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Samenvatting
Voor methaanproduktie is een grote variatie gevonden in Q10 waarden (tot 28). Er werd
gehypothetiseerd dat een deel van deze variatie verklaard kan worden uit interacties tussen
processen die ten grondslag liggen aan methaan produktie. Om deze hypothese te testen werd een
bestaand model aangepast. In dit model, dat methaan produktie verklaart vanuit anaerobe
mineralisatie, werd de variatie in methaan produktie toegewezen aan groei van methanogenen en
onderdrukking van methaan produktie door reductie van altematieve elektron acceptors. Deze
regulerende processen werden temperatuursafhankelijkheid gemaakt d.m.v. Q10 waarden. De
invloed van deze subproces Q 10 waarden op de Q 10 van de "overall" methaan productie werd
onderzocht
Om het model te testen werd slurrie van bodemmonsters van een ongedraineerde
veengrond anaeroob geYncubeerd bij 4, 10, 13.5, 20 en 30 °C. Methaan, kooldioxyde en vetzuren
werden ongeveer 20 dagen lang dagelijks gemeten en daama minder frequent. Initiele waarden
1

werden gefit van 0.4 elektron equivalenten kg- dw voor electron acceptors en 10-3 methanogene
1

C kg- dw voor methanogene biomassa. Voor de maximum relatieve groeisnelheid werd een
1

waarde gefit van 0.04 d- bij 13.5 °C. Voor mineralisatie en methanogene groei werden Q 10
waarden gevonden van respectievelijk 1.4 en 3.0. Het model geeft een redelijke beschrijving van
de gemeten tijdseries van methaan-, kooldioxyde- en vetzuur produktie bij verschillende
temperaturen. De mineralisatie kon echter niet goed beschreven worden door middel van een
enkele Q10 waarde omdat deze constant was tussen 4 en 13.5 °C.
Gemeten Q10 waarden voor mineralisatie, methanogene groei en altematieve elektron
acceptor reductie werden gebruikt als input variabelen in het model. Met deze subproces Q10
waarden die varieerden tussen 1 en 3, werden gesimuleerde "overall" Q10 waarden voor methaan
produktie gegenereerd varierend van 1.3 tot 18, afhankelijk van de incubatietijd en -temperaturen.
Hoge Q 10 waarden waren het resultaat van totale inhibitie van methanogenese door altematieve
elektron reductie bij lage temperaturen maar niet bij hoge temperaturen. Gemeten experimentele
Q 10 waarden voor methaan produktie varieerden minder (van 1.7 tot 5.2) omdat methaan
produktie niet geheel onderdrukt werd door altematieve elektron acceptor reductie.
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Summary
For methane production, a huge variation in Q10 values (up to 28) is found. It was
hypothesised that part of this variation can be explained by the interactions between the processes
underlying methane production. To test this hypothesis an existing model was adjusted. In this
model, that explains methane production from anaerobic mineralization, variation in methane
production was ascribed to methanogenic growth and suppression of methane production through
reduction of alternative electron acceptors. These controlling processes were adapted for
temperature dependence through Q10 values. The influence of these subprocess Q10 values on the

Q10 of overall methane production was investigated.
To test the model, soil samples from an undrained peat soil were slurried and
anaerobically incubated at 4, 10, 13.5, 20 and 30 °C. Methane, carbon dioxide and fatty acids
were measured daily for about 20 days and less frequently thereafter. Initial concentrations were
fitted of 0.4 electron equivalents kg - dw soil for electron acceptors and 1o-3 mol C kg- 1 dw soil
1

for methanogenic biomass, and a relative maximum (methanogenic) growth rate of 0.04 d- 1 at
13.5 °C. Q 10 values of 1.4 for mineralization and 3.0 for methanogenic growth were found. The
model gave a reasonable description of the measured time series of methane, carbon dioxide and
fatty acids at different temperatures. However, the temperature dependence of mineralization
could not be described properly by a single Q10 value, because was constant between 4 and 13.5

oc.
Experimentally derived Q10 values for mineralization, methanogenic growth and
alternative electron acceptor reduction were used as input variables in the model. With these
subprocess Q 10 values, that were between 1 and 3, overall Q 10 values derived from simulated
methane production ranged from 1.3 to 18, depending on incubation time and incubation
temperatures. High Q10 values were explai11ed when at low temperatures methanogenesis was
totally inhibited by electron acceptor reduction, but not at higher temperatures. Q10 values derived
in a similar way from measured methane production gave a lower variation (from 1.7 up to 5.2),
because methanogenesis was not completely inhibited by alternative electron acceptors from the
start of anaerobiosis.
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1. General introduction
Methane emission contributes substantially to the greenhouse effect. The methane
concentration has strongly increased since the last 200 years. Fen-areas and rice paddies are
important sources of methane. Field and laboratory measurements show great differences in
methane emission that can not be explained. This is due to lacking knowledge about underlying
processes and the way these are influenced by e.g. temperature and rainfall. Therefore enormous
differences exist in estimations of methane emission of whole systems over extensive periods.
The main processes that determine the net methane flux to the atmosphere are methane
production, consumption and transport. Parameters that determine the rate of these processes are
groundwater level, substrate availability, alternative electron acceptor concentrations,
temperature, pH and redox potential.
Daily and seasonal measurements showed large fluctuations in methane emission
correlated with temperature (Cao et al .. 1995). Relations made between temperature and methane
flux are mainly qualitative and not quantitative (Barlett and Harris.= 1992).
Methane is produced under anaerobic conditions by methanogens through conversion of
mainly acetate and H2 . The acetate production depends on root exudation and the decomposition
rate of organic material through fermentation processes. The amount of organic material depends
again on the primary production of the vegetation (Conrad 1989). If alternative electron acceptors
are present other than bicarbonate, non-methanogenic communities are able to successfully
outcompete methanogens for substrate.
In case studies it was shown that temperature has a large influence on the processes that
determine the net methane production. Relatively little is known about the dependence and the
interactions of these distinct processes as a function of time and temperature. For the explanation
of methane emission from its underlying processes it is useful to know which process at a certain
time is limiting methane production and how this is influenced by temperature. Through a model
and an additional experiment more insight can be gained on role these processes in methane
production, especially how they are influenced by temperature.
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1.1 Temperature
A Q 10 value is measure for temperature dependence (see 2.1.1. definitions for
explanation). For the Q 10 of methane production, large differences have been measured in
incubated soil slurries (ranging from 1.5 to 28) in periods ranging from a few days to more than
one year. However, the results from these studies are from measurements on soils of different
areas, after different incubation periods, and over different temperature ranges. Often no regard
was given to competitive reactions like alternative electron acceptor reduction and to bacterial
growth and the influence of temperature on these processes. These might differ enormously over
different time periods and distinct areas. The Q10 values found for hydrolysis and fermentation of
organic matter are generally lower than those found for methanogenesis. High Q10 values for
methane production might also be due to measurements around the threshold temperature of this
process. To explain the differences in Q10 values for methane production, the influence of
temperature on all processes involved in methane production over a certain time period should be
taken into account. The temperature response needs to be analysed of (i) anaerobic carbon
mineralization (ii) reduction of alternative electron acceptors and (iii) the relative activity of
methane bacteria).
If Q10 values of these processes are within a normal range (around 2) still high Q 10 values
for methane production can be derived if they are not taken into account. For example, methane
production measurements were done at 10 and 20 °C. Mineralization and the relative
methanogenic growth rate of methanogens both have a Q10 of 2. At the beginning of an anaerobic
incubation there is first suppression of methanogenesis by alternative electron acceptor reduction.
This process is controlled by mineralization and it lasts till all alternative electron acceptors are
reduced. It follows that suppression of methanogenesis by alternative electron acceptor reduction
lasts twice as long at 10

oc than at 20 °C, for example 2 and 1 week(s). After the reduction of all

alternative electron acceptors methane production is controlled by methanogenic growth. If a Q10
value of methane production is derived from cumulative production after 2 weeks of time total
methane production is nihil and all most completely inhibited at 10

oc while there is already

9

methanogenic growth for 1 week at 20 °C. In this way a Q 10 value is calculated that will be much
higher than 2, because different phases in the time course of methane production were compared.

1.2 Three phases concerning methane production
After the onset of anaerobic circumstances in (aerobic) soil, three successive phases can
be distinguished. These were marked by Kengen and Starns (1995) in results of measurements on
soil samples (at 15°C) from a drained peat soil in Holland. In the first phase (±20 days) the
substrate was used by the reduction of alternative electron acceptors. A low methane emission
and a relatively high C0 2 production were measured. C0 2 was probably mainly produced by
alternative electron acceptor reduction. The second phase (±10 days) started after all alternative
electron acceptors had been reduced. In this phase growth of methanogenic biomass seemed to be
the limiting factor for methane production. An accumulation of acetate was found followed by an
exponential increase of methane production. The third phase was characterised by substrate
limitation of methane production, while no accumulation of acetate occurred anymore. Methane
and C0 2 were produced in a 1: 1 ratio which indicated that methanogenesis was the only source of

C0 2 production (for stoichiometrical reasons). It is likely that according to circumstances, the
length of these phases will vary strongly. The amount of available carbon and the temperature are
thought to have a large influence on the length of these processes.
In a model temperature influences on the processes were integrated. It was tried to explain
the variation in Q10 values of methane production measured over a time period of several weeks
found in case studies. For parameter estimation and model testing an additional incubation
experiment was done. The model shows which process (with a specific threshold temperature,
temperature optimum and Q10 (see paragraph 2.1.1 for definitions)) is the limiting factor at
different temperatures in time. The model is an adaptation of an existing model developed by
Segers and Kengen (submitted).
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1.3 Aim of this research and structure of the report
The aim of this research is to explain the temperature dependence of methane production.
First a literature survey was done. For each of the three phases, the main topics are treated in
chapter 2, concluded with hypotheses. A model explaining methane production from anaerobic
carbon mineralization was modified by making controlling variables temperature dependent. For
calibration of the model, an incubation experiment was done (chapter 3). In chapter 4,
development and calibration of the model is presented. A general discussion and conclusions is
given in chapter 5.
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2. Literature review on the main processes involved in methane
production and their temperature dependence

2.1 Introduction
If anaerobic circumstances are created in soil samples, 3 phases can be distinguished in
the course of time (Kengen and Starns. 1995).
In the first phase, the substrate (H2 and acetate) will be used by the available alternative
electron acceptor using bacteria. The length of phase I depends on the amount of the present
electron acceptors (measured by Eh) and their supply through diffusion (only in non-stirred open
systems) and the rate of depletion. Depletion of electron acceptors is a function of the quantity
and quality of the present organic material, temperature and the present bacterial populations. The
minimum H2 and acetate concentrations that are needed for oxidation by a specific electron
acceptor decline with an increasing standard redox potential (E 0) of the electron acceptor being
reduced. Moreover, the height of the redox potential of a specific electron acceptor has a positive
relation with electron acceptor affinity for H2 and acetate and the free (Gibbs) energy released
by the reaction (Cord Ruwisch eta! .. 1988 (according to Conrad. 1989)). The energetically most
profitable reactions will run most easily. When specific electron acceptors and bacterial
populations are present, alternative electron acceptors will be reduced in the following order;
N0 3 -, Mn4+, Fe 3+ and SO/-. Finally, CH4 production will become the dominant process. In a
mixed system with coinciding methanogenesis and reduction of alternative electron acceptors
(with a higher E

0
),

the latter will dominate until all available alternative electron acceptors are

used. After a (stirred) system has become anaerobic it depends on the amount of electron
1

acceptors present and the reduction rate what the lag time is (phase I) before methane production
starts. The higher the amounts of substrate that become available through anaerobic

1
"Lag time" is the time from the start of incubation till a relatively strong rise in (methane) production appears. The "lag time" of methane
production can have several different causes, which are related to the three phases that are distinguished in time after anaerobic incubation of a
slurry or to physical processes like diffusion; i) competition for substrate (phase I); alternative electron acceptors using bacteria compete
successfully with methanogens for substrate. The alternative electron acceptors must therefore first be reduced before methanogenesis can be
substantial. ii) if growth of the methanogenic population is necessary before substantial methane production can occur (phase II). iii) a delay in
methane production as a result of a low diffusion rate in the soil. iv) adaptation of bacterial properties to changing circumstances v)
measurement errors.
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mineralization, the faster all electron acceptors will be reduced. Within a certain temperature
range these processes will increase with increasing temperature.
The second phase is characterised by growth of the methanogenic biomass which is
limiting methane production. From the start of phase II products of anaerobic mineralization
(acetate) accumulate. Phase II might be relatively short or absent, when the aerobic circumstances
previous to incubation were relatively short because the methanogenic biomass might be reduced
after a long aerobic period. There is, however, evidence that methanogens are able to survive an
aerobic period (Mayer and Conrad. 1990). The growth rate and the duration of methanogenic
growth depends on the initial number of methanogens, temperature, pH and Eh.
The third phase is characterised by substrate (acetate) limitation of methanogenesis.
Temperature and the amount of labile organic material are mainly responsible for the quantity of
substrate that becomes available through anaerobic carbon mineralization. Temperature
dependence between mineralization and hydrolyses on the one hand and methanogenesis on the
other hand may differ (Table 1).

2.1.1 Definitions
The bacterial processes mainly occur between their threshold- and optimum temperature.
Here, the threshold temperature is defined as the lowest temperature at which logarithmic
methane production is still linear with temperature. A temperature response is measured as Q 10
value or as activation energy (EJ between a threshold temperature and an optimum temperature.
The Q10 of a process is the relative increase in production when there is a rise in temperature of
ten degrees Celsius. It is measured between a certain temperature 'T' and a reference temperature
"Trer"· This can only be done under the condition that in between these temperatures a
exponential relationship exists between temperature and production rate. The activation energy Ea
is a function of the ratio of the reaction constant at "T" and "Tref'. The Ea can also be expressed
as a function of Q10 (Ea=(ln Q10/1 O)*R*T*Tref, R is the gas constant)
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In the literature review the three phases will be treated in the order they occur in time.
Stirred and non-stirred systems will be distinguished. In non-stirred systems it is possible that
several competing processes occur at the same time. If a system was non-stirred it will be
mentioned.

2.2 Substrate competition between methanogens and alternative acceptor using
bacteria and the influence of temperature (phase I)

The time it takes for alternative electron acceptors to become reduced depends on
temperature, the presence and reoxidation rate (only in non stirr€d systems) of alternative electron
acceptors, and the quantity and quality of the present organic substrate. Concerning the
alternative electron acceptors, earlier research was mainly focused on sulphate. About iron and
humic acids which may play an important role in substrate competition with methanogenesis
(Segers and Kengen, submitted), relatively little is known.

