is calculated in two steps. First the bubble volume, &yyp, is calculated from the
equilibrium equations between the gas and aqueous phase for all gases:

G
Cant : :
Z sat,1 l =1 (AZS)
£ 1 — &olid — &pub ( _'(‘x__’)
1

Subsequently, bubble release was assumed to Tise sharply after a critical bubble volume
Ecr, USINg an expolinear equation:

by =— Ybub

In(1+exp(curv (Epub — €cr))) Cg,i (A26)
Az curv €y

Appendix B: Weight functions for the spherical case

In analogy with the derivations of Rappoldt {1992, eq. 7.1} for a cylinder, the distribution

of the distance to the gas exchanging surface in single sphere with radius R is equal to
the surface to volume ratio:

ss (R, x) = 4mx? _3x2 0<x<R
A3 7R3 R3
(B1)
Ss(R,X):O x>R

Then, the distance probability distribution for a set of spheres with weight function
Vs(R) becomes (in analogy with Rappoldt [1992, eq. 7.5):
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s(x) = f ss(R, x) vs(R) d R = f 3 x2 vS(R)dR=3x2] 1, (R)dR (B2)
0 x R3 r R3

Substitution of equation (B2) into the derivative of equation (B2) with respect to x leads

to an expression of vg as function of sg(x):
ds(x
vo (®) =2 500 - b B2 | g 83)
To find a discretised form of equation (B3), the starting point is the discretised equivalent
of equation (B2):
nm

1%=:21Pmnw&m

m=

(B4)

where pj is the probability that x is in distance class i and Pj n is the probability that a
point of the model system with radius Ry is in distance class . If there are N equal
distance classes and if the model systems consists of N spheres with radii equal to the
upper bounds of the distance classes, then, in analogy with [Rappoldt, 1992, eq. 7.22

and 7.25]:

Xi 3y (3 2 ;
Pim_fl —3"2dx—x13 Fiol” 3 ‘3;”'1 i<m (B5a)
Xj-] R’ Rm’ "

Py =0 i >m (B5b)
Combining equations (B4) and (B5) leads via backsubstitution [Press et al., 1987, p. 30]

to:

3
WeN =~ N PN (B6a)
3N“-3N+l1
N
m3 (pm — (3m2 = 3m+1) > Lowg; m<N (B6b)

WS’m =

3m2 - 3m+1 i=m+1 ;3
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Appendix C: PDF of distance to nearest root of root system
with Iateral roots attached to randemly distributed primary
roots

Lateral roots constitute the largest part of the root length density and it is likely that these
roots release the largest part of the oxygen. Therefore, an adequate description of the
geometry of lateral roots is needed to obtain a realistic model of rhizosphere aeration.
Lateral roots are not randomly distributed, as they are attached to primary roots. To study
this an artificial 3D root system was generated.

To represent the primary roots, a set of random lines is generated in sphere (radius
Rytsys) with root length density Lyrim, using Rappoldt [1993, eq. 9-11]. Ryisys was 10

times the length scale of the primary root system (l/m). At each Axja lateral roots
with constant length [y, are attached to the primary roots. Each lateral root is represented
by a base vector, k5, which lies on a primary root, and a direction vector dj,t, which
lies in the plane perpendicular to the primary root. The orientation in the plane is random.

Subsequently, random test points, #;, are generated within the sphere. The number of
test points was so high (10,000) that the results were not affected by further increasing
this number. x;; is the vector between test point ¢; and the nearest point on the line j
defined by hyaj and djay, (Figure Cl). x; ; and diay,j are perpendicular:

xij * da ;=0 (CD)

and the sum of the vectors of the triangle in Figure C1 is zero:

ti — Piarj + xij — Ajjdiaj = 0 (C2)

Figure C1. Illustration for the calculation of the distance between test point ¢; and the
lateral root, characterised by a base vector hiatj» a direction vector djy j and a length /ja¢

(not in the graph). Xj,j is the vector between test point ¢ and the nearest point on the
(dashed) line j.
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where ﬂi,j is distance between hjatj and the end of x; ;. Here, note that the length of
direction vector d is 1. Taking the inproduct with djy j for all the terms of equation C2

and using equation C1 results in:
Aij = (ti — hiatj) * dlat (C3)

The lateral root is present at only part of the line j. If A; j < 0, then the nearest point of
the lateral root to the test point is at the base of the lateral root and, hence, the distance of

test point #; to the lateral root j is [t; — hiarj|- If Ayj is between O and lja, then the
distance of test point #; is equal to |tj — (Biar,j + Ai,j dlar,j)} otherwise it is equal to |f;
~ (Matj + Dat diatj)|.
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Modelling methane fluxes in wetlands with gas
transporting plants: 3. Plot scale

Segers, R. and Leffelaar, P. A.

Abstract

A comprehensive process model was developed for methane fluxes from wetlands with gas
transporting plants and a fluctuating water table. Water dynamics are modelled with the 1D
Richards’ equation. For temperature a standard diffusion equation is used. The depth
dependent dynamics of methane, oxygen, molecular nitrogen, carbon dioxide, soil carbon,
electron acceptors in oxidised and in reduced form are affected by transport processes and
kinetic processes. Modelled transport processes are convection and diffusion in the soil
matrix, ebullition and plant mediated gas transport. Modelled kinetic processes are carbon
mineralisation, aerobic respiration, methane production, methane oxidation, electron
acceptor reduction and electron acceptor re-oxidation. Concentration gradients around gas
transporting roots in water saturated soil are accounted for by the models from the two
previous papers, ensuring an explicit connection between process knowledge at the kinetic
level (mm scale) and methane fluxes at the plot scale. We applied the model to a fen and
without any fitting simulated methane fluxes are within one order of magnitude of measured
methane fluxes. The seasonal variations, however, are much weaker in the simulations
compared to the measurements. Simulated methane fluxes are sensitive to several uncertain
parameters such as the distribution over depth of carbon mineralisation, the total pool size
of reduced and oxidised electron acceptors and the root-shoot ratio. Due to the process based
character of the model it is likely that these sensitivities are present in reality as well, which
explains why the measured variability is usually very high. Interestingly, heterogeneities
within a root soil layer seem to be less important than heterogeneities between different soil
layers. This is due to the strong influence of the interaction between water table and profile
scale processes on the oxygen input to the system, and hence on net methane production.
Other existing process models are discussed and compared with the present model.

Introduction

High methane fluxes are often measured from wetlands with aerenchymateous plants that
transport gases, like rice paddies or sedge dominated fens [Prather et al., 1995; Nykinen
et al., 1998; Bellisario et al., 1999]. Gas transporting plants can affect methane fluxes
both positively, by an escape route of methane to the atmosphere and by carbon
substrates via toot turn-over or root exudation, or negatively, by allowing oxygen
penetration into the soil [Conrad, 1993; Wang et al., 1996]. Given these complex
interactions it is not surprising that there is a large unexplained variation in methane fluxes

Segers, R. Wetland Methane Fluxes: Upscaling from Kinetics via a Single Root and a Soil Layer to the
Plot, Ph. D. Thesis, Wageningen University, 1999.
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Table 1, List of Symbols.

Symbol Description and unit

al regression coefficient for relation between surface temperature and radiation, K m2 s J-1
an regression coefficient for relation between surface temperature and radiation, K
b rate of change due to bubble transport, mol m™> soil s~1

¢ concentration, mol m™> soil

p heat capacity, J K-1 m™3 soil

Csh standing biomass of shoots, kg dw m—2

Csh,har annually harvested biomass of shoots, kg dw m—2

Crt root density, kg dw m~3 soil

Crt root density, kg dw m~2 soil

dchr,rt characteristic root depth, m

dchr,cs characteristic depth of stable soil carbon, m

dilevl water level in ditches, m

Dy eff effective diffusion coefficient, m3 gas m~! soil s~}

Dg 0 molecular diffusion coefficient in the gas phase, m2 gas ™!

fiab.rt fraction of decayed roots partitioned to labile soil carbon

Aab.sh fraction of decayed shoots partitioned to labile soil carbon

fc carbon fraction, kg C kg~! dw

Jayst hysteresis factor to prevent oscillation in model structure (equations 9)
Sns har harvested fraction of mosses

fsh har harvested fraction of shoots

fsib(2) distribution over depth of carbon allocated to stable soil carbon, m~1
gwlevl ground water level, m

h enthalpy per volume of soil, ] m™3 or water potential, m

hm matrix water potential, m

P enthalpy per volume of water, J m=3 Hy0

J flux density, mol m—2 s~}

k hydraulic conductivity, m s—1

krt effective root surface transport coefficient, m3 HyO m2 soil 5!

kg saturated hydraulic conductivity, m s~!

kN total number of soil layers

Mc molecular weight of carbon, kg mol~!

pondyn, threshold for run off of ponded water, m

q rate of change due to vegetation mediated gas transport, mol m™ s~!
g’ root respiration, mol O m~2 active area s~/

md global radiation, J m=2 s~!

it root radius, m

R half the distance to the next root, m

RSR root shoot ratio

Raitch resistance for exchange of water between soil column and ditch, s

5 source or sink of compound, mol m—3 s~!

Saeem aerobic C-mineralisation, mol C m3 s~!

Sacm anaerobic C-mineralisation, mol C m™3 s~1

Srem reference C-mineralisation, mol C m=> s~!

Sw change of water content by water uptake by roots, m3 HyO m™3 soil s~}
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compounds
€0

er

Clab

Cstb

subscripts

a
atm

i
g
k
ke

1'(gw]
m

other symbols
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rate of change due to vertical convection and diffusion, mol m=3 §-1
time, s

temperature, K

temperature at soil surface, K

water flow, m? HyO m~2 soil s~1

potential methane oxidation, mol m= s~1

weight function for half the distance to the next root, m~!
spatial coordinate depth, m

maximum depth of litter allocation, m

solubility, m3 gas m=3 Hy0

dimensionless parameter

thickness of a soil layer, m
distance to the grid point in the next higher soil layer, m

distance to the grid point in the next deeper soil layer, m

gas filled pore space, m3 gas m™3 soil

gas filled pore space above which convection may occur, m? gas m= soil
volumetric moisture content, m?3 H,O m=3 soil

saturated volumetric moisture content, m> HyO m™> soil

root O release relative to the O demand for aerobic respiration

thermal conductivity, J m~1 K1 ¢-1

stoichiometric constant for aerobic respiration

apparent mixing coefficient due to vertical transport, s~

bulk density, kg dw m~3 soil
time constant of turnover of labile soil carbon, s

i

time constant of turnover of stable soil carbon, s

time constant of root turnover, s
time constant of shoot turnover, s
total oxygen sink relative to oxygen sink for aerobic respiration

electron acceptor
reduced electron acceptor
labile soil carbon

stable soil carbon

aqueous phase

atmosphere

index of compound

gas

index of discretised soil layer

index of deepest gas continuous discretised soil layer

index of discretised soil layer soil layer below the deepest water unsaturated soil layer

single root model system

averaged over single root model system

averaged over soil laver
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[Moore and Roulet, 1993; Bartlett and Harris, 1993; Nykinen ez al., 1998, Bellisario et
al., 1999] and the underlying processes [Segers, 1998]. Therefore, a more fundamental
understanding of methane fluxes is desirable, using knowledge which is generally
applicable: the theories of microbial and chemical conversions and physical transport
processes. The scale at which this knowledge applies is called the kinetic scale, with a
typical size of a few mm [chapter 4].

This paper is the last paper in a series of three which aim to explicitly connect the
knowledge at the kinetic level to methane fluxes at the plot scale. Mathematical modelling
is used, as this is the most efficient way to integrate knowledge of several interacting
processes across various spatial and temporal scales. In the first paper [chapter 4] the
overall approach is discussed and a reaction-diffusion model was developed for processes
around a single gas transporting root. This model was successfully simplified by
assuming a quasi steady state for oxygen and by spatially averaging the other compounds.
In the second paper [chapter 5], methane dynamics are simulated in a water saturated soil
layer with gas transporting roots. Here, root architecture is described by a weight function
for half the distance to the next root [Rappoldt, 1990,1992]. Spatially averaging at this
scale had a small effect on net methane emission, but a substantial effect on net methane
production and methane transport.

