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Zusammenfassung

Die Anwendung von Nitrifikationsinhibitoren (NI) zur Reduzierung von Distickstoffoxid-
(N,O)-Emissionen ist eine vielversprechende Strategie zur Verbesserung der
Nutzungseffizienz von Stickstoffdiingern und zur Minderung der Emissionen des
klimarelevanten Gases N,O aus landwirtschaftlichen Systemen. Ein besseres Verstindnis der
Faktoren und EinflussgroBen, die die Effizienz der N,O-Emissionsminderung bestimmen, ist
entscheidend, um optimale NI-Anwendungsstrategien entwickeln und anwenden zu konnen.
Das Wissen iiber die der N>O-Produktion und -Komsumption im Boden zugrunde liegenden
Prozesse ist allerdings noch immer liickenhaft, wodurch das Verstindnis der Mechanismen
der N,O-Emissionsminderung durch NI sowie die Effizienz der N,O-Emissionsminderung
unter verschiedenen Bodenbedingungen erschwert wird. Bisher wurde allgemein
angenommen, dass NI keinen direkten Effekt auf den Prozess der Denitrifikation haben und
somit auch keinen verringernden Effekt auf N,O-Emissionen, die durch Denitrifikation
entstehen, haben. Die Anwendung von NI konnte allerdings aufgrund der reduzierten
Substrat-(NOj')-Nachlieferung in Mikrobereichen des Bodens, in denen Denitrifikation
stattfindet, signifikante Auswirkungen auf die Stochiometrie der Denitrifikationsprodukte
haben, wodurch die N,O-Emissionen aus dem Boden signifikant verringert werden kdnnten.
Dariiber hinaus konnten NI-Effekte auf den Prozess der Nitrifizierer-Denitrifikation ebenfalls
eine entscheidende Rolle in der N,O-Emissionsminderung spielen, was bisher allgemein
vernachléssigt wurde. Diese Befunde weisen darauf hin, dass NI moglicherweise auch bei

hoher Bodenfeuchte zur N,O-Emissionsminderung verwendet werden konnten.

Das Ziel dieser Arbeit war es, die Steuergroflen und detaillierten Mechanismen, die den Effekt
von NI auf N,O-Emissionen aus landwirtschaftlichen Béden bestimmen, zu untersuchen. Im

Rahmen der Arbeit wurde Stabile-Isotopen- und N,O-Isotopomeranalytik angewendet, um die
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Quellen der N,O-Emissionen aufzuschliisseln. Die Ergebnisse der Feld- und Laborstudien
zeigen, dass NI als effiziente Managementoption zur Verringerung von N,O-Emissionen
verwendet werden konnen, und zwar nicht nur unter Bodenbedingungen, die die Nitrifikation
begiinstigen, sondern auch unter Bedingungen, unter denen das Potential fiir
Denitrifikation/Nitrifizierer-Denitrifikation sehr hoch ist, z.B. in N-gediingten und mit Stroh

versetzten feuchten Boden.

In dieser Arbeit wurden mafigeblich Hinweise fiir deutsche und chinesische Boden darauf
gefunden, dass die beobachtete hohe N,O-Minderungseffizienz von NI unter feuchten
Bodenbedingungen hochstwahrscheinlich auf die Inhibitionseffekte von NI auf durch
Denitrifikation und Nitrifizierer-Denitrifikation produziertes N,O zuriickzufiihren ist. Somit
stellt diese Studie einen Fortschritt zum besseren Verstindnis der detaillierten Mechanismen
von N;O-Minderungseffekten durch NI in Bdden dar. Im Vergleich mit verschiedenen
alternativen Strategien, wie die Anwendung von Urease-Inhibitoren und Hippursdure, wurde
die Anwendung von NI als verldsslicher und effektiver fiir die Reduzierung von aus dem
Boden ausgestolenem N,O aus Feld- auch Laborstudien befunden und kdnnte somit als

vielversprechende Strategie in landwirtschaftlichen Systemen angewendet werden.



Abstract

The use of nitrification inhibitors (NI) to reduce nitrous oxide (N,O) emissions is a promising
strategy to improve N fertilizer use efficiency and to help minimize emissions of the climate-
relevant gas NO in agricultural systems. Better understanding of factors and drivers
controlling the N,O mitigation effectiveness is crucial for implementing optimal NI
application strategies. However, the understanding of the underlying pathways involved in
N,O production and consumption in soils is still fragmentary, which hampers real insight into
the N,O mitigation mechanisms using NIs as well as NI mitigation effectiveness under
various soil conditions. It has been generally assumed that nitrification inhibitors have no
direct effect on denitrification and therefore should have no mitigation effect on N,O
emissions derived from denitrification. However, the indirect impact of NIs, due to the
reduced substrate (NOj3") delivery to those microsites where denitrification occurs, may have
significant effects on denitrification product stoichiometry that may significantly lower soil-
borne N,O emissions. Moreover, the inhibition effects of NIs on N,O produced via the
nitrifier denitrification pathway could also play an important role, which has generally been
neglected. These facts suggest that NI might be used for mitigating N>O emissions even under

conditions of higher soil moisture.

The aim of this study was to in depth explore the driving factors and detailed mechanisms that
determine the effect of NIs on N,O emissions in agricultural soils. Stable isotope and N,O
isotopomer techniques were applied to trace N,O emissions sources. The obtained results in
both field and laboratory studies did indicate that that NIs can be used as an effective
management option to mitigate N>O emissions, not only under soil conditions favouring
nitrification, but also in situations when soil denitrification/nitrifier denitrification potential is

high, e.g., in N-fertilized and straw-amended moist soils. Significant evidence was found in
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this thesis for both German and Chinese soils that the high NI mitigation effectiveness in
moist soil conditions is most likely due to the inhibition effects of NIs on N,O produced by
denitrification and nitrifier denitrification. Thus, this study is a step forward in understanding
the detailed mechanisms of the N,O-mitigating effect of NIs in soils. Compared with several
alternative strategies such as application of urease inhibitor and hippuric acid, NI addition was
found to be more reliable and efficient for reducing soil-emitted N,O in both field and

laboratory studies and thus could be applied as an promising strategy in agricultural systems.
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1. Introduction

1.1 Nitrogen transformations in soil and current problems

Nitrogen (N) inputs to the biosphere increased from 155 to 345 Tg N year ' between 1900
and 2000, in which synthetic N fertilizers are the main contributor (Bouwman et al., 2013).
When N fertilizers are applied, usually as urea or anhydrous ammonia (NHj3), the microbial
process of nitrification converts a large fraction of the ammonium (NH,") into nitrate (NOs")
within 2-3 weeks (Huber et al., 1977). The nitrogen fertilizers not taken up by the target
system tend to become mobile, causing serious environmental consequences (Galloway et al.,
2004). One of the most serious problems in agriculture is the enhancement of nitrous oxide
(N,0) emissions. Since pre-industrial times, the atmospheric N,O concentration increased by
44 ppb to 324 ppb in 2011 (IPCC, 2013). Nitrous oxide plays a crucial role in environmental
terms since the global warming potential (GWP) of N,O is 298 times the GWP of CO, when
calculated over a 100-year period (IPCC, 2013). Besides, N,O also contributes to the
destruction of the ozone layer, which is considered currently to be the single most important
ozone-depleting substance and is expected to remain so throughout the 21% century
(Ravishankara et al., 2009). Global anthropogenic N,O emissions are estimated as approx. 6.5
Tg N yr'in 2010 (IPCC, 2013), of which agricultural soils are the largest source (Ciais et al.,
2014). Not surprisingly, many studies have reported that application of N fertilizer in
agricultural systems significantly increase N,O emissions (Meng et al., 2005; Wu et al., 2017).
However, as N is commonly the most limiting nutrient for crop production, the application of
N fertilizers has significantly increased crop yield in agricultural systems across the globe in
the past decades (Sutton et al., 2011). It is a great challenge to cut down N fertilizer input
since the demand for food is still increasing, especially in developing countries (Zhu and

Chen, 2002). It is therefore urgent to develop effective mitigation strategies that can maintain
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food production while at same time reducing N,O emissions in high N input agricultural

systems.

1.2 Different microbial pathways for N,O production and consumption in soils

It is well recognized that soils are the largest source of atmospheric N,O (Bouwman et al.,
2013). Nevertheless, the underlying N,O microbial production and consumption processes are
still not fully understood. As illustrated in Figure 1, recent studies show that at least three
major biochemical processes are involved in soil N,O production, i.e. nitrification, nitrifier
denitrification and denitrification (Butterbach-Bahl et al., 2013; Kool et al., 2011). In
terrestrial ecosystems, nitrification plays a key role in the N-cycle. Nitrification is defined as
the biological oxidation of NH," or NH; via nitrite (NO,") to NO5". Nitrous oxide is a by-
product of the ammonia oxidation process of nitrification. The ammonia monooxygenase
(AMO), which is an enzyme bound to the membrane of microorganisms with Cu as a co-
factor, catalyses the oxidation of NH; to NH,OH (Arp et al., 2002). Chemolitho-autotrophic
ammonia-oxidizing bacteria (AOB), like Nitrosomonas spp. were considered to be mainly
responsible for the rate-limiting steps of nitrification (Kowalchuk and Stephen, 2001).
However, in recent years ammonia-oxidizing archaea (AOA) were also found to play a crucial
role in the nitrification process in a range of different soils (Konneke et al., 2005; Treusch et
al., 2005). Furthermore, several new studies indicate that heterotrophic nitrification,
performed by fungi, could be the predominant NOj;™ production pathway in acid forest soils

(Zhang et al., 2013; Zhu et al., 2013).

Denitrification process is the reduction of NO;~ or NO,™ to the gases nitric oxide (NO), N,O
and dinitrogen (N;). Nitrous oxide is an obligate intermediate of denitrification.

Denitrification rates depend on oxygen availability, soil moisture, soil type, pH, NOs3"

10



concentration, and prominently on the availability of labile organic carbon (C) compounds in
the soil (Burford and Bremner, 1975; Loecke and Robertson, 2009). Denitrification has been
found to be a function of both eukaryotes and bacteria. Nevertheless, many fungi lack the
enzyme N,O reductase and, thus, in this case the final product is N,O (Laughlin and Stevens,
2002). Fungal denitrification was assumed to play only a small role in the nitrogen cycle.
However, since recently it is believed to be a major process in the nitrogen cycle based on

more studies at the molecular biological level (Shoun et al., 2012; Sutka et al., 2008).

Nitrifier | .
denitrification  N_ O

N,O NO

fNH3 — NH,OH —»NOZ':} — NO; i—NO, _'Nzo_’Nzé

Nitrification Denitrification

Figure 1. Three major microbial metabolic pathways that are involved in N,O formation and

consumption.

Nitrifier denitrification, which is also conducted by ammonia-oxidising bacteria (AOB), has
been well-known in pure cultures for a long time (Hooper, 1968). However, the contribution
of nitrifier denitrification has also long been neglected due to methodological constraints.
Only recently some unambiguous proofs have been found for nitrifier denitrification as
another main process responsible for N,O emissions in soil (Kool et al., 2011; Zhu et al.,
2013). Based on a dual-isotope ("°N and '*0) tracing approach, Kool et al. (2011) reported

that nitrifier denitrification is a significant source of N,O in soil and should therefore be

11
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routinely considered as a major contributor to N,O emissions from soil. Zhu et al. (2013)
found that nitrifier denitrification was a significant source of N,O under low oxygen

availability based on a similar approach.

Except for these three main pathways, several other microbial metabolic and abiotic processes
can also contribute to N,O formation and consumption, e.g. chemical decomposition of
hydroxylamine during nitrification (Paper IX), dissimilatory nitrate reduction to ammonium
(DNRA), anaerobic NH3 oxidation and coupled nitrification-denitrification (Heil et al., 2015;
Zhou et al., 2017; Zhu et al., 2011). However, the contributions of these pathways to soil N,O
emissions are still poorly identified and quantified at the field scale (Butterbach-Bahl et al.,

2013; Liu et al., 2016).

1.3 Nitrification inhibitors and their effect on N,O emission

Nitrification inhibitors (NIs) are a group of chemical compounds that can delay the bacterial
oxidation of NH," to NO, ™ in the soil by suppressing the activities of Nitrosomonas bacteria in
the soil (Zerulla et al., 2001). Different inhibition mechanisms were believed to be involved
for various NIs. Nevertheless, a large number of NIs were found to inhibit the first enzymatic
step of nitrification through the removal of co-factors by chelating compounds like Cu
(Subbarao et al., 2006; McCarty, 1999). This mechanism is also believed to be the case for
many commercially used NIs such as nitrapyrin, DCD (dicyandiamide) and DMPP (3,4-
dimethylpyrazole phosphate) (Ruser and Schulz, 2015). Nitrification inhibitors first came on
the market with the invention of N-serve (trade name for nitrapyrin of Dow Chemical
Company) in the 1960s (Prasad and Power, 1995). Since then, many compounds/products
have been released that were assumed to inhibit nitrification in soil. However, only a few of

them have been widely tested and used commercially, e.g. DCD (Dicyandiamide), DMPP

12



(3,4-dimethylpyrazole phosphate). Dicyandiamide, which is the dimeric form of cyanamide
with relatively high water solubility, has been studied as a NI for more than 50 years
(Amberger, 1989). A large number of studies have shown that the addition of DCD could
significantly reduce N,O emission. For example, Cui et al. (2011) reported from an eight-
month field experiment in an intensive vegetable production system that N,O emissions were
reduced by 72.7-83.8% with DCD. In a grassland system, Di et al. (2007) found that DCD
was very effective in reducing N,O emissions in four different soils with an average reduction
of 70%. In a one-year field experiment in a wheat-maize cropping system, Liu et al. (2013)
reported that the DCD treatment significantly decreased annual N,O emission by 35%. Since
about the year 2000, DMPP as a new NI has been introduced into agricultural practice in
many countries (Barth et al., 2008; Weiske et al., 2001). In comparison to DCD, DMPP has
been shown to be less phytotoxic, and lower application rates are required (Zerulla et al.,
2001). Results from a field experiment in a wheat-maize cropping system showed that DMPP
decreased annual N,O emission by 38% (Liu et al., 2013). In another field experiment in a
grassland system, DMPP reduced N,O release by 32% when mixed with slurry (Dittert et al.,
2001). In a vegetable production system, DMPP significantly reduced N,O emissions during
the cropping season and winter period, resulting in reduction of annual N,O emissions by 45%
and 40%, respectively, in a two-year experiment (Pfab et al., 2012). Besides the two most
popular NIs, some other NI products have also been commercially used. For example, the
active ingredients (1,2,4 Triazol and 3-Methylpyrazol) of PIADIN® (SKW, Piesteritc,
Germany) have been found act as effective NI; only few published studies have investigated it

though (Barneze et al., 2015; Federolf et al., 2016).

In general, the use of NIs has been repeatedly shown to reduce N,O emissions from
agricultural soils, with mitigation effectiveness of about 50% as suggested by recent meta-

analysis studies (Qiao et al., 2015; Ruser and Schulz, 2015). However, some studies also

13
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reported that application of NIs failed to reduce N,O emissions from soils (Dell et al., 2014;
Parkin and Hatfield, 2010). Moreover, the knowledge about the underlying mechanisms for
the mitigation effect is still limited, especially at high C availability and high soil moisture
conditions, suggesting that different processes are involved and that the controlling factors

need to be investigated.

1.4 Objectives and hypotheses

The overall objective of this PhD thesis was to explore the mechanisms of NI effects on N,O

emissions in agricultural soils. The specific objectives were:

1. To evaluate and improve the potential use and applicability of N,O isotopomer

techniques for N,O source partitioning.

2. To explore the detailed mechanisms of NI on nitrogenous gases emissions under
different soil moisture conditions with fully automated, high time resolution

incubation systems.

3. To evaluate NI mitigation effects on N,O emissions in field studies with combination

of source tracing of N,O emissions by using N,O isotopomer techniques.

4. To compare the effectiveness of NI for reducing N,O emissions from soils with

alternative mitigation approaches

14



2. Methodology

This PhD thesis included several theoretical modelling studies, laboratory incubation
experiments and field experiments. In the following section, the main applied methodologies

are discussed.

2.1 Measurement of trace gases

Chamber methods are one of the most commonly used approaches for measuring N,O fluxes
from soil. A variety of chamber deployment methods have been used to measure N,O fluxes
from soils (Chadwick et al., 2014). In this thesis, two types of chamber methods were used
and thus will be discussed below, i.e. the static chamber method, which was used in Paper 1V,
V, VII, VIII, X and XI, and dynamic flow-through chamber methods, which was used in

Paper I I, IIT and V.

2.1.1 The static chamber-gas chromatography technique

The static chamber method has been used to measure N,O for more than 40 years (Delwiche
and Rolston, 1976). The advantages of this method are that it is cost-effective as compared to
other techniques (e.g. the eddy covariance approach), and it particularly facilitates
investigation of field-scale experiments, especially where the fetch area of eddy covariance is
a problem (Hensen et al., 2013). However, the static chamber method is also subject to several
drawbacks. For example, the considerable variation in chamber methodology often leads to
the low quality and reliability flux measurements (Rochette and Eriksen-Hamel, 2008).
Besides, constrained by the chamber size and manpower, the measurements are often
conducted on a limited soil area with low frequency, which cannot provide the high temporal
and spatial resolution required to improve greenhouse gas budgets and policy making (Hensen
et al., 2013). To minimize the biases, for example, in the field studies in Paper IV and VIII

large opaque stainless static chambers (0.5m Wx0.5m Lx0.15m H) were used for measuring
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N,O emissions (Fig. 2). Air temperature inside the chamber was monitored during gas
collection. To get a relatively high time resolution, nitrous oxide emissions were monitored
once a day for a continuous duration of 1 week after each fertilization and irrigation event,

and then twice a week.

