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Chapter 1
GENERAL INTRODUCTION

General introduction
Global warming and depletion of the stratospheric ozone concentration have become
topics of general concern over the past two decades. This thesis deals with two groups
of microscopically small organisms which are able to contribute to these global scale
environmental problems.

NITRIC OXIDE AND NITROUS OXIDE IN THE ATMOSPHERE
Nitric oxide (NO) is a trace gas which is harmful to human beings even at low
concentrations. The molecule is highly reactive and is rapidly converted into nitrogen
dioxide in the troposphere (Cratzen, 1981), an even more noxious trace gas. Nitrogen
dioxide is in turn washed out by rain and reaches the soil surface as nitric acid
(Crutzen, 1981). By this route NO contributes to photochemical air pollution and
nitrogen deposition on a regional-scale. NO contributes to the greenhouse effect
through the formation of tropospheric ozone, (Larmnel and Grassi, 1995). Depending
on the concentration of NO, there is either a formation or a loss of ozone in the
troposphere. If NO exceeds a particular threshold value (around 0.01 ppbv), ozone is
formed, whereas below this level it is removed (Lammel and Grassi, 1995). Only in
remote areas the NO concentration may be below this threshold value.
Under special circumstances, i.e. polar winters, NO, (NO + N02) reaches the
stratosphere and acts as a catalyst in the depletion of ozone (Crutzen, 1981). However,
the NO emission in polar regions is very low and these regions are far away from
major NO, sources, suggesting a minor role of surface-derived NO in stratospheric
ozone depletion. Stratospheric NO may also counteract ozone depletion by reacting
with another ozone destruction-catalyst, CIO, which is derived from
chlorofluorocarbons (Isaksen and Stordal, 1986; cf. Bouwman, 1995). Hence, the net
effect of NO remains uncertain, but in view of the decreasing emission of
chlorofluorcarbons, the net effect will probably move towards depletion of ozone.
Fossil fuel combustion and biomass burning are thought to be the major sources of
NO, (Melillo et al., 1989). The contribution of soils to the global NOx emission is
estimated at 16%, but the extent of biogenic NO, emission is highly uncertain
(Bouwman, 1990). The importance of human activity for the NO, emission is reflected
in the wide range of ambient concentrations in different regions. Concentrations of
NO, in the range of 100 ppbv are only found in urban areas, whereas in rural areas
concentrations are generally below 20 ppbv, and concentrations less than 0.1 ppbv are
found in mountain sites and remote marine areas (Conrad, 1990).
The atmospheric residence time of NO, is short, 1.5 days. The major sink is oxidation
in the troposphere followed by deposition. Soils are able to act as a net sink for NO
whenever the atmospheric NO concentration exceeds a certain soil-specific level
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In contrast to NO, nitrous oxide (N20) is not a reactive nitrogen species in the
troposphere and its atmospheric residence time is estimated to be 100 to 150 years
(Crutzen, 1981). The atmospheric concentration of N 2 0 increases 0.8 ppbv per year.
Despite of the low N 2 0 concentration in the troposphere (310 ppbv) compared to other
greenhouse gases, the contribution of N 2 0 to global warming is, due to its high
infrared absorption capacity, estimated at 6% (Kroeze, 1993). The long atmospheric
life time of N 2 0 allows a part of the soil-produced N 2 0 to reach the stratosphere,
where a large part of it is photochemically converted into NO and then acts as a
catalyst of ozone destruction as mentioned above. The major part of NOx in the
stratospheric ozone layer was originally not emitted as NO but as N 2 0 (Crutzen,
1981). It is especially the long atmospheric life time of N 2 0, which warrants to great
concern about N 2 0 emission.
Soils are the major source of N 2 0 and contribute to approximately 60% of the global
N 2 0 emission (Khalil and Rasmussen, 1992, cf. Bouwman, 1995). Other important
sources are oceans, biomass burning, sewage treatment plants and cars equipped with
catalytic NO, converters. The increased application of nitrogen fertilizers is partially
responsible for the rising of the N 2 0 concentration along with changing land use
(Kroeze, 1993). Oxidation in the stratosphere and photolysis are the only well
established sinks of N 2 0 (Yoshinari, 1990). Soils can serve as a N 2 0 sink, but
generally N 2 0 production exceeds N 2 0 consumption.
Further details on the atmospheric chemistry of NO and N 2 0 can be found in Crutzen
(1981), Williams et al. (1992) and Lammel and Grassi (1995).

NO AND N 2 0 EMISSION BY SOILS
This thesis focuses upon the main biogenic NO and N 2 0 emission source, which is
soil.
N 2 0 emission by soils
There are numerous studies on N 2 0 emission by soils and sediments. Bouwman (1995)
made an inventory of the data available on N 2 0 emission. Fluxes of N 2 0 have been
reported between 0.015 kg N ha 1 y 1 for a coniferous forest soil and 165 kg N ha"1 y"1
4
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for well-drained organic arable soils. In general, agricultural soils and tropical natural
soils emit relatively high amounts of N 2 0, whereas natural soils in temperate regions
emit relatively low amounts of N 2 0. N 2 0 emission due to fertilization varies
considerably (between 0.0% and 6.8% of fertilizer N applied), but on average 1.25%
(± 1%) of the applied N is emitted as N 2 0 (Bouwman, 1995). This percentage is
based upon a limited data set of only 20 full-year emission measurements and may be
adequate for global analysis, but not for local conditions or for specific crops
(Bouwman, 1995).
NO emission by soils
As was already mentioned above, soils may serve as a source or as a sink for NO.
The simultaneous production and consumption of NO makes the measurements of NO
production more complicated as compared to N 2 0 production. The consumption of NO
increases as NO concentration in the overlying atmosphere increases and can best be
described by Michaelis Menten Kinetics (Remde and Conrad, 1991a). The production
of NO, on the other hand, seems to be independent of the NO concentration in the
overlying atmosphere (Remde et al., 1989). Therefore, almost every soil has a certain
NO concentration level at which production equals consumption. This concentration
is called the NO compensation level (Conrad, 1990) or the equilibrium concentration
(this thesis). Field studies have shown the existence of such equilibrium
concentrations, which range between 0.2 and 170 ppbv NO (Conrad, 1990). By
covering a soil(sample), as is common practice in determining the N 2 0 emission,
accumulation of NO in the headspace can soon lead to enhanced NO consumption, and
the NO concentration will eventually reach the equilibrium concentration. To measure
the actual NO emission by a soil, accumulation of NO must be minimized, which
demands more sophisticated methods (constant dilution of the headspace or
micrometeorological methods) compared to N 2 0 emission measurements. As a
consequence, field data on NO emission are less abundant. Davidson (1991) presented
flux data (23 estimates) ordered by ecosystem type. The lowest and highest mean
fluxes were reported for mangrove-swamp-marsh ecosystems (less than 0.01 μg N m"1
1
1
1
h ) and cultivated land in temperate regions (0.64 jig N m' h' ), respectively. The
ranges of the reported fluxes of each ecosystem type were almost always several times
larger than the mean flux of that ecosystem type.

MICROBIOLOGY OF NO AND N 2 0 EMISSION
Ingenerai, two groups of microorganisms, the nitrifying and denitrifying bacteria, are
considered to be the main contributors to the NO and N 2 0 production in soil
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(Firestone and Davidson, 1989; Conrad, 1990; Granii and Backman, 1994). In the
following section, the physiology of these two groups, with respect to NO and N 2 0
metabolism, will be described.
Physiology of nitrification
Nitrification is the biological conversion of ammonium into nitrite and nitrate.
Nitrification usually refers to chemolithotrophic nitrification, but heterotrophic
nitrification exists as well. Heterotrophic nitrification, or chemo-organotrophic
nitrification, is the oxidation of any form of reduced nitrogen, thus also organic
nitrogen (Killham, 1986). Fungi are considered to be the most abundant and most
efficient heterotrophic nitrifiers. The physiological function of this process is not clear,
but it is highly unlikely that any energy is derived from this oxidation (Killham,
1986). The importance of heterotrophic nitrification in soil is currently still under
debate. In general, chemolithotrophic nitrification is considered to be the main
nitrification process, dominance of heterotrophic nitrification seems to be restricted to
acid coniferous soils (Killham, 1986). Even in these soils heterotrophic nitrification,
however, is not always the principal nitrification process (De Boer et al., 1992;
Pennington and Ellis, 1993). In this thesis, the term nitrification refers to
chemolithotrophic ammonia-oxidation unless stated otherwise.
Chemolithotrophic nitrification is mediated by micro-organisms belonging to the
family Nitrobacteriaceae (Watson et al., 1989), which are able to derive energy from
the oxidation of inorganic nitrogen compounds, i.e. ammonium and nitrite, and can
use carbon dioxide as sole carbon source. Because of this latter capability, these
organisms are also called chemoautotrophic or autotrophic nitrifiers. Ammonium, or
actually ammonia, is first oxidized to nitrite, which is successively oxidized to nitrate.
The oxidation of ammonium and nitrite is carried out by two separate groups of
microorganisms. The ammonia-oxidizing bacteria belong to the genera Nitrosomonas,
Nitrosococcus, Nitrosospira, Nitrosolobus and Nitrosovibrio (Bocketal., 1991). It has
been proposed however, that Nitrosospira, Nitrosolobus and Nitrosovibrio strains be
reclassified in a single genus named Nitrosospira (Head et al., 1993). The nitriteoxidizing bacteria belong to the genera Nitrobacter, Nitrococcus, Nitrospina and
Nitrospira, of which only Nitrobacter has been found in soil (Bock et al., 1991).
Only the role of ammonia-oxidizers has been well-established in terms of NO and N 2 0
emission. Ahlers et al. (1990) do however describe a Nitrobacter species which is able
to produce NO by the reduction of nitrite, and Bock et al. (1991) suggested a pathway
for NADH generation by nitrite oxidizers in which NO is an intermediate. There are,
however, no reports suggesting that nitrite oxidizers actually contributing to the
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cell wall

Fig. 1.1 Overview of the ammonia oxidation and nitrite reduction pathways of Nitrosomonas
europaea. Abbreviations: AMO, ammonia monooxygenase; HAO, hydroxylamine
oxidoreductase; NiR, nitrite reductase; Cyt aa3, the terminal oxidase cytochrome aa3. The site
of AMO reaction and the location and reactions of nitrite reductase are hypothetical. The
electron carrying cytochromes are omitted (partially redrawn from Hooper, (1989)).

emission of NO and N 2 0 from soil, and the remainder of this section therefore only
describes the present knowledge of the physiology of ammonia-oxidizing bacteria in
relation to the emission of NO and N 2 0.
Most physiological research regarding chemolithotrophic ammonia-oxidizing bacteria
has been performed with the species Nitrosomonas europaea. In this bacterium, the
oxidation of ammonia is mediated by two enzymes, ammonia monooxygenease and
hydroxylamine oxidoreductase (Fig. 1.1). Ammonia monooxygenase is located in the
cytoplasmic membrane and converts ammonia into hydroxylamine (Wood, 1986). The
position of the active site of the enzyme, i.e. cytoplasmic or periplasmic, is not known
(Hooper et al., 1991). Hydroxylamine oxidoreductase is located in the periplasm and
converts hydroxylamine in nitrite (Wood, 1986). The oxidation of ammonia requires
molecular oxygen, whereas the oxygen atom for the formation of nitrite is derived
from water (Hooper, 1989). The oxidation of hydroxylamine to nitrite supplies the
7
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energy for growth and for the oxidation of ammonia to hydroxylamine, which is in
itself an energetically unfavourable reaction (Wood, 1986). The oxidation of
hydroxylamine yields 4 electrons, two of which must be returned to ammonia
monooxygenase to regenerate hydroxylamine. The other two electrons are most often
consumed in the terminal oxidase reaction with oxygen to generate proton motive
force, but are also used to reduce NAD+ (Hooper et al., 1991). Hydroxylamine itself
has an inhibitory effect on ammonia monooxygenase which prevents accumulation of
this toxic compound (Wood, 1986). Cytochrome c554 is apparently the electron
acceptor for hydroxylamine oxidoreductase and may possible participate in the
"sorting" of electrons to ammonia monooxygenase or the terminal oxidase (Hooper et
al., 1991). The exact electron transfer chain and the yield of proton motive force
during the oxidation of ammonia to nitrite remains to be elucidated.
It is estimated that 80% of the energy generated by chemolithotrophic ammoniaoxidizers is used to fix carbon dioxide by means of the Calvin cycle, although organic
carbon can be assimilated to a limited extent (Wood, 1986). Due to their autotrophic
lifestyle, ammonia-oxidizers have a slow growth rate as compared to many
heterotrophic bacteria.
During oxidation of hydroxylamine, some NO and N 2 0 may be liberated (Hooper,
1989), probably originating from the postulated enzyme-bound intermediates NO", NO
and NO+ (Hooper et al., 1991). However, the main source of NO and N20 production
by Nitrosomonas europaea is the reduction of nitrite (Poth and Focht, 1985; Remde
and Conrad, 1990), which is enhanced by oxygen stress. In this reaction, called
"nitrifier denitrification", nitrite serves as an alternative electron acceptor whenever
oxygen is limiting. A soluble copper-containing protein with nitrite reductase activity
has been found by Miller and Wood (1983). This protein is induced at low oxygen
concentrations (Miller and Nicholas, 1985) and is believed to be the in vivo nitrite
reductase of Nitrosomonas europaea, producing NO and N 2 0 (Hooper, 1989). This
enzyme is probably located in the periplasm (Wood, 1986). However, the extent it
contributes to the generation of energy is not clear. There is no transmembrane proton
pumping during nitrite reduction. The generation of protonmotive force during
ammonia oxidation and concomitant nitrite reduction, if it occurs at all, should be the
result of proton production and consumption in the periplasm and cytoplasm,
respectively (Hooper, 1989). At present, the mechanism controlling the ratio of NO
and N 2 0 during nitrite reduction remains unknown. Some studies even report the
production of N2 for some Nitrosomonas strains (Poth, 1986; Bock et al., 1995),
although this is apperently not true for all strains (Poth and Focht, 1985; Poth, 1986).
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Physiology of denitrification
Dissimilatory reduction of nitrate or nitrite to N 2 0 or N2 coupled to electron transport
phosphorylation is called denitrification. This process allows aerobic bacteria to grow
without oxygen by using nitrogen oxides as alternative electron acceptors. Denitrifiers
are basically aerobic bacteria and organic substrates are the most common energy
sources, but lithotrophic and phototrophic bacteria able to denitrify exist as well
(Tiedje, 1988). Among soil bacteria, denitrification is a wide spread ability and
denitrifiers are almost always present in soil (Tiedje, 1988). Denitrification is
essentially an anaerobic process, as the use of oxygen as electron acceptor results in
higher cell yields and is therefore preferred above nitrogen oxides when available
(Ferguson, 1994). There are, however, exceptions to this, e.g. the aerobic denitrifier
Thiosphaera pantotropha (Robertson and Kuenen, 1984), but the importance of this
"aerobic denitrification" in soils has yet to be demonstrated.
In the complete denitrification pathway, nitrate is successively reduced to nitrite, NO,
N 2 0 and finally N2 (Fig. 1.2). A total of 5 electrons are accepted for each nitrate
molecule that undergoes this complete reduction sequence. Nitrite, NO and N 2 0 are
free intermediates (Zumft, 1993), which means that denitrifying cells are in principle
able to produce and consume these nitrogen oxides. Although the role of NO as a free
intermediate had long been a subject of debate, it has recently gained widespread
acceptance (Zumft, 1993; Ye et al., 1994). Each of the above mentioned nitrogen
oxides is reduced by its own specific reductase, which is coupled in some way to
electron transport phosphorylation (Ferguson, 1994). In general, the distribution of
electrons over the reductases is well balanced (Ferguson, 1994), but accumulation of
nitrite or N 2 0 is observed regularly in cultures (Tiedje, 1988). Oxygen, nitrate and pH
play important roles in this imbalance (see below).
The genes for denitrification reductases are generally expressed under sub-oxic to
anoxic conditions (Ferguson, 1994). There is evidence for a protein involved in the
regulation of expression of denitrification reductases, which shows functional
resemblence to the Fumarate Nitrate Reduction regulating protein in Escherichia coli
(Cuypers and Zumft, 1992, cf. Ferguson, 1994; Van Spanning et al., 1995; Ye et al.,
1995). The oxygen thresholds for expression of the individual nitrogen oxide
reductases differ between species and are also dependent on growth conditions.
Pseudomonas stützen expressed denitrification enzymes at a much higher oxygen level
in magnesium-limited as opposed to sulphur-limited continuous culture (Körner and
Zumft, 1989; Körner, 1993). In both cultures, however, the sequence of (enhanced)
expression as a result of decreasing oxygen concentration was the same; first nitrate
reductase than NO reductase and N 2 0 reductase and finally nitrite reductase.
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Fig. 1.2 Overview of the denitrification pathway and the location of the nitrogen oxide
reductases. Abbreviations: NaR, nitrate reductase; NiR, nitrite reductase; NoR, nitric oxide
reductase; NoS, nitrous oxide reductase. Τ is the transport protein mediating the transfer of
nitrate over the cytoplasmic membrane to the cytoplasm and might actually be a nitrate/nitrite
antiporter. Electron carriers and the electron transport chain are omitted (partially redrawn
from Ferguson (1994) and Ye et al. (1994)).

In Achromobacter cycoclastes the (elevated) expression sequence was first nitrate
reductase, than N 2 0 reductase, followed by NO reductase and finally nitrite reductase
(Coyne and Tiedje, 1990b). In both denitrifiers, small amounts of N 2 0 reductase were
present even under oxic conditions. In Pseudomonas stützen at least, the expression
(and activity) of nitrite reductase and NO reductase are closely coupled which prevents
accumulation of toxic NO (Zumft, 1993). Steady state concentrations of dissolved NO
as low as 1 nM have been observed in denitrifying cultures (Goretski et al., 1990).
Depending on the species, nitrogen oxides must be present in addition to oxygen
limitation to induce the expression of denitrification reductases (Ferguson, 1994).
Whenever supplied with sufficient electrons, nitrate reductase, NO reductase and
cytochrome cdj-containing nitrite reductase can function in the presence of oxygen,
10
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but the other type of nitrite reductase found, the Copper-containing nitrite reductase,
is inactivated by oxygen (Ferguson, 1994). There is evidence both for and against
oxygen tolerance of N 2 0 reductase (Zumft and Kroneck, 1990; Ferguson, 1994; Wu
et al., 1994). In addition to the susceptibility of the reductases to oxygen, the in vivo
activity of the reductases depends on changes in the electron flow due to changing
oxygen availability. Compared to the in vivo activity of other reductases, the in vivo
activity of N 2 0 reductase seems to be most susceptible to oxygen (Bonin et al., 1989;
Zumft and Kroneck, 1990).
Nitrate reductase is the only denitrification enzyme with the active site on the
cytoplasmic side of the membrane. There is evidence that nitrate transport across the
cytoplasmic membrane is the locus of oxygen control for expressed denitrification
enzymes (Ferguson, 1994).

CONTRIBUTION OF NITRIFICATION AND DENITRIFICATION TO THE NO
AND N 2 0 EMISSION BY SOILS
In the past, emission of N 2 0 has received more attention than emission of NO and the
first studies on the role of nitrifying and denitrifying bacteria have focused on N 2 0
production. Until the late 70's is was assumed that soil-derived N 2 0 originates largely,
if not entirely, from denitrification. However, incubation experiments with soils
supplied with different combinations of ammonium, nitrate and degradable carbon
under oxic and anoxic conditions suggested that in soil, also nitrifiers are a potentially
important N 2 0 source (Bremner and Blackmer, 1981). These results were confirmed
with the use of specific nitrification inhibitors (Bremner and Blackmer, 1981). There
has been less discussion about the role of nitrification in the NO emission by soils, as
it was soon shown that nitrifiers were able to produce NO (Lipschutz et al., 1981) as
well as denitrifiers.
Most studies concerning the contribution of nitrifiers and denitrifiers to the NO and
N 2 0 emission have used either specific inhibitors of chemolithotrophic ammoniaoxidation, such as acetylene, nitrapyrin and DCD, or labelled forms of nitrogen. From
laboratory experiments the general picture has arisen that under more or less oxic
conditions nitrification is the main source of NO and N 2 0, whereas under anoxic
conditions (moisture content above field capacity), denitrification dominates NO and
N 2 0 emission (Aulakh et al., 1984; Klemedtsson et al., 1988a; Tortoso and
Hutchinson, 1990; Davidson, 1991; Rudaz et al., 1991; Baumgärtner and Conrad,
1992; Schuster and Conrad, 1992). However, NO emission is sometimes strongly
retarded under anoxic conditions (Anderson and Levine, 1987, cf. Davidson, 1991).
The contribution of chemolithotrophic ammonia-oxidation to the NO and N 2 0
11
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production in oxic acid soils is still a subject of debate (Robertson and Tiedje, 1987;
Remde and Conrad, 1991b; Papen et al., 1993).
The above stated general picture is derived from laboratory incubations with sieved
or other wise disturbed soil samples. As both NO and N 2 0 production during
nitrification and denitrification is controlled by a wide variety of factors, disturbance
of the soil, especially of soil aeration, can easily lead to changes in the production and
consumption rates of these gases. Therefore, although incubation of sieved or mixed
soil can be useful in mechanistic studies, determination of the nitrifier and denitrifier
contribution to the NO and N 2 0 production in such systems may not represent the in
situ situation. The few studies which have been performed under field conditions
confirm the results described above, but data are still limited (Skiba et al., 1993;
Davidson et al., 1993).

OTHER SOURCES OF NO AND N 2 0 IN SOIL
In addition to nitrification and denitrification, the chemical reduction of nitrite is
another important source of NO emission by soils. This process, called
chemodenitrification, mediates the chemical reduction of nitrite, as nitrous acid, to
NO. There are two nitrite decomposition reactions formulated:
(1)
3 HN0 2 - HNO3 +2 NO + H 2 0
(2)
2 HN0 2 -> NO + N0 2 + H 2 0
whereas nitrogen dioxide may react subsequently according to:
(3)
2 N0 2 + H 2 0 - HN0 2 + HNO3
It appears that reactions 1 and 2 occur simultaneously with a dominance of reaction
2 (Van Cleemput and Baert, 1984). Chemodenitrification is thought to occur in acid
soils, and soil organic matter and the soil mineral phase have a stimulating effect on
nitrite decomposition (Van Cleemput and Baert, 1984; Blackmer and Cerrato, 1986).
Reduced metal ions may be involved in reduction of nitrous acid to NO as well under
acidic conditions (Woldendorp, 1968). However, also in neutral and alkaline soils,
microsites may still exist where chemodenitrification stimulating conditions are present
(Firestone and Davidson, 1989).
Besides the above mentioned organisms and processes, there are other microorganisms, such as nitrate respirers, nitrite oxidizers, methanotrophs, and
heterotrophic nitrifiers, capable of producing N 2 0 and or NO, at least under laboratory
conditions (Bleakley and Tiedje, 1982; Smith and Zimmerman, 1981; Ahlers et al.,
1990; Krämer et al., 1990; Kalkowski and Conrad, 1991; Shoun et al., 1992;
12
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Anderson et al., 1993). However, studies which demonstrate that NO or N 2 0 is
actually emitted in soil by these organisms are rare. Robertson and Tiedje (1987) and
Papen et al. (1993) ascribed a part of the N 2 0 emission in acid soil to sources other
than nitrification, denitrification and chemodenitrification, but they were not able to
identify these sources. Heterotrophic nitrification by fungi is thought to be the
"unidentified" source, but there role remains speculative.
In this thesis I will focus on the major known contributors to the NO and N 2 0
emission, nitrification and denitrification, but the reader is cautioned not to disregard
the potential importance of other microorganisms which may be involved under
specific circumstances.

SINKS OF NO AND N 2 0 IN SOIL
Consumption of NO in soils seems to be mainly a biological process (Conrad, 1995).
NO consumption in anoxic soils is probably mediated by denitrifiers. In particular
strains of denitrifiers, a methanotroph, a chemolithotrophic nitrite oxidizer, a
heterotrophic nitrifier and an aerobic heterotroph, NO-consuming ability under oxic
conditions has been demonstrated (Freitag and Bock, 1990; Krämer et al., 1990;
Anderson et al., 1993; Conrad, 1995). There is however no information at present as
to the relative importance of these groups of organisms (Conrad, 1995).
Denitrifiers are thought to be the organisms in soil mainly responsible for consumption
of N 2 0, but this activity has received little attention (Conrad, 1995). An unknown part
of N 2 0 may be reduced to N2 before reaching the atmosphere.