In this third paper we scale up to the plot scale. At this scale the gas transporting roots
are not the only determinants of methane fluxes, but also temperature and water table
[Moore and Roulet, 1993; Bartlett and Harris, 1993; Nykiinen ez al., 1998; Bellisario ef
al., 1999). Therefore, the model is extended with modules for vertical transport of heat,
water and compounds. Furthermore, depth is introduced as independent variable, as
water content, temperature, root density and decomposable organic matter vary with
depth. As a result of quasi-steady state assumptions for some processes with
characteristic times of a few hours [chapter 4], the smallest time scale of interpretation is 1
day. First, we describe the model and summarise information from literature which is
used for parameterisation. Subsequently, we compare simulated methane fluxes with
measured methane fluxes from an intensively monitored fen in the Netherlands [van den
Pol - van Dasselaar et al., 1999a, b). Effects of uncertainty in the parameters on
simulated emissions are investigated by a sensitivity analysis. In addition, we tested the
effects of model structure at the soil layer level [chapter 5] on methane fluxes. Finally, we
discuss the difference between our model and other process models for methane fluxes.

Model description and non site specific parameterisation

The c':ore of the model is a set of coupled partial differential equations for water, heat, and
species (CHy, O2, Np, CO», labile soil carbon (c1ab), stable soil carbon (cgp), and

c.slectron acceptors in oxidised form (eo) and reduced form (er) with time and depth as
independent variables. Table 1 lists the symbols.
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Water

Water plays a crucial role in the aeration of the soil. As a first approximation one might
assume that above the water table the soil is aerobic and below the water table the soil is
anaerobic. However, reality is often more complicated. Firstly, the border between the
oxic and anoxic soil may be somewhat above the water table, especially in dense soil
(deeper peat layers with higher water retention) (Tables 2 and 3). Secondly, upward and
downward flow of water may affect methane fluxes by aqueous convective transport of
methane and electron acceptors [Romanowicz et al., 1993; Waddington and Roulet,
1997]. Thirdly, understanding of the episodic emissions of stored methane after a drop of
the water table [Windsor er al., 1992; Shurpali et al. 1993] may require accurate
information on the dynamics of gas filled pore space to calculate the balance between
methane release and methane oxidation regulated by oxygen inflow. To investigate these
phenomena, a model is needed that simulates depth dependent water content and bi-
directional flow, driven by evapotranspiration and external hydrological conditions.
Therefore, we used the one-dimensional Richards’ equation [Richards, 1931].

To use Richards’ equation soil k-4-0 relationships are needed. These vary strongly
for peat (Boelter [1969]; Table 2 and 3). Surface soil tends to be highly porous, with low
bulk density, low water retention, and high hydraulic conductivity, whereas deeper soil
and anthropogenically drained peat soil tends to have a higher bulk density, high water
retention and low hydraulic conductivity [e.g. Silins and Rothwell, 1998]. As first

Table 2. Water content, 8, (m3 HyO m=3 soil) as function of water potential and dry bulk density, p

(kg m=3) for peat soils [Piivinen, 1973; Okruszko and Szymanowksi, 1992; Loxham and Burghardt,

1986; Silins and Rothwell, 1998]. Standard deviations are between parenthesis.

p <50 50 - 100 100 - 150 150 — 250
pF
0 0.96 (0.03) 0.92 (0.04) 0.91 (0.02) 0.88 (0.03)
1 0.46 (0.29) 0.74 (0.20) 0.79 (0.11) 0.82 (0.04)
2 0.21 (0.12) 0.40 (0.15) 0.69 (0.08) 0.67 (0.06)
3 0.13 (0.08) 0.24 (0.07) 0.31 (0.10) 0.39 (0.05)

Table 3. Coefficients, ¢| and ¢z, for regression equations of the logarithm of saturated hydraulic

conductivity, kg, in relation to bulk density, o, in peat (loiog(kslks,r) =c| + c2 P). ksr is the

reference value of kg, which is I m s

c1 (=) ey (m3 kg™h n r2 source

-3.6 -0.016 <119 0.54 Boelter [1969]

—4.2 -0.0098 1280 0.22 Piivinen [1973]

-2.0 -0.027 80 0.73 Silins and Rothwell [1998]
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~Ologik /k <)

6/

Figure 1 Relative unsaturated hydraulic conductivity (k/k5} as function of normalised
water content (8/8) for peat soils which were not or only moderately drained. Diamonds
are from Silins and Rothwell [1998], dots are from Schouwenaars and Vink [1992] and
squares are from Loxham and Burghardt [1986]. The line is a linear regression forced though
(1, 0): —10log(kiky) = 7.4 (1-6/65), r2=0.56.

approach to catch the variation in hydraulic properties the k-4-6 relationships were
related to bulk density (Table 2, average of ks from relations from Table 3 and Figure 1).

As a result of the decreasing hydraulic conductivity with depth, 8 may get larger than

65 when simulating an infiltration event, which is the result of considering only gravity
and capillary forces. We coped with these problems by i) starting rate calculations from
the discretised soil layer with the water table, subsequently going upward and by ii)
limiting downward flows with the downward flow to the next deeper layer (Appendix A).

To apply the 1D Richards’ equation not only hydrological properties are needed, but
also expressions for water exchange between the soil column and the atmosphere and the
deeper soil. Potential evapotranspiration, PET, is calculated from daily global radiation
and daily air temperature using Makkink [1957]. PET is partitioned between potential
evaporation and potential transpiration similar to light interception by plants [Belmans e?
al., 1983] with a roughly estimated leaf area index of 1 and an extinction coefficient of
0.7. Evaporation is the minimum of potential evaporation and the calculated water flux
resulting from the pressure gradient between the first soil layer and the atmosphere
[Feddes er al.,, 1988]. In our case, pressure heads are always above ~1 m, so
transpiration is always equal to potential transpiration [Feddes et al., 1978].
Transpiration is divided over the soil profile as a sink term in the water equation, weighed
with root density. Ponding is allowed until a threshold, pond,,. Ponded water above
pondypy is assumed to run off with a time constant of 1 hour. Interception of precipitation
is estimated using an empirical relation for grass [de Jong and Kabat, 1990]. The
boundary condition at the water table is discussed in the mode! application section. Water

fluxes below the water table are calculated in such a way that water contents below the
water table remain saturated (Appendix A).
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Temperature

As simplest process based approach, soil temperature could be modelled with a diffusion

equation for temperature [e.g. Koorevaar et al., 1983]:

aT 4 aT
=2 1)

dt 9z Cp 9z

in which the heat conductivity, Ap, and volumetric heat capacity, cp, are related to the
volumetric soil composition [Frolking and Crill, 1994]. The lower boundary is set at such
a depth (4 m) that a zero gradient in temperature can be assumed (preliminary simulations
and Puranen er al. [1999]). At the surface, it is most simple to assume that soil

temperature is equal to air temperature from weather data.
This simple approach is tested by considering more refined formulations for several

parts of this model. The first refinement is to include the geometric arrangement of the soil
components on Ay [de Vries, 1963; ten Berge, 1990, p. 26]. The second is to include
the effect of radiation on surface temperature (see model application section). The third is
to include convection of heat, which may play a role in fens [van Wirdum, 1991]. This

last process is modelled by using enthalpy, h (J m=3 soil) as state variable, instead of
temperature, keeping open the possibilities to extend the model with phase transitions

(e.g. freezing), staying as close as possible to the underlying physics:

o _ 3, 9T,  I(Vul) )
e L i e 2
T(h) = - (2b)

P

Species dynamics

The species CHy, Oy, CO2, N2, electron acceptors in reduced form and oxidised form
and two soil carbon pools are modelled as function of time and depth. In soil parts in
which gas transport is dominated by gas transporting plants the gradients around gas
transporting roots are also considered, using models of the previous papers [chapter 4 and

5]

Soil carbon and roots

he depth distribution of soil carbon

To obtain a rough explanatory model for t
bon are distinguished. Firstly, the

mineralisation three plant related sources of soil car
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labile fraction of decayed roots, secondly the labile fraction of decayed shoots and thirdly
the stable fraction of decayed roots and shoots. The three sources are partitioned over a
labile soil carbon pool ¢y, (z) and stable soil carbon pool ccyy (2). The labile soil
carbon is allocated close to the origin of the organic material:

dce
]ab __fC 1ab.5h Csh Crt
—ar = + nali) <71 3a
ot Isource M Zitr 1. flab,rtT) Zlittr ( )
C sh Tt
dc
bl 0 =IC g 53 it (3b)

ar |50urce = MC flab,rt T

The stable soil carbon is distributed over the soil profile according to a fixed depth
distribution, fgh(2):

accstb

T‘source = fsn(z) K{I% (1 flab,sh) ¢

TSh + (1= fab.r) f
sh 0

cn(2)
. dz) 4)

The sinks of each carbon pool are proportional to total C-mineralisation, Szecm™+Sacm,
and to the contribution of the pool to reference C-mineralisation:

Table 4. Properties of Koole, Brampjesgat (Bramp) and Drie Berken Zudde (DBZ). The standard
deviation (n=0) is between brackets. ND means not determined.

property Koole Bramp DBZ note
measured
harvested shoots non-mosses, kg dw m—2 0.16 (0.07) 0.35 (0.23)  0.16 (0.04) a,b
harvested mosses, kg dw m—2 0.21 (0.08) 0.12 (0.09)  0.29 (0.03) a,b
bulk density, kg dw m=  (0-5 cm) 120 (100) 76 (20) 77 (20) a
(5-10 cm) 140 (110) 152 (50) 149 (90) a
(10-20 cm) 200 (100) 237 (40) 190 (70) a
average ground water level, m 0.09 0.11 0.18 ¢
deduced/assumed
fms.har 0.25 0.25 0.5 d
shoots of non-mosses, kg dw m—2 0.21 0.47 0.21 ¢
mosses, kg dw m2 0.84 0.48 0.58 €
dehr.rts ™ 0.1 0.1 0.2 f
dtlevi, m 0.12 0.14 0.22 &
Rditch, 10° s 7 3 4 g

a :
A. van den Pol - van Dasselaar [unpublished data]. ®1994-1996 for Koole and Bramp; 1994,1996 for DBZ. Cvan
den Pol - van Dasselaar et al., [1999a). 9estimated €equation (17). At DBZ roots were assumed to be deeper in

the profi
Dasselaar, unpublished data]. 8fitted

le due to the deeper water tables, which was confirmed by root measurements [A. van den Pol - van
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) Celab
%lsink = Eﬁ;ﬁ.‘l (Saecm +Sacm) )
Tesiy  Telab
) Cesth
CaC:tb|sink = _Cﬁs_tb:r ttt‘é‘_qib (Saeem +Sacm) (6)

Tegy  Telab

Reference C-mineralisation, which is the driver of aerobic and anaerobic C-mineralisation
as calculated according to chapter 4, is related to the two carbon pools by:

Cestb , CClab
Srem = =2+ P 4 €
Csth Clab

To investigate the factors determining the relation between methane fluxes and easily
measurable (above ground) data, we considered above ground biomass as site specific
data (Table 4) and we deduced the other plant and soil carbon parameters from literature
(Table 5). Two functional plant classes are distinguished: mosses without roots and non-
mosses with gas transporting roots. Non-mosses without gas transporting are not
explicitly considered, but could be seen as non-mosses with low gas transport capacity.
Both types of plants act as a source for the soil carbon model (equations 3-4), only the
non-mosses contribute to root gas transport. The allocation of carbon over depth to the

&5Sa mSi-C ASiD

oW OMs-5 0OMs-46

AMs-28 =Ms-13 OMs-3

PDF (1/m)

XB-l X B-t +B-r

0.4 0.6

(in kg dw m~3) related to depth, z, in
C and D:; Ms Metsivainio [1931] site
[(1986] Carex lasiocarpa h, C.
Zldchr,rt), Where

Figure 2. Probability density function, PDF, for root density
freshwater wetlands. Sa: Saarinen [1996]; Sj: Sjors [1991] site
3,5, 13, 28, 46; W: Wallén [1986] and B: Bernard and Fiala
rostrata (ry and C. trichocarpa (t). The solid line is the function l/dchr.rt €xp (-

dehyr.rt is the fitted (:2=0.54) characteristic depth with value 0.11 m.
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stable carbon pool, fsp(z), is taken as an exponential function with a characteristic
depth, dchr.cs- Turn over of soil carbon and vegetation are assumed to depend on
temperature with a Qg of 2 and with reference temperature at average air temperature.
Generally, roots do not penetrate deeply in freshwater wetlands, though quite some
variation is present (Figure 2). Little is known about the causes of this variation. Miller ez
al. [1982] suggested that root depth in peats is controlled by nutrient availability.
Metsivainio [1931] found a much higher percentage of dead roots below the water table
than above, indicating that, despite the adaption mechanisms, roots of wetland plants are
hampered under anoxic conditions. As default we assumed that root density, cry,
decreases exponentially with a characteristic depth, dcpy rt 0f 0.1 m:

e = =S exp (—~Z) (8)
dchr,rt dchr,rt

Table 5. Default non-site specific parameters. Investigated range in sensitivity analysis is between
brackets.