2.2.1 Alternative electron acceptors as a limiting factor

In an anaerobic slurry (non-stirred) of the alder (trees) bog at 15°C, rates of
methanogenesis and sulphate reduction were constant for 48 hours. The sulphate concentrations
varied from 200 ~M to 400 ~M (nitrate; 11 and 15 ~M) [For sulphate reducing bacteria, Km

e)

values of 50 and 100 ~M were found by Smith and Klug. 1981 and Ingvorsen et al .. 1981
(according to Westermann et a! .. 1987 ]. So sulphate reducing bacteria were not limited by
electron acceptors in the upper soil layers (upper 10 em), which was confirmed by the
observation that addition of sulphate (1 mM) had little to no effect on methane production.
Nitrate reduction, however, was found to be limited by the available nitrate. The alternative
electron acceptor nitrate (1 mM) negatively influenced methane production (decrease of 80%)
and sulphate reduction (96% ).
According to the Michaelis Menten kinetics, Vmax is defined as the maximum relative production rate which is reached at a certain
substrate concentration (mol substrate mol biomass time- 1). Km is the substrate concentration at which the production rate is half ofVmax· The
Km is a measure for substrate affinity, while Ymax depends on bacterial activity. From the Michaelis Menten equation it can be derived that at
low concentrations of organic substrate, methanogenesis and sulphate reduction can be compared for their competitive strength by comparing
there V max1Km ratios (Oude Elferink et al. 1994).
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2.2.2 Substrate competition between alternative electron acceptor reducing bacteria and
methanogens
Organic substrate is a limiting factor for both methanogenesis and alternative electron
acceptor reduction provided biomass is not limiting. If bacterial populations responsible for both
processes are present, it is likely that there is competition for substrates. Methanogenesis could
also be totally inhibited if the substrate concentration drops below a certain level caused by the
reduction of alternative electron acceptors.
Nitrate and iron reducers probably totally inhibit methanogenesis because of the high
redox potential when nitrate and iron are present or their high affinity for substrate (lower Km).
Sulphate reduction, however, is energetically only slightly in favour of methanogenesis. The Km
values found for methane producing bacteria are mainly higher than those found for sulphate
reducing bacteria for H 2 as well as for acetate.
Also the population size of sulphate reducers and methanogens determines their
competitive strength. For methanogens this depends on the organic substrate concentration (and
on circumstances in the past). Growth (part ofV max) of sulphate reducing bacteria relies on both
the organic substrate concentration and the sulphate concentration (Oude Elferink et al .. 1994).
Differences in V max are smaller than in Km (Oude Elferink et al .. 1994; Shin et al .. 1995).
Sulphate reduction and methanogenesis occur at the same time: i) In a heterogeneous
environment when both processes are separated. This happens in a non-stirred slurry so that a
formation of distinct layers can occur ii) If organic substrate is not a limiting factor, there is still
substrate available for methane production when sulphate reduction proceeds at its maximum rate
iii) When the regeneration of sulphate is low. This will then be a limiting factor on the rate of
sulphate reduction. The remainder of the substrate can then be used by methanogens.
An increase occurred of sulphate reduction (1.5 to 2 times) and methanogenesis (2.5 to
4.5 times) after the addition ofH2 (Westermann et al .. 1987). Sulphate reduction and
methanogenesis were also stimulated by the addition of acetate and ethanol (1 mM). This
indicates competition for these substrates.
Competition for substrate of sulphate reducing bacteria and methanogens was also found
after the addition of molybdate (Westermann et al .. 1987). Molybdate completely inhibited
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sulphate reduction. Despite the inhibitory effect ofmolibdate on methane production (12-28%),
methane production was stimulated with a factor 1.2 to 1. 9.

2.2.3 Temperature
Anaerobic carbon mineralization, alternative electron acceptor reduction and methane
production are bacterial processes and their rates are temperature dependent. In phase I, the
substrate availability through anaerobic carbon mineralization is supposed to be the limiting
factor. Therefore, especially the temperature dependence of mineralization characterises the
influence of temperature on phase I. Optimum temperatures are seldomly reached in the field. So
an increase in temperature is likely to reduce the length of phase I. In the field the threshold
temperatures and Q10 values of microbial activity are of main importance in the competition
between alternative electron acceptor reducers (sulphate) and methanogens at a specific
temperature. Thus, the system temperature is the determining factor in the competition between
sulphate reduction and methanogenesis in phase I because it influences both V max and Km
(Westermann et al .. 1989).

Over a temperature range from

ooc till25°C, Q10 (EJ was found to be higher for

methanogenesis (3.8- 5.0) compared to sulphate reduction (2.2-2.7) (Westermann et al.= 1987). A
rise from winter to summer temperature (0 to 15 °C) increased methane production with a factor
9.9 and sulphate reduction with a factor 4.0. Because a seasonal variation was found in the
Arrhenius constant for methane production (8 to 20%), denitrification and sulphate reduction, it
was concluded that beside temperature other processes must be important (number of bacteria,
electron donor/acceptor concentrations).
With a rise in temperature alternative electron acceptor reduction increases. Therefore the
available electron acceptors will be reduced sooner. This is mainly controlled by the
mineralization rate which will be enhanced by a rise in temperature. (Temperature was found to
have a higher influence on both methanogenesis and sulphate reduction than on substrate
concentration (Table 1)). A temperature rise thus leads to reduction of"phase I". With a rise in
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temperature from 20 to 35

oc in anaerobic samples from a rice field, a reduction of the lag phase

(phase I) was found from 1 to 4 weeks Tsutsuki and Ponnamperuma. 1987.
By Updegraff eta! .. 1995 extremely high Q10 values (15 and 30°C) were found (28 and
16.2) for methanogenesis after a 80 weeks period of incubation. At 15°C methanogenesis was
probably inhibited over the whole incubation period (a cumulative methane production of 0.2 and
0.02 C-CH4 /C (mg/g) was found). However, at 30

oc phase I was probably very short due to

enhanced mineralization. Likely, for similar reasons a high Q 10 of 16 (20 and 35°C) was found
after eight weeks of incubation of a paddy soil by Tsutsuki and Ponnamperuma. 1987.

2.2.4 Organic substrate quality
The quality and the quantity of the organic material determine the rate of mineralization.
The more usable organic substrate the quicker the present electron acceptors will become reduced
which results in shortening of phase I.
Just after a period of30 weeks incubation at 30°C a strong increase of methanogenesis
was measured in surface samples of a peat-bog soil ( C:N ratio ±35) as well as in samples from 1
m depth (C:N ratio ±30) by Updegraff eta! .. 1995. In contrast to this, a strong increase of
methanogenesis was found in soil of a sedge grassland (C:N ratio ±15) directly after incubation.
This distinction was possibly caused by a difference in the availability of organic substrate
(mineralization rate) that caused different reduction rates of the alternative electron acceptors.
This was illustrated by the cumulative COrC: CH4-C ratios which were 7 times higher in the
peat soil compared to the sedge grassland soil. A difference in the available electron acceptors is
also likely to have played a role. Initial Eh values ranged from 0 m V (peat-bog soil), to -200mV
(sedge soil). This indicates a vast difference in electron acceptor concentrations. This may be
partly caused by difference in humic acid content between the soils, which can also serve as an
electron acceptor (Lovely eta!.= 1996)
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2.3 Phase II (methanogenic growth)
When all alternative electron acceptors are reduced, the population size of the
methanogens can limit methane production. This is most likely after a long aerobic period.
However, in rice paddies methanogens survived a long aerobe period (Fetzer et a/ .. 1993; after
van Bodegom. 1996). As a result of a limiting biomass, for acetoclastic methanogenesis "lag
phases" (phase II) were found of 150 days at 6°C, 50 days at 15°C and a few days at 28°C
(Kotsyurbenco. 1992).
Methanogenic growth and methane production may be uncoupled and have different
temperature determined characteristics. By Huser. 1981, for a pure culture of methanogens (M

soehngenii) a Q 10 of 9 was found after 48 hours of incubation (sl).ort term response) under
addition of 0.5 mM acetate. However, after an incubation period of (weekly measured) 18 weeks
(long term response) a Q10 of2.1 was found for the same methanogens (20 mM acetate added).
The short term response was thought to be caused by methane production (increased activity per
amount of biomass), and the long term response by growth ofmethanogenic biomass (Table 1).

2.4 Phase Ill (substrate as limiting factor)
Phase III occurs when all alternative electron acceptors have been reduced and the
methanogenic biomass is not limiting anymore. It is characterised by a direct limitation of
methanogenesis by the substrate availability (anaerobic mineralization).
For anaerobic decomposition of organic matter generally lower Q10 values are found (1- 2)
than for methanogenesis (2-9) (Table 1). That's why methanogenesis relatively increases with
temperature compared to anaerobic matter decomposition. Fermentation and hydrolysis probably
also have a lower temperature optimum (Conrad. 1989) and a lower "threshold" (Table 1)
temperature than methanogenesis (On average, "in situ" temperatures are below the optimum
temperature and often around the "threshold" temperature of all processes). Furthermore, Q 10
values found for methanogenesis are mainly higher than Q 10 values found for mineralization.
Therefore, substrate will be limiting on methanogenesis at relatively high temperatures, while at
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low temperatures methanogenesis itself will be limiting in phase III. The Q10 of methanogenesis
was found to depend on substrate availability and quality, and also on the developmental phase of
the bacterial population.

2.4.1 Threshold temperatures
For methanogenesis a "threshold" temperature of 15°C was found for a rice paddy by
Schutz eta!. (1990). For fermentation and hydrolysis it was found to be below 15°C by
Updegraff eta!. (1995) and below 10°C by Imhoff eta!. (1956).

2.4.2 Optimum temperatures
Most isolated bacteria are mesophylic, with temperature optima between 30 and 40°C
(Comad. 1989). At northern fen-areas lower temperature optima were found for acetate and H 2
consumers of 20 and 28

ac respectively (Svensson. 1984; Wagner and Pfeiffer. 1997).

2.4.3 Influence of substrate concentration on temperature dependence of methanogenesis
The influence of temperature on methanogenesis was found to depend on the substrate
concentration (Westermann eta! .. 1989). At low substrate concentrations no increase in methane
production was found with increasing temperature. The enzymatic binding capacity (affinity) of
methane bacteria (Methanosarcina barkeri) decreased with increasing temperature. For
acetoclastic methanogenesis with an acetate concentration increasing from 0 to 10 J.!M, Q10
increased from 2 to 3.8 (20-30 °C) and from 1.3 to 2 (30-37 °C). When a H 2 concentration was
increased from 0 to 5 J.!M, Q 10 rose from 1.2 to 2.6 (12-20 °C), 1.1 to 2.2 (20-30 °C) and from 0.9
to 1.1 (30-37 °C).
With time of incubation a decrease of Q10 was found by Westermann et al.: 1993 probably
due to comparison of suppressed methane production in phase I at low temperatures with nonsuppressed methanogenesis at higher temperatures. The decrease in Q10 was however attributed to
a reduction of the substrate concentration (compensation by a decreasing Km value with
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decreasing temperature). However, after addition ofH2 (kPa) and acetate (20 mM) to a slurry no
change in Q 10 was found for methane production. Since an increase in substrate concentration
was expected to cause an increased temperature sensitivity, it was suggested that: i)
in spite of a decreasing substrate concentration (in the zero treatment), no substrate limitation
occurred and methanogenesis was close to V max during the whole incubation period. ii) and that
populations that otherwise do not use H2 or acetate were favoured.
In a slurry from a rice paddy, methane production was substrate limited at 25
eta!.~

oc (Schytz

1990) because methane production increased after addition of acetate or H 2/C0 2 .

Especially after addition of H 2 the Q10 of methane production rose in 1 to 4 days from about 3 to
6. During exponential growth (no substrate limitation), Q10 was found to be two times as large as
during the stationary phase (Schutz eta! .. 1990). This is also in agreement with the low
temperature response at low substrate concentrations due to an increasing substrate affinity with
decreasing temperature as found by Westermann et al.~ 1989. By Sass et al.~ 1991 also an
increase in methane production was found when acetate was added to soil samples from rice
fields in Texas, especially between 10 and 37°C. In contrast to Schutz et al.~ 1990 the Q 10 did not
significantly change.

2.4.4 Organic substrate quality
In a sedge grassland and a peat-bog, clues were found for a distinction in two reservoirs of
organic material, a labile and a recalcitrant fraction (lignins and tannins) (Updegraff eta! .. 1995)
(see also 2.2.4). Anaerobic, decomposition of the labile fraction seemed much more sensitive to
temperature than the recalcitrant fraction (80 weeks of incubation). This was also found for
aerobic conditions (Van Scholl et al.~ 1997:

Yang~

1997). Additionally the Q10 for

methanogenesis became lower if the C:N ratio of the incubated slurries increased. This Q10 value
,however, was calculated from cumulative l?roduction values, neglecting all phases. Therefore, it
might indicate that phase III is reached later in time when less easily degradable organic matter is
available. Then, high Q 10 values were the result of comparing inhibited production at phase I at
low temperatures with high production rates at phase III at higher temperatures.
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2.5 Competition for H 2 by homoacetogens
Sometimes indications are found for the competition for H2 between homoacetogens and
methanogens. In an experiment performed by Kotsyurbenko 1992 H2 and C02 were used as
substrates for psychrophylic communities. In contrast to the expected use of H 2 by H2/C0 2
methanogens which usually dominate in these systems, acetate was formed, followed by
acetoclastic methanogenesis. The phase homoacetogens produced acetate lasted longer at lower
temperatures (20 days at 28 °C, 50 days at 15 °C, and 150 days at 6 °C). The advantage of
homoacetogens at lower temperatures was also found in sediments of a cold lake (Schutz and
Conrad, 1996) and in paddy soil (Chin and Conrad, 1995).