CONTROL OF NO AND N 2 0 EMISSION
As was mentioned by Firestone and Davidson (1989), the production of NO and N 2 0
by nitrifiers and denitrifiers is controlled by the nitrifying and denitrifying activity as
well as the relative production of NO and N 2 0 during nitrification and denitrification.
Diffusion and consumption are two additional regulating factors when emission in
stead of production is considered (Davidson, 1991). Hence, regulation of the NO and
N 2 0 emission takes place at multiple levels.
At the cellular level, the activity of nitrifiers is controlled by ammonium supply,
oxygen supply, pH and temperature, and the activity of denitrifiers by oxygen supply,
carbon supply, nitrate supply and temperature. These factors which exert effects at the
cellular level are in turn effected by larger-scale factors like climate, soil type and
vegetation. (Firestone and Davidson, 1989).
13
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The following factors exhibit influence on the relative production of NO and N 2 0 by
nitrifying bacteria:
- oxygen: reduced oxygen concentrations enhance the "nitrifier denitrification" as well
as the NO and N 2 0 production (Goreau et al., 1980; Remde and Conrad, 1990).
Under anoxic conditions, however, the oxidation of ammonia stops (Wood, 1986),
although nitrite reduction is still able to continue as long as an alternative electron
donor is present (Abeliovich and Vonshak, 1992).
- nitrite: Anderson et al. (1993) stated that at high nitrite concentrations, the influence
of oxygen on the NO and N 2 0 production by Nitrosomonas europaea is very
limited. Even under oxic conditions, Nitrosomonas europaea has a high NO and
N 2 0 production in the presence of high nitrite concentrations. However, as nitrite
is the electron acceptor in nitrifier denitrification, a certain level of nitrite should
always be present to enable an effect of oxygen.
- pH: The effect of pH on the relative production of NO and N 2 0 is not clear, and
the available results are in conflict. Hynes and Knowles (1984) stated that
Nitrosomonas europaea's relative N 2 0 production was not influenced by pH, and
shifting the pH from 6 to 4 caused a greater amount of nitrogen to left unaccounted
for in the nitrogen balance of a Nitrosospira batch culture (De Boer, personal
communication). In contrast, Martikainen (1985) and Martikainen and De Boer
(1993) reported higher relative N 2 0 production by nitrifiers in acid soil slurries
compared to near-neutral soil slurries. The probable existence of acid-sensitive and
acid-tolerant ammonia-oxidizers (De Boer, 1989) and our as yet limited insight into
the physiology of acid-tolerant ammonia-oxidizers may play a role in the present
confusion regarding the pH-effect.
For denitrification the factors influencing the relative NO and N 2 0 production are:
- oxygen: In some denitrifier species, e.g. Pseudomonas stutzen, N20-reduction is
more susceptible to oxygen than the other nitrogen reduction steps (Zumft and
Kroneck, 1990). Hence, there is a oxygen concentration range, which is probably
species specific, at which nitrate may be reduced to N 2 0 without further reduction
to N2. As stated above, the NO and nitrite reductases are probably controlled at both
the activity and the transcriptional level, to avoid accumulation of toxic NO (Zumft,
1993). Hence, accumulation of NO due to inhibition of NO-reductase is not very
likely. In Pseudomonas stützen, Pseudomonas aeruginosa and Azospirillum
brasilense, NO production appears to be more sensitive to oxygen than NO
consumption (Remde and Conrad, 1991c).
- electron donor/acceptor ratio: The ratio between electron donor and electron
acceptor availabilities determines whether the denitrifying population has to be
economical with the electron acceptor pool. Whenever electron acceptors are
limiting, denitrifiers tend to reduce nitrate to N2, allowing fewer intermediates such
14
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as N 2 0 to escape (Firestone et al., 1980, cf. Davidson, 1991).
- pH: Low pH tends to inhibit N 2 0 reduction (Sahrawat and Keeney, 1986) and N 2 0
is often found to be the predominant product of denitrification in acid soils (Parkin
et al., 1985).
Concerning the other two levels of regulation, the diffusion rate depends on moisture
content and soil type, whereas the controls of NO-consumption are presently not
known. As denitrifiers are thought to be the organisms mainly responsible for
consumption of N 2 0, the factors described above are also relevant for the (denitrifier)
N 2 0 consumption.
The multi-level regulation of NO and N 2 0 emission makes understanding and
modelling of NO and N 2 0 emission by soils extremely complex. Models of NO and
N 2 0 emission are based on cellular-mechanistic controls and/or empirical relations
observed in large data sets (Williams et al., 1992). There have been attempts to
describe the mechanistics of N20 emission from individual soils, but usually less than
50% of the variation could be explained (Granii and B0ckman, 1994). Soil parameters
are typically measured in composited soil samples. However, the conditions in an
actively NO- or N20-producing microsite can deviate strongly from conditions found
in the composited soil samples. Parkin (1987), for example, showed that 85% of the
denitrification activity of a 98 g soil core resulted from one organic particle of 0.08
g and these kind of "hotspots" are not evenly distributed throughout the soil (Parkin,
1990). The differences in scale between the active sites of NO and N 2 0 production in
soil and the measured soil parameters probably obscure the possibility to relate
emission to a single or a combination of soil factors (Robertson, 1994).
On a larger scale, emission models are used to estimate the global emission of NO and
N 2 0 and to identify the most important source regions. In these models, temperature
seems to be a very important control, and tropical forests and savannas are major
sources (Bouwman, 1995; Yienger and Levy, 1995; Potter et al., 1996). However,
validation of model results is hampered by the limited data available for some of the
important predicted source regions. The relative productions of NO and N 2 0 during
nitrification and denitrification are poorly described in comparison with the rates of
nitrification and denitrification. These models also rely upon fixed values for NOx
emissions, as exemplified in the models of Yienger and Levy (1995)(2.5% of applied
fertilizer emitted as NO J and Potter et al. (1996)(2% of nitrogen mineralization
emitted as NO, N 2 0 or N2). Consumption of NO and N 2 0 in soils is not treated as a
separate process in the above stated models. Thus, although such models may be very
useful in estimations of global emissions, they fail to describe the regulation of
emission in individual soils.
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PEAK EMISSIONS OF NO AND N 2 0
Emissions of NO and N 2 0 are highly variable throughout the year. Elevated emissions
are found after fertilization (Skiba et al., 1992; Veithof et al., 1996) and after
(artificial) rainfall (Goodroad and Keeney, 1985; Rudaz et al., 1991; Davidson, 1992;
Davidson et al., 1993; Guenzi et al., 1994; Corre et al., 1995). Total annual emission
of N 2 0 can be dominated by a few peak emissions (Tietema et al., 1991). Both
nitrifiers and denitrifiers are thought to contribute to these peak emissions (Rudaz et
al., 1991; Davidson, et al., 1993). Despite the potential importance of these peak
emissions for the annual NO and N 2 0 emission, little is known of the behaviour of
nitrifying organisms during these periods.

SEDIMENTS
Although this chapter has focused on the processes and organisms associated with NO
and N 2 0 emission by terrestrial soils, the same principles also hold for sediments.
However, the conditions in continuously or semi continuously (intertidal) submerged
sediments are quite different than those found in terrestrial soils. The supply of oxygen
is very limited compared to most terrestrial soils and oxic conditions are generally
found only in the top millimetres (Revsbech and S</>rensen, 1990). Due to the
permanently reduced layers in the sediment, accumulation of nitrate is not observed
and denitrification activity is directly coupled to nitrification activity (Yoshinari,
1990). The large diffusional constraints and presence of an electron acceptor-limited
denitrifier population makes the escape of N20 and especially NO from the sediment
to the atmosphere difficult compared to terrestrial soils. In the review of Davidson
(1991) the lowest NO emissions were reported for mangrove-swamp-marsh
ecosystems. However, the review of Bouwman (1995) shows that significant amounts
of N 2 0 can be emitted from sediments.

AIM OF THIS RESEARCH PROJECT
Although there have been numerous studies regarding N 2 0 emission from soils, it is
still very difficult to quantitatively predict the emission from soils, especially after
events such as rainfall. With respect to NO emission by soils, quantitative prediction
remains a distant prospect. These short comings in predictive capabilities are partially
due to insufficient knowledge of the in situ contribution of nitrifiers and denitrifiers
to NO and N 2 0 emission and of some aspects of the regulation of nitrifier and
16
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denitrifier NO and N 2 0 production. Greater knowledge of NO and N 2 0 production
may lead to better emission quantification and eventually lead to improved strategies
of to reduce these trace gas emissions. The research described in this thesis is focused
on these knowledge gaps and the results may cast some light on the present day dark
sides of NO and N 2 0 production by nitrifiers and denitrifiers.

OUTLINE OF THIS THESIS
In order to detect NO in closed headspaces of incubation systems, e.g. static soil
cores, a gas-sample-mixing unit was developed to measure NO concentrations in
small-volume headspace samples (chapter 2). Specific nitrification inhibitors are used
to determine the contribution of nitrification and denitrification to the NO and N 2 0
emission of soils and sediments. An alternative nitrification inhibition technique was
developed after it was shown that the conventional acetylene inhibition technique can
result in an underestimation of the nitrifier contribution (chapter 3). With this new
inhibition technique, the contributions of nitrification and denitrification to the NO and
N 2 0 production of intact soil cores of 3 different ecosystems were determined (chapter
4). The potential role of nitrifying and denitrifying bacteria in peak emissions of NO
and N 2 0 induced by decreasing oxygen availability was studied in continuous culture
(chapter 5). The results described in this thesis are discussed and related to present
day knowledge of NO and N 2 0 emission of soils (chapter 6).
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CHEMILUMINESCENCE ANALYSIS OF NO IN SMALLVOLUME SAMPLES BY A MODIFIED INJECTION METHOD

Ronald A. Kester, Albert G. Wijlhuizen, Hendrik Duyts and
Hendrikus J. Laanbroek

Biology and Fertility of Soils (1994) 18, 260-262
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INTRODUCTION
Nitric oxide (NO) contributes to photochemical air pollution and is mainly produced
by fossil fuel combustion (Melillo et al., 1989). As soils are able to act as a source
as well as a sink for NO, they play an important role in the global NOx budget
(Conrad, 1990). To study the mechanisms behind the fate of NO in soils, a sensitive
and reliable method of NO analysis is indispensable. As Bremner and Blackmer (1982)
reported, the major limitation of NO analysis by gas chromatography is the
interference of large concentrations of N2, 0 2 and Ar. Hence, incubation studies must
be performed at low oxygen levels, then, however, N2 production by denitrification
can cause problems. The detection of NO by the chemiluminescence technique used
in NOx analyzers, makes it possible to work under normal atmospheric conditions.
This technique has been used routinely in the analysis of NOx in air pollution research
and is considered to be a reliable analytical technique (Harman, 1989). The advantages
of NO analysis by chemiluminescence are good linearity, few interferences by other
gases, high sensitivity and ease of use over a wide dynamic range. Most
chemiluminescence NO analyzers operate with a continuous flow of sample or carrier
gas through the detector (0.25-1 1 min1), with a response time of 1 to 5 seconds.
These analyzers have been used to determine the NO emission from soils covered with
a flow through chamber or (soil) incubation systems which allow the use of a
continuous gas flow (Galbally and Roy, 1978; Hutchinson and Andre, 1989; Remde
et al, 1989).
The use of an NOx analyzer for detection of NO in small gas samples of static
incubations (e.g. headspace gas of small incubation vessels containing soil or pure
cultures) however, causes difficulties. Direct injection of a small sample into the
carrier gas stream results in a very short residence time of the sample in the detector,
which makes it difficult for the intrument to respond properly to the NO present in the
sample. Direct injection can also lead to a pressure increase, resulting in a signal
simulating the presence of NOx (Papen et al., 1989).
In this paper a sample mixing unit (SMU) for small volume samples of static
incubations is described which allows the detector to reach steady state response
without pressure increase. The time for analysis was 4 minutes and was comparable
with the analysis time of N 2 0 and N2 by gas chromatography. This makes it easy to
determine NO and N 2 0 simultaneously in static core incubation studies employing the
two respective techniques.
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MATERIALS AND METHODS
The NO-analyzing system consisted of two parts, the sample mixing unit (SMU) and
the chemiluminescence based NOx analyzer. The SMU (Fig. 2.1) was constructed of
a glass cylinder (1) (with an internal diameter of 9.5 cm and a length of 12 cm) fitted
between two Delrin (polyoxymethylene, DuPont) caps (2) sealed with a butyl rubber
"O" ring. Inside the glass cylinder a Delrin plunger (3) was fitted on a stainless steel
axle (4) driven by an adjustable synchronised electric motor (5). The Delrin material
is self-lubricating, resistant to malformation and the tight shafts were gas tight. The
sample port (6) contained a silicone septum coated with Teflon and was situated in
centre of the cylinder wall. Two stainless steel tubes were fitted into each cap, one to
supply (7a) and one to carry off (7b) the carrier gas (N2, > 99.999 %) to the analyzer.
Each tube was connected to a magnetic valve (8). A control unit, equipped with an
adjustable delay switch, was used to control the motor and the valves.
In the stand-by mode, all valves are open and the plunger is situated at one side of the
cylinder. The small space between the plunger and the adjacent cap allows the
incoming carrier gas to flow to the neighbouring exhaust tube. The incoming carrier
gas at the other side of the cylinder flushes the contents of the cylinder and leaves the
cylinder through the adjacent exhaust tube.
In the run mode, the supply valve and the exhaust valve both opposite to the plunger
are closed and the carrier gas flows exclusively through the space between the plunger
and the adjacent cap. In this situation the sample (volume between SO μΐ and 10 ml)
can be injected through the sample port and is subsequently allowed to mix with the
enclosed carrier gas inside the cylinder. After an adjustable time span (the mixing
time), the exhaust valve adjacent to the plunger is closed, the opposite exhaust valve
is simultaneously opened and the plunger is moved to the other side of the cylinder
by action of the electric motor. During the ran 730 ml of sample plus carrier gas
mixture is flushed into the analyzer at a rate of 250 ml per minute, creating a 3 minute
residence time in the chemiluminescence analyzer. The enlarging space at the other
side of the plunger is filled with fresh carrier gas. When the plunger reaches the other
side of the cylinder, the system switches to the stand-by mode and the contents of the
whole cylinder are flushed by the carrier gas. In the next run the plunger will move
in the opposite direction. The speed of the plunger movement was adjusted to the
stand-by flow rate of the carrier gas, so that the movement of the plunger would not
cause an internal pressure change.
The analyzer used was an NO-NOj-NO, analyzer Model 42S (Thermo Environmental
Instruments Inc., Franklin MA., USA). The original capillaries of the analyzer were
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Fig. 2.1 Cross section of the sample mixing unit (SMU), which is connected to the
chemiluminescence analyzer via B, carrier gas enters at A and leaves at B; 1. glass cylinder;
2. Delrin (polyoxymethylene) cap; 3. Delrin plunger; 4. stainless steel axle; 5. synchronised
electric motor; 6. sample port; 7. supply (a) and exhaust (b) tube; 8. magnetic valve. The
control unit is not shown in the drawing.

replaced by smaller bore capillaries to reduce the flow rate from 1 1 per minute to
approximately 250 ml per minute. The signal output of the analyzer was registered on
a chart recorder.
All the tubing was made of stainless steel and Teflon, connected by stainless steel
Swagelok connectors. The exposed internal surface of the magnetic valves was made
of stainless steel and Teflon.
Chemically produced NO was used to make standards (modification of the method of
Goretski et al., 1990). NO was generated by quantitative reduction of N0 2 " in vials
containing 5 ml of 12 mM KI in 0.87 M acetic acid. The vials were sealed with
Teflon coated septa and the concentration of NO in the headspace was calculated using
the Bunsen absorption coefficient (Tiedje, 1982). The level of the standards was
expressed as the total amount of NO (mol) flushed into the analyzer. All experiments
were conducted at room temperature (22 °C).

RESULTS
Detection of NO by the analyzer produced a peak with a flat top on the chart,
indicating that the detector had reached steady state response and the sample plus
carrier gas mixture was homogeneous. The steady state response, which lasted about
1.5 minutes, made it possible to use peak height for calculations and integration was
not necessary.
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Table 2.1 Coefficients of variation at different NO amounts injected either directly into the
carrier gas stream or indirectly with the use of the sample mixing unit (SMU).
method of
injection

NO
nmol

number of
replicates

direct

0.089

11

CV
%
51.5

SMU

0.036

8

6.4

SMU

0.18

6

2.2

SMU

0.57

6

3.5

SMU

1.07

6

3.0

SMU

1.34

4

0.6

In the SMU, a 1 minute mixing period was sufficient to obtain a homogeneous mixture
of 100 μ\ sample containing 0.56 or 1.04 nmol NO and the carrier gas. No
improvement was obtained by increasing the mixing period, whereas a mixing period
of only 6 seconds produced an irregular peak on the chart. Hence, a mixing period of
1 minute was chosen as a standard.
For determination of the detection limit, the analyzer was set to its most sensitive
range (0-5 ppbv) and different amounts of NO were injected. The lowest amount of
NO which created a peak rising above the base line noise level, was 3.5 pmol (data
not shown).
The coefficients of variation (CV) of direct injection into the carrier gas stream and
of injection via the SMU were compared. The CV of direct injection was unacceptably
high (Table 2.1). The CV values for the SMU increased with decreasing amounts of
NO, but were still relatively low in the most sensitive range.
Linear response of the system was tested at different ranges of the NO analyzer (0-5,
2
0-50 and 0-200 ppbv). Linear response was good within each range, showing R
values of at least 0.99.
Ghosting of NO was hardly observed using the SMU. After injecting a large amount
of NO (4.3 nmol), a small peak of NO, representing only 5 pmol, could be observed
in the two following controls (no NO). In the third control following the high amount
of NO injected, no peak at all was found on the chart. Carry-over of a sample
containing a large amount of NO (1.34 nmol) to a succeeding sample containing a low
amount of NO (0.134 nmol) was not observed.
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DISCUSSION
The detection limit of 3.5 pmol NO makes it possible to detect NO concentrations as
low as 8.5 ppbv when 10 ml samples are injected or 85 ppbv when 1 ml samples are
injected. Compared to other NO analysis systems in which injection of small samples
was used, directly or by a small sample loop (Goretski et al., 1990; Remde and
Conrad, 1990; Sung et al., 1992), our SMU offers the same level of detection in spite
of the dilution. The difference between the CV of direct injection and the CV of the
SMU shows the importance of reaching a steady state response. Furthermore, the
steady state response makes integration of peak area unnecessary. It must be stated
that the SMU was only tested for low concentrations of NO, concentrations relevant
for incubation studies. But the analyzer itself offers a wide dynamic range and by
adapting sample volume (e.g. between 50 μί and 10 ml) concentrations between 8.5
ppbv and 6000 ppmv NO can be measured.
In conclusion, the SMU in combination with a NO analyzer provides a sensitive,
reliable, easy to use tool for detection of NO in incubation systems such as static
cores.
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BETWEEN NITRIFIER AND DENITRIFIER N 2 0
PRODUCTION IN SOIL AND SEDIMENT SAMPLES

Ronald A. Kester, Wietse de Boer and Hendrikus J. Laanbroek
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INTRODUCTION
Nitrous oxide contributes to the greenhouse effect and is also involved in the ozone
depletion of the stratosphere (Crutzen, 1981). Most atmospheric nitrous oxide has been
emitted from soils (Duxbury, 1994). Denitrification and chemolithotrophic nitrification
(later on referred to as nitrification) appear to be the main sources of the nitrous oxide
emission (Firestone and Davidson, 1989). Klemedtsson et al. (1988b) developed the
so called PPM method (parts per million method, referring to the low acetylene
concentration used) to investigate the contribution of nitrification and denitrification
to nitrous oxide emission. A low partial pressure of acetylene (1-10 Pa) was used to
inhibit nitrification and, consequently, its contribution to the nitrous oxide production.
The difference between nitrous oxide production in a control without acetylene and in
the acetylene treatment was ascribed to nitrification. The remaining nitrous oxide
production in the acetylene treatment was assigned to denitrification. As compared to
dissolved inhibitors, addition of acetylene gas has minor effects on the aeration of the
soil sample and it diffuses rapidly into the soil (Klemedtsson and Hansson, 1990). A
major drawback of the PPM method is that the nitrous oxide reduction by denitrifiers
is also sensitive to acetylene. Although 1 to 10 kPa acetylene is commonly used to
inhibit nitrous oxide reduction in soils completely (Tiedje et al., 1989), substantial
inhibition (10 % to more than 50%) can already be reached with 1 to 10 Pa acetylene
(Knowles, 1986). Partial inhibition of nitrous oxide reduction can result in the
underestimation of nitrifier nitrous oxide production by the PPM method. This
problem is probably more serious in soils with high denitrification activity such as
those with abundant anoxic micro-sites. Klemedtsson and Hansson (1990) reviewed
the PPM method and concluded that the drawbacks of the PPM method may be
negligible in some soils, but might be more apparent in other soils.
Several authors (Walter et al, 1979; Hynes and Knowles, 1982; Berg et al., 1982)
reported the slow recovery of nitrification in soil samples after being exposed to
acetylene. Exposure of a Nitrosomonas europaea culture to 10 kPa acetylene for 20
hours resulted in 200 hours inhibition of ammonium oxidation and a decrease in the
number of viable cells of approximately 2 orders of magnitude (Hynes and Knowles,
1982). Acetylene is a suicide substrate for the ammonia mono-oxygenase, the first
enzyme in the ammonium oxidation pathway, and the inhibition is irreversible (Hyman
and Wood, 1985). Hynes and Knowles (1982) and Hyman and Α φ (1992) suggested
that de-novo synthesis of ammonia mono-oxygenase is necessary after exposure to
acetylene. Hyman and Arp (1992) demonstrated that more than 95% of the nitritegenerating activity of Nitrosomonas europaea was lost within 15 minutes when
exposed to acetylene.
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Nitrous oxide reductase of Paracoccus denitrificans is non-competitively inhibited by
acetylene (Kristjansson and Hollocher, 1980), and acetylene does not prevent the
synthesis of nitrous oxide reductase (Erich, 1980, c.f. Terry and Duxburry, 1985).
Balderston et al. (1976) showed that the inhibition of nitrous oxide reductase in
Pseudomonas perfectomarinus was immediately alleviated after removal of 2 kPa, but
not 3 kPa acetylene.
In general, inhibition of ammonia mono-oxygenase interferes directly with the energy
generating system of ammonia-oxidizing bacteria, while inhibition of nitrous oxide
reduction in denitrifying bacteria results only in a lower efficiency of nitrate as an
electron acceptor. Hence, recovery of nitrification would be expected to take much
longer than recovery of nitrous oxide reduction after exposure to acetylene.
Davidson (1992) used this principle to specifically inhibit nitrifier nitrous oxide
production. Sieved soil was exposed to 10 kPa acetylene for 24 hours, vented 1 hour
and subsequently subjected to a 24 hour wetting experiment. Below field capacity, the
acetylene treatment inhibited the nitrous oxide production, above field capacity there
was a stimulation of nitrous oxide production by the acetylene treatment, although not
significant.
As stated above, anoxic (micro)sites in soils and sediments are potentially interfering
with the PPM method. In this study we tested the PPM method at different oxygen
concentrations to mimic oxic, oxygen-poor and anoxic microsites. Furthermore we
developed inhibition protocols based on the above described principle of slow nitrifier
recovery, to avoid the unwanted inhibition of nitrous oxide reductase in anoxic
microsites. In all experiments slurries of soil or sediment samples were used to avoid
local depletion of oxygen, nitrate and ammonium.

MATERIALS AND METHODS
Soil and sediment samples
Soil or sediment samples were collected in the spring of 1991 unless indicated
otherwise. At the experimental farm Lovinkhoeve in the Noordoostpolder, The
Netherlands, samples were taken from two fields on calcareous silt loam, one with a
conventional arable farming system (indicated as Lc) and one with an integrated arable
farming system (indicated as Li). Soil characteristics and farming systems have been
described elsewhere (Kooistra et al., 1989; Van Faassen and Lebbink, 1990). Along
the Schelde river (Belgium), samples were taken at Notelaar (indicated as N) in a reed
vegetation and at Burcht (indicated as B) in a bulrush vegetation. Both sites are within
the tidal freshwater zone of the river, described elsewhere (Middelburg et al., 1995).
50 cores per site (2.5 cm diameter) were taken from the upper 5 cm of the soil or
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Table 3.1 Selected properties of the upper 5 cm of the sampled soils and sediments
site

date

Moisture

Organic matter

(w/w)

(w/w)

pH-H20

NH/

NO;

NCy

mg N kg"

Li

12-3-1991

0.28

0.055

8.0

0.22

0.52

6.64

Li

8-5-1992

0.21

0.045

8.0

0.17

n.d.