parameter value source
fsh,har 0.75 y
Zitgrs M 0.05 (0.05-10) a
dchr,cs» M 0.2 (0.1-0.5) b
RSR 1 (0.2-10) ¢
Nab,sh 0.5 d
fiab,ms 0.2 ©
Tshs 8 3.2 107 a
Trt, S 6.3 107 £
Telabe § 6.4 107 g
Testhr S 3.2 10°% h
rhizosphere geometry cylindrical (spherical) i
kee, m3 H20O m2 soil s~ 1077 (10-6-10-7) i
gr”, mol Oy m~2 active root s~ 1078 (10-8-5.10-8) i
Cetor» Mol el. eqv. m™3 soil 50 (5-100) j
Vite, mol m=3 soil s~ 1075 (10-6-10-4) k
kinetics ! 1
root architecture m m
bubble transport I I
€g.crs m3 gas m™3 soil 0.05 n

estimated Pfitted by eye (Figure 7). “[Brinson et al, 1981; Shaver and Chapin, 1991; Wallen, 1986; Sjérs,
1991; Saa-rinen, 1996; Bernard et al, 1988; Wieder, in prep].dTypha, Phragmites, Scoloc’-!oa, Scirpus
[Wrubleski er al., 1997]. ®[Johnson and Damman, 1993). fCarex rostrata [Saarinen, 1996) £Szumigalski and
Bayle_y [1996], Thorman and Bayley [1997] and Wrubleski et al., [1997]. Dtaken much larger than the scale of
expenment.s. 'Combination of rhizosphere geometry, k¢ and gp” leading to an intermediate exchange
between rhizosphere and atmosphere [chapter 5]. JSomewhat higher than [Segers and Kengen, 1998], because
they only considered electron acceptors in oxidised form. kAverage of wetlands [Segers, 1998] and few
measurements at Koole [Heipieper and de Bont, 1997]. lchapter 4. Mchapter 5. Msandy loam [Leffelaar, 1988].
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Homogeneous concentrations in water unsaturated soil and heterogeneous concentrations

in water saturated soil

In water saturated soil gas exchange is dominated by transport via the roots and aqueous
diffusion around the roots. This diffusion process is slower than several reactions,
resulting in heterogeneous concentrations of several species at a certain depth [chapter 4].
In the oxic, water unsaturated soil gas exchange is dominated by transport via the gaseous
pores and diffusion through water films around soil particles. In non-aggregated or dry
soils these water films will be thin, resulting in fast diffusion processes and in
homogeneous species concentrations at each depth. In aggregated moist soil the agueous
volumes may be so large that diffusion is slower than reaction, resulting in heterogeneous
species concentrations (e.g. partial anaerobiosis). In the top soil of undrained peat, water
retention is low and no clear aggregation is present. Therefore, as first approach it is
assumed that in the water unsaturated surface soil the concentrations are homogeneous at
each depth. As a result of the different behaviour in the two zones of the soil we applied
different models for each zone (Figure 3).

The functional difference between the homogeneous and the heterogeneous zone, as
defined above, is reflected in the oxygen behaviour. In the water unsaturated zone oxygen
is amply available and supplied by vertical transport via the soil matrix and in the water
saturated zone it is scarce and supplied by gas transporting plants. Therefore, the
differences between the two regimes is not directly governed by the water table, but by
three conditions, related to gas transport and aeration, for heterogencous soil:

0m ———eee 50l
. {‘concentrations surface
::.....: ':.:::: homogeneous
s ateachdepth interface bewteen dominating gas

" exchange mechanisms. Above: diffusion
in gas phase. Below: plant mediated

dynamicI

dynamic ground water

level

concentrations
heterogeneous

at each depth

£ bottum of profile
i for gases, soil
carbon and solutes

am bottum of profile
for water and

heat

Figure 3. Overview of the model structure. For explanation and discussion see text.
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gaq,Og < 0-1ﬁlyst & C,07,atm (9a)
6_02 >fhyst t;fOza (9b)
k> ke (9¢)

The first condition (9a) prescribes that the oxygen concentration should be low. Jhyst is a
factor (0.95 in unsaturated conditions and 1.05 in saturated conditions) to prevent
oscillations in model structure. The second condition (9b) prescribes that plant oxygen
mediated transport , 5_02, should be faster than matrix oxygen transport. The third
condition (9¢) is included for technical reasons. It prescribes that the soil should be gas
discontinuous for being considered heterogeneous, as the state events associated with
convective transport (occurring only in gas-continuous soil) are not implemented for
heterogeneous soil.

Heterogeneous zone, gas exchange dominated by gas transporting roots

As starting point we take the full soil layer model of the previous paper [chapter 5]. In
this model a rooted soil layer is represented by a set of weighed single root model systems
with different radii, R,. These weights are used to calculate the concentrations at the soil
layer level from the concentrations at the sin gle root level:

N
Gz =Y, wn(2) i) (10)

m=1

The dynamics of each concentration, i, in each single root model system, m, are
calculated with the simplified single root model [chapter 4]. In this paper we introduce a
vertical coordinate, resulting in vertical gradients, causing diffusion and mass flow which
may affect processes on the single root scale. Time scales of these transport processes are
generally larger than the time scales of the processes around the single root. Therefore,
the fast interactions, as described in the single root paper [chapter 4], will not be affected
and the tested simplifications will remain valid. Instead the vertical transport processes
may cause a slow change of concentrations of solutes and gases. To account for this

effect the vertically discretised rate equations for the concentrations at the single root scale
are extended with a vertical transport term, §i,m,k:

aEi,m,k S — - = —
Tor CSimk+Gimk + bimk — b1 + 5fim i (11)

Expressions for kinetics, 5;, plant mediated transport, g;, and bubble release, b;, (by

definition negative) are in chapter 4. b; \,; is the bubble release from the next deeper
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discretised soil layer. The aqueous concentrations of the gases are calculated from the soil
volume concentrations by assuming equilibrium between the gas and water phase using
Wilhelm et al., [1977].

As an alternative for equations (10-11) models were deduced [chapter 5] in which the
dynamics in N weighted single root model systems are replaced by soil layer averaged
equations. Incorporation of vertical transport in these models is straight forward:

dci

8:; =Sik + gik + bix — bix+e1 T STik

(12)

sj; is discussed below in the section on vertical transport. In chapter 5 two methods are

discussed to calculate s, gj, and b:. In the simplified soil layer model a soil layer is split

into two fractions: oxygen saturated and oxygen unsaturated. Methane concentrations and

electron acceptor concentrations are modified according to the aeration status and these

modified concentrations are used to calculate kinetics and transport in both fractions.
Finally, weights of the fractions are used to calculate the soil layer averaged rates. In the
kinetic soil layer model the soil layer averaged concentrations are directly used in the
kinetic model [chapter 4, equations 10-33] and in the bubble model [chapter 4, equations
4-8], while plant mediated gas transport is related to soil averaged concentrations with an
Zverage first order exchange coefficient [chapter 5, equation 1; chapter 4, equations 60-
1].

As default we use the simplified soil lay
faster than the full soil layer model (equations
showed that model results were comparable (Figure 13, discussed later).

er model (equation 12), as it was considerably
10-11), while preliminary simulations

homogeneous zone, gas exchange dominated by diffusion in gaseous pores.

As argued above we assume that in this zone the soil is homogeneous at each depth,

which leads to the kinetic soil layer model (see above and [chapter 5])

Vertical mass transport by diffusion and aqueous convection

Aqueous convection of gases and solutes is modelled with a standard equation, just as

diffusion in both the gas and aqueous phase (Fick’s law):

i

J dce,
+ 5~ (D = |k (13)

= _ (v gaq,i)
S.]l,k - az k

ons of simplicity and because it is less
ave been suggested to relate Dy eff (O
4). The formulation of

Hydrodynamic dispersion is neglected for reas
important than convection. Various relations h
Dy, accounting for tortuosity and constructivity (Figure
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Figure 4. Overview of relations for relative diffusion coefficient, Dg eff/Dg,0. as
function of gas filled pore space, €g. The dashed lines are the original relations from
literature in which aqueous diffusion is neglected. The solid lines are the same relations,
extended with an aqueous diffusion component similar to [Leffelaar, 1988].

Millington and Shearer [1971] for non-structured soils can be considered as a kind of
lower limit for the diffusion reduction factor. The relation of Campbell [1985] may be
used as best estimate, if no other information is present and proved to be reasonable for a
drained peat soil [Dunfield et al., 1995]. As default we use the relation of Campbell
[1985] with, temperature dependent, Dg,o from Hirschfelder ez al. [1964] using
Leffelaar [1987].

Due to the linearity of the transport equations and due to the scale difference between
the discretised vertical dimension (=~ a few ¢cm) and the micro dimension (= a few mm) the

influence of vertical transport on the dynamics in a single root model system 1, Sjm.i,
can be described with:

Simik = 87 ik+ Emixsik (Cik —Cm,i k) (14)

where Ef;,k is the ordinary vertical transport (equation 13), and §mix,sj,k (s-!) is an
apparent mixing coefficient depending on the rates of vertical transport (Appendix B).

Vertical mass flow by convection in the gas phase

When the soil is gas continuous (€g > €g cr, Leffelaar [1988]) convection in the gas
phase is an extremely fast process, driven by pressure gradients, caused by (i) release of
stored gases after drying of the soil, (ii) deficiencies of Fick’s law, (iii) unequal molar
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production/ consumption of gases [Leffelaar, 1988] and (iv) unequal gas solubilities in

water. Time-explicit simulation of gas continuous convection results in unpractically small
time steps. Therefore, we modelled this process as a statc event, following [Leffelaar,
1988, equation 14], occurring when the pressure difference between soil and atmosphere

is larger than 0.1%.

Boundary conditions and initial values

For water and temperature the lower boundary was set at 4 m (see section on
temperature). For the other compounds it was set at 2 m. At this boundary the sum of the
electron acceptors in reduced and oxidised status was the same as in the bulk of the soil
with 95% in reduced status. Both at the bottom of the profile and at the soil surface the
gases were in equilibrium with the atmosphere, except for co, at the bottom, which was
set zero. Gas composition in precipitation was in equilibrium with the atmosphere, while
electron acceptor concentrations were assumed to be zero.

To reduce the effect of initial conditions on results, simulations were always started in

spring about 0.75 year before interpretation of the data. This is sufficient for most

processes, as they have characteristic times less than 1 year. As soil carbon dynamics are

much slower, we used equilibrium values as initial conditions. These were analytically
estimated with, depth dependent, 3 year averaged aeration from preliminary simulations.

Computational considerations

Spatial discretisation is accordi'ng to the control volume method [Patankar, 1980],
pwind scheme. Differences

ensuring conservation of mass. For convection we used an u
ar, 1980] were investigated

with the more accurate hybrid upwind/central scheme [Patank
and are small (data not shown). For the vertical discretisation we used 15 soil layers (6 x

0.02, 0.03, 3 x 0.05, 2 x 0.1, 0.5,-1 and 2 m thick). A finer grid results in similar
in flux < 1 %), apart from some peaks in methane
fluxes which differ in magnitude (up to 300 %) when plotted once a day. The prol-)l.em is
minimised by analysing daily averaged methane fluxes, which are much less sensitive 10
the spatial discretisation (differences in peaks of methane fluxes < 30 %) than the fluxes at
a point in time.

For the temporal dis

simulation results (average differences

cretisation we used the explicit Euler method with a dynamic time
step. For each state at each time step, 4 maximum time step was estimated as a fraction of
the inverse of the relative rate of change. This fraction was different for the water, heat
and gas state variables and set at the largest value which did not affect simulation results.
Integration of all the states was performed with the smallest maximum time step. As the
water model requires the smallest time steps, but relatively only a few. calculations per
time step, this sub model was run separately and its output was used as input for the heat

and gas model.
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Mass balances for the gases, the electron acceptors, carbon, water and heat were
calculated to check the code. The Fortran code containing the integrated models of the
three papers is available upon request.

