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ABSTRACT

Addition of water to the soil (rain, irrigation, flooding) decreases the availability.of @
example, nitrifying and denitrifying bacteria respond strongly to changes in soil water and
O, availability by producing more or less of the atmospheric trace gases NQ@nd N
Consumption of NO also responds tg&ailability, as it may proceed by reductive or
oxidative pathways. Complete depletion gfi@the soil (e.g. flooding of rice fields)

results in the sequential change of the redox processes untit €rbitted into the
atmosphere. Driving forces are the availability of electron donors (organic substrates) and
electron acceptors (mainly the content of iron). It is interesting to note thatrGétliction
starts almost instantaneously after flooding, then comes to a halt as soon as competing
redox processes (iron and sulfate reduction) start, and finally resumes vigorously when
ferric iron and sulfate are depleted. Drainage of submerged fields, even short-term,
regenerates sulfate and ferric iron and results in long-lasting inhibition pp@iduction.

Introduction

Atmospheric trace gases, i.e. gases that occur at mixing ratios of <1%, play important roles
in the functioning of our environment. For instance NO regulates the oxidizing capacity of
our troposphere, CHacts as greenhouse gas, an@® Kesults in the destruction of the
stratospheric ozone shield (for more information see [14]). Soils contribute significantly to
cycling of global trace gases [4]; for instance, soils contribute approximately 70, 60 and
20% to the total source strengths of atmosphes@, \CH, and NO, respectively. These
trace gases are produced by soil microorganisms [4].

Soil microorganisms are in many ways influenced by the physical-chemical conditions
in their habitat (e.g. temperature, moisture). Soil moisture is a variable that is to a large
extent under the control of humans who irrigate agricultural soils to optimize cropping or
submerge soils for cultivation of rice. Hence, water management in agriculture may have a
great influence on the structure and function of soil microbial communities. Aerobic
microbial respiration rates increase with soil moisture, reach a maximum and then decrease
again [8]. The increasing segment of the curve is typically due to the increased diffusivity
of substrates in soil solution and the activation of dormant microorganisms by available
water. The decreasing segment of the curve is typically due to the decrease of O
diffusivity thus limiting respiration until it completely stops when conditions become
anoxic. In flooded soils, this condition is rapidly reached whgha3 been consumed and
diffusion of gases is so slow that @pically penetrates only 1-3 mm deep into the soil
profile [12].
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In the following we describe the effects of soil moisture on the release of NO,@nd N
by nitrifying and denitrifying bacteria. This is a situation that is typical for upland soils
which are either irrigated or receive precipitation. We then describe the microbial events,
in particular CH production, that are initiated by the complete submergence of soils, a
situation that is typical for rice fields.

Control of NO and N ;0 release by soil moisture

It is generally accepted that production of NO an@® M soils is mainly due to nitrifying
and denitrifiying bacteria. Ammonium-oxidizing nitrifiers require ammonium plus oxygen
and thus have a similar response to soil moisture as aerobic microbial respiration does; i.e.,
nitrification increases with soil moisture, reaches a maximum at about 60% water-filled
pore space (WFPS), and then decreases again [8]. Denitrifiers, on the other hand, usually
require almost anoxic conditions to start reduction of nitrate, nitrite, NO;@Q1td&NN,.
Thus, they should become active at soil moisture contents higher than 60% WFPS [8].
However, NO and BD are not the end products but intermediates or side products of
nitrification and denitrification. Therefore, the rates of NO ap@® [droduction are not a
simple function of the rates of nitrification and denitrification, but also depend on the
relative speed with which the intermediates are produced and consumed, i.e. the activities
of the enzymes producing and consuming NO agd M the bacteria. This fact has been
summarized by the conceptual hole-in-the-pipe model [11] which illustrates nitrification
and denitrification as pipes with diameters proportional to their rates and production of NO
and NO as holes in these pipes which allow a smaller or larger leakage of part of the
nitrogen flow. Soil moisture would not only regulate the rates of N flow (i.e. diameter of
the pipes) but also the proportions of NO an® Melative to the end products (i.e.
diameter of the holes). How would the latter respond to changes in soil moisture? A
theoretical prediction requires the understanding of how the microbial enzymes producing
and consuming NO and,D react to changes in soil water content and in the availability
of O,. At the time being such a theoretical prediction is hardly possible, since the
enzymatic basis of production and consumption of NO a:@liN ammonium-oxidizing
nitrifiers is not completely understood, and since the patterns of induction and repression
of denitrifying enzymes vary with the microbial species [5, 31]. In the case of NO, the
situation is even more complicated. The produced NO, once released into the soil, is
rapidly consumed by other microorganisms, so that the net release of NO from the soil into
the atmosphere is the result of a rapid turnover by simultaneous microbial production and
consumption [13, 24]. The consumption of NO can be accomplished by different microbial
groups [5], the most important ones being denitrifiers that reduce NgDtauider anoxic
and Q-limited conditions and heterotrophic bacteria that oxidize NO to nitrate under oxic
conditions [4, 5, 23].