68.5

Lc

12-3-1991

0.27

0.048

8.0

0.49

0.08

5.32

В

15-4-1991

0.85

0.088

7.3

2.37

0.00

3.01

В

28-4-1992

1.16

0.109

7.2

11.02

0.40

9.17

Ν

15-4-1991

0.94

0.081

7.4

5.25

0.00

8.26

Abbreviations used: Li, Lovinkhoeve integrated farming system; Le Lovinkhoeve
conventional farming system; B, Burcht; Ν, Notelaar; n.d., not determined. Moisture
content, organic matter content and mineral N-content are expressed on dry-weight basis.

sediment. Pooled field-moist samples were sieved (4 mm mesh) and stored at 4°C
until further use. Some characteristics of the soils and sediments are given in Table
3.1.
The effect of the PPM method at different oxygen concentrations
Slurries (1:10 w/v) were made from field-moist, sieved soil or sediment (10 g dry
weight) and a solution of 0.2 mM KH2PO„, 0.2 mM CaCl2 and 0.2 mM MgS0 4 in 300
ml glass bottles. The bottles were sealed with a butyl rubber septum. Prior to testing,
slurries were incubated for 5 days in the dark at 20°C on a rotary shaker (100 rpm)
under anoxic, oxygen-poor (1 % oxygen at the start of the preincubation) and oxic
conditions.
Testing of the effect of 10 Pa acetylene was started with the addition of 5 mM
NH4NO3. The oxygen status in the bottles at the start of the preincubation was
restored. Acetylene (acetone-free, Hoekloos, Schiedam, the Netherlands) was injected
in half of the bottles, to obtain 10 Pa partial pressure in the headspace. The bottles
were further incubated in the dark as before. Nitrous oxide, acetylene and oxygen
concentrations in the headspace and NH,"*", N0 2 " and N0 3 " concentrations in the slurry
were measured regularly during the incubation period. The incubations with Notelaar
and Burcht slurries were terminated after 4 and 5 days, the oxic incubations of
Lovinkhoeve slurries after 6 days, the anoxic and oxygen-poor incubations of
Lovinkhoeve slurries after 3 days.
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Short exposure of Burcht and Lovinkhoeve slurries to acetylene
Oxic and anoxic slurries from Lovinkhoeve soil (integrated farming system) and
Burcht sediment were prepared as described above and preincubated for 3 to 5 days.
Slurries of Burcht sediment were exposed to 0, 100 Pa and 10 kPa acetylene for 24
hours and successively sparged with air (oxic preincubation) or nitrogen (anoxic
preincubation). Slurries of Lovinkhoeve soil were treated likewise with exposure to
0 and 100 Pa acetylene. The effect of acetylene on nitrification was examined by
monitoring the nitrate and nitrite production after exposure to acetylene in oxic slurries
amended with 5 mM ammonium. The difference between the amount of nitrite +
nitrate accumulated after 6 days in the acetylene treated slurries and the controls was
used to calculate the percentage of inhibition. The effect of acetylene on nitrous oxide
reduction by denitrifiers was tested by monitoring the consumption of added nitrous
oxide in anoxic slurries amended with 5 mM nitrate. The amount of nitrous oxide
added was dependent on the soil or sediment used in the test.
Short exposure of Lovinkhoeve soil and Burcht sediment at field-moist conditions
to acetylene.
In order to shorten the exposure time and to avoid excessive sparging with nitrogen
or air to discard the acetylene, field-moist soil or sediment samples were exposed to
acetylene prior to slurry-incubation. Sieved field-moist samples of Lovinkhoeve soil
and Burcht sediment (collected in the spring of 1992) were placed in 1.5 1 gastight jars
and exposed to 0, 100 Pa (Burcht only) or 10 kPa acetylene for 1 hour. Subsequently,
the exposed samples were placed on a dish for 1 hour to facilitate the evaporation of
acetylene. Slurries were made as described above and tests for inhibition of
nitrification and nitrous oxide reduction were initiated immediately. Nitrification
inhibition and nitrous oxide reduction were tested as described above, except for
Burcht samples, in which the inhibition of nitrous oxide reduction was tested by
monitoring the nitrous oxide concentration in the headspace without addition of nitrous
oxide. The inhibition of nitrification in Burcht samples was tested during 3 in stead
of 6 days.
The effect of chloramphenicol on nitrous oxide reduction after exposure to
acetylene
Field-moist Lovinkhoeve soil was exposed to 0 or 10 kPa acetylene for 1 hour as
described above. Reduction of added nitrous oxide was tested in slurries which
contained 0.1 g chloramphenicol per litre. The effectiveness of this chloramphenicol
dose in inhibiting the de-novo synthesis of proteins was tested previously (unpublished
results).
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Fig. 3.1 Nitrous oxide production in oxic (A), oxygen-poor (B) and anoxic (C) soil or
sediment slurries with 10 Pa acetylene (shaded bars) and without acetylene (open bars).
Slurries (1:10 w/v) were made of soil or sediment samples from Lovinkhoeve conventional
farming system (Lc), Lovinkhoeve integrated farming system (Li), Burcht (В) and Notelaar
(Ν). The error bars represent the standard error of the mean (n = 2).

Analytical procedures
The pH of the soil and sediment samples was measured in a 1:5 (w/v) soil/sedimentwater slurry after 2 hours shaking. Concentrations of ammonium, nitrite and nitrate
in 2 M KCl extracts of the soil and sediment samples and the incubated slurries were
determined with a Technion Traacs 800 autoanalyzer. Organic matter content of the
samples was determined by loss-on-ignition (4 hours 550°C). Nitrous oxide, acetylene
and oxygen in the headspace were measured with a gaschromatograph (Carlo Erba GC
6000) equipped with an ECD (nitrous oxide below 100 ppmv) and a HWD (nitrous
oxide above 100 ppmv, oxygen and acetylene). Gasses were separated on a Hayesep
Q column (nitrous oxide and acetylene) and a Molsieve 5Á column (oxygen), both
operated at 50°C with helium as carrier gas.

RESULTS
The effect of the PPM method at different oxygen concentrations
Under oxic conditions, 10 Pa acetylene almost completely inhibited the nitrous oxide
emission from the soil and sediment slurries (Fig. 3.1A), which indicates that nitrifiers
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were the most important nitrous oxide producers in these oxic slurries. Controls under
oxygen-poor conditions (Fig. 3.1B) showed greatly reduced nitrous oxide emission
compared with oxic controls. In contrast to oxic conditions, 10 Pa acetylene strongly
enhanced the emission of nitrous oxide in oxygen-poor Li, В and N slurries. In
oxygen-poor Li, В and N slurries nitrous oxide emission of the 10 Pa acetylene
treatment exceeded the oxygen-poor controls 36, 147 and 793 times, respectively.
Even though no oxygen was added to Lc and Li incubations, oxygen concentrations
remained between 0.39% and 2.64% in the headspace. This was not the case in the
oxygen-poor incubations of В and N, where, even with the regular addition of extra
oxygen, some periods of anoxia were encountered (data not shown). Although anoxic
conditions almost completely stopped nitrous oxide emission in the control slurries
(Fig. 3.1C), 10 Pa acetylene treatment resulted in the largest nitrous oxide emission
of the entire experiment for each soil or sediment slurry .
Slurries of В and N showed acetylene consumption, which was strongest in the oxic
slurries. At the end of the incubation period there was no acetylene left in any of the
В slurries and in the oxic N slurries (data not shown). In each of the slurries, there
was always at least 2 mM nitrate and 0.11 mM ammonium present at the end of the
incubations (data not shown).
Short exposure of Burcht and Lovinkhoeve slurries to acetylene
The production of nitrate and nitrite in oxic Burcht slurries was strongly inhibited by
the 24 hour exposure to acetylene (Fig. 3.2A). After 6 days of post-treatment
incubation the 100 Pa and 10 kPa acetylene exposures resulted in 89% and 94%
inhibition of nitrification, respectively. Addition of nitrous oxide to the anoxic control
slurries of Burcht (Fig. 3.3A) resulted in nitrous oxide reduction. Nitrous oxide
reduction was initially inhibited after 24 h exposure to 100 Pa acetylene, but restored
within a day. 24 hour exposure to 10 kPa acetylene inhibited nitrous oxide reduction
for more than 48 hours in Burcht slurries (data not shown). Excessive sparging with
nitrogen was required to discard the acetylene from the anoxic slurries.
In oxic Lovinkhoeve slurries, nitrification was also susceptible to the 24 hour exposure
to 100 Pa acetylene (Fig. 3.2B). During the 6 days after exposure nitrate and nitrite
production was inhibited for 87%. Nitrous oxide reduction started almost immediately
after the exposure in Lovinkhoeve slurries (Fig. 3.3B).
Short exposure of Lovinkhoeve soil and Burcht sediment at field-moist conditions
to acetylene.
In order to shorten the exposure time and to avoid excessive sparging with nitrogen
or air to discard the acetylene, field-moist soil or sediment samples were exposed to
acetylene prior to slurry-incubation. Exposure of the Lovinkhoeve soil resulted in 84%
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Fig. 3.2 Nitrate plus nitrite concentration in oxic slurries of A: Burcht sediment after 24 hour
exposure to 0 Pa (closed circles), 100 Pa (open circles) or 10 kPa acetylene (triangles) and
subsequent sparging with air; B: Lovinkhoeve soil after 24 hour exposure to 0 Pa (closed
circles) and 100 Pa acetylene (open circles) and subsequent sparging with air; C:
Lovinkhoeve soil after 1 hour exposure to 0 Pa (closed circles) and 10 kPa acetylene (open
circles) infield-moiststate and subsequent evaporation of the acetylene; D: Burcht sediment
after 1 hour exposure to 0 Pa (closed circles) and 10 kPa acetylene (open circles) in fieldmoist state and subsequent evaporation of the acetylene.The error bars represent the standard
error of the mean (A & С η = 3; В & D n= 4).

inhibition of nitrification during 6 days post treatment incubation compared to the
control (Fig. 3.2C). In anoxic slurries, there was no effect of the exposure on the
nitrous oxide reduction (Fig. 3.3C). Acetylene was not detectable in the Lovinkhoeve
slurries.
Oxic slurries of exposed Burcht sediment (1 hour 10 kPa acetylene) showed 82%
inhibition of nitrification after 3 days (Fig. 3.2D). Anoxic slurries of control sediment
initially emitted nitrous oxide, but within 24 hours there was a net nitrous oxide
reduction (Fig. 3.3D). Anoxic slurries of exposed Burcht sediment emitted largç
amounts of nitrous oxide during the first hours of incubation. Reduction of nitrous
oxide started between 24 and 48 hours. Some acetylene was still present 3 hours after
the onset of the incubation, but was absent 21 hours later (data not shown).
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Fig. 3.3 The nitrous oxide concentration in the headspace of anoxic slurries of A: Burcht
sediment after 24 hour exposure to 0 Pa and 100 Pa acetylene; B: Lovinkhoeve soil after 24
hour exposure to 0 Pa and 100 Pa acetylene; C: Lovinkhoeve soil after 1 hour exposure to
0 Pa and 10 kPa acetylene infield-moiststate and subsequent evaporation of the acetylene;
D: Burcht sediment after 1 hour exposure to 0 Pa and 10 kPa acetylene infield-moiststate
and subsequent evaporation of the acetylene. The acetylene treatment is indicated with the
open symbols, the control with closed symbols. After sparging the slurries with nitrogen,
nitrous oxide was added at the beginning of the incubations and again after 22 hours and 48
hours (А, В and C). No nitrous oxide was added to D. The error bars represent the standard
error of the mean (A & Β η = 3; С & D η = 4).

Exposure of Burcht sediment to 100 Pa acetylene for 1 hour resulted in poor inhibition
of nitrification in oxic suspensions. Emission and reduction rate of nitrous oxide in
anoxic slurries of control and exposed sediment were comparable (data not shown).
The effect of chloramphenicol on nitrous oxide reduction after exposure to
acetylene
Anoxic slurries of exposed Lovinkhoeve sediment (1 hour 10 kPa acetylene) and
control sediment, both amended with chloramphenicol, started to reduce added nitrous
oxide immediately (Fig. 3.4). After 24 hours nitrous oxide concentration in the
headspace stabilized and started to rise 24 hours later, both in control and acetylene
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Fig. 3.4 The nitrous oxide concentration in the headspace of anoxic slurries of Lovinkhoeve
soil with chloramphenicol after 1 hour exposure to 0 Pa (closed symbols) and 10 kPa
acetylene (open symbols) infield-moiststate and subsequent evaporation of the acetylene.
Chloramphenicol (0.1 g Г1) and nitrous oxide were added at the beginning of the incubations.
The dashed and continuous line represent the nitrous oxide consumption rate during the first
day for the acetylene treatment and control, respectively. The error bars represent the
standard error of the mean (n = 3).

exposed slurries. The initial decrease of nitrous oxide (until 22 hours) was used to
estimate the net nitrous oxide reduction rate. The slurries of the control soil reduced
1.57 ppmv nitrous oxide per hour (R2 = 0.98; 95% confidence interval 1.37 -1.78),
and the slurries of the acetylene exposed soil reduced 1.08 ppmv nitrous oxide per
hour (R2 = 0.96; 95% confidence interval 0.89 - 1.28).

DISCUSSION
The effect of the PPM method at different oxygen concentrations
The PPM method with 10 Pa acetylene had a stimulating effect on nitrous oxide
production in oxygen-poor and anoxic slurries. It is assumed that this enhancement is
the result of inhibition of nitrous oxide reduction by denitrifying bacteria, as nitrous
oxide reduction by these bacteria can be partially inhibited by 10 Pa acetylene
(Knowles, 1986). Anoxic and oxygen-poor microsites are common in soil (Leffelaar,
1987) and 10 Pa acetylene will be able to enhance the nitrous oxide production by
denitrifiers in these microsites leading to an underestimation of the nitrifier
contribution to the nitrous oxide production. Klemedtsson et al. (1988b) did encounter
similar problems with acetylene concentrations above 2.5 Pa, as nitrous oxide
production in soil increased at 100% water-holding capacity. Davidson et al. (1986)
tested the reduction of added nitrous oxide at different acetylene partial pressures in
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a nitrate depleted forest soil sample. Inhibition of nitrous oxide reduction was
complete at 10 kPa acetylene and almost absent at 10 Pa. However, this experiment
was designed to provide a rigorous test for complete inhibition of nitrous oxide
reduction with the 10 kPa treatment, not for testing the undesired inhibition at 10 Pa
acetylene since very low concentrations of nitrate are known to alleviate the blockage
of nitrous oxide reduction by acetylene (Slater and Capone, 1989; Rudolph et al.,
1991 ; Simarmata et al., 1993). Hence, partial inhibition of nitrous oxide reduction by
10 Pa acetylene could be expected in nitrate rich soils, but not in nitrate limited soils.
In our experiment, we used 10 Pa acetylene as it inhibits nitrification completely (Berg
et al., 1982). Although inhibition of nitrification is possible at lower acetylene
concentrations in certain soils, consumption of acetylene by the soil microbiota may
soon result in an incomplete inhibition. Acetylene consumption is reported previously
by Terry and Duxbury (1985) under oxic but not under anoxic conditions, whereas
Culbertson et al. (1981) found acetylene oxidation in anoxicly incubated estuarine
sediments. In the top mineral layer of an acid forest soil, consumption of acetylene (10
Pa) resulted in only partial inhibition of nitrification (De Boer et al., 1993). In this
study, we observed acetylene consumption in samples of Schelde river sediment at all
oxygen levels.
Short exposure to acetylene
As the PPM method with 10 Pa acetylene resulted in the enhancement of nitrous oxide
production in oxygen-poor and anoxic slurries, we tried different protocols to
specifically inhibit nitrification. Short exposure, 24 hours to 100 Pa or 10 kPa
acetylene, resulted in at least 87% inhibition of nitrification during six successive
days. In contrast, nitrous oxide reduction was restored within 24 hours after exposure
to 100 Pa acetylene. Removal of acetylene from the slurries after the 10 kPa treatment
was difficult. This was probably the cause of the delayed recovery of nitrous oxide
reduction in this treatment.
The exposure of Burcht and Lovinkhoeve field-moist samples to 10 kPa acetylene for
1 hour resulted in at least 82% inhibition of nitrification, whereas 1 hour exposure of
Burcht sample to 100 Pa acetylene did not inhibit nitrification efficiently. Nitrous
oxide reduction was not affected at all by the 10 kPa treatment in Lovinkhoeve soil,
but was strongly inhibited in Burcht sediment. Acetylene was still present at the start
of the incubation of the Burcht samples and was completely consumed within 24
hours. Only after the disappearance of all the acetylene, the nitrous oxide reduction
in Burcht slurries started again. Unfortunately, the differences in experimental set up
of this particular test do not allow for direct comparison of nitrous oxide reduction
activity between control and acetylene treatment. Acetylene is very soluble in water
(Tiedje, 1982) and the higher water content of the field-moist Burcht sample,
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compared to the Lovinkhoeve sample, was probably the cause of the inefficient
removal of the gas.
As described earlier, Davidson (1992) tried a similar approach with soil samples at
different moisture contents. Below field capacity, the acetylene treatment, consisting
of 24 hour exposure to 10 kPa acetylene prior to incubation, inhibited the nitrous
oxide production. Above field capacity there was a stimulation of nitrous oxide
production, although not significant, by the acetylene treatment. In another
experiment, soil cores from a seasonally dry tropical forest were exposed to 10 kPa
acetylene for 18 hours and subsequently after 2 hours venting, to 10 Pa (Davidson et
al., 1993). Dry cores which recieved an artificial 4 cm rainfall, showed a doubling
of nitrous oxide production in the acetylene treatment after 3 hours post-treatment
incubation. The authors suggested that the 18 hours 10 kPa acetylene exposure caused
an inhibition of the nitrous oxide reduction, but the permanent exposure to 10 Pa
acetylene could have been responsible as well.
De-novo synthesis of nitrous oxide reductase
The addition of chloramphenicol showed that, without de-novo synthesis, nitrous oxide
reduction activity of Lovinkhoeve slurries had decreased by 31 % after 1 hour exposure
to 10 kPa acetylene, compared with the control. Both in the control and the acetylene
treatment, the inhibition of de-novo synthesis eventually resulted in a net nitrous oxide
production. This is probably the result of a relative decrease of nitrous oxide reductase
activity compared to the activity of the preceding denitrification reductases. A
relatively high turnover rate of nitrous oxide reductase could be one of the reasons for
this phenomenon. Similar slurries without chloramphenicol (results not shown)
maintained nitrous oxide reduction activity. Hence, even in the control without
acetylene, de-novo synthesis of nitrous oxide reductase within 24 hours is necessary
to maintain nitrous oxide reduction activity. Since acetylene does not prevent the
synthesis of nitrous oxide reductase (Erich, 1980, cf. Terry and Duxbury, 1985),
partial inhibition of nitrous oxide reductase after exposure is alleviated very quickly
by de-novo synthesis of this enzyme.
Applications of the "short exposure" inhibition
Short exposure to 10 kPa acetylene appears to be promising for nitrification inhibition
in undisturbed soil or sediment cores. Most nitrification inhibitors have to be added
as an aqueous or organic solution which disturbs the aeration in the core far more than
the addition of a gas does. Methyl fluoride is another nitrification-inhibiting gas,
which has only recently been applied but shows promising features as well (Miller et
al., 1993). Within a soil or sediment core, diffusion of acetylene to nitrifying and
denitrifying bacteria will take some time. Hynes and Knowles (1982) stated that the
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recovery of acetylene exposed N. europaea cultures occurred more rapidly with higher
cell densities and shorter exposure time. The ammonia mono-oxygenase must be
catalytically competent for acetylene-induced inactivation to occur (Hyman and Wood,
1985). Hence, cells must be active during the exposure period. Longer exposure time
and lower cell densities decrease the number of viable cells not inhibited at the end
of the exposure period. It is feasible that a major part of the recovery results from the
growth of the non-inhibited fraction of the population. Fortunately, active nitrifiers are
located at sites in soil which are readily accessible to diffusing gas (Fair et al., 1994),
whereas active denitrifiers are usually located in places which are difficult to reach by
oxygen or other gases. Hence, during short exposure of a soil core, the acetylene may
reach the active nitrifying community, while slow diffusion may prevent contact with
the active denitrifying community.
In cores of wet soils or sediments, slow evaporation of acetylene after the exposure
is expected. The danger exists that the soil or sediment becomes nitrate depleted
before all acetylene is gone and nitrous oxide production can be measured. The
depletion of nitrate results in an underestimation of nitrous oxide production by
denitrification. The depletion of nitrate should be monitored in these kind of samples.
In sediments, however, the active nitrifying and denitrifying layers are often found
very close to the surface (Revsbech and S^rensen, 1990). The use of short cores,
containing only the layers of interest, will diminish amount of acetylene dissolving in
the sediment during exposure, which facilitates the efficient evaporation of the gas
after exposure.
We performed the tests for nitrous oxide production and reduction with a high nitrate
background to ensure that the potential inhibition of nitrous oxide reductase was not
alleviated by limiting nitrate supply. Under these circumstances, the PPM method
resulted in strong enhancement of nitrous oxide production in oxygen-poor and anoxic
incubations. In contrast, nitrous oxide reduction started rapidly after short exposure
to acetylene as soon as the acetylene had completely disappeared. The "short
exposure" inhibition method results in sufficient nitrification inhibition without
repressing the nitrous oxide reduction in anoxic nitrate containing microsites. This
method seems suitable for assessing the contribution of nitrification to the nitrous
oxide emission of intact soil and sediment cores. However, like every nitrification
inhibition technique, the "short exposure" method does not identify the source of the
remaining nitrous oxide production after inhibition. In general, denitrification will be
the remaining source (Firestone and Davidson, 1989), but heterotrophic nitrification,
non-denitrifying nitrate reduction or fungal activity might be important in specific
soils. The removal of acetylene is the bottle neck in the "short exposure" method and
soil moisture content seems to influence the rate of its disappearance.
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INTRODUCTION
Nitrous oxide (N20) contributes to the greenhouse effect and is also involved in the
ozone depletion of the stratosphere (Crutzen, 1981). Most atmospheric N 2 0 has been
emitted from soils and sediments (Duxbury, 1994). Nitric oxide (NO) contributes to
photochemical air pollution and is mainly produced by fossil fuel combustion (Melillo
et al., 1989). The contribution of soils to the global N0X emission is estimated at
16%, although the reliability of this estimate is highly uncertain (Bouwman, 1990).
Nitrifying bacteria (chemolithotrophic ammonium oxidizers) and denitrifying bacteria
appear to be the main biological sources of N 2 0 and NO in most natural systems
(Firestone and Davidson, 1989), although other micro-organisms such as nitrate
respirers, methanotrophs, fungi and heterotrophic nitrifiers are capable of producing
(traces of) N 2 0 and or NO, at least under laboratory conditions (Smith and
Zimmerman, 1981; Krämer et al., 1990; Shoun et al., 1992; Anderson et al, 1993).
Chemodenitrification, the chemical reduction of nitrite to NO, appears to be a
potential source of NO in acid soils and is stimulated by the presence of organic
matter (Blackmer and Cerrato, 1986).
Most studies considering the contribution of nitrification and denitrification to the
emission of NO and N 2 0 have been performed in agricultural systems, which allows
for the use of (15N) fertilizers to elucidate the respective role of nitrifiers and
denitrifiers. In natural systems, however, addition of fertilizers interferes with the
nitrogen allocation in the soil or sediment, making assessments of in situ nitrification
and denitrification contribution less reliable. The few experiments that have dealt with
natural systems without the use of fertilizer were performed with sieved or wetted soil
or with flow through incubation systems (Martikainen, 1985; Davidson et al., 1986;
Robertson and Tiedje, 1987; Remde and Conrad, 1991b; Davidson et al., 1993;
Martikainen and De Boer, 1993). Such incubation techniques disturb the oxygen
gradients present in the soil and sediment samples. As oxygen is an important factor
regarding nitrification and denitrification, as well as the relative production of NO and
N 2 0 (Firestone and Davidson, 1989), disturbance of the oxygen gradient in a soil or
sediment sample affects the validity of the assessment of the in situ contribution of
nitrification and denitrification to the N 2 0 and NO emission.
Moisture content and mineral-N content are also important factors which affect
nitrification and denitrification activity (Firestone and Davidson, 1989). In the course
of the growing season, decreasing soil moisture and mineral-N content, through plant
uptake, could slow down nitrification and denitrification activity in unfertilized soils.
Groffman and Tiedje (1989) showed a strong reduction in denitrification activity in
temperate forest soils in the course of the summer, with peaks of activity due to
rainfall or to the presence of pockets of decaying organic matter. In Danish forest-,
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grassland- and agro-ecosystems, maximum N 2 0 emission generally occurred in the
spring and autumn (Ambus and Christensen, 1995).
In this paper, we describe a study to assess the contribution of nitrification and
denitrification to the NO and N 2 0 emission from three different ecosystems, an acid
forest soil, a tidal river sediment and a fertilized grassland soil. We took the samples
in the spring and autumn, the time of year with the highest expected nitrification and
denitrification activity in unfertilized soils in temperate regions. Intact soil cores were
used to avoid disturbance of oxygen gradients and other factors which might influence
natural NO and N 2 0 emission.