Application of the model at the Nieuwkoopse Plassen Area

Site description

The Nieuwkoopse Plassen area is a nature preserve in the western part of the
Netherlands. Mean monthly temperatures range between 2 and 17 °C. Mean air
temperature is 9 °C. Precipitation is about 800 mm and potential evapotranspiration is
about 550 mm. The area consists of lakes, partly floating fens and ditches. The
vegetation, a mixture of grasses, sedges, rushes, mosses and reed, is mown and removed
annually to preserve the vegetation. For the same reason the water level in the surface
water is as much as possible maintained at a constant level (fluctuations are less than 5
cm). At three sites in the area, Koole, Brampjesgat and Drie Berken Zudde, methane
fluxes, soil temperature and water table were monitored approximately biweekly for
almost three vears (van den Pol - van Dasselaar et al., 1999a]. Vegetation and soil were
analysed after the monitoring experiment [van den Pol - van Dasselaar et al.,1999b].
Daily precipitation is taken from the experimental farm ROC Zegveld (less than 5 km

away). Daily global radiation and daily maximum and minimum temperatures are from de
Bilt (about 25 km away).

1984 1995 1996
Jan Jul Dec Jul Dec Jul Dec
-0.05 . + : + }
|
. - 1 - - = I
| ) [
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_ | § Ol
E 0.15 - :
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E \
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Figure 5. Simulated (line) and measured (squares) [van den Pol - van Dasselaar et al.,
1999a] ground water level at the site Koole. Fitted parameters: dtlevl = 0.12 m and
Rditch = 70100 5.
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Water

Ground water level in fens is controlled by weather and site specific hydrological
conditions. Ditches strongly influence water movement at our site. This was incorporated
in our model by a boundary condition at the bottom of the water unsaturated zone [van

Bakel, 1986]:

dtlevl — gwlevl
15
Rditch (15)

Vw,gwlevl =

The non trivial discretisation of this boundary condition is described in Appendix A.
Constant ditch level, dtlevl, and the constant resistance for water exchange between plot
and ditch, Rgjcn, were fitted by eye using biweekly measured ground water levels,
gwlevl [van den Pol - van Dasselaar et al., 1999a]. The area is flat and therefore we
assume that little water can be stored as ponded water (pondip, = 0.01 m).

From literature we derived hydraulic properties as function of bulk density (Tables 2
and 3). When using typical fen bulk densities also from literature [Minkkinen and Laine,
1996], it was not possible to obtain a reasonable fit for the simulated water table at our
sites. However, when using the measured bulk densities (Table 4) it was possible (Figure
S, Table 4). This can be explained by the much lower bulk density for the typical fen (50-
110 kg m~3) compared to our site (100-200 kg m-3) and the sensitivity of hydraulic

properties for bulk density within the considered range.

Soil temperature

Diurnal variation in air temperature is calculated with a sinus function, using minimum
and maximum temperatures from the weather data. Porosity and dynamic volumetric
water content are taken from the water model. The solid phase is assumed to consist of
100% organic matter. In the model description three options for refining the temperature
model were discussed. We tested these options by taking the simplest model as default
and by subsequently running the model with one added refinement each time.

Including convection and the way of calculating conductivity has very little effect on

shown), just like changing the composition of the

simulated soil temperatures (data not
organic matter

solid phase from 100% organic matter to actually measured values (80%
and 20% clay [van den Pol - van Dasselaar ez al.,1999a]) (data not shown). Apparently,
the heat transport. However, including radiation in the
linear regression with measured
van den Pol - van Dasselaar,

| temperatures (Figure

the water phase dominates
boundary condition at the surface (equations 16, a
surface temperatures in 1994 at the three sites [A.
unpublished data]), did have an effect and improved simulated soi
6).

Ty = Tair + @) rad + a3 (16a)
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Figure 6. Simulated (lines) and measured (symbols) [A. van den Pol - van Dasselaar,
unpublished data] soil temperatures at (.3 m depth at Koole. The thin line is the result from
the temperature diffusion equation (1) with surface temperature equal to air temperature. The
thick line is the result from the same model with a different boundary condition at the
surface (equations 16).

a1 =0015K m2sJ-1 (16b)
ay=-04K (16¢)

Therefore, in the remaining part of the paper we used the simplest soil temperature model
(equation 1) with boundary conditions (16).

Soil carbon dynamics

The soil carbon model (equations 3 — 8) requires standing biomass as site specific input.
In 1994 and 1995 the vegetation was cut at about 5 cm above the soil surface in summer,
similar to the usual nature management at our site. In 1996 it was cut at the surface. Dry
weights of the cut vegetation [van den Pol van Dasselaar et al., 1999b] averaged over
1994-1996, and estimated harvested fraction were used to estimate standing biomass:

C
Csh = Sh,har (17)
Jsh.har

Furthermore, the input to the soil carbon pools from the shoots (equations 3a and 4) is
reduced by a factor (1—fgp har). For the short MOSSES fsh har 15 €stimated at 0.25 and for
longer shoots it is estimated at 0.75. To estimate the initial size of the carbon pools, time
averaged depth dependent aeration (oxygen supply/oxygen demand) was used (see
subsection on boundary conditions and initialisation). Preliminary simulations showed
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08 LB

Figure 7. Reference C-mineralisation at Koole as function of depth. Time averaged (1994-
1996). The asterixes are deduced from an incubation study [S. W. M. Kengen, unpublished
data). The error bars represent 1 standard deviation (#=2). Note that the error bar of the most
shallow measurement does not completely fit in the graph. The lines with dots are results
from the simulation with default parameters, except for RSR, which was 10 (closed dots)
and 0.2 (open dots). The lines with squares are results from the simulation with default
parameters, except for dchr,cs. Which was 0.5 m (closed squares) and 0.1 m (open squares).
The thick line is the simulation with default parameters (Table 4 and 5) (RSR=1 and

dchr,cs=0.2 m).

that it varied roughly linearly with depth from 80 % at the surface to 0 % at 0.4 m. As
default, depr cs Was fitted by eye at 0.2 m using laboratory data on C-mineralisation
(Figure 7).

In medium term (90 days) slurry incubations [S. Ww. M

(see Segers and Kengen [1998] for details on methods}, an overestimation of C-
ous shaking of incubation vessels and

ds [Williams and Crawford,

. Kengen, unpublished data]

mineralisation may be expected due t© the continu
possibly due to the removal or dilution of toxic compoun
1984, Magnusson, 1993; Brown, 1998]. Figure 7 shows that C mineralisation and its
dependence on depth are sensitive for root-shoot ratio and the characteristic depth of the
stable carbon pool. When roots are an important carbon source, as for example for
simulations at Brampjesgat (data not shown), also characteristic root depth, dehr,rts
influences the depth profile of C-mineralisation.

Several parameters ruling the soil carbon model are estimated and hence not accurate.
(e.g. harvested fractions) could have

By more accurate measurements some estimates
uld improve the

been improved rather easily. However, it is doubtful whether this wo
accuracy of the total soil carbon model, as several other parameters arc hard to measurc
accurately (e.g. root turnover). The sensitivity of simulated methane emissions for

various soil carbon parameters 18 investigated in the next section.



134 Chapter 6

Methane fluxes

Reasonable simulations seem possible for water, heat and carbon dynamics, a prerequisite
for process based simulation of methane fluxes. A default parameterisation for the
methane kinetics and root parameters is obtained from literature data (Table 4) and easily
measurable site specific information (Table 5). This default parameterisation is used as
reference for a sensitivity analysis in which at least one parameter of each uncertain
process was varied over a plausible range.

The order of magnitude of simulated methane fluxes with the default parameterisation
corresponded with the measured methane fluxes (Figures 8). However, the simulated
seasonal variation is too small. Especially simulated winter fluxes are too high. To
investigate this discrepancy we varied several uncertain parameters (Figures 9). From this
analysis it is clear that fluxes may change more than an order of magnitude upon changes
in parameters, which is in line with the large spatial variability of observed methane
fluxes. Furthermore, it is clear that none of the simulations captures the low winter fluxes
(especially those in the relatively cold winter of 95/96, Figure 6 and 8). This may be due
to the assumption that root gas transport capacity is static, and is not reduced in winter.
Also, methanogenic bacteria may be hampered at low temperatures resulting in a limitation
of methane production by methanogenic activity [Shannon and White, 1996; Drake et al.,
1996], which is not included in our model.

II

CH 4 flux (mg m—2d~")

Figures 8 (a-c). Simulated daily averaged methane fluxes (lines) and measured methane fluxes {dots)

[van den Pol - van Dasselaar er al., 1999a). The error bars indicate 1 standard deviation of the log
transformed methane fluxes (n=6). Note the differences in y-axis.
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Figure 8. (Continued)

It would be possible to find a much better fit for this site by ?dz.ipt";]g mzifcll
parameters and/or model structure, but given the large number of unceﬂfm,m.les \ IS; “siis of
not be very meaningful. Instead we will have a closer look at Fhe s.ens.l t1\{1ty éna ) 10US
the current model with the default parameterisation, which will give insight in van

interactions and the role of various processes.
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Figure 9 (a-g). Sensitivity analysis for modelled methane fluxes at Koole. The result of the default
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Sensitivity analysis

Most graphs (Figures 9) show emission patterns with an episodic character due to 301;
diffusive fluxes of methane upon a falling water table. This has been measured severa
times [Moore et al., 1990; Windsor et al., 1992, Shurpali et a{., 19?3]. Howev;r;
peaks do not always occur when the water table is dropping.. Th-e s1mulaF10ns shov\./fttha
the most pronounced peaks occur if plant gas transport capacity 1s ¥OW.(F1gure 93)1’; urZ
electron acceptor pool is low (Figure 9b), if potential methane oxidation is low ( .1gd_
9¢), or if the effective diffusion coefficient is high (Figure 4 .and ?d) - These ep180Lie
patterns can not be predicted, because of the large uncertainty in the determining
arameters. is (Fi
p Electron acceptor cycling may interfere greatly with methanogenesis (leg;re::i.
Reduction of electron acceptors may typically take a week or month [Segers an :] gte;
19981, while the re-oxidation of electron acceptors may be much faster (= llday ¢ eaflf)ect
4)). This explains why a short period of a low water table can have a long astlngn -
on methane fluxes [Freeman et al., 1994]. The exact nature .Of electron z.icc.ept()rs -lblp -
soils is not well known [Segers and Kengen, 1998], which makes it 1impossible
estimate their concentrations from readily available information, such qu peat tyl?e- t gas
In their modelling study Arah and Stephen [1998] concludejd that increases 11:] rizoutg?n
transport capacity decreases methane emission, because of the increase of oxyge ) I())“ -
the soil. However, their simulations were performed for permancntly saturate' .S-t f
steady state situation. Chapter 5 showed that the simulation time affects the sem?;tl:,ifhoa
methane emissions for root gas transport capacity. Figure 9a shows that for soiis
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fluctuating water table the picture is even more complicated. At low transport capacities
(sphl and sph2) the emissions are generally low with large peaks when water table drops
(Figure 5). At intermediate transport capacities (cy!2) the baseline emissions are higher.
At high transport capacities (cyll) the emissions are also low, because of the high oxygen
input.

Changes in the distribution over depth of the roots and the stable soil carbon pool,
greatly affect methane emissions (Figures 9e and 9f). This is due to the strong interactions
with the water table. The depth dependence of the processes is illustrated in Figure 10
which shows that ignoring the depth dependence would result in a loss of mechanistic
understanding.

The relation between the effective diffusion coefficient and the gas filled pore space is
uncertain (Figure 4) and methane fluxes are sensitive to this relation (Fig 9d). The higher
the effective diffusion coefficient, the lower the methane fluxes. This can be explained by
the enhanced oxygen inflow, especially in peat soils with a high bulk density (as ours)
resulting in a relatively large nearly water saturated zone with diffusion limited oxygen
consumption.

At our sites spatial variation in methane fluxes could be described by a correlation with
sedge biomass, but not with other non-mosses [van den Pol - van Dasselaar et al,,
1999b}. Though the number of replicates was small (#=18), this indicates that the
classification of the vegetation into mosses and non-mosses is probably too coarse to
explain the effect of vegetation on methane fluxes. The sensitivity analysis shows that
several plant related factors may greatly influence methane fluxes. However, quantitative
knowledge on relevant plant properties (such as root-shoot ratio, root turnover, root gas

transport capacity, possibly root exudation) lacks to make a process model more plant
specific.

