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1. INTRODUCTION

Nitrous oxide (NO) is one of the greenhouse gases. Its concemtratithe
atmosphere is small (about 1,000 times lower thah ¢f carbon dioxide, C{Q)
but the efficiency of sorption of infrared radiatits up to 296 times higher. Fur-
thermore, the dissociation of,@ in the stratosphere is a source of nitric oxide
(NO), which contributes the destruction of the azdayer. It is assumed that the
contribution of NO in enhancing the greenhouse effect is 6% (IPCZLR0rhe
increase of BD concentration in the troposphere form about 278vpn the pe-
riod before industrialization, to 314 ppbv in 19@8uckiger et al. 1999), and
350 ppbv in 2003 (Takayet al. 2003) is a consequence of its elevated emissions
from natural and agricultural ecosystems. The disgtimgen fertilizers and culti-
vation of legumes have been regarded to strondlyeince these changes. It is
estimated that nitrogen losses from organic fedi (manure/compost) in result
of N,O emission may amount up to 1% of nitrogen intr@duin the fertilizer. In
addition, about 1% N fixed in legume plants undesgdenitrification to BD
(Stalenga and Kawalec 2007).

Soils are the dominant source ofON(Davidson 1991, Khalil and Rasmussen
1992, Prinn 1994). Nitrous oxide emissions accéamabout 10% of global green-
house gas emissions, with ~90% of these emissiemged from agricultural prac-
tices (Smithet al 2007). It is estimated that annuglNemission from soils into the
atmosphere is about 9.5 TgMN, that is 65-70% of global emissions ofQ\ of
which 3.5 Tg N yeat originate from agricultural soils, and 1 Tg N yéar from

grasslands (IPCC 2001). Nowa—T ble 1.N,0 smission (in Gg) f culture in Pol
i able 1. N,O emission (in Gg) from agriculture in Pol-
days, NO emission in tempera‘teand in 2005 as calculated according to the 2006 IPCC

climates reaches about 2.2 Kgnethodology (after Zaliwski and Purchata 2007)
N,O-N ha' year* (Sapek 2008)
Calculated emission of J® from Emission source JD emission in 2005
agriculture for Poland in 2005

has been shown in Table 1 (Za- Solls 288
liwski and Purchata 2007). Animal manure 34.0
Although not all of the sci-
entific community share the  Cropresidue burning 0.0
opinion related to human par- _
Total from agriculture 62.8

ticipation in enhancing the
greenhouse effect, studies to
clarify the mechanisms of greenhouse gases aregpopwlar and intensive. Addi-




tionally, in result of the initiatives containedtime UN Framework Convention on
Climate Change on Earth, many countries are olgligad reduce emission of
greenhouse gases in years 2008-2012 by about 5%acechto the level of 1999
(New York 1992, the Kyoto Protocol 1997).

Nitrous oxide is produced primarily by the activitf both denitrifying and
nitrifying microorganisms that inhabit the soilg&déments, water reservoirs and
sewage treatment plants. Other mechanisms relatechission of MO are: het-
erotrophic nitrification, aerobic denitrificatiome chemodenitrification.

The heterotrophic denitrification is considered thain source of pO. It oc-
curs after oxygen depletion, with nitrate(V), (N used by facultative anaerobes
as an alternative electron acceptors in the cooirgll metabolism. BD is an
intermediate product here. Studies on isolatedezyinvolved in the process of
denitrification suggest their strong sensitivity dgygen. Inhibition in the pres-
ence of @, especially in the case of,@ reductase that catalyzes the last step of
denitrification (a reduction of }D to N,). However, in a heterogeneous soil envi-
ronment, where air-filled pores are located clasthé anaerobic aggregates con-
taining micropores saturated with water, microhatbitfavourable to the devel-
opment of various microbial populations occur. Thafirmation of the possibil-
ity of denitrification process in aerated soil {lme presence of are reported
with **N-labeled nitrogen. The distinction between proesssf aerobic nitrifica-
tion and anaerobic denitrification asNsourcein situis very difficult or even
impossible. However, attempts to clarify the medsranof nitrous oxide forma-
tion in the soil seem to be desirable not only bheeaof the involvement of J
in creating the greenhouse effect, but also becthis@rocesses are involved in
the loss of nitrogen fertilizer that were applied.

It is generally accepted that the main source gD tb the atmosphere are
primarily wetland soils, and over fertilized soildowever, increasing attention is
paid to estimating the contribution of nitrificatido NbO emissions. Moreover, it
is not fully elucidated, which soil conditions deténe the full or incomplete
course of denitrification (to Nor ending at the stage,®, respectively). Due to
the adaptation of denitrifying microorganisms fasthb aerobic and anaerobic
conditions, their activity is characteristic forrigltural soils that have a wide
spatial and temporal variability of air-water cdiwhs

In the course of autotrophic nitrification,,® is a by-product. This aerobic
process is based on the gradual oxidation of ammorfNH,") to the form of
nitrates(V).



2. PROCESSES RELATED TO,® EMISSION AND SORPTION

Nitrous oxide is one of the elements that bind eamhemical cycles in soll
environment. MO appears in the course of several metabolic pathwha large
group microorganisms inhabiting the soil. Nitrouside in soils is produced
largely by the microbial process of denitrificatiand to a lesser extent by nitrifi-
cation. Nitrification is an aerobic process thaidmes ammonium (NK) to ni-
trate (NQ"), with N,O as a by-product, whereas dissimilatory nitrauction
(denitrification) is an anaerobic process that ceduNQ™ - to N,, with N,O as an
obligatory intermediate (de Klein and Eckard 200Bgnitrifying bacteria are
aerobes that substitute NGor NO,” for O, as the terminal electron acceptor
when there is little or no Lavailable. Denitrifiers are diverse in terms cfpiea-
tory and nutrient requirements. Thus, the distorctbetween the processes re-
sponsible for the production of,@ is often difficult or even impossible (Conrad,
1996). The problem is further complicated by thet that physiologically defined
groups of microorganisms are widespread in differ@xonomic units. It includes
proteobacteria, gram-positive and gram-negativeaebiac and fungi. Enzymatic
basis for the emission and sorptioh N,O are not fully recognized. The best
documented processes are denitrification and io#tibn (Zumft 1993, Ferguson
1994, Yeet al. 1994).

2.1. Denitrification

Denitrification is one of the most important sowa# nitrous oxide (Webster
and Hopkins 1996, Paul and Clark 1998). In the ggsdqFig. 1), D is an inter-
mediate product in the sequential reduction ofaté(V) (Zumft 1993, Ferguson
1994, Yeet al. 1994). Under appropriate conditionsNis further reduced to mo-
lecular nitrogen, Bl(Firestone 1982). This last step of denitrificatie responsible
for the sorption (uptake) of /. Thus, nitrous oxide is both produced and con-
sumed by denitrifying microorganisms.

NO3_|:> NOZ- —— NO — NZO —— I\l2
Fig. 1. Denitrification process

The enzymes that are involved in the denitrificatjrocess is a sequence:
NO;™ reductase (NAR), NO reductase (NIR), NO reductase (NOR) angDN
reductase (BOR) (Megonigakt al. 2004, Hinoet al. 2010).



Denitrification is very common among soil microongams. Hundreds deni-
trifiers were isolated from soils, most of them hegerotrophic, facultative anaer-
obes that belong to a variety of species (TabTB largest groups aiacillus
andPseudomonagenera (Lloyd 1993).

Table 2. Denitrifying microorganisms (Kotetk@t al. 1979, Lloyd 1993, Paul and Clark 1998,
Takaya, 2009)

Genus Species (examples) General charcteristics
Achromobacter A. liguefaciens, A. fisheri Organotroph
Aerobacter A. aerogenes Organotroph
Agrobacterium A. tumefaciens Organotroph
Alcaligenes A. eutrophus Organotroph
Aspergillus A. nidulans Eucaryota (fungi)
Azospirillum A. brasilense Organotroph
Bacillus B.LICHENIFORMIS Organotroph
Escherichia E. coli Organotroph
Fusarium F. oxysporum Eucaryota (fungi)
Halobacterium H. denitrificans Archebacteria
Micrococcus M. denitrificans ;??gﬁ;cus denitrificans,

Nitrosomonas

N. europea, N. eutropha Chemolithotroph

Paracoccus P. denitrificans Chemolithotroph (facultative)
Penicyllium Penicillium sp. Eucaryota (fungi)
P. denitrificans,
Pseudomonas Organotroph
P. stutzeri, P. aeruginosa
Rhizobium R. meliloti Diazotroph

Rhodopseudomonas R. sphaeroides

Thiobacillus

Photolithotroph

T. denitrificans Chemolithotroph (facultative)




Denitrification is the most common form of anaewotgspiration based on ni-
trogen. Energy is conserved by coupling electrandport phosphorylation to the
reduction of nitrogen oxides located outside thé Bmcause nitrogen is not as-
similated into the cell, the process is dissimitatdRespiratory denitrification is
more energetically favorable than Fe(lll) reducti®&®? reduction or methano-
genesis, and it tends to be the dominant form akeeobic carbon metabolism
when NQ™ or NGO, are available in poorly aerated soils.