Because of all these complications it is convenient to study the effect of soil moisture on
the net release of NO and®I from soil and differentiate whether it is due to nitrification
or not. This differentiation is easily accomplished by specific inhibition of nitrification,
e.g. with low partial pressures (1-10 Pa) of acetylene [15]. Release of NQ@ritldtl is
not inhibited by acetylene is usually assumed to be due to denitrification. In some soils,
however, acetylene-insensitive heterotrophic nitrification may also contribute to NO and
N,O production [17]. Various evidence from field and laboratory studies indicated that NO
release is predominant at relatively low soil moisture contents and is mainly due to
nitrification, whereas PO release is predominant at relatively high soil moisture contents
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and is mainly due to denitrification (For literature see [2, 5, 7, 28]). This picture has been
presented in a model of the relationship between WFPS of soil and relative fluxes of N
gases [7] and has been used in a process-oriented model of nitrogen trace gas emissions
from soils worldwide [20]. However, a systematic verification of this picture was missing.
Recently, Bollmann and Conrad [2] systematically studied the effect of soil moisture on
NO and NO release by nitrification and denitrification in a loamy silt and a sandy silt
agricultural soil and basically confirmed the validity of the above described picture. The
results obtained with the loamy silt are summarized in Fig. 1.

The results show that NO was predominantly released by nitrification exhibiting a
maximum at intermediate soil moisture contents, whi@® Was mainly released by
denitrification especially at higher soil moisture contents. The results also showed that NO
release was larger than®lrelease. The relative importance of NO emission compared to
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Fig. L Influence of soil moisture in terms of water holding capacity (whc) on the release of NGGaddéN
to nitrification and denitrification in a loamy silt soil (data taken from [2]).
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N>O emission has been observed with a large number of different soils [1] and has also
been found in field studies [3, 27]. These observations emphasize the importance of NO
emission which may play an even greater role th&d N the overall nitrogen budget of
soils and should not be neglected.

Initiation of CH 4 production after flooding of soil

Thermodynamic theory predicts that after flooding of soil, @Hbduction is initiated at

the end of a sequential reduction process which starts with the reduction (depletign) of O
followed by that of nitrate, manganese(1V), iron(lll) and sulfate. Sincepeétuction

from the reduction of COor methyl groups (e.g. in acetate) is the process which results in
the smallest free energy change compared to the other reduction processes, it would be the
latest to take place. Indeed, this thermodynamic prediction has largely been verified by
observations in flooded soils [18, 19]. However, the question remained by which
mechanisms the bacteria would control their activities according to the thermodynamic
theory. The most straight forward and widely accepted explanation is the successful
competition for substrate by those organisms that can gain the most energy [6, 16]. For
example sulfate reducers would successfully compete with methanogens gorcH they

gain more energy by reducing sulfafesf” = -38 kJ mot H,) than methanogens would

gain by reducing CE{AG® = -34 kJ mol H,). The sulfate reducers would thus decrease

the H, concentration to a level that no longer allows the methanogens to generate sufficient
free energy.