0.2 0 (pmolm™> s 0.2

methane

“methane

oxidation 0.5 _ production
E
£
d chres (M) )
i ©
— 0.2
—_ 0.1

1.5

Figure 10. Time averaged simulated methane production and methane oxidation as
function of depth at Koole from 1994 to 1996. Methane production is positive, methane

oxidation is negative. Parameters are in Tables 4 and 5, except for dchr cs, which is
indicated in the graph. ,
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mass flow

As discussed in the model description, mass flow (convection) may affect methane
fluxes. The role of mass flow was investigated by comparing results of a simulation with
mass flow to results of a simulation without mass flow (Figure 11a). In the model the
peaks in methane emissions are enhanced by mass flow, whereas winter fluxes are
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in Tables 4 and 5. (a) Methane flux. (b) Net methane produc
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100 days of 1994.

e. Parameters arc
and (oxidised)



142 Chapter 6

reduced by mass flow, which can be explained by the effect of mass flow on electron
acceptor concentrations. These are reduced in the top layer due to the evapotranspiration
deficit, but may be temporarily enhanced in deeper layers due to infiltration from oxic top
layers (Figure 11b). These effects decrease with time (Figure 11a) due to leaching of the
total pool of electron acceptors as result of the precipitation surplus. However, in
translating this effect to the field one has to be careful, firstly because we ignored
adsorption of oxidised and reduced electron acceptors and secondly because we did not
include the source of oxidised and reduced electron acceptors. This source could be
precipitation or soil carbon transformed into humic acids [Lovley ef al., 1996].

Mass flow also affects methane fluxes via the leaching of methane, which was 10% of
emitted methane in the default situation (data not shown). The fate of this methane 18
unclear, but it may partly show up in the ditches whose methane emission on a area basis
is higher than the methane emissions from the land [van den Pol - van Dassclaar et al.,
1999a).

Soil methane concentrations

Like methane fluxes, soil methane concentrations are the result of the balance between
methane production, methane oxidation and methane transport. Hence, analysing these
concentrations is meaningful for understanding methane fluxes and testing the
performance of a process model. Figure 12 shows that in the default situation, simulated
soil methane concentrations are about one order of magnitude higher than measured soil
methane concentrations. This could be due to coincidently low methane concentrations (as
measurements were only at one spot), due to an overestimation of simulated methane
production or due to an underestimation of simulated root gas transport. An

rd
= 10
3
OPE
ol 0.1
E
<t
5
o 0.001
0.00001 sim0.175m
® meas 10-20cm
0.0000001 4 i — "y '
Jul Oct Feb May Aug Dec
1994 1995

Figure 12. Simulated and measured {van den Pol - van Dasselaar et al., 1998] soil
methane concentrations at Koole.
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underestimated potential methane oxidation is not likely, as the considered depth is mostly
below the water table, as rhizospheric methane oxidation is limited by oxygen and as
enhanced methanotrophic oxygen consumption promotes methane production, because of
increased anaerobiosis and decreased electron acceptor re-oxidation [chapter 4]. Both in
the experiment and in the simulation the seasonal trends of soil methane concentration at
this depth reflect the variation in water table, with drops in concentration due to drops of
the water table (Figure 5).

Comparison of full soil layer model with simplified soil layer model and

Kinetic soil layer model

Three models were used to simulate methane dynamics at the soil layer scale [chapter 5].
The first model was the full soil layer model, in which the system is represented by a set
of single root model systems (equations 10-11). The second model was the simplified
soil layer model, in which the single root model systems were aggregated into two
fractions: oxygen saturated and oxygen unsaturated. The third model was the the kinetic
soil layer model in which a soil layer is considered homogeneous and the kinetic model is
applied directly.

The simplified and the full soil layer model result in similar methane fluxes, whereas
the kinetic soil layer model results in higher methane fluxes (Figure 13). The difference
between the kinetic soil layer model and the two other models is caused by differences in
plant mediated methane transport, which is enhanced in the kinetic model by artificial

...... full
150 + m— simplified

kinetic

100 +

CH 4 flux (mg m—2d~)

MR I AN TR T S G |

D Jul Dec

Jul ec
Jan 1994 Jul Dec 1995 1996

Figure 13. Effects of model structure at the soil layer level on simulz‘ited metﬁaniﬂ;l:}zs
at the plot level at Koole. The models are derived in chapten.' 5 and dISC}JSSCd in t ﬁ .
Note that the difference between the lines of the full and simplified model is very smafl.
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mixing [chapter 5]. Aeration and net methane production are almost the same for the three
models (data not shown), because in all cases the aeration is mainly controlled by
thewater content profile. In the studied case (Koole) roots contribute little to aeration,
because the zone with a high root density (top soil) is often aerated via the water
unsaturated soil matrix.

The differences in methane fluxes between the kinetic and the full model are small
relative to the differences in methane fluxes between various values for dehe cs and denr rt
(Figure 9¢ and f). Hence, the considered heterogeneities at the profile scale seem to be
more important than the considered heterogeneities within a soil layer. The strong
influence of these profile scale parameters can be understood in terms of their influence on
the electron balance, via the oxygen input. With low values of dcprcs and dehr rt the
oxygen sink in the surface layers increases, which leads to a higher oxygen input into the
system, as in the surface layers oxygen uptake is often not limited by oxygen transport.
Moreover, fewer roots in deeper layers hamper methane export and increase methane
oxidation (=oxygen input) when the water table drops.

Comparison with other models

Our comprehensive process model for methane fluxes from wetlands with gas
transporting roots enables a discussion of the assumptions in other models from a process
point of view. We will discuss other models in decreasing order of (spatial} detail.

Soil layer models

In soil layer models [Walter er al., 1996; Arah and Stephen, 1998] the soil is divided in
several layers to explicitly account for vertical gradients. Each soil layer is considered as
homogeneous. The model of Arah and Stephen [1998] comes closest to our model, as
they use both oxygen, methane and, in an exfension, electron acceptors as state variables,
whereas Walter er al., [1996] use only methane as state variable. The omission of
oxygen as state variable seems attractive as methane oxidation can be estimated as a
fraction of emitted methane, using the frequently applied technique of specifically
inhibiting methanotrophs. However, reported oxidation fractions are highly variable [Epp
and Chanton, 1993; King, 1996; van der Nat and Middelburg, 1998b] and, furthermore,
there may be methodological problems due to effects of the inhibitor on other processes
than methane oxidation, directly [Frenzel and Bosse, 1996; Lombardi et al., 1997] or
indirectly [chapter 4].

Our sensitivity analysis shows that the parameterisation of a methane flux model is
crucial for the model results. Arah and Stephen [1998] used a detailed set of experiments
on methane production, methane oxidation and gas transport [Nedwell and Watson, 1995;
Stephen et al., 1998] and one fit parameter to parameterise their model and succeeded
well in describing methane fluxes for a short period (10 days) from the investigated,
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Pe@anently saturated, peat core. This success supports the soil layer approach. However
it is still hard to transfer their model to other sites without the same amount of
measurements, as laboratory methane production and oxidation rates are very hard to
relate to environmental variables [Segers, 1998]. By contrast, Walter et al. [1996]
parameterised their model with a set of assumed parameters, in combination with two fit
parameters and dynamic soil methane concentrations and methane fluxes. With this
method they achieved a close correspondence between simulated and measured methane
fluxes. However, they analysed the sensitivity for only part of the assumed parameters
and not all parameter values can be traced in their paper, which makes it hard to compare

their model with ours.

Ecosystem models

.In ecosystem models [Cao er al., 1996; Potter, 1997; Christensen ef al., 1996] the soil
is considered as a whole and vertical gradients in the soil are ignored or implicitly
accounted for. In all these models methane production is connected somehow to net
primary production (NPP), which enables extrapolation via NPP models.

| From a process point of view one of the crucial factors in ecosystem models is the
incorporation of the effect of water table. Both Cao et al. [1996] and Potter [1997]
multiply methane production with an empirical factor which decreases with lower water
tables. Qualitatively this is reasonable, but quantitatively it is questionable whether a
conservative relationship exists, as this relationship depends on the (depth distribution of)
C-mineralisation and the presence of electron acceptors. For parameterisation of the
ethane production data on the relation between water
table and methane emission from the field [Cao et al., 1996] or cores [Potter, 1997]
were used. This is rather crude, as in these emission data also methane oxidation and

transport is included. Furthermore, in both papers the large variation in the relation

between water table and methane emission is ignored.
methane is not present as state variable, implicitly assuming

«f:l small delay between methane production and emission (less than the time scale of
interpretation). As the time scale of root mediated gas transport is typically larger than 1
day [Stephen e al., 1998, Liblik et al., 1997, chapter 5] one has to be careful in

interpreting these kind of models on daily basis.

Christensen et al. [1996] ignored water table e

was a fraction (3 £ 2%, based on literature) of acrobic respiration, the latte
ual basis. So, on an annual basis, their model

tion between methane flux and simulated net

primary production. They also simulated monthly methane emissions, by assuming that
they depend on temperature in the same way as aerobic respiration, but did not test this
assumption, nor the simulated monthly methane fluxes. So, given present knowledge, the
model of Christensen et al. [1996] may be suited for estimation of methane emission

relation between water table and m

In all ecosystems models

ffects and assumed that methane flux
r being almost

similar to net primary production on an ann
basically comes down to a proportional rela
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over large areas on an annual time scale, but is not likely to represent the underlying
processes.

Concluding remarks

In this paper we completed a thorough exercise in process modelling of methane fluxes
from wetlands with gas transporting plants and a fluctuating water table. Four scales were
connected in three steps: the kinetic scale, the single root scale, the soil layer scale and the
plot scale. At all scales the factors that determine the total redox balance (carbon input ~
oxygen input) are crucial. These factors are scale dependent. For example, at the single
root level, root oxygen release and carbon mineralisation are important and the total pool
of electron acceptors is not so important, as it has only little influence on the oxygen
input. However, at the plot scale the pool of re-oxidisable electron acceptors determines
how much oxygen is captured after a drop of the water table, and, hence, may greatly
influence methane fluxes.

The sensitivity analysis in this paper showed that current process knowledge is
insufficient to mechanistically predict relations between methane fluxes and above ground
vegetation, water table and temperature. For example, little is known about root gas
transport capacities and the distribution of the various carbon pools over depth, while
these factors have a large influence on methane fluxes. Furthermore, heterogeneities
around gas transporting roots seem to be less important than vertical gradients in the soil
column. This implies that averaging kinetic processes at the soil layer scale is sensible.



Plot scale 147

Appendix A. Discretisation of water flow

Since the spatial discretisation of the water flow is nor standard neither trivial it is given
below. State variables are the volumetric moisture contents in each discretised soil layer.
At each time step, first the index of the ground water level (kgwl) 18 determined (Figure
Al). A layer is considered saturated when the volumetric water content is within 0.001 of
its maximum. Hence, occluded air is neglected for the water model. Then the soil water
potentials in the soil layers above the ground water level are determined as the sum of the
gravity potential (which is set zero at the surface) and the matrix potential:

By = hy(0) — % k=1, kgwl (A1)

To obtain a continuous expression, the ground water level is calculated from the
equilibrium in the deepest unsaturated layer, with index kgwl — 1:

gwlevi=hiey1-1 (A2)

Then, the flow from layer kgwi to the next deeper layer is determined according to

equation (15):

_ dilevl —gwlevl
P kgwl + 1T Rare )

Subsequently, the flows in the soil above the ground water level are determined, which

are constrained in case soil layer k+1 is saturated:

hy — By
vk =~ kk Mk~ Tkl k=kgwl, -+ 1 (Ada)
AzZx

kgw| -1
water o Kgui -1
unsaturated

kgwl
water saturated e kg, +
kng +1 * Vi, kgw! + 1

Figure A1, Illustration of spatial discretisation around the water table for the water model.

k is the index of the layer. vy is the water flow.
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Vw k,max = Vw,k+1 — Swk AZk in case O saturated
(A4b)

Note that equations (A4) require that the calculations start at the deepest soil layer.
Finally, the flow below the water table is calculated in such a way that the water contents
below the water table are constant:

Vwk = Vwk-1 * Sw k-1 A2k-1 k=kgwi+l, .. kN (A5)

Appendix B: Incorporation of profile scale transport processes
in the single root models.