The optimum pH for BD emission via denitrification varies with specésl
age of the organism and nitrate concentrationpimgt denitrifiers have optimum
pH for growth between 6 and 8. Although the progegavoured at slightly alka-
line pH, it proceeds up to pH as low as 3.5, and aacount for significant
N losses in acid soils (Aulaldt al. 1992).

Soil acidity through various mechanisms may moduthe emission of JD.
Increased soil acidity may lower the decompositiate of soil organic matter
(Perrsoret al. 1989), hence reducing the availability of N sudtstrfor NO pro-
duction. Higher soil acidity directly reduces titiation and denitrification
(Bramleyet al 1989). Influence of acidification may severelilsit N,O reduc-
tase with the result that denitrification yields id\LO than N (Weier and Gil-
lam, 1986). Another mechanism occurs when decrggsih reduces the avail-
ability of molybdenum that in turn may reduce tlyathesis of N@ reductase,
a molybdo-protein enzyme. Beside it with decreagifig NO,” formed by N@
reduction would become toxic and solubilization adiminium or manganese
might cause toxicity effects (Firestone 1982).

The actual mechanism of controlling®l emission in acid soils is still un-
known. Firestonet al (1980) reported that the influence of soil agidst exerted
through its effect on N©Qor NQO, formation. Sitauleet al. (1995) reported that
N,O fluxes were significantly reduced at pH 3, insezhwhen the pH increased
to 4, but again decreased at pH 5.5 (with no feetilapplication, as well as with
the application of 90 kg N hA. It is generally accepted that evolution ofON
relative to N increases with increase in pH (Aulaghal. 1992, Firestone 1982).

Most of denitrifying microorganisms are active alsoaerobic conditions.
The transition to anaerobic respiration metabolisnimplicated by the limited
availability of oxygen (Tiedje 1988). Denitrificati occurs in micro-spaces (mi-
crohabitats) where microbial,@emand exceeds the rate of its transport from the
atmosphere. Such conditions may occur when theofatiéfusion of Q is limited
by water filled pores inside the soil aggregatesgreas saturated with water, or in
places where oxygen demand is exceptionally high $pot} due to a local ac-
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cumulation of readily available organic matter (Bidvas et al. 1994, Pathak
1999). Parkin (1987) showed that a single leafgareim the soil, which constitute
only 1% of the soil mass, "supports" up to 85%h&f tlenitrification. Hgjbergt
al. (1994) using @and NO microsensors demonstrated oxygen consumption that
occurred on the surface of soil aggregates simedtasly with production of nitr-
ous oxide. Horret al. (1994) studied the colonization of the artificigregates
with a diameter of 20 mm by soil microorganisms.ligdiory anaerobes were
most numerous in the centre of aggregates, obligaterobes on the outer sur-
face, while denitrifying bacteria occupied an aveahe border aerobic/anaerobic
zone. According to some authors, denitrificatioows even in the driest ecosys-
tems on Earth (Peterjohn 1991).

Although the production of nitrous oxide is maieglynnected with the denitri-
fication occurring in anaerobic conditions, there many reports of JO forma-
tion by denitrifying microorganisms under aerobimditions. For example, some
species of facultative anaerotitseudomonasvere found to show the ability to
denitrife under aerobic conditions. Similarly, thepular enterobacteriascheri-
chia coli, and fungiAspergillusand Penicyliumcan reduce nitrates(lll) under
aerobic conditions (Yoshida and Alexander 1970ydllet al. 1987).

2.2. Nitrification

Nitrification is the process of oxidation of NHo NO,” and NQ~ (Fig. 2).
Aerobic, chemolitoautotrophic nitrifying bacteritilize CO, as a carbon source.
However, some nitrifiers use, to a lesser extergamic matter (Kotetkeet al.
1979). Oxidation of Nklto NO;™ is carried out mainly by two distinct groups of
bacteria:NitrosomonasandNitrobacter (Koopset al. 1991). In the case ditro-
somonasthe oxidation of NKlto NO,” occurs in two stages: the first is the oxida-
tion of NH; to hydroxylamine (NKOH), and the second is the oxidation of
NH,OH to NG,". The first step is catalyzed by the enzyme assmtiaith the cell
membrane, ammonia monooxygenase. Reaction redbggsresence of molecu-
lar oxygen, @ (Prosser, 1989). Although the majority (approxieha®5%) of the
total pool of NH + NH," at pH< 8 is present in the form of NH nitrifying mi-
croorganisms are referred to as ammonia oxidizersause at the enzyme level,
a form of NH; is used.

In the second stage, of the hydroxylamine is oridito NQ by hydroxyl-
amine oxidoreductase, an enzyme located in thelperic space (Hooper 1986;
Prosser 1989, Mulleet al. 1995). The oxidation of Nf has been observed in
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heterotrophic fungi, however, bacteria are congide¢he main source of NOn
most ecosystems.

N,O

]

NH, == NH,OH ——=NO, =—— NO;

Fig. 2. Nitrification process

In the course of nitrification, XD is formed in the first reaction step per-
formed byNitrosobacteriaceae.

The growth of nitrifying bacteria is slow even iavburable conditions. For
most species, the growth is optimal at a tempezatfi25-36C, pH 7.5-8.0, and
ammonia and nitrate(lll) concentrations of 2-10 raktl 2-30 mM respectively.
In such conditions, cell division time is approxielst 8 hours foMNitrosomonas
and 10 hours foNitrobacter (Bock et al. 1986). Optimum oxygen concentration
is only 3-4 mg Qdni* for the growth medium of these organisms (Pro$98e).
Hynes and Knowles (1984) observed in model stutles,the production of XD
by Nitrosomonas europaaander atmospheric Qlepends on the pH and a buffer
type, with minimum pH of 6.0, and optimum pH of 8& strong increase in the
emission of MO at pH 8.5 was observed when the inorganic buffes replaced
by an organic one (Hynes and Knowles 1984).

Although field measurements indicate that higloNmission rates generally
coincide with soil conditions that are conducive denitrification (anaerobic,
good NQ™ supply), nitrification is often an essential parisite for the conver-
sion of urine and N fertilizer inputs into soil NQde Klein and Eckard 2008).

2.3. Other processes running with the emission of .8

It has been recently shown that other, less knoetabolic pathways occur in
soil that are associated with the use of nitratpg( production PO and N
(Zehr and Ward 2002).
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2.3.1. Denitrification led by nitrifiers (nitrifier denitrification)

Some nitrifying bacteria produce, Nrom NH," using Q or NG, (nitrogen
dioxide) as oxidants. The process has been nantéfienidenitrification, which
indicates that it involves autotrophic NHoxidizers with an enzyme system
similar to that of the heterotrophic denitrifyingdieria (Fig. 3), (Goreaet al.
1980, Robertson and Kuenen 1984, Poth and Focha, MBageet al. 2000,
Megonigalet al. 2004). What is the final product of the routedéfpends on the
type of microorganism and the presence of availablectron acceptors
(Lipschultz et al. 1981, Hynes and Knowles 1984, Remde and Conra@,199
Bock et al. 1995). All isolated autotrophic microorganismsttbaidize ammo-
nia, and have the ability to aerobic denitrificatidbelong to théNitrosomonas
genus (Ritchie and Nicholas 1972, Anderson and rieevi986, Kuenemt al.
1994, Bocket al. 1995).

N,O

i

NH; == NH,OH=—"=NO, =—~— NO —— N,O

@

N,

Fig. 3. Nitrifier denitrification

The mechanism of XD production in the course of this process remaims
clear. Two hypothesis for aerobic denitrificatioe @roposed. The first indicates
that NO is produced by the ammonia oxidizing microbidivéty (Ritchie and
Nicholas 1972; Boclet al. 1995), while the latter suggests the chemicalreauii
the reaction (chemodenitrification) in which undtalintermediate products of
nitrification are converted (Hynes and Knowles 198#ivenet al. 1992). The
study under aerobic and anaerobic conditions wsittope™N has confirmed that
the main mechanism involved in the production gONvas here the enzymatic
reduction of N@ (Andersoret al. 1993, Jetteet al. 1997).
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2.3.2. Denitrification dependent on nitrification)

Under natural conditions, nitrate(V) is the endduat of chemoautotrophic
nitrification. This compound is not used by orgamssthat carry out this process,
while it is attractive for heterotrophic denitrifieas the terminal electron accep-
tor. Since nitrification occurs mainly under aembonditions, while denitrifica-
tion occurs mainly under anaerobic conditions, ¢h®g processes are spatially
"separated". However, if there are sufficientlysedo each other, then the NO
transport and utilization can be relatively rap&bme authors combine these
processes and called them as nitrification dependiemitrification (Fig. 4). The
process requires the presence of,NK,, and both aerobic and anaerobic mi-
crosites. Some distinct groups of microorganisnes iavolved in this process
(both autotrophic and heterotrophic) and the nedatproportions of secreted
forms of NQ~, NO, NO and N may vary considerably. Several factors may
cause the reduction of NOto N, will be incomplete, which is reflected in the
production of intermediate products (NO angDiN

NO, —— NO — = N,O

@ {}

N,O NO, N
2

i

NH, == NH,OH=~NO,

Fig. 4. Coupled nitrification-denitrification

Typical nitrification dependent denitrification &k place in water reservoirs,
where nitrification is the main source of Rdor microorganisms performing
denitrification process (Seitzinger 1988). A simi&tuation may be observed in
unfertilised soils, where the availability of N fos is heavily dependent on the
level of the activity of bacteria assimilating,Nhat catalyze ammonification of
organic N compounds and nitrification of ammoniwmi. However, denitrifica-
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tion process is independent of the nitrificatidnemough nitrate(V) are supplied
to the soil from external sources such as fertili@g@degonigalet al. 2004).