MATERIALS AND METHODS
Sampling sites
Samples were taken at three sites, an oak-beech forest in Winterswijk (The
Netherlands, 52°00'N 6°40'E), a tidal river sediment in Burcht (Belgium, 5Γ12'Ν
4°21Έ) and a grassland in Zegveld (The Netherlands, 52°10'N 5°00'E). The oakbeech forest in Winterswijk was located on poorly-drained acidic loamy sand, covered
by a litter and fermentation layer of 2 cm and is described in further detail elsewhere
(Tietema and Verstraten, 1992). The sediment banks in Burcht were situated within
the tidal freshwater zone of the Scheldt river. A bulrush vegetation covered the sample
site. The sediment consisted of slightly alkaline silty clay with a black to grey colour,
indicating anoxia. Spots of oxidized iron in the root zone suggested that oxygen
diffused through the bulrush into the sediment. This tidal river system has been
described in more detail by Middelburg et al. (1995). The sample site in Zegveld was
located on an experimental farm on peat soil and was part of a fertilizer experiment.
The peat soil was drained by ditches and had an average ground water level of
approximately -55 cm. The soil was covered by a perennial rye-grass sward, which
received about 325 kg N ha'1 y ' in the form of multiple dressings of calcium
ammonium nitrate. Samples from Zegveld were always taken at least 25 days after the
last application of fertilizer and even up to 70 days after the last application in the
autumn of 1994. The grass was mown throughout the season with an absence of
grazing. Further information on the site and its management is reported elsewhere
(Velthof and Oenema, 1995a). Selected properties of the upper 5 cm of the soils and
sediment at the time of sampling are shown in Table 4.1. The Winterswijk, Burcht
and Zegveld samples are abbreviated as W, В and Z, respectively, and labelled with
respect to sampling date, spring samples are indicated with s, autumn samples with
a.
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Chapter 4
Experimental set-up
The sites were sampled three times in the spring of 1993 and once in the autumn of
1994. The site in Winterswijk was sampled one additional time in the autumn of 1994,
during a rainy period. The term "sample" refers here to all the cores taken on one day
at one site. Per sample, six sets of three intact soil/sediment cores (5 cm deep, 4.75
cm diameter) were taken randomly within the sites. Polyethylene caps were used to
close the top and bottom of the stainless steel core jacket after sampling, creating a
headspace volume of approximately 100 ml. The upper cap was fitted with a butyl
rubber septum to facilitate gas sampling. Care was taken to prevent disturbance of
oxygen gradients in the cores during and after sampling. Additional material was
sampled for the analysis of soil/sediment characteristics. A grass-plot sampler (upper
5 cm of the soil/sediment) was used in the spring of 1993, whereas three additional
cores per set were taken in the autumn of 1994 for soil/sediment analysis. Soil
temperature (at 3 cm below surface) was determined at one spot within the site. The
cores were transported at ambient temperature to the laboratory and stored without the
top lids in an incubator at soil temperature. The samples for soil/sediment
characteristics were transported and stored at 4°C and were analyzed within a week.
The following treatments were applied prior to incubation, using one core per set,
resulting in six cores per treatment per sample.
1. Control (No additions).
2. Inhibition of nitrification: the remaining N20 and NO accumulation in these cores
was used to estimate the contribution of denitrification.
3. Inhibition of denitrifier N 2 0 reduction: the accumulation of N 2 0 during incubation
was used to estimate the denitrification activity.
The difference in average N 2 0 production rate per sample between the control core
and the nitrification inhibition core was used to determine the contribution of
nitrification to the N 2 0 production rate ofthat sample. The high NO consumption rate,
which is generally observed in soils and sediments, leads to equilibrium concentrations
of NO in the headspace in static core incubations. The relative decrease of the average
NO equilibrium concentration per sample after inhibition of nitrification was used to
estimate the relative contribution of nitrification and denitrification to the N0production of that sample. It is assumed that nitrification and denitrification are the
principal NO and N 2 0 sources.
Nitrification was inhibited (treatment 2) using the short exposure to acetylene method
(Kester et al., 1996) adapted for intact cores. With this method, (partial) inhibition of
N 2 0 reduction by denitrification does not occur if all acetylene is removed after the
exposure period. Acetylene diffuses rapidly even through wet peat soil (Ineson et al.,
1991), which makes the short exposure method suitable for short cores as well.
However, evaporation of all the acetylene out of the core after exposure takes more
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time. Acetylene (>99.6% purity, acetone-free; HoekLoos, Dieren, The Netherlands)
was injected in the headspace (without pressurization) to expose the core to 10 kPa
acetylene for one hour. Afterwards, the top lid of the core was removed and the
acetylene was allowed to evaporate during the next day and night. Whenever a
nitrification-inhibition core contained traces of acetylene (more than approximately 1
Pa in the headspace) at the first day of incubation, the core was discarded for N 2 0
production rate measurement, in order to avoid interference by partial inhibition of
denitrifier N 2 0 reduction. Due to slow evaporation of acetylene out of the cores,
denitrification N 2 0 production could not be measured in 9 of the 78 cores throughout
the course of the study. N 2 0 reduction by denitrification (treatment 3) was inhibited
by establishing 10 kPa acetylene partial pressure (without pressurization) in the
headspace of denitrification activity cores at the start of the incubation. This treatment
inhibits the nitrification N 2 0 production as well.
All cores were closed and sealed air tight with silicone grease after the evaporation
period of the nitrification-inhibition cores. The denitrification activity cores were
injected with acetylene up to 10 kPa partial pressure. Subsequently, all cores were
stored in the incubator at soil temperature. NO and N 2 0 concentrations in the
headspace were measured within a few hours after the onset of the incubation and
once a day there after. Incubations were initially carried out for four days, but this
period was shortened to one day later in this study. Following the last sampling of the
headspace, the mineral-N content was determined. The concentrations of oxygen and
acetylene in the headspace were measured daily throughout the incubation period. The
N 2 0 concentrations in the headspace after a few hours of incubation were often not
above the background level. The accumulation of NO and N 2 0 in the headspace after
24 hours incubation was used to calculate the NO equilibrium concentration and the
N 2 0 production of a core.
Analytical procedures
N 2 0, acetylene and oxygen in the headspace were measured with a gas Chromatograph
(Carlo Erba GC 6000, Milan, Italy) equipped with an ECD (N 2 0 below 100 μ\ I'1) and
a HWD (N 2 0 above 100 μΐ l\ oxygen and acetylene). Gasses were separated on a
Hayesep Q column (N 2 0 and acetylene) and a Molsieve 5Á column (oxygen), both
operated at 80°C with helium as carrier gas. A soda lime pre-column was used to
absorb carbon dioxide. 48 μΐ l 1 N 2 0 in nitrogen standard gas (HoekLoos, Dieren, The
Netherlands) was used to calibrate the ECD, diluted N 2 0 ( > 99.7% purity) in air was
used to calibrate the HWD. Air was used to calibrate the HWD for oxygen, and
diluted acetylene (>99.6% purity) in air for acetylene.
NO was detected with a NOx-analyzer (Model 42S, Thermo Environmental
Instruments Inc., Franklin MA, USA) adapted with a sample-mixing unit for small-
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volume samples (Kester et al., 1994). Chemically produced NO was used to make
standards (modification of the method of Goretski et al., 1990). NO was generated by
quantitative reduction of nitrite in anoxic vials containing 12 mM potassium iodide in
0.87 M acetic acid. The concentration of NO in the headspace of the vials was
calculated using the Bunsen absorption coefficient (Tiedje, 1982).
To determine the soil/sediment characteristics, the samples and cores were crumbled
and mixed, and leaves, twigs, grass and large roots were removed. Moisture content
was determined by drying overnight at 105°C, organic matter content by loss-onignition (4 hours 550°C). The pH-H20 was measured in a 1:5 (w/v) soil/sedimentwater slurry after 2 hours shaking. Concentrations of ammonium, nitrite and nitrate
in 2 M KCl extracts of soils and sediment (1:5 w/v, 2 hours shaking) were determined
with a Technion Traacs 800 autoanalyzer (Technion Instruments Corp., Tarry town,
NY). The nitrite content was always negligible.
Statistical procedures
Arithmetic means were used to calculate mean N 2 0 production and mean NO
equilibrium concentration per sample and treatment. The N 2 0 production per sample
and treatment generally showed log-normal distribution patterns (Wilk-Shapiro
Normality test, Ρ < 0.05), the NO equilibrium concentrations per sample and
treatment showed no distinct distribution pattern. The large differences in variance,
even after log-normal transformation, prohibited the use of ANOVA techniques to
compare the means. The significance of the nitrification contribution to the N 2 0
production and the NO equilibrium concentration per sample was evaluated by
comparing the means of the control cores with the nitrification-inhibited cores using
the Two-sample Τ test for unequal variance with log-transformed data (P < 0.05) and
the nonparametric Rank Sum Test (P < 0.05), respectively. Differences between
samples per treatment were also tested with the Two Sample Τ test for unequal
variance with log-transformed data (P < 0.05) for N 2 0 production and the Rank Sum
Test (P < 0.05) for NO concentration. Bonferroni's correction was applied when
necessary.
The mean difference in ammonium and nitrate contents between the nitrificationinhibited cores and the control cores per set at the end of the incubation was used to
calculate the nitrification ammonium consumption and nitrification nitrate production
per sample. Significance of these differences were tested with the paired
nonparametric Wilcoxon Signed Rank Test (P < 0.05). The difference between
nitrification ammonium consumption and nitrification nitrate production per sample
was also evaluated with the Wilcoxon Signed Rank Test (P < 0.05).
All statistical procedures were performed with the Statistix 4.0 software package
(Analytical Software, St. Paul MN, USA).
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Fig. 4.1 The means of total and denitrification N20 production of intact cores of Winterswijk
soil, Burcht sediment and Zegveld soil during 24 hours incubation. The length of the
complete bar shows the total N20 production, the hatched part shows the denitrification N 2 0
production. The denitrification N 2 0 production was measured after inhibition of nitrification.
The coefficients of variation ranged from 39% to 225% (mean at 96%) and 19% to 200%
(mean at 95%) for total and denitrification N20 production, respectively. The number of
replicates is six except for the denitrification N 2 0 production of Wsl (n=3), Ws3 (n=4),
Bsl (n=3) and Bs2 (n=5).

RESULTS
N 2 0 production
N 2 0 production during 24 hours incubation showed high coefficients of variation,
generally above 60%. Mean total N 2 0 production (control cores) varied considerably
between the samples, with the highest (Zs2) and lowest (Wa5) values differing by
more than 100 fold (Fig. 4.1). The highest total N 2 0 production per site was not
significantly different between sites (Ws2, Bs3 and Zs2), although the highest total
N 2 0 production of Zegveld was five times higher than the highest total N 2 0
production of Winterswijk.
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Table 4.2 The relative contribution of nitrification to the N 2 0 production and NO equilibrium
concentration. The relative contribution was calculated as the ratio (mean control - mean
nitrification inhibition) / (mean control).
sample

N^O

NO
%

Wsl

83*

87*

Ws2

77*

91*

Ws3

91*

71*

Wa4

0

30

Wa5

43

83*

Bsl

95*

nd

Bs2

0

nd

Bs3

83*

81*

Ba4

74

0

Zsl

77*

53

Zs2

97*

86*

Zs3

64

46*

Za4

13

0

Relative nitrification contributions calculated from significant decreases of the N 2 0
production or NO equilibrium concentration after inhibition of nitrification are marked with
an asterisk (N 2 0: Two sample T-test with log-transformed data, one-tailed Ρ < 0.05; NO:
WUcoxon rank sum test, Ρ < 0.05; η = 6). The number of replicates differed for the
denitrification N 2 0 production of Wsl (n=3), Ws3 (n=4), Bsl (n=3) and Bs2 (n=5). nd
means not determined. For abbreviations see Table 4.1.

The highest denitrification N 2 0 production rates at each site (Ws2, Bs3 and Za4) were
of similar magnitude. N 2 0 production by nitrification contributed significantly, more
than 75%, to the total production rate in spring, except for Bs2 and Zs3 (Table 4.2).
In the autumn, however, there was no statistically

significant contribution of

nitrification. The highest denitrification activities were found in the Burcht cores (Fig.
4.2), but there was no significant difference between the highest denitrification
activities of each site (Ws3, Bs3 and Za4).
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Fig. 4.2 The mean denitrification activity of intact cores of Winterswijk soil, Burcht sediment
and Zegveld soil during 24 hours incubation. The production of N 2 0 after inhibition of N 2 0
reduction was used to determine the denitrification activity. The coefficients of variation
ranged from 27% to 189% (mean at 111%). η = 6.

NO equilibrium concentration
The NO equilibrium concentrations in Burcht were low compared to the concentrations
found in Zegveld and Winterswijk (Fig. 4.3). The highest NO equilibrium
concentrations of Winterswijk (Wsl) and Zegveld (Zs2) differed significantly from the
highest concentration found in Burcht (Bs3). In Winterswijk, nitrification was the main
contributor to the NO production (Table 4.2), except for Wa4. In Zegveld,
nitrification was the dominant NO source in the spring, but denitrification seemed to
be the sole provider of NO in the autumn. The low equilibrium concentrations in the
early spring in Burcht made it impossible to determine nitrification and denitrification
contributions, but later on nitrification was the main contributor, whereas
denitrification was the main source of NO in the autumn.
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Fig. 4.3 The mean NO equilibrium concentration in control and nitrification-inhibition cores
of Winterswijk soil, Burcht sediment and Zegveld soil after 24 hours incubation. The length
of the complete bar shows the mean NO equilibrium concentration of the control cores, the
hatched part shows the NO equilibrium concentration after inhibition of nitrification. The
coefficients of variation ranged from 20% to 179% (mean at 73%) and 22% to 122% (mean
at 66%) for the concentrations in control and nitrification-inhibition cores, respectively, η =
6.
Nitrification ammonium consumption and nitrate production
The nitrification ammonium consumption and nitrate production was estimated by
comparing respectively the ammonium and nitrate content at the end of the incubation
period in the control cores with the corresponding nitrification-inhibited cores (Table
4.3). The paired comparison of the cores resulted in very large CV's, up to 651%.
Significant increases of ammonium content at the end of the incubations caused by
inhibition of nitrification were found in all Burcht samples and in Zsl. Significantly
lower nitrate contents in nitrification-inhibition cores appeared in Wsl, Ws2, Bsl,
Bs2, Zsl and Zs2. Although the nitrification ammonium consumption and nitrate
production differed considerably within the samples, differences were only significant
in Burcht, ammonium consumption exceeded nitrate production in every sample.
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Table 4.3 Ammonium consumption and nitrate production by nitrification during the
incubation. The difference in ammonium and nitrate contents between the control and
nitrification-inhibited cores at the end of the incubation period is used to calculate the nitrifier
ammonium consumption and nitrate production.
sample

NH¿+ consumption

NO,' production
1

nmol R" d 1
Wsl

13 (266%)

48 (63%)*

Ws2

41 (122%)*

Ws3

14 (651%)
121 (127%)

Wa4

20 (516%)

52 (114%)

Wa5

54 (427%)

7 (134%)

Bsl

157 (142%)*

19 (80%)*

Bs2

87 (67%)*

16 (151%)*

Bs3

183 (104%)*

13 (150%)

Ba4

13 (105%)*

Zsl

406 (151%)*

54 (79%)*

Zs2

211 (147%)

86 (143%)*

Zs3

169 (110%)

130

Za4

151 (249%)

144 (553%)

53 (161%)

0

(97%)

Significant differences between control and nitrification-inhibited cores are marked with an
asterisk (Wilcoxon signed rank test, Ρ < 0.05, n=6). For abbreviations see Table 4.1.

Table 4.4 The relative production of N 2 0 during denitrification in soil cores. The relative
N 2 0 production by denitrification is calculated as the ratio (mean denitrification N 2 0
production)/(mean denitrification activity).
sample

%N,0

sample

%N,0

sample

% N,0

Wsl

10

Bsl

0.1

21

Ws2

36

Bs2

5

Zsl
Zs2

Ws3

3

3

Zs3

8

Wa4

100

Bs3
Ba4

70

Za4

13

Wa5

81

For abbreviations see Table 4.1.
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The relative production of N 2 0 during denitrification
The production of N 2 0 represented between 0.1% (Bsl) and 100 % (Wa4) of
denitrification products as assessed by denitrification activity (Table 4.4). For
Zegveld, the relative production of N 2 0 of denitrification was between 5 and 25 %.
The spring samples of Winterswijk had about the same relative production as the
Zegveld samples, but in the autumn, N 2 0 became the major end product of
denitrification. In Burcht, the relative production of N 2 0 during denitrification was
low in the spring, but high in the autumn.

DISCUSSION
The moisture content of the soil/sediment cores tended to decrease during treatment
between 0% and 8% of the initial moisture content (data not shown). This decrease
may have enhanced the relative nitrifier contribution; however, soils are subject to
similar drying in the field as well.
High spatial variability of trace gas fluxes has often been reported (e.g. Ambus and
Christensen, 1995; Velthof and Oenema, 1995b). Spatial variability exhibited by
denitrification is among the highest reported for soil processes (Parkin, 1990) and also
nitrification activity may be subject to high spatial variability (De Boer and Kester, in
press). Due to the high coefficients of variation found in our study, only a few
significant differences between sites could be detected, despite the large differences
in mean values.
N 2 0 production
Per source, the highest mean N 2 0 productions of the sites were always within the
same range. Nitrification dominated the N 2 0 production in spring, whereas in the
autumn, denitrification was the main source of N 2 0 in Winterswijk and Zegveld.
Although the relative contribution of nitrification was high in the autumn in Burcht,
the absolute production was not significant. The low mineral nitrogen level found in
the Burcht sediment in autumn has probably been the cause of low rates of both
nitrifier and denitrifier N 2 0 production in the sediment. Denitrification and
nitrification activity decreased as well in the sediment. The differences in nitrifier
contribution to the N 2 0 production between spring and autumn in the terrestrial soils
may have been associated with the higher moisture content in autumn, or the low
ammonium content in case of the acid forest soil. However, there was no significant
decrease in nitrification activity compared to the spring samples from these soils, but
that might be due to the poor accuracy of the nitrification activity assessment. The low
rate of denitrifier N 2 0 production and denitrification activity in the acid forest soil in
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autumn, despite the elevated moisture content, is probably related to the decreased
nitrate levels.
However, statistical analysis of the above described relationships (results not shown)
was hampered by the large CV's and revealed only a relationship between denitrifier
N 2 0 production and nitrate in Burcht and denitrification activity and nitrate in
Winterswijk. Furthermore, differences in scale probably obscure the possibility to find
sound relationships (Robertson, 1994), as regulation of nitrifier and denitrifier N 2 0
production takes place at micro-scale level, whereas pH and moisture, ammonium,
nitrite and nitrate content are average values of a bulk sample.
In agricultural soils, nitrification is generally the main N 2 0 source under oxic
conditions, and the contribution of denitrification increases with increasing moisture
content and eventually becomes the main source (Klemedtsson et al., 1988a; Tortoso
and Hutchinson, 1990; Davidson, 1992; Skiba et al., 1993). Incubations with
disturbed samples of non-agricultural systems also showed an important nitrification
contribution under oxic conditions (Martikainen, 1985; Martikainen and De Boer,
1993) and only dominant denitrification N 2 0 production after a prolonged wet period
(Davidson et al., 1993). Although we did not find this relationship to be statistically
significant in our study, the higher moisture content in the autumn in Winterswijk and
Zegveld coincided with the more important role of denitrification in the N 2 0
production at that time.
NO equilibrium
The NO equilibrium concentrations in the headspaces of the sediment cores were
lower than in the terrestrial cores. NO produced in the sediment may have been
encountered with more difficulties to reach the headspace. The diffusional constraints
were probably larger in the wet sediment and nitrate-limited denitrifiers may have
consumed a large part of the soil-produced NO before reaching the headspace.
The NO equilibrium concentration can be described by a NO production and
consumption model (Remde et al., 1989; Remde and Conrad, 1991a) in which the NO
production rate is independent and the NO consumption rate is dependent upon the NO
concentration. Up to 1 μΐ l'1 NO, consumption of NO can generally be described as
being a first order process dependent on the concentration (Remde et al., 1989;
Schuster and Conrad, 1992). The NO concentrations in the headspaces of the cores
in this study were always, except for two individual cores, below 1 μ\ l"1 and therefore
within the first order range. Inhibition of nitrification results in a lower NO production
rate and hence in a lower concentration of NO in the headspace at which consumption
equals production. Due to the first order dependency of the NO consumption, the
relative decrease of the equilibrium concentration equals the relative decrease of the
production rate. This mechanism allowed us to assess the relative contribution of
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nitrification and denitrification to the NO production of the soil or sediment without
knowing the production rate in the core.
Nitrification dominated NO production in the Winterswijk soil, in the Zegveld soil in
the spring and in the only sample above detection limit from the Burcht sediment in
the spring. Contribution of nitrification to the NO production followed the same
pattern as contribution to the N 2 0 production, except for the Wa5 sample. As yet, the
reason for this discrepancy is not understood.
The acidic Winterswijk soil has a potential for chemodenitrification according to the
criteria of Blackmer and Cerrato (1986), but nitrite was never detected in the samples.
However, chemodenitrification in nitrite-poor soils may still occur in nitrite containing
acidic microsites around ammonium-oxidizing cells (Firestone and Davidson, 1989).
The strong decrease in the NO equilibrium concentration after nitrification inhibition
shows that the production of NO in Winterswijk is associated with nitrification, either
by direct production or via chemodenitrification.
Nitrification was the dominant NO source whenever high equilibrium concentrations
were observed. Conrad (1990) suggests that denitrification plays an important role in
NO consumption, and according to Hutchinson et al. (1993), the amount of NO
escaping from the soil strongly depends on the diffusional constraints in the soil.
Hence, a high moisture content contributes to the NO consumption by increasing the
denitrifying activity and hampering the escape of NO to the atmosphere. Therefore,
the best conditions for the escape of NO are associated with good conditions for
nitrification and not for denitrification. However, this theory is only partially
supported by the observed moisture contents in our study. It does not explain the
origin of the non-nitrifier NO, as denitrifiers are, according to this theory, expected
to consume denitrifier NO as well as nitrifier NO under wet conditions. However, the
relative constant NO equilibrium concentration in the nitrification-inhibition cores of
the terrestrial soils compared to the denitrification N 2 0 production rate and denitrifier
activity, suggest that other sources than denitrification may have been involved in NO
production in these cores. Substantial fungal biomass can be found in soils with low
pH and high organic matter content. Shoun et al. (1992) reported that NO production
ability is widely distributed among soil fungi and hence fungi may have been the
principal source of NO in nitrification-inhibition cores. Further study with these soils
may reveal the existence and identity of other sources. The dominance of nitrification
in the NO emission of undisturbed soils has been reported previously (Skiba et al.,
1993, Vermoesen et al., 1996). However, significant contribution of denitrification
to the NO production is sometimes found in soil samples (Remde and Conrad, 1991b;
Remde et al, 1993). Remde et al. (1993) stated that this denitrifier NO production
originated from the upper cm of the soil, which shows that whenever denitrification
is an important NO source, the diffusion pathway must be very short.
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N 2 0 production versus N 2 0 emission
Total N 2 0 production in Winterswijk in the spring, extrapolated to annual production,
were two to three times greater than the annual N 2 0 emission reported for acidic
deciduous forest soils (Bouwman et al., 1993), but below this range in the autumn.
Tietema et al. (1991) estimated an annual N 2 0 emission in the Winterswijk forest for
1987 of 20 kg N20-N ha 1 y 1 , based upon weekly measurements with closed
chambers. This is about 10 times higher than our production rates measured in the
spring. However, Tietema et al. (1991) reported that three peak emissions contributed
for 63% to the annual flux and they observed extended periods with fluxes similar to
the total N 2 0 productions found in our study.
In Burcht, N 2 0 emissions were measured with closed chambers during the same
periods as the samples were taken. In the spring, the on-site emissions were 1.3 to 6.6
times higher than the observed total N 2 0 productions in the cores and followed the
same trend; but in autumn, emission was 70 times higher than the production in the
cores (F.W.J.A. Van der Nat, personal communication). The accumulation of N 2 0 in
the headspace of the cores during 24 hours may have resulted in denitrifier N 2 0
consumption, especially in the nitrate depleted autumn sample. The on-site
measurements were conducted over a shorter time interval and with a larger headspace
resulting in much lower concentrations of N 2 0 and, consequently, less N 2 0
consumption during the measurements. Assuming that the N 2 0 concentration is within
the range permitting first order dependency of consumption rate, consumption of N 2 0
interferes with the determination of N 2 0 production rates, but not with the estimation
of the relative nitrifier and denitrifier contribution.
The total N 2 0 production rates during the spring in Zegveld were in close agreement
with on-site N 2 0 emission rates measured with closed chambers at the same time of
the year (Velthof et al., 1996) except for the second sample. However, one core was
responsible for the high production in Zs2, without this outlier agreement was
restored. There were no data on on-site N 2 0 emission from Zegveld soil for the
autumn of 1994.
Peak emissions of NO and N 2 0
Several authors have reported peak emissions of NO and N 2 0 after wetting of soil
(Davidson, 1992; Davidson et al., 1993; Hutchinson et al., 1993). We collected an
extra sample from Winterswijk on the third day of a rainy period in the autumn
(Wa5). No clear difference in N 2 0 production rate was found when compared with the
dryer Wa4 sample. The relatively low nitrate content in Wa5 suggests that
enhancement of denitrification or leaching of nitrate had occurred prior to sampling.
During incubation, denitrifier N 2 0 production was probably limited by nitrate instead
of moisture content. The NO equilibrium concentration, however, was strongly
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elevated after the rainy period, in spite of the expected enhanced NO consumption of
denitrifiers. The increased NO production resulted from release by nitrifiers, which
were probably most active very close to the soil surface considering the high moisture
content.
Maximum N 2 0 fluxes are generally found during spring and autumn (Goodroad and
Keeney, 1984; Groffman and Tiedje, 1989; Schmidt et al., 1988; Ambus and
Christensen, 1995). Tietema et al. (1991) observed the highest fluxes of 1987 in
Winterswijk in spring and early summer. In Zegveld, however, the highest N 2 0
emissions were reported in the summer (Velthof et al., 1996). These short periods of
high emissions are particularly important for the assessment of the annual nitrification
and denitrification contributions, but were not encountered in our sampling program.
Hence, more samples are needed, particularly during periods of high emission rates.
Nevertheless, the association between nitrification activity and conditions that favour
escape of NO from soils suggests that nitrification is the major contributor to the
annual NO emission of soils and sediments.
Inhibition of nitrification
The high spatial variability combined with the short incubation period hampered the
assessment of nitrification activity. The ammonium accumulation due to inhibition of
nitrification in Burcht was significantly higher than the coinciding nitrate depletion for
all samples. This suggests that denitrification rapidly depleted the nitrate pool and
became inhibited by a lack of nitrate. Hence, the tight coupling of nitrification and
denitrification in the Burcht sediment could have resulted in an overestimation of the
contribution of nitrification to the NO and N 2 0 production. The assessment of the
denitrification activity in the Burcht sediment may have been influenced by depletion
of nitrate as well. In sediments, a tight coupling between nitrification and
denitrification is often observed (Yoshinari, 1990), which makes nitrification directly
involved in the NO and N 2 0 flux.
The relative production of N 2 0 during denitrification
A large part of denitrified N in Winterswijk was emitted as N 2 0. Low pH tends to
inhibit N 2 0 reduction by denitrifiers (Sahrawat and Keeney, 1986) and N 2 0 is often
found to be the predominant end product of denitrification in acid soils (Parkin et al.,
1985).
In Burcht, the denitrification N20/N2 ratio was low, except for the autumn. As
mentioned earlier, denitrification in the Burcht sediment is expected to be limited by
electron acceptors, which have to be used as efficiently as possible. The high N20/N2
ratio in Burcht in the autumn is a result of the low denitrification activity even though
the high ratio was not expected at the observed low nitrate content.
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Conclusions
Per source, the highest mean N 2 0 production rate for the different sites was always
within the same range. Nitrification dominated the NO and N 2 0 production in spring
at all sites. In the autumn, denitrification was the main source of N 2 0, but the
contribution to NO production varied. The tight coupling of nitrification and
denitrification in the Burcht sediment could have resulted in an overestimation of the
contribution of nitrification to the NO and N 2 0 production. Assessment of the
denitrification activity in Burcht may have been hampered by nitrate-depletion as well.
A large proportion of denitrified N in the acidic Winterswijk soil was emitted as N 2 0,
whereas in the Burcht sediment, which had a low nitrate content, the N20/N2 ratio was
low, except for in the autumn.
Nitrification was the dominant NO source whenever high equilibrium concentrations
were observed in the cores. The conditions in soil allowing NO to escape are probably
associated with nitrification. A high frequency year-round sampling program with
undisturbed cores may reveal more information about contribution of nitrification and
denitrification during peak emissions.
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INTRODUCTION
Nitrous oxide (N20) and nitric oxide (NO) are trace gasses contributing to the green
house effect, ozone depletion of the stratosphere and photochemical air pollution
(Crutzen, 1981; Melillo et al., 1989). Nitrifying bacteria, specifically the
chemolithotrophic ammonia-oxidizers, and denitrifying bacteria appear to be the main
biological sources of NO and N 2 0 (Firestone and Davidson, 1989). Emission of NO
and N 2 0 is highly variable throughout the year, and peak emissions are reported after
(artificial) heavy rainfall (Goodroad and Keeney, 1984; Rudaz et al., 1991; Davidson,
1992; Davidson et al., 1993; Hutchinson et al., 1993; Corre et al., 1995). Weekly
N 2 0 emission measurements in an acid oak-beech forest revealed that three individual
peaks resulted in 63% of the total annual emission (Tietema et al., 1991). The
importance ascribed to nitrification and denitrification in relation to the NO and N 2 0
emissions after wetting varies in the above cited studies. On the one hand, denitrifying
enzyme activity can persist during dry periods (Smith and Parsons, 1985; Rudaz et al.,
1991; Dendooven and Anderson, 1994) facilitating a rapid response of denitrification
upon wetting and in addition, de-novo synthesis of denitrifying enzymes begins within
4 to 8 hours after wetting (Rudaz et al., 1991). On the other hand, the activity of
nitrifying organisms have also been reported to result in NO and N 2 0 peaks shortly
after wetting of soil (Davidson, 1992; Davidson et al., 1993; Hutchinson 1993). In
soil, the release of nitrifier and denitrifier substrates after wetting may selectively
enhance the effect of the rapid decrease of oxygen availability on NO and N 2 0
emissions by nitrifiers or denitrifiers. In this study we compare the reaction of
nitrifying and denitrifying bacteria to sudden changes in aeration and relate the
reactions to the peak emission of NO and N 2 0 observed in soil studies. By using a
continuous culture technique, aeration could be controlled at a constant rate of
substrate supply.