Figure 2. Static chamber used in field experiments described in Paper IV and VIIL.

2.1.2 Automated incubation systems for two laboratory experiments

In order to gain a better insight of the underlying N,O production and consumption pathways
in soil, high frequency and well controlled laboratory experiments are needed. In this thesis,
two robotized soil incubation systems were used. Both of them applied the dynamic chamber
method. The dynamic chamber method introduces an air flow through the headspace of
chamber, and the target gas concentrations are measured in the in-coming as well as out-going
air. The first incubation experiment (Paper II) was conducted in a fully automated continuous
flow incubation system with 15 PVC vessels (200 mm height, 200 mm diameter). The details
of the experiment are described in the paper chapter. After amendment addition, the
incubation pots were sealed and the headspace of each vessel was continuously flushed with
ambient air (about 20 ml air min'l). The second incubation experiment (Paper III) was
carried out in a denitrification incubation system using a He/O, atmosphere (Cardenas et al.,
2003; Loick et al., 2016). Soils were packed into 12 stainless steel vessels of 140 mm

diameter. The atmospheric N, was removed by flushing the soil core with a mixture of He:0O,
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(80:20) in order to measure N, fluxes. The dynamic flow-through chamber method together
with the auto-sampling system enabled a high gas measuring frequency (maximum 8 seconds
measurement time per vessel. The two incubation systems were generally very reliable.
However, one issue frequently encountered with these two incubation systems was the
unstable flow rate of the outlet. The outlet flow rates were normally relatively stable, but
sometimes they fluctuated dramatically. The gas emission rates were only calculated for the
times when air flow rates were stable. In some cases, one of the chamber’s outlet flow rate
would become very low because the pipe was blocked by water vapour or small particles.
Therefore, the dynamic flow-through chamber required frequent and precise checks of the

flow rate of each chamber. Thus, in the two incubation studies the flow rate was measured

manually with a flow meter at least once a day.

Figure 3. The two automatic incubation systems (a) used in Paper Il and V and (b) used in Paper I and

II.

2.2 Analysis of N,O isotope signature and N site preference

Stable isotope techniques have offered us the potential to interpret the contribution of

different microbial processes to N,O emissions. The N,O 5'°N and 6'%0 values derived from
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nitrification are reported to be larger compared with denitrification and nitrifier denitrification,
which could be used as an indicator for gaining a first insight of N,O production pathways
(Sutka et al., 2006; Bol et al., 2003). Nevertheless, N,O 8'>N value can be affected by many
factors, e.g. NH," and NOj3~ origins, isotopic fractionation and soil heterogeneity, while N,O
8"%0 value can be not only affected by the isotope effect of N,O reduction to N», but also be
affected by exchanging oxygen with soil water (Baggs, 2011; Ostrom et al., 2007; Well and
Flessa, 2009). During the last decade, the developments in mass spectrometric and laser
spectroscopic techniques enabled the analysis of the intramolecular °N distribution in the
linear asymmetric N,O molecule (Brenninkmeijer and Rockmann, 1999; Toyoda and Yoshida,
1999; Késter et al., 2013). The "N site preference (SP), which is defined as the difference
between 8'°N at the central (o position) and the peripheral N atom (B position) in the N,O
molecule, has been shown to differ amongst different N,O source pathways (Toyoda et al.,
2005; Sutka et al., 2006, 2008). In pure culture studies, the SP of N,O from bacterial
denitrification (SP values -11%o to 0%o0) was found to be significantly lower when compared
to the SP of nitrification (NH; oxidation and hydroxylamine oxidation) derived N,O (SP
values 31%o to 37%o). Based on these findings, the relative contribution of denitrification and
nitrification to the total N>O emission from soils can be estimated. In our study, a correction
for "0 was performed according to Kaiser et al. (2003), assuming a mass-dependent
fractionation of 1’0 and %0 and using the calculations provided by that study. The SISNbulk,
8'%0, and SP were calibrated against two reference gases provided by EMPA (Diibendorf,
Switzerland) (Ref 1: §""Ny: 15.70 +0.31%o, 8'°Np: —3.21 £ 0.37%o, 5" Ny 6.24 % 0.11%o, SP:
18.92 = 0.66%o, 8'°0: 35.16 = 0.35%o0; Ref 2: 5"°Ny: 5.55 = 0.21%o, 8" *Np: ~12.87 % 0.32%o,
8" Npu: —3.66 % 0.13%o, SP: 18.42 + 0.50%0, 8'°0: 32.73 % 0.21%o0) (Heil et al., 2015). The
isotope effects during N,O reduction on N,O SP values have been calculated using a
Rayleigh-type model, assuming that isotope dynamics followed closed-system behaviour. The

model can be described as follows:
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C
SPn20-r = SPyz20-0 + 7: In (C_o)

In this equation, SPx,0.r is the SP value of the remaining substrate (i.e. N,O), SPx,0.0 is the SP
value of the initial substrate, #; is the net isotope effect associated with N,O reduction, and C
and C, are the residual and the initial substrate concentration (i.e. C/Cy expresses the

N2O/(N,O+Ny) product ratio).

3. General discussion

3.1 Potential use of N,O isotopomer analysis for N,O source tracing in lab and field

studies

The N,O source apportioning to its different production pathways is challenging due to the
involvement of the various different microbial pathways and abiotic processes. The newly
developed N,O isotopomer approach has been found to be the one of the most promising
techniques to tackle this problem (Koster et al., 2013). However, the shortcomings discussed
below are hampering the wider use of the isotopomer approach for quantification of N,O

emission sources in soils.

First of all, overlapping SP values were found from other N,O production processes, i.e. the
SP of N»,O from nitrification and fungal denitrification was reported to be 22 to 37%o, while
the SP of N,O from bacterial denitrification and nitrifier denitrification was reported to be -1
to -11%o (Rohe et al., 2014; Sutka et al., 2008; Toyoda et al., 2015). Furthermore, there are
other microbial N,O production pathways, such as anammox (anaerobic ammonium oxidation)
and DNRA (dissimilatory nitrate reduction to ammonium), for which hardly any characteristic

isotopic N,O signatures have been identified yet.

19



Potential use of nitrification inhibitors for mitigating N,O emission from soils

Moreover, to estimate the N,O sources correctly, the isotopic fractionation effect of N,O
reduction to N on SP values should not be overlooked (Decock and Six, 2013). The increase
in SP in response to reduction would result in a shift away from values associated with
denitrification (0%) toward those associated with nitrification (33%) (Sutka et al., 2006).
Therefore, the nitrification process as source of N,O will be overestimated if the fractionation
effect of N,O reduction is not considered. In most of the previous studies, isotope effects
during N,O reduction on N,O SP values have been calculated using a Rayleigh-type model,
assuming that isotope dynamics followed closed-system behavior. However, using a closed-
system model with a fixed SP isotope effect may significantly overestimate the N,O reduction
effect on SP values, especially when N,O reduction rates are high (Wu et al., 2016). Based on
our study, we propose the dynamic apparent net isotope effects (NIE) function as an
alternative way of examining and calculating SP, values, especially when the N>O/(N,O+Ny)

product ratio is less than 0.1 (Paper I).

Another proposed beneficial use of isotopomer analysis is an indicator for the N,O reduction
to Ny in field studies. As N,O reduction to N, mainly involves breaking the bond between the
central N (a position) and O, the remaining N,O will therefore be enriched simultaneously in
880 and 8'°Na. That is, if N,O reduction is significant, the isotope effect will result in a
positive correlation between 5'°0 and & '"N* (Park et al., 2011). Ostrom et al. (2007) reported
a slope of 1.7 for the correlation of 5'°0 versus 8'°N* when N,O reduction occurs in the
absence of production, and a slope of 0.3 with no N,O reduction in soil mesocosm and pure
culture studies. In Paper VI, a possible approach is proposed to identify a significant
contribution of the N,O reduction process by using the correlation and slope between N,O
5'%0 and SlsNa. However, further work is needed to validate this approach in situ in field

studies with alternative methods.
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3.2 Factors affecting the mitigation effectiveness of NIs on N,O emission

It has been generally assumed that the mitigation effectiveness of NIs on N,O emission
depend on soil properties such as soil water content, soil available C, soil temperature, and

different types of NIs (Slangen and Kerkhoff, 1984). The details will be discussed below.

3.2.1 Soil water content and available C

Soil water content is one of, or maybe even the most important factor(s) that control N,O
emissions since it controls the O, availability into and also the N,O diffusion out of the soil
(Davidson et al., 2000). In dry soil (water filled pore space (WFPS) <60%), it is generally
believed that nitrification is the main source of N,O production, while in wet soils (WFPS 60-
90%), denitrification produces most of N>O. However, when the soil is even wetter
(WFPS>90%) or water-saturated, much of the N,O is further reduced to N, by denitrifiers
before it escapes the soil (Davidson et al., 2000). Since most NIs only have an inhibitory
effect on nitrification-related bacteria, it should be assumed that NIs show higher N,O
mitigation effectiveness at lower soil water content. Interestingly, Menendez et al. (2012)
reported that the use of DMPP reduced N,O emission more effectively under conditions
favouring denitrification, i.e. at 80% water-filled pore space (WFPS), than at 60% WEFPS,
which provides more suitable conditions for nitrification. Similarly, Di et al. (2014) reported
that, while the DCD did not have a significant impact on N,O emission at 60% field capacity,
large reductions were found after DCD application at 100% field capacity and above. In
Paper III, the highest NI mitigation effect was found at 65% WEFPS, the second highest at
80%WFPS, while the lowest was found at 50% WFPS, indicating a more complex

relationship between soil water content and the NI mitigation effect on N,O.

The addition of labile C to soils could stimulate denitrification rates and thus increase N,O

emissions, such as the straw addition in Paper II. Therefore, we would assume that NI shows
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less effectiveness on N,O mitigation with labile C addition. However, in the study described
in Paper II, the N,O mitigation effect of NI was significantly higher in treatments with straw
addition compared to treatments without straw. It can be assumed that this is likely because
the indirect effect of NIs on denitrification and the effect of available C interacted with soil
water content (Paper II and III), which is a novel finding that helps understanding the

mechanisms of the N,O-mitigating effect of NIs in soils in more detail.
3.2.2 Temperature

Soil temperature can affect the stability of NIs in soil. Most reports suggest that NIs are more
effective at low temperatures, as higher temperature could increase the degradation of NIs
(Prasad and Power, 1995). McCarty and Bremner (1989) showed in a 28-day incubation
experiment that with 10 mg kg DCD, the inhibition of nitrification decreased from 90% to
23% when temperature increased from 15 to 30 C°. In a literature review, Kelliher et al. (2008)
reported that DCD showed a decreasing trend of N,O inhibition time with increasing soil
temperature. Similarly, Irigoyen et al. (2003) reported that the effectiveness of both DCD and
DMPP for stabilising NH," in soil was drastically decreased at increased soil temperatures.
However, Menendez et al. (2012) found that the persistence of DMPP in soil is not influenced
by temperature in the range between 10 and 20 °C and the effectiveness of DMPP on
mitigating N,O at the three different temperatures (10, 15, 20 °C) was the same. In all of the
incubation studies of this thesis the room temperature was kept constant to avoid the
temperature influence. However, in the field studies (Paper II and VII) the average soil
temperature was significantly higher in the maize season as compared to the wheat season
(26.4 °C vs. 10.3 °C), which could be one of the reasons why the N,O mitigation effect of

DMPP was higher in the wheat season.

3.2.3 Types of NIs
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Different types of NIs may show different effects on N,O emissions. In this thesis, two
different common synthetic NIs were tested (DMPP and PIADIN®), and both of them showed
high N,O mitigation effectiveness (Paper II-IV). However, as the experimental conditions
were not the same, it is not possible to directly compare the two NIs. For the two most
popular NIs, DCD and DMPP, nevertheless, results described in the literature are
contradictory with respect to the mitigation effect on N,O emissions. For instance, in a 3-year
field experiment in a summer barley, maize and winter wheat cropping system, DMPP led on
average to a 49% decrease in N,O release, while DCD decreased N,O release on average by
26% (Weiske et al., 2001). In contrast, several authors reported that no significant differences
in N,O emissions were found between DCD and DMPP under field conditions (Di and
Cameron, 2012; Liu et al., 2013; Soares et al., 2015). Subbarao et al. (2006) pointed out that
the mobility of DCD in soil was higher than that of NH,", whereas the relative mobility of
DMPP is about the same as NH4', which may make DMPP more effective than DCD.
However, Marsden et al. (2016) found that the mobility of DCD and DMPP were similar in
soils. In a meta-analysis, Gilsanz et al. (2016) found that DCD exhibited the greater N,O

inhibitory effect in grassland, while DMPP had a greater effect in cropland.

Besides the synthetic NIs, there is type of nature-based NIs, which is named Natural
Nitrification Inhibitors (NNIs). It has been found that the seedcake of neem (Azadirachta
indica L.), a tree from India, could inhibit nitrification (Reddy and Prasad, 1975). A
laboratory study showed that neem seedcake amended with urea inhibited 54% nitrification
(Abbasi et al., 2011). Patra et al. (2002) reported that the use of two NNIs (Nimin and Mentha
spicata) significantly increased fertilizer N use efficiency, and both of them were as effective
as DCD. Natural NIs are relatively cheap, compared with synthetic NIs, as they originate from
various types of plants and crops. However, the lack of research and product development, the

difficulties in the extraction and purification of these compounds make NNIs hard to put into
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practice. They were therefore not investigated in this thesis; nevertheless, other alternative
N,O mitigation strategies based on nitrification inhibition (i.e. biochar, urease inhibitor and

hippuric acid addition, see section 3.6) were tested.

3.3 Effect of NIs on soil microbes

The study by O’Callaghan et al. (2010) showed that AOB were significantly affected by DCD
with reductions in population size and reduced activity. Similarly, DMPP application was
found to significantly inhibit the growth of AOB (Di and Cameron, 2011; Li et al., 2008). In
Paper II the addition of the NI PIADIN was found to delay the emergence of the AOB amoA
gene abundance peak. However, in the latter phases of the incubation period AOB amoA gene
abundance was even higher in the NI addition treatments. No significant trend was found for
AOA neither in this study nor in the literature, perhaps because AOA growth could be

inhibited by high soil N content (Di et al., 2009).

On the other hand, results described in the literature are contradictory with respect to the
effect of NIs on no-target microorganism. For instance, Patra et al. (2006) reported a
significant reduction of the total number of bacteria after DCD addition under lab condition.
Maienza et al. (2014) reported that DMPP addition significantly affected the microbial
community structure and reduced fungal growth. In contrast, O’Callaghan et al. (2010) found
that the DCD had little impact on the overall soil bacterial activity. So far, there are very few
studies about long-term influence of NI addition on soil microorganisms. Only two relatively
long-term (seven years) NI application experiments were found. Guo et al. (2013) reported
that seven years of DCD application did not significantly affect microbial population
abundance and enzymatic activities. Similarly, Dong et al. (2013) found that seven years of —
DMPP application to a cambisol in northeast China had little impact on the total abundance of

soil bacteria.
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3.4 Effect of NIs on denitrification and nitrifier denitrification

The last step of denitrification, i.e. the reduction of N,O to N, has been studied to understand
the denitrification process and to establish N,O mitigation strategies (Senbayram et al., 2012).
However, direct measurements of N, production via denitrification in soils are challenging
due to the high atmospheric N, background, especially in situ in the field (see Paper I).
Meanwhile, most indirect methods targeting N, production are afflicted with artifacts. For
instance, the acetylene inhibition technique, which is still commonly used in many studies,
could create a systematic and irreproducible underestimation of N, production (Butterbach-

Bahl et al., 2013).

The ratio of N,O to Ny, often used as N,O/(N,O+N>) ratio, can be highly influenced by NOs
concentration, available C and O, availability in soil (Senbayram et al., 2012; Wu et al., 2017).
The N,O/(N,O+N,) ratio increases with increasing NOj; concentration and decreasing
available C content (Blackmer and Bremner, 1978; Senbayram et al., 2012). It has been
suggested that application of NI would decrease N,O/(N,O+N,) ratio by limiting the NOs3
supply to the soil microsites (Paper II). The lower NO; concentration and available C would
therefore decrease the N,O/(N,+N,0) ratio due to the competitive effect of NO; and N,O as
terminal electron acceptors during denitrification (Paper II and III). In an incubation
experiment conducted under anoxic conditions, Hatch et al. (2005) found that in two slurry
treatments with NIs (DCD and DMPP) N, emissions were significantly increased, and
N2O/(N+N,0) ratios were reduced, when compared with the slurry-only treatment. In paper
III, it was observed that the application of NI increased N, production and decreased the
N2O/(N+N,0) ratio. To the best of our knowledge, this is the first time that an alteration of

the ratio was observed at oxic incubation conditions.
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The potential inhibition effect of NI on nitrifier denitrification has been long time neglected in
the field studies. In paper IV NI significantly reduced N,O emissions at high soil moisture
conditions in the North China Plain. According to N,O isotopomer data, nitrifier
denitrification is believed to be a main source for N,O emissions. The NI’s efficient
mitigation effect on N,O was assumed attributed to the NI’s dual inhibition effect on nitrifier
denitrification, i.e., 1) decreasing the substrate of nitrifier denitrification and 2) inhibiting the
bacterial that performs nitrifier denitrification. However, studies are needed to further clarify

the contribution of nitrifier denitrification on N,O emissions in the field.