2.3.3. Dissimilative reduction of nitrates (V) to aamonium (DNRA)

Dissimilative reduction of nitrate to ammonium (FB) is an anaerobic mi-
crobial process in which NQis converted to N@, and next to Ni. These re-
actions are catalyzed by nitrate reductase andenreductase. In this process,
N,O is a by-product. Conditions favourable for DNR#Ae aimilar to those of
denitrification (Tiedjeet al. 1982, Zumft 1997).

NH,*

i

N,O <= NO,

|
NO,

Fig. 5. Dissimilative nitrate reduction to ammonium (DNRA)

It is also assumed that,® can be reduced to,Mot only by denitrifying bac-
teria, but also by some bacteria that carry outDhMNRA process (Samuelsson
1985, Teraguchi and Hollocher 1989, SchumacheiKandecka 1992).

2.3.4. Non-biological processes

Some reports indicate that an abiotic origin @©ONn soil is possible. For ex-
ample, NO may be produced by chemical decomposition of NBooper and
Terry 1979). The reaction is favoured by a low gHe main products are NO
and NO in small amounts (van Clemput and Baert 1984 tikiinen and De
Boer 1993).

According to some authors, chemodenitrificatioa. (themical decomposition
of NH,OH to N,O, and chemical reaction between the,H and NQ") causes
loss of inorganic nitrogen that can be observedndugrowth of Nitrosomonas.
europea in aerobic conditions (Stiwatral 1992). However, formation of @ by
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chemical reaction of NO and hydroxyl amine does not seem to be important
since there was no significant increase in the oatd,O production by the addi-
tion of NO, or NH,OH in soils (Bremneet al. 1980). Yoshinari (1990) also re-
ported that chemical production ob®l in soil and other ecosystems is of minor
importance as a source of@Isince the reaction becomes significant only @ th
presence of relatively high NOconcentration (>1 mM), which is not commonly
found in natural environments. In spite of lot abrk on the mechanism of ,N
emission, the primary source of observed soil émisg often uncertain. It is
generally assumed that a majority ofQNproduction occurs in proximity to the
surface of soil (Conraét al. 1983). However, Burton and Beauchamp (1994)
observed a significant sub-surfaceONproduction. They emphasized the need to
examine the soil as a three-dimensional body fodypction, transport and storage
of N,O. Seiler and Conrad (1981) concluded thg®Npbroduced at depths are
likely to be consumed in upper soil layer duringvapd transport by a diffusive
process. This process of@ reduction to Mduring diffusion would be enhanced
if the soil were wet, since diffusion coefficierftid,O is much less than that of N
(Leteyet al 1980).

Presumably, abiotic D production in most ecosystems is negligible (Web-
ster and Hopkins 1996).

3. NO PRODUCTION AND UPTAKE IN LABORATORY EXPERIMENT (SIL
INCUBATION AT DIFFERENT OXYGEN, NITRATE AND ORGANICCARBON
AVAILABILITY)

Although field studies give real information onemission from soils to the
atmosphere, laboratory experiments are very udedohuse allow to eliminate
influence of temperature. Temperature largely tlagts, and thus strongly effects
metabolic activity of soil microorganisms in theatural ecosystems.

This chapter reports the result of the experimeitth wacubation of 10 top-
soils (Tab. 3) of different texture (Cambisol, Lsmi, Phaeozem, Solonetz) under
laboratory conditions (Szarlip 2009). Control sdilthout addition of N and C
substrates), and soils with medium optimal for tié@rs (containing N@, glu-
cose and microelements) were incubated under aecolniditions (wet soils) or
under restricted Odiffusion (flooded soils) at 2C. In additional variants, soil
headspace was replaced with td create anaerobic conditions at the start of the
incubation.
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Experiment included seven variants.

Control soils — incubation without amendments:

e KT variant — aerobic conditions (wet soil, pF 1.5),

* KZ variant — restricted gdiffusion (flooded soil),

Stimulation of denitrification (nitrate and glueoadded):

e DT variant — aerobic conditions (wet soil, pF 1.5),

e DZ variant — restricted £iffusion (flooded soil),

« DB variant — anaerobic conditions {Btmosphere, wet soil, pF 1.5).

Stimulation of NO uptake (MO added):

« PT variant — aerobic conditions (wet soil, pF 1.5),

e PB variant — anaerobic conditions,(&tmosphere, wet soil, pF 1.5).

Nitrate was added as KN@B5 mg N kg™ soil™). Initial glucose and D con-
centrations were 1 g Kgand 1% v/v, respectively. The medium optimal foe th
growth of denitrifying microorganisms composedkiiO; — 2.0 g, glucose — 10.0 g,
CaCl— 5.0 g, Winogradski salts — 50 Endlistilled water — up to 1000 &jrwas
added in an amount of 0.1 &mer 1 g of soil (Pochon and Tardieux 1962). Wino-
gradski salts contained:,KPQ, — 5.00 g, MgS@7H,0 — 2.50 g, NaCl — 2.50 g,
Fe(SOy); — 0.05 g MnSQ- 0.05 g, distilled water to 1000 &m

The composition of the air above the soil was aeiteed by gas chromatog-
raphy analysis using the Shimadzu GC14 chromatbgegpipped detectors TCD
and ECD. Measurements of soil redox potential(€kdi and Stpniewski 1985)
confirmed aerobic conditions of soils incubategftl.5 (Eh in average 543 mV
at the end of the incubations).

Tested soils showed high variability of their prodan and consumption
of N,O.

3.1. Control soils without amendments, aerobic calitions — KT variant

Production of nitrous oxide in control variant undesrobic conditions are
presented in Figure 6. Production ofONin the most active soil, Pheozem No.
794, began on the third day of incubation. The eatration of nitrous oxide was
maintained at a level of 0.6-0.7 mg¢N kg™ for a week and then rapidly in-
creased to a value of 1.96 mgONN kg™. In the case of soil No. 302 (Cambisol),
N,O production started only after 10th day of incidratand NO concentration
at the end of incubation was 0.68 mg N'kg
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In Solonetz soil (No. WA4), ) oscillated between 0.34-0.69 mgONN kg™
Two soils (Luvisol No. 27 and Cambisol No. 733) wied no NO production
during aerobic incubation without amendments (Hab.

In control aerobic variant, N20O uptake was recomdiating incubation of four
soils No. 691 and 794 (Phaeozems), A1 (Cambisol), W4 (Solonetz). The
highest N20O production and uptake rate showedNmwil 794, but only soil No.
691 (both Phaeozems) consumed all N20 that wasomsly produced.

Table 4. Production and uptake of nitrous oxide,@ in control soils incubated under aerobic
conditions

KT Production NO Uptake NO

The highest The highest Tgemrgngﬁ The highest % of
Soil of pr?)rc;]l?cuen(; NO production rate of uptake rate d%rg(; d
No. N,O uptake
27 0.0 - - - - - - -
302 0.688 21 0.083 14-21 - - - -
554 0.169 21 0.024 14-21 - - - -
691 0.044 14 0.011 10-14 0.044 0.006 14-2100
733 0.0 - - - - - - -
794 1.957 21 0.301 1-3 0.137 0.017 7-10 7
Al 0.143 21 0.02 3-7 0.021 0.004 7-10 15
Cc2 0.183 21 0.026 14-21 - - - -
S3 0.164 21 0.034 1-3 - - - -
W4 0.693 21 0.236 0-1 0.021 0.040 7-10 29

3.2. Control soils without amendments, restricted @diffusion — KZ variant

Figure 7 illustrates the dynamics of®lin the control soils (without C and
N addition) incubated under flooding which limitgygen availability for soil
microorganisms. Under restricted, @iffusion, denitrification activity was
higher than under aerobic conditions. The mostvactbil (Pheozem No. 794)



21

started NO production after 1 day lag, and® maximum of 17.2 mg )O-N
kg™ was reached on the 10 days of incubation. Neightsuptake of NO be-

gan, which lasted to the end of

incubation. In pdwls, NO fluctuated between

3 and 7 mg BD-N kg* (soils No. 302 and A1, Cambisols) or in a lowarga
(other soils). Soil No. 27 (Luvisol) also in thianant did not produced .
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In general, soils incubated under limited dffusion showed higher denitrifi-
cation activity than under aerobic conditions (gtas soils No. W4 and 27). The
most pronounced increase, about 7-9 fold, was wbdén the case of Phaeozems

No. 794 and Nos. 302.
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N,O uptake showed all soils with exception of soiblsol No. 27. The high-
est ability to NO uptake showed Pheozem No. 794. Only SolonetZNoilW4),
however, consumed all,® formerly produced. In other soils, the amouniNgd
that was taken up accounted for 10-46% of its marmnobserved during incuba-
tion (Tab. 5).