How~ver,

this temperature induced

shift in degradation pathway probably does not affect methane production (Segers and Kengen,
submitted).
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Table la Temperature dependence of processes important in methane production

Experimental conditions
(Pre)
incubation
conditions CCC)

1.5
1.4

1.4
1.0-1.4
2.6
2.4

3.6
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Experimental conditions
(Pre)
incubation
conditions COC)

3
16
5.3-6.0
4.1
6.0-16.4
8.7-13.5
3.7-5.0
3.2-4.5
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conditions

Table lb References concerning Table Ia
Number indicating a
reference in Table 1
1
2
3
4
5
6
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

Reference
Schiltz et al. (1990)
Imhoff and Fair ((1956)
Westermann et al. (1989)
Westermann and Ahring (1987)
Westermann and Ahring (1993)
Updegraff et al. (1991)
Sass et al. (1995)
Prieme (1994)
Nedwell and Watson (1995)
Kotsyurbenco et al. (1993)
Phelps and Zeikus (1984)
Valentine et al. (1994)
Bridgeham and Richardson (1992)
Dunfield et al. (1993)
Huser et al. (1982)
Tsutsuki and Ponnamperuma (1987)
Van den Berget al. (1976)
Williams and Crawford (1984)
Gujer and Zehnder (1983)
Sinke et al. (1992)
Kelly et at. (1981)
I
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2.6 Hypotheses
(1) The high Q10 values found in literature can be explained by the fact that at different
temperatures after a certain incubation time different phases have been compared.

If the different phases that are distinguished here are not taken into account,

the Q10 of methane

production will depend on the incubation length and the incubation temperatures.

(2) Cumulative CH4 production increases with increasing temperature.

Phase I will be shorter at higher temperatures because offaster'reduction of the available
electron acceptors. Phase II will be shorter because methanogens will grow faster and
mineralization will become limiting on methanogenesis quicker. At phase III the CH4 production
will be higher because of an increased mineralization rate which is the limiting factor in this
phase

(3) At higher temperatures phase I and phase II will be shorter.

At increased temperatures, besides the reduction of alternative electron acceptors also the
anaerobic mineralization rate increases. In this way more substrate will become available for
electron acceptor reduction. Therefore, the available alternative electron acceptors will be
reduced sooner. In phase II methanogenic growth will be enhanced with increasing temperatures.

(4) The threshold temperature of methanogenesis is 10°C. Below this temperature activity and
biomass of methanogens will be limiting methane production. There will be acetate accumulation
after phase I and phase III will not occur. Above 10 °C, anaerobic mineralization will be limiting
in phase III.

Substantial mineralization was found at low temperatures while only minor methane production
was found at these circumstances. Methanogenic growth and activity will be very low at
temperatures below 10 °C. At higher temperatures methanogenic growth (phase II) will be such,
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that instead of methanogenic biomass, methane production become limiting some time after
anaerobic circumstances are created.
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3. Incubation experiment

3. 1 Material & methods

3.1.1 Soil sampling
On 18 September 1996 samples were taken at the area Nieuwkoopse Plassen, in the
Netherlands (Koole) (For a site description see Segers and Van Dasselaar. 1995). To get
undisturbed ground columns, two cylinders (width 25 em, depth 30 em) were hammered (after
first cutting the densely rooted upper layer with a knife) into the/ground (at about two metres
distance) and then dug out. In this way intact ground columns with the original vegetation on top
and whole root systems were obtained.

3.1.2 Preparation and incubation of soil slurry
From a column a soil sample was taken just below the most dense rooted layer, 5 to 10 em
below the soil surface. Of this sample a slurry was made mixing 944 g of soil with 2125 ml
demineralized water. For convenience this was done in the open air. The effect on the oxidation
of alternative electron acceptors was supposed to be rather small because of the short time
(several hours) the soil was exposed to oxygen. To homogenise the slurry, larger soil (organic)
particles were taken out. It was assumed that still sufficient organic material was left. Because it
was still difficult to prepare several slurries with similar amounts of soil (organic matter), the
slurry was filtered, and the residue was equally divided over 10 slurries made in 11 serum bottles.
To do so 200 ml demi-water was mixed with roughly 60 (±2) g of this residue. Bottles were
closed with butyl rubber stoppers. The 1 ml samples that were taken to analyse the slurry for fatty
acids (see below) were also used to determine the amount of dry matter in each bottle. Six
subsamples of 1 ml were used per bottle to calculate the exact amount of dry matter. First the
ratio of the liquid and solid phase(wet) for a each bottle was measured and calculated as the mean
of six subsamples. The solid phase of all 1 ml samples (of all bottles together) was collected and
dried at 110 o C for three days.
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An oxygen free atmosphere was established by flushing with N 2 (6 times vacuum
pressure and 2 atmosphere). Final pressure was 1.5 kPa to compensate for the pressure loss due to
sampling. In this way oxygen was not able to enter the bottles during the time of incubation.
Duplicate bottles were incubated in the dark at 4, 10, 13.5, 20 and 30

oc and shaken gently for

the time of incubation. No separate check for leaching was done because used butyl stoppers were
applied that showed large differences. Thus a single butyl stopper was not representative for all
butyl stoppers used.

3.1.3 Monitoring of the soil slurries
For 16 days, daily measurements were made. Subsequently, measurements were done less
frequently because only minor changes occurred in the production of CH4 and C0 2 . With 1 ml
syringes gas and liquid samples were taken at each point measurement. For a gas sample first 0.2
ml gas was extracted, and next an underpressure was created by pulling the syringe towards 1 ml,
while the needle was in the hollow chamber of the butyl stopper (to compensate for the
overpressure in the bottle) before the needle was pulled out. From the liquid phase 1 ml samples
were taken. These were centrifuged for 5 minutes at 13 000 rpm. The supernatant was stored
below 0°C. Just before analysis by gas chromatography the samples were mixed 1:1 with a
solution containing 1M formic acid and 1 mM isobutyric acid (internal standard). Formic acid
kills all micro-organisms and therefore stops all biological processes. This is necessary because
of the high column temperature of the gas chromatograph which otherwise strongly increases
bacterial activity. In order to calculate the right amounts from the peak areas, isobutyric acid was
used as an internal standard to correct for differences in sample size taken (auto sampler) by the
gas chromatograph.
C0 2 , H2 and CH4 were analysed by gas chromatography. The C02 concentration was
analysed at a CP9001 gas chromatograph. (Porapak Q column coupled to TCD detector).
Standard curves were used to calculate the amount of gas from peak areas. Methane was
analysed on molecular sieve column at 70°C coupled to a FID detector. H2 was analysed on a
molecular sieve column at 100°C coupled to a TCD detector. Acetate, propionate and butyrate
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were analysed on a CP9001 gas chromatograph. Driving-gasses were N 2 for fatty acids and C0 2 ,
and argon for H2

3.1.4 Calculations

With a calibration sample the amount (mol) of gas per area (given by the integrator of the
gas chromatograph) was determined. Subsequently, the amount of C02 or CH4 in a sample (0.2
ml) could be determined (Table 2). The amount of gas (C0 2 and CH4) in the gas phase of each
bottle was derived by; [size of the gas phase (ml)] I [0.2 ml]

* [the amount (mol) of C02 or CH4

in 0.2 ml]. For C02 also the part that was dissolved in the liquid phase was calculated. The C02
concentration in the liquid phase is in equilibrium with the C02 concentration in the gas phase
([C0 2] liquid = a[C02]gas ). The solubility of C02 is a function of the pH and the temperature. At a
specific temperature the solubility remains constant for a pH between 4 and ±5.5. The pH of the
liquid phase was assumed to be within this range. Solubility decreases with increasing
temperature. For a the following values were found; 1.7 for 4 °C, 1.2 for 10 °C, 1.1 for 13.5, 0.94
for 20

oc and 0.74 for 30 oc (Wilhelm et al.~ 1977). For CH4 the dissolved part was neglected

because a is very small (Wilhelm eta! .. 1977). The size of the gas phase and the liquid phase
were corrected at each point measurement for liquid samples (2 ml at each point measurement)
that were taken.
For each incubation temperature the average (of two replicates) amount of mol gas per
kilogram dry weight was calculated. From these concentrations, rates were derived by backward
differentiation (Table 2). Because differentiation of"mol ki 1" towards "mol kg- 1 d- 1" gave large
peaks, these rates were subsequently smoothed through a moving average procedure with a period
of three successive point measurements. (For practical reasons no polynomal fit was made
although this might give more proper results) This implies that a parameter value at a specific
time was calculated as the average of three point measurements ( -2, -1 and 0 units of time

(~t)

from the considered time event). The rate at the first point measurement was not averaged while
the rate at the second point measurement was calculated as the average of two point
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measurements (-1 and 0 units of time from the considered time event). As the point
measurements were not separated by equal time steps, averages were taken over different time
periods. This seemed to give no serious deviations because measurements were less intense when
the rates of change were low. Fatty acid production was calculated in a similar fashion.
Finally the Q10 ' s were calculated for electron acceptor reduction, of methane production in
phase I, II and III and of methane production when different phases are neglected. Q 10 values
were derived from smoothed rates calculated as explained above.(see also material and methods
of the model). Furthermore it was checked if an exponential relation existed between the
production rate and temperature because this is a prerequisite for describing temperature
dependence over a certain temperature range by a single Q10 value. For each replica the average
production over a certain period (see below) was separately calculated to indicate the error range
at each temperature.
Phase I (alternative electron acceptor reduction) was defined as beginning from the start of
the incubation till the first point measurement fatty acids were detected in one of two replicates.
In this way it was certain that biomass was not limiting alternative electron acceptor reduction
because all the available substrate was consumed. Phase II was taken to start from the beginning
of exponential methane production (Figure 2) and ending when the acetate concentration was
3

1

lower than 1.0* 10- mol kg- dw soil (methanogenic biomass not limiting anymore on methane
production). The beginning of phase III was taken as the point when the propionate concentration
lower than 6.0* 1o- mol kg- dw soil and when no butyrate was detected anymore.
3

1

For calculation of the rate of alternative electron acceptor reduction, C0 2 production rates
from methanogenesis were subtracted from measured C02 production rates for the whole time
series. From these rates at each temperature the overall average was calculated which were used
for the calculation of Q10 •
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Table 2 All calculations that were applied in this study
Calculated

Calculation

Dry weight of soil slurry at sample date (kg dw)

[(300 ml)- (number of samples of 1ml taken)] * [(kg
solid matter (wet))/ 1 ml] * (kg dry weight/ wet weight)

Amount of C02> CH4 (mol kg-l dw soil) in the gas phase

[((area* (mol/area)/0.2 ml) * ml gas in head space)]/ kg
dw

Amount of C0 2 (mol kg-! dw soil) in the liquid phase
1

Acetate, Propionate, Butyrate (mol kg- dw soil)

([C02Jnquid = a[C02]gas ).
[(area/internal standard) * ((mmol/ l )/(areal internal
6

standard))* 10- ]/(kg wet weight /ml) *(dry weight/
wet weight)
Total carbon production (mol)

mol C0 2 +mol CH4 + 2 * mol acetate + 3 * mol
propionate + 4 * mol butyrate.

Rate by backward differentiation of X (mol kg dw soil)

(XcXt-L'lJ/(L1t)

with ~t as the time between two successive point
measurements
Moving Average procedure

((L1X/L1t)t-2+ (L1X/L1t)t-t+ (L1X /L1t)t) I 3

QIO

10

A

[(d log (rate) I d T) * 10]

31

3.2 Results of the incubation experiment

3.2.1 Variation in dry matter between bottles
Incubation bottles varied in their amount of dry matter (CV of 19% ). The CV the of 6
subsamples that were used per bottle to calculate the amount of dry matter varied from 7 to 34 %
between bottles.

3.2.2 C0 2
C0 2 release decreased in time at all temperatures and was positively correlated with
temperature (Figure 1). During the first 2 to 5 days there was a relatively high release of C02 at
each temperature (C0 2 flush). The length of this flush seemed independent of temperature.
However, the magnitude of the C02 release in these first few days of incubation was positively
related to temperature. After 3 to 7 days of incubation a short (1 or 2 days) decrease in the
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Figure 1 Average C0 2 production rate at 5 different incubation temperatures (°C) smoothed by a moving average
with a period of three time events. Each data point represents the average of two replicates.
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C02 pressure was measured(± -0.02 mol kg dw soil d- 1) at all temperatures except at 4

oc

(Figures 4a, b, c, d and e).
From the start of the incubation and during acetate accumulation, there was a trend of a
gradually decreasing rate of C0 2 release at each temperature (From 0.033 ±16% at day 1 to
0.0026 ±21% mol kg-1 dw d-1 at day 106 at 4 °C, from 0.038 ±23% to 0.0074 ±77% mol kg-1 d1 at day 9 at 30 °C.
At 10, 13.5 and 30°C an increase in C02 production appeared after the acetate

oc the C0 2 concentration increased directly after
propionate reached its highest concentration in the liquid phase (At 4 oc fatty acids were still
concentration reached its highest level. At 20

accumulating at the time measurements were stopped).
The final lower or decreasing C02 concentration at the end of each time series as shown in
Figure 4, was probably due to a technical error (possibly a filthy column of the gas
chromatograph).

3.2.3 CH4
The first three days showed a strong rise in methane production at all incubation
temperatures (Figure 2). At this stage and throughout the experiment, the production rates
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Figure 2 Average CH4 production rate at 5 different incubation temperatures (°C) smoothed by a moving average
with a period of three time events. Each data point represents the average of two replicates.
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were higher at higher temperatures. Similar to C0 2 production, CH4 production increased after
the acetate concentration reached its highest level. The highest average CH4 production of 0.01
1

±242% mol kg- dw soil d- was reached after 49 days at 30 °C. At 4 oc this was never higher
1

than 0.00054 mol CH4 kg- 1 dw soil d- 1.

3.2.4 Fatty acids
The average time before the start of acetate accumulation tended to be shorter at higher
temperatures (Figure 3a). It was 8 days at the lowest temperature (4 °C) and 1Yz day at the highest
(30 °C) temperature.(In Figure 3a average acetate concentrations are shown and consequently
only the shortest time before acetate accumulation measured in one of the replicates at a specific
temperature). The rate of accumulation was about equal at 4, 10 and 13.5

oc (average of0.0009 ±

0.01 mol kg- dw soil d- ) and much higher at 20 and 30 oc (averages of0.0013 ±0.0034 and
1

1

0.0019 ±0.0057 mol kg -l dw soil d- 1).
The peak level of accumulated acetate was reached faster at higher temperatures. At 30°C
the highest acetate concentration was reached after 14 to 16 days, after 26 and 50 days at 20
and 10 oc respectively and exceptionally only after 75 days at 13.5 °C. At 4

oc

oc acetate was still

accumulating at the end of the experiment after 106 days.
The peak.level of acetate had no (simple) correlation with temperature. The highest
acetate concentration was reached at 4

oc at the last point measurement after 98 days ( 0.11

1

±0.026 mol kg- dw soil) (still rising). The highest acetate concentrations at other temperatures
were; 0.037 ± 0.015 at 10 °C, 0.067 ± 0.0068 at 13.5 °C, 0.033 ± 0.020 at 20 °C, 0.052 ± 0.0090
at 30 °C.