3.5 Effect of NIs on soil oxygen availability

The nitrification process requires oxic conditions for NH," oxidation, while denitrification as
an anaerobic process only occurs at low O, partial pressure (Bollmann and Conrad, 1998).
The low availability of O, evolves either because of high moisture content, or because of high
biological O, consumption. By using a novel O, optode approach, Zhu et al. (2015) found that
anoxia rapidly developed due to nitrification after manure addition to soil, and N,O emission
rates increased exponentially after anoxia had developed. In theory, by inhibiting nitrification,
NI could therefore decrease O, consumption in soil microsites, consequently decrease
denitrification rate and N,O emission. This was further examined by Paper VII, with the
combination of the O, planar optode technique to visualize soil O, dynamics and isotopomer
technique to trace the sources of emitted N,O. The application of DMPP was indeed found to
reduce the extent of the O, depletion zone and altered the sources of N,O emissions,
presumably by interrupting O, consumption via inhibiting nitrification. The higher mitigation
effect of NI on N,O emissions with straw addition than without straw could also be partly

attributed to the increase of O, availability with NI addition (Paper II).
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3.6 Alternative approach for N,O mitigation

In this thesis, three further alternative strategies for reducing soil-emitted N,O emissions were
evaluated in order to compare the effectiveness and reliability with NI addition, including 1)
biochar amendment with (NH4),SOy, ii) urease inhibitor addition with urea, and iii) hippuric
acid addition with artificial urine. According to our studies, the N>O mitigation effect of
biochar largely varied with soil and biochar type (Paper V), while the urease inhibitor
showed less N,O mitigation effectiveness as compared with the NI, and even a negative effect
when used together with the NI (Paper VIII). Furthermore, hippuric acid addition showed no
mitigation effect on N,O emission in the field study when combined with artificial urine
(Paper XI). In general, it can be concluded that these alternative approaches showed less N,O

mitigation potential when compared with NI application. A detailed discussion follows below.

3.6.1 Biochar addition

Biochar, which is obtained from the thermochemical conversion of biomass, has been
frequently reported to be an effective solution to mitigate greenhouse gas (GHG) emissions,
(Cayuela et al., 2014; Lehmann and Joseph, 2009; Yanai et al., 2007). Besides the carbon
sequestration potential, in recent years biochar amendment has been frequently reported to
reduce N,O emissions from soils (Chang et al., 2016; Subedi et al., 2016; Yanai et al., 2007).
In a meta-analysis based on 30 studies, Cayuela et al. (2014) reported that biochar reduced
soil N,O emissions by 54% in both laboratory and field studies. However, the suppressing
effect varies among different kinds of biochar and different soil types (Clough et al., 2010;
Taghizadeh-Toosi et al., 2011). Steinbeiss et al. (2009) found that the type of biochar, instead
of soil type, is the main driver for all the differences in gas emissions and microbial
community. However, in the incubation experiment comparing the influence of different types
of biochar on CO; and N,O emissions in different soil types, it was found that the N,O

mitigation effect highly depended on not only biochar type, but also on soil type (Paper
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V). The underlying mechanisms of the influence of biochar on N,O production and
consumption are still unclear. Several different hypotheses have been proposed, such as the
increase in soil aeration status and soil pH, absorption of soil N, and modification of soil
microorganism that are involved in N cycle processes (Cayuela et al., 2013; Lehmann et al.,

2011; Ouyang et al., 2014).

3.6.2 Urease inhibitor addition

Urease inhibitors (Uls), such as N-(n-butyl) thiophosphoric triamide (NBPT), can regulate the
transformation of amide N (R-NH,) in urea-based fertilizers and urine to ammonium (NH4")
ions and slow down urea hydrolysis (Singh et al., 2013). NBPT, when applied with NH;-
based fertilizers, has been found to be able to significantly reduce N,O emissions and
decrease NH3 emission (Dawar et al., 2011; Singh et al., 2013). Therefore, the combination of
NI and UI application might be an effective strategy in reducing N,O emission. In the study of
Ding et al. (2010), NBPT + DCD treatment showed the maximum N,O mitigation effect when
applied with urea as compared with the treatments with NBPT or DCD alone. However, in a
meta-analysis study Uls were found not to be effective in reducing N>O (Akiyama et al.,
2010). In Paper VII the NBPT application even decreased the mitigation effect of DMPP
when mixed together with urea, probably due to some unknown reactions between NBPT and
DMPP during mixing. Therefore, the effectiveness of Uls on mitigating N,O emissions

should be further investigated, especially when mixed with NIs.

3.6.3 Hippuric acid addition

Hippuric acid (HA) is a constituent of ruminant urine. In vitro, HA has been shown to reduce
N>O emissions from soil presumably due to the presence of benzoic acid, a break-down
product, which has been proven to have antimicrobial activity in acidic media (Bertram et al.

2009). As a result of this antimicrobial activity, the nitrification process is thought to be
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inhibited resulting in reduced N,O emissions. In addition, the concentration of HA in urine
has been reported to have a controlling effect on both the hydrolysis of urine-N and on NHj;
volatilization, and thus it may further influence N,O emission factors by altering substrate
supply for microbial mechanisms of N,O production (van Groenigen et al., 2005). However,
in Paper X, the N,O emissions in grasslands were not affected by the addition of different
concentrations of HA when applied with artificial urine, indicating that more studies are
needed before the practical use of HA for mitigating N,O emissions in the field can be

recommended.

4. Conclusions

This PhD study has investigated the effect of NIs on N,O emissions when amended with
mineral N fertilizers under different soil conditions. In addition, several different pathways for
N>O production in soil were identified to illustrate the mechanisms of the inhibition effect

(Fig. 4). Based on our study, the following conclusions can be drawn:

1. The N,O isotopomer approach proved to be a useful tool to trace sources and pathways of
N,O production and consumption in soils. However, using a fixed fractionation factor may

overestimate the N,O reduction effect on SP values and result in erroneous source partitioning.

2. NI application with mineral N fertilizer was shown to effectively reduce N,O emissions in
both wet and dry soil conditions. Furthermore, NI increased N, production and affected the
product stoichiometry of denitrification at oxic conditions. The high NI effectiveness under
conditions favouring denitrification was likely attributed to the indirect impact of NI on

denitrification.

3. In field studies, NI significantly mitigated N,O emission when compared to urea added

alone in a whole winter wheat/summer maize rotation in the North China Plain. The high
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effectiveness of NI on mitigating N>O emission at high soil moisture may be attributed to the
NTI’s dual inhibition effect on nitrifier denitrification, which suggests that NIs can be used as

an effective management option to mitigate N,O emissions in the North China Plain.

4. Alternative N,O mitigation approaches, such as addition of urease inhibitors and biochar,
showed the potential for reducing N>,O emissions, but large variations and uncertainties were
observed; therefore more investigations are needed before these strategies can be widely used

as reliable and effective mitigation strategy.

Nitrifier |
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Figure 4. The direct (solid arrow) and indirect effects (dash-dot arrows) of nitrification inhibitors on

N,O production and consumption pathways in soils.

Overall, this thesis provided evidence from both laboratory and field experiments that
application of NIs can be used as an effective and reliable management strategy to mitigate
N,O emissions in soils not only under soil conditions favouring nitrification, but also in

situations when soil denitrification/nitrifier denitrification potential is high, e.g. N-fertilized
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and straw-amended moist soils. This high mitigation effectiveness in latter situations is likely
due to the indirect inhibition effect of NIs on N,O produced by denitrification and nitrifier
denitrification (Fig. 4). Better understanding of these controlling factors is important for
making decisions about where and when NIs should be used to minimalize the environmental

impact caused by N fertilizer application in agricultural systems.

5. Perspectives

Due to the complexity of N,O production/consumption pathways and high variability of N,O
emission patterns, source-partitioning of N,O emitted from soils is methodologically
challenging. The N,O stable isotope and isotopomer approaches can be very useful tools to
trace sources and pathways of N,O production and consumption in soils. However, several
obstacles have to be overcome before it can be used as a truly reliable method to help
quantifying N,O emissions and constraining the global N,O budget in large scales (see
General discussion). The most commonly used technique in this thesis for N,O isotopic
measurements is laboratory-based isotope-ratio mass-spectrometry (IRMS) in combination
with flask-sampling. Compared to IRMS method used in this thesis, recently developed
spectroscopic techniques, like quantum cascade laser absorption spectroscopy (QCLAS), have
shown several advantages in terms of precision and throughput (Koster et al., 2013). Most
importantly, QCLAS has enabled real-time analysis of N,O isotope signatures at least in
laboratory studies (e.g. Heil et al., 2014), indicating that the isotopomer approach can be a

more powerful and effective method for future studies (Mohn et al., 2012).

Nitrification inhibitors have been studied for more than 50 years, and their effectiveness on
mitigating N>O emissions has been well recognized (Ruser and Schulz, 2015). However, the

underlying mechanisms that affect the NI mitigation effectiveness are still poorly understood,
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even under well-controlled laboratory conditions. In this PhD thesis several important
pathways that help understanding N,O mitigation effectiveness of NI have been identified.
Nevertheless, further research is still needed in both laboratory and field studies, especially
for identifying the contribution of nitrifier denitrification, which has long been neglected due

to methodological constraints.

As NIs could keep nitrogen in the form of NH," instead of NO5 for a longer time in soil, their
application might also cause an increase in NHj volatilization. Several literature reviews and
meta-analysis studies indicated that NI application could increase NH3 volatilization (Kim et
al., 2012; Lam et al., 2017). However, it should be noted that most of the NIs investigated in
those studies were DCD. On the contrary, several studies using DMPP found that NI had no
effect, or even a mitigation effect on NHj volatilization (Li et al., 2008; Menéndez et al., 2006;
Wissemeier et al., 2001). In this PhD study, the effect of NIs on NHj volatilization was not
evaluated due to limited labor resources and methodological constraints. Nevertheless, it is
suggested that the effect of NIs on NHj; volatilization should be investigated in further studies;
otherwise the beneficial effect of NIs in decreasing direct N,O emissions might be

overestimated by neglecting an increase in NH3 volatilization.

The commercially used NIs (e.g. Nitrapyrin, DCD, DMPP) have proved to be non-toxic and
both environmentally and ecologically safe (Tindaon et al., 2012; Zerulla et al., 2001).
Nevertheless, some worries have been raised in respect of the food safety issue. For example,
in year 2013 DCD residues were detected in commercial milk products in New Zealand, and
thus led to a debate about safety issues related to the use of NI, with the result of suspending
the use of DCD in New Zealand’s grazed grasslands. This fact indicates that the over-
application of NIs should be treated with more caution, especially when applied in grazed

grassland.
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It has been known that certain plants can suppress soil nitrification through the release of
nitrification inhibitors from their roots, which is a phenomenon termed ‘biological
nitrification inhibition (BNI) (Subbarao et al., 2007). BNI capacity appears to be relatively
widespread among a tropical pasture plants with Brachiaria spp. (Subbarao et al., 2009). The
new understanding of BNI might be used in both genetic and crop system management
approaches in agriculture systems, which could also expand the research area of NIs in the

future.
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corrected for the N,O reduction effect
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RATIONALE: The aim of this study was to determine the impact of isotope fractionation associated with N,O reduction
during soil denitrification on N,O site preference (SP) values and hence quantify the potential bias on SP-based N,O
source partitioning.

METHODS: The N,O SP values (n=431) were derived from six soil incubation studies in N,-free atmosphere, and
determined by isotope ratio mass spectrometry (IRMS). The N, and N,O concentrations were measured directly by
gas chromatography. Net isotope effects (NIE) during N,O reduction to N, were compensated for using three different
approaches: a closed-system model, an open-system model and a dynamic apparent NIE function. The resulting SP
values were used for N,O source partitioning based on a two end-member isotopic mass balance.

RESULTS: The average SP, value, i.e. the average SP values of N,O prior to N,O reduction, was recalculated with the
closed-system model, resulting in —2.6 %o (+9.5), while the open-system model and the dynamic apparent NIE model
gave average SP, values of 2.9 %0 (+6.3) and 1.7 %o (+6.3), respectively. The average source contribution of N,O from
nitrification/fungal denitrification was 18.7% (+21.0) according to the closed-system model, while the open-system
model and the dynamic apparent NIE function resulted in values of 31.0% (+14.0) and 28.3% (+14.0), respectively.
CONCLUSIONS: Using a closed-system model with a fixed SP isotope effect may significantly overestimate the N,O
reduction effect on SP values, especially when N,O reduction rates are high. This is probably due to soil inhomogeneity
and can be compensated for by the application of a dynamic apparent NIE function, which takes the variable reduction
rates in soil micropores into account. Copyright © 2016 John Wiley & Sons, Ltd.

Nitrous oxide (N,O) is one of the major climate-relevant trace
gases emitted as a result of anthropogenic activities. Although
the atmospheric concentrations of N,O are comparatively
low, N,O has a significant impact on the global climate, as its
global warming potential (GWP) is 265 times higher than that
of CO, when calculated over a 100-year time horizon."!
Moreover, N,O makes a major contribution to the destruction
of the tropospheric ozone layer.™! Soils are considered to be
the largest source of N,O emissions.!! Microbial nitrogen
(N) transformation processes, such as nitrification and
denitrification, are the major sources of N,O; however, their
relative contribution to N>O production is often unclear.
Recent developments in mass spectrometric techniques and
laser spectroscopic approaches allow the intramolecular N
distribution to be determined in the linear asymmetric N,O
molecule.’®! The so-called "N site preference (SP), the
difference in isotopic N content between the central (o position)
and the terminal N atom (B position) in the asymmetric N,O
I
* Correspondence to: D. Wu, Institute of Bio- and Geosciences,
Agrosphere (IBG-3), Forschungszentrum Jiilich GmbH,
52425 Jiilich, Germany.
E-mail: w.di@fz-juelich.de

molecule, has been shown to differ clearly amongst different
N,O source pathways,”! and it is assumed to be independent
of the 8'°N value of the precursor species.'! Thus, the SP can
provide information about the underlying source processes of
N,O, such as nitrification and denitrification."!! In several pure
culture studies the SP of N,O originating from bacterial
denitrification (SP values —11 %o to 0 %.) was found to be
clearly lower that that from nitrification (ammonia oxidation
and hydroxylamine oxidation) derived N,O (SP values 31 %o
to 37 %0)'[8,9] Based on these findings, the relative contribution
of denitrification and nitrification to the total N,O emission
from soils can be estimated. However, definite allocation of
the N,O to these two processes is complicated by similar SP
values for other processes such as fungal denitrification and
abiotic sources ranging between 32 %o and 37 %o, thus
overlapping with the SP signatures typical for nitrification.
Furthermore, there are other microbial N,O production
pathways, such as archaeal nitrification, anammox (anaerobic
ammonium oxidation), or DNRA (dissimilatory nitrate
reduction to ammonium), for which hardly any characteristic
isotopic N,O signatures have yet been identified.!"*'4!
Another process that could also markedly affect SP values is
isotopic fractionation during N,O reduction to N, which tends
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to enrich °N at the o position of the N,O molecule,'>1¢!

thereby increasing SP values according to the degree of
reduction."*'®! To correct this isotopic effect, information on
the actual N, production via N,O reduction is needed.
However, most indirect methods targeting N, production,
e.g. the commonly used acetylene inhibition technique,
can be influenced by experimental artifacts."” Direct
measurements of N, production via denitrification in soils
are challenging due to the high atmospheric N, background;”!
thus, in most studies using the N,O isotopomer approach, the
N, production was not measured.""?12] Therefore, in these
studies the use of SP values may have underestimated the
proportion of N,O derived from denitrification, as N,O
reduction cannot be taken into account.

In the present study we focused on SP values obtained
from six soil incubation studies conducted in soil incubation
systems designed for measuring N,O as well as N, emissions
from soil directly by gas chromatography after replacing the
air by a He-O, atmosphere. These systems facilitate regular
gas sampling for N,O isotopomer analysis by isotope ratio
mass spectrometry (IRMS).°?*! As an advantage, the direct
determination of N, permits quantification of the N,O
reduction effect on observed SP values and thus allows more
accurate N,O source partitioning estimates.””! In order to
precisely estimate the SPy values, i.e. the SP values of N,O
prior to N,O reduction, the net isotope effect ysp (NIE;
according to Jinuntuya-Nortman ef al.1'®ly needs to be known.
However, in soil experiments only the apparent 7sp can be
determined. The apparent 5sp value not only depends on
the isotopic fractionation associated with N,O reduction,
but it can be also affected by soil heterogeneity and diffusion
processes.”*”] Since there is no isotopic fractionation for SP
during N,O diffusion, the 5gp value during N,O reduction is
believed to be mainly controlled by the rates of enzymatic
reduction.’””! Therefore, in most studies a fixed nsp value
has generally been used as the fractionation factor because
the value was believed to be relatively stable.l?”] However,
soil heterogeneity may still play an important role, especially
for very high N,O reduction rates when a complete reduction
of N,O to N, in isolated soil microsites is possible. For soil
conditions in which complete N,O reduction occurs in
isolated soil micropores, no effect on the isotopic composition
of the total residual N,O can be observed, and thus in such
cases a higher reduction rate is not associated with a further
increase of SP values.?®?°! Hence, even for the (stable) ysp
factor the apparent (and measured) isotope effects may be
variable depending on the spatially localized distribution of
the N,O reduction in soil.