At the soil layer level it was assumed that gas exchange in water saturated soil only occurs
via the plants and via ebullition [chapter 5]. However, at the plot scale also vertical
diffusion and convection occurs. Especially just below the water table and in deep layers
(with large distances between roots) this could be relevant. This vertical transport was
incorporated in the model by adding an extra term, sj;  m, to the rate equations for the
concentrations (equation 11) in each discretised soil layer %, for each component i, in
each single root model system m. sj; x i, is equal to the discretised gradient of the flux
density:

Jikm—Jik+lm

(B1)

Sji,k,m = A
Lk

The length scale of the structures within a discretised soil layer (a few mm in densely
rooted top soil, a few cm in deeper soil) is smaller than the discretised soil layer
thicknesses (a few cm in the top and a few dm deeper in the profile). Consequently, a
point near a root does not preferentially exchanges gases or solutes with points near a root
in the next upper or next deeper discretised soil layer. Therefore, and because diffusion
and convection are linear with concentrations, it is assumed that the flux densities only
depend on the averages of the next upper and next deeper discretised soil layer:

= _ = B C _ f k-1
Jikm = MAX(vy i, 0) Caq,ik-1 + MIN(vy, 1, 0) ¢aq i k,m — Dg.eff.ik gikm ™ gl
AZm k

(B2a)

Jijer1,m = MAX(vyq 141, 0) Cagikum + MIN(vaq ki 1 0) Cagiks1 —
(B2b)

Cgik+l = Cgikm

Dy effik+1
AZp,k
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Using equations (B1 - B2) the soil layer averaged component can be isolated by
introducing an apparent mixing term:

— Tix—Jiks1 = -
Sikm = 2+ Enix ik (Cik — Cik,m)

Azk

(B3)

Here, the first term represents ordinary, soil layer averaged, profile scale transport, which
is the same for all model systems m. The second term represents apparent mixing
between the single root model system within a discretised soil layer. From equations (B1-

B3) mixing rate, &mix.sj,i,k can be expressed with:

(Dg,eff,i,k N Dg,eff,i,k+1)

Ot x (= MIN(vyq x,0) + MAX(Vagk+1,0)) . Damk Azpy (B4)
(Egx + Ok k) Azg Az (Egk + Gk Ew,k)

‘§ mix,sj,i,k =

Here, the first term represents upwind discretised convection [Patankar, 19807, the

second discretised diffusion. At the boundaries, Smix,sj,ik, is calculated in a similar way
resulting in slightly different expressions (not shown). The extra oxygen transport term
reduces the oxygen sink for the roots, resulting in adaptation of the expressions for the

dimensionless numbers f and k [equations 45 and 53 in chapter 4].

Tt

drt )

ket (00 € -
B rt € g,atm,Oz_ ket (BS)
(Vae @ Srem — SjOz)rrt
2 ry 9'02 + 507 cylinder (B6a)

Vae Stem (R2 - rrtZ)

= 3 r®¢"0p * 502 sphere (B6b)

Vae Srem (R3 - rt3)

In this way the other equations of the simplified single root model [chapter 4] remain

unchanged.
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Chapter 7

General discussion

The aim of this thesis is to increase understanding of plot scale relations between methane
ﬂuxes and environmental variables. The approach taken contains two related aspects: 1.
m.cluding knowledge at the kinetic level and 2. stepwise scaling up. First, both aspects
will be addressed. Subsequently, the concept of an electron balance will be used to further
analyse and integrate resuits and to facilitate discussion of this work with respect to large

scale emissions estimates.

Including knowledge at the kinetic level

The inclusion of kinetic knowledge implies that the dynamics of various compounds
(methane, oxygen, soil carbon, electron acceptors in oxidised and reduced status) are

explicitly treated with chemical or microbiological knowledge obtained under
system approach in which methane

homogeneous conditions. An alternative is a soil
] and water table

production is directly related to carbon input [Christensen ef al., 1996
[Cao et al., 1996; Potter, 1997], and in which methane oxidation is a constant percentage

of methane production [Cao ef al., 1996; Walter e al., 1996, Potter, 1997]. The
advantage of the soil system approach is that it is easier to use. However, the used
rel_ations are often empirical and originate from one or a few sites. Consequently, the
reliability of extrapolations is hard to judge.

The kinetic approach is more complex, but the advantage is that dynamic and spatial
aspects are included more mechanistically. Consequently, conclusions are more generally
aPplicable and causes of uncertainty are revealed more explicitly. For example, from
Kinetic knowledge it followed that the relation between methane production and water
table depends on water table history, C-mineralisation and alternative electron acceptors.
As these factors will vary in time and in place a constant relation
methane production is not likely, and can only be used for the con

has been measured.

between water table and
ditions under which it

Stepwise scaling up

ales. The opposite would be to
1 as one box. An intermediate
fied system. The introduction of
hat accuracy of the

Stepwise scaling up explicitly considers intermediate sC
neglect spatial micro variation and to consider the soi

solution would be to consider the soil as a vertically strati

these intermediate levels increases complexity, but the advantage is t

Segers, R. Wetland Methane Fluxes: Upscaling from Kinetics via a Single Root and a Soil Layer 10 the

Plot, Ph. D. Thesis, Wageningen University, 1999.
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scaling up is improved [chapter 4] and that the sensitivities for smaller scale
heterogeneities are made explicit.

Meso scale [Rappoldt, 1992] heterogeneities within a discretised soil layer caused by
gas transporting roots are of relatively little importance (chapter 6), as ignoring these
heterogeneities resulted in small changes in simulated methane fluxes, compared to the
changes in methane fluxes upon variation in several uncertain parameters. This is in
contrast with the macro scale heterogeneities between different soil layers, as shown by
the sensitivity to characteristic depths of soil carbon mineralisation and rooting depth
(chapter 6). Below, the causes of different sensitivity of heterogeneities at different scales
will be discussed using the concept of an electron donor/acceptor balance.

The sensitivity to heterogeneities between soil layers and the relative insensitivity to
heterogeneities within soil layers support process modelling to start at this scale [Walter
et al., 1996, Arah and Stephen, 1998]. Sub soil layer heterogeneities in C-mineralisation,
in potential methane oxidation and in root gas transport capacity were not investigated yet
and may influence the methane dynamics at the soil layer scale. So, one still has to be
careful in using kinetic knowledge directly at the soil layer scale. '

Unifying concept: electron donor/acceptor balance

The formulated models for methane fluxes comprise many processes at various scales.
Therefore, also simplified models were developed at intermediate scales. Here, the
concept for a summary model at the plot level is introduced; As all soil reactions

governing methane emissions are redox reactions, methane fluxes can be obtained from
an electron (e.) donor/ acceptor balance over the soil:

CH4 emission = e. donor input — e. acceptor input — rate of change in stored e. donor +
rate of change in stored e. acceptor — rate of change in stored CHy (1)

Here, 1 mol CH4 corresponds to 8 electron equivalents. Excluding particulate soil carbon
from the soil system, the e. donor input is carbon mineralisation and root exudation. The
e. acceptor input is mainly oxygen. e. donor output, in the form of leached dissolved
carbon, is neglected. The increase in stored electron donors, the third RHS term, could be
accumulation of intermediates such as acetate. In chapters 4 to 6 it is assumed that this
term is zero. The increase in stored electron acceptors could be re-oxidation of reduced
electron acceptors, as oxygen itself probably does not accumulate, because of its fast
consumption rates. The advantage of equation (1) above the more conventional methane
balance (methane production, methane consumption and methane storage [Roulet and
Reeburgh, 1993] is that it is closer to the environmental variables at the plot scale.

Any process model can be evaluated in terms of its capability of simulating each of the
terms in equation (1). For example, the inclusion of intermediates in the anaerobic
degradation chain is only needed if their net accumulation is equal or larger than the
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methane emission. Or, it does not matter whether depletion of Fe3+ suppresses net
methane emission by anaerobic methane oxidation [Cicerone and Oremland, 1988], by
iron reduction/sulphide oxidation [Elsgaard and Jgrgensen, 1992] followed by sulpl’late
reduction/acetate oxidation [Zehnder and Stumm, 1988], or by iron reduction/acetate
oxidation [Zehnder and Stumm, 1988].
| The electron balance can also be used to understand why heterogeneities at the sub
soil layer scale seem to have relatively little influence on methane fluxes. Ignoring the
heterogeneities is equivalent to using the kinetic soil layer model (chapter 5). This leads to
a C.omplete elimination of the few situations that the roots experience an oxygen saturated
soil and hence this Jeads to only a small difference in simulated oxygen input (Figure 3ain
Ch'apter 5), especially when root oxygen release is small compared to total C-
mineralisation. Due to the small effect on aeration, also the C-mineralisation is little
.affected by ignoring heterogeneities at the sub soil layer scale. The largest effect of
ignoring these heterogeneities is the enhanced gas transport via the plants, because
methz%ne in dead zones is artificially mixed (Figure 3¢ in chapter 5). This leads to a more
negatwe rate of change in stored methane (equation 1) and hence to higher methane
emission (Figure 13 in Chapter 6). In addition, less methane will be stored in the soil and
be available for extra oxygen input by methane oxidation after drops of the water table.
However, these transient effects are small when compared to the effects of profile scale
heterogeneities, such as the different profile of C-availability, which constantly effects the
oxygen input in the gas-continuous top soil.
At longer time scales (a few days in top soil in summer, about a year in deep soil) the
last three terms of the electron balance (equation 1) will be small compared to the first two
terms. Therefore, and because climate change issues ultimately concern large time scales,

it is most crucial to study the first two terms:

anaerobic carbon mineralisation

e. donor input = aerobic carbon mineralisation +
+ root exudation (2a)

e. acceptor input = aerobic respiration + methane oxidation +

electron acceptor re-oxidation (2b)

Assuming that all aerobically mineralised carbon is used for aerobic respiration this leads

with equation (1) to:

root exudates not oxidised by O2

CH,4 emission = anaerobic carbon mineralisation +
tor re-oxidation (3)

— Oy used for methane oxidation — O, used for electron accep

he amount of degradable carbon in

Anaerobic carbon mineralisation is determined by t
stly present near the surface, this

anacrobic conditions. As degradable carbon is mo
explains why methane emissions ar¢ often sensitive to the average water table (Liblik ef

al., 1997; Nykinen et al., 1998). At short time scales a falling water table may increase
methane emissions, because of a decrease in stored methane (equation 1), but at fonger
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time scales drops in water table will reduce methane emission, because each time it is
lowered, re-oxidation of electron acceptors and methane oxidation may consume a lot of
oxygen (equation 3). However, it cannot be concluded that variation in water table
reduces average methane emission, because of the often non-linear variation of carbon
availability with depth.

The effect of root gas transport on the long term electron balance is ambiguous. On the
one hand, root gas transport increases oxygen input in the system, which can be used for
methane oxidation and electron acceptor re-oxidation. On the other hand, it may serve as a
bypass for produced methane, avoiding methane oxidation, especially during a draw
down of the water table, as rhizospheric methane oxidation is often oxygen limited
(chapter 4).

For predicting large scale methane emission, it can be related to the driver of carbon
mineralisation: net primary production (Whiting and Chanton, 1993]. Within the
framework of the electron balance this connection can be made by including particulate
soil carbon in the system, which leads, for larger time scales, to:

CH4 emission + C-accumulation = net primary production — O3 input (4)

From equation (4) it is evident that, at large time scales, both CH4 emissions and C
accumulation are the result of the same balance. As the terms at the left hand side (LHS)
are typically much less than net primary production [e. g. Christensen ef al., 1996] the
O3 input will be almost the same as the net primary production. Consequently, the terms
at the right hand side should be known accurately to be able to quantify the left hand side.
Equation (4) also highlights why carbon accumulation (peat formation) and high CHy
emission often occur in similar systems: wet soils in which Oy input is hampered.
However, the partitioning between the two factors at the LHS is not constant, as fens
often have a higher CH4 emission than bogs [Nykinen, 1998; Moore and Knowles,
1990, Bellisario et al., 1999], but a lower carbon accumulation rate [Tolonen and
Turunen, 1996]. It is not possible to understand this partitioning with the simple
anaerobic mineralisation model (a fixed fraction (0.4) of aerobic C-mineralisation) used in

this thesis (chapter 4). Probably, the more resistant character of bog peat has to be
accounted for.

Methane emission at large spatial and time scales

For the questions concerning policy and global climate it is not strictly needed to
understand the relations between methane fluxes and environmental variables. It is needed
to be able to predict methane fluxes from environmental variables, as with predictive
knowledge it is possible to obtain more reliable emission estimates over large areas, at
present, in the past and in the future. In chapter 1 it was argued that current regression
models for the relations between methane fluxes and environmental variables are of
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limited predictive value, because they are site specific and contain large undescribed
variability, and in chapter 2 and 6 it was argued that other process models require either
site specific calibration or intensive site specific soil sampling. With a direct use of the
process model from this thesis it is not possible to obtain better predictions. Firstly,
because sensitivity analysis shows that methane fluxes are sensitive for quite a number of
Tlot well known parameters [Chapter 6] and secondly, because simulated seasonal pattermns
in methane fluxes differ from measured seasonal patterns. However, the aim of the model
was not to predict methane fluxes, but to increase understanding of the influence of
processes at the kinetic level. The use of this understanding in view of predictive models
is discussed below.