MATERIALS AND METHODS
Organisms
The obligate chemolithotrophic ammonia-oxidizer Nitrosomonas europaea ATCC
19718, the facultative chemolithotrophic nitrite-oxidizer Nitrobacter winogradskyi
ATCC 14123 and the chemoorganotrophic denitrifiers Pseudomonas stützen LM AU
P12 and Alcaligenes eutrophus LMD 82.41 were the organisms used in this study. N.
winogradskyi was used to reduce the nitrite level in one of the N. europaea
experiments. Two types of nitrite reductases are found in denitrifiers, an oxygen
tolerant cytochrome cd¡ nitrite reductase and an oxygen susceptible Cu-containing
63

Chapter 5
nitrite reductase (Ferguson, 1994). In this study, a representative of either type of
denitrifier was selected: the cytochrome cd, nitrite reductase-containing P. stützen and
the Cu nitrite reductase-containing A. eutrophus (Coyne and Tiedje, 1990a). However,
in the course of this study, Sann et al. (1994) found an A. eutrophus strain with a
cytochrome cd, nitrite reductase, though distinctly different from the P. stutzen nitrite
reductase. Hence the type of nitrite reductase of A. eutrophus LMD 82.41 is
uncertain.
Experimental conditions
Organisms were grown separately in continuous culture (Biostat M, Braun,
Melsungen, Germany; 1.2 1 culture volume) except for N. winogradskyi, which was
co-cultured with N. europaea. The dilution rate was set on 0.030 h"1, 0.023 h"1 and
0.083 h ' for the N. europaea cultures, the N. europaea and N. winogradskyi mixed
culture and the denitrifier cultures, respectively. The experiments were performed in
duplicate except for the N. europaea and N. winogradskyi mixed culture.
The medium for nitrifiers was as described by Laanbroek and Gerards (1993), as this
medium prevents wallgrowth which is commonly found with mineral media. The
medium contained 5 mM (NH4)2S04, 10 mM NaCl, 1 mM KH2P04, 0.75 mM CaCl2,
0.2 mM MgS04, 5 mM sodium pyruvate, 0.15% (w/v) yeast extract (Difco, Detroit
MI, USA), 0.15% (w/v) special peptone (Oxoid, Basingstoke, UK) and 0.1% (v/v)
of a trace element solution described by Verhagen and Laanbroek (1991). Denitrifiers
were cultured in acetate-limited medium, which contained 6 mM potassium acetate,
5 mM NH4N03, 10 mM NaN03, 1 mM KH2P04, 0.2 mM CaCl2, 1 mM MgS04 and
0.1% (v/v) trace element solution.
Gas was sparged through the culture and allowed to escape through an exhaust in the
top lid of the culture vessel. The level of air saturation and the gas sparging rate were
controlled by a gas flow ratio controller (Braun, type B210). The unit consisted of an
air and a nitrogen mass flow controller and was coupled to an oxygen electrode
(Ingold, Frankfurt, Germany) in the culture vessel. The gas sparging rate was
independent of the level of air saturation, which was controlled by the ratio of air to
N2 ( > 99.999% purity) in the sparging gas. The gas sparging rate varied between 0.10
1 min"1 and 0.14 1 min"1 in one replicate of the N. europaea cultures and between 0.19
1 min1 and 0.21 1 min"1 in the other replicate, between 0.08 1 min"1 and 0.10 1 min"1
in the N. europaea and N. winogradskyi mixed culture and between 0.19 1 min' and
0.22 1 min1 in the denitrifier cultures except for one of the P. stützen replicates at
80%, 10% and 5% air saturation, which had gas sparging rates between 0.05 1 min"1
and 0.06 1 min"1. The gas sparging rates were always monitored when gas samples
were taken and did not change during transient state. pH was maintained automatically
at 7.5 with 0.5 M HCl and 5% (w/v) Na2C03 for the nitrifiers and 0.5 M HCl and 0.5
64

Changes in aeration
M NaOH for the denitrifiers. Temperature was kept at 25° С and the medium was
stirred at 400 rpm.
N. europaea was successively cultured at 80% (210 μΜ 0 2 ), 50%, 20%, 10%, 5%,
1%, 0%, 80% and 0% air saturation. Except for the 0% air saturation level, steady
state conditions were reached at every air saturation level. At the transition to 0% air
saturation, the dilution of the culture by fresh medium was stopped to prevent washout
of N. europaea. After three days at 0% air saturation, the air saturation level was set
at 80% and the dilution was resumed after the culture started to grow again. The N.
europaea and N. winogradskyi mixed culture was successively grown to steady state
at 80%, 10% and 5% air saturation. Steady state was not reached at 1 % air saturation.
P. stützen and A. eutrophus were successively grown to acetate-limited steady state
at 80%, 10%, 5%, 1%, 0%, 80% and 0% air saturation.
Samples were taken almost daily to monitor acetate, ammonium, nitrate and nitrite
concentrations, optical density and pH of the culture medium, and the NO and N 2 0
concentrations of the headspace gas. Headspace gas was sampled aseptically through
a teflon coated rubber septum. Steady state was usually reached after five volume
changes after which the above mentioned parameters remained constant. At steady
state, samples for protein content (only A. eutrophus and P. stützen) were taken, cell
numbers were determined and the culture was checked for contamination in addition
to the routinely measured parameters. After transition to another air saturation level,
the NO and N 2 0 concentrations in the headspace gas were monitored.
Analytical procedures
Ammonium and nitrate concentrations were determined in the supernatant (15 minutes
at 15.000*g) of samples stored at -20°C, using an Technicon Traacs 800 autoanalyzer
(Technicon Instruments Corp., Tarrytown NY, USA). Directly after sampling, the
nitrite concentration was determined colometrically (Griess-Ilosvay reaction) at 540
nm in a spectrophotometer. The optical density was measured spectrophotometrically
at 660 nm. Acetate concentrations were measured with a gas Chromatograph (HRGC
Mega 2 Series, Fisons Instruments, Milan, Italy) containing a formic acid saturated
Chromosorb 101 column at 180°C and a FID. Cell numbers were counted
microscopically in samples stored on ice using a Bürker-Türk counting chamber on
day of sampling. 1 % (w/v) tryptone soya broth (Oxoid) agar plates were used to check
for contamination. Protein content of NaOH boiled cells was determined using
Lowry's method with bovine serum albumin (Sigma, St Louis MO, USA) as standard.
N 2 0 in the headspace gas was measured with a gas Chromatograph (Carlo Erba GC
6000, Milan, Italy) equipped with an ECD. Gasses were separated on a Hayesep Q
column operated at 80°С with helium as carrier gas. A soda lime pre-column was
used to absorb carbon dioxide. 48 ppmv N 2 0 in nitrogen standard gas (HoekLoos,
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Dieren, The Netherlands) was used to calibrate the ECD. NO was detected with a
NOx-analyzer (Model 42S, Thermo Environmental Instruments Inc., Franklin MA,
USA) adapted with a sample-mixing unit for small-volume samples (Kester et al.,
1994). Chemically produced NO was used to make standards (modification of the
method of Goretski et al., 1990). NO was generated by quantitative reduction of nitrite
in anoxic vials containing 12 mM potassium iodide in 0.87 M acetic acid. The
concentration of NO in the headspace of the vials was calculated using the Bunsen
absorption coefficient (Tiedje, 1982).
Statistical procedures
Statistical differences were determined by Oneway ANOVA's combined with Tukey
tests (P<0.05) using the Statistix 4.0 software package (Analytical Software, St. Paul
MN, USA).

Table 5.1 The steady state productions of nitric oxide and nitrous oxide by Nitrosomonas
europaea in a chemostat (D = 0.030 h'1) at different levels of air saturation.
Air saturation
%

NO

N,0
%

0.87'
1.18*
1.35*
1.59*
1.42a"
2.32b

(0.16)
(0.11)
(0.21)
(0.39)
(0.08)
(0.13)

0.17"
0.17'
0.13"
0.16"
0.15"
0.78"

(0.02)
(0.04)
(0.01)
(0.16)
(0.01)
(0.19)

The nitric oxide and nitrous oxide productions were calculated as percentage of the total
amount of converted ammonium. SÉ is shown between brackets (n=2). Within a column,
nonsignificant differences are marked with the same letter (Tukey test, Ρ <0.05)

RESULTS
Nitrification
The steady state ammonium and nitrite concentrations were between 1 mM and 2 mM
and between 7.8 mM and 8.8 mM, respectively, in the N. europaea cultures at 80%,
50%, 20%, 10% and 5% air saturation. At 1% air saturation, the ammonium
concentration increased to 2.65 mM and the nitrite concentration decreased to 7.34
mM. The effects of aeration on the ammonium and nitrite concentrations were
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however not significant. Cell numbers at steady state, on average 1.99 108 cells ml'1
(SE: 0.42 IO8 cells ml"1), were not significantly influenced by aeration. The fraction
of ammonium converted into NO increased with decreasing air saturation level from
below 1% at 80% air saturation to 2.3% at 1% air saturation (Table 5.1). At 0% air
saturation and dilution rate zero, NO was the single nitrogen oxide released by the
culture (data not shown). The fraction of N 2 0 was lower than the fraction of NO at
every level of air saturation. The relative N 2 0 emission from the cultures was around
0.15% in the range of 80% to 5% air saturation, but increased considerably at 1% air
saturation. At 0% air saturation (culture dilution rate zero) the N 2 0 emission by the
culture stopped (data not shown).
The nitrite concentrations in a mixed culture of M europaea and N. winogradskyi were
below 0.1 mM at steady state at 80%, 10% and 5% air saturation. At 1% air
saturation, steady state of the mixed culture was not reached, probably due to wash
out of N. winogradskyi. The ammonium concentrations in the mixed culture were
more or less the same as the concentrations observed in the pure cultures of N.
europaea. The fraction of NO was below 0.2% at every air saturation level tested, and
the fraction of N 2 0 below 0.1% (Table 5.2). Wash out of TV. winogradskyi at 1% air
saturation resulted in an increased emission of NO and N 2 0. Nonbiological NO and
N 2 0 production, tested in aseptic growth medium containing 10 mM nitrite in stead
of ammonium, was insignificant above pH 6.5 (data not shown).

Table 5.2 The steady state productions of nitric oxide and nitrous oxide by a Nitrosomonas
europaea and Nitrobacter winogradskyi mixed culture in a chemostat (D = 0.023 h') at
different levels of air saturation.
Air saturation

NO

%

N,0
%

80
10
5

0.14

0.08

0.18
0.20

0.04
0.06

The productions of nitric oxide and nitrous oxide were calculated as percentage of the total
amount of converted ammonium.

The NO and N 2 0 emission directly after lowering of the air saturation level for the
N. europaea cultures was monitored. Transition from 10% to 5% and 5% to 1% air
saturation both resulted in increased NO and N 2 0 fluxes (Fig. 5.1A and 5.IB).
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Fig. 5.1 The emission of nitric oxide and nitrous oxide by two continuous cultures of
Nitrosomonas europaea during transient state after a change in the level of air saturation. At
t=0 air saturation was switched from 10% to 5% (A), 5% to 1% (B), 1% to 0% (C) and
80% to 0% (D). At 0% air saturation the dilution rate was 0. Circles and triangles represent
nitric oxide and nitrous oxide emission, respectively. Open and closed symbols represent the
nitric oxide and nitrous oxide emission of the two individual continuous cultures.

Increased NO and N 2 0 fluxes were immediately visible upon shift in air saturation
with maxima after approximately 15 minutes, subsequently subsiding over a peiod of
1 hour and 4 hours, respectively. Transition from 1% to 0% air saturation (dilution
rate zero) enhanced the NO flux, but not the N 2 0 flux (Fig. 5.1С). The enhanced NO
flux continued throughout the 3 day anoxic period (data not shown) in contrast to the
short lasting peaks after the 10%-5% and 5%-l% transitions. The switch from 80%
to 0% air saturation (dilution rate zero) resulted in NO and N 2 0 peaks during the first
hour and an increased level of the NO flux later on, whereas the N 2 0 flux stopped
after 2 hours (Fig. 5.ID). In the N. europaea cultures, transition from 20% to 10%
air saturation was followed by small NO and N 2 0 peaks, and after transitions from
80% to 50% and 50% to 20% air saturation, no NO and N 2 0 peaks were detected
(data not shown).
Like the N. europaea pure cultures, a mixed culture of N. europaea and N.
winogradskyi was subjected to changes in air saturation level. Transition from 80%
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time (h)
Fig. 5.2 The emission of nitric oxide and nitrous oxide by a continuous culture of
Nitrosomonas europaea and Nitrobacter winogradskyi during transient state after a change
in the level of air saturation. At t=0 air saturation was switched from 80% to 10% (A), 10%
to 5% (B), 5% to 1% (C). Circles and triangles represent nitric oxide and nitrous oxide
emission, respectively.

to 10% resulted in a N 2 0 peak (Fig. 5.2A) which was, however, very small compared
to the peaks found in the N. europaea pure cultures. No peaks were detected after
transition from 10% to 5% air saturation (Fig. 5.2B), although the N 2 0 flux of the
mixed culture showed some increase 4 hours after the transition. A small and shortlasting N 2 0 peak was found after transition from 5% to 1% air saturation, which
coincided with a small dip in the NO flux of the mixed culture (Fig. 5.2C). As
reported above, N. winogradskyi washed out at 1 % air saturation, which coincided
with the slow increase of the NO and N 2 0 flux from that mixed culture.
Denitrification
At steady state, the acetate concentrations in the A. eutrophus cultures were below the
detection limit (less than 0.1 mM acetate) and between 0.66 mM and 0.78 mM for the
P. stützen cultures. A. eutrophus cell numbers decreased from 1.1 109 cells ml"1 at
80% air saturation to 4.7 108 cells ml"1 at 0% air saturation, and the yield decreased
from 13.9 g to 7.63 g protein per mole acetate. Microscopic enumeration of P.
stützen cells was difficult and did not result in reliable cell counts. The protein yield
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of P. stutzen was lower than the yield of A. eutrophus and ranged between 9.8 g and
7.1 g protein per mole acetate at 80% and 0% air saturation, respectively. Both
cultures were acetate-limited as was shown by elevation in cell number, optical density
and protein content upon doubling the acetate concentration in the growth medium
(data not shown).

Table 5.3 The steady state productions of nitrite, nitric oxide and nitrous oxide by
Alcaligenes eutrophus and Pseudomonas stutzen in acetate-limited chemostats (D = 0.083
h" at different levels of air saturation.
Air saturation
%
A. eutrophus
80
10
5
1
0
P. stützen
80
10
5
1
0

NO,"

NO
дтоі Γ1 culture h"1

Ν,Ο

5.5
4.3
19.0
41.5
588.9

(3.8)'
(2.6)'
(9.6)'
(11.6)'
(55.6)"

0.006
0.006
0.004
0.006
2.062

(0.006)'
(0.002)'
(0.004)'
(0.002)'
(0.391)"

0.07
0.02
0.23
0.21
79.99

(0.04)'
(0.00)'
(0.02)'
(0.02)'
(7.78)"

0.4
10.1
5.3
3.1
18.9

(0.4)'
(10.1)'
(4.4)'
(3.1)'
(0.4)"

0.000
0.132
0.136
0.140
0.702

(0.000)'
(0.132)'
(0.127)'
(0.114)'
(0.009)"

0.06
0.28
0.27
0.31
1.29

(0.06)'
(0.20)'"
(0.15)1"
(0.28)""
(0.22)"

SE is shown between brackets (n=2). Within a column per species, nonsignificant differences
are marked with the same letter (Tukey test, Ρ <0.05).

Anoxity strongly enhanced the nitrite, NO and N 2 0 production by A. eutrophus (Table
5.3). Between 80% and 1 % air saturation, there was no significant effect of the level
of air saturation on the nitrite, NO and N 2 0 productions. The effect of the air
saturation level on the nitrite, NO and N 2 0 production by P. stützen were similar to
the effects found with A. eutrophus, but less pronounced. The nitrite and N 2 0
production by A. eutrophus at anoxia was significantly higher than that of P. stützen.
The utilization of nitrate at anoxity in the A. eutrophus culture was two times as high
as that of nitrate in the P. stutzen culture (1053 and 515 μπιοί l"1 culture h"1,
respectively).
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Fig. 5.3 The emission of nitric oxide and nitrous oxide and the accumulation of nitrite in
representative continuous cultures of Alcaligenes eutrophus (Α-C) and Pseudomonas stützen
(D-F) during transient state after a change in the level of air saturation. At t=0 air saturation
was switched from 1% to 0% (A & D), 80% to 0% (B & E), 0% to 80% (C & F). Circles,
triangles and squares represent nitric oxide emission (left axis), nitrous oxide emission (right
axis) and nitrite accumulation (left axis), respectively.

As calculated from the nitrogen balance under acetate limitation, P. stützen tended to
reduce nitrate completely to N2 (96% of reduced nitrate), whereas A. eutrophus
accumulated the intermediates nitrite and N 2 0 besides N2 (56%, 15% and 29% of
reduced nitrate, respectively).
The effect of changed aeration on NO and N 2 0 emissions and nitrite accumulation by
A. eutrophus and P. stützen is shown in Fig. 5.3 for one replicate. The patterns of
NO and N 2 0 emission and nitrite accumulation were the same between replicates.
Transition of the A. eutrophus cultures from 1% to 0% air saturation resulted
immediately in a small NO peak followed by a steady increase to the new steady state
level (Fig. 5.ЗА). The N 2 0 emission and nitrite concentration of the culture increased
gradually. Transition from 80% to 0% air saturation showed a similar small NO peak,
and a N 2 0 maximum was found before reaching the steady state level (Fig. 5.3B). In
addition, there was a transient OD minimum around 24 h after the latter transition
(data not shown). The NO emission and nitrite concentration reached steady state level
approximately 48 hours after the transition. In contrast to A. eutrophus, the NO and
N 2 0 emissions and nitrite concentration for P. stützen reached the range of the steady
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state levels within 24 hours after the transition from 1 % to 0% (Fig. 5.3D). Transition
of P. stützen from 80% to 0% air saturation increased NO and N 2 0 emission almost
immediately (Fig. 5.3E). It took more time to reach steady state as compared to the
1% to 0% air saturation transition and distinct transient maxima of NO and nitrite
were observed. A transient maximum of N 2 0 might have existed as well between 4
and 22 hours, but there were no samples taken in that time interval. The nitrate
concentration was within 24 hours at steady state level after transitions from 1 % to
0% and from 80% to 0% air saturation (data not shown).
NO and N 2 0 emission ceased almost immediately when oxygen was supplied to the
anoxic A. eutrophus culture (Fig. 5.3C) whceas N 2 0 emission of P. stützen was
shortly but strongly enhanced under these conditions (Fig. 5.3F). The nitrite
concentration in the A. eutrophus cultures decreased gradually. Calculated from the
dilution rate, substantial residual nitrite production continued for up to 48 hours after
the aeration switch. In the P. stützen culture, the rate of decrease of the nitrite
concentration after the 0% to 80% air saturation transition indicated some residual
nitrite production for up to 29 hours.
Transitions from 80% to 10%, 10% to 5% and 5% to 1% air saturation did not
influence the emission of NO and N 2 0 by either denitrifier (data not shown).