In the current study, in order to find a better approach for
estimating isotope effects during N,O reduction, we compared
three different methods, i.e. a closed-system model,*® an open-
system model,* and a dynamic apparent NIE function (our
proposed approach) to compensate for the effect of isotope
fractionation associated with N,O reduction on SP values and
the subsequent N,O source partitioning based on SP values.

EXPERIMENTAL

N,O isotopomer data were obtained from six soil incubation
studies [Bol et al., 1?0l Meijide et al.,B1l Bergstermann et al.,13?l
Koster et ul.,m] and Lewicka-Szczebak et al‘[zgl, which were

conducted at Rothamsted Research in North Wyke, UK, and
by Késter et al.®) which was conducted at the Hanninghof
Research Station in Diilmen, Germany].[6'26] A total of 431
data points from soil incubation experiments conducted
under conditions explicitly favoring denitrification were
obtained (Table 1). In all these studies spot gas samples were
collected from the headspace as described in Meijide et al.,*"!
and the N,O isotopomer ratios were determined by IRMS,
with the isotopomers being those differing in the peripheral
(B) and central (o) N-position of the linear molecule. This
method does measure the relative abundance of isotopes,
particularly in our study the dual isotope and isotopomer
signatures of NyO, i.e. the 5'%0 value of N,O (8'%0-N,0),
the average 3'°N value (§"°N°"*) and the §'°N value of the
central N-position (3'°N®), as described previously.> The
5N site preference (SP) was obtained as SP =2 x (8' SN —
§1INPulky 131

Three of these incubation experiments had both anoxic and
oxic phases (Table 1). During the anoxic phase the soil
samples were incubated under a completely anoxic He
atmosphere; thus, no autotrophic nitrification could occur.
During the oxic phase of the incubation the O, partial
pressure (pop) in the He-O, incubation atmosphere was ca
10 to 20 kPa and thus denitrification and nitrification could
have occurred simultaneously.

As the N,O reduction was directly measured in the form of
N, production, the SP, values can be calculated by applying a
net isotope effect nsp for the N,O to N, reduction step of
denitrification.

In a first step, the isotope effects during N,O reduction on
N,O SP values have been calculated using a Rayleigh-type
model, assuming that isotope dynamics followed closed-
system behavior in the six incubation studies. The model
can be described as follows:2%%*!

C
SPN20-r = SPrn20-0 + 7, In (C—> 1)
0

In this equation, SPnyo-r is the SP value of the remaining
substrate (i.e. N»,O), SPnoo.o is the SP value of the initial
substrate, 7, is the NIE associated with N,O reduction,
and C and Cj are the residual and the initial substrate
concentration (i.e. C/Cy expresses the N,O/(N,O +Ny)
product ratio). The error due to the simplified use of #,SP
for the Rayleigh model (Eqn. (1)) instead of separate
calculations with n}SN“ and r]isNB causes a maximal bias
of the calculated SP values of 2.1 %o for extremely low
N>,O/(N2O+Ny) product ratios (0.00012). However, due
to very scarce data on #7;°N* and 5;°NP values, ' we
applied calculations with #,SP which were much better
determined in numerous previous studies. For intermediate
product ratios (>0.1), this error is <0.3 %o, which is below the
typical SP measurement precision, hence negligible.

However, as discussed recently by Decock and Six,
in reality the behavior of isotope fractionation during
N,O reduction in soils is probably rather characterized
as a mixture of processes following closed- as well as
open-system isotope dynamics.*™ According to Fry,?"!
an open-system model shows a linear response to

[35]
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Table 1. Soil incubation conditions and average N,O SP and SP, values of the six included studies

SP[%0]  SP, (estimated)[%o]

5.1+4.6 %0 SPy..=—2.8+4.2 %o
(7’!:6) SPy.q=0.0£3.5 %o
SPyo=1.9+3.7 %o
85% WEFPS  Oxic phase: He (90%), 5.0+3.3 %o SPy..=—1.6 4.8 %o
O, (10%)(days 1-11); (n=69) SPp.q=0.2+3.3 %o
Anoxic phase: SPy.o=+2.0%3.0 %o
He (100%) (days 12-21)
90% WEPS  Oxic phase: He (90%), 4.3+3.7 %o SPy..=—3.7£9.1 %o
O, (10%);Anoxic phase: (n=109) SPo.q=+1.1£6.7 %o
100% He (days 6-10) SPy.o=+1.6+6.7 %o
He (100%); 14.8 +8.5 %o SPo..=4.7 + %o
He (80%), O, (20%) (n1=47) SPy.q=8.1%7.8 %o
SPy.o=10.7£8.0 %o
49+75 %o SPy.=-52+11.1 %o
(n=105) SPy.q=0.6+7.1 %o
SPyo=1.6£7.3 %o

Water content Incubation conditions

100% WHC He (80%),
0, (20%) (5 days)

Reference

Bol et al.*%!

Soil type
Dystric Gleysol

Meijide et al. B Chromic Luvisol

1. [32]

Bergstermann et a, Chromic Luvisol

Koster et al.°! Stagnic LuvisolGleyic  65% WHC

Podzol;Fluvimollic

Koster et al.*! Clayey noncalcareous 90% WEPS

Pelostagnogley

He (90%), O, (10%)

(=2}
N
N

Lewicka-Szczebak et al.?”!  Silty clay loam soil ~ 100% WEPS ~ He (79%), O, (21%)  6.0%+5.5 %o SPy.c=—2.9+10.3 %o
94% WEFPS (n1=95) SPy.q=1.8%6.0 %0
85% WEPS SPy.o=2.9%5.8 %o

WHC = Water holding capacity; WEPS = Water filled pore space

increasing substrate consumption and can be modeled as

follows:
C
SPn20-r = SPn2o—0 — 77, [ 1 — c. (2)
)

It has been suggested that in some cases when extremely
low N,O/(N;+N,0) product ratios occur, an open-system
model may be more applicable.?’! Published NIE values
range from —8.2 %o to —2.9 %o, which indicates that the NIE
during N,O reduction may vary amongst different soils
and/or incubation conditions.[¢1*?7353¢] In_the majority of
previous studies,®*”! a fixed NIE was used to calculate the
N,O SP, values. However, using a temporally variable NIE
may significantly affect the SPy values, and thus the source
partitioning results in the next step. The modelled NIE values
determined in Lewicka-Szczebak ef all*’! were therefore
specifically correlated in this study with the respective
measured N,O/(N,O+N,) product ratios to help us to
develop a new dynamic apparent NIE function approach:

C
nr=-59-1.1In <@> 3)

An NIE value of 0 was assumed as the maximum value.
The SP; value can then be calculated using a combination of
Egns. (1) and (3). The differences in SP, values and for source
partitioning between the open-system model, the closed-
system model, as well as the dynamic apparent NIE function,
are highlighted in the current study. For the open-system model
and the closed-system model an NIE of —5 %o was assumed,
based on reported average values.**! To differentiate between
them, the SPy values, based on the closed-system model, the
open-system model and the dynamic apparent NIE function
are referred to as SPy.., SPo., and SP.q, respectively.

The N,O source partitioning was based on an end-member
isotopic mass balance equation:

SPn20-0= SPp - fp-sp+SPx - fn-sp “4)

In this equation it is assumed that we deal with only two
end-members; hence fy.gp+fpgp=1. Here fpsp represents
the contribution of denitrification, while fy.gp represents the
contribution of both nitrification and fungal denitrification
calculated on the basis of the respective SP, values. The
end-member N,O SP value for nitrification and fungal
denitrification (SPy) was assumed as 34 %o, and the N,O SP
value for denitrification (SPp) was set to —11 %o, representing
the lower end of literature data, thereby largely avoiding
negative nitrification/fungal denitrification proportions.”~!

RESULTS AND DISCUSSION

Details of the conditions of the six incubation experiments are
shown in Table 1. The average SP value was 6.1 %o (+6.6)
based on 431 single SP values from the six experiments
(Fig. 1). After accounting for the N,O reduction effect, the
average SPy.. and SP(., values decreased to —2.6 %o (+9.5)
and 2.9 %o (+6.3), respectively. Sixteen percent of the SPy..
values were below —11 %o, which is generally reported to
be the lower end of SP values for denitrification in pure-
culture incubation experiments,[8’9] while almost no SPy.,
values were below —11 %o (Fig. 2).

In many previous studies denitrification and nitrification
were assumed to be the two major sources of N,O.%!
However, with more recent studies at the molecular level, it
is believed that fungal denitrification also functions as a
major process in the nitrogen cycle and acts as a common
N,O source in different ecosystems.”*”* Fungal denitrification

wileyonlinelibrary.com/journal /rcm

Copyright © 2016 John Wiley & Sons, Ltd.

Rapid Commun. Mass Spectrom. 2016, 30, 620-626



N,O reduction effect on SP during denitrification

Rapid
Communications in

¥ ~7 Mass Spectrometry

=

35- o o 100 £ .2

5 €

<

= O

° = &

80 D

° Z =

9 ° §5

& ., B
© 60 O = ~
S o?o 8 © © < VN
ZN < o Z =

o oo & © 00 0 5 E

- %0 0 ©
@0 Oqgooo‘&;&o oobwg%@ Se 0% 0%%8 § 40 g E
] SR
0% %0 o %% o & B 6 o508 % # £E
< o © o S % g 80%&&)8@ £ 5
3 20

@ ® 0 [ § g) o ° 2 =

4 g ° 5E

° < =] 2

-10 0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
N,O/(N,0+N,) ratio

Figure 1. '°N Site preference (SP) va

lues and source partitioning of N,O as a

function of N,O/(N,O +Ny) ratio. Left y-axis: N,O SP values obtained from the

six soil incubation experiments using
y-axis: Nitrification/fungal denitrifica

a denitrification incubation system. Right
tion proportion calculated on the basis of

N,O SP values. Grey diamond squares were measured under anaerobic
conditions, while white diamond squares were measured under aerobic

incubation conditions. The figure inclu

des data from Bol et al.,'*"! Meijide et al. P!l

Bergstermann et al. B2 Koster et al. 1% Koster et al.®* and Lewicka-Szczebak et al.[*!

is known to have similar SP values to nitrification; therefore,
distinguishing N,O originating from fungal denitrification and
bacterial nitrification is mathematically impossible based on SP
values only. Assuming that in these six experiments all the
N,O was produced either by nitrification/fungal denitrification
or by bacterial denitrification, SP, SPy.. and SPy., values were
used in the two end-member mixing model to partition the
emitted N,O. The proportions of nitrification/fungal
denitrification based on the SP, SPy. and SP,, values were
estimated as 38.0% (+14.6), 18.7% (+21.0) and 31.0% (+14.0),
respectively. It should be noted that the grey diamond squares
in Figs. 1 and 2 should only represent fungal denitrification, as
at anoxic conditions bacterial nitrification cannot be active.

However, when SP,_. values were used, a number of the
values of the nitrification/fungal denitrification proportions
became negative, while almost none of the nitrification/fungal
denitrification proportions estimated by SPy., and SPy4 were
below zero (Fig. 2).

In a closed system, substrate is added once and used up
progressively over time, whereas, in an open system,
substrate is added continually, and product and unused
substrate exit permanently.?*! Therefore, when N,O is
continuously produced and partially reduced, N,O reduction
may actually be considered as an open system; however, as
the system is not at steady state, i.e. substrate concentration
as well as reaction rate are not constant, the open-system
model equation (Eqn. (2)) is not the correct one to
apply.?”** Furthermore, the six incubation experiments were
all carried out at high soil moisture, and such conditions favor
N>O accumulation in soil microsites prior to N,O reduction,
justifying the assumption of closed-system isotope dynamics.
Moreover, in the study of Koster et al.l®la logarithmic relation
between the N,O SP value and the N,O/(N,O + N,) product
ratio was found, which is typical for a closed system, whereas
for an open system a linear relation would be expected.* In
the other five included studies, neither a logarithmic nor a

linear correlation was found between the SP values and the
N,O/(N,O +Ny) product ratio.

When a very low N,O/(N,O +N,) product ratio occurred,
i.e. nearly all the produced N,O was reduced to N, the actual
apparent NIE may have been less negative than the assumed
fixed value. The reason for this is that although N, is produced,
no change in SP (N,O) will be observed, because no N,O
escaped from the soil (see Supplementary Table S1, Supporting
Information). This possibly leads to the overestimation of N,O
reduction effects on SP, values when a fixed NIE is used. In the
study of Lewicka-Szczebak et al.,/*! the NIE was found to be
positively correlated with the N,O/(N,O +N,) product ratio
(r2=0.68, n=18, P=0.002). Based on dynamic apparent NIE
function, the SPy4 values led to similar results to the SPy.,
values (Fig. 2). The average value of SPy4 was 1.7 %o (+6.3),
which was higher than the average value of SPy. (—2.6 %o),
but lower than the average value of SPy., (2.9 %o). The
proportion of nitrification/fungal denitrification based on
SPgq was 28.3% (+14.0), which was also between the
proportions estimated by the SPy..and SPy., values.

The out-of-range values of SP.. and the resulting negative
nitrification/fungal denitrification proportions based on the
SPy.. values both clearly indicated an overestimation of the
N,O reduction fractionation effect by applying the closed-
system model. However, this overestimation was observed
only for samples with very low N,O/(N,O+N,) product
ratios (<0.1) (Table 2). The open-system and dynamic apparent
NIE function resulted in relatively similar SP, results when
used to model the N,O reduction effect, whereas the open-
system model gave higher average SP, values for the entire
range of N,O/(N,O+N,) product ratios. The difference
between these three approaches became smaller when the
N>O/(NO +Np) ratio was higher (Table 2). There was almost
no difference between the three approaches when the N,O/
(N2O+Npy) product ratio was above 0.6. In our study the
dynamic apparent NIE function compensated well for the
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Figure 2. N,O SP, values calculated with the three different approaches and source
partitioning based on N,O SP; as a function of N,O/(N,O+Ny) ratio. Left y-axis:
N,O SP, values obtained from the six soil incubation experiments using a
denitrification incubation system. Right y-axis: Nitrification/fungal denitrification
proportion calculated on the basis of N,O SPy values. Grey diamond squares were
obtained under anaerobic conditions, while white diamond squares were measured
under aerobic incubation conditions. N,O SP, values based on the closed-system
model are referred to as SPj., SP; values based on the open-system model are
referred to as SP(.,, while SP, values based on the dynamic apparent NIE function
are referred to as SPy 4. The figures include data from Bol et al. BV Meijide et al. P!
Bergstermann et al. P2 Koster et al.,[® Koster et al.l®® and Lewicka-Szczebak et al.l*”!
Please note the different scaling of the y-axes.

overestimation of the N,O reduction effect by the closed- within the whole range of N,O/(N,O +N,) ratios (Table 2).
system model at extremely low N,O/(N,O+N,) product Therefore, we propose the dynamic apparent NIE function
ratios. Moreover, it also gave the lowest variations for SPy  as an alternative way of examining and calculating SP, values,

(=2}
N
=

]
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Table 2. N,O SP values before and after correction for fractionation during N,O reduction using three different approaches

SP SPy.. SPy, SPy.q
N,O/(N>O + Ny)ratio range [%o] [%o] [%o] [%o]
0-0.1 74+74 —114+104 26+74 1.6+75
0.1-0.2 85+6.2 —-15+64 42+6.3 1.1+6.3
0.2-0.4 89+6.5 2.8+6.5 54+6.5 34+6.5
0.4-0.6 3.8+4.6 02+45 1.3+4.5 0.1+45
0.6-0.8 2.8+5.2 1.1+53 1.3+52 09+53
0.8-1.0 35+4.7 29+48 3.0+4.8 29+48

SP.. — closed-system model, SP., — open-system model, and SPy.q — dynamic apparent NIE function

especially when the N,O/(N,O + N,) product ratio is less than
0.1. It should be noted that in this study the equation for the
dynamic calculation of the NIE was still based on limited
literature data (n=18); however, it already provided an
opportunity to rethink the nature of NIE. In order to progress
these findings, further soil incubation studies need to be
undertaken to determine and subsequently constrain the
potential range of NIE associated with the N,O reduction effect.

No matter which of the SPy (SPy.., SPy.,, or SPy4) values
were used to compensate for the N,O reduction effect, a
marked impact on the SP value was shown, which
significantly increased the estimate of the proportion of N,O
derived from denitrification. Several other ways of estimating
N,O reduction have been reported. For example, a strong
relationship between N,O §'°0 and SP values between 2.2
and 2.6 is suggested to be indicative of N,O significantly
affected by reduction.”®**! Tt was therefore proposed that
the relative N,O reduction rate can be estimated based on
the correlations of the 5"°N% &'"°NP, and §'%0 values of
N,O.'"! However, it has been argued that the positive
relationship may also be caused by a shift from nitrification
to denitrification or by other unknown mechanisms.*!