Propionate started to accumulate

lat~r

than acetate (Figures 3b, 4a, b, c, d and e). Similar

to the time before acetate accumulation, the time period before the start of propionate
accumulation showed sometimes large differences between replicates of a specific temperature.

oc this was after 22 and 49 days, at 13.5 oc after 22 days, after 5 and 15 days at 20 oc and
after 4 and 5 days at 30 oc respectively. At 4 oc propionate was already detected at day 1 in one

At 10
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of the replicates, but just at day 49 in the other replicate. Propionate concentrations were always
well below those of acetate when acetate was still accumulating (about a factor 10 lower).
Propionate accumulation lasted longer however (till± 98 and 75 days from the start of
incubation at 20 and 30

oc respectively, and longer than 98 days at 4,10 and 13.5 °C).

The accumulation of butyrate was not consistent and on the whole relatively low (Figure
3c). Butyrate could first be detected only after about 49 days at 4 and 20
13.5

oc and after 75 days at

oc (Figure 3c). At the 98th day of incubation, a first trace of butyrate was measured at 10

°C. With intervals ranging from 6 to 34 days butyrate was found at 30 °C, starting at the 9th day
of incubation. The highest average butyrate concentration of 0.04 ±0.0005 mol kg -I dw soil was
found at the 98th day of incubation at 13.5 °C.
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Figure 3a Average acetate concentration at 5 different incubation temperatures (°C). Each data point represents the
average of two replicates.
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Figure 3b Average propionate concentration at 5 different incubation temperatures (°C). Each data point represents
the average of two replicates.
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3.2.5 H 2
Hydrogen was only monitored the first two weeks of incubation. During this period, no H2
could be detected in gas phase. The detection limit for hydrogen was: 2.5

* 1o-5 mol r 1.

3.2.6 The temperature dependence of bacterial processes

3.2. 6.1 Reduction of alternative electron acceptors
A measure for alternative electron acceptor reduction was the C02 formation from the
beginning of anaerobiosis, when the methanogenesis was still relatively small, till the
accumulation of acetate started. During this time, the major amount of C02 is produced by the
reduction of different alternative electron acceptors by specific bacteria (Kengen and Starns
1995).
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Because of the unclear origin of the flush (see material and methods of the model) the Q10
for electron acceptor reduction was calculated with and without the flush. For the determination
of the length of phase I only average (fatty acid) values were taken into account. A Q10 value of
1.4 was found with and without the flush, by taking the average (from the beginning of the time
series until the beginning of fatty acid accumulation) of the (average) C0 2 production at each

oc this was till day 4, at 13.5 oc till day 6 and at 20 oc only the
C0 2 production rate of day 1 was used (Table 3). No usable data were available at 4 and 30 oc

temperature (Figure 5). At 10

because at these temperatures average acetate accumulation started almost immediately (at the
first day of incubation). Measurements that were clearly an error were omitted.
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acceptor reduction rate) if the flush was assumed to be biotic. An exponential fit was performed using data of both
replicates at each temperature.
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Figure 5b Temperature dependence of the C0 2 production rate at phase I (indicative for the alternative electron
acceptor reduction rate) if the flush was assumed to be abiotic and therefore excluded. An exponential fit was
performed using data of both replicates at each temperature.

3.2.6.2 Anaerobic mineralization.
The anaerobic mineralization at each temperature was supposed to be equivalent to the
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Figure 6 The total amount of carbon produced at 5 different incubation temperatures, smoothed by a moving

average with a period of three time events (calculation of the total amount of carbon see Table 2).

41

total carbon production (Figure 6). For the calculation of Q 10 of anaerobic carbon mineralization,
total carbon production after the carbon (meanly C0 2) "flush" were used where rates where
relatively constant. (from day 26 till day 75). The average was calculated for each replica and
unreliable point measurements were not used.
In this way a Q 10 of 1.4 was found for anaerobic carbon mineralization (Figure 7). For the
calculation of this Q 10 , rates of 4, 10, 13.5, 20 and 30

oc were used (Table 2).
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Figure 7 Temperature dependence of the anaerobic mineralization rate calculated separately for each replica (for
calculation see Table 2). Average rates were calculated form incubation day 1 till day 98. An exponential fit was
performed using data of both replicates at each temperature (line).

3.2.6.3 Methane production at three different phases (Figure 8)
In the data, three phases were distinguished concerning methane production upon
anaerobiosis, that are characterised by; 1) a relatively low CH4 production in phase I caused by
competition of alternative electron acceptor using bacteria; 2) an exponential increase in methane
production in phase II (through methanogenic growth); 3) CHiC0 2 ratio of 1 in phase III where
substrate is limiting methane production. For phase I, II and III a Q 10 was found of2.1, 2.9 and
1.8 (rates smoothed with a moving average) and 1.7, 2.8 and 0.8 (non-smoothed rates)
respectively. For calculation ofQ 10 of methane production of phase I, for each temperature, the
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averages were used from day 1 until the beginning of fatty acid accumulation (acetate) (until day
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Figure 8 Temperature dependence of the methane production rate at phase I (suppressed by atemative electron
acceptors), II (indicative for growth ofmethanogenic biomass) and III (limited by mineralization). An exponential fit
was performed using data of both replicates at each temperature (lines).

4,6 and 1 for 10,13.5 and 20

oc respectively). At 4 and 30 oc phase I an average acetate

accumulation was already measured at the first day. To derive Q10 of phase II, the time periods
used were; from day 22-75,49-85, 85-98,26-75, 15-26 for 4, 10, 13.5, 20 and 30 °C. The Q 10 of
phase III was calculated with the following time periods; day 106, 75-98 for 20 and 30

oc (Table

3). This was however not a true Q10 of phase III, because during the measured time period still
propionate was accumulating. This means that this time period methanogenesis was not limited
by the mineralization rate but by the rate of acetogenesis (acetogens convert propionate into
acetate and H 2). At 4, 10 and 13.5

oc phase III was not reached.

Table 3 Time periods (days) of the different phases used for the calculation of Q 10 values

Phase:

\Tin °C: 4

I
II
III

22-75

10

13.5

20

1-4

1-6

1

49-85

85-98

26-75

15-26

106

75-98

30
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3.2.6.4 Methane production through time (Figure 9)
When the differences in developmental stage concerning the three phases at different
temperatures at a certain time of incubation were not taken into account, the Q10 of methane
production calculated from rates between 4 and 30

oc (Table 2) varied in time round an average
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Figure 9a The development ofQ 10 of the methane production rate during the time of incubation using all rates
between 4 and 30 °C.
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Figure 9b The development ofQ 10 of the methane production rate during the time of incubation using all rates

between 13.5 and 30 °C.
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value of about 3. If rates of 13.5 and 30

oc were used, there was peaks ofQ 10 after 2 days of ±5,

while it was around 2.5 between day 5 and 16 and increasing again towards ±5 till day 22.
Thereafter the Q 10 value gradually decreases.
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3.3 Discussion of the incubation experiment

3.3.1 Three phases
Because anaerobic conditions were created in the incubated soil slurries (N2 atmosphere),
C02 was supposed to be a product of alternative electron acceptor reduction and CH4 production.
At such conditions a sequence of reactions can be expected as explained in the introduction. The
aim of this experiment was to quantify the temperature influence on the length of the different
phases and the rate of the CH4 production and competing reactions at these distinct stages.
Three phases could be distinguished in time after anaerobic conditions were established in a soil
slurry.

3.3.1.1 Phase I
Regardless of temperature, from the start of incubation, production of C0 2 was found
while CH4 production was relatively low. This means that immediate anaerobic mineralization
occurred, and that its products were mainly used by alternative electron acceptor using bacteria
(Kengen and Starns 1995). beside N0 3 -, Mn4+ ,Fe3+ and SO/- also organic electron acceptors are
likely involved. By Kengen and

Starns~

1995 it was hypothesised that humic and fulvic acids

might be important electron acceptor in peat soils (Lovley et a/ .. 1996). These reactions are
performed by different bacteria. Different threshold concentrations at which acetate can be used
are also important in substrate competition. Sulphate reducers were found to have a higher
affinity for acetate than methanogens (Oude Elferink eta! .. 1994). So at this stage, methane
production is limited by a low methanogenic biomass and/or high redox potential and/or a
relatively low affinity for acetate. Even for a stirred slurry, heterogeneity at a micro scale might
play a role.

3.3.1.2 Phase II
When fatty acids start to accumulate it is hypothesised that methanogenic biomass is still
relatively low and limiting methane production. However, also inhibitory effects of a high redox
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potential might have been the reason of a limited methane production. The accumulation of fatty
acids probably started before all alternative electron acceptors had been reduced, because
exponential increase of methane production (indicating methanogenic growth or decreasing
inhibition) did not start immediately after fatty acids began to accumulate. There was also
substantial C0 2 production during fatty acid accumulation which could not be explained by the
low methane production. Segers and Kengen (submitted) hypothesised that there are two pools of
electron acceptors; easy to reduce and difficult to reduce. The accumulation of fatty acids
probably occurred, because both methane production and alternative electron acceptor (difficult
to reduce) reduction were limited by bacterial biomass. For wetland soils only low temperatures
were found to be a possible explanation for a limitation of methgne production by methanogenic
biomass (Shannon and White. 1996 and Drake et al .. 1996). Soil for this experiment was
collected in the winter period at temperatures below 10 °C. So, a decrease of the methanogenic
biomass at low winter temperatures might explain methanogenic growth at incubation
temperatures above 4 °C. Similar to this experiment, a higher fatty acid accumulation was found
at lower temperatures by Chin and Conrad~ 1995. For drained sites limited methane production
was found after anaerobic incubation (Segers and Kengen preliminary; Peters and Conrad~ 1996;
Kusel and Drake~ 1995). However, the soil used in this experiment was from an undrained site.
The exposure to oxygen during the preparation of the slurry was assumed to be too short (few
hours) to cause a substantial decrease in methanogenic biomass. For example, by Fetzer et al.~
1993 it was found that the viability of a suspension of methanogenic bacteria from paddy soil did
not decrease after a 200 hours exposure to air. However, by Hall et al .. 1996 it was found that
even a brief (5 minutes) exposure to air of peat slices lowered the rate of methanogenesis.

3.3.1.3 Phase III
At temperatures above 4 o C, fatty acids disappeared from the system (the onset of phase
III). As hypothesised, phase III was not reached at 4

oc during the time of incubation ( 106 days)
1

and methane production remained relatively low (never higher than 0.00054 mol kg- dw soil d-

1

). At phase III all C02 was probably produced by methane production. This is indicated by a ratio
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of one of CH4 :C02 production. Because of an unexplained decrease of accumulated C0 2 at all
temperatures this could not be confirmed.

3.3.2 Comparison with a similar incubation experiment
By Kengen and Starns (1995) a similar incubation experiment was done with soil from the
same site (an undrained soil (also at the Nieuwkoopse Plassen area)) and a drained grassland soil
(near Zegveld) at a single temperature (15 °C). For the drained grassland soil they also found
alternative electron acceptor reduction and fatty acid accumulation. Yet, for soil of the same site
(undrained) at the Nieuwkoopse Plassen as used for this experiment they found in one occasion
(0-5 em) an immediate linear increase of C0 2 and CH4 formation which remained constant. Thus
no electron acceptor reduction occurred and no fatty acid accumulation. But, at greater depths
they found a higher C02 than CH4 formation, but no fatty acids or in very low concentrations.
Fatty acid measurements, however, were often not done very frequently and phase II might have
been missed. The presence of alternative electron acceptors in soil used for this experiment was
either due to a lower water table or to longer exposure to air during the preparation of the soil
slurry (Kengen and Starns 1995 made a soil slurry in an anaerobic tent). As been stated, the
extensive period of low temperature during winter time possibly caused methane production to be
limited by methanogenic biomass in this experiment. However, Kengen and Starns 1995
measured also in the winter period (January).

3.3.3 Flush
At all temperatures a flush appeared of C02 and CH4 in the first three to five days.
Because the length of this flush was independent of temperature it probably had a physical cause.
The height of the flush ,however, was positively related to temperature which indicates that also
temperature dependent chemical and bacterial processes were involved. Furthermore, the flush
was to a higher extent incorporated into fatty acid production at higher temperatures. This also
indicates that a substantial part of the flush was of biotic origin. When a soil slurry is prepared,
plant roots start to decay and plant particles break. In this way a large amount of easily degrading
organic matter is formed. At the end of the flush a small amount of C0 2 (± -0.02 mol kg dw soil
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d-

1
)

disappears at all temperatures except at 4 °C. Whether this was caused by bacterial or

chemical/physical processes remained unclear.

3.3.4 Temperature
As expected, reaction rates were positively correlated with temperature. At higher
temperatures fatty acid accumulation began sooner indicating that alternative electron acceptors
were reduced quicker. This was caused by an increased mineralization- and alternative electron
acceptor reduction rate. For alternative electron acceptor reduction and for mineralization similar
Q 10 's were found of ±1.4. The Q 10 calculated for mineralization is rather low but falls within
ranges found in literature (between 1.0 and 3.6) (Table 1). There were however no great
differences between the mineralization rates at 4, 10 and 13.5 °C. Thus, mineralization could not
be properly described by a single Q 10 value. For sulphate reduction a slightly higher range of Q 10
was found (2.2-2.6) by Westermann et al.~ 1987 (Table 1). However, Segers and Kengen
(submitted) argue that reduction of electron acceptors is controlled by carbon mineralization. If
this is true, the Q 10 of both processes should be the same.
Phase II was defined as the stage in which exponential methane production (due to
methanogenic growth) occurs together with accumulating fatty acids. As stated, these processes
did not occur completely throughout the same time period. For the exponential growth of
methanogens a Q 10 of 2.9 was found (taking exponential increase of methane production as a
measure for exponential growth). In case studies, the temperature influence on growth of
methanogens was often found to be much higher than on methane production at a stationary
phase (phase III). During the growth stage of methanogenic biomass a Q10 of 6 has been found
for methane production by Schutz et al .. 1990 which was twice as large as during the stationary
phase (with H 2 as substrate). By Huser. 1981 a much lower Q 10 of2.05 was found for
methanogenic growth (Table 1).
At a later stage, Q10 of methanogenic growth was more correctly calculated from the (log)
slopes of methane production as a function of time. This resulted in a much lower Q 10 of 1.2.