Table 5. Production and uptake of,® in control soils incubated under restrictedd@fusion

Kz N,O production MNO uptake
The highest The highest The highest The highest
amount amount

production rate uptake rate

Soil of produced NO of N,O uptake % of
No. emitted
MINON  pgy MENON pg  MONON MINON o
27 0.0 - - - - - - -
302 5.763 14 2.275 0-1 0.749 0.113 7-10 13
554 0.553 1 0.553 0-1 0.254 0.085 1-3 46
691 0.678 7 0.161 1-3 0.251 0.045 7-10 37
733 0.501 21 0.088 3-7 0.070 0.017 7-10 14
794 17.24 10 3.696 1-3 2.586 0.283 14-21 15
Al 3.900 10 1.325 1-3 1.170 0.238 10-14 30
C2 1.667 21 0.131 10-14 0.167 0.008 3-7 10
S3 1.684 10 0.516 1-3 0.269 0.057 10-14 16
W4 0.038 1 0.038 0-1 0.038 0.010 7-10 100

3.3. Stimulation of denitrification, aerobic condiions — DT variant

Incubation with addition of nitrate and glucose @men optimal for the
growth of denitrifying microorganisms) allowed thosv the potential of tested
soils to NO production under aerobic conditions with no latibn of the process
by insufficient availability of the substrates (F&). Most active soil in this vari-
ant was Phaeozem soil No. 794. Already after tltt@gs of incubation, pO
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in soil headspace reached a high value of 18.14383N kg*, and at the end of
incubation, NO concentrations as 20.22 mgANN kg™
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Fig. 8. Changes in the concentration ofNin tested soils enriched denitrification subssahcu-
bated under aerobic conditions. Note differentexcah the graphs
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In soil No. 27 (Luvisol), the production of,8 started at the beginning of incu-
bation, and after 7 days reached m@N,O-N kg™ (Tab. 6). Thus, for this soil in
previously presented the control variants (KT ar¥),Khe limiting factor for the
production of NO was a shortage of denitrification substrates N@d/or glucose.

The addition of C and N substrates resulted instiraulation of denitrifica-
tion also in soil No. 554 (Luvisol). In this cagke amount of evolved J@ was
even higher than in soils No. 302 and W4 (Camtasal Solonetz, respectively),
which belonged to more active soils in control aats.

In DT variant, all soils showed the ability to theoduction of NO. However,
in some soils — Phaeozems No. 691 and S3, and dlukik — the amount of
evolved NO was even lower than in control KT variant (10g8n by 50% and
by 10%, respectively). Soils ability to,® sorption ranged between 0 to 100% of
its maximum value (Tab. 6).

Table 6. Production and uptake of nitrous oxide in testeits snriched denitrification substrates
incubated under aerobic conditions

DT N,O production MO uptake
The highest The highest
amount The highest amount The highest
of produced production rate of N,O uptake rate
N,O uptake % of
Soil No. 2 emit-
mg mg ) mg ted
N,O-N Day N,O-N  Day mgkN%? N N,O-N  Day
kg™ kg o™ g kgld?
27 5.601 7 0.968 1-3 1.344 0.116 14-21 24
302 1.487 21 0.132 14-21 0.0 - - -
554 7.739 3 3.608 1-3 1.470 0.209 3-7 19
691 0.004 10 0.002 1-3 0.004 0.001 10-14 100
733 7.526 14 1.290 0-1 0.677 0.099 14-21 9
794 20.22 21 9.069 1-3 1.415 0.184 7-10 7
Al 0.127 14 0.018 3-7 0.032 0.005 14-21 25
c2 2.798 3 1.399 1-3 2.322 0.579 3-7 83
S3 0.059 7 0.016 1-3 0.055 0.009 10-14 93

w4 3.516 21 0.662 0-1 0.844 0.065 7-10 24
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3.4. Stimulation of denitrification, restricted O, diffusion — DZ variant

All soils incubated with addition of nitrate andugbse under flooded condi-
tion showed ability to BD formation (Fig. 9). Soil No. 302 (Cambisol) shawe
other pattern of BD changes than other soils. The concentration isf glas
reached a high value of 65.2 mgONN kg™ on the third day of incubation. Then
N,O was consumed. For other soils, maximup®Nh the headspace was in the
range of 0.174-18.5 mg,®-N kg™ (Tab. 7).
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Fig. 9. The changes in JD concentrations in tested soils enriched with wiéioation substrates
incubated under restricted, @iffusion. Note different scales on the graphs
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Fig. 9. Cont. The changes in JD concentrations in tested soils enriched with wi§ication sub-
strates incubated under restrictedddfusion. Note different scales on the graphs

These results confirmed that at limited oxygen eoi@tion, NO produced

(as an intermediate product of denitrification) emdent further reduction to N
In most soils, MO uptake occurred within few days after its maximeoncentra-
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tion. However, in Cambisol No. 302, only 35% of kenl N,O was consumed.
It should be point that soil conditions createdhis variant can occur in soils
with organic or mineral fertilization after a heaajn.

Table 7. Production and uptake of nitrous oxide;ONin soils enriched denitrification
substrates incubated under restrictedli@usion

Dz N,O production NO uptake
The highest
The highest amount  The highest amount The highest
of produced MO production rate of N,O uptake rate % of
Soil uptake pro-
No. duced
mg mg mg N,O-N mg
N,O-N kg™ Day NZ(B-I\J Day kg™ N2(3-|\£ Day
z kgld- kgld-
27 0.174 3 0.087 1-3 0.174 0.044 3-7 100
302 65.241 3 23.591 1-3 22.834 3.216 3-7 35
554 7.547 1 7.547 0-1 7.547 3.428 1-3 100
691 3.812 1 3.812 0-1 3.812 1.444 1-3 100
733 4.457 3 2.228 1-3 4.279 0.962 3-7 96
794 16.707 1 16.707 0-1 13.867 6.949 1-3 83
Al 14.908 1 14.908 0-1 14.312 4.838 1-3 96
Cc2 0.771 21 0.651 0-1 0.771 0.294 1-3 100
S3 18.541 1 18.541 0-1 17.243 5.421 1-3 93
w4 2.187 1 2.187 0-1 2.187 1.030 1-3 100

As compared to the control variant without subssatddition (KZ), an in-
crease in the production of,8 in all soils was observed in the range from 3.8
times (Cambisol No. Al) up to 57.8 times (Solorétz W4).

3.5. Stimulation of denitrification, anaerobic condtions — DB variant

In this variant, soils were incubated with nitrft8sand glucose, with soil
headspace was replaced by N
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The highest concentration of,® in this variant was 33.21 mg,®-N kg™
that was observed in Phaeozem No. S3 (Fig. 10¢oAgared to BD maximum
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bated under anaerobic conditions. Note differeatescon the graphs
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recorded in conditions of limited oxygen availdlil{previously discussed DZ
variant), this value was twice lower. Besides, urml@erobic incubation, lower
N.O production was observed also in soils No. 303, $91 and 794 (Cambisol,
Luvisol, Phaeozem). In other soils, an increasth@amount of produced,®
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(up to 23 times in Luvisol No. 27) was observed.most soils, formation and
consumption of nitrous oxide was intensive. Alllsaonsumed 100% of JO
produced, and most of them — already after 3rdadaycubation (Tab. 8).

Table 8. Production and uptake of nitrous oxideNin soil samples enriched with denitrification
substrates incubated under anaerobic conditions

DB N,O production MO uptake
. The highest
The highest The highest amount The highest
amount roduction rate of N,O uptake rate 0
Soil  of produced MO P 2 P % of
uptake pro-
No.
mg duced
MONON - pay MIRON - pgy  MIMON  NON  Day
kg kg™d" kg 11
kg™d
27 4.055 3 1.910 1-3 4.055 1.014 3-7 100
302 5.216 1 5.216 0-1 5.216 2.608 1-3 100
554 6.216 1 6.216 0-1 6.216 3.108 1-3 100
691 2.663 1 2.663 0-1 2.663 1.325 1-3 100
733 14.453 3 6.795 1-3 14.453 2.579 3-7 100
794 9.920 1 9.920 0-1 9.920 4.960 1-3 100
Al 17.008 1 17.008 0-1 17.008 8.504 1-3 100
Cc2 1.414 1 1.414 0-1 1.414 0.707 1-3 100
S3 33.211 1 33.211 0-1 33.211 16.606 1-3 100
w4 2.772 1 2.772 0-1 2.772 1.353 1-3 100

3.6. Stimulation of NO uptake under aerobic conditions — PT variant

The results described above illustrate the capadiindividual soils to pro-
duction of nitrous oxide and its uptake under défe availability of organic car-
bon, nitrate(V) and oxygen, On this basis, differ®rils can be compared mainly
in terms of NO evolution. Addition of nitrous oxide allow to elinate a restric-
tion on the reaction rate by a too lowQNconcentration.
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Under aerobic conditions, the uptake ofONwas relatively low (Fig. 11).
In some soils (soils No. 27, 733, S3), an additioslaght increase of pO during

the incubation was even observed.
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Marked decrease in the concentrations of nitrougeowas noted only in soils
No. 554 and 794 (Luvisol and Phaeozem, respecjiveRable 9.