CONCLUSIONS

The closed-system model tended to overestimate the
reduction effect on SP values, when most of produced
N,O was reduced to N,, which led to an erroneous source-
partitioning of N,O by the two end-member mixing model.
This was probably due to the effect of inhomogeneous
distribution of reduction rates and the partially complete
N,O reduction in soil isolated micropores. The dynamic
apparent NIE function, in which NIE decreases with increasing
reduction rate, provided more realistic values, especially at the
low end N,O/(N,O +Nj,) product ratios (<0.1).
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The application of reactive nitrogen (N) in the form of synthetic/organic fertilizers plays a central role in
supporting a larger human population, but also contributes to global warming through the emission of
nitrous oxide (N»0). The use of nitrification inhibitors (NIs) has repeatedly been shown to minimize N,O
emissions; however, their effectiveness in reducing N,O emissions varies greatly under different envi-
ronmental conditions. A better understanding of how and to what extent NIs can mitigate fertilizer-
related soil-borne N,O emissions under a range of different conditions is required. In the present
study, we carried out a soil incubation experiment in a fully automated continuous-flow incubation

Keywords: L . N o . L . . P .
Ni{riﬁcation inhibitor system under conditions favoring either nitrification- or denitrification-derived N,O emissions. Addi-
Nitrification tionally, the abundance of AOB amoA, and AOA amoA genes was quantified and N,O isotopic signatures

were analyzed. We mixed a common NI (PIADIN®) with mineral fertilizer (ammonium sulfate) and
examined the N,O mitigation potential of the NI in a fertilized sandy soil (low denitrification potential)
and a sandy soil mixed with wheat straw (high denitrification potential) at 70% water holding capacity
(WHC). In non-NI treatments, the addition of straw led to a drastic increase of CO, and N,O emissions
compared to the non-straw-amended soils, suggesting stimulated microbial activity and higher deni-
trification rate. The NI reduced N,O emissions in the straw-amended treatment by 41%, whereas in the
treatment without straw this was only 17%. With the combination of N,O isotopic signatures and
functional gene abundances, fungal denitrification was considered to be the major process contributing
to the higher N,O fluxes specifically in straw-amended soils. Overall, our study indicated that NI can be
used as an effective method for mitigating N,O emissions in cropland specifically when the denitrifi-
cation potential is high, e.g. in moist N-fertilized and straw-amended soils.

© 2016 Elsevier Ltd. All rights reserved.

Denitrification
Nitrous oxide
Isotope

Gene abundance

1. Introduction

Synthetic N fertilizers have been estimated to currently sustain
almost 50% of the world's population (Sutton et al., 2011). However,
only 47% of the reactive nitrogen added globally to cropland is
converted into harvested products, meaning that more than half of

* Corresponding author.
E-mail address: w.di@fz-juelich.de (D. Wu).
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the nitrogen used for crop fertilization is currently lost into the
environment (Lassaletta et al., 2014). The N fertilizers not taken up
by the target system tend to be transformed into gaseous (NO, N,0O,
or Ny) or leachable forms (e.g. NO3), potentially causing environ-
mental consequences, as the N escapes into the atmosphere or
cascades via the terrestrial systems into the aquatic systems
(Fowler et al., 2013). When N fertilizers are applied such as urea or
anhydrous ammonia, the microbial process of nitrification converts
a large fraction of the ammonium into nitrate (NO3) within 2—3
weeks (Huber et al., 1977). This NOs3 is highly mobile in soil and may
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cause a number of environmental problems, such as ground water
pollution and greenhouse gas emissions.

Nitrous oxide (N»O) is an important greenhouse gas and has
become the most important stratospheric ozone-depleting gas of
the 21st century (Bouwman et al.,, 2002; Ravishankara et al., 2009).
Globally, soils are the largest anthropogenic source of N,O, and
agricultural activities are responsible for about 59% of the anthro-
pogenic N0 emissions (Ciais et al., 2014). The increasing use of N
fertilizers in agriculture is the major reason for the high anthro-
pogenic N,O emissions by enhancing the microbial processes
which lead to nitrification and denitrification (Firestone and
Davidson, 1989). Until recently, denitrification was considered to
be the dominant process responsible for the increase in atmo-
spheric N»O (Baggs, 2008; Senbayram et al., 2009). Denitrification
has been found to be a function of both eukaryotes and bacteria,
however, many fungi lack N,O reductase and thus the final product
is N2O (Laughlin and Stevens, 2002). Denitrification is a key process
of the global N cycle because it leads to significant N losses from
agricultural systems by converting NO3 and NO; into NOy, N>O and
elemental N, (Bouwman et al., 2013). N,O emissions from soil
denitrification have been projected to reach 14.2 Tg N yr—! by 2050
on the global scale (Bouwman et al., 2013). The rate of denitrifica-
tion and N3/N,O partitioning is regulated by a number of complex
interrelated factors, e.g. oxygen availability, soil moisture, pH, NO3
concentration, and the availability of labile carbon (C) compounds
in the soil (Burford and Bremner, 1975; Dittert et al., 2005; Loecke
and Robertson, 2009).

In the recent past, crop straw incorporation has become more
popular worldwide. China, for example, accounts for around 30% of
global crop straw production. In the past, most of the straw pro-
duced was burnt in China, whereas nowadays approx. 46% of this
straw is returned to the soil due to the prohibition on burning straw
enacted by the government (Jiang et al., 2012). The labile soil C pool,
which turns over relatively rapidly, originates from the addition of
fresh residues such as plant straw, plant roots and living organisms,
and predominantly regulates the denitrification potential. With
respect to the impact of crop straw incorporation on N,O emissions,
contradictory observations have been reported (Baggs et al., 2000;
Zou et al.,, 2005). Thus, understanding the impact of straw incor-
poration on the production of N,O and therefore developing spe-
cific management practices to reduce N;O fluxes in straw-amended
soils may contribute significantly to global efforts to mitigate
greenhouse gas emissions.

Nitrification inhibitors (NIs) are compounds that can reduce the
bacterial oxidation of NHZ to NOz by inhibiting the activity of
ammonia-oxidizing bacteria, e.g. of the genus Nitrosomas, in the
soil (Zerulla et al., 2001). Most of the NIs inhibit the enzyme
ammonia monooxygenase (AMO), which catalyzes the first step of
nitrification (Subbarao et al., 2006). The use of NIs has repeatedly
been shown to lower N0 emissions from agricultural soils; how-
ever, their effectiveness in reducing N,O emission varies greatly
(Prasad and Power, 1995; Qiao et al., 2015; Ruser and Schulz, 2015).
The application of NI was reported to reduce N,O emission mainly
due to inhibited nitrification rate (Zerulla et al., 2001). However,
recent studies indicated that denitrification-derived N,O emissions
may also be affected indirectly by NI (Hatch et al., 2005; Ruser and
Schulz, 2015). Menendez et al. (2012) reported that the use of NI
3,4-dimethylpyrazole phosphate (DMPP) reduced N,O emission
more effectively under conditions favoring denitrification, i.e. at
80% water-filled pore space (WFPS), than at 60% WEFPS, which
provides more suitable conditions for nitrification. Similarly, Di
et al. (2014) reported that, while the NI dicyandiamide (DCD) did
not have a significant impact on N»O emission at 60% field capacity,
large reductions were found after DCD application at 100% field
capacity and above.

In the past, sources of soil-borne N0 emissions were identified
using various inhibitors, sterilization or addition of substrates
(Baggs, 2008; Khalil et al., 2004; Stevens et al., 1993). Recent de-
velopments in mass spectrometric and laser spectroscopic tech-
niques have enabled the analysis of the intramolecular "N
distribution in the linear asymmetric N;O molecule
(Brenninkmeijer and Rockmann, 1999; Toyoda and Yoshida, 1999;
Koster et al., 2013a). The N site preference (SP), the difference
between 3'°N at the central (o, position) and the peripheral N atom
(B position) in the N,O molecule, has been shown to differ amongst
different NO source pathways (Sutka et al., 2008, 2006; Toyoda
et al., 2005). The combination of 3'°NPX 5180 and SP signatures
of N»O has recently been used to determine the sources of N,O
emitted from soil, e.g. bacterial denitrification (including nitrifier
denitrification), nitrification (i.e. ammonium oxidation via hy-
droxylamine), or fungal denitrification (Sutka et al., 2008, 2006;
Toyoda et al., 2005). The advantages of this isotopic approach are
that it is a non-invasive, source or process tracer method, enabling
convenient low-cost gas sampling, which facilitates the investiga-
tion of both laboratory incubation and field-scale experiments
(Baggs, 2008; Decock and Six, 2013).

The first objective of this study was to evaluate the effects of
mineral N fertilizer and straw incorporation on N,O production.
Secondly, we compared the effectiveness of NI application for
mitigating N>O emissions in N-fertilized soils under two contrast-
ing conditions: incubation of sandy soil with low organic matter
(OM) content (favoring nitrification-derived N,0), and incubation
of sandy soil amended with wheat straw (favoring denitrification-
derived N;0). We set up a laboratory incubation trial under fully
controlled conditions and determined CO; and N0 gas fluxes with
high temporal resolution using a continuous-flow robotized incu-
bation system. Key functional genes (i.e., genes encoding ammonia
monooxygenase (amoA) of ammonia-oxidizing bacteria (AOB), and
amoA of ammonia-oxidizing archaea (AOA)) involved in ammonia
oxidation were quantified in order to investigate the effect of the
application of NI and straw on nitrification activities. To determine
the major processes contributing to N,O emissions, SP values and a
two-end-member mixing model were used to source-partition N,O
emissions.

2. Materials and methods
2.1. Soil

The soil was collected from farmland close to Gifhorn, Lower
Saxony, Germany (52° 34’ 9.5” N, 10° 45’ 26.6” E). Arable crops
(oilseed rape, wheat, barley, potato) had been grown prior to soil
sampling. The soil was classified as sandy soil (sand 81.8%, silt
14.8%, clay 3.5%). The initial soil contained 1.5% total C, 0.09% total
N, 0.1 mg NHi—N kg~ ! dry soil,11.4 mg NO3-N kg ! dry soil, and
had a pH of 6.3. The upper 2 cm of the soil and roots were removed,
and soil was collected from the first 10 cm below the removed layer.

2.2. Automated soil incubation experiment

The incubation experiment was carried out at the Institute of
Applied Plant Nutrition, University of Gottingen, Germany, in a fully
automated continuous flow incubation system with 15 PVC vessels
(200 mm height, 200 mm diameter). The experiment consisted of
four treatments in three replicates each, i.e. soil amended with i)
mineral N fertilizer only (ammonium sulfate, AS), ii) NI (PIADIN®,
SKW Piesteritz, Germany) mixed with mineral N fertilizer (AS-NI),
iii) straw and mineral N fertilizer (SW), iv) straw and NI mixed with
mineral N fertilizer (SW-NI), and a non-amended control (CO). Prior
to incubation, the soil was pre-incubated for 7 days at 45% water
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holding capacity (WHC) to allow the microbial activity to stabilize.
Then, soil moisture was adjusted to 70% WHC, equivalent to 67%
WEPS, in order to create semi-anoxic conditions (Dobbie and Smith,
2001). In the straw treatments, wheat straw (0.7% total N, 43.7%
total C) was mixed with soil at a rate of 4.1 t ha~! (equivalent to
2.6 g wheat straw kg~ 'dry soil), and 5.7 kg fresh sandy soil. All soils
in each incubation vessel were packed at a bulk density of approx.
09 g cm 3. Ammonium sulfate was applied at a rate of
150 kg N ha! (equivalent to 0.47 g in solution in each vessel) in all
fertilizer treatments. The NI was pre-mixed with 10 ml ammonium
sulfate solution at a rate of 6 L product/ha (equivalent to 19 pl per
vessel). The solution was then applied to the top layer. After adding
fertilizer without or with NI, the incubation pots were sealed and
the headspace (50 mm height) of each vessel was continuously
flushed with ambient air (approx. 20 ml air min~'). The tempera-
ture of the incubation room was set at 22 °C.

2.3. Measurement of trace gases

For online trace gas concentration analysis of N>O and CO,,
samples from each incubation vessel's outlet were directed
sequentially to a gas chromatograph via two multi-positional
valves (12 and 16 ports) by a software-controlled electric actuator
(Trilution, Gilson, Inc., Middleton, WI, USA) and an interface mod-
ule (508 Interface Module, Gilson, Inc.). The gas sample was then
analyzed by gas chromatography (450-GC, Bruker, Germany),
employing a thermal conductivity detector (TCD) for the quantifi-
cation of COy, and an electron capture detector (ECD) for N,O. N,O
and CO, emissions in the inlet and outlet of each vessel were
measured approximately every 8 h. The outlet flux rate for each
incubation pot was measured manually every day with a portable
gas flow meter (GFM Pro Gas Flowmeter, Thermo Fisher Scientific,
Waltham, MA, USA). Flow rate and the concentration difference in
CO; and N;O from each incubation vessel's inlet and outlet were
used to determine the flux rates.

2.4. Analysis of NHj and NO3

Soil samples of about 15 g taken from the upper 5 cm were
collected from each vessel on four occasions (day 13, 26, 40 and 51)
during the experiment using a small soil core sampler, and the
small holes were closed after sampling. The soil samples were
immediately frozen in liquid nitrogen and stored at —80 °C for
further analysis. The samples were extracted with 0.01 M CaCl,
(1:5w/v) by shaking for 1 h. The extracts were then filtered through
Whatman 602 filter paper and stored at —20 °C until analysis. The
concentrations of NH4 and NOs3 in soil extracts were measured
colorimetrically using an auto-analyzer (SKALAR, The Netherlands).

2.5. Quantification of bacterial and archaeal amoA gene copies

To quantify the bacterial (AOB) and archaeal (AOA) ammonia
monooxygenase genes (amoA), genomic DNA was isolated from the
soil samples by employing the PowerSoil™ DNA isolation kit (MO
BIO Laboratories Inc., Carlsbad, CA, USA). The concentration of DNA
extracts was determined using a NanoDrop ND-1000 spectropho-
tometer (NanoDrop Technologies, Wilmington, DE, USA). For gene
copy number quantification, an iCycler (Bio-Rad, Hercules, CA, USA)
and the Power SYBR Green PCR Master Mix (Invitrogen, Thermo-
Fisher Scientific, Waltham, MA, USA) were used for real-time PCR.
Gene-specific absolute DNA standards with a defined number of
gene copies were prepared by cloning the respective gene frag-
ments (generated by the primer pairs given in the supplementary
material, using the following standard sources: fosmid clone 54d9
for amoA (AOA), and Nitrosomonas sp. for amoA (AOB) into the
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pCR2.1 vector of the TA cloning kit (Invitrogen) as described in the
manual. The plasmids were isolated from the clones using the
Nucleo Spin Kit (Macherey-Nagel, Diiren, Germany) according to
the manufacturer’s instructions, sequenced to ensure the correct
insert was present and quantified using the Quant-iT dsDNA BR
assay kit and a Qubit fluorometer (Invitrogen). The copy number
per microliter was calculated based on the DNA concentration, the
molecular weight and length of the plasmid, containing the
respective gene fragment. Dilution series of each standard were
prepared and applied in triplicate to each qPCR. Each reaction was
performed in a 20 pl volume containing 1 ng of 1:10 diluted DNA
and of each primer and 12.5 pl of Power SYBR Green PCR Master
Mix. Cycling conditions were as follows: 15 min at 95 °C, 46 cycles
of 20 s at 95 °C, 30 s at 55 °C for amoA (AOA), and 57 °C for amoA
(AOB) 62 °C, followed by a plate read for 15 s at 80 °C to avoid
detection of unspecific products. Product specificity was confirmed
by melting curve analysis and visualization in agarose gels showing
specific products at the expected size. Quantification of bacterial
and archaeal amoA genes was done in triplicate. For amoA (AOB)
and (AOA), PCR efficiencies were 70—73% and 75—83%, and stan-
dard curves had R? values of >0.99 and >0.97, respectively.

To estimate the possible inhibition of PCR reactions by co-
extracted polyphenolic compounds or other inhibiting substances
in soil DNA extracts, different dilutions of the respective standard
were mixed with the same volume of 1:10 diluted DNA extract used
for quantification of the respective genes. For amoA (AOB) and
amoA (AOA), inhibition was not detected or was negligible.