The Q 10 values for biological processes are mainly around 2. For methane production a
wide range ofQ 10 values were found which were often very high (6-16, Tsutsuki et al.~ 1987;
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5.3-16, Dunfield et al .. 1993; 8.4, Prieme. 1994; 20, Nedwell et al .. 1995) (Table 1). In most case
studies of the temperature influence on methane production, the different phases occurring upon
anaerobiosis were not taken into consideration.
When competing reactions (phase I) and growth of methanogenic biomass (phase II) were
not taken into account in this experiment, the Q10 of methane production varied around a stable
level of about 3 if rates of 4 and 30

oc were used for the calculation. At 4 oc methane production

was limited throughout the incubation time (106 days), by a low methanogenic biomass or a high
redox potential. Methane production remained relatively low after phase I because methanogenic

* 1o-4 mol kg- 1 dw soil d- 1). Additionally,
the slight increase in methane production at the end of phase I at 4 oc (after about 20 days)
growth and activity is very low at this temperature (± 4

coincided with an increasing methane production at 30°C at the end of fatty acid accumulation. If

oc were used for the calculation of the Q10 of
methanogenesis ranged from 2 to 5 (Figure 9). During the first few days at 13.5 oc rates of
alternative electron acceptor reduction and methanogenesis are very low, while at 30 oc there is
on the other hand rates of 13.5 and 30

almost immediate methanogenic growth. This explains the first peak in Q10 after 2 to 4 days.
From day 7 until day 16, methane production at both temperatures was in phase II; there was
acetate accumulation and slow methanogenic growth (phase Ira: increasing methane production,
but very slow because methanogenesis is probably still in competition with alternative electron

a~ceptor using bacteria that use S042- or humic acids as electron acceptors). At this stage,
methane production rates were less far apart. Then till day 75, Q10 was around 4. After 16 days
methane production started (methanogenic growth) to increase exponentially at 30

oc (phase IIb:

relatively high increase of methane production probably because all alternative electron acceptors
have been reduced at this stage). At 13.5 o methane production remained relatively low during
acetate accumulation, and only after day 7 5 there was an exponential increase in methane
production (methanogenic growth).
If the three different phases are taken into consideration, then for each phase a specific Q10
for methanogenesis can be (and was) calculated. At phase I, methanogenesis (Q 10 of2.1) is
inhibited by reduction of successively N03-, Mn4+ ,Fe3+ and SO/-. The level of suppression of
methanogenesis likely becomes lower if the redox potential declines. If so, phase I can also be
split up into different parts. Then, for phase I, at different temperatures different sub phases are
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compared. The Q 10 of methane production derived for phase II (a measure for growth of
methanogenic biomass) was already discussed above. At phase III methane production is limited
by the mineralization rate. Therefore it was not surprising that for methane production in phase
III a similar Q10 (1.8) (only rates of20 and 30

oc used) was found as for anaerobic mineralization

(calculated with rates from 13.5, 20 and 30 °C).

3.3.5 Influence of experimental methods
In this experiment incubation bottles were shaken, which was supposed to lead to
sufficient homogeneous circumstances. However, in many experiments, the slurry was stirred
which might cause the death of biomass (Dannenberg et al., 1997). If the slurry is not stirred or
shaken at all or only at the start of incubation or just before samples are taken, this might lead to
an heterogeneous environment.
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4. Modelling temperature dependence of methane production

4.1 Introduction
To get insight in the scale of different processes important in methane production, a model
was developed by Segers and Kengen (submitted). This model explains the role of substrate
inhibition by alternative electron acceptor reduction and methanogenic growth on the dependence
of methane production on anaerobic carbon mineralization.
In experimental case studies enormous differences (up to a factor 10) were found on the
effect of temperature on methane production (Table I). The Q10 of methane production seemed to
vary with time of incubation (see introduction). To explain this, relationships for the temperature
dependence of processes that control the three different phases important in methane production
after anaerobiosis were developed on the basis of literature study and experimental work and
added to the model of Segers and Kengen (submitted). These main controlling variables of this
model are; the mineralization rate, the acetate consumption rate of methanogens and the reduction
rate of alternative electron acceptors.
Immediately after anaerobiosis, substrates that become available through anaerobic
mineralization are used by alternative electron acceptor reducing bacteria (phase I). This is the
main source of C0 2 production at the beginning of a time series. The amount of the C0 2
produced depends on the initial amount of alternative electron acceptors and the initial amount of
easily degrading organic matter. The rate of C0 2 production in phase I depends on the
mineralization rate. After reduction of the alternative electron acceptors, substrate (fatty acids)
starts to accumulate and methanogenic biomass increases exponentially (phase II). At phase III
acetate has disappeared from the system and the anaerobic mineralization rate is the limiting
factor on methanogenesis.
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4.2 Material & methods

4.2.1 Model description
An existing model describing methane production (Segers and Kengen (submitted)) was
modified by making controlling rates temperature dependent. The model is based upon two
reactions that summarise all the different pathways of methane production and alternative
electron acceptor reduction under anaerobic circumstances. Methane production is the result of
the following reaction;

acetate (fatty acids) ===> methane + carbon dioxide + methanogenic biomass

The rate of this reaction depends on the amount of methanogenic biomass and the acetate
concentration.
Reactions of alternative electron acceptor reduction that are competitive for methanogens
through substrate (fatty acid) competition are given by ;

acetate (fatty acids) + electron acceptor ===> carbon dioxide + reduced electron acceptor

The rate of this reaction is determined by the acetate- and the alternative electron acceptor
concentrations. It is assumed that no reoxidation of reduced electron acceptors takes place,
because anaerobic circumstances are maintained. Therefore, the duration of phase I depends on
the initial amount of electron acceptors.
The methanogenic growth rate (acetate consumption rate), the mineralization rate (fatty
acid production) and the electron acceptor r,eduction rate were made temperature dependent. The
reason these parameters were chosen to be temperature dependent is that they represent the main
biological processes in this model.
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4.2.2 Sensitivity analysis
Parameters that were optional to describe temperature dependence, were tested for their
sensitivity (Camim Qmgac' ELRmx' Kmgac' Ker,eb Ker,ac ). These, independent, parameters were
chosen because they are reaction rates and half saturation constants of biological processes which
are temperature sensitive. They are a function of bacterial growth and activity. Representative for
Camin is the cumulative CH4 and C0 2 production. Representative for Qmgac (measure for the
methanogenic growth rate) and Kmgac is the length of phase II. Representative for ELRmx Ker,ac
and Ker,el is the length of phase I respectively. That's why variation in these parameters was used
to illustrate the sensitivity of Camim Qmgac' ELRmx, Kmgac' Ker,eb Ker,ac· Each of these variables was
separately varied while at the same time other variables remained fixed (Figure 1Oa, b and c)
(Results forK values are not shown since simulation results did not vary with changes (up to a
factor 100) of these parameters).

4.2.3 Model assumptions
The following model assumptions were made for the basic model of Segers and Kengen
(submitted) which will not be discussed in detail in this report;
-methanogenic biomass was taken into account, because it was found to be possibly
limiting methane production at low temperatures in wetland soils (Shannon and White~
1996 and Drake eta! .. 1996) and in drained soils upon anaerobic incubation (Kengen and
Starns 1995: Peters and Conrad. 1996
- no biomass of alternative electron acceptor reduction was included. For several reasons
alternative electron acceptor reducing bacteria were supposed not to limit electron
acceptor reduction. (although in this study some evidence was found for a biomass
limitation of alternative electron acceptor reduction)
-intermediate anaerobic mineralization reactions leading to fatty acids were not taken into
account
- acetate was taken as a sole substrate for both methanogenesis and alternative electron
acceptor reduction representing all possible substrates.
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- suppression of methanogenesis occurs through lowering of substrate concentration by
reduction of alternative electron acceptors and not through the influence of alternative
electron acceptors on the redox potential.

4.2.4 Model equations

The basic model equations are given in the way they were stated by Segers et Kengen
(preliminary). They were modified by making anaerobic mineralization (acetate (fatty acid)
production), methane production (acetate (fatty acid) consumption) and electron acceptor
reduction temperature dependent. The following parameters were made temperature dependent;
mineralization rate (Camin), maximum methanogenic acetate consumption rate (Qmgac) and the
maximum electron acceptor reduction rate (ELRmx). It is optional to describe the temperature
dependence with parameters influencing substrate affinity (Ker,ac, Ker,el, Kmgac). This option was
not added to the given equations. Temperature dependence of substrate affinity (Kmgac) was
found by Westermann eta!., 1989 at low substrate concentrations. This indicated that the
temperature influence on substrate affinity might play a role in methane production. In this
model, however, there is no competition for substrate but complete inhibition of methanogenesis.
Parts of equations indicating temperature dependence were put in italics. The symbols are
explained in Table 4.

dA C/dtam T -_ 1/Z cac * Camin Tref * Q1Oam (T-Trej) /10
mol Ac kg- 1 dw soil d- 1 = 1/(mol C-Ac mor 1 Ac) * mol Ckg- 1 dw soil d- 1 * ()
dAc/d!mgT = qmgacT * Bmg
mol Ac kg- 1 dw soil d- 1 =mol Ac mor 1 C-biomass d- 1 * mol C-biomass kg- 1 dw soil

acetate formation

acetate consumption

qmgacT = QmgacT * [Ac ]/( [Ac] + Kmgac)
mol Ac mor 1 C-biomass d- 1 =mol Ac mor 1 C-biomass d- 1 * [mol Ac m-3 H20] I ( [mol Ac m-3 H 20] +mol Ac m--J H20)
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QmgacT-_ QmgacTref * Q10mgac (T-Trej) 110
mol Ac mort C-biomass d-t = mol Ac mort C-biomass d-t * ()

{ QmgacTref= 1-lmg maxTreff (Zcac

* Y mgac)}

mol Ac mort C-biomass d-t = d-t I (mol C-Ac mort Ac * mol C-biomass mort C-Ac)

dCH4/dtmgT = Ymg

* (1

-

Y mgac)

* Zcac / Zcch4 * dAc/dtmgT

mol CH4 kg-1 dw soil d-t =mol C-CH4 mort C-respired * (1- mol C-biomass mort C-Ac) *mol C mort Acl mol C mort CH4 * mol Ac mort
C-biomass d-t

*

mol C-biomass kg-t dw soil

dC02/dtmgr=

(1-

Ymg)

* (1- Ymgac) * Zcac/ Zcco2 * dAc/d1rugr

mol C02 kg-t dw soil d-t = (l -mol C-CH4 mort C-respired) * ( 1 -mol C-biomass mort C-Ac) *mol C mort Acl mol C mort C0 2 * mol Ac
mort C-biomass s-t * mol C-biomass kg-t dw soil
dBmgfdtr = Zcac

* Y mgac * dAc/dtrugr

- Dmgan

* Bmg

mol C-biomass kg-t dw soil d-t =mol C mort Ac * mol C-biomass mort C-Ac * mol Ac mort C-biomass d-t * mol C-biomass kg-t dw soil - d-t
* mol C-biomass kg-t dw soil

Phase I

dELO/dtr= -ELRmxr

*

[ELO]/( [ELO]

+ Ker,el )*

[Ac]/( [Ac]

+

Ker,ac)

mol el. eqv. kg-t dw soil d-t =-mol el. eqv. kg-t dw soil d-t * [mol el. eqv. m- H20] I ( [mol el. eqv. m- 3 H20] +mol el. eqv. m- 3 H20) * (
3

[mol Ac m- 3 H 20] I ([mol Ac m- 3 H 20] +mol Ac m-3 H 20)

ELR

- ELR
mxT mxTref

* Q10 elrmx (T-Trej) I 10

mol el. eqv. kg-t dw soil d-t =mol el. eqv. kg-t dw soil d-t * ()

dAc/ dterT = V er

* dELO/dtr

acetate consumption

mol Ac kg-t dw soil d-t =mol Ac mort el. eqv. *mol el. eqv. kg-t dw soil d-t

mol C0 2 kg-t dw soil d-t =-mol Ac mort el. eqv. * mol C mort Acl mol C mort C02 * mol el. eqv. kg-t dw soil d-t
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Concentrations

[Ac]

=

AcNaq
3

mol Ac m- H20 =mol Ac kg- 1 dw soil I m3 H 20 kg- 1 dw soil

[ELO] = ELONaq
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4.2.5 Parameter estimation

The mineralization rate CaminTref at reference temperature of 13.5°C, expressed in mol C
1

1

kg- dw d- , was calculated by adding the average production rates of the fatty acids, C02 and
CH4 (Alcohols were not measured in the experiment but they are usually only found in very low
quantities (Kengen and Starns. 1995)). These rates were derived by the following equation: (Xc
Xt-t.t)/(t-

~t)

(X is the substance that is considered, tis time of measurement and

~tis

the time

between two successive point measurements).
The maximum relative methanogenic growth rate at reference temperature 13.5
(J.lmgmaxTref)

oc

and the initial methanogenic biomass (Bmg) were fitted together by hand. The

methane production at the beginning (phase I and the first part of phase II) was assumed to be
mainly determined by the initial methanogenic biomass. Methane production at the main part of
phase II was fitted by adapting the value for maximum acetate consumption (maximum
methanogenic growth) (Qmgac)· Both these parameters have a large influence on the length of
phase II (initial biomass is negatively correlated and methanogenic growth positively correlated
with the length of phase II). A measure for the length of phase II is the duration of fatty acid
accumulation. Thus, a combination of parameter values was fitted that, firstly gave realistic time
series of methane production and secondly a reasonable simulation of the duration of phase II.
Parameters concerning methanogenic biomass were fitted because they appeared to be sensitive
parameters and no literature data were available. The initial biomass depends on the "in situ"
circumstances. As a criterion for the amount of initial biomass, amounts found by Segers and
Kengen (preliminary) at a similar site, through a Monte Carlo approach, were used.
The origin of the flush (see experimental results page 31) that appeared at start of the
incubation was unclear (partly biotic, partly abiotic). By taking the extremes of all possibilities,
the flush was either assumed to be totally biotic or totally abiotic (escaping dissolved C0 2). As a
result, the C02 production rate at phase I was calculated in two ways; by either subtracting or
including the flush. The flush itself was derived by subtracting the moving average values of the
mineralization rate, were this was constant (between day 26 and 75), from the C02 production
rate.
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For the calculation of the initial amount of electron acceptors used in the model, the
amount of C0 2 produced through alternative electron acceptor reduction was estimated. This was
done by subtracting the cumulative amount of C0 2 produced through methanogenesis from the
cumulative amount of C0 2 produced at incubation day 75 (CH4 : C02 of methanogenesis was
assumed to be 1). In this way also possible electron acceptor reduction during phase II was taken
into account. C02 measurements after day 7 5 were thought not to be very reliable because at all
temperatures a decrease was measured. No corrections were made for amounts of C02 that were
the result of other reactions like the conversion of large fatty acids into acetate.
The initial amount of alternative electron acceptor equivalents (ELOi) was derived by
dividing the total amount of produced C02 in phase I at 13.5 °Cby Ver*Zcac/Zcco2 (mol C02 mol-l
electron equivalents). ver is the amount of acetate needed per reduced electron acceptor and Zcac
and Zcco 2 are constants that give the number of C atoms in acetate and C02 respectively.