DISCUSSION
Nitrification
Down to 1% air saturation, oxygen concentration did not influence the growth
characteristics of N. europaea severely, which is in accordance with the results of
Goreau et al. (1980). The relatively high amounts of ammonium in the culture medium
at steady state are explained by the high K,,, for ammonia of N. europaea (Laanbroek
and Gerards, 1993). The fraction of nitrogen converted to NO and N 2 0 increases at
decreasing air saturation level. The fraction of NO and N 2 0 at oxygen-poor steady
states is however low compared to fractions found in some other studies, which were
19% N-loss (Stiiven et al., 1992) and nearly 10% N20-N (Goreau et al., 1980), but
in good agreement with results of Remde and Conrad (1990), 1.4% to 2.7% NO and
0.1 % to 3.9% N 2 0 (depending on cell density) and Anderson et al. (1993), 2.6% NO
and 1 % N 2 0. The discrepancies with the high fractions of NO and N 2 0 reported in
other studies might be due to dissimilar behaviour of different strains of N. europaea
used or by the use of different incubation systems (i.e. batch versus continuous
culture). The strain used in this study was the same as used by Anderson et al. (1993).
Anderson et al. (1993) found an optimum for NO and N 2 0 production by N. europaea
between 0.2 kPa and 0.4 kPa p0 2 (approximately 1% and 2% air saturation,
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respectively) at low nitrite concentrations. The authors stated that at high nitrite
concentrations the influence of p0 2 is limited perhaps because of competition between
the terminal oxidase and nitrite reductase for electrons. Reduction of nitrite is thought
to be the prime source of NO and N 2 0 emission by nitrifiers. The weak enhancement
of NO and N 2 0 production at reduced oxygen concentrations in the N. europaea
cultures in our study is probably also related to the high nitrite concentrations.
The strongly reduced NO and N 2 0 emission by the N. europaea and N. winogradskyi
mixed culture was probably due to the low nitrite concentration in the mixed culture.
It is possible that NO consumption by N. winogradskyi may have occured as well, as
reported by Freitag and Bock (1990).
The peak emissions of NO and N 2 0 after changes in aeration have, to the best of our
knowledge, never been reported before for N. europaea cultures. However, Bock et
al. (1995) described the large loss of nitrogen on the same day for a N. europaea
culture whose oxygen concentration was decreased from 0.4 to 0.2 mg/1, but this was
not recognised as a peak emission by the authors. The switch in oxygen supply in our
study apparently disturbed the metabolism of N. europaea at 10% and 5% air
saturation, resulting in the short lasting peaks of NO and N 2 0 emission. These peaks
were not observed in the N. europaea & N. winogradskyi mixed culture, suggesting
again that nitrite concentration is an important factor for the production of NO and
N 2 0. The high gas sparging rate in the culture makes immediate NO utilization by N.
winogradskyi a unlikely explanation for the decreased NO production.
If one assumes that the sudden decrease in oxygen availability restricts the terminal
oxidase activity of N. europaea more than the ammonia monooxygenase activity. The
excess electrons resulting from the oxygen limitation may have been accepted by
nitrite reductase. The capacity of the nitrite reducing-system, however, must have been
at least 10 times as high as the nitrite reducing rate at steady state before the switch
to be the single source of the NO and N 2 0 peaks. The rapid decline of the peak NO
and N 2 0 emission is difficult to explain. The cells appear somehow to be able to
reduce electron flow to nitrite reductase and restore the electron accepting-capacity of
the terminale oxidase system.
Part of the N 2 0 emission might also have been due to hydroxylamine excretion,
induced by limited oxygen supply. As the terminal oxidase and ammonia
monooxygenase are competing sinks for electrons (Wood, 1986), hydroxylamine
production by ammonia monooxygenase might have proceed at a faster rate than
hydroxylamine oxidation. Excess hydroxylamine might be released into the medium,
alike the formate-induced hydroxylamine release by N. europaea reported by Stiiven
et al. (1992), where it subsequently reduces nitrite to N 2 0. As hydroxylamine inhibits
ammonia monooxygenase (Wood, 1986) the accumulation stops the ammonium
oxidation until the capacity of the terminal oxidase pathway is adapted to the lowered
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air saturation level. Stüven et al. (1992) suggest that NO could be a product of the
nitrite-hydroxylamine reaction as well, but the chemical formation of NO from
hydroxylamine and nitrite has yet to be supported by published data. As this study was
most concentrated with NO and N 2 0 fluxes, culture medium samples were not taken
frequently enough to support speculations on the mechanism of NO and N 2 0 formation
with ammonium, nitrite and hydroxylamine concentrations.
The continued emission of NO at 0% air saturation may have been due to the
reduction of nitrite by nitrite reductase, as the nitrite concentration decreased during
the anoxic period.
Endogenous substrates (Frijlink et al., 1992) or pyruvate (Abeliovich and Vonshak,
1992) may have served as electron donor in this situation. It is not clear, however,
why nitrite is reduced only to NO and not further to N 2 0 under anoxia.
The pattern of NO and N 2 0 emission by N. europaea after transition from 80% to 0%
air saturation resembles a combination of the 5% to 1 % and 1 % to 0% patterns. This
is probably the result of the relatively slow decrease of the oxygen concentration (it
took 9 minutes to go from 80% to 0% air saturation). In contradiction to the nitrite
reductase of N. europaea studied by Miller and Nicholas (1985), which was only
induced at low oxygen tension, our results suggest that nitrite reductase must have
been present in large amounts at 80% air saturation in order to allow for peaks in NO
and N 2 0 immediately after transition.
Denitrification
Acetate-limited A. eutrophus and P. stützen cultures started to denitrify below 1 % air
saturation. N2 was the major denitrification product of P. stützen. Inhibition of nitrite
reduction by nitrate reported for P. stützen continuous cultures (Körner and Zumft,
1989) was hence not observed in this culture. A. eutrophus accumulated nitrite, N 2 0
and N2, and therefore inhibition of nitrite reduction by excess nitrate may have
occurred in this culture. Both denitrifiers hardly emitted any NO, denitrifiers tend to
keep NO levels low to avoid intoxication (Zumft, 1993).
In the A. eutrophus cultures, transition from 1% to 0% air saturation resulted in a
gradual increase of NO and N 2 0, whereas a transient N 2 0 maximum was observed
after the transition from 80% to 0% air saturation. In addition, it took more time to
reach steady state in the latter case, suggesting that the N-reductases were already
present at 1 % air saturation but not at 80% air saturation. The transient OD minimum
in the 80% to 0% transition also suggest retarded adaptation to anoxity after
preculturing at oxic conditions. In the distantly related Achromobacter cycloclastes,
high levels of the N-reductases were already present at 1 % air saturation (Coyne and
Tiedje, 1990b).
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In the P. stützen cultures switched from 1% to 0% air saturation, the steady state
levels of NO and N 2 0 emission and nitrite accumulation were reached within 24
hours. After the transition from 80% to 0% air saturation, transient maxima were
observed and it took more time to reach steady state levels. Kömer and Zumft (1989)
observed elevated expression of nitrate reductase, nitrite reductase and nitrous oxide
reductase (nitric oxide reductase was not tested) at 17% air saturation in P. stützen.
The results in this study indicate that at 1 % air saturation P. stützen cells contained
the complete denitrifying pathway as denitrification commenced immediately and with
relatively low transient accumulation of intermediates. The unexpected rapid increase
of NO and N 2 0 after transition from 80% to 0% air saturation suggests that P.
stützen cells are able to induce these reductases within one hour. Baumann et al.
(1996) showed that Paracoccus denitrificans expressed enhanced levels of NaR and
NoS mRNA immediately after an oxic to anoxic transition, and detected denitrification
metabolites after 30 minutes.
As reported by Zumft and Kroneck (1990), oxygen immediately inhibits the N 2 0
reduction in P. stützen. In our study, nitrous oxide emission by P. stützen increased
and then decreased sharply after transition to aerobic conditions, indicating that nitrous
oxide reductase was the most oxygen susceptible N-reductase of this organism. NO
and N 2 0 emission by A. eutrophus stopped immediately after transition to aerobic
conditions. The decrease of the nitrite concentration, however, was slower than would
be expected on the basis of the dilution rate. Some residual nitrate reductase activity
must have been present up to 48 hours after the onset of oxygen supply, whereas
nitrite reductase and nitric oxide reductase activity apparently ceased. The transport
of nitrate over the cytoplasmic membrane is believed to be the locus of oxygen control
on the expressed denitrification pathway (Ferguson, 1994). In A. eutrophus, a
periplasmic nitrate reductase has been found in addition to the membrane-bound nitrate
reductase (Warnecke-Eberz and Friedrich, 1993). The exact physiological function of
this enzyme is not clear, but it does enables reduction of nitrate without need for the
molecule to pass the cytoplasmic membrane. The residual nitrate reduction activity
reported in our study may have originated from such a periplasmic nitrate reductase.
During the preparation of this manuscript, Otte et al. (1996) reported on a study with
Alcaligenes faecalis under transient and dynamic aerobic and anaerobic conditions in
a acetate-limited, nitrite-containing chemostat. Transition from 5% to 0% air
saturation resulted in rapid adaptation to anoxity, whereas adaptation took more time
following transition from 46% to 0% air saturation. The results of enzyme activity
measurements indicated that at low oxygen concentrations the denitrification reductases
were already present. These observations fit well with the patterns observed with A.
eutrophus in our study.
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Nitrifier versus denitrifïer NO and N 2 0 emissions
Although it is difficult to directly relate quantitative NO and N 2 0 emission data from
simple chemostat systems to complex natural environments, some of the key
underlying mechanisms may hold true. With the organisms used in this study, it was
confirmed that denitrifïer NO and N 2 0 is restricted to anoxic environments whereas
nitrifier NO and N 2 0 emission is highest at oxygen-poor sites and N 2 0 emission is
absent at 0% oxygen. Significant NO emission by N. europaea was found at anoxic
conditions and probably requires nitrite and an electron donor.
As conditions in soil constantly change, a steady state like situation is rarely obtained.
Therefore, the dynamics of NO and N 2 0 emission by nitrifiers and denitrifiers in
reaction to changes in the micro-environment of these organisms are probably at least
as important as steady state emission data. The results of this study suggest that rapid
decreases in oxygen availability cause larger emissions of NO and N 2 0 by denitrifiers
than slow decreases. A slow decrease of oxygen availability allows time for adjustment
in the activity of the N-reductases in the denitrifying pathway. The persistence of
denitrifying enzyme activity during drought has not been addressed in this study.
Nitrite reductase and nitrous oxide reductase are however less persistent than nitrate
reductase (Dendooven and Anderson, 1995), which suggests that the "old" denitrifying
enzyme pool enhances accumulation and emission of denitrification intermediates
immediately after rapid decrease in oxygen availability.
This study shows that ammonium-oxidizing bacteria may be able to dominate N 2 0 and
especially NO emission shortly after decreased oxygen availability. Furthermore,
substantial NO emission persists under anoxic conditions. The presence of nitrite
seems to play an important role in the NO and N 2 0 emission. Nitrite accumulation in
soil is rare, with occasional exceptions such as after the application of alkalinehydrolyzing ammonium fertilizers or at low moisture content, and is associated with
alkaline conditions (Chalk and Smith, 1983; Van Cleemput and Baert, 1984).
Davidson et al. (1993) reported accumulation of nitrite in a dry drought-deciduous
forest soil and observed pulses of nitrifier NO and N 2 0 after wetting of neutral soils,
whereas Hutchinson observed NO peaks after wetting alkaline soil. Low nitrite
concentrations of the bulk soil were detected in the latter case, but drying may
concentrate nitrite in thin waterfilms and contribute to nitrite accumulation in microsites (Firestone and Davidson, 1989). NO and N 2 0 peaks described in this study fit
well with the above field observations. Accumulation of nitrite in neutral to acidic
soils is less likely in temperate regions, except shortly after fertilization, and NO and
N 2 0 peaks after rainfall events are therefore probably dominated by denitrification
emission. In agricultural soils, the type of ammonium fertilizer, i.e. acid- or alkalinehydrolyzing, may influence the magnitude of the nitrifier NO and N 2 0 peak after
rainfall events.
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INTRODUCTION
In order to predict NO and N 2 0 emissions from soils, and to develop strategies to
reduce emissions of these harmful trace gases, thorough knowledge of the underlying
biological mechanisms is essential. The research project described in this thesis
focuses on the role of nitrification and denitrification in NO and N 2 0 emission. Both
groups of bacteria were studied with respect to NO and N 2 0 production in soil and
their reaction on decreasing oxygen availability in culture. The results of the previous
chapters are discussed below in view of the present day knowledge of NO and N 2 0
production by nitrifiers and denitrifiers in soil. The chapter is concluded with
proposals for further research.

INHIBITION OF NITRIFICATION
This research project began with an examination of the contribution of nitrification to
the N 2 0 emission from soil slurries at different oxygen concentrations. This study
revealed that under suboxic to anoxic conditions, the standard PPM-method (parts per
million method), which uses low concentrations of acetylene to specifically inhibit NO
and N 2 0 production by nitrification (Klemedtsson et al., 1988b), could enhance N 2 0
production by denitrifying bacteria. Such an enhancement results in underestimation
of the contribution of nitrifiers to the N 2 0 emission from soils. Soils or sediments
containing both oxic and anoxic zones, allowing for concomitant nitrification and
denitrification, are thought to be susceptible to this stimulation of N 2 0 production by
denitrification. The availability of nitrate for denitrification may be important in this
respect, as nitrous oxide reduction by denitrifiers tends to be less susceptible to
acetylene at low nitrate concentrations (Slater and Capone, 1989; Rudolph et al, 1991;
Simarmata et al., 1993). In agricultural soil, denitrification is usually more limited by
carbon than by nitrate, whereas in unfertilized soil, denitrification is thought to be
mainly nitrogen-limited (Tiedje, 1988). However, the high levels of nitrogen
deposition as found in western Europe, increase the chance of the occurrence of
carbon limited anoxic microsites. In sediments, permanently anoxic conditions right
below the surface layer prevent the accumulation of nitrate (Yoshinari, 1990). In these
systems, denitrification will be nitrate limited.
The SEA (short exposure to acetylene) method described in chapter 3 was developed
to avoid the PPM-method drawback. SEA resulted in sufficiently long inhibition of
nitrification and fast restoration of denitrifier N 2 0 reduction. The major problem of
this method however, is the removal of acetylene from the sample after exposure. It
was shown that in anoxic nitrate-enriched suspensions, residual acetylene could still
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inhibit nitrous oxide reduction. The SEA method was used to inhibit nitrification in
intact soil cores in chapter 4. As one of the objectives of the study in chapter 4 was
to disturb the oxygen gradients in the soil cores as little as possible, acetylene was
removed by means of evaporation. It typically took around 24 hours to reach an
acetylene concentration below the detection limit, which was regarded as the threshold
concentration for inhibition of nitrous oxide reduction.
As nitrification supplies the nitrate necessary for denitrification, its inhibition will
eventually result in the inhibition of denitrification. The long evaporation period used
in the SEA method, makes this method more susceptible to such indirect inhibition of
denitrification. In the sediment samples examined, inhibition of denitrification due to
nitrate depletion probably occurred. Hence, the SEA method should only be applied
when sufficient nitrate is present in the soil. Adequate supply of nitrate may be
indicated by linear increase of N 2 0 concentration during incubation with 10%
acetylene. Sediments will generally not meet this criterium. As low nitrate
concentrations decrease the susceptibility of nitrous oxide reduction to acetylene (Slater
and Capone, 1989; Rudolph et al., 1991; Simarmata et al., 1993), the PPM method
may be more reliable for most sediments. However, it should be stated that the low
concentrations of acetylene used in the PPM method may be insufficient to obtain
inhibition of nitrification in more remote microsites. In nitrate-containing (terrestrial)
soils, the SEA method should be preferred above the PPM method. As an alternative
to acetylene, the gaseous nitrification inhibitor methyl fluoride, which has no known
effects on nitrous oxide reduction (Miller et al., 1993), should also be considered.
N 2 0 AND NO PRODUCTION BY NITRIHERS AND DENITRIFIERS IN SOIL
N 2 0 production
The contribution of nitrification and denitrification to the nitrous oxide emission of
three different ecosystems was estimated for three days in spring and one day in
autumn (chapter 4). As described above, the SEA method seemed poorly suited to
sediment measurements and the results of inhibition in this system will not be
discussed further in this paragraph. In the spring samples of the terrestrial soils,
nitrification was the dominant source of N 2 0 emission, whereas denitrification
dominated in the autumn. However, the frequency of sampling was low, considering
the dynamic behaviour of N 2 0 emission that has often been observed (Granii and
Backman, 1994). Year-round N 2 0 emission measurements by others for the acid
forest and fertilized grassland sites (Tietema et al., 1991; Velthof étal., 1996) suggest
that peak emission events were not encountered by the samples taken in our study.
Therefore, these data fail to provide information regarding the contribution of
nitrification and denitrification during peak emissions.
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NO production
As described in chapter 4, equilibrium concentrations of NO in the headspace of soil
cores were determined. The equilibrium concentrations in the headspace of sediment
cores were much lower than in terrestrial soil cores. In the former case, the nitratelimited denitrifiers may have consumed a large part of the produced NO before it
could reach the headspace atmosphere.
Analogous to the estimation of the contribution of nitrification to the N 2 0 emission,
nitrate depletion may have hampered estimation of the nitrifier part of NO emission
in the sediment. In spring samples of the terrestrial soils, nitrification dominated the
NO production, in autumn samples, however, the contribution of denitrification
became more important. The SEA method does not discriminate between nitrifier NO
and chemodenitrification closely coupled to nitrification, hence an unknown part of the
NO emission may have resulted from chemodenitrification of freshly produced nitrite.
It is noteworthy that high NO equilibrium concentrations coincided with a high
contribution of nitrifiers to the NO production. High equilibrium concentrations are
the result of either a high NO production rate or a low NO consumption-rate constant
(or a combination of both). Both high production rates and low consumption-rate
constants result in higher emission of NO under field conditions. NO production by
nitrification, hence, seems to be associated with higher emission rates. This
observation is supported by the importance of diffusional constraints which control NO
emission of soil (Hutchinson et al., 1993). Denitrification activity is associated with
high diffusional constraints for gases. Hence, conditions in soil allowing easy escape
of NO are associated with conditions allowing high nitrification activity and not high
denitrification activity.
Other sources of NO and N 2 0
As stated in chapter 3, the use of the SEA method and other nitrification inhibition
methods reveal the contribution of nitrification, but not denitrification to NO and N 2 0
emissions. The NO and N 2 0 emissions which remain after the inhibition of
nitrification can usually be attributed to denitrification activity, but other sources of
NO and N 2 0 emission may also contribute to the remaining emissions. In the only two
known cases where evidence has been provided for the in-situ contribution of other
sources of NO and N 2 0 emission, the authors suggested fungal heterotrophic
nitrification to be responsible (Robertson and Tiedje, 1987; Papen et al., 1993). The
relatively constant NO equilibrium concentration in the nitrification-inhibition cores
of the terrestrial soils (chapter 4) compared to the fluctuations in denitrification N 2 0
production rate and denitrifier activity, suggests that other sources than denitrification
may have been involved in NO production in these cores. Substantial fungal biomass
can be found in soils with low pH and high organic matter content. Shoun et al.
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(1992) reported that NO production ability is widely distributed among soil fungi and
hence fungi may have been the principal source of NO in nitrification-inhibition cores.
Further study with these soils may reveal the existence and identity of other NO
sources.

NO AND N 2 0 PRODUCTION IN NITRIFIER CULTURES
The influence of N. winogradskyi
In chapter 5, the reaction of nitrifier and denitrifier cultures to changes in aeration is
described. The nitrite concentration and the NO and N 2 0 production were significantly
lower in a mixed culture of the ammonium-oxidizing N. europaea and the nitriteoxidizing N. winogradskyi than in a pure culture of the former. Chemodenitrification
was insignificant at the pH of the culture, and therefore the decrease in NO and N 2 0
production must have had a biological cause. Oxidation of NO has been reported in
Nitrobacter species, which resulted in elevated rates of NADH formation (Freitag and
Bock, 1990). Bock et al. (1991) suggested that reduction of nitrite to NO and
successive reoxidation to nitrite is involved in NADH generation in Nitrobacter cells.
However, Stiiven et al. (1992) observed no difference in cell growth oí Nitrobacter
vulgaris in the presence or absence of 5 ppmv NO. N 2 0 consumption by Nitrobacter
species has not been reported to the best of my knowledge. Assuming that N0consumption by Nitrobacter winogradskyi reduced the NO and N 2 0 emission from the
mixed culture of N. europaea and N. winogradskyi, then it must also be assumed that
NO is an obligate free intermediate in the reduction of nitrite to N 2 0 by N. europaea.
Remde and Conrad (1990) showed that the NO to N 2 0 ratio in a sparged N. europaea
culture increased strongly at higher flow rates, which suggests that NO is a free
intermediate in nitrifier denitrification. However, consumption of extracellulair NO
by ammonia-oxidizers has never been demonstrated (Conrad, 1995). In order to catch
the NO produced by N. europaea, the N. winogradskyi cells must have been in close
vicinity to the N. europaea cells in the continuously sparged cultures. However cell
associations were not observed microscopically, suggesting that the low NO and N 2 0
emission of the mixed culture was not due to NO consumption by the nitrite oxidizer.
Another explanation for the reduced NO and N 2 0 production by the mixed culture
might be the low substrate affinity of N. europaea's nitrite reductase. The nitrite
concentration in the mixed culture was below 0.1 mM, whereas Hooper (1968)
reported an apparent K,,, of 1.6 mM. Anderson et al. (1993) showed that NO and N 2 0
production by N. europaea was stimulated by high nitrite concentrations. As efficient
NO consumption by N. winogradskyi in sparged medium is not very likely and the
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status of NO as a free intermediate has not been demonstrated, it is assumed that a
decreased nitrite concentration is the principal cause of reduced NO and N 2 0
production by the mixed culture.
Peak productions of NO and N 2 0
At high nitrite concentrations, peak productions of N 2 0 and especially NO were
measured after lowering the air saturation level in the N. europaea culture. The
mechanism behind these peak emissions is still unclear. It seems plausible that the N.
europaea cells need time to adjust to the lowered oxygen concentration and that the
terminal oxidase is more inhibited by a lack of oxygen than the ammonia
monooxygenase. Under these conditions, nitrite reductase activity might prevent
accumulation of toxic hydroxylamine (for detailed discussion see below). However,
the rapid increase and decline of these peaks suggests that a non-biological reaction
yielding NO and N 2 0 may have taken place as a result of a temporal excess of
electrons. For the N 2 0 peak, excretion of hydroxylamine and subsequent reaction with
nitrite yielding N 2 0 is a likely candidate, but for the NO peak, a plausible mechanism
remains elusive. Peak emission did not occur when the aeration remained above 10%
air saturation, which is probably high enough to supply sufficient oxygen without
adaptation.
The function of nitrite reduction
The function of nitrite reduction by nitrifiers is not yet understood, as no
transmembrane proton pumping is observed during this process (Hooper, 1989). Only
if ammonia monooxygenase derives protons from the cytoplasm, which has not been
demonstrated as yet, concomitant ammonia oxidation and nitrite reduction can yield
a proton gradient across the cytoplasmic membrane (Hooper, 1989). The ammonia
concentration of the N. europaea cultures at steady state (chapter 5), was higher at low
oxygen concentrations, but the cell yield (numbers of cells produced per mol of
ammonium oxidized) did not change significantly. The increase of nitrite reduction
was that low that any yield changes, if occurring, would have been within the standard
deviation of cell enumeration. Wood (1986) suggested that nitrite reduction may be
involved in maintaining an optimal redox pose in the ammonium oxidizer cell.
Oxidation of hydroxylamine yields four electrons, of which two electrons must be
returned to ammonia monooxygenase to regenerate hydroxylamine. The other two
electrons are most often consumed in the terminal oxidase reaction with oxygen (Fig.
6.1a) to generate proton motive force. Assuming that ammonia monooxygenase is a
better competitor for oxygen than cytochrome aa3 (the terminal oxidase), limited
oxygen supply may enhance the supply of reducing equivalents to ammonia
monooxygenase. Hence, generation of hydroxylamine is accelerated compared to
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Fig. 6.1 The hypothetical mechanism for preventing hydroxylamine accumulation in N.
europaea during oxygen stress. Diagram A shows the electron flow (dashed line) under oxic
conditions. Nearly 2 of the 4 electrons released by hydroxylamine oxidation are used by the
terminal oxidase, reducing oxygen and generating protonmotive force. Diagram В shows the
electron flow shortly after decreased oxygen availability. When it is assumed that ammonia
monooxygenase is a much stronger competitor for oxygen than the terminal oxidase, the
electron flow will shift to ammonia monooxygenase, resulting in acceleration of
hydroxylamine production compared to hydroxylamine oxidation and consequently
accumulation of hydroxylamine. Diagram С shows the potential role of nitrite reduction in
preventing hydroxylamine accumulation. Nitrite reductase serves as an alternative electron
acceptor and restores in that way the balance between production and oxidation of
hydroxylamine until the activities of ammonia monooxygenase and terminal oxidase are
adjusted to the lowered oxygen availability. The ratio between NO and N 2 0 production may
vary.

oxidation, and accumulation of this toxic compound may occur (Fig. 6.1b). Under
these circumstances, reduction of nitrite may serve as an alternative electron sink (Fig.
6.1c), preventing accumulation of hydroxylamine to toxic levels, and allowing the cell
to adjust to lowered oxygen supply. In soil, this detoxification mechanism may be
valuable in coping with an irregular oxygen supply. Steady state nitrite reduction at
constant oxygen supply may be the result of leaking of a fraction of the electrons to
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nitrite reductase, and high nitrite concentrations might increase this leaking. Thus, the
peak productions of NO and N 2 0 following oxygen depletion would be the direct
result of diversion of the electron flow to nitrite reductase. However, the increase of
steady state nitrite reduction at low aeration levels and the observed enhanced
expression of nitrite reductase under these conditions (Miller and Nicholas, 1985) are
more difficult to interpret. N. europaea might in this way anticipate an irregular
oxygen supply at lower levels of aeration. At present there is very limited knowledge
concerning the regulation of electron flow and adaptation to changing oxygen
concentrations. Verification of the mechanism preventing hydroxylamine intoxication
might be obtained by monitoring activity of ammonia oxidizers in the presence or
absence of nitrite at decreasing oxygen concentrations or with mutants lacking nitrite
reductase. In the study described in chapter 5, mineral nitrogen concentrations and cell
numbers were not measured frequently enough to provide evidence for or against this
proposed mechanism.
Anaerobic metabolism
Abeliovich and Vonshak (1992) found that N. europaea was able to use pyruvate as
electron donor and nitrite as electron acceptor under anoxic conditions. The authors
suggested that this anaerobic metabolism sustains proliferation during anoxic periods.
In chapter 5 it was shown that N. europaea reduced nitrite only to NO during the
anoxic phase.
Other ammonia-oxidizers
Although N. europaea hasfrequentlybeen isolated from soil, recent information based
on molecular detection techniques has indicated that Nitrosospira species, not
Nitrosomonas, are the dominant ammonia-oxidizers in many soils and sediments
(Kowalchuk, personal communication). In sewage treatment plants, however, N.
europaea and the closely-related N. eutropha seem to be the numerically important
ammonia-oxidizers. Reports on NO and N 2 0 emission by other ammonia-oxidizers are
relatively rare. Goreau et al. (1980) reported nitrous oxide production by a marine
Nitrosomonas species. Its yield of N 2 0 relative to nitrite was 0.3% and 10% at oxic
and suboxic conditions, respectively. Other ammonia oxidizers, i.e. N. europaea,
Nitrosococcus oceanus, Nitrosolobus multiformis and Nitrosospira briensis, exhibited
similar yields of N 2 0 at oxic conditions, but were not tested at suboxic conditions.
The effects of oxygen on the relative NO and N 2 0 production by a Nitrosovibrio
species were comparable with N. europaea (Remde and Conrad, 1990). High levels
of N20 emission were reported in the Scheldt river at a site where a Nitrosospira
species seemed to be the dominant ammonia-oxidizer and N 2 0 emission was most
probably linked to nitrification (M. de Bie, personal communication). Bock et al.
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(1995) described a Nitrosomonas eutropha species isolated from cattle manure, which
was able to denitrify nitrite under anoxic conditions using molecular hydrogen as
electron donor and producing traces of N 2 0, with N2 as the main product. Poth (1986)
isolated a Nitrosomonas species from stream sediments which also reduced nitrite
predominantly to N2 under oxygen stress. Although there is no evidence to the
contrary, isolation and characterization of dominant ammonia-oxidizing bacteria in soil
is still necessary to establish the importance of the metabolism found in N. europaea
cultures.