Given the large uncertainty in sensitive process parameters [chapter 6], at present,
models predicting methane emissions should be calibrated and tested with methane

emission data. The models should have few parameters which are simultaneously

uncertain and sensitive. Hence, the global application of the model of Cao et al. [1996] is

probably not very reliable. Furthermore, to allow extrapolations, the main processes

should be caught. As the terms representing changes in storage in equation (1) are
predictive models may be more reliable when

sensitive to several uncertain parameters,
h or season), though

operating at a time scale larger than these changes (probably a mont

this requires long term field data for calibration and testing.
Starting from equation (3), anaerobic carbon mineralisation and oxygen input for

methane oxidation and electron acceptor re—oxidation have to be quantified; Anaerobic
carbon mineralisation depends on the water table, soil carbon availability and the
distribution of the available carbon over depth. Soil carbon availability is mainly
determined by primary production. Assuming that the distribution over depth of available
carbon is only influenced by the water table, anaerobic carbon mineralisation can be
related to water table and net primary production. Methane oxidation and electron acceptor
re-oxidation depend on vegetation (for plant mediated oxygen input) and water table

fluctuations, leading to:

— time averaged NPP ¢ f{time averaged water table)

time averaged methane emission
pe) —f(time averaged water table fluctuations) (5)

— time averaged NPP » flvegetation ty

where f are arbitrary functions, with one or two fit parameters. Possibly, one Or both of
the last two terms are not important or cannot be deduced from emission data. In that
case, the best solution would be t0 omit the terms.
So, currently, for large scale wetland methane emission estimates, the best method is
to develop largely descriptive models at large time scales in combination with a procedure
to scale up from the plot to the region. This may be easier than scaling up from the kinetic
scale to the plot scale, as spatial process interactions at large scales are only present in
water dynamics. However, optimal use of possibly correlated data at various scales in
combination with a non-linear model is far from trivial [van Bodegom et al., submitted).
At present, it is not clear what limits the reliability of large scale flux estimates.
Therefore, the development and use of formal methods to asses uncertainty in emission
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estimates would be useful. In that way it would be possible to re-asses the global methane
upscaling estimates of Bartlett ez al. [1993] and to have maximum benefit from
comparison [Denier van der Gon et al., submitted] of upscaling estimates with estimates
obtained from inverse atmospheric modelling [Fung et al., 1991; Hein et al., 1997].

In the long run process research on various topics may help to obtain more
explanatory, predictive plot scale relations between wetland methane fluxes and
environmental variables. Results from this thesis may help to focus this research. The
first question to be adresssed is whether it is possible to develop a simplified process
model at large time scales. Starting point could be equation (3). To obtain a process based
implementation of this equation the following questions need to be answered: Are the
events of water table drops important in terms of the total oxygen consumed for electron
acceptor re-oxidation and methane oxidation? How important is root oxygen release and
root exudation? What is the distribution of C-availability over depth in various wetlands
soils?

If it turns out to be hard to develop a process model for large time scales, it is
necessary to go back to the short time scales. Then, all sensitive uncertainties in the
process model of chapter 6 have to be addressed: 1. identification of alternative electron
acceptors (chapter 3), 2. a dynamic model for methanotrophic biomass, to explain
variation in potential methane oxidation (chapter 2), 3. measuring effective diffusion
coefficients in various peat types, 4. distribution over depth of C-mineralisation and
roots, 5. root gas transport properties as function of plant type and season, 6. root
exudation [Wieder and Yavitt, 1994; Wieder et al., in prep.], 7. limitations of
methanogens at low temperatures.

Concluding remarks

The sensitivity analysis in chapter 6 showed that it will be hard to develop explanatory,
predictive models for methane fluxes, but further progress in that direction can be made
by focused experiments followed by further model development. Presently, the best
method for predicting methane emissions from environmental variables is to use simple,
calibrated, models that relate methane fluxes to water table, primary production and
possibly vegetation type. The sensitivity of the change in storage terms of the electron
balance (equation 1) for several uncertain processes (chapter 6) suggests that the most
reliable relations can be obtained at large time scales.

In this thesis an explicit connection was made between biogeochemical processes at
the kinetic scale, in which microbiological and chemical laws apply, and the plot scale, at
which fluxes are measured. This was accomplished by introducing two intermediate
levels of scale, the single root level and the soil layer level and by formulating a coherent
set of models to connect the scales. In this way the influence on methane fluxes of all
kinds of processes between the kinetic and the plot scale could be quantitatively analysed.
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Samenvatting

Inleiding

De concentratie van methaan in de atmosfeer is de afgelopen eeuw verdubbeld. Daarmee
draagt methaan ongeveer 15% bij aan het veronderstelde versterkte broeikaseffect.
Bodems zijn zowel een belangrijke bron als een belangrijke put voor methaan.
Methaanemissies uit bodems zijn het resujtaat van methaanproduktie, methaanconsumptie
en methaantransport. Methaanproduktie is ecn microbiologisch proces wat kan optreden
wanneer organische stof wordt afgebroken onder anaerobe omstandigheden en wanneer
er geen of weinig alternatieve electron acceptoren voorhanden zijn. Methaanconsumptie is
ook een microbiologisch process wat in zoetwatersystemen €cn aeroob proces is. Gas
(zuurstof) transport in natte bodems (‘wetlands’) is veel langzamer dan in niet natte
bodems. Natte bodems zijn daarom vaak anaeroob en niet natte bodems vaak aeroob. Dit
verklaart waarom natte bodems meestal methaan uitstoten en droge bodems methaan
opnemen.

De variatie in gemeten methaanfiuxen is vaak groot en slecht begrepen. Daarom is in
1993 het geintegreerde CHy grasland project gestart. Dit project bestond uit vier
deelprojecten. In de eerste twee deelprojecten zijn de microbiologische aspecten van
methaanproduktie en methaanconsumptie onderzocht. In het derde project zijn
methaanfluxen gemeten in het veld, tezamen met belangrijke omgevingsvariabelen. Dit
proefschrift beschrijft het vierde deelproject, welk tot doel had het verklaren van de
methaanfluxen vanuit de (basis)processen. In het geintegreerde CHq grasland project Zijn
twee Nederlandse bodems bestudeerd: een gedraineerde veengrond (proefbocrderij
R.O.C. Zegveld) en een natuurlijke veengrond (Nieuwkoopse Plassen). In het begin van
het project werd verondersteld dat beide gronden een belangrijke bron van methaan
zouden kunnen zijn. Echter, al gauw bleek uit metingen dat de onderzochte gedraineerde
veengraslanden geen methaan uitstoten, maar cerder een heel klein beetje opnemen. Uit
literatuur bleek dit ook het geval was voor gedraineerde veengraslanden in ander landen.
Dat was een belangrijke reden om het onderzoek in dit vierde deelproject geheel te richten
op het begrijpen van de methaanemissies uit natte bodems.

Planten spelen een speciale rol bij methaanemissies uit natte bodems. Plantenwortels
hebben zuurstof nodig om te overieven en om de anaerobe vorming van toxische stoffen
tegen te gaan. Zuurstof kan nauwelijks worden aangevoerd via een waterverzadigde
bodemmatrix. Daarom kunnen vele waterplanten (zoals riet, zegges €N rijst) zich
aanpassen (0.a. door de vorming van acrenchym), zodat ze via de plant zelf zuurstof van
de atmosfeer naar de wortel en bodem kunnen transporteren. Deze zuurstof heeft een
negatieve invioed op methaanemissie via een remming van methaanproduktie en via een
stimulans van methaanoxidatie en electron acceptor re-oxidatie. Op dezelfde manier als
zuurstof de bodem inkomt, kan methaan de bodem verlaten. Op deze manier hebben
gastransporterende waterplanten een positieve invloed op methaanemissies. Daarnaast
d a Soil Layer to the
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kunnen ze de methaanemissies ook positief beinvloeden door het uitscheiden van
koolstofexudaten of door het afsterven van plantenresten. Beide processen stimuleren de
methaanproduktie en de zuurstofconsumptie en remmen daardoor weer de
methaanoxidatie. Kortom, het effect van planten is complex doordat er vele interacterende
processen tegelijk spelen. In zo'n situatie is een mathematisch procesmodel cen geschikt
onderzoeksinstrument. Dit was een tweede reden om het theoretisch procesonderzoek
seheel te richten op natte bodems.

Methaanemissies uit natte bodems zijn vaak gecorreleerd aan allerlei
omgevingsvariabelen, zoals de grondwaterspiegel, de temperatuur, de samenstelling van
het veen, de vegetatie en de netto primaire produktie. Echter, de correlatiecoeffici€nten
zijn vaak laag en het is meestal lastig om te beoordelen in hoeverre de gevonden
correlatieve verbanden geéxtrapoleerd kunnen worden. Om de verbanden tussen
methaanemissies en omgevingsvariabelen te begrijpen zijn stabiele relaties nodig, welke
gevonden kunnen worden in de theorién van microbiologische en chemische omzettingen
en van fysische transportverschijnselen. Deze theorién zijn van toepassing in homogene
systemen terwijl bodems heterogeen zijn. Echter, op kleine schaal, als de menging door
transport sneller is dan de omzettingen, kan de bodem homogeen verondersteld worden.
Voor de omzettingen en transportprocessen welke van belang zijn voor methaanemissies
is deze schaal ongeveer 1 mm.

De afstanden tussen de wortels van planten is vaak ongeveer 1 cm. Dit betekent dat de
heterogeniteiten in bodem welke veroorzaakt worden door gastransportende planten
belangrijk kunnen zijn. Ook op de bodemprofielschaal kunnen belangrijke
heterogeniteiten ontstaan als gevolg van de interactie tussen de waterspiegel en de met de
diepte afnemende beschikbaarheid van organisch materiaal. Om deze heterogeniteiten
expliciet mee te kunnen nemen werd in dit proefschrift een stapsgewijze
opschalingsprocedure gehanteerd. Achtereenvolgens werden beschouwd: de schaal van
de kinetiek, de schaal van ecen enkelvoudige wortel, de schaal van een bodemlaag en de
schaal van een plot.

De schaal van de kinetiek

Uit integratie van literatuurgegevens volgde dat de correlaties tussen laboratorium-
snelheden van methaanproduktie en ~consumptie en omgevingsvariabelen zwak zijn. Om
netto methaanproduktie te koppelen aan omgevingsvariabelen is het dus noodzakelijk om
de onderliggende processen te beschouwen. De aan omgevingsvariabelen gerelateeerde
drijvende krachten achter netto methaanproduktie op kinetische schaal zijn de
koolstofmineralisatie en aeratie. Alle processen die de relatie tussen netto
methaanproduktie en deze drijvende krachten bepalen dienen te worden meegenomen.
Reductie van electronacceptoren en re-oxidatie van gereduceerde electronacceptoren (zoals
Fe3*/Fe2* of S042-/S2-) kunnen een belangrijk deel van gemineraliseerd koolstof of
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beschikbaar zuurstof consumeren. Deze processen zijn dus belangrijk voor het begrijpen
van de relatie tussen methaanfluxen en omgevingsvariabelen.

Anaerobe incubatieproeven van een van de partners in het geintegreerde CHy grasland
project lieten zien dat methanogenese en de reductie van anorganische electronacceptoren
(NO3-, Mn4+, Fe3+ en S042") niet de geproduceerde hoeveelheid CO, kunnen verklaren.
Daarom zou in veengronden organisch materiaal kunnen optreden als electronacceptor.
Deze suggestie werd ondersteund door een Amerikaanse groep, die aantoonde dat
humuszuren als electronacceptor op kunnen treden en dat er micro-organismen zijn die
kunnen groeien op acetaat en humuszuren als enig electrondonor/acceptor koppel.- Omdat
electronacceptoren belangrijk zijn, maar omdat vaak niet bekend is welke electronacceptor
in welke hoeveelheid aanwezig is, werd voor het model uitgegaan van een willekeurige,
niet nader gespecificeerde, electronacceptor, wiens reductie methanogenese onderdrukt.
Naast methaanproduktie, methaanconsumptie, electronacceptor reductie en re-oxidatie
werd ook heterotrofe respiratie beschouwd, vanwege de belangrijke rol in de zuurstof—en

koolstofhuishouding.