2.6. Isotope analysis and source partitioning

For isotope analysis, gas samples were taken from each incu-
bation vessel by attaching 120 ml serum bottles to the outlets in
flow-through mode (with an inlet and an outlet needle) for around
2 h. N,O 3"NPUK (je. the average 3'°N over the N,O molecule),
3N, (i.e., 3'°N at the central position of the N,O molecule), and
380 isotope signatures were then determined by analyzing m/z 44,
45, and 46 of intact NoO " molecular ions, and m/z 30 and 31 of NO*
fragment ions (Toyoda and Yoshida, 1999) on an isotope ratio mass
spectrometer (IsoPrime 100, Elementar Analysensysteme, Hanau,
Germany) at Forschungszentrum Jiilich, Germany. The 8N at the
terminal position of the N,O molecule, 615NB' was calculated ac-
cording to 3'"°Ng = 2-5'>NPUK — 315N,,. The details of correction and
calibration are described in Heil et al. (2015). We measured the N,O
concentration in the ambient air (Co) and the corresponding 3'N,
380 or SP value (Sp), as well as the N,O concentration (C;) and 3'°N,
3'80 or SP value (S;) at the vessel outlet. We then estimated the
soil-released N,O concentration as the difference between the N,O
concentration at the vessel outlet and that of the air. Based on this,
the 3'°N, 580 or SP value of soil-derived (Sqer) N2O was calculated
using the following equation:

Sder = (51+C1 — S0+ Co)/(Cy — Co) (1)

Sger = being soil derived from either the 3'°N, 380 or SP values.
The source partitioning of N,O production was based on a two-
end-member isotopic mass balance equation:

SPN20-0 = SPp*fp_sp + SPN-fN_sp (2)

In this equation, it is assumed that we are only dealing with two
end-members, hence fy.sp + fp.sp = 1. Distinguishing N,O origi-
nating from fungal denitrification and bacterial nitrification based
on SP values is mathematically impossible, as fungal denitrification
is known to have SP values similar to those of nitrification (Sutka
et al,, 2008, 2006). Therefore, the isotopic signatures of the end-
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members were defined as 37%o for both bacterial nitrification and
fungal denitrification, and —2%o for bacterial denitrification (Sutka
et al., 2006; Toyoda et al., 2005). In this equation, fp_sp and fn_sp
represent the contribution of denitrification and nitrification/
fungal denitrification to total N,O release calculated on the basis of
SP values, respectively.

2.7. Calculations and statistical analysis

The cumulative gas emissions were calculated by linear inter-
polation between measured fluxes. Emission rates were expressed
as arithmetic means and standard error of the mean (SEM) of the
three replicates, and log-transformed for statistical analysis.
Tukey's HSD post-hoc tests were used to reveal significant pairwise
differences among treatments. Statistical analyses were performed
using SPSS version 13.0 (SPSS Inc., Chicago, IL, USA), with p < 0.05
used as the criterion for statistical significance.

3. Results
3.1. Gas emissions

Maximum daily CO, emissions occurred almost immediately
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after onset of treatments (within 20 h) in the CO, AS and AS-NI, and
decreased gradually to background levels within 30 days (Fig. 1).
Here, maximum rates were 48.9 + 1.5, 514 + 5.4, 50.0 + 0.2 kg
C0,—C ha ! day~! in CO, AS and AS-NI, respectively. Overall, both
maximum daily CO, fluxes and cumulative CO, fluxes during the
whole incubation period were similar in CO, AS and AS-NI, indi-
cating no significant effect of mineral N or NI on soil organic matter
mineralization. The addition of straw induced a significant increase
in respiration in SW and SW-NI, and maximum CO; emissions were
reached within three days after the start of treatments. Afterwards,
fluxes of CO, decreased gradually almost to background levels
within 56 days (Fig. 1). In SW and SW-NI, maximum CO; emissions
(74.5 + 7.1 and 77.2 + 5.4 kg CO,—C ha~' day ! in SW and SW-NI,
respectively) were measured 45 h after the start of treatments.
The cumulative CO, emissions for CO, AS, AS-NI, SW and SW-NI
were 412.5 + 18.1, 408.0 + 37.2, 405.8 + 1.2, 1161.0 + 59.8 and
1168.5 + 53.4 kg CO,—C ha~ !, respectively (Fig. 1). We divided the
incubation period into three phases according to the changes in
N,0 emissions (Fig. 1): phase I (0—10 days), phase II (11-28 days),
and phase Il (29—55 days). There were two major N0 peak events,
one immediately after the start of treatments in phase I, and the
other appearing after about 30—40 days in phase III (Fig. 1). After
about 13 days, N,O fluxes sharply increased in SW and SW-NI,
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whereas there was only a slight gradual increase in AS and AS-NIL
N>O fluxes reached their maximum after 26 days in AS and AS-NI,
after 32 days in SW and after 38 days in SW-NI, respectively.
Maximum N3O fluxes in SW and SW-NI during the second peak
event were 5- and 4-fold higher compared to AS and AS-NI,
respectively (Fig. 1). Cumulative N,O emissions during the 56
days of incubation were 275.0 + 57.8, 784.9 + 130.0, 652.9 + 15.6,
39211 + 353.9, and 2310.4 + 128.9 g N,O—N ha~! in CO, AS, AS-NI,
SW and SW-NI, respectively (Fig. 1).

3.2. NHj and NO3 ~ concentrations in soil

The NHZ concentration decreased gradually with no significant
(p > 0.05) difference between treatments up to day 26 (Fig. 2).
However, after day 26, the concentration of NHj in the soil was
significantly higher in both NI treatments (AS-NI and SW-NI)
compared to AS and SW, indicating lower nitrification rates. At
the last sampling date, the NH4 concentrations were 48.1% and
40.5% higher (p < 0.05) in AS-NI and SW-NI compared to AS and
SW, respectively. No difference in NH4 concentrations was found
between AS-NI and SW-NI or between AS and SW. The NO3 con-
centration remained low (close to the level of CO) up to day 13 in all
treatments. However, the NO3 concentration increased almost
linearly in all mineral-N treatments, being more pronounced in
non-NI treatments (AS and SW). At the end of incubation (after 51
days), the NO3 concentration was 22.7% higher in AS compared to
AS-NI, and 24.3% higher in SW compared to SW-NI.

3.3. The archaeal and bacterial amoA gene abundances

The bacterial amoA gene copy numbers ranged from 5.9 x 10° to
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Fig. 2. Time course of NHi (mg NHz—N kg~! dry soil) and NO3 (mg NO3N kg~' dry
soil), concentration of soil left unamended (CO), after application of mineral-N only
(AS), mineral-N + nitrification inhibitor (AS-NI), mineral-N + straw (SW) or mineral-
N -+ straw + NI (SW-NI), during the 56 days of the incubation experiment at 70% WHC.
Error bars show the standard error of the mean of each treatment (n = 3). In some
cases error bars are smaller than the symbols.
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3.3 x 10% in all treatments. As shown in Fig. 3, at 14 days the AOB
amoA gene abundance was significantly higher in all mineral N
treatments. However, the effect was significantly less pronounced
in both NI treatments. At 26 days, the AOB amoA gene abundance
was similar in all treatments. In the further course of the experi-
ment, it only increased significantly in the two NI treatments at 52
days.

The archaeal amoA gene copy numbers ranged from 3.5 x 10% to
6.7 x 10°. The AOA amoA abundance was almost identical in all
treatments at 14 days; however, it only increased significantly in CO
at 26 days. Both AS-NI and SW-NI treatments showed an increasing
trend. In contrast, in AS and SW treatments AOA populations were
constantly low during the whole incubation time.

3.4. §"°NPUK 6180 and isotopomers of NoO

The N3O isotope trends during the course of the experiment are
shown in Fig. 4. During the incubation period, the N,O 3'>NPulk
values in the control (CO) treatment remained almost constant
(between 4%o and 10%o), whereas the N,0 3"°NP"X values in all the
other treatments showed a declining trend. The 3'%0 values of N,O
showed a very similar trend to 315NPUIk yalues (Fig. 4). The average
330 value in CO was 37.4 + 1.2%0 and remained almost constant
during the incubation time. Similar to the 3'°>NPUK values, the §'80
values showed a decreasing trend over time in all N treatments.
Overall, there was a significant positive correlation between the
31NPuIk and 380 values (p < 0.01; R? = 0.86).

The SP values ranged from 6.6 to 32.1%o in all treatments. The
average SP value was 13.4 + 0.7%o, 16.8 + 0.6%o, 16.0 + 0.5%o,
24,5 + 1.9%0 and 19.5 + 1.5%0 in CO, AS, AS-NI, SW and SW-NI,
respectively. Overall, SP values in CO, AS and AS-NI were rela-
tively stable during the incubation period, whereas SP values in SW
and SW-NI showed a clear upward trend.

An end-member map with SP as a function of 8'80 is shown in
Fig. 5a. The ranges of end-member isotopic signatures were defined
according to literature data: SP values for bacterial denitrification
from —11 to 0%o (Toyoda et al., 2005; Sutka et al., 2006), SP values
for nitrification from +33 to +37%o (Sutka et al., 2006), and SP
values for fungal denitrification from +34 to +37%o (Sutka et al.,
2008; Rohe et al., 2014), while 3'®0 for bacterial denitrification
ranged from +10 to +20%. (Toyoda et al., 2005; Snider et al., 2013;
Lewicka-Szczebak et al., 2014), 3'80 for nitrification from +40
to +50% (Sutka et al., 2006) and 3'®0 for fungal denitrification
from +30 to +40%o (Sutka et al., 2008; Rohe et al., 2014). During the
incubation time, SP values in CO were consistently in the transition
zone between bacterial denitrification and bacterial nitrification,
while there was a shift of SP values in SW and SW-NI from higher
3'%0 and lower SP values to lower 30 and higher SP values
(Fig. 5a). The amounts of N,O emitted from different sources during
the three phases were calculated according to equation (2). As
shown in Fig. 5b, bacterial denitrification seems to be the dominant
source (more than 50%) of emitted N»O during phase I (0—10 days)
in all treatments. However, in phase II (11—28 days) and phase III
(29-55 days), the share of bacterial denitrification of emitted N,O
decreased drastically, suggesting another dominant process (see
Discussion).

4. Discussion
4.1. Mineral N content and CO> fluxes

When mineral N (in the form of NH4) or organic N fertilizers are
applied, nitrification converts most of the NH4 into highly mobile

NO3 within some days or weeks, depending on the soil properties
and other environmental conditions. In the present study, NHi
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Fig. 3. AOB and AOA amoA gene abundance of soil left unamended (CO), after application of mineral-N only (AS), mineral-N + nitrification inhibitor (AS-NI), mineral-N + straw
(SW) or mineral-N + straw + NI (SW-NI), during the 56 days of the incubation experiment at 70% WHC. Error bars show the standard error of the mean of each treatment (n = 3).

concentrations in both AS-NI and SW-NI were still significantly
higher than in AS and SW after 51 days, respectively. Additionally,
NO3 concentrations were about 20% lower in both NI treatments
(AS-NI, SW-NI) than in AS and SW at the end of the incubation
period (after 51 days), indicating that NI significantly inhibited the
nitrification process in our experiment.

The addition of straw induced a significant increase in respira-
tion, and maximum CO, emissions were reached within 4—6 days.
Assuming that the mineralization of soil organic carbon is unaf-
fected by the amendments (i.e. no priming effect), cumulative CO,
losses for the entire incubation period can be used to calculate the
approximate fraction of the added carbon substrates which is
mineralized during the incubation. The mineralization of the sub-
strate C can then be estimated as the difference between cumula-
tive CO,—C evolved in straw-amended soil minus that of the control
soil. At the end of the incubation period, the calculated share of
mineralized straw-derived C was 59% in all straw-amended soils.
This clearly suggests that soil amended with straw has a strongly
enhanced soil microbial activity, induced by the supply of labile C.
Numerous studies reported that the amendment of soil with

organic matter containing readily decomposable organic carbon
may trigger denitrification by enhancing respiration (through the
creation of anoxic microsites) and by providing energy for de-
nitrifiers (Burford and Bremner, 1975; Firestone, 1982; Koster et al.,
2015; Weier et al., 1993). In line with a number of previous reports,
our experiment clearly showed that NIs do not have a direct impact
on CO, emissions (organic matter mineralization) and microbial
respiration in the soil (Menendez et al., 2012; Pereira et al., 2010;
Tian et al., 2015), which could also indicate that NI do not have a
direct effect on either heterotrophic microbial activity or on
denitrification.

4.2. Effect of N fertilizer and straw addition on N»O emissions

Soil supplied with N fertilizers emits more N,O from the various
biological processes in soil, i.e. nitrification, denitrification and
fungal or nitrifier denitrification (Kumar et al., 2000; Wrage et al.,
2004). In the present experiment, cumulative N>O emissions
were about 3-fold higher in soils treated with mineral N alone
compared to the non-fertilized control. Cumulative emission in the
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AS treatment was of the same order as those obtained in similar
incubation trials (Hatch et al., 2005; Koster et al., 2011).

Overall, there were two significant peak events (Fig. 1). The first
occurred immediately after the start of treatments (2—3 days) and
gradually decreased almost to background levels within 2 days in
AS and AS-NI, and within 12 days in SW and SW-NI treatments. As
NHZ and SP values (see also discussion in 4.5) did not suggest that
any significant nitrification/fungal denitrification occurred during
the initial period of the experiment, observed N0 fluxes seem to
have originated mainly from bacterial denitrification as shown in a
similar experiment by Senbayram et al. (2009). A significant decline
in N»O emission up to day 15 in all treatments may be attributed to
the change in the product ratio of denitrification (N,O/(N20 + N3))
due to depletion of NO3 at the microsites where denitrification
occurs (Koster et al., 2015). When NO3 concentrations fall below a
threshold value at the denitrifying microsites, studies have shown
that under such conditions the N,O reduction rate will increase and
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N fluxes can become larger than the N,O fluxes (Cleemput, 1998;
Weier et al., 1993).

In our study, the addition of straw did increase the 56-day cu-
mulative N,O emissions (SW; 3921 g N,O—N ha!) about 5-fold
compared to N fertilizer only (AS; 785 g N,O—N ha~'). It is
commonly accepted that the addition of organic matter to soil in-
creases, in particular, the rate of denitrification, as it introduces
substrate to the soil which could stimulate microbial growth and
activity, and hence promote oxygen consumption that creates
temporary anoxic microsites favoring denitrification (Myrold and
Tiedje, 1985; Goek and Ottow, 1988; Nishio et al., 2001). However,
recent studies show great variations in the effects on N,O emissions
of organic matter amendment to soil, ranging from an increase (Hu
et al., 2014; Li et al.,, 2013; Tang et al., 2014) to a decrease in N,O
emission (Ma et al., 2007; Yamulki, 2006), indicating that other
factors (e.g. soil NO3 concentration) may also play a role in the
overall impact. In soils with a higher denitrification potential, the
product stoichiometry of denitrification is known to switch quickly
from non—N,O—emitting (N,O/(N,0 + N3) ratio close to zero) to
almost exclusively N>O-emitting conditions (N>O/(N20 + N») ratio
close to one) when soil NO3 concentration rises (Senbayram et al.,
2012). In our study, when NO3 concentration started to increase
beyond day 15, the N0 fluxes also rose drastically at the same time,
especially in the straw-amended treatments (SW and SW-NI).
However, in those treatments where only mineral-N was
added (as ammonium sulfate) there was only found to be a
minor effect of N addition on N,O emissions. Thus, the results
confirmed our hypothesis that soils with high native or added
organic matter and NO3 content have the potential to emit large
amounts of N,O.

4.3. Effect of NI on N0 emissions

Recent meta-analyses suggested that NI application reduced
N0 emission by 38—44% (Akiyama et al., 2010; Qiao et al., 2015). It
is generally accepted that NIs have no direct effect on denitrifica-
tion, and their effect on N,O emission has been attributed to their
effect on NHZ oxidation (Miiller et al., 2002; Zerulla et al., 2001). In
our experiment, we compared the effectiveness of NI application
for mitigating N,O emissions under two contrasting soil conditions,
i) sandy soil with low OM content (conditions where nitrification
may be the dominant source of emitted N»0), and ii) sandy soil
amended with straw application (conditions where denitrification
may be the dominant source of emitted N»O). Both daily and cu-
mulative N,O fluxes clearly showed that the effectiveness of NI for
mitigating N,O emissions was more significant in soils treated with
straw than non-straw-amended treatments. This is reflected in the
larger decrease in N>O emissions due to NI addition in the SW
treatment (1611 g N ha~! or 41.1% lower N,0) compared to the AS
treatment (132 g N ha~ ! or 16.8% lower N,0). Therefore, the present
study clearly suggests that the effectiveness of NI use for mitigating
N,O emissions seems to be more pronounced under conditions
favoring denitrification, i.e. high soil moisture and high labile C
content in soil. Firstly, we presume that NI application may
decrease O, consumption in soil microsites by inhibiting nitrifica-
tion, thereby suppressing N>O emission from denitrification.
Whereas the nitrification process requires oxic conditions for NHZ
oxidation, denitrification, which is an anaerobic process, will only
occur at low Oy availability (Bollmann and Conrad, 1998). Low
availability of O; could either be caused by high moisture content or
high biological O, consumption. By using oxygen optodes, Zhu et al.
(2015) found anoxia rapidly developing due to nitrification after the
addition of manure to soil, and N,O emission rates increased
exponentially after anoxia had developed. Therefore, by inhibiting
nitrification, NI could decrease O, consumption in soil microsites,
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consequently decreasing denitrification rates and N,O emissions
(Fig. 1). Secondly, NI could suppress NO3 production (Fig. 2) and
limit denitrification. Since nitrification supplies NO3 as a substrate
for denitrification, this inhibits nitrification by the use of NI in N
fertilizers in oxic or semi-oxic situations. This may effectively lower
the amount of NO3 in soils and thus of N0 emissions (Dobbie and
Smith, 2003; Ruser and Schulz, 2015). The low NO3 concentration
in conjunction with high labile C content could lead to a lower N0/
(N20 + N3) product ratio of denitrification, as was shown in earlier
studies (Koster et al., 2015; Miller et al., 2008; Senbayram et al.,
2012), and therefore decrease N,O emissions. Although N, emis-
sion data was not available in this experiment, Hatch et al. (2005)
reported that NI sharply reduced N,O emissions in a similar
incubation study, specifically during anoxic phases with a smaller
N20/(N20 + Nj) ratio in NI treatments compared to non-NI
treatments.