NO AND N 2 0 PRODUCTION IN DENITRIFIER CULTURES
There was a remarkable difference between N 2 0 production by Pseudomonas stutzen
and Alcaligenes eutrophus. The fraction of N 2 0 in the gaseous nitrogen products was
much larger with the latter species. Differences in relative N 2 0 production by
denitrifiers have been reported earlier, e.g. Carlos and Ingraham (1983). These
differences indicate that in addition to environmental parameters, the composition of
the denitrifying community may be important for the N 2 0 emission from soils.
Nitrate-limited environments should be selective for bacteria that tend to complete
reduction to N2, such as P. stützen. However, selection of denitrifiers may be
governed by other factors without any relation to N 2 0 production. There is evidence
that competition for carbon under oxic conditions is the most important factor
controlling the population distribution of denitrifiers in terrestrial soils (Tiedje, 1988).
In chapter 5 it was shown that with both denitrifiers examined, switching from suboxic
to anoxic conditions resulted in a faster adaptation to anoxia than switching from oxic
to anoxic conditions. During the adaptation phase, A. eutrophus produced more NO,
and P. stützen more nitrite and N 2 0 when precultured under oxic instead of suboxic
conditions. Hence, a rapid decrease of oxygen availability in soil will enhance NO and
N 2 0 emission by denitrifiers more than a gradual decrease.
Switching from anoxic to oxic conditions resulted in a short period of elevated N 2 0
emission by P. stutzen. Peak emissions during drying of soil have not reported to my
knowledge. Conditions of sufficient carbon and nitrate supply with increasing aeration
are probably rare in soil.

PEAK EMISSIONS OF NO AND N 2 0
Capturing peak NO and N 2 0 emissions was more difficult than expected. On the third
day of a rainy period in autumn, samples were taken from the acid forest soil (chapter
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4), but no peak emissions were observed. The low nitrate content in the soil suggested
that enhanced denitrification may have occurred prior to sampling. It must be stated,
however, that the decreased nitrate content could also have been the result of leaching.
In the chemostats with a constant rate of substrate supply (chapter 5), the nitrifier and
denitrifier cultures showed transient elevated emission of NO (except for A. eutrophus)
and N 2 0 as a result of decreasing oxygen availability. It was concluded that, in the
presence of nitrite, nitrifiers such as N. europaea as well as denitrifiers such as P.
stützen, and A. eutrophus could be responsible for peak NO and N 2 0 emissions.
Davidson (1991) suggested that accumulated nitrite in dry soil may be subjected to
chemodenitrification after wetting. The study in chapter 5 shows, however, that
ammonia-oxidizers might be the source of the NO and N 2 0 release under these
conditions. Peak emissions in culture were found during a shorter time span than the
peak emission reported from soil. Nitrifiers in wetted soil probably do not all
encounter oxygen depletion at the same time, which may explain the longer time span
in soil.

CONTRIBUTION OF NITRIFICATION AND DENITRIFICATION TO NO AND
N 2 0 EMISSION ON GLOBAL SCALE
The current knowledge of the contribution of nitrification to the N 2 0 emission has
been derived from studies using nitrification inhibitors, in particular the PPM-method.
As stated in the introduction, the general picture has arisen that in oxic soils,
nitrification dominates the N 2 0 emission, but this relative contribution decreases with
decreasing oxygen availability and, eventually, denitrification becomes the dominant
N20-emitting process. The maximum N 2 0 production by nitrifiers however takes place
under suboxic conditions and it is precisely under these conditions that the PPM
method is susceptible to underestimation of the nitrifier contribution. This suggests that
nitrifier N 2 0 emission may be important over a broader range of soil aeration
conditions than previously assumed from the results of the PPM-method.
To my knowledge, no efforts have been made to estimate the contribution of
nitrification and denitrification to the NO and N 2 0 emission on global scale with
empirical or mechanistic models. The level of N 2 0 emission by nitrifiers at low
oxygen availability is as yet too uncertain, to allow for accurate estimation of its
contribution based on soil characteristics. The lack of knowledge concerning the
importance of the NO and N 2 0 peak emissions on a global scale and the relative
contribution of nitrifiers and denitrifiers to this phenomenon further complicates the
large-scale estimation process. However, attempts to discriminate between nitrification
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and denitrification might improve models based on empirical relationships and are
essential for any mechanistically driven model.

CONCLUSIONS OF THIS THESIS
- The PPM method may underestimate the contribution of nitrifiers to N 2 0 emission.
- With (terrestrial) nitrate-containing soils, the SEA method should be used instead
of the PPM method.
- Even in wet and acid soils, chemolithotrophic nitrification may be an important NO
and N 2 0 source, however, year-round incubation studies are necessary to estimate
the overall significance of nitrifier contribution.
- High NO emission rates are most likely dominated by nitrification.
- A rapid decrease of oxygen level results in a higher NO and N 2 0 production by
denitrifiers than a gradual decrease.
- In addition to other factors, the composition of the denitrifying community may
determine the amount of N 2 0 that escapes from soil.
- When sufficient nitrite is present, N. europaea is able to contribute to peak
emissions of NO and N 2 0.
- Even under anoxic conditions, N. europaea is able to produce NO.