De schaal van een enkelvoudige wortel

De bodem rondom een wortel werd gerepresenteerd door een holle oneindige lange
cilinder of door een holle bol. Het binnenoppervlak stelde dan het gas-transporterende
worteloppervlak voor wat in verbinding staat met de atmosfeer. Het buitenoppervlak lag
op de halve afstand tot de volgende wortel. De twee geometrie€n representeren twee
viterste aannamen over de fractie van het wortelopperviak dat actief is in gastransport. De
cylindrische geometrie stelt een situatie voor waarbij de hele wortel actief is en de
situatie voor waarbij alleen de wortelpunt actief is. De
gasuitwisseling bij het worteloppervlak werd beschreven met een le orde vergelijking.
Als gevolg van deze gasuitwisseling ontstaan gradiénten in concentraties rondom een
wortel, welke leiden tot diffusie. Een gentegreerde beschouwing van het gehele system
werd verkregen door middel van een stelsel gekoppelde reactie-diffusievergelijkingen
voor methaan, zuurstof, koolstofdioxide en stikstof (N2) en een electronacceptoren in
geoxideerde en gereduceerde toestand. Koolstofdioxide en stikstof werden ook
meegenomen, omdat deze stoffen een rol spelen bij de vorming van gasbellen, welke
berekend werd uit het simultane gas-vloeistof evenwicht voor alle gassen. Omdat er
verder weinig van bekend is, werd de ontsnapsnelheid van de bellen beschreven met €en
empirische relatie met het belvolume.

Om het begrip van het systeem i€ vergroten en om het opschalen t¢ vergema.kkejli jkc?n
werd de wiskundige beschrijving van het systeem vereenvoudigd op basis van inzicht 1n
de relatieve snelheden van de verschillende processen. Zuurstofconsumptie is een sm?l
proces. Daarom werd de toestandsvergelijking voor suurstof vervangen door een quast-
steady state vergelijking. De conversies van de andere stoffen zijn relatief langzaam en
daarom werd aangenomen dat hun concentraties homogeen zijn. Een uitzondering werd

bolvormige geometrie stelt een
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hierbij gemaakt voor het transportproces naar de wortel toe, omdat de transportweerstand
rondom een kleine wortelpunt belangrijk kan zijn.

De aannames voor het vereenvoudigde model werden getest door simulatieresultaten te
vergelijken met simulatieresultaten van het niet vereenvoudigde model. De verschillen
tussen beide simulaties waren zeer gering, wat betekende dat het vereenvoudigde model
geschikt was om verder te gebruiken in de opschalingsprocedure.

De schaal van een bodemlaag

Een bodemlaag werd gedefinieerd als een laag in de bodem met homogene
macroscopische eigenschappen zoals watergehalte, temperatuur, worteldichtheid en C-
mineralisatie. Dit is dus een andere definitie dan zoals dic vaak in de bodemkunde wordt
gehanteerd waarbij men uitgaat van min of meer statische bodemeigenschappen, zoals
textuur of organisch stof gehalte. In eerste instantie werden alleen waterverzadigde
bodemlagen bekeken, om zo alle aandacht te richten op de interactie van de processen met
de wortels.

Een bewortelde bodemlaag werd gerepresenteerd door een gewogen verzameling van
enkelvoudige wortelsystemen welke verschillen in halve afstand tot de volgende wortel.
Deze gewichten werden zodanig gekozen dat de kansdichtheidsverdeling van de afstand
tot de dichtsbijzijnde wortel van de verzameling gelijk is aan dezelfde verdeling van het
werkelijke wortelsystem, beschreven door een aantal wortelarchictectuur parameters. De
gedachtenhang achter deze al bestaande methode is dat in systemen waar diffusie
belangrijk is vooral deze afstanden van belang zijn en nict de exacte geometrie.

In analogie met het vorige schaalniveau werden ook vereenvoudigde modellen op
bodemlaagniveau afgeleid en getest, met als toestandvariabelen concentraties gemiddeld
over een bodemlaag. Het effect van deze vereenvoudigingen was een wat hogere
methaantransportsnelheid via de plant en een wat lagere methaanproduktie. Het totale
effect op de methaanemissies was daardoor vrij klein. Dit betekent dat de vereenvoudigde
modellen op een hoger schaalnivau gebruikt konden worden, mits tevens getest ten
opzichte van het originele, niet vereenvoudigde model.

Variatie van worteldichtheid liet zien dat de methaanemissie evenredig is met de
worteldichtheid als aangenomen wordt dat de koolstofmineralisatie evenredig is met de
worteldichtheid en mits de beschouwde tijdschaal langer is dan de tijdschaal van electron
acceptor reductie en de tijdschaal van methaanemissie via de plant. Het effect van variaties
in de wortelgastransportcoefficient op gesimuleerde methaanemissies was divers. Soms
was er nauwelijks een effect, soms nemen de emissies toe en soms nemen ze af. Het was

dus onmogelijk om algemene uitspraken te doen over de effecten van gastransport door de
wortels op methaanemissies.
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De schaal van een plot

Op dit schaalniveau spelen naast de dynamica van de gassen en opgeloste stoffen ook de
water en temperatuurhuishouding een belangrijke rol. De waterhuishouding werd
gemodelleerd met Richards’ vergelijking. Voor temperatuur werd een standaard
diffusievergelijking gebruikt. Binnen een bodemlaag werden de dynamica van de gassen
en opgeloste stoffen gesimuleerd zoals hierboven beschreven. Transport tussen de
bodemlagen werd beschreven door middel van diffusie en convectie.

Het model werd toegepast voor een laagveen in Nederland. Gesimuleerde
methaanemissies waren van dezelfde ordegrootte als gemeten methaanemissies. De
gemeten seizoensdynamiek in methaanfluxen was echter sterker dan de gesimuleerde.
Oorzaken voor deze discrepantie is waarschijnlijk het ontbreken van enige
seizoensdynamick in de gemodelleerde vegetatic en mogelijk ook de limitatie van
methaanproduktie door methanogene aktiviteit bij lage temperaturen welke limitatie niet in
het model was opgenomen.

Gesimuleerde methaanfluxen waren gevoelig voor een groot aantal onzekere
parameters, zoals de verdeling van Kkoolstofmineralisatie over de diepte, de som van de
aanwezige electronacceptoren €n gereduceerde electronacceptoren en de wortel-
spruitverhouding van de aanwezige vegetatic. Vanwege het procesmatige karakter van het
model zijn deze gevoeligheden waarschijnlijk ook aanwezig in de praktijk, wat een
verklaring is voor de grote lastig verklaarbare variatie in methaanfluxen, zoals die vaak
gemeten is.

Het bodemlaag model waarin heterogeniteiten binnen een bodemlaag werden
genegeerd resulteerde in hogere methaanfluxen dan het bodemlaagmodel waarin deze
heterogeniteiten werden meegenomen. Echter, de verschillen tussen de
bodemlaagmodellen waren klein vergeleken met de gevoeli gheden voor parameters die de
heterogeniteiten tussen bodemlagen karakteriseren. Een verklaring hiervoor is dat
heterogeniteiten op profielschaal een groter invloed hebben op de zuurstof input in het

systeem dan heterogeniteiten binnen een bodemlaag.

Algemene discussie

Het doel van dit proefschrift was het verklaren van de relatie tussen omgevingsvanabefeﬂ

en methaanfluxen. De gebruikte methode bevatte twee, met elkaar verbonden, kempunte.l?:
ten eerste het gebruik van theori€n op kinetisch niveau en ten tweede het sta.psgewus
opschalen. Het gebruik van theorién op Kkinetisch niveau had tot gevolg deﬁ uitspraken
gedaan konden worden zonder al te afhankelijk te zijn van plaats en tijdgebonden
waarmemingen. Qorzaken van onzekerheden kwamen ZO explicieter naar voren. Het
stapsgewijs opschalen betekende dat naast de plotschaal ook de schaal van d;
enkelvoudige wortel en het wortelsysteem expliciet werden beschouwd. Door h.et .gebrm

van deze tussenschaalniveau’s is duidelijker geworden hoe heterogeniteiten 0P
verschillende schaalniveau’s doorwerken in methaanfluxen en hoe een model op
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verantwoorde wijze vereenvoudigd kan worden zonder verlies van verklarende en andere
functionele eigenschappen.

De geformuleerde modellen zijn over het algemeen vrij complex. Omdat alle
omzettingen redox-reacties zijn, kan een electronenbalans helpen om de modellen op
verschillende niveau’s te analyseren. Voordeel van het gebruik van electronenbalans
boven een analyse in termen van methaanproduktie, methaanconsumptie en
methaantransport is dat de electronenbalans dichter aangrijpt op de drijvende krachten op
plot schaal.

Uit de electronenbalans op plotschaal blijkt dat methaanemissies het resultaat zijn van
electrondonor input min de electronacceptor input en de veranderingen in de
bodemvoorraden aan electrondonoren, electronacceptoren en methaan. Als vast koolstof
niet wordt meegenomen in het systeem dan i1s de belangrijkste electrondonor input
koolstofmineralisatie en de belangrijkste electronacceptor input zuurstof.

Gevoeligheden van gesimuleerde methaanfluxen voor modelstructuur of
modelparameters kunnen begrepen worden in termen van hun invloed op de
koolstofmineralisatie en de zuurstof input. Zo leidt bijvoorbeeld een verschuiving van
afbreekbaar koolstof naar het bodemoppervlak tot een flinke lagere methaanemissie,
omdat zo de zuurstofpname wordt gestimuleerd, daar deze in het bovenste, meestal
wateronverzadigde gedeelte van de bodem minder wordt geremd door transport.

Op kortere tijdschalen (uren tot maanden) kunnen de veranderingen in
bodemvoorraden van electrondonoren, electronacceptoren en methaan belangrijk zijn. De
simulaties lieten echter zien dat deze veranderingen lastig te voorspellen zijn. Daarom lijkt
het beter om te streven naar simulatiemodellen welke opereren op een grote tijdschaal.
Gezien de grote onzekerheid in proceskennis is het daarbij verstandig om voor
voorspellende studies deze modellen te calibreren met methaanemissiegegevens, wat
impliceert dat de gebruikte modellen tevens weinig onzekere parameters of aannames
dienen te bevatten,

Samenvattend, in dit proefschrift een expliciet verband gelegd tussen processen op
kinetisch, enkelvoudige wortel- en bodemlaagschaal en methaanfluxen op plotschaal.

Daarmee is duidelijk geworden wat de kennis op deze schaalniveau’s betekent voor het
begrijpen van methaanfluxen,
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In veen is organische stof een belangnijkere electron acceptor dan nitraat, sulfaat, ijzer (I11)
en mangaan (IV).
Segers and Kengen, Soil Biol. Biochem., 30, 1107-1117, 1998.

Een verdubbeling van het areaal natte veengraslanden in Nederland leidt tot een verlaging
van de Nederlandse broeikasgasuitstoot met 1 tot 4 %e.
Langeveld et al., J. European Agron., 7, 35-42, 1997.

De ecrste orde reactieconstante van gasconsumptie in geincubeerde bodemmonsters wordt
vaak uitgedrukt in s-1 (@ of kg~! dw soil s~} (?), Een betere eenheid is kg~! dw soil s-1 m3
gas (©),

3 Adamsen and King. Appl. Env. Microbiol., 59, 585-490, 1993; Kosschorreck and Conrad, Global
Biogeochem. Cylces, 7. 109-121, 1993. b Crill et al. Soil Biol. Biochem.. 26, 1331-1339, 1994; Shorter
et al., Nature, 377, 717-719, 1995. € Bender and Conrad, Chemosphere, 26, 687-696, 1993.

Simulaties zonder gevoeligheidsanalyse zijn als experimenten zonder foutenanalyse.
In de biogeochemie is de fysica zoek.

Onderzoeksinstellingen die hun bronmateniaal afschermen zijn niet wetenschappelijk.
Intuitie is in de wetenschap en bij schaken een onderschatte factor.

Na reorganisaties gaat het altijd eerst slechter, daama misschien beter.
Telefoniste van KPN - Telecom.

Europese subsidieprogramma’s staan vaak zo ver van de praktijk dat de doelstellingen het
dichtst benaderd kunnen worden met enige fraude.

Er bestaat geen natuurwetenschappelijke grootheid om de toestand van het milieu uit te
drukken.

1. De ongelijke verdeling van welvaart is een groter probleem voor het welzijn van de mens

dan het versterkte broeikaseffect.
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