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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
zonder de hulp van vele anderen zou het mij niet gelukt zijn. Daarom wil ik hen graag
bedanken. Allereerst natuurlijk Peter Leffelaar, de co-promotor. Hij heeft indertijd (1992)
een belangrijke rol gespeeld bij het formuleren van het projectvoorstel (het geintegreerde
CHy graslandproject), het continueren van de financiering en bij het grondidee van dit
proefschrift: het gebruiken van kennis van basisprocessen om methaanfluxen te begrijpen.
Daarnaast heeft hij vele manuscripten en zelfs de computercode doorgenomen om mij zo
de gelegenheid te geven vele fouten, onduidelijkheden en andere onvolkomenheden te
elimineren. Rudy Rabbinge, de promotor, stimuleerde mij bij het vinden van de grote lijn.

Binnen het project heb ik prettig samengewerkt. Agnes van den Pol - van Dasselaar
heeft mij ongeveer 1x per jaar meegenomen naar het veld om mij te laten zien hoe dat nou
werkt, methaanfluxen meten. Daarbij en daarnaast heb ik vele nuttige discussies met haar
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
representeren. Op alle e-mailtjes had ik spoedig een antwoord waarmee ik verder kon.
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,
enabling me to simplify one of the models.

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,

Stephen, Mark, Evy, Noortje, Nuray, allemaal bedankt!
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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.