FURTHER RESEARCH
The results of this research project have provided some additional information on
nitrifier and denitrifier NO and N 2 0 production; however, much remains to be
studied. Future research may focus on the following subjects:
A long term high frequency sampling program can result in more information on the
importance of peak emissions and the contribution of nitrification and denitrification
to these emissions. As was mentioned in the introduction, peak emissions have been
reported after fertilization and wetting of dry soil, but other events like harvesting or
the dropping of leaves (Schmidt et al., 1988) may induce peak emissions as well.
Identification of all the events causing peak emissions and the relative importance of
these events is urgently needed.
In chapter 5, the effect of decreasing oxygen concentrations was studied. Davidson et
al. (1993), however, reported that in addition to decreasing oxygen concentrations,
substrate pulses were found after wetting of dry soil. Hence, the effect of increased
substrate supply at different oxygen levels on nitrifier and denitrifier NO and N 2 0
production is of interest as well.
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In soil, drying will eventually inhibit all microbial processes and nitrifiers and
denitrifiers will be encountered with starvation. Denitrifier enzyme activity seems to
persist very well during dry periods, enabling a rapid response to anoxity (Smith and
Parsons, 1985; Rudaz et al., 1991; Dendooven and Anderson, 1994). Nitrifiers seem
to be able to react rapidly after a dry period (Davidson et al., 1993) and studies of
Jones and Morita (1985) indicate that these organisms are adapted to periods of
starvation. Prolonged periods of starvation did however seem to increase the lagphase
of ammonium oxidizers after addition of substrate, which might be due to the need to
regenerate electron donors for ammonia monooxygenase (Jones and Morita, 1985).
Comparison of the reaction of starved and active cells on changing conditions might
provide further insight into the mechanisms driving NO and N 2 0 peak emissions.
Results of Remde et al. (1993) and Rudoplh and Conrad (1996) indicated an important
contribution of denitrification to NO emission. However, the results of chapter 4, the
studies of Skiba et al. (1993) and Vermoesen et al. (1996), and the importance of
diffusional constraints all lead to the conclusion that high levels of NO emission are
most probably dominated by nitrification NO production. NO production and NO
consumption are regulated independently (Baumgärtner and Conrad, 1992) and
emission of NO appeared to be the result of turnover processes in the upper 2 cm or
less of the soils studied by Remde et al. (1993) and Rudolph and Conrad (1996).
Hence, more research on the spatial separation of NO production and NO consumption
in soil in relation to diffusional constraints is needed in order to better understand the
role of denitrification.
The physiological function of nitrifier nitrite reduction is as yet not certain. Nitrite
reduction may be involved in survival, preventing hydroxylamine intoxication, or in
growth under oxygen-limited conditions. More research is needed on the regulation
of electron flow under oxygen-limited conditions, preferably in ammonia oxidizers that
are dominant in soil environments. The partioning of NO and N 2 0 production should
also be a subject for further study.
In addition to the well known regulating factors, the composition of the denitrifying
community might be an important factor in the N 2 0 emission of soils. Unfortunately,
all attempts to model N 2 0 emission to date have assumed that all denitrifiers respond
to regulatory factors in an identical fashion. Additional research on the significance
of and subsequent predictability of community structure might improve model
accuracy.
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SUMMARY
Nitric oxide (NO) and nitrous oxide (N20) are trace gases involved in a wide array
of environmental problems. NO is a reactive molecule in the troposphere, contributing
to photochemical air pollution and indirectly, by influencing the ozone concentration
in the troposphere, to the greenhouse effect. Its atmospheric lifetime is rather short,
1.5 days. The molecule is rapidly oxidized to nitrogen dioxide and eventually
deposited as nitrate, thus contributing to nitrogen deposition. N 2 0 is not a reactive
nitrogen species in the troposphere, its atmospheric lifetime is estimated at 150 years.
N 2 0 contributes to global warming and is, after reaching the stratosphere and being
oxidized to NO, involved in the depletion of stratospheric ozone. Most of the emitted
N 2 0 is eventually destructed in the stratosphere.
Soils are important sources of both NO and N 2 0. Soils may however simultaneously
serve as NO or N 2 0 sinks. Depending on conditions in the soil and the NO or N 2 0
concentration in the atmosphere, consumption may exceed production of these gases.
Net NO consumption by soils has been reported regularly, but net N 2 0 consumption
is rare. It is generally accepted that the increased use of nitrogen fertilizers has
enhanced the emission of NO and N 2 0 from soils.
In soil, nitrifying and denitrifying bacteria are responsible for the major part of NO
and N 2 0 production. Nitrifying bacteria convert ammonium into nitrite and
subsequently nitrate. On a global scale, chemolithotrophic nitrifiers are considered to
be the most important nitrifying organisms. These bacteria depend on the oxidation
of ammonium or nitrite to generate energy and are able to use carbon dioxide as the
sole carbon source. Due to this autotrophic lifestyle, which is dependent upon the
relatively low energy yield of ammonium and nitrite oxidation, chemolithotrophic
bacteria have a slow growth rate as compared to many heterotrophic bacteria.
The oxidation of ammonium and nitrite is carried out by two separate groups of
bacteria, both belonging to the family Nitrobacteriacaea. With respect to NO and N 2 0
production, only the former group seems to be of major importance. During the
oxidation of ammonium some NO and N 2 0 may be liberated. Under oxygen
limitation, ammonia-oxidizing bacteria are able to use nitrite as an alternative electron
acceptor, yielding NO and N 2 0. It is by this process, which is called nitrifier
denitrifícation, that most nitrifier NO and N 2 0 is produced. However, oxygen is
always needed in the first oxidation step of ammonium to nitrite. At the present, most
of the regulation of this process has yet to be elucidated.
Denitrifying bacteria are able to use nitrate or nitrite as alternative electron acceptors
to support growth under oxygen-limited conditions. Denitrifiers are basically aerobic
bacteria, and organic substrates are the most common energy source. The ability to
denitrify is wide spread among soil bacteria. In general, the activities of the reductases
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involved in denitrification are well balanced, resulting in N2 as the major product.
However, accumulation of the intermediates nitrite, N 2 0 and to a much lesser extent
NO, is often observed under unfavourable or transient conditions.
With the aid of nitrification inhibitors, the contribution of nitrifying and denitrifying
bacteria to the NO and N 2 0 emissions by soils has been studied. From laboratory
experiments, the general picture has arisen that, under more or less oxic conditions,
nitrification is the main source of NO and N 2 0, whereas under anoxic conditions
(moisture content above field capacity), denitrification dominates NO and N 2 0
emission. Besides nitrification and denitrification, the chemical reduction of nitrite,
called chemodenitrification, may also be an important NO source in acid soils. There
have however only been a few field studies performed to confirm this general picture.
The regulation of NO and N 2 0 emission takes place at multiple levels. The factors
controlling the activity of nitrifying and denitrifying organisms (e.g. substrate supply)
and the those controlling the relative production of NO and N 2 0 (compared to the end
product) are important. A low oxygen concentration and a high nitrite concentration
both enhance the relative production of NO and N 2 0 by nitrifying bacteria. The
influence of pH is currently under debate. Anoxic conditions, high electron
donor/acceptor ratio and high pH tend to keep the relative production of NO and N 2 0
by denitrifiers low. Factors controlling NO and N 2 0 consumption and the gas
diffusion rate in soil exercise influence on the amount of produced NO and N 2 0 which
is actually emitted from the soil. This multiple level regulation makes understanding
and modelling of NO and N 2 0 emission extremely complex.
Peak emissions of NO and N 2 0 have been observed after heavy rainfall. The role of
nitrifying and denitrifying bacteria in these peak emissions remains to be elucidated.
The lack of knowledge concerning the importance of peak emissions for the annual
emission rates and the regulation of peak emissions further complicates the
construction of emission models.
Greater knowledge of the microbiology of NO and N 2 0 production may lead to better
emission quantification and eventually to improved strategies of reducing emissions
of these trace gases. The aim of this thesis was to further elucidate the importance and
controls of nitrifier and denitrifier contribution to NO and N 2 0 emission of soils. The
research project focused on the contribution of nitrification and denitrification to the
NO and N 2 0 emissions under field conditions in different soils, and on the effect of
changes in the oxygen concentration, as found after heavy rainfall, on nitrifier and
denitrifier NO and N 2 0 production.
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For determining the contribution of nitrifiers and denitrifiers, intact soil cores were
used to mimic field conditions. Before the questions of this thesis could properly be
addressed, a NO detection system and a suitable nitrification inhibition method had to
be developed.
To detect NO in the headspace of cores, a sample mixing unit was developed which
made it possible to detect NO in small volume samples (50 μ\ - 10 ml) by a
continuous flow chemiluminescence NO-analyzer (chapter 2). The sample mixing unit
enabled the detector of the NO-analyzer to reach steady state response. The detection
limit was 3.5 pmol NO in a sample, which is equivalent to 8.5 ppbv NO in a 10 ml
sample or 85 ppbv NO in a 1 ml sample at room temperature. The coefficient of
variation between replicates varied between 6.4% at low NO levels and 0.6% at high
NO levels. The linear response was also good, with R2 values above 0.99 even in the
lowest detection range. The sample mixing unit in combination with the NO-analyzer
provided a sensitive, reliable, easy to use tool for the detection of NO in incubation
systems with small headspace volumes such as static cores.
The PPM-method (parts per million method), using acetylene as nitrification inhibitor,
was tested by determining the contribution of nitrifiers and denitrifiers to nitrous oxide
production in slurries of calcareous silt loam and river bank sediment at different
oxygen concentrations (chapter 3). Slurries were used to avoid local depletion of
oxygen, ammonium and nitrate. The addition of 10 Pa acetylene resulted in inhibition
of nitrous oxide production under oxic conditions, but strongly enhanced the nitrous
oxide production under suboxic and anoxic conditions. Hence, under suboxic to anoxic
conditions, the contribution of denitrifiers to the N 2 0 emission may be overestimated
using the PPM-method. It was concluded that the nitrous oxide reductase of the
denitrifying bacteria in the samples was already partially inhibited at 10 Pa acetylene.
Based on differences in recovery rate between nitrifiers and denitrifiers after exposure
to acetylene (slow and fast, respectively), a modification of the PPM-method was
developed. Inhibition of nitrification by short exposure (1 to 24 hours) to high
concentrations of acetylene (100 Pa to 10 kPa) was tested using similar samples as
described above. After the removal of acetylene, nitrification was inhibited almost
completely (82% to 89%) for at least 6 days, whereas nitrous oxide reduction was
restored within a day. It was concluded that the "short exposure to acetylene"
inhibition method (SEA-method) resulted in adequate nitrification inhibition without
repressing the nitrous oxide reduction in anoxic nitrate-rich microsites and that the
method is therefore suitable for assessing the nitrifier contribution to nitrous oxide
emission of intact soil and sediment cores.
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After the proper tools had been developed, the sampling program could be initiated
(chapter 4). In this study, the contributions of nitrification and denitrification to the
NO and N 2 0 emission were assessed for three different ecosystems, an acid forest
soil, a river sediment in the intertidal zone and a fertilized peat grassland. Intact soil
cores were used to mimic field conditions. Samples were taken in the spring of 1993
and the autumn of 1994. Intact soil cores (5 cm deep) were incubated at field
temperature in the laboratory, and the accumulation of NO and N 2 0 after 24 hours
was measured. The nitrification and denitrification contributions were determined by
use of the SEA-method described above. The highest mean N 2 0 production was in the
same range for all sites. Nitrification dominated the N 2 0 production in spring at all
sites. In contrast, denitrification was the main source of N 2 0 in the acid forest and
grassland soils in the autumn. A large part of the denitrified nitrate in the acid forest
soil was emitted as N 2 0, whereas the denitrification N20/N2 ratio was low for the
spring river sediment cores, which coincided with a low nitrate content. Nitrification
also was the dominant NO source in spring at all sites. In autumn, both high
contributions of nitrification and denitrification were observed. It is noteworthy that
high contributions of nitrification to the NO production seemed to be associated with
high emission rates, although direct experimental proof of this was not obtained. It
was concluded that soil conditions which allow for the easy escape of NO are better
suited to high nitrification activity than high denitrification activity. The SEA method
does not discriminate, however, between nitrifier NO and chemodenitrification which
is closely coupled to nitrification. Hence, an unknown part of the NO emission may
have resulted from chemodenitrification of nitrite which was freshly produced by
nitrification.
The study with the intact sediment cores showed that a major problem of the SEA
method was the removal of acetylene from the samples after exposure. It typically
took 24 hours to reach an acetylene concentration below the detection limit, which was
regarded as the threshold concentration for inhibition of nitrous oxide reduction. As
nitrification supplies the nitrate necessary for denitrification, its inhibition will
eventually also result in the inhibition of denitrification. The long evaporation period
used in the SEA method, makes this method more susceptible to such indirect
inhibition of denitrification. In the sediment samples examined, inhibition of
denitrification due to nitrate depletion probably occurred. The tight coupling of
nitrification and denitrification in the river sediment could have resulted in an
overestimation of the contribution of nitrification to the N 2 0 and NO production.
Hence, the SEA method should only be applied when sufficient nitrate is present in
the soil or sediment.
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The frequency of sampling of intact soil cores was low, considering the dynamic
behaviour of N 2 0 emission that has often been observed. Year-round N 2 0 emission
surveys conducted by others of the same acid forest and fertilized grassland sites
suggest that the samples used in our study did not represent peak emission events.
Therefore, these data fail to provide information regarding the relative contributions
of nitrification and denitrification during peak emissions. A long term, high-frequency
sampling program is still needed to obtain more information on the importance of peak
emissions and the contribution of nitrification and denitrification to these emissions.
As stated above, the roles of nitrifying and denitrifying bacteria in peak emissions of
NO and N 2 0 found after heavy rainfall, have yet to be determined. Rapid depletion
of oxygen in the soil is probably the most influential factor during such events. The
reactions to sudden changes of the aeration of cultures of nitrifying and denitrifying
bacteria with respect to NO and N 2 0 emissions were examined in order to obtain more
information regarding the microbiological aspects of peak emissions (chapter 5). In
continuous culture, the nitrifier Nitrosomonas europaea and the denitrifiers Alcaligenes
eutrophus and Pseudomonas stutzen were cultured at different levels of aeration (80%
to 0 % air saturation) and subjected to shifts in aeration. The relative production of NO
and N 2 0 by TV. europaea, compared to the ammonium conversion, increased from
0.87% and 0.17%, respectively, at 80% air saturation to 2.32% and 0.78%,
respectively, at 1 % air saturation. At 0% air saturation, ammonium oxidation and N 2 0
production ceased, but NO production was enhanced. Co-culturing of N. europaea
with the nitrite oxidizer Nitrobacter winogradskyi reduced the relative NO and N 2 0
production strongly, probably as an effect of the lowered nitrite concentration. After
lowering the oxygen concentration, N. europaea produced large short-lasting peaks of
NO and N 2 0 emission in the presence, but not in the absence of nitrite. The
mechanism behind these peak emissions is still unclear. It was speculated that the
reduction of nitrite served as an alternative sink for electrons, in order to avoid
intoxication with the intermediate hydroxylamine. Experimental proof of this
mechanism has yet to be obtained. At present, there is still very limited knowledge
concerning the regulation of electron flow and adaptation to changing oxygen
concentrations in ammonia oxidizer cells.
A. eutrophus and P. stutzen began to denitrify below 1% air saturation, with the
former accumulating nitrite and N 2 0 and the latter reducing nitrate almost completely
to N2. These differences indicate that in addition to environmental parameters, the
composition of the denitrifying community may also be important for the N 2 0
emission from soils.
Transition of A eutrophus and P. stutzen from 80% to 0% air saturation resulted in
transient maxima of denitrification intermediates. Such transient maxima were not
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observed after transition from 1% to 0%. Hence, it appears that rapid decreases of
oxygen availability in soil will enhance NO and N 2 0 emission by denitrifiers more
than a gradual decreases.
Reduction of nitrate to nitrite by A. eutrophus continued for a full 48 hours after the
onset of aeration, whereas N 2 0 emission by P. stutten increased for only a short
period of time. However, peak emissions during drying of soil have yet to be
reported. Conditions of sufficient carbon and nitrate supply with increasing aeration
are probably rare in soil.
Based upon the culture studies, it was concluded that, in the presence of nitrite,
nitrifiers such as N. europaea as well as denitrifiers such as P. stutzen and A.
eutrophus could be responsible for peak NO and N 2 0 emissions. However, nitrite
accumulation in soil is rare and seems to be associated with alkaline conditions.
Accumulation of nitrite in neutral to acidic soils is less likely, and NO and N 2 0 peaks
after heavy rainfall are therefore probably dominated by denitrification emission at
such sites. The application of an alkaline-hydrolysing ammonium fertilizer may
however create conditions which stimulate nitrifier NO and N 2 0 peaks after heavy
rainfall.
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DE PRODUKTIE VAN NO EN N 2 0 DOOR NITRIFICEERDERS
EN DENITRIFICEERDERS
SAMENVATTING
Stikstofmonoxide (NO) en lachgas (N20) zijn sporengassen die een rol spelen bij een
breed scala aan milieuproblemen. NO is in de troposfeer een reactief molecuul, het
verblijft gemiddeld anderhalve dag in de atmosfeer. NO draagt bij aan de
fotochemische luchtverontreiniging en is indirect, via beïnvloeding van de
ozonconcentratie in de troposfeer, betrokken bij het broeikaseffect. In de lucht wordt
NO makkelijk geoxydeerd tot stikstofdioxide, wat dan vervolgens in de vorm van
nitraat de bodem kan bereiken. Via deze route draagt NO dus bij aan de stikstof
depositie. N 2 0 is nauwelijks reactief in de troposfeer, de gemiddelde verblijftijd wordt
geschat op 150 jaar. N 2 0 draagt bij aan het broeikaseffect en kan na het bereiken van
de stratosfeer een rol gaan spelen in de afbraak van ozon. De afbraak van N 2 0 zelf
vindt voornamelijk in de stratosfeer plaats.
Bodems zijn belangrijke NO- en N20-bronnen, maar kunnen gelijktijdig ook NO of
N 2 0 aan de lucht onttrekken. Het hangt van de omstandigheden in de bodem en de
concentratie van NO en N 2 0 in de lucht af of een bodem netto bijdraagt aan de
emissie of aan de consumptie van deze gassen. Netto NO-consumptie wordt regelmatig
waargenomen, maar netto N20-consumptie is zeldzaam. Het is algemeen geaccepteerd
dat het toegenomen gebruik van stikstofmest de emissie van NO en N 2 0 uit de bodem
heeft doen toenemen.
Nitrificerende en denitrificerende bacteriën zijn verantwoordelijk voor het grootste
deel van het NO en N 2 0 dat uit de bodem vrijkomt. Nitrificeerders zetten ammonium
om in nitriet en vervolgens in nitraat. In de meeste bodems zijn chemolithotrofe
nitrificeerders de belangrijkste groep organismen die betrokken zijn bij het
nitrificatieproces. Deze bacteriën zijn in staat om uit de oxydatie van ammonium en
nitriet energie te winnen en daarnaast koolstofdioxide te gebruiken als enige
koolstofbron. Door deze autotrofe levenswijze in combinatie met de thermodynamisch
gezien ongunstige wijze van energie-generering, groeien de chemolithotrofe
nitrificeerders veel minder snel dan menig heterotrofe bacterie. De oxydatie van
ammonium en nitriet wordt uitgevoerd door twee aparte groepen bacteriën, maar beide
groepen behoren tot de familie Nitrobacteriacaea. Alleen de eerste groep, de
ammoniumoxydeerders, lijkt van groot belang te zijn voor de produktie van NO en
N 2 0. Tijdens de oxydatie van ammonium kan er wat NO en N 2 0 vrijkomen, maar een
ander proces blijkt van veel groter gewicht te zijn. Onder omstandigheden waarbij een
tekort aan zuurstof optreedt, kunnen ammoniumoxydeerders overgaan tot het
reduceren van nitriet om elektronen kwijt te raken. Bij de reductie van nitriet, hetgeen
nitrificeerder-denitrificatie wordt genoemd, wordt NO en N 2 0 gevormd. Hoewel
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nitriet dus gebruikt kan worden als alternatieve elektronenacceptor, is er altijd zuurstof
nodig voor het uitvoeren van de eerste stap in de oxydatie van ammonium tot nitriet.
Over de regulatie van de nitrietreductie is echter nog weinig bekend.
Denitrificerende bacteriën zijn aerobe bacteriën die in staat zijn om in plaats van
zuurstof, nitraat of nitriet te gebruiken als elektronenacceptor. Organische substraten
vormen de belangrijkste energiebron bij deze groep bacteriën. De kunst van het
denitrificeren is wijd verbreid onder bodembacteriën. In z'n algemeenheid wordt
nitraat tijdens denitrificatie volledig gereduceerd tot moleculair stikstof (N2). Onder
bepaalde omstandigheden kan er echter NO en vooral nitriet en N 2 0 ophopen.
Met behulp van specifiek nitrificatieremmers is er onderzoek gedaan naar de
afzonderlijke bijdrage van nitrificeerders en denitrificeerders aan de NO- en N 2 0emissie van bodems. Uit laboratoriumexperimenten kwam het beeld naar voren dat
onder min of meer oxische omstandigheden nitrificatie de belangrijkste bron van NO
en N 2 0 was. Onder zuurstofarme of zuurstofloze condities lijkt denitrificatie echter de
belangrijkste bron van NO en N 2 0 te zijn. Daarnaast kan de chemische reductie van
nitriet tot NO (chemodenitrificatie) een belangrijke NO-bron zijn in zure bodems. Er
zijn tot nu toe nog maar weinig veldexperimenten uitgevoerd waarmee dit op
laboratoriumresultaten gebaseerde beeld onderbouwd kan worden.
De regulatie van NO- en N20-emissie van een bodem vindt op verschillende niveaus
plaats. Er zijn factoren die de activiteit van de nitrificeerders en denitrificeerders
bepalen, bv. de beschikbaarheid van substraat, en factoren die de relatieve produktie
van NO en N 2 0 t.o.v. het hoofdprodukt regelen. Bij nitrificeerders wordt de relatieve
NO- en N20-produktie gestimuleerd door een lage zuurstofconcentratie en een hoge
nitrietconcentratie. De rol van de pH is op dit moment nog niet duidelijk. Bij
denitrificeerders wordt de relatieve NO- en N20-produktie verlaagd door de
afwezigheid van zuurstof, een overmaat aan elektronendonor t.o.v. elektronenacceptor
en een hoge pH. De factoren die de consumptie van NO en N 2 0 en de diffusiesnelheid
van deze gassen in de bodem bepalen, spelen ook een belangrijke rol bij de emissie
van NO en N 2 0. Dit samenspel van factoren dat de emissie bepaalt, maakt het
moeilijk om relaties tussen alle factoren te doorgronden en adequate modellen te
ontwikkelen.
Het optreden van piekemissies draagt verder bij aan de complexiteit van het
modelleren van NO- en N20-emissies. Piekemissies van NO en N 2 0 kunnen optreden
na hevige regenbuien. Tot op heden is de rol van nitrificatie en denitrificatie en de
regulatie hiervan m.b.t. de piekemissies nog niet bekend.
Meer informatie over de microbiologie van de NO- en N20-emissie kan mogelijk
leiden tot een beter begrip en quantificering van de emissies en uiteindelijk tot de
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ontwikkeling van succesvolle emissiereductie-strategieën. Het doel van het onderzoek
in dit proefschrift was om, m.b.t. de NO- en N20-emissie, de bijdrage en de regulatie
van nitrificatie en denitrificatie verder te ontrafelen. Het onderzoek richtte zich op de
bijdrage van nitrificatie en denitrificatie aan de NO- en N20-emissie onder
veldomstandigheden en daarnaast op het effect van snelle veranderingen in de
zuurstofbeschikbaarheid, zoals die kunnen optreden tijdens hevige regenval, op de
produktie van NO en N 2 0 door nitrificeerders en denitrificeerders.
Bij de bepaling van de bijdrage van nitrificatie en denitrificatie aan NO- en N 2 0emissie werd gebruik gemaakt van intacte bodemkolom-monsters om de
veldomstandigheden zo goed mogelijk na te bootsen. Speciaal voor het gebruik van
intacte bodemkolommen werd een NO-detectiesysteem en een nitrificatierenimingsmethode ontwikkeld.
Om NO te bepalen in de afgesloten gasfase boven intacte kolommen werd een
monstermeng-apparaat ontwikkeld (hoofdstuk 2). Met dit apparaat was het mogelijk
om een klein gasmonster (50 μ\ tot 10 ml) te laten analyseren door een
chemiluminiscentie NO-analyzer die ontworpen is om continu een grote hoeveelheid
monstergas aan te zuigen. De detectielimiet van het systeem was 3,5 pmol NO per
gasmonster. Met dit systeem kon dus een concentratie tot 8,5 ppbv (in 10 ml
gasmonster) gedetecteerd worden. Bij lage NO-concentraties was de CV (coefficient
of variation) 6,4%, de CV liep bij het hoger worden van de NO-concentratie terug tot
0,6%. De respons van de detector was lineair (R2 > 0,99). Het monstermeng-apparaat
bleek zeer geschikt om in combinatie met de NO-analyzer lage concentraties NO in
kleine gasmonsters te meten.
Voor bepaling van het aandeel van nitrificatie en denitrificatie aan de NO- en N 2 0produktie van een bodemmonster wordt doorgaans gebruik gemaakt van een
nitrificatieremmer. Bij de regelmatig gebruikte PPM-methode (parts per million
methode) moet een lage concentratie acetyleen specifiek de nitrificatie remmen.
Monsters van een kalkrijke zavel en een rivieroeversediment werden gebruikt om de
specificiteit van de PPM-methode te testen onder zuurstofrijke, zuurstofarme en
zuurstofloze omstandigheden (hoofdstuk 3). Om plaatselijke uitputting van zuurstof,
ammonium en nitraat te voorkomen werd gebruik gemaakt van suspensies van de
bodemmonsters. Onder zuurstofrijke omstandigheden werd de produktie van N 2 0 sterk
geremd door 10 Pa acetyleen, maar onder zuurstofarme en zuurstofloze
omstandigheden werd de N20-produktie juist gestimuleerd door de lage concentratie
acetyleen. Onder deze omstandigheden werd de bijdrage van denitrificeerders dus sterk
overschat bij het gebruik van de PPM-methode. Er werd geconcludeerd dat het N 2 0reductase van denitrificeerders al bij lage acetyleen concentraties gedeeltelijk geremd
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kon worden. Er werd een nieuwe specifieke methode om de nitrificatie te remmen
ontwikkeld, die gebruik maakte van het snelle herstel van de N20-reductie van
denitrificeerders in vergelijking tot het langzame herstel van de nitrificatie na
blootstelling aan acetyleen. Een korte blootstelling (1 uur tot 24 uur) van de monsters
aan een hoge concentratie acetyleen (100 Pa tot 10 kPa) liet zien dat de nitrificatie
vervolgens minimaal 6 dagen sterk geremd was (82% tot 89%). De N20-reductie door
denitrificatie herstelde altijd binnen een dag na de blootstelling aan acetyleen. Er werd
geconcludeerd dat de methode geschikt was voor gebruik in intacte bodemmonsters.
Na de ontwikkeling van de NO-analysemethode en de selectieve
nitrificatieremmingsprocedure werd het monstername programma uitgevoerd
(hoofdstuk 4). Er werden in de lente van 1993 en in de herfst van 1994 monsters
genomen van drie sterk verschillende bodems (een zure bosbodem, een
veenweidebodem en een rivieroeversediment in de getijde zone). Om de
veldomstandigheden na te bootsen werd er gebruik gemaakt van intacte
bodemkolommen (5 cm lang) die geïncubeerd werden bij veldtemperatuur. Na 24 uur
incuberen werd de accumulatie van NO en N 2 0 in de bovenstaande gasfase van de
bodemkolommen gemeten. De hierboven beschreven methode werd gebruikt om het
aandeel van de nitrificatie en denitrificatie te bepalen. Er was geen significant verschil
tussen de lokaties t.a.v. de hoogste gemiddelde N20-produktie van iedere lokatie.
Nitrificatie domineerde de N20-produktie van alle lokaties in de lente, maar
denitrificatie domineerde de N20-produktie in de herfst (behalve in het riviersediment).
In de zure bosbodem was N 2 0 een belangrijk produkt van de denitrificatie, terwijl in
het riviersediment doorgaans een lage N20/N2-ratio werd gevonden (behalve in het
herfstmonster). Deze lage ratio hing waarschijnlijk samen met het lage nitraatgehalte
van het riviersediment. Nitrificatie was ook de belangrijkste NO-bron in de lente in
alle drie de bodems, maar in de herfst nam het aandeel van denitrificatie toe. Een
hoog aandeel van de nitrificatie aan de NO-produktie leek samen te hangen met een
hoge NO-emissie, direct experimenteel bewijs daarvan is echter niet verkregen. Er
werd geconcludeerd dat omstandigheden die gunstig zijn voor nitrificatie ook gunstig
zijn voor het ontsnappen van NO uit de bodem. De omstandigheden die gunstig zijn
voor denitrificatie kunnen namelijk makkelijk leiden tot consumptie van het
geproduceerde NO voordat het NO de atmosfeer kan bereiken. Een nitrificatieremmer
maakt echter geen onderscheid tussen NO direct afkomstig van nitrificeerders en NO
dat gevormd wordt door chemodenitrificatie van het door nitrificeerders geproduceerd
nitriet. Een onbekend deel van het nitrificatie NO kan dus feitelijk door
chemodenitrificatie gevormd zijn, maar is dus wel direct afhankelijk van de
nitrificatie-activiteit.
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De bovenstaande studie liet zien dat de nieuw ontwikkelde nitrificatieremmer niet altijd
zonder problemen kan worden toegepast. Daar nitrificatie het nitraat voor denitrificatie
aanlevert zal remming van de nitrificatie na zekere tijd ook leiden tot remming van de
denitrificatie. Doorgaans was 24 uur na de blootstelling voldoende acetyleen verdampt
om partitiële remming van de N20-reductie te vermijden. In het rivieroeversediment
werd de nitraatvoorraad waarschijnlijk al tijdens deze uitdampperiode uitgeput. Door
de directe koppeling in dit sediment tussen nitrificatie en denitrificatie is het aandeel
van nitrificatie in de NO- en N20-emissie waarschijnlijk overschat in dit systeem. De
nieuwe nitrificatie-remmingsmethode kan dus alleen gebruikt worden als er gedurende
de gehele incubatieperiode voldoende nitraat voor de denitrificatie in de bodem
aanwezig is.
T.o.v. de regelmatig geobserveerde dynamiek van de N20-emissie van bodems, was
de frequentie waarmee de monsters in dit onderzoek werden genomen laag. Uit studies
van anderen op dezelfde lokaties kon worden afgeleid dat er gedurende de
monstername in dit onderzoek geen piekemissie van N 2 0 was opgetreden. Uit de
hierboven beschreven resultaten kan dus geen informatie worden gehaald over de rol
van nitrificatie en denitrificatie tijdens piekemissies. Een langdurig hoog-frequent
monstername programma is dus nog steeds nodig om het belang van piekemissies voor
de totale emissie en de rol van nitrificatie en denitrificatie hierin te bepalen.
Zoals reeds werd vermeld treden piekemissies vaak op na hevige regenval. De snelle
daling van de zuurstofconcentratie is waarschijnlijk de meest belangrijke verandering
in de bodem t.a.v. NO- en N20-piekemissies. M.b.v. continu cultures werd het effect
van verandering van de zuurstofconcentratie op de NO- en N20-produktie van
nitrificeerders en denitrificeerders bestudeerd (hoofdstuk 5). Als modelorganismen
werden de chemolithotrofe ammoniumoxydeerder Nitrosomonas europaea en de
denitrificeerders Alcaligenes eutrophus en Pseudomonas stützen gebruikt. Na het
bereiken van steady state condities bij verschillende zuurstofconcentraties (tussen 0%
en 80% luchtverzadiging) werden de cultures onderworpen aan een snelle verandering
van de zuurstofconcentratie. De relatieve NO- en N20-produktie van N. europaea
steeg van respectievelijk 0,87% en 0,17% bij 80% luchtverzadiging naar
respectievelijk 2,32% en 0,78% bij 1% luchtverzadiging. Onder zuurstofloze
omstandigheden stopte de ammoniumoxydatie geheel, maar werd de NO-produktie
juist gestimuleerd. In aanwezigheid van de nitrietoxydeerder Nitrobacter winogradskyi
werd hetzelfde experiment met N. europaea herhaald. De aanwezigheid van de
nitrietoxydeerder resulteerde in een sterk verlaagde relatieve NO- en N20-produktie,
waarschijnlijk als gevolg van de sterk verlaagde nitrietconcentratie. Gelijk na het
verlagen van de zuurstofconcentratie steeg de NO- en N20-produktie van de N.
europaea reincultures gedurende korte tijd zeer sterk. In afwezigheid van een hoge
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nitrietconcentratie (in aanwezigheid van de nitrietoxydeerder) kwamen deze
piekprodukties niet meer voor. Het mechanisme dat verantwoordelijk is voor de
piekprodukties is niet bekend. Het is mogelijk dat bij het plotseling optreden van een
zuurstofgebrek het nitrietreductase gelijk als elektronenacceptor actief wordt om
accumulatie van het toxische intermediair hydroxylamine te voorkomen. Experimenteel
bewijs van deze hypothese moet echter nog geleverd worden. Tot op heden is er nog
zeer weinig bekend over de regulatie van de elektronenhuishouding in
ammoniumoxydeerder s.
De A. eutrophus en P. stützen cultures begonnen met denitrificeren beneden 1 %
luchtverzadiging. A. eutrophus accumuleerde nitriet en N 2 0 onder anoxische
omstandigheden terwijl P. stützen nitraat vrijwel volledig reduceerde tot N2 onder
dezelfde omstandigheden. Dit verschil laat zien dat naast omgevingsfactoren ook de
samenstelling van de denitrificeerderpopulatie in de bodem van belang kan zijn voor
de N20-emissie.
De overgang naar anoxische omstandigheden na voorkweek onder oxische
omstandigheden resulteerde bij beide denitrificeerders in tijdelijke accumulatie van
denitrificatie intermediairen. Dergelijke accumulaties kwamen niet voor na de
overgang van zuurstofarme (1% luchtverzadiging) naar zuurstofloze condities. Een
snelle overgang van zuurstofrijke naar zuurstofloze omstandigheden zal dus in de
bodem waarschijnlijk tot meer NO- en N20-emissie leiden dan een geleidelijke
overgang.
De overgang van zuurstofloze naar zuurstofrijke omstandigheden in de cultures
resulteerde bij P. stützen in een kortdurende sterke toename van de N20-produktie.
A. eutrophus bleef na de toediening van zuurstof nog 48 uur doorgaan met de reductie
van nitraat tot nitriet. Tot op heden zijn er echter geen piekemissies gerapporteerd bij
het droger worden van de bodem (betere aeratie). Waarschijnlijk komen
omstandigheden waarbij er voor denitrificatie voldoende koolstof en nitraat aanwezig
is en de aeratie van de bodem toeneemt, weinig voor.
Op basis van de culturestudies met nitrificeerders en denitrificeerders werd
geconcludeerd dat beide groepen organismen in staat zijn om een grote bijdrage aan
piekemissies te leveren. De bijdrage van nitrificeerders lijkt echter wel afhankelijk te
zijn van een hoge nitrietconcentratie. In de bodem komt een hoge nitrietconcentratie
maar weinig voor, alleen onder basische omstandigheden is een hoge
nitrietconcentratie algemener. In neutrale en zure bodems zal denitrificatie
waarschijnlijk de belangrijkste rol spelen bij het optreden van piekemissies na hevige
regenval. Het gebruik van pH-verhogende vorm van ammoniumbemesting kan echter
condities creëren die de bijdrage van nitrificatie aan NO- en N20-piekemissies kunnen
stimuleren.
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NAWOORD
Hoewel alleen mijn naam op de titelpagina van dit proefschrift staat vermeld, zijn
er nog vele anderen die op soms geheel eigen wijze aan de totstandkoming van dit
proefschrift hebben bijgedragen.
Riks Laanbroek en Wietse de Boer hebben als promotor & Co. mij vanaf de eerste
dag van het onderzoek begeleid. De deur stond altijd open voor het aanhoren van
plannen, ideeën en vragen. Zo konden gedachten snel getoetst en problemen vlug
getackeld worden.
Jan Woldendorp was mijn kritisch klankbord op afstand. Jan had een fijne neus
voor zwakke plekken in redeneringen. Sep Troelstra heeft zich op een gelijke wijze
over de tekst van hoofdstuk 4 gebogen en zo bijgedragen aan een scherpere
interpretatie van de gegevens.
Met mijn kamer- en lotgenoten Joke Nijburg en Paul Bodelier heb ik tussen de
bedrijven door veel over de inhoud en de uitvoering van het (schrijf)werk kunnen
praten. Naast een vruchtbare voedingsbodem voor ideeën, hebben Joke en Paul ook
voor een hoop plezier gezorgd.
De studenten Coen Vrijland, Roy Groenen, Martin Meijer en Anne Marie Paalman
hebben gedurende kortere of langere tijd mij aardig wat werk uit handen genomen.
Het werk van Martin vormde de basis voor hoofdstuk 4. Hoewel het werk van
Anne Marie niet in dit proefschrift is opgenomen, heeft dit project wel een
wezenlijke bijdrage aan de methode-ontwikkeling geleverd.
Roel Wagenaar, Wiecher Smant, Paulien Klein Gunnewiek, Saskia Gerards en
Henk Duyts (chef de ?) hebben gezorgd voor de benodigde infrastructuur op het
lab (variërend van een goede sfeer tot het beheer van gassen, analyse apparatuur en
cultures). Bart Libochant heeft mij gedurende een maand geholpen bij het uitvoeren
van het veldwerk. Hoewel zijn bijnaam anders doet vermoeden, was het zeer
prettig samen te werken met Bart.
Ab Wijlhuizen, Keultjes en Marti Fransen waren altijd bereid mij te voorzien van
de benodigde onderzoekshardware en snel een dringend technisch probleem op te
lossen. Ab Wijlhuizen heeft daarnaast het leeuwendeel van het ontwerp en de
volledige bouw van de sample mixing unit verzorgd. Zoonlief (Gilis Wijlhuizen)
wist vervolgens het ontwerp in een duidelijke tekening weer te geven.
George Kowalchuk zorgde ervoor dat mijn Engelse teksten ook voor
Engelssprekenden leesbaar werden.
John Lenssen, Frank Mentink, Ineke van der Stoel, Wim v.d. Putten, Bas Peters,
Atie Stienstra, Kees van Dijk, Diederick Wolters, Hans Heilig, Frank Verhagen,
Gerard Korthals en Justin Clapp waren niet direct betrokken bij dit onderzoek,
maar droegen wel hun steentje bij aan de goede sfeer op de afdeling.
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Bij het uitvoeren van het veldwerk heb ik gebruik kunnen maken van de
medewerking van Jaco van der Nat (NIOO-CEMO), Gerard Velthof (NMI), Jan
Geert Koops (NMI), R.O.C. Zegveld, de familie Tenkink en proefboerderij de
Lovinkhoeve.
Mijn ouders hebben er voor gezorgd dat ik goed beslagen de eerste slagen op het
onderzoeksijs kon maken. Lily speelde de hoofdrol in het prettige leven naast het
onderzoek. Problemen op het werk werden zo nooit problemen thuis.
Op deze plek wil ik alle vermelde en onvermelde personen bedanken voor hun
werk en steun.
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CURRICULUM ГГАЕ
Remirus Antonius Kester (beter bekend als Ronald Rester) werd op 29 april 1967
geboren in Dokkum. Zonder ooit Fries geleerd te hebben, verhuisde hij naar Ede
alwaar hij de kleuter, lagere en middelbare school bezocht. Zijn VWO-B diploma
behaalde hij in 1985 bij het Marnix College in het reeds genoemde Ede.
Ronald ging Bodemkunde studeren aan de Landbouwuniversiteit in Wageningen. Hij
volgde de oriëntatie Bodemvruchtbaarheid met als afstudeervakken Plantenvoeding en
Microbiologie. In 1991 studeerde hij af.
In december 1990 was Ronald reeds begonnen met zijn promotieonderzoek bij de
toenmalige afdeling Bodembiologie van het toenmalige Instituut voor Oecologisch
Onderzoek in Heteren (thans de werkgroep Plant Micro-organismen Interacties van het
Centrum voor Terrestrische Oecologie van het Nederlands Instituut voor Oecologisch
Onderzoek). Na vier-en-een-half jaar in het laboratorium te hebben gewerkt, eerst als
OIO, daarna als gedetacheerd wetenschappelijk onderzoeker, begon hij in de zomer
van 1995 aan het schrijven van dit proefschrift. Vanaf november 1996 volgde Ronald
daarnaast een kort-HBO opleiding Bedrijfskundige Informatica, richting IT-beheer. De
opleiding wordt in november 1997 afgerond waarna Ronald bij het IT-bedrijf Pink
Elephant in Zoetermeer gaat werken.
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