Table 9. Uptake of added nitrous oxide under aerobic cauht

PT N,O uptake

Soil No. a(t:?hnec ggtg;%t;ﬁg 9 Maximum amount The highest uptake rate 0 .

mg NeO-N kg™ mg NO-Nkg®  mg NO-N kg'd®  Day 0 Of maximum

27 106 153.4 3.42 14-21 16
302 128 157.4 2.93 7-10 26
554 179 179.0 23.19 1-3 71
691 120 157.7 3.44 14-21. 25
733 148 204.5 5.65 14-21. 19
794 120 120.0 26.35 1-3 80
Al n.t. n.t. n.t. n.t. n.t.
c2 100 137.5 2.90 14-21 14
S3 110 124.3 4.71 14-21. 27

W4 n.t. n.t. n.t. n.t. n.t.
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3.7. Stimulation of NO uptake under anaerobic conditions — PB variant

The dynamics of uptake of added nitrous oxide uraeerobic conditions
(N, atmosphere) has been shown in Figure 12, and Hegsavere given in Ta-
ble 10. The large uptake of addegdONwas observed in all tested soils. In most
soils, this process occurred intensively alreadyhat beginning of incubation,
between the first and the third incubation day.
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Fig. 12. Uptake of added nitrous oxide under anaerobicibomsl Note different scales on the graphs
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Fig. 12 Cont. Uptake of added nitrous oxide under anaerobic itiond. Note different scales on
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In five soils (Phaeozems No. 691, C2 and S3; Carhl#4; and Solonetz
W4), after three days of incubation, a completapjiearance of nitrous oxide
was observed (Figure 12). After three weeks ofiticebation, in two soils only
(Cambisol No. 733, and Phaeozem No. 794), the copsan of added BD was
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not total — in result of incubation under anaeratdaditions soils were able to
consume of 90-100% of added\

Table 10.Uptake of added nitrous oxide under anaerobic itiond

PB N,O uptake
Added NO The highest uptake rate
Soil No. % of maximum
mg NO-N kg mg NO-N kgt d?  Day
27 131.15 24.09 0-1 100
302 154.42 64.50 1-3 100
554 171.62 62.56 1-3 100
691 151.11 78.30 1-3 100
733 136.57 22.71 3-7 90
794 150.51 67.78 1-3 99
Al 87.51 55.11 1-3 100
C2 102.92 52.43 1-3 100
S3 104.08 51.01 1-3 100
W4 113.57 49.92 1-3 100

This study confirmed a significant influence oflsmnditions on the formation
and consumption of nitrous oxide. Multivariate s of variance of the results
obtained for 7 experimental variants presentedealbewed, that D concentration
in soil headspace significantly depended on sodraiments, inherent soil properties
(i.e. tested soil) and oxygen availability, P<0.(8arlip 2009).

4. SOIL CONDITIONS FAVORING THE PRODUCTION AND UPTHE OF NO

The experimenteported in Chapter 3 with incubations of 10 sailgdified
by different availability of oxygen, nitrate andganic carbon showed that all
tested soils have potential ability tg@l production and sorption. Under control
conditions (without C and N addition), the maximiyO observed in soil head-
space was 17.2 mg,8-N kg™ . Soil amendment with denitrification substrates,
nitrate and glucose (35 mg NGN kg™ and 1 g kg, respectively) resulted in larger
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N,O production, up to 65.2 mg,8-N kg™. In average, 4-fold increase®™ as
compared with control soils was noted. Tested sailéed in their denitrification
activity. Both the lowest and highest level (avexdor all variants) showed
Phaeozems developed from loess (No. 691 and No.r&&dectively).

Under flooded conditions (restricted, @vailability), the NO concentration
was the highest, in average 5.51 m@®M kg™ . Lower NO was under anaerobic
conditions (N atmosphere) in average 3.29 mgo\N kg™, while the lowest — in
wet soils (aerobic conditions) — in average 2.56Ng@-N kg™

The consumption of O produced during incubation was more efficient in
flooded than in wet soils (variants DZ and KZ vesrsariants DT and KT, respec-
tively, see Table 11). Most soils consumed nealllyNaO under anaerobiosis,
both produced during incubations and added attdmt af the experiment (vari-
ants DB and PB, respectively), (Szarlip 2009). Ehessults are related to the
sensitivity of the enzymes of the denitrificatioatipyvay to Q. It was mentioned
above, that this sensitivity is inversely propantibto the degree of substrate oxi-
dation state and increases in the orderz; N@®ductase < NOreductase < NO
reductase < pD reductase (Dendooven and Anderson 1994, McKeehey.
1994, Joye and Hollibaugh 1995).

Table 11.Average concentrations of, and the percentage of® that was consumed in individ-
ual variations, explanation in the text (Szarli2p

. . N,O, average concentration N,O consumed
Soil variant

mg N kg* (% of N;O maximum)
KT 0.164 18.9
KZ 1.97 28.1
DT 3.29 384
Dz 551 90.2
DB 2.56 100.0
PT 126.38 34.7
PB 134.34 99.0

Accumulation of the products of incomplete derigdfion such as NO and
N-O may result from the large NOto Gy, ratio, or from disturbed balance be-
tween different stages of the process. It is assible, that some microorganisms
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do not produce certain enzymes, that leads to ¢eanaulation of by-products
(Tiedje 1982). Total reduction of nitrate to, M also favoured by neutral pH
(Simeket al. 2002).

Oxygen is considered to be inhibitor for denitnfy enzymes (Knowles
1982) although the critical limit of Qvaried among different species of denitrify-
ing bacteria. The MO yield during nitrification activity is inverselgorrelated
with the concentration of dissolved (Anderson and Levine 1986). Increased O
content enhanced production ofNrelative to N during denitrification. Under
anaerobic conditions, & production was initially found to increase, bthistwas
followed by NO consumption in the system and its conversion 1doyNN,O
reductase (Firestoret al 1980). Leteyet al(1981) reported that the soil can act
as a NO sink under anoxic conditions. They also repottet NO emissions
were higher in soils with fluctuating redox potahtstablished by alternate wet-
ting and drying cycles.

Hu et al. (2010) evaluated the control parameters fg® Nemission in the
wastewater treatment process;ONemissions were compared in the activated
sludge from anoxic—aerobic sequencing batch remetoclimated under different
aeration rates, and fed with synthetic wastewaesults showed that a higher
aeration rate led to a smallesg® emission, while reactors acclimated under mild
aeration performed the best in terms of nitrogenoneal efficiency. Most of the
N,O was produced during the aerobic phase, regardfebge aeration rate. Ex-
periment showed that ® production in the anoxic phase was relativelygins
nificant. This was because the pre-denitrificatimocess used in this study cre-
ated an optimum circumstance for denitrificationd avery little NO was pro-
duced through conventional denitrification since O produced was reduced
to N, immediately by nitrous oxide reductase@R). The similar result obtained
Shiskowskiet al. (2004). The “DO (Dissolved Oxygen) roof value”fdied sig-
nificantly through the aerobic phase under differaeration rates. During ex-
periment the DO was maintained around 0.2 mg’dbonder low DO concentra-
tion, the NO reductase is more susceptible to oxygen thaataitnd nitrite re-
ductase (Schulthess al. 1994). As a result, the,® reduction rate is lower than
the reduction rate of nitrate and nitrite. Over126.of removed nitrogen was
emitted to the gas phase agONHowever, once the DO level gets to the critical
value of 1 mg di, the NO'N conversion rate decreased significantly.

Stimulatory effect of nitrate and glucose additias investigated also in the
experiments of other authors. Soil conditions (higbisture, high N@ content
and addition of organic C) in study Bérgstermanmt al. (2011 were established
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to favour denitrification. The fast increase anghhlevel of NO and N fluxes,
especially at the beginning of incubation, showdRpected effect that nitrate and
glucose stimulated the growth and activity of tkeittifier population (Tiedjet al.
1983). The impact of the amendment on the timessof (N+N,O) is probably
a combined effect of Oconsumption during & respiration, high N@ supply and
high supply of electron donors for denitrifiers.dbease of denitrification rates and
CO, fluxes apparently reflected the ongoing exhaustioglucose. The Nand NO
fluxes at the end of incubation were thus dominatedenitrification based on soil
derived organic C. In the last phase of the expartmboth (pre-wet and pre-gry
treatments had rather similar low gaseous N pramluctack of energy was the
likely reason for that because there was stilbtétifor denitrification in both treat-
ments. Total denitrification as given by mean#N,O) fluxes during the experi-
ment was relatively high (3.67 kg Nha™ for pre-wet and 6.27 kg N Had™ for
pre-dry) (Bergstermangt al.2011).

Nitrogenous gas emission from soils varies stromgth soil water content.
Soil water can directly and/or indirectly influencenitrification through: (1)
provision for suitable conditions for microbial grth and activity; (2) restricting
supply of Q to microsites by filling soil pores; (3) releaseawvailable C and N
substrates through wetting and drying cycles; adofoviding a diffusion me-
dium through which substrates and products are thoeweand away from soil
microorganisms (Aulakret al 1992). The water content at which efflux from
soils peaks generally increases for the producthienorder: NO > BD > N.,.
(Williams et al. 1992). Intensive production of NO is observed labua 20%
WFPS (water-filled pore space),® production at the higher soil moisture, about
70% WFPS, whereas,Nroduction occurs mainly in soil saturated witht@vaor
flooded (Druryet al. 1992, Yang and Meixner 1997). In spite, productdm,O
resulting from autotrophic nitrification increasas about 60% WFPS because
such air-water conditions favour the aerobic micgaaisms, whereas the activity
of denitrifiers is relatively low (about 5% of thabserved in saturated soil). In
soils with low humidity (<50% WFPS), & production decreased, and below
15% WFPS microbial activity associated with the s=w@n of NO ceases as
a result of water scarcity (Bateman and Baggs 288pgk 2008).