The Q 10 values of mineralization, alternative electron acceptor reduction and
methanogenesis were calculated from average rates, smoothed by a moving average, as described
in material and methods of the experiment (Table 2). As the reduction rate of alternative electron
acceptors is limited by the mineralization rate, the true Q10 for this process could not be
calculated from these data. Because the value for the maximum electron acceptor reduction rate at
reference temperature 13.5

oc (ELRmxTref) was chosen very high, this parameter is not very

sensitive. Therefore, the Q 10 for electron acceptor reduction (Q 1oer) is also not very sensitive.
Other parameters values were taken from literature (Table 4)
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4.2.6 Model test
The model was tested by using the fitted set of parameters for 13.5

oc at other incubation

temperatures. This ,however, was not a true validation because for the calculation of Q 10 values
also data from incubations at other temperatures than 13.5

oc were used.

Table 4 Parameters used in the model
Symbol

unit

description

Ac

mol Ac kg- 1 dw soil

concentration of acetate

value

comment

1o-3 (initial)

fitted value

0.01

Pavlosthatis and Gomez 1991

0.86

>camin/(Ver * Zcac)

0.41 (initial)

(Cumulative C02)* Zcco 2 I (Ver *

subscript to indicate rates as a result of

am

anaerobic C-mineralization

Cam in

mol C biomass kg- 1 dw soil
mol C kg- 1dw soil d- 1

Dmgan

s-1

Bmg

aceticlastic methanogenic biomass
anaerobic C-mineralization at
reference temperature T
relative decay rate of methanogenic
biomass under anaerobic conditions

ELRmx

mol el. eqv. kg- 1 dw soil d- 1

ELO

mol el. eqv. kg- 1 dw soil

maximum rate of electron acceptor
reduction
concentration of electron acceptors

Zcac)
subscript to indicate rates as a result of

er

electron acceptor reduction
subscript to indicate initial value
K:r.ac

mol Ac m-3 H20

Ker.el

mol electron eqv. m-3 H20

half saturation of electron acceptor

0.01

<Kmgac

10

< initial [ELO]

0.1

Fukuzaki eta/. 1990, taking pH

reduction tor acetate
half saturation constant of electron
acceptor reduction for electron
acceptors
Kmgac

mol Ac m-3 H20

half saturation const~t of

=5, Segers and Van Dasselaar,

methanogenic acetate consumption

1995

mg

subscript to indicate rates as a result of
methanogenesis

QIO

ratio of production rates at

1.8 (Qtoam and Q 1oer)

temperatures that are 10 oc apart

3.0 (Qtomac)
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qmgac

mol Ac mort C biomass d-t

methanogenic acetate consumption per
methanogenic biomass

Qmgac

mol Ac mort C biomass d-t

maximum methanogenic acetate

0.4 7 (at T ref)

fitted value

consumption per methanogenic
biomass
T

oc

temperature or subscript to indicate
rates at a temperature T

Tref

oc

reference temperature or subscript to

13.5

indicate rates at threshold temperature
Tref

* 10-2

Yaq

m 3 H 20 kg·t dw soil

volume of water per mass of dw soil

4.5

Y mgac

mol C-biomass mol C-Ac

yield of methanogenic biomass on

0.04

Pavlosthatis and Gomez, 1991

2

molecular constant

from experiment

acetate
Zcac

mol C mort Ac

number of C atoms in one molecule

Zcch4

mol C mort CCH4

number of C atoms in one molecule

Zcco2

mol C mort C0 2

number of C atoms in one molecule

acetate
molecular constant

methane
molecular constant

carbon dioxide
f.lmgmax

d-t

maximum relative growth rate of

0.38

fitted value

0.125

stoichiometric constant in electron

methanogens
Yer

mol Ac mort electron eqv.

acetate needed per reduced electron
acceptor

Ymg

mol C-CH4 mort C-respired

[]

mol m-3 H 20

fraction ofthe respired C, which
evolves as CH4

acceptor reduction

0.5

stoichiometric constant in
methaogenesis

dissolved concentration
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4.3 Results and discussion of the model

4.3.1 Time resolution of the model
The model was tested for a shortest time step of one day with results from the incubation
experiment. Because the model was only tested for static temperatures it was assumed the system
reacts instantaneously on a temperature change. For (daily) fluctuating temperature, the final
methane production over a certain length of time might have been different then for average static
temperatures. This depends on the time it takes for the system to evolve towards a new (quasi)
steady state. The smallest period of time the model is valid depends on the rate of adaptation of
the bacterial activity and the time it takes before a new steady state of acetate concentration in
phase I and phase III is reached. ( It is assumed a steady state acetate concentration is established
if mineralization is a limiting factor (phase I and III). The adaptation time of bacterial activity,
however, was not incorporated into the model. Also, the K values which play a role at short time
periods were not exactly known. In phase I, the time it takes to reach a new quasi steady state can
be calculated by Va/Yer

* Ker,acfELRmxTre.f For the fit temperature 13.5 oc a value of

±6 minutes

was calculated which is relatively low. However, the V max of phase I (ELRmxTref) was chosen very
high and is probably not a realistic value. In phase III the time constant is equal to V aq 1Bmg

*

Kmgac /QmgacTrefwas equal to ±1.0 days at 13.5 °C. The value ofQmgac (Vmax) is dependent on the
methanogenic growth rate which was fitted.

4.3.2 Sensitivity analysis
The sensitivity analyses showed that maximum mineralization rate (Camin) and maximum
methanogenic acetate consumption rate (Q~gac) were sensitive parameters (see Figure lOa and
b)(L1 relative C0 2 : L1 relative Camin = 0.7; L1 relative CH4 : L1 relative Camin

=

1.7; ). The

temperature sensitivity, expressed in Q 10 values, attached to these parameters was therefore also
sensitive. Maximum electron equivalent acceptor reduction rate (ELRmx) was found not to be
very sensitive (Segers and Kengen (preliminary) (Figure 1Oc ). Representative for ELRmx is the
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length of phase I which did not change when the relative value ofELRmx was varied from 0.3 to
8.6. This was not surprising because its value was chosen very high in comparison to the
mineralization rate (Camin)·
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Figure lOa Sensitivity analysis on the mineralization rate parameter (Camin). Test parameters used were positively
correlated with mineralization (cumulative C0 2 and CH4 production) . Camin was expressed, relative to the fitted
1
value (5.5E-3 mol C kg- dw soil at 13.5 °C).
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Figure 1Oc Sensitivity analysis on the maximum electron acceptor reduction rate (ELRroJ. ELRmx was expressed,
relative to the fitted value (8.64E-l mol electron equivalents kg- 1 dw soil d- 1,at 13.5 °C).

For methanogens, substrate affinity at low substrate concentrations (due to competition)
was found to depend on temperature (Westermann et al.~ 1989). In spite of the fact that the
condition of a low substrate concentration is not met by the model (inhibition of
methanogenesis), it was an indication that parameters expressing substrate affinity (half
saturation constants) might be important in describing temperature dependence of methane
production. However, as a consequence of model parameter values that were chosen (K er,ac much
lower than Kmgac) and system conditions (high (initial) electron acceptor concentration (ELO)),
half saturation constants (Kmgac ,Ker,ac and Ker,el), were not sensitive and therefore they were not
useful to describe temperature dependence.

4.3.3 Calibration (at 13.5 °C)(Figure llc)
First, the time series of CH4 , fatty acids and C02 at 13.5

oc were fitted by hand which

gave just a rough indication of the accuracy: processes are described by the model (Fig 11c). The
model parameters were fitted with a measured (calculated) time series of mineralization which
included a flush. Then, the model was validated with the same parameter set, for different
temperatures. Because start and length of the flush were fixed by the measured time series of
mineralization at 13.5 °C, they were similar at all validation temperatures. Consequently, the
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extra carbon mineralization during the flush was either released as C0 2 or/and as acetate
depending on the length of phase I at a specific temperature.

4.3.3.1 Initial biomass
1
3
For the initial biomass (Bmg) a value of 10- mol C kg- dw soil was fitted (Table 4). In
contradiction to the experiment done by Kengen and Starns (1995) with soil from the same site
(Nieuwkoopse Plassen), alternative electron acceptor reduction (phase I) and phase II (explained
with growth of methanogenic biomass) were found (results were, however, similar to those found
for a drained grassland (peat soil) near Zegveld) by Kengen and'Stams (1995)). This means that
the soil sample used in this study was more oxidised than with Kengen and Starns (1995). This
might indicate that aerobic circumstances have occurred which negatively influenced the
methanogenic biomass, although fitted initial biomass fell within ranges found for soil from the
Nieuwkoopse Plassen (undrained site) (Segers and Kengen (preliminary)). Evidence was found
for the negative influence of oxic circumstances on methanogenic biomass by Wagner and
Pfeiffer, 1997. In soil of river marshland of the temperate zone in the oxic layer (0 to 70 em) an
4

1

average number of methanogens was found of about 10 cells g- soil (4.7

* 10-7 mol C-biomass

3

kg- 1 dw soil (assuming: a density of 1.08 g cm- , a cell moisture content of75% (Panikov, 1995),
6

a cell diameter of 1o- m and a soil water content of 90 % ), while in the anoxic layer (70 to 150
em) the average cell number was about 10 times higher
Although methanogenic biomass in this experiment was relatively high, it was still found
to be limiting methane production for a relatively long period after the reduction of alternative
electron acceptors because of a relatively low maximum relative methanogenic growth rate.
(simulated increase ofmethanogenic biomass in time with a factor 15 and 20 for respectively 20
and 30

oc in anaerobic circumstances).
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4.3.3.2 Maximum methanogenic growth rate
A maximum methanogenic growth rate ~mgmaxTref at 13.5 °C of 0.04 d- was found. It was
1

oc for a drained site,
which was within the range found for aceticlastic methanogens that live at 35 oc (0.1-0.7 d' 1)
far below the value fitted by Segers and Kengen. preliminary (0.2 d' 1) at 15

(Pavlosthatis and Gomez, 1991 ). The fitted value for methanogenic growth was probably reduced
because it incorporated growth suppression by competition. In reality phase I and phase II overlap
since the reduction of alternative electron acceptors like

so/-

at the end of phase I, is

energetically only slightly in favour of methanogenesis. While in the incubation experiment,
suppression by alternative electron acceptor reduction gradually decreased in time, the
methanogenic growth rate was not constant in phase II, but gradually increased in time. The fitted
value for the methanogenic growth rate which was related to the measured methane production in
phase II, therefore, incorporated a suppression factor.

4.3.3.3/nitial amount of electron acceptors
The calculated initial amount of alternative electron acceptors ELOi at threshold
temperature 13.5

oc was 0.41 electron equivalents kg' 1 dw soil when the flush was included, and
1

0.43 electron equivalents kg' dw soil without the flush.
The length of phase I depends partly on the initial amount of electron acceptors. The
amount of C0 2 produced in phase I is a measure for the initial amount of electron acceptors. At
the start of the experiment a C02 flush appeared which was likely, partly of abiotic origin (not
produced through alternative electron acceptor reduction). To cover the whole range of possible
initial alternative electron acceptor amounts, the flush was considered to be either totally biotic or
totally abiotic. The amount of C0 2 released by the flush was calculated by subtraction of the
average mineralization rate (after the time of flush) from the C02 production rate. The
mineralization rate, however, is the sum of all produced products. Despite the decline of the
mineralization rate in time, C02 production and also the initial amount of electron acceptors were
overestimated (because mineralization is the sum of al produced products) if the flush was
considered to be abiotic. This was the reason phase I was longer if no flush was included in the
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mineralization rate. This also caused phase II (methanogenic growth) to start later in time which
lead to a lower methane production in this simulation.
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Figure lla and b Measured (dots) and simulated (lines) CH4 , C02 and fatty acid production rates atA and 10 oc if
the flush at the first few days of incubation was considered to be biotic (model test). The measured fatty acid
production is the sum of acetate, propionate and butyrate production. Used Q10 values, derived from the
experimental results, were 1.2 for mineralization and 6.2 for methanogenic growth. Model values for initial biomass
and (maximum) methanogenic growth rate were fitted at 13.5 °C (reference temperature). Initial electron acceptor
equivalents were calculated from C0 2 production that could not be explained by methane production. A measured
(at reference temperature 13.5 °C)and smoothed mineralization rate was used for the whole period of simulation.
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Figure 11 d Measured (dots) and simulated (lines) CH4 , C0 2 and fatty acid production rates at 20 oc if the flush at
the first few days of incubation was considered to be biotic (model test). The measured fatty acid production is the
sum of acetate, propionate and butyrate production. Used Q10 values, derived from the experimental results, were 1.2
for mineralization and 6.2 for methanogenic growth. Model values for initial biomass and (maximum) methanogenic
growth rate were fitted at 13.5 oc (reference temperature). Initial electron acceptor equivalents were calculated from
C0 2 production that could not be explained by methane production. A measured (at reference temperature 13.5
°C)and smoothed mineralization rate was used for the whole period of simulation.
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Figure lle Measured (dots) and simulated (lines) CH4 , C02 and fatty acid production rates at 30 oc if the flush at
the first few days of incubation was considered to be biotic (model test). The measured fatty acid production is the
sum of acetate, propionate and butyrate production. Used Q10 values, derived from the experimental results, were 1.2
for mineralization and 6.2 for methanogenic growth. Model values for initial biomass and (maximum) methanogenic
growth rate were fitted at 13.5 oc (reference temperature). Initial electron acceptor equivalents were calculated from
C0 2 production that could not be explained by methane production. A measured (at reference temperature 13.5
°C)and smoothed mineralization rate was used for the whole period of simulation.