This raised the question whether methanogens in flooded soil would be limited by
substrate as long as iron reduction and sulfate reduction take place. This question was
addressed in two recent studies which measuredp@idluction together with the
concentrations of substrates and products to determine the Gibbs free energy available for
methanogenesis [22, 30]. A total of 17 different rice field soils in China, the Philippines
and Italy were investigated. The patterns observed were consistent and demonstrated that
CH, production started right after the flooding of soil at redox potentials (measured with a
Pt electrode) that were on the order of +400 mV. Indeed,g@dtluction was
thermodynamically possible, since relatively high concentrations ahHl acetate were
available especially in this early phase of flooding. In more detail, the following events
occurred after the soil was flooded:

1. O, was depleted and fermentation of organic matter started resulting in the production of
H, and acetate.

2. The availability of H allowed methanogens to become active even before sulfate and
iron reducers did so.

3. As soon as sulfate and iron reducers became active, they competedridrendentually
decreased thejpartial pressure so much that gbtoduction stopped.

4. Sulfate and iron reduction continued until sulfate and Fe(lll) were depleted.

5. Then, H concentrations increased and {loduction resumed.

The reason why methanogens, in particular hydrogenotrophic methanogens [22],
became more rapidly activated than iron and sulfate reducers is unknown. Perhaps, the
methanogens are more resistant to high redox potentials in soil than the other anaerobic
bacteria. Various evidence indicates that methanogens are able to survive in soil when it
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becomes dry and oxic and are also able to initiate methanogenesis at positive redox
potentials [9, 10, 19]. Regardless of the reason, they certainly have an initial advantage
which allows an early start of GHbroduction. This early CHoroduction is suppressed

later on, when the sulfate and iron reducers compete,forti¢ extent to which this later
competition results in suppression of methanogenesis seems to depend on the relative
availabilities of electron donors (i.epHersus electron acceptors (i.e(IRg and sulfate).

We were able to distinguish 3 classes of soils for which examples are illustrated in Fig.2.
The first class (e.g. soil 8) apparently had a high ratio of electron donors to electron
acceptors, since the early €production was not suppressed even during active sulfate
and iron reduction. The Gibbs free energy availabletdé¢ppendent methanogens was
always more negative than —23 kJ th6H, which is equivalent to > 1/3 ATP, if we
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Fig. 2 Temporal change (A) of Gldccumulation, (B) of KHpartial pressures, and (C) of Gibbs free energies

of Hy-dependent methanogenesis after flooding of soil. The soils represent three different classes of
methanogenic behavior: class 1 (soil 8, Buggallon, The Philippines), class 2 (soil 2, Changchun, China) and
class 3 (soil 13, Urdaneta, The Philippines) (data taken from [30]).
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assume that methanogenesis is coupled to energy generation. In the second class of soils
(e.g. sail 2), however, the early ¢prroduction was temporarily suppressed due to
competition for H and an increase of the Gibbs free energy to values less negative than —
23 kJ mot. In the third class (e.g. soil 13), finally, the concentrations of Fe(Ill) and sulfate
were so high, that the suppression of the early @blduction lasted for more than 50 days
with Gibbs free energies >-23 kJ moln contrast to b competition for acetate was not
relevant, since Gibbs free energies of acetate-dependent methanogenesis were generally <-
26 kJ mot CH, throughout the entire incubation period.

Floodwater management, i.e. intermittent drainage, of rice fields may be a good option
to mitigate CH emission into the atmosphere. Indeed,@hhission rates from rice fields
were drastically reduced for quite some period after a drainage event [25, 29]. Recent
studies showed that the reason for the prolonged suppression of methanogenesis is the
regeneration of Fe(lll) and sulfate during the drainage by oxidation of reduced iron and
sulfur with G, [21, 26]. Then, iron and sulfate reducers were again able to successfully
compete with methanogens for limiting substrates. Mitigation of €Hhission by
intermittent drainage thus functions by maintaining high concentrations of Fe(lll) and
sulfate in the rice field soil. Any other management that achieves these high concentrations
would probably have the same mitigation effect: for example, the addition of Fe(lll),
relying on its continuous regeneration by Fe(ll) oxidation in the rice rhizosphere
(S.Schnell, presentation at ISME-8).
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