Henaultet al. 1998 and Frenegt al. 1979 reported that /A emission in-
creased with increase in soil water from air dryfiedd capacity. When water
content is greater than field capacity(Ngets reduced to,N\Bremner and Black-
mer 1979, Frenegt al 1978).
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Bartonet al. (1999) observed for agricultural and forest sdhst denitrifica-
tion was more intensive at higher WFPS in the saailg (74-83% WFPS), than in
clayey soils (50-74% WFPS). The average WFPS abdveh the authors ob-
served increased denitrification was 65%. Maljaetal. (2007) observed no
production by Dystric Regosol in the range of 204WFPS, and an increase of
N,O emission with increasing soil moisture to its maxm at 80-90% WFPS.
Sheltonet al. (2000) showed a linear increase isgONemissions between 60% and
100% WFPS. Figure 13 shows content eONn soil headspace versus WFPS in
10 mineral soils incubated under different avaligbiof oxygen, nitrate and C
source (Chapter 3). Other authors reported thealio@ar nature of the relationship
with a maximum emission at around 60% WFPS (David$691) or 80-85%
(Dobbieet al. 1999). The relation between soil air-water condii (expressed as
WFPS) and BD emission has been determined in numerous exp@sntuchkina
et al. (2010) showed in the experiment under field caonl, that soil water-filled
pore space affects,® emission from the soil only if extra nitrogenaigplied into
the soil in the form of fertilizer and/or manur&xperimental plots receiving no
extra nitrogen never emitted muchQNwhatever the soil WFPS. Moreover,ON
emission from the soil receiving extra nitrogerfeatilizer/manures was never high
if soil WFPS was low.
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Fig. 13. The relationship between WFPS angDNn soil headspace of 10 mineral soils (Luvisol,
Cambisol, Phaeozem, Solonetz) incubated undereliffe€ and N and Lavailability (Szarlip 2009)

Vilain et al. (2010) tested effect of slope position and langl as NO emis-
sions. The authors observed no relationships betweetents of N or organic
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carbon and BD emissions, and showed that the influence of WHPE,0O emis-
sion rates was also explored and in return clearigenced that high JD fluxes
dominated between 50% and 70% WFPS with a highab#gity. These results
demonstrated a maximum of® fluxes close to 60% WFPS.

Allen et al. (2010) investigated an effect of nitrogen feréliznanagement
and soil waterlogging on nitrous oxide emissiomfrsubtropical sugarcane soils
in a field experiment. The authors confirmed theavy rainfall or soil flooding
increases the magnitude ofM emissions. The authors suggest thgD Mmis-
sions can be reduced by timing N fertilizer applma

The experiment of Jiangt al. (2010) on nitrous oxide emissions from Chinese
croplands fertilized with a range of slow-releasteogen compounds (including
physically altered — Ca-Mg-P-coated urea, polyneatted urea and sulfur-coated
urea, chemically altered -urea formaldehyde, andha@mically inhibited -urea with
dicyandiamide and hydroquinone) observed high Mmission at 50-65% WFPS.
Similarly, McTaggart and Tsuruta (2003) reportedtthbO emissions from an
Andosol was higher at a WFPS of 55% than at 70-8D8i results agree with a
previous study at the North China Plain showing th# emission was greatly
affected by soil moisture during the maize growdegson, and by soil temperature
during the wheat growing season (Dgtgal. 2007, Jianget al. 2010).

Dependency of nitrous oxide formation and uptakeiotwater conditions in
soil is caused not only by different sensitivityd#nitrifying enzymes to oxygen.
Apart from this, water in soil effects gas diffusiand solute transport. High wa-
ter content restricts the diffusion of gases (paférly oxygen, whose diffusion is
about 16times slower than in air (Glski and Sgpniewski 1985), while favours
diffusion of water soluble compounds. Because fyitrj bacteria require both
oxygen and NH, optimum for the availability of both these substés occurs
when soil is moist but not flooded (Willianes al. 1992). However, such situation
favours the production of O, as both nitrification and denitrification underg
and produce this gas (Stevestsal. 1997). Effect of soil moisture on,® emis-
sions is complex, because simultaneously it caodmsumed (sorbed) by micro-
organisms. Higher moisture increases microbi& Monsumption by limiting gas
diffusion into the atmosphere and thereby an irsgead its residence time in soil
pores (Skibat al. 1997).

Currently it is believed that the biological prosdhat is responsible for,N
consumption in the soil is its reduction te. The NO loss can be observed after
its introduction into the soil incubated under aonbhé& conditions (Blackmer and
Bremner 1976, Teraguchi and Hollocher 1989). Simtteus oxide is an interme-
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diate product of denitrification pathway, it is éxed from microbial cells into the
soil air. Thus, it can be used as the only elecamaeptor to support the growth of
denitrifying bacteria (Koike and Hattori 1975, Béagki et al. 1986, Zumft and
Knoreck 1990, Okereke 1993).

Because BD in soil is of microbial origin, the intensity @ formation is
controlled by all the factors that affect microlgabwth, such as temperature, pH,
oxygen, soil moisture, as well as soil type andlaldity of organic carbon (Paul
and Clark 1998). In the field soils, the processémted to MO formation depend
also on soil management — fertilization, irrigati@yricultural practices, plant
cover, the use of chemicals (Wiodarczyk 2000, Méegpdret al. 2004).

The stimulatory effects of nitrates(V) and orgao&bon on the activity of
denitrifying microorganisms has been largely docui®eé (Hatano and Lipiec
2004, Megonigaét al. 2004, Simelet al. 2004, Wiodarczylet al.2004b, Ullahet
al. 2005, Brzeziska 2006). Low denitrification activity observed fome soils
may probably be just due to the lack of nitrate/andasy available organic car-
bon (Petersest al. 2008). Addition of glucose strongly stimulates tdedls respi-
ration, which leads to a rapid oxygen depletion{€di and St¢pniewski 1985).
Even in well-aerated soils, microspaces of hyporay develop, when oxygen
uptake is faster than its diffusion from the adjacsil pores. Under such condi-
tions, facultative microorganisms use the nitragshe terminal acceptor of elec-
trons that originate from oxidation of organic swates.

Addition of nitrate(V) — without organic compoundsas also been shown to
accelerate the process of denitrification. Howewdtpdarczyk et al. (2002a,
2004a, 2004b) observed that even within the sariidygp® (Eutric Cambisols,
Haplic Phaeozem), soils greatly differ in the amooinproduced MO. Some of
tested soils showed no response to the N@dition, while others — accelerated
the denitrification activity, and in the range 5005mg N-NQkg™* showed
a typical Michaelis-Menten kinetics. Percentagenitrfates converted to A in-
creased linearly up to 43% with nitrate conceraratin the range from 25 to
100 mg NQ-N kg, but linearly decreased at higher nitrate conedioins
reaching practically zero at about 600 mgsNR kg™. Nitrous oxide absorption
occurred only at nitrate concentrations up to 1@0N®D;-N kg™ (Wiodarczyket
al. 2004b). The bacterial \Kvalues for NO range from 0.5 to 100M, and val-
ues in soil are even higher (Firestone 1982). Hawet is obvious that the K
values are large compared with the concentratioatmbspheric bD, which is
equivalent to an aqueous concentration of aboltl §Conrad 1996).
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Studies of other authors indicate that the presefdegher amounts of ni-
trates(V) may prevent the sorption ofONdue to the preferential use of N@s
electron acceptor (Wevet al. 2002, Peterseat al. 2008). It was also observed
that the production of Nin soil enriched with nitrates(V) does not reacicls
high values as in the soil without the N@ddition (which might argue for 0
reductase inhibition by NO). Ryden (1981) studies indicate that some soil® ha
the capacity to absorb,® only when the concentration of NQs lower than
1 mg kg Thus, the presence of higher amounts of nitrees¢t only directly
affects the amount of evolved:® in result of N@ reduction, but also may have
indirect effect by the regulation of the last stélenitrification: the reduction of
N,O to N.. The ratio between carbon substrate and nitrates(d)so important in
this regard. The presence of simple sugars stromgigifies the activity of pD
reductase. In result of a high glucose additioa,rtitio NO:N, may temporarily
rise up to 30 times (Wevet al. 2002).

Biological activity of soil is strongly modified m@nly by environmental fac-
tors and soil management, but also by inherenttkeilproperties (Glinski and
Stepniewski 1985, Conrad, 1996, Koper and PiotrowsB@32 Megonigakt al.
2004, Wolihiska 2010). Soils show a great diversity of micrbbhiaundance and
biochemical activity. Strong impact on the leveltbis activity is the soil me-
chanical composition.