4.3.4 Model test (Figures 11 and 13)
The model was tested for different temperatures with a measured mineralization rate
which included a biotic flush, and without a flush ( if considered abiotic) with a constant
(average) mineralization rate. The simulated rate of alternative electron reduction which depends
on the mineralization rate, was much higher with than without the flush. Consequently also the
length of phase I increased when the flush was not taken into account. This was partly the reason
that at all temperatures simulated cumulative CH4 and C02 production were lower after 106 days
when no flush was included. For simulated values this was the main difference concerning the
flush. That's why in the following, only simulation results will be treated obtained by using a
measured time series of mineralization that included a flush.
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Similar to the results at (fit) temperature 13.5 °C, simulated CH4 and C0 2 production in
phase I were slightly lower than measured values at all validation temperatures (4, 10, 20 and 30

°C). Especially at 10

oc measured methane production was much higher compared to simulated

values. By Wagner and Pfeiffer. 1997 indications were found for a methanogenic community
with an optimum temperature of 10

oc and one with a higher temperature optimum. This was

attributed to the use of different substrates H2 or acetate, of which the first is produced at higher
temperatures than the latter.
The length and start time of flush were fixed and independent of temperature in both the
model and the experimental .results. Since also the time period before fatty acid accumulation
resembled the experimental results well at different temperatures (except at 4 °C), the expression
of the flush in either C02 or fatty acids was also in agreement with the experimental results.
For testing of the model at different temperatures, Q10 values were used derived from the
experimental results. For the calculation of these Q 10 values, measured rates were smoothed and
ranges were selected that were most sure to represent a certain phase (see material and methods of
the experiment). These procedures likely caused errors in the calculated Q10 values. For
calculation of the Q10 mgac for methanogenic growth (phase II) only part of the time course of fatty
acid accumulation was used (see also material and methods of the incubation experiment). In the
model however, Q10 mgac influences the methanogenic growth rate during the whole period of fatty
acid accumulation.
During the period of fatty acid accumulation (phase II) and during phase III simulated

CH4 and C0 2 production were less at temperatures below (4 and 10 °C) and above 13.5

oc (20

and 30 °C) compared to experimental measurements. The measured mineralization rate was
similar at temperatures below ±15 °C, while it increased at higher temperatures. This caused
simulated mineralization rates to be lower than measured rates at temperatures below 13.5 °C.
The Q10 for mineralization (1.4) was calculated, using rates from all incubation temperatures. If
however only 13.5, 20 and 30

oc were used for calculating Q10, it was much higher (1.8) and

more appropriate to describe temperature dependence at these temperatures.
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4.3.5 Development of Q 10 of methanogenesis in time if phases are ignored
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Figure 12a The development of Q 10 of methanogenesis calculated with model rates for temperatures between 4 and
30 °C. Rates were derived by backward differentiation.
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Figure 12b The development of Q10 of methanogenesis calculated with model rates for temperatures between 13.5
and 30 °C. Rates were derived by backward differentiation.
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Figure 12c Temperature dependence of the length of the three phases, caculated from simulated results. Phase I ends
at the onset of fatty acid accumultion. Phase III starts when no accumulated fatty acids are detected anymore.
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In a similar way as for the experimentally derived rates, the development through time of
the Q 10 of methanogenesis was calculated. It was assumed that high Q 10 values found in case
studies were partly the result of the neglect of different phases at a certain time at different
temperatures. To show this effect the development of Q10 in time of methanogenesis was derived
for two different combinations of temperatures (between 4 and 30 °C, and 13.5 and 30 °C)
(Figure 12a and b). In the model, situations are more extreme than in reality. In phase I
methanogenesis was almost completely inhibited as a result of extreme K values that were chosen
for methane production and for alternative electron acceptor reduction. For both temperature
combinations used for Q10 calculation, there was a peak during the first few days. During this
peak methanogenesis was very low in phase I at the lowest temperature (4 and 13 .5°C ) while at

oc already phase II was reached (Figure 12c). At a second peak there was a relatively strong
increase in methane production at 4 oc a few days after all alternative electron acceptors had been

30

reduced. For 13.5 and 30 °C, Q10 of methanogenesis gradually decreases towards 1, which seems
not realistic. However, at this stage, acetate is consumed faster by methanogens than it is
produced through anaerobic carbon mineralization at 13.5 °C. That's why in the model the Q 10 of
methanogenesis can be lower than the Q10 for mineralization (1.4).
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5. General discussion
Similar to Kengen and Starns. 1995 three phases were found. It was supposed, that
alternative electron acceptor reduction is limited by anaerobic carbon mineralization at the start of
anaerobiosis. This was confirmed by the similar Q 10 values that were found for both processes
and by the absence of accumulated mineralization products during phase I (fatty acids). The
experiment also revealed that methanogenesis is not totally inhibited by alternative electron
acceptor reduction as assumed in the model. Inhibition of methanogenesis by alternative electron
acceptor reduction was described by the large difference in Km values (a measure for substrate
affinity) between both processes and a large maximum electron acceptor reduction rate (ELRmJ·
For a more accurate model describing methane production it seems more important to use more
exact Km values and model their temperature dependence. However, there is no information to
derive generally valid values for ELRmx and Km,s·
It seemed reasonable to assume that methanogenic biomass was limiting in phase II. In the
3
model an initial methanogenic biomass was fitted of 1o- mol C-biomass kg -l dw soil which

increased in time with a factor 15 and 20 for respectively 20 and 30

oc in anaerobic

circumstances.
With a calculated Q 10 for (maximum) methanogenic growth from the experimental results,
the model gave a fair description of the temperature influence on the development of methane
production. However, the Q 10 ofmethanogenic growth was difficult to derive because growth,
competition and activity could not be separated well from the experimental results.
At all temperatures but the fit temperature (13.5 °C), simulated values of methane
production were lower than experimental values during or after phase II. This coincided with a
low simulated mineralization rate at 4, 10, 20 and 30 °C. It showed that the temperature
dependence of mineralization could not be ~ufficiently described by a single Q 10 value. The
measured mineralization rate below 15

oc was practically similar and only at higher temperatures

there was an exponential increase.
The aim of this study was to explain the wide range ofQ 10 values of methane production
that was found in case studies. High Q 10 values were found both for short incubation periods (few
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days) and over long periods (year). Updegraff et al.~ 1995 for example found Q 10 's of 16.2 and 28
because at low ten1peratures the system was probably still in phase I at the end of the
measurements, while at high temperatures in a relatively short period of time phase III was
reached.
The very high Q10 values (over large time scales), that were found in literature, could be
explained by the model if methanogenic growth and suppression of methanogenesis by
alternative electron acceptor reduction were taken into account. From experimental results the
evidence for the role of these processes was less obvious in explaining these high Q 10 values.
These extreme Q10 values were supposed to be found, when at low temperatures the system is
still in phase I and methane production is nihil and at higher temperatures there is substantial
methane production in phase II and III. Thus, development of Q 10 in time of methanogenesis
depends largely on the length of the phases at the highest and lowest temperature used in the
calculation, especially if there were only two incubation temperatures like in many case studies
(Updegraff et al .. 1995; Tsutsuki and Ponnamperuma. 1987). If the Q10 of methanogenesis as a
function of time is calculated with simulation data, there is a high peak in the first few days. This
peak was most specific when rates at 3 0

oc (phase II) and 4 oc (phase I) were compared. When

however this Q10 was calculated with rates from experimental results, this peak was much lower
or absent because of the much higher measured initial CH4 production compared to simulated
rates (complete inhibition of methanogenesis) especially at 4 °C. Though, by Dunfield et al.~
1993 high Q10 values (5.3 to 16) were found after a short incubation period (3 to 9 days). At low
temperatures (0 to 15 °C) they found a very low methane production that was likely caused by
inhibition of methanogenesis in phase I. Yet, from 15

oc methane production was much higher

because at these temperatures phase I was probably past (methane production increased however
linear with time, similar to what was found by Nedwell and Watson~ 1995 (see below)). For an
unsaturated soil a much higher Q10 (8 .4) was found compared to a saturated soil (3 .4) by Prieme.
1994 after a few days of incubation. However, reducing agent was added Na2 S added which
possibly led to lower redox potential. The effects are uncertain and hard to interpret.
Also high Q 10 values calculated from cumulative production over a long period of time
can be explained if phase I is relatively long (Updegraff et a/ .. 1995 (80 weeks of incubation)
,Tsutsuki and Ponnamperuma~ 1987 (8 weeks of incubation and air dried storage)).
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The model is not able to explain all high Q 10 values found in case studies. For example
(Nedwell and Watson (1995) found a Q 10 of20, coinciding with a linear increase of methane
production at all temperatures after a few hours of incubation, which could not be explained by
this model. This might be caused by an heterogeneous environment, because they did not stir
during the time of incubation.

5. 1 Suggestion for further research concerning this model
-For validation of the model it is suggested to test the model for different soil types (rice paddy
soils in subtropical regions).
-Research on the specific temperature response (growth and activity) of methanogens and
alternative electron acceptor reducing bacteria especially humic acid reducers.
-To model temperature dependence of processes involved in methane production on a short time
scale (shorter than one day) more precise

Km

and V max values are needed.

-Integration in larger framework; connection with fluxes.
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6. Conclusions
The aim of this study was to explain the wide range of Q10 values of methanogenesis that
were found in literature. The following hypotheses were stated

(1) The high Q 10 values found in literature can be explained by the fact that at different

temperatures after a certain incubation time different phases have been compared.
It was confirmed that, the different phases in methane production that were distinguished

after anaerobic incubation of a soil slurry could explain this variation in Q 10 . Since the length of
these phases is influenced by temperature, both the incubation length and specific incubation
temperatures determine the value of this Q 10 at a certain time of incubation. This was emphasised
by the model in which the phases were more strictly bordered than in reality.
High Q10 values occur, especially if the suppressed methane production at a low
temperature in phase I is compared to the methane production in phase III at a higher
temperature. These values were much higher than for the underlying processes that limit
methanogenesis at a certain time of incubation (mineralization and growth).

(2) Cumulative CH4 production increases with increasing temperature.
Cumulative CH4 production was larger at higher temperatures. At increasing temperatures
there is an increased substrate availability by enhanced mineralization. This was shown to lead to
faster reduction of alternative electron acceptors. This confirms the hypothesis that increasing
temperatures causes increasing CH4 production because of; 1) a higher mineralization rate 2)
shortening of the period methanogenesis is suppressed by electron acceptor reducing bacteria and
biomass limited 3) increasing methanogenic activity and biomass.

(3) At higher temperatures phase I and phase II will be shorter.
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As hypothesised, the duration of phase (I), in which methane production is dominated by
alternative electron acceptor reduction, decreased with increasing temperature. For a certain
amount of alternative electron acceptors, C0 2 production in phase I was explained by the model,
if mineralization determines the electron acceptor reduction rate at a specific temperature. Since
mineralization was found to respond to temperature, the length of phase I is positively correlated
to temperature. Also the time methanogenic biomass limits methane production (phase II) is
shorter at higher temperatures. The Q 10 calculated for this phase is higher than the Q 10 calculated
for mineralization.

(4) The threshold temperature of methanogenesis is 10°C. Below this temperature activity and
biomass of methanogens will limit methane production. There will be acetate accumulation after
phase I and phase III will not occur. Above 10 °C, anaerobic mineralization will be limiting in
phase III
If a threshold temperature exists for methanogenesis, one would expect a break in the
trend describing methane production as a function of temperature (Q 10). Then, below this
threshold temperature methane production would be almost completely inhibited. If the different
phases are not taken into account like in most case studies, a threshold temperature seems to
exist if methane production of phase I at 4

oc and III at 30 oc are compared. Yet, no threshold

temperature is found if different phases are considered. Only at phase II and III there is
substantial methane production. Between 4 and 30 °C, methane production in phase II and III
(between 10 and 30 °C) could be explained by Q10 values. The Q10 calculated for methanogenic
growth (phase II) is, however, higher than the Q10 found for mineralization. Thus at low
temperatures methanogenic biomass is limiting for a relatively long period because methanogenic
growth is relatively low compared to the mineralization rate. In this study biomass was still
limiting methane productions after 106 days of incubation.
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Appendix 1 Measured and simulated production of methane, carbon dioxide and fatty acids if
the flush was considered to be abiotic.
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Figure 13b and b Measured (dots) and simulated (lines) CH4 , C02 and fatty acid production rates at 4 (13a)and_lQ
(13b) ifthe flush at the first few days of incubation was considered to be abiotic (model test). The measured fatty
acid production is the sum of acetate, propionate and butyrate production. Used Q 10 values, derived from the
experimental results, were 1.2 for mineralization and 6.2 for methanogenic growth. Model values for initial biomass
and (maximum) methanogenic growth rate were fitted at 13.5 oc (reference temperature). Initial electron acceptor
equivalents were calculated from C0 2 production that could not be explained by methane production. A single
average mineralization rate (of reference temperature 13.5 °C)was used for the whole period of simulation.
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Figure 13c Measured (dots) and simulated (lines) CH4 , C0 2 and fatty acid production rates at 13.5 oc if the flush at
the first few days of incubation was considered to be abiotic (calibration was done at 13.5 oc when the flush taken as
abiotic). The measured fatty acid production is the sum of acetate, propionate and butyrate production. Model values
for initial biomass and (maximum) methanogenic growth rate were fitted this temperature. Initial electron acceptor
equivalents were calculated from C0 2 production that could not be explained by methane production. A single
average mineralization rate was used for the whole period of simulation.
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Figure 13d and e Measured (dots) and simulated (lines) CH4 , C02 and fatty acid production rates at 20 and 30 oc if
the flush at the first few days of incubation was considered to be abiotic (model test). The measured fatty acid
production is the sum of acetate, propionate and butyrate production. Used Q10 values, derived from the
experimental results, were 1.2 for mineralization and 6.2 for methanogenic growth. Model values for initial biomass
and (maximum) methanogenic growth rate were fitted at 13.5 oc (reference temperature). Initial electron acceptor
equivalents were calculated from C0 2 production th,at could not be explained by methane production. A single
average mineralization rate (of reference temperature 13.5 °C)was used for the whole period of simulation.
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Appendix 2 Model source code

TITLE TEMPERATURE DEPENDENT METHANE PRODUCTION

DECLARATIONS
DEFINE_CALL TEM (INPUT,INPUT,INPUT,OUTPUT)
DEFINE_CALL ACRA T (INPUT,INPUT,INPUT,INPUT,INPUT,INPUT, ...
OUTPUT, OUTPUT, OUTPUT)
DEFINE_CALL C02RA T (INPUT,INPUT,INPUT,INPUT,INPUT,INPUT,INPUT,INPUT, ...
OUTPUT,OUTPUT)
DEFINE_CALL BMGRAT (INPUT,INPUT,INPUT,INPUT,INPUT, ...
OUTPUT, OUTPUT)
DEFINE_CALL ELRRA T (INPUT,INPUT,INPUT,INPUT,OUTPUT,OUTPUT)
MODEL
TIMER STTIME=O.O; FINTIM=98.0; DELT=O.l; PRDEL=l.O
TRANSLATION_GENERAL DRIVER='RKDRIV'; TRACE=3