4.4. The AOB and AOA amoA gene abundance

The AOB amoA gene abundances were significantly higher in SW
and AS compared to SW-NI and AS-NI at 14 days. However, AOB
amoA gene abundances in SW and AS were significantly lower than
SW-NI and AS-NI at 52 days (Fig. 3). The latter clearly suggests that
the addition of NI delayed the emergence of the AOB amoA gene
abundance peak, which agrees with an earlier study by Di et al.
(2014).

There was no significant difference between CO and the other
treatments in AOA population abundance at an early stage of the
incubation (Fig. 3). However, AOA amoA gene abundance in CO was
significantly higher than in the other treatments when N,O emis-
sions peaked at 26 days. Furthermore, at the end of the incubation
experiment the treatments which had the highest NO3 content (AS
and SW) showed the lowest AOA abundance (Fig. 3), indicating that
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AOA growth was inhibited by high soil N content, which agrees
with previous reports (Di et al., 2009).

No quantitative relationship was found between N0 flux and
AOB or AOA amoA gene abundances; besides when the highest N,O
emission occurred both AOA and AOB populations were relatively
low. The application of straw did not have a significant impact on
either AOB or AOA amoA gene abundances. These results therefore
indicate that nitrification should not be responsible for the much
higher N0 emissions in the straw-amended treatments.

4.5. N0 isotopomer trends and isotopomer-based N,O source
partitioning

N,O 3'N values derived for nitrification were reported to be
larger than denitrification (Sutka et al., 2006). However, due to the
wide range and large variations of reported 3'°N values, e.g. due to
different origin, fractionation, soil heterogeneity, natural abun-
dance, 3"NPUK yalues are unreliable for use in the source parti-
tioning of N,O emissions (Baggs, 2008). In our study, the 3">NPUIk
values of N,O showed a declining trend during the incubation trial
in all treatments, except for CO (Fig. 4). The decreasing trend in
35 NPUIk yalues occurred almost precisely when NO3 started to in-
crease due to nitrification, which indicates that the decrease was
not likely due to a shift from nitrification to denitrification. We
presume that the decrease in 35NPUK yalues in the fertilized
treatments was likely due to the higher 3NPUK yalues of the
original soil NO3 as compared to the applied mineral N and the shift
of the N,O source from soil N to mineral fertilizer N, especially in
view of the constantly high 3" N°"X values (4—10%o) of CO.

As oxygen (0) of N,O precursors, especially nitrite, is exchanged
with the O of soil water during nitrification and denitrification, the
3'80 value of N,0O has been shown to reflect the isotope signature
of the water and the associated isotope effect (Casciotti et al.,
2007; Kool et al., 2009; Rohe et al., 2014), as well as the isotope
effect of NO reduction to N, (Ostrom et al., 2007; Well and Flessa,
2009). As yet, little pure culture data is available, indicating that
the 3'%0 ranges of nitrification and fungal denitrification might be
distinct (Rohe et al., 2014; Sutka et al.,, 2006). In our study, we
combined the 3'80 values of N,O with SP values in an end-
member map in order to distinguish nitrification and fungal
denitrification. As can be seen in Fig. 5a, most of the isotopic data
spots of SW and SW-NI treatments were in the fungal denitrifi-
cation zone instead of being in the nitrification zone in the later
phases, when the highest N,O emissions occurred, indicating that
fungal denitrification was most likely responsible for the higher
N,O emissions in the straw-amended treatments. The source
partitioning (Fig. 5b) provided only a rough estimation for N,O
sources, as the calculations were based on average end-member
values without including the N,O reduction effect, which may
lead to some uncertainty in the final source apportionment (Wu
et al., 2016).

During the initial phase of the experiment, the lower SP values
in the SW and SW-NI treatments clearly indicated that bacterial
denitrification was the major source of N,O emissions, in line with
previous reports in comparable soils and treatments which showed
that 95% of the emitted N,O originated from denitrification
(Senbayram et al., 2009; Koster et al., 2015). Interestingly, SP values
increased over time in all N-fertilized treatments, indicating the
dominance of other processes in N,O emission, e.g. nitrification, or
fungal denitrification, or increasing N,O reduction. It is unlikely
that the upshift in SP values was dominated by N0 reduction to Ny,
since 3'®0 did not increase simultaneously (Ostrom et al., 2007;
Park et al., 2011). Furthermore, higher SP values were found in
the later phases of incubation when the soils have higher nitrate
and lower labile C, which would be the opposite case if the upshift
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were due to the N,O reduction effect. Taking into account the fact
that 3'30/SP values were closer to the fungal denitrification/nitri-
fication end-member region (Fig. 5a) in both SW and SW-NI as
compared to AS and AS-NI, we therefore speculate that fungal
denitrification was the major source of N»O fluxes in straw-
amended treatments at later phases of the experiment.

Additionally, straw decomposition can enhance fungal biomass
(Allison and Killham, 1988), and the higher CO, fluxes in SW and
SW-NI indicated not only a higher substrate availability (especially
for denitrifiers), but also higher oxygen consumption, which could
therefore encourage denitrification to take place. A similar phe-
nomenon was observed by Koster et al. (2011), where SP values
increased while 5'80 values were more constant over time after
biogas residue application at 80% WFPS. However, the authors hy-
pothesized that this observation may indicate a rapid shift from
denitrification to nitrification due to depletion of organic
carbon over the course of the incubation. In our experiment, 58.7%
of C amended in the straw treatments was still in the soil at the end
of the incubation, based on cumulative CO, fluxes. In addition, the
CO, emission rate in straw-amended treatments stayed clearly
higher during the whole incubation period compared to the
treatments without straw addition (Fig. 1). Therefore, the increase
in SP values cannot be linked directly to the depletion of available C.
Adding labile C, as was present in SW and SW-NI, led to 5-fold
higher N2O emissions compared to non-straw-amended treat-
ments. Additionally, the observed N,O yields in straw-amended
treatments were far beyond the expected N,O yield (0.1-1% of
added NHZ) from autotrophic nitrification (Well et al., 2008).
Hence, the high N,O fluxes and SP values cannot be attributed to
nitrification.

On the basis of the combined information provided by both N,O
isotopomer analysis and AOA and AOB abundance analysis, we
conclude that fungal denitrification should be the major process
contributing to the higher N,O emissions in straw-amended
treatments. Fungal denitrification was assumed to play only a
small role in the N cycle. However, based on the outcomes of recent
studies using both molecular biological techniques and iso-
topomers, it is now thought that fungal denitrification may func-
tion as a major process in the N cycle (Shoun et al., 2012; Sutka
et al,, 2008). Laughlin and Stevens (2002) reported on the basis of
the substrate-induced-respiration-inhibition (SIRIN) approach that
fungi are responsible for most of the N»O production in a grassland
soil. In cropland soil, fungi have also been identified using SIRIN as
the main contributor to the observed N,O emission after organic
fertilizer application (Wei et al., 2014). In an incubation experiment
that was comparable to ours, but performed under completely
anoxic conditions (excluding nitrification) by Koster et al. (2013b),
the authors observed higher SP values at later stages of the
experiment, thereby also suggesting an increasing dominance of
fungal denitrification during the course of the experiment. It should
be noted that in the current study the N,O reduction effect on SP
values was neglected, as it is impossible to quantify without Ny
data, which were not available. We may thus underestimate the
emission of N,O from bacterial denitrification to a certain degree
(Wu et al,, 2016). However, it is well accepted that the isotopomer-
based N,O source partitioning calculations provide only rough es-
timates of the pathways contributing to N,O production due to the
complexity and interrelation between the processes involved
(Decock and Six, 2013; Lewicka-Szczebak et al., 2014). Furthermore,
the precise ranges of SP values of other processes, e.g. heterotrophic
nitrification, aerobic denitrification, co-denitrification, are still un-
known. That is to say, a final proof of our hypothesis of fungal
denitrification as the dominant process in N,O production is
currently not possible based solely on SP values or the apportion-
ment of the '®0 vs SP values in the plotted data.
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5. Conclusions

Straw incorporation in conjunction with mineral N fertilizer in
cropland triggered higher soil-borne N,0 emissions. We found in-
dications based on isotopomer values that the N,O emissions were
initially predominantly derived from bacterial denitrification (day
0—10), but later on (day 11-55) in the experimental period likely
mainly resulted from fungal denitrification. The results of our study
showed that use of NI has great potential (41% mitigation of N,O
emission) for mitigating N,O fluxes especially under our experi-
mental conditions (high soil moisture, straw amended) favoring
denitrification.
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Emissions of gaseous forms of nitrogen from soil, such as nitrous oxide (N,0) and nitric oxide (NO), have
shown great impact on global warming and atmospheric chemistry. Although in soil both nitrification
and denitrification could cause N0 and NO emissions, most studies demonstrated that denitrification is
the dominant process responsible for the increase of atmospheric N,O, while nitrification produces
mostly NO. The use of nitrification inhibitors (NIs) has repeatedly been shown to reduce both N0 and
NO emissions from agricultural soils; nevertheless, the efficiency of the mitigation effect varies greatly. It
is generally assumed that nitrification inhibitors have no direct effect on denitrification. However, the
indirect impact, due to the reduced substrate (nitrate) delivery to microsites where denitrification occurs,
may have significant effects on denitrification product stoichiometry that may significantly lower soil-
borne N,O emissions. Soil-water status is considered to have a remarkable effect on the relative fluxes

Keywords:
Nitrification inhibitor
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Nitrous oxide

Nitric oxide of nitrogen gases. The effect and mechanism of NI on N,O, NO and N, emission under different soil
Dinitrogen water-filled pore space (WFPS) is still not well explored. In the present study, we conducted a soil in-
Isotopomer cubation experiment in an automated continuous-flow incubation system under a He/O, atmosphere.

Ammonium sulfate was applied with and without NI (DMPP) to a permanent UK grassland soil under
three different soil moisture conditions (50, 65, and 80% WEFPS). With every treatment, glucose was
applied to supply enough available carbon for denitrification. Emissions of CO,, N»O, NO and N, were
investigated. Additionally, isotopic signatures of soil-emitted N,O were analyzed. Generally, higher WFPS
led to higher N,O and NO emissions, while N, emissions were only detected at high soil moisture
condition (80% WEFPS). Different processes were responsible for N,O and NO emission in different phases
of the incubation period. The application of DMPP did significantly reduce both N>O and NO emissions at
all three soil moisture conditions. Furthermore, DMPP application increased N, emissions and decreased
the N2O/(N20 + Ny) product ratio at 80% WEPS.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction sources of N,O and NO emissions (Cardenas et al., 2007; Stehfest

and Bouwman, 2006). Both N>O and NO have great impact on

Emissions of nitrogenous gases from agricultural soil, such as
nitrous oxide (N,0), nitric oxide (NO) and dinitrogen (N;), repre-
sent a loss of N fertilizer and a reduction of plants N use efficiency
(Bouwman et al., 2013). Grasslands, which are the dominant global
ecosystem and cover 17% world surface, are also one of the main
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global environmental change and atmospheric chemistry. Nitrous
oxide has a global warming potential of about 300 times that of CO,
and is considered as the major cause of ozone layer depletion in the
21st century (Bouwman et al., 2002; Myhre et al., 2013). Global
anthropogenic N,O emissions are estimated as approx. 6.5 Tg N
yr~'in 2010 (IPCC, 2013), of which soils are the largest source (Ciais
et al.,, 2014). Although both nitrification and denitrification could
produce N0 in soil, recent studies suggested that denitrification is
the dominant process responsible for the increase in atmospheric
N0 (Baggs, 2008). Denitrifying activity could be exhibited by both
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bacteria and fungi. However, fungal denitrification pathway, which
recently has been found to be a major process in the nitrogen cycle,
is not capable of reducing N0 to N, (Laughlin and Stevens, 2002;
Shoun et al, 2012). Anthropogenic nitrogen oxide
(NOx = NO + NOy) emissions were estimated as approx. 43 TgN
yr~1in 2010 globally (IPCC, 2013). The atmospheric lifetime of NOy
is relatively short (1—2 days), but as they are readily deposited on
land and water surfaces (soil, plants, open waters), they lead to
eutrophication and acidification of ecosystems (Crutzen, 1979). A
recent study indicates that NO also plays an important role in haze
formation of urban air pollution (Guo et al., 2014). In soil, NO can be
produced by both nitrification and denitrification, as NO is not only
a facultative by-product of the nitrification pathway, but also an
obligatory intermediate of the denitrification pathway (Skiba et al.,
1997). Nevertheless, nitrification is believed to be the main source
of NO, as the diffusion of NO is restricted at high soil moisture
contents and NO produced from denitrification is reduced to N,O
before it escapes to the soil surface (Davidson, 1992; Firestone and
Davidson, 1989; Skiba et al.,, 1997). Yet some studies showed that
denitrification could also be a major source of NO emission from
soils (Cardenas et al., 1993; Loick et al., 2016; Pereira et al., 2010;
Sanhueza et al., 1990).

Nitrification inhibitors (NIs) have been widely tested and stud-
ied for the purpose of decreasing nitrate leaching and mitigating
greenhouse gas (GHG) emissions. Nitrification inhibitors are a
group of chemical compounds that can reduce the bacterial
oxidation of ammonium (NHZ) to nitrite (NO3) in the soil by
inhibiting the activity of ammonia-oxidizing bacteria, e.g., of the
genus Nitrosomas, in the soil (Zerulla et al., 2001). Most of NIs
inhibit the first enzymatic step of nitrification, which is catalyzed
by the enzyme ammonia monooxygenase (AMO) (Subbarao et al.,
2006). A large number of NIs are known, but only a few of them,
such as dicyandiamide (DCD) and 3, 4-Dimethylpyrazole phosphate
(DMPP), have been widely and commercially used (Ruser and
Schulz, 2015). The addition of NIs has been frequently reported to
reduce both N,0 and NO emissions from agricultural soils, although
their efficiency varies greatly in different environments (Pereira
et al,, 2010; Ruser and Schulz, 2015). Interestingly, some authors
reported that the use of the NI reduced N,O emission more effec-
tively under higher soil moisture level, which is more favoured by
denitrification (Di et al., 2014; Menendez et al., 2012). Although
previous studies showed that most NIs did not have a direct effect
on denitrification (Bremner and Yeomans, 1986; Miiller et al.,
2002), other studies suggested that denitrification-derived N,O
emission may also be affected by NIs indirectly via altering the
product stoichiometry of denitrification (Hatch et al., 2005; Wu
et al., 2017). As a key process of the global N cycle, denitrification
leads to significant N losses from agricultural systems by converting
NO3 and NO3 into NO, N»O and N, (Bouwman et al., 2013). How-
ever, the product stoichiometry of denitrification, which is usually
studied as N,O/(N,0 + Ny) product ratio, is affected by factors such
as soil NO3 concentration, water-filled pore space (WFPS), and soil
available carbon (C) (Weier et al., 1993). The effects of these factors
on the product ratio are still not well understood, as the direct and
precise measurements of N, production via denitrification in soils
are challenging due to the high N, abundance in the atmosphere.

The difference between N at the central (o position) and the
terminal N atom (B position) in the asymmetric N,O molecule (°N
site preference, SP) has been shown as useful indicators of N,O
production and consumption processes in soils (bacterial nitrifi-
cation: 34—37%o, bacterial denitrification: -10-0%o) (Sutka et al.,
2008, 2006; Toyoda et al., 2005). The advantages of this isotopic
technique are that it is a non-invasive, source-process tracking
method, enabling convenient low-cost gaseous sampling, which
facilitates investigation of both laboratory incubation and field-

scale experiments (Decock and Six, 2013). The limitations of this
technique have also been demonstrated, e.g., the uncertainties of
N>O source partitioning due to the overlapping or unknown SP
signature of various pathways (Baggs, 2008; Decock and Six, 2013).

The first objective of this study was to examine the effectiveness
of NI on mitigating N>O and NO emissions at different soil moisture
conditions in a UK grassland soil, as NIs have been widely used in
grazed grassland. Furthermore, as the same soil was used in pre-
vious studies to investigate the sources and fate of N pools
involving nitrogenous gas emissions (Loick et al., 2016), we further
explored the effect of different soil moisture conditions on the
fluxes, with and without the presence of NI, and sources of N,O, NO
and Ny in order to gain a better understanding of the different
processes involved, thereby helping to develop better management
strategies to mitigate N,O and NO emissions.

2. Material and methods
2.1. Soil

The soil was collected from a permanent grassland in North
Wyke, Devon, UK (50° 46’ 10” N, 3° 54’ 05” E) to a depth of 15 cm in
November 2013. The soil was classified as clayey pelostagnogley
soil (Clayden and Hollis, 1985) (44% clay, 40% silt, 15% sand) and
contained 0.5% total N and 11.7% organic matter, with a pH of 5.6.
Root and plant residues were removed and the soil was sieved to
<2 mm and stored at 4° C since 7 days before rewetting.