The importance of soil structure in determining thiensity of NO produc-
tion results, among others from the impact of tremslecomponents on soil poros-
ity, water content that regulate diffusion of boffases and soluble compounds
involved in the process. At a given soil water eot the small pores found in
clayey soils are more likely to be blocked thanrelatively large pores found in
loam and sand soils (Megonigal al. 2004). Bollmann and Conrad (1998) re-
ported that for soils with the same soil water eant higher NO emission was
found in the fine silt soil than in the coarse sitiil. Based on incubation of
13 Calcaric Regosols developed from different pareaterials, Wiodarczylet
al. (2005a) observed  evolution that reached 13-44% of the initial aié-N
content — denitrification was the highest in sftyils and lowest in the sandy soils
and was negatively correlated with the >0.05 mmatioa but positively with the
0.05-0.002 mm fraction. Moreover,,® reduction to N started earlier in finely
(e.g.loam) than in coarsely textureel.g.sand) soils.

The process of XD consumption in soil depends on soil properties@ardomi-
nation of nitrogen form (nitrate, nitrite or ammuami) present in the soil. Wiodarczyk
et al. (2005b) observed, that a loamy soil amended with &hd nitrate (160 and
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100 mg N kg", respectively) produced additionally 65.7 mgONN kg™ during
7 days of incubation, whereby,® consumption was observed (totally 142 mg
N,O-N kg?). In sandy soil amended with nitrate angDI\Nnitrous oxide produc-
tion was much lower and reached only the valueSf Ing NO-N kg™ during
the first 3 days of incubation, after that periadyca small NO consumption was
observed (7.8 mg #D-N kg?). Nitrite inhibited NO production and consump-
tion, whereas NH effect on NO consumption was low in both tested soils.

Some authors pointed that the factors limiting widal metabolism may be
these soil parameters, which were not analyzedgiven experiment. For exam-
ple, in the study reported in Chapter 3, Solonetiz(blo. W4) was characterized
by a high OM content (3.56%) and relatively highhtemts of total nitrogen, ni-
trate and clay fraction (0.235%, 15.4 mg N® kg™ and 45.2%, respectively).
Despite these properties, the denitrification atgtiin this soil was low. In spite,
in the case of Luvisol No. 27, the reason for a lewitrification activity was
probably a little nitrate and clay content (0.77 ;N® mg kg* and 2%, respec-
tively). This soil released up to 5.6 mig0-N kg™ only after soil enrichment with
C and N. In this case, the limiting factor was @iolly a shortage of nitrate(V),
while the organic matter content was moderate @b)7@here was no correlation
for 10 tested soils between the basic soils pragse(such as OM, pH and granu-
lometric compaosition) and denitrification activitgte (i.e. rate of both production
and sorption of BD, as well as the highest®™ concentration), (Szarlip 2009).
Similarly Bandibaset al. (1994) found no significant relationship betweée t
OM, NO;™ and NH™ contents. Nevertheless, many studies confirmesectela-
tionship between the amount of producegONand organic matter content
(Glinski and Sgpniewski 1985, Hergoualatt al. 2007).

Effect of soil properties on M transformation was also observed for
a peaty-muck soil (Eutric Histosol) and a brown si@veloped from sand (Eu-
tric Cambisol) during anaerobic incubation with KN@ N,O addition (Wio-
darczyket al. 2002b). The organic soil showed about 4 times dniglenitrifica-
tion activity (as measured by,® emission and N©Odepletion) than mineral
soil (Fig. 14). In turn, the brown sandy soil wdmracterized by better capacity
for nitrous oxide sorption and more intensive regpin activity as compared
with peaty-muck soil.
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Fig. 14. Nitrous oxide kinetics in peaty-muck soil and brosandy soil amended with nitrate or
nitrous oxide (Wtodarczykt al.2002b)

The laboratory experiment with 14 Cambisols (dgwetbfrom sand, silt, loess,
loam or clay) under flooding showed high variapitf tested soils in their denitrifi-
cation activity (Fig. 15) (Wlodarczyét al. 2003). The total amount of,8 evolved
ranged from 3 to 91% of the initial nitrate-N comfeand was positively correlated
with the organic carbon (fg content and carbon dioxide evolved (Fig. 16).tdes
soils were characterised by a very wide range adxgotential measured for the
maximal cumulative BO emission (from +417 to +233 mV). The beginning of
N,O emission was observed above 400 mV for lightutext soils, while below
400 mV for heavy textured soils.

In the laboratory experiments, Wiodarczyk (2000)aswed NO emission
and absorption in 16 soils (Eutric Cambisols) depetl from different parent
material. Soil samples were amended with;N® and incubated under lowered
oxygen content in the headspace (10% v/v) at tienbeng of incubation.

Experiments were designed to investigate the inflaeof variables such as oxi-
dation-reduction conditions, pH, organic matterteohand granulometric composi-
tion on soil denitrification activity. Results shed that tested soils were emitters
(cumulative production of )D ranged from 11.4 to 66.5 mg®N kg™ of soil) as
well as reducers (daily sink of,8 ranged from 1.3 to 10.5 mg®N d* kg™ of
soil). The range of reduction of,8 under investigation conditions was from 10
to 100%, depending on the kind of soil and timdnafubation. Production and
reduction of NO were nonlinearly related to redox potential (P€Q).
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Fig. 15 The course of cumulative nitrous oxide contentgmealues with standard deviations)
in the headspace during the incubation of the wilbgsoups: 8 soils with lower activity (a), and
6 soils with higher activity (b). A discontinuouimié denotes soil where,N absorption was
observed (Witodarczykt al 2003)
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Fig. 16. Diurnal N;O emission versus g (a) and CQ emission rate (b) (Wtodarczydt al.
2003)

The boundary value of redox potential for emissainnitrous oxide was
250 mV, and for absorption of,@ was about 200 mV (Fig. 17 and Fig 18). Un-
der investigated conditions the maximum emissiolNg was observed at pH
range between 4.5-6.0, but maximum absorption tobus oxide occurred at pH
from 5.5 to about 7. Absorption of,8 occurred simultaneously with the reduc-
tion of nitrate and after depletion of NQduring the course of the experiment.
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Denitrification rate and sink of nitrous oxide stemhhigh correlation with miner-
alization of organic matter (P<0.001), (Wtodarc2@00).
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Fig. 17. Equilibrium content of D in the phase of emission (R — right side of &gyiand absorption (L —
left side of figures) in the soil headspace fromgbcond day (a) and seventh day (b) of the irionbeas

a function of EHy = mean values for the determined ranges of »eyalnsertion shows single data from
all soils (Wtodarczyk 2000)
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function of Eh(y = mean values for the determined ranges of »e}ansertion shows single data from all
soils (Witodarczyk 2000)
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Similar relationship for nitrous oxide productiondasorption was observed
for organic soils enriched with glucose (Brzeskia 2006). DO was present in
soil headspace at Eh <400 mV, and maximum & Mas observed at Eh about
200 mV, below this value 0 was consumed (Fig. 18). During the incubation of
the same organic soils without glucose amendmesmall amounts of nitrous
oxide of 5-10 mg BD-N kg™ were recorded after prolonged incubation (40 days)
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Fig. 18. Equilibrium content of BO versus Eh in organic soil amended with glucgseng g2).
Soil samples were incubated at 60% WHC, and floadé&udwater or municipal wastewater (K, and
W or Sc, respectively). Results froni'and 3 day of incubation encircled (Brzéska 2006)

5. EFFECT OF SOIL MANAGEMENT ON THE EMISSION OF1 FROM THE SOIL

Soil management changes soil physical status, ONaodntent, as well as soil
microbial biomass and activity (Gajda 2010, Jesal. 2010, Turski 2010). Re-
cent literature reviews indicate thatQN emission is usually much higher and
more variable from arable soils than from natucalsystems. Besides, it is higher
from fertilized grasslands than from forests (Bowwnl990, Badr and Probert
1992, Hatano and Lipiec 2004).,® emission from natural ecosystems is less
than 1 kg N hd year in temperate climate, and less than 2 kg N year” in the
tropics, while that from the cropped fertilized|sei more than 3 kg N hayear"
(Bouwman 1990, Granli and Bagckman 1994). The ugd fdrtilizers may cause
2-7 ford increase in JO emission (Skibat al. 1994). Generally, after the addi-
tion of nitrogen sources under field conditions,iacreased BD emission lasts
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up to about 6 weeks. After this time, emission dases and fluctuates around its
natural level, regardless of previously appliedilizer (Mosieret al. 1989). NO
emissions is generally higher from injected fezéilis as compared to surface
broadcast fertilizers, and is lower for nitrate-dxhgertilizers than for anhydrous
ammonia. Other authors believe that the kind ofiliszr does not affect the
amount of produced JO, but the emission intensity varies over time apdce,
and results from the interaction between biologichkemical and physical soll
properties (Bouwman 1990). According to Mosétral. (1989) soil management
and increased rainfall have a greater influencé&lgb emission than the type of
nitrogen fertilizer. However, management strategfies increase fertilizer N use
efficiency will reduce MO emission (Parkin and Hatfield 2010).