INITIAL
temperature dependent variables

*

*
*
*
*
*
*
*
*
*

QMACT: maximum specific methanogenic acetate consumption at
temperature T
1
1
(mol Ac mor C-biomass d- )
B : influence of Q 10 at temperature Ton the maximum specific
methanogenic acetate consumption

()
QMACTR: maximum specific methanogenic acetate consumption at
reference (threshold) temperature TREFMAC
1
1
(mol Ac mor C-biomass d- )
QMACT= B * QMACTR
CALL TEM (T,TREFMA,QlOMAC, ...
B)

*
*
*
*
*
*
*
*
*

ELRMT : maximum rate of electron acceptor reduction at
temperature T
1
1
(mol electron equivalents kg- dw soil d- )
D
influence of Q 10 at temperature Ton the maximum rate of
electron acceptor reduction

()
ELRMTR: maximum rate of electron acceptor reduction at
reference temperature TREFER
1
1
(mol electron eqvuivalents kg- dw soil d- )
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ELRMT= D * ELRMTR
CALL TEM (T,TREFER,QIOER, ...
D)

* initial concentrations
* initial acetate concentration
* (mol Ac kg- 1 dw soil)
INCON IAC=O.O

* initial methane concentration
* (mol CH4 kg- 1 dw soil)
INCON ICH4=0.0

* initial carbon dioxide concentration
* (mol C02 kg- 1 dw soil)
INCON IC02=0.0

* initial acetoclastic methanogenic biomass
* (mol C-biomass kg- 1 dw soil)
INCON IBMG=l.OE-3

* initial amount of reduced electron acceptors
* (mol electron equivalents kg- 1 dw soil)
INCON IELR=O.O

* initial amount of electron acceptors
* (mol electron equivalents kg- 1 dw soil)
* experimental data (C0 2prod-CH4prod in phase I
* (till exponential CH4 increase))
INCON IEL0=4.06E-1

* controle parameter; initial carbon content at T
INCON ICT=O.O

* parameters
* T
*

: optional system temperature
CCC)

PARAMETER T=4.0
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*

threshold temperatures as reference temperatures

*
*
*
*
*
*

TREF AM: reference temperature of anaerobic
C-mineralization
TREFMA: reference temperature of methanogenic acetate
consumption
TREFER: reference temperature of electron acceptor reduction
CCC)

PARAMETER TREFAM=l3.5; TREFMA=l3.5; TREFER=l3.5

*

Q 10 values as found in case studies

*
*
*
*

Q 1OAM : Q 10 anaerobic carbon mineralization
QlOMAC: Q 10 methane production (methanogenic acetate consumption)
QlOER: Q 10 electron acceptor reduction

*

()

experimental data

*

Q 10 values calculated as described in the rapport

*
*
*
*

PARAMETER Q10AM=l.4; QlOMAC=3.0; Q10ER=l.4
Q10AM forT between 13.5 and 30 oc
QlOMAC caculated from the rate of increase ofmethane production
at phase II

*

PARAMETER QlOAM=l.8; QlOMAC=l.4; QlOER=l.4

*

QlOAM for between 4 and 13.5 °C
PARAMETER Q10AM=l.8; QlOMAC=l.4; Q10ER=l.4

*
*

VAQ :water concentration in slurry
3
(m H2 0 kg-1 dw soil)

*

experimental data (13.5°C)
PARAMETER VAQ=4.5E-2

*

k values according to michaelis m kinetics

*
*
*
*
*
*
*
*

KERAC : half saturation constant of electron acceptor reduction
for acetate
3
(mol Ac m- H 20)
KEREL : half saturation constant of electron acceptor reduction
for electron acceptors
3
(mol electron equivalents m· H2 0)
KMGAC :half saturation constant ofmethanogenic actetate consumption
(mol Ac m-3 H20)
PARAMETERKERAC=O.Ol; KEREL=lO.O; KMGAC=O.l
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*

parameter values at there threshold temperature

*
*
*
*
*
*

QMACTR: maximum specific methanogenic acetate consumption
at reference temperature TREFMAC (fit value)
(mol Ac mort biomass d-t)
ELRMTR: maximum rate of electron acceptor reduction at
reference temperature
(mol electron equivalents kg-t dw soil d-t)

PARAMETER QMACTR=0.47; ELRMTR=8.64E-l

*

carbon content

*
*
*
*

ZCAC : number of C molecules in one molecule acetate
(mol C mort Ac)
ZCCH4 : number of C molecules in one molecule methane
(mol C mort CH4)
ZCC02 : number of C molecules in one molecule carbon dioxide
(mol C mort C0 2)

*
*

PARAMETER ZCAC=2.0; ZCCH4=1.0; ZCC02=1.0

*

methanogenic properties

*
*
*
*
*
*
*
*
*

VER : acetate needed per reduced electron acceptor
(mol Ac mort electron equivalent)
VMG : fraction of the respired C, which evolves as CH4
(mol C-CH4 mort C-respired)
YMGAC: yield ofmethanogenic biomass on acetate
(mol C-biomass mort C-Ac
DMGAN : relative decay rate of methanogenic biomass under
anaerobic conditions
(d-1)

PARAMETER VER=O.l25; VMG=0.5; YMGAC=0.04; DMGAN=l.OE-2
DYNAMIC
the state variables
AC= INTGRL (lAC , RAC)
CH4= INTGRL (ICH4 , RCH4)
C02= INTGRL (IC02, RC02)
BMG= INTGRL (IBMG , RBMG)
ELR= INTGRL (IELR, RELR)
ELO= INTGRL (IELO , RELO)
CT= INTGRL (ICT , CAMT)

*

*

rates of change

*
*

MINRA T: measured anaerobic C-mineralization at reference
temperature (13.5 °C)
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*
*
*

CAMTR : from measured anaerobic C-mineralization at reference
temperature TREFAM
(mol C kg- 1 dw soil d- 1)

FUNCTION MINRAT=O.O, 0.0451, ...
1.0, 0.0451, ...
1.001, 0.0129, ...
2.0, 0.0129, ...
2.001, 0.0249, ...
3.0, 0.0249, ...
3.001 ,-0.0 139, ...
4.0,-0.0 139, ...
4.001, 0.0171, ...
5.0, 0.0171, ...
5.001,-0.0117, ...
6.0,-0.0117 ,...
6.001 ,-0.0055, ...
7.0,-0.0055, ...
7.001, 0.0251, ...
8.0, 0.0251, ...
8.001, 0.0105, ...
9.0, 0.0105, ...
9.001, 0.0072, .. .
12.0, 0.0072, .. .
12.001, 0.0031, ...
13.0, 0.0031, ...
13.001, 0.0012, ...
14.0, 0.0012, ...
14.001, 0.0144, ...
15.0, 0.0 144, ...
15.001, 0.0052, ...
18.0, 0.0052, ...
18.001' 0.0047, ...
19.0, 0.0047, ...
19.001, 0.0034, ...
22.0, 0.0034, .. .
22.001, 0.009, .. .
26.0, 0.009, ...
26.001, 0.0039, ...
49.0, 0.0039, ...
49.001, 0.0038, ...
75.0, 0.0038, ...
75.001, 0.0043, ...
85.0, 0.0043, ...
85.001 '-0 .00049 , ...
98.0,-0.00049
CAMTR = AFGEN(MINRA T,TIME)

*
*
*

CAMT : anaerobic C-mineralization at temperature T
1
(mol C kg- 1 dw soil d- )
A : influence of the Q10 at temperature Ton
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*
*

anaerobic C-mineralization
()
CAMT= A * CAMTR
CALL TEM (T,TREFAM,QlOAM, ...
A)

*
*

rate of change of acetate
(mol Ac kg- 1 dw soil d- 1)
RAC = RACAM - RACMG - RACER
CALL ACRA T (ZCAC,CAMT,UMACT,BMG,VER,RELO, ...
RACAM,RACER,RACMG)

*

rate of change of methane

*
*
*
*

RCH4 = VMG * (1.0- YMGAC) * (ZCAC/ZCCH4) * UMACT * BMG
1
1
1
mol CH4 kg- dw soil d- =mol C-CH4 mor C-respired *
1
(1.0- mol C-biomass mor C-Ac) *
1
1
(mol C mol-l Ac/mol C mol CH4) * mol Ac mor C-Biomass d- *
1
mol C-biomass kg- dw soil

*

rate of change of C02
RC02 = RCOMG + RCOER
CALL C02RAT (VMG,YMGAC,ZCAC,ZCC02,UMACT,BMG,VER,RELO, ...
RCOMG,RCOER)

*

*
*

acetoclastic methanogenic biomass growth rate
RBMG =GROWTH- DEATH
1
1
mol C-biomass kg- 1 soil d- 1 =mol C-biomass kg- dw soil d- 1
1
mol C-biomass kg- soil dCALL BMGRAT (ZCAC,YMGAC,UMACT,BMG,DMGAN, ...
GROWTH,DEATH)

*

negative oxidation (reduction) rate of electron acceptors

*
*

RELO = -ELRMT * ELOMM * ACMM
1
1
mol electron equivalents kg- dw soil d- =
1
1
mol electron equivalents kg- dw soil d- * ()

* ()

CALL ELRRA T (ELOCON,KEREL,ACCON,KERAC, ...
ELOMM,ACMM)

*

reduction rate of electron acceptors
RELR=-RELO
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* additional calculations

* concentration of acetate in a fresh soil sample
ACCON = AC/V AQ
* mol Ac m- 3 H 20 =mol Ac kg- 1 dw soil * m- 3 kg- 1 dw soil

* concentration of electron acceptors in fresh soil sample
ELOCON = ELONAQ
3
* mol electron equivalents m- H20 =mol electron equivalents kg- 1 dw soil*
3
m- H20 kg dw soil
*

* specific methanogenic acetate consumption at temperature T
UMACT = QMACT * (ACCON/(ACCON + KMGAC))
* mol Ac mor 1 C-biomass d- 1= mol Ac mor 1 C-biomass d- 1 *
* (mol Ac m-3 H2 0/(mol Ac m- 3 H2 0 +mol Ac m- 3 H2 0)

* carbon content of acetate
CAC = AC * ZCAC
* mol C-Ac kg- 1 dw soil= mol Ac kg- 1 dw soil* mol C mor 1 Ac

* Total carbon production
CTOT =CAC + CH4 + C02 + BMG
* mol C kg- 1 dw soil d- 1 = mol C-Ac + C-CH4 + C-C0 2 + C-biomass
TERMINAL
PRINT CAC,CH4,C02,CTOT,CT,BMG,ELO,ELR,ACCON
END
PARAMETER T=lO.O
END
PARAMETER T=13.5
END
PARAMETER T=20.0
END
PARAMETER T=30.0
END
STOP
********************************************************************
SUBROUTINE TEM (T,TREF,QlO,A)
REAL T,TREF,QlO,A
A= QlO**((T-TREF)/10.)
RETURN
END
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*********************************************************************
SUBROUTINE ACRA T (ZCAC,CAMT,UMACT,BMG,VER,RELO,RACAM,RACMG,RACER)
REAL ZCAC,CAMT,UMACT,BMG,VER,RELO,RACAM,RACMG,RACER
RACAM = (1.0/ZCAC) * CAMT
1
1
* mol Ac kg- dw soil d- = mar' C mol Ac * mol C kg-' dw soil d- 1

*
*

RACMG = UMACT * BMG
1
1
mol Ac kg- dw soil d- =mol Ac mar' C-biomass d- 1 *
1
mol C-biomass kg- dw soil

RACER=-VER * RELO
1
mol Ac kg- dw soil s-'=mol Ac mar' electron equivalents *
mol electron equivalents kg- 1 dw soil d- 1
RETURN
END
*********************************************************************
SUBROUTINE C02RA T (VMG,YMGAC,ZCAC,ZCC02,UMACT,BMG,VER,RELO,
$
RCOMG,RCOER)
REAL VMG,YMGAC,ZCAC,ZCC02,UMACT,BMG,VER,RELO,RCOMG,RCOER
RCOMG = (1.0- VMG) * (1.0- YMGAC) * (ZCAC/ZCC02) * UMACT * BMG
* mol C02 kg- 1 dw soil d- 1=
1
(1.0- mol C-CH4 mor C)*
*
1
*
( 1.0 - mol C-biomass mor C-Ac) *
*
(mol C mor' Ac * mar' C mol C0 2) *
1
1
*
mol Ac mor C-biomass d- *
1
*
mol C-biomass kg- dw soil
RCOER = -VER * (ZCAC/ZCC02) * RELO
* mol C02 kg- 1 dw soil d- 1=
1
*
mol Ac mor electron equivalents *
*
(mol C mor' Ac * mar' C mol C0 2) *
1
1
*
mol electron equivalents kg- dw soil dRETURN
END
*********************************************************************
SUBROUTINE BMGRAT (ZCAC,YMGAC,UMACT,BMG,DMGAN,
$
GROWTH,DEATH)
REAL ZCAC,YMGAC,UMACT,BMG,DMGAN,GROWTH,DEATH
GROWTH=ZCAC*YMGAC*UMACT*BMG
1
1
1
* mol C-biomass kg- dw soil d- =mol C mor Ac *
1
*
mol C-biomass mor C-Ac *
1
1
*
mol Ac mor C-biomass d- *
1
*
mol C biomass kg- dw soil
DEATH = DMGAN * BMG
1
* mol C-biomass kg- 1 dw soil d- 1 = d- 1 * mol C biomass kg- dw soil
RETURN
END
**********************************************************************
SUBROUTINE ELRRA T (ELOCON,KEREL,ACCON,KERAC,ELOMM,ACMM)
REAL ELOCON,KEREL,ACCON,KERAC,ELOMM,ACMM
*
*

*
*

ELOMM = ELOCON/(ELOCON + KEREL)
3
()=mol electron equivalents m- H 20 *
3
1
(mor electron equivalents m H 20 +
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*

*

1

3

mor electron equivalents m H20)
ACMM = ACCON/(ACCON + KERAC)
3
1
3
3
1
()=mol Ac m- H20 * (mor Ac M H20 + mor Ac m H20)
RETURN
END

***********************************************************************
END JOB
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