It has been observed that legumes effect the ptioduof N,O. This plants
are likely to participate in this process in mangys (Galballyet al. 1992). At-
mospheric nitrogen ()l fixed by the bacteria undergo ammonificationrifiita-
tion and denitrification, just like N fertilizerand becomes a source of nitrous
oxide emitted. In addition, symbiotic Rhizobia na@pntribute to NO production.
Even 2-3 fold increase in . ® emissions following the introduction of legume
plants on pasture was observed (O'Hara and Da9&)1

Soil tillage system and fertilization strongly lugnces NO emission from
agricultural soils. Stalenga and Kawalec (2007)eged that the total nitrous
oxide emission increases in the order: organictegiated < conventional crop
production system. The replacement of the convealisystem by integrated
system (with synthetic N fertilizers application ioth systems) resulted in sig-
nificant reduction of BO emission (Tab. 12).

Table 12. Emission of NO (in kg ha?) in different crop production systems (1996-20Q&fter
Stalenga and Kawalec 2007)

Crop production system

Source of NO emission

Organic Conventional Integrated
Nitrogen synthetic fertilizers - 1.78 0.89
Manure/compost management 0.32 - 0.40
No-fixing crops 0.20 - 0.14

In total 0.52 1.78 1.43
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According to Kelleret al. (1986), NO emission increased significantly when
tropical forests in central Brazil were convertedagricultural land, while Luizao
et al. (1989) reports that the soil of pasture land pecedithree times more nitrous
oxide than the adjacent forest soil. Moreover, adiog to Bowden and Bormann
(1986) NO in the soil of grubbed land can be transportedjfmynd water, and
emitted to the atmosphere in another place.

The increase in JO emissions from nitrogen fertilizer used is clgsebn-
nected with the sail irrigation (Hatano and Lipi2@04). Under specific condi-
tions of rice fields cultivated in temperate anoptcal regions, the loss of nitro-
gen in the form of BD was less than 0.1% of introduced fertilizerisfapplied to
the soil after flooding (Simpscet al. 1984; Mosieet al. 1989).

Denitrification is an important process in soildgated with wastewater as it
removes nitrate from the soil before it leachegtoundwater (Kotowska and
Wilodarczyk 2005, $pniewskaet al. 2001). Bartoret al. (2000) investigated the
factors limiting the denitrifying population in arested land-based wastewater
treatment systems irrigated with wastewater, bgystyg the individual and com-
bined effects of soil aeration, water content,atérand carbon on denitrification
enzyme activity. The size of the soil denitrifyipgpulation appeared to be li-
mited by soil aeration, and limiting oxygen avail@yp increased the denitrifying
population above that observed in the field. Furttege, we found that wastewa-
ter irrigation altered the short-term response asfittlifiers to anaerobic soil con-
ditions. Under low oxygen conditions, denitrifieirs the wastewater-irrigated
soils produced enzymes sooner and at a greatetheatesoils without a history of
wastewater irrigation. We propose that the sizahef denitrifying population
cannot be expected to be large in free-drainingrsaly textured soils even when
provided with additional nitrogen and water inputs.

Nosalewicz and $pniewska (2005) performed a field experiment tagtilne
emission of nitrous oxide form organic soils (peatck and mineral-muck) planted
with poplar, willow and grasses and irrigated withinicipal wastewater. Emitted
nitrous oxide reached a maximum of approximatelyn& NNO-N m? ™. The
concentration of BD increased with depth in wastewater irrigatedssap to
208 ppm at 70 cm of the depth. The concentratiomNg&) in the control soil
profiles, which have never received wastewater, miitlexceed 0.5 ppm (Nosa-
lewicz and Sfpniewska 2005, Nosalewiez al. 2005).
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7. SUMMARY

Nitrous oxide is a greenhouse gas that is ca.3068stimore effective at radia-
tive forcing than C@ on a mole basis. Moreover, in the stratosphes® N
transformed by photolysis to NO, which is respolesitor stratospheric ozone
destruction. The vast majority of,@ originates from microbes that break down
nitrogen compounds in soils and in the oceans.cAdtiral soils are the most
significant anthropogenic sources of nitrous oxiélgricultural fertilizers, fossil
fuel combustion, biomass burning, and animal wastgribute to NO produc-
tion. Increasing N-inputs into agricultural soile @uspected to be responsible for
increasing MO emission into the atmosphere. The amounts,of &mitted from
soils depend on complex interactions between sopgrties (especially soil aera-
tion status, temperature and carbon availability, texture), type and manage-
ment of N fertilizer preceding crop, residue mamaget, and other agricultural
practices as well as prevailing climatic conditio®oil is heterogeneous and
commonly has both aerobic and anaerobic sites.okiigen status in soil, which
is inversely proportional to the amount of moisthedd there, appears in many
studies to be one of the key factors influencirtgonis oxide production. Nitrous
oxide emission from soils varies strongly with sedter content. Total denitrifi-
cation fluxes (MO plus N) are directly proportional to soil NOconcentrations
when the other important component, a readily naizdible organic substrate, is
also present and non rate-limiting. When a lacknetabolizable organic matter
limits potential denitrification, Bplus NO fluxes do not increase with increasing
NOs™ concentration. Soil texture is a good predictodefitrification rates at the
landscape scale part because it captures theatiterdoetween water content and
soil porosity with respect to gas and solute diffagpath lengthApart from ni-
trous oxide emission soil can also remove atmospH&iO under conditions
favorable for NO reduction. This is probably only a minor sink the global
scale, but elimination of JO in the stratosphere is so slow that even a ssodll
sink can contribute significantly to diminish oftlatmospheric residence time of
N>O. N;O reduction is the only known process importantNg® turnover and
sink in soil. Understanding of the processes rdl&enitrous oxide formation and
uptake may be useful in predicting of N-fertiliZate in soil.

Keywords: soil, nitrous oxide, BD emission, MO sink, denitrification, nitrogen,
fertilizers
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8. STRESZCZENIE

WPLYW WARUNKOW GLEBOWYCH NA WYDZIELANIE
| POCHEANIANIE TLENKU AZOTU(l), N,O

Podtlenek azotu (tlenek azotu(l),®) jest jednym z tzw. gazoéw cieplarnia-
nych. Efektywné¢ pochfaniania promieniowania podczerwonego przegtezz-
ke N.O w poréwnaniu do eateczki CQ jest okoto 300 razy wksza. Tlenek
azotu(l) w stratosferze ulega fotolizie i jest pzatatlcany w NO, ktéry jest od-
powiedzialny za niszczenie warstwy ozonowej. Zdegyaha wgkszaé emito-
wanego do atmosfery ,® pochodzi z mikrobiologicznych proceséw przemian
zwiazkdéw azotu zachodezych w glebach i oceanach. Gleby rolnicze ngldo
najwiekszych antropogenicznyctrédet emisji podtlenku azotu. Nawozy azoto-
we, spalanie paliw kopalnych, spalanie biomasypaathw zwierzcych to dodat-
kowe zrodta NO. Uwaa sk, ze zwikszanie dawek nawozow azotowych jest
przyczyry, wzrostu emisji MO do atmosfery. Wielk@ emisji tlenku azotu(l)
Z gruntow rolnych zaley od ztazonych interakcji pongidzy wiasciwosciami gle-
by — przede wszystkim stanem natlenienia, tempeyadiostpnaicia wegla oraz
struktui gleby. Due znaczenie mazdyp nawozu azotowego, Sposob naeo
nia, zabiegi rolnicze oraz warunki klimatyczne. l&dgest heterogennysrodo-
wiskiem tréjfazowym, w ktérym w niewielkiej odledioi wystepuja obok siebie
przestrzenie dobrze natlenione i obszary atmméj dostpndsci tlenu. Stan natle-
nienia gleby, determinowany przez wilgo§toprzez wielu autoréw uwany jest
za kluczowy czynnik wptywapy na emisi N,O. Catkowita denitryfikacja (pO
plus N) jest proporcjonalna doggenia NQ~ w glebie, pod warunkienze ilos¢
wegla organicznego jest wystarcgap wysoka i nie ogranicza szylskb procesu.
Kiedy zawarté¢ materii organicznej jest niewystarcaeg, denitryfikacja poten-
cjalna (wyraona w emisji MO i N,) nie ulega podwjszeniu wraz ze wzrostem
zawartdci NOs™. Sktad granulometryczny gleby mazguwplyw na aktywnéé
denitryfikacyjr gleb, poniewa od niego w diej mierze zalga stosunki wodno-
powietrzne i porowatg, a tym samym dyfuzja gazow i substancji rozpuszczo
nych w roztworze glebowym. Gleba jest rowniedolna do pochfaniania ..
Redukcja NO do N jest jedynym znanym sposobem przeksztatcania gega
w glebie. Ten proces uwany jest za malo istotny w skali globalnej, jed i
rac pod uwag niskie tempo rozpadu gzteczek NO w stratosferze, nawet nie-
wielkie pochtanianie tlenku azotu(l) przez glebyzmanacznie przyczyéisic do
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redukcji wptywu NO na zmiany klimatyczne. Zrozumienie proceséwazamnych
Z tworzenia tlenku azotu(l) ijego pochfanianiemzmamie€ duze znaczenie
w przewidywaniu losu nawozow azotowych w glebie.

Stowa kluczowe: gleba, tlenek azotu(l), wydzielanie,®, pochtanianie bD,
denitryfikacja, nawozy azotowe
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