2.2. Automated soil incubation experiment

The incubation experiment was carried out at Rothamsted
Research, North Wyke, UK, in a denitrification incubation system
using a He/O, atmosphere (Cardenas et al., 2003; Loick et al., 2016).
Soils were packed into 12 stainless steel vessels of 140 mm diam-
eter at a bulk density of 0.8 g cm~>, which is similar to previous
studies (Loick et al., 2016; Meijide et al., 2010). The atmospheric N;
was removed by flushing the soil core with a mixture of He:O,
(80:20) in order to measure N fluxes. The experiment consisted of
6 treatments in total, i.e. soil amended with mineral N fertilizer
(ammonium sulfate) and glucose (AS), or NI (DMPP) mixed with
ammonium sulfate and glucose, at 50, 65, and 80% WEFPS, respec-
tively (AS50, DMPP50, AS65, DMPP65, AS80, DMPP80). The incu-
bation experiment was conducted in two consecutive runs due to
limited numbers of vessels. Prior to incubation, the soil was pre-
incubated for 7 days at a soil moisture level that after taking the
later amendment into account would achieve the final required
WEFPS. Ammonium sulfate was applied at a rate of 150 kg N ha™!
and glucose was applied at a rate providing 400 kg C ha'. DMPP
was added at rate of 1.5 kg ha—'. The amendment was dissolved in
50 ml water and added to each vessel. The temperature of the in-
cubation cabinet was set at 22 °C.

2.3. Measurement of trace gases

For online trace gas concentration analysis of N,O and CO,, gas
samples from each incubation vessel were measured every two
hours and quantified using a gas chromatograph (Clarus 500, Per-
kin Elmer Instruments, Beaconsfield, UK), fitted with a flame ioni-
zation detector (FID) and methanizer for the quantification of CO»,
and an electron capture detector (ECD) for N,O. Nitric oxide (NO)
emissions were quantified using a chemiluminescence analyzer
(Sievers NOA280I. GE Instruments, Colorado, USA). Dinitrogen (N3)
emissions were measured by using a gas chromatograph fitted with
a helium ionization detector (VICI AG International, Schenkon,
Switzerland) and are presented as average fluxes per day. The flow
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rate from each incubation vessel's outlet was measured daily (Loick
et al,, 2016). Gas concentrations were determined from a 1 ml
sample via GC. The gas-flow through the system was determined
and fluxes calculated by dividing the gas concentration by the flow
rate of the He/O, atmosphere through the vessel and the core
surface area. Units were then extrapolated to give fluxes in kg N or C
per ha per day.

2.4. Isotopomer analysis

Gas samples for isotopic analysis were taken from each incu-
bation vessel by attaching 120-mL serum bottles to the outlets in
flow-through mode (with an inlet and an outlet needle) for approx.
1 h during the incubation time. The N,0 3">NPk (j.e. the average
35N over the N0 molecule), 3'°N, (i.e., 3'°N at the central position
of the N0 molecule), and 3'80 isotope signatures were then
determined by analysing m/z 44, 45, and 46 of intact N;O" mo-
lecular ions, and m/z 30 and 31 of NO* fragment ions (Toyoda and
Yoshida, 1999) on an isotope ratio mass spectrometer (IsoPrime
100, Elementar Analysensysteme, Hanau, Germany). The 3'°N at
the terminal position of the N,O molecule, EISN[}, was calculated
according to 5'°N = 2-5"NPUK — 315N,,. The details for correction
and calibration are described in Heil et al. (2015). The isotope ef-
fects during N»O reduction on N0 SP values have been calculated
using a Rayleigh-type model, assuming that isotope dynamics fol-
lowed closed-system behaviour. The model can be described as
follows:

C
SPn,0-r = SPN,0.0 + ;- In <€0>

In this equation, SPn2o-r is the SP value of the remaining sub-
strate (i.e. N20O), SPn20-0 is the SP value of the initial substrate, 7, is
the net isotope effect (NIE) associated with N,O reduction, and C
and Cy are the residual and the initial substrate concentration (i.e.
C/Cp expresses the N>O/(N20 + N3) product ratio). In this study an
NIE of —4%o was used based on previously reported average values
(Lewicka-Szczebak et al., 2014).

2.5. Analyses of soil

Soil samples were taken at the beginning and end of each in-
cubation to determine the NHj and total oxidised N
(TON = NO3 + NO37) contents. It is assumed that total oxidised N is
nearly exclusively made of NO3, as NO; contents in the soil samples
are negligibly small (Burns et al., 1996). The soil samples were
extracted with 2 M KCI by shaking for 1 h. The extracts were then
filtered through Whatman 602 filter paper (Searle, 1984). The
concentrations of NH4 and NO3 in soil extracts were measured
colorimetrically using a Skalar SANL"™S Analyzer (Skalar Analytical
B.V., Breda, Netherlands).

2.6. Calculations and statistical analysis

The total gas emissions were calculated by linear interpolation
between measured fluxes. Emission rates are expressed as arith-
metic means of the four replicates. Tukey's HSD post-hoc tests were
used to reveal significant pairwise differences among treatments.
Statistical analyses were done using R, with P < 0.05 used as the
criterion for statistical significance.
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3. Results
3.1. Gas fluxes

The incubation period was characterized by three phases with
different nitrogen gas emission patterns (Figs. 1-3): phase I (0—5
days) with a sharp and high N,O emission peak, but low or no NO
and N, emissions; phase II (5—20 days) with low or no N0 and NO,
but relatively high N, emissions; and phase Il (20—43 days) with
slowly decreasing N, emission and slowly increasing N>O and NO
emissions.

Nitrous oxide emissions were consistently low at 50% WPFS
during all three phases in both AS and DMPP treatments (Fig. 1).
Maximum average fluxes of 12.0 + 1.3 and 7.2 + 0.1 gN ha~! day !
were observed at the end of phase Il in AS and DMPP treatments at
50% WEPS, respectively. At 65% and 80% WEPS, the first N,O
emissions peaks both occurred in phase I about 1.5 days after
amendment application. At 80% WFPS the peak was approx. 10-fold
larger than at 65% WEPS. The fluxes decreased drastically after the
peak and showed constant low emissions rates of approx.
10—15 g N'ha~! day ! till the end of phase II. The fluxes then started
to increase gradually and peaked at the end of phase III. The second
N0 peak at 65% WFPS was significantly larger than the first peak,
while at 80% WEFPS it was much lower than the first one but lasted
much longer. During the observation period the total N,O emis-
sions increased with increasing WFPS, while DMPP significantly
reduced total N,O emissions compared with the AS treatments at
all three different soil moisture levels.

Fluxes of NO were much lower than those of N,O (Fig. 2), and
total NO emissions were about 8% of total N,O emissions. NO fluxes
showed a gradually increasing trend in all treatments during the 43
days incubation period. They were very low during phase I in all
treatments, then started to rise after phase I, with higher NO fluxes
in the AS treatments compared to the DMPP treatments (Fig. 2). In
all treatments, NO emissions peaked closed to the end of phase III.
Larger average NO emissions were observed in treatments with
higher soil moisture. The application of DMPP significantly reduced
NO emissions compared with the AS treatments at all three soil
moisture conditions.

Gaseous nitrogen (N3) production occurred only at 80% WEFPS,
where higher N fluxes were observed in the DMPP treatment than
in the mineral-N only treatment (Fig. 3). In phase I, the first Ny
fluxes peaked at similar time to N,O and then decreased until about
day 4. In phase II the N; fluxes rose again and showed another peak
with a maximum at day 12 and then started to decrease and stayed
low till the end of the incubation. The cumulative N, emissions
were 16.4% higher (albeit not statistically significant) in the DMPP
treatment compared with the AS treatment.

Carbon dioxide emissions peaked at about 1-1.5 days after
amendment application and decreased immediately to about
10 kg C ha ' day ! after 5 days and stayed low for the rest of the
incubation for all treatments (Fig. S1).

3.2. NH; and NOj3 concentrations in soil

Table 1 shows the concentrations of ammonium (NHZ) and ni-
trate (NO3) in the soil before and after the incubation. The initial
soil NH4 and NO3 content was 4.2 + 0.03 and 182.8 + 2.3 mg N kg~!
dry soil, respectively. At the end of the incubation, NO3 concen-
trations at 65% WFPS and 80% WEFPS in AS and DMPP treatments
were significantly higher than the initial NO3 concentration, while
no significant difference was found between those at 50% WFPS and
the initial NO3 concentration. The NO3 concentrations at all three
soil moisture levels were significantly lower in DMPP treatments
compared to those without inhibitor. Ammonium contents at the
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Fig. 1. Fluxes of N,O of soil with only mineral-N at 50% WEFPS (AS-50), or mineral-N+ nitrification inhibitor at 50% WFPS (DMPP-50), or only mineral-N at 65% WEFPS (AS-65), or
mineral-N + nitrification inhibitor at 65% WFPS (DMPP-65), or only mineral-N at 80% WEFPS (AS-80), or mineral-N + nitrification inhibitor at 80% WFPS (DMPP-80), during the 43
days of the incubation experiment. Error bars show the standard error of the mean of each treatment (n = 3).
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Fig. 2. Fluxes of NO of soil with only mineral-N at 50% WFPS (AS-50), or mineral-N+ nitrification inhibitor at 50% WFPS (DMPP-50), or only mineral-N at 65% WEFPS (AS-65), or
mineral-N + nitrification inhibitor at 65% WFPS (DMPP-65), or only mineral-N at 80% WEFPS (AS-80), or mineral-N + nitrification inhibitor at 80% WFPS (DMPP-80), during the 43
days of the incubation experiment. Error bars show the standard error of the mean of each treatment (n = 3).

end of the incubation were larger than at the beginning in all 3.3. Isotopic signatures of soil-emitted N,O
treatments, and they were larger by 22, 89 and 108% in DMPP

treatments compared to the AS treatments at 50, 65, 80% WEFPS, The SP values ranged from —6.4—41.0%o in all treatments during
respectively (although not statistically significant at 50 and 65% the incubation period (Table 2). At day 0, the NO SP values were
WEPS). lower in the higher WFPS treatments, indicating a higher bacterial
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Fig. 3. Fluxes of N,O, NO and N, of soil with only mineral-N at 80% WFPS (AS-80), or mineral-N+ nitrification inhibitor at 80% WFPS (DMPP-80) during the 43 days of the incubation

experiment. Error bars show the standard error of the mean of each treatment (n = 3).

Table 1

Nitrate (NO3) and ammonium (NH4) at the end of the experiment of soil with only
mineral-N at 50% WFPS (AS-50), or mineral-N + nitrification inhibitor at 50% WFPS
(DMPP-50), or only mineral-N at 65% WEFPS (AS-65), or mineral-N + nitrification
inhibitor at 65% WFPS (DMPP-65), or only mineral-N at 80% WEFPS (AS-80), or
mineral-N + nitrification inhibitor at 80% WFPS (DMPP-80), during the 43 days of
the incubation experiment. Means denoted by a different letter in the same column
differ significantly according to the Tukey's HSD post-hoc tests at alfa = 0.05. The
capital letters indicate comparison among different soil moisture levels, while the
small letters indicate comparison between treatments with or without NI at the
same soil moisture level.

Parameter NO3 NHZ

(mg N kg-1 dry soil) (mg N kg-1 dry soil)
Initial 182.8 + 2.3 418 +0.03
AS-50 2220 +10.1 72 249.7 £ 63.3 717
DMPP-50 167.7 +2.5A° 305.0 + 354717
AS-65 4205+212°82 87.5+56.1 812
DMPP-65 3324+ 167°° 1654 +659F°2
AS-80 3833+3.08¢° 640+ 11282
DMPP-80 2779 + 104 B° 139.2. +14.2 8P

denitrification proportion of N,O at these soil moisture levels.
However, at 80% WPFS, where the highest N,O peak occurred on
day 1, the SP values were 24.4%0 and 35.4%0 in AS and DMPP
treatments, respectively, indicating that other major sources
(nitrification or fungal denitrification) were involved in the N,O

Table 2

production. During phase II and phase III, the SP values at all
treatments were relatively stable, ranging from 27.9 to 41.0%o0 at
50% WEFPS, from 26.7 to 32.9%o at 65% WFPS, and from 19.3 to 27.7%o
at 80% WEFPS.

4. Discussion

4.1. Tracing N0, N, and NO emissions pathways under different
WEPS conditions

Soil moisture is a key factor that determines N cycle in soils
(Galloway et al., 2004). Several studies found that soil N minerali-
zation rate increased with increasing soil moisture (Bengtson et al.,
2005; Zaman and Chang, 2004), while N immobilization was less
sensitive to soil moisture (Booth et al, 2005). Nevertheless,
compared to N mineralization and immobilization, nitrification rate
is more sensitive to moisture, and is believed to increase with
increasing soil moisture to a certain content and decline when
moisture is above it (Manzoni et al., 2012). It is generally accepted
that under oxic conditions nitrification is the main process for N,O
production, while denitrification dominates N,O production under
anoxic conditions. In our study higher soil moisture levels led to
higher N,O emissions, which is in agreement with an earlier study
by Davidson et al. (2000), who demonstrated that the highest N,O
fluxes should be expected when denitrification dominates at

Site preference (SP) values (%o) of N2O of soil with only mineral-N at 50% WFPS (AS-50), or mineral-N+ nitrification inhibitor at 50% WFPS (DMPP-50), or only mineral-N at 65%
WEPS (AS-65), or mineral-N + nitrification inhibitor at 65% WFPS (DMPP-65), or only mineral-N at 80% WFPS (AS-80)), or mineral-N + nitrification inhibitor at 80% WFPS

(DMPP-80), during the 43 days of the incubation experiment. Symbol “-” represents SP values that were not measured at that day, while

wn

indicates missing or out of range

values due to analytical reasons; the standard error was not given if the replicates were less than three.

Date Phase I Phase II Phase IIl

Day 0 Day 1 Day 3 Day 13 Day 20 Day25 Day 30 Day 34 Day 43
AS-50 20.7 + 8.4 - - - 382 +38 316+ 0.7 303 +0.7 - 279+02
DMPP-50 * - - - * 41.0 38.0 - *
AS-65 113 £ 6.0 - - - * 325+ 1.0 287+ 1.0 - 309 +08
DMPP-65 * - - - * 329 26.7 - 284
AS-80 23+07 244 +37 26.5+42 238 +26 - — = 27.7+09 262 +20
DMPP-80 —6.4 354 +27 31.7+68 193 + 0.5 - - - 269+12 247 £ 15
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60—90% WFPS. We assume that the much higher N,O emissions at
80% WEFPS compared with lower soil moisture treatments in phase I
were due to enhanced denitrification, which was triggered by the
addition of glucose, oxygen depletion, and the soil residual NO3
(Fig. 1). This is supported by the initial peaks of N, emissions at 80%
WEPS in both AS and DMPP treatments, and the absence of N,
emission in the lower soil moisture treatments (Fig. 3). Further-
more, the smaller SP values observed on day 0 (Table 2) at higher
soil moisture also indicated that a larger proportion of N,O was
initially derived from bacterial denitrification (Sutka et al., 2006).
Although the smaller SP values might also be interpreted as nitrifier
denitrification, it is unlikely the case for our study due to the high
available C and high soil moisture condition in phase I (Kool et al.,
2011). It should be noted that in our experiment the nitrate con-
centration in the initial soil was quite high, probably due to the
mineralization during long-time storage and pre-incubation. The
high nitrate content may have affected the N»/N,O ratio towards
higher N,O portions in phase I (Senbayram et al., 2012). Therefore,
the results of the same experiment using a soil with lower nitrate
content might be different.

According to the SP values (Table 2), the major source of the N,O
peak in phase I at WFPS 80% could have been either nitrification or
fungal denitrification, as the overlapping SP signature between the
processes makes it impossible to distinguish these two N»O pro-
duction pathways (Sutka et al., 2008). However, the fact that the NI
showed no effect on the first N,O emissions peak suggested that the
source was unlikely nitrification (Fig. 1). Much larger N, emissions
occurred at 80% WFPS in phase II, which is in line with Davidson
et al. (2000), who suggested N, will become the main end prod-
uct of denitrification when soil moisture is above 80% WEFPS. The
high N>O reduction was likely promoted by the developed anaer-
obic condition caused by the high respiration in phase I. It has been
found that nitrate can inhibit N,O reduction to N; and the reduction
process only occurs when nitrate content in soil is low (Cleemput,
1998; Senbayram et al., 2012). Therefore, in phase II the observed
much larger N, emissions at WPFS 80% indicated that the soil NO3
content may have fallen below a threshold value at the denitrifying
microsites (Fig. 3). At this high soil moisture level, and in combi-
nation with the abundant available C and low NO3 concentration,
this would lead to a low N20/(N20 + N3) product stoichiometry of
denitrification (Senbayram et al., 2012). The N,O reduction process
was likely conducted by bacterial denitrification, as most of the
fungal denitrification systems seem to lack N»O reductase, leaving
N;O as the final product (Shoun et al., 2012). The large decrease of
N; fluxes after phase Il can be explained by the depleted available C
as shown by the smaller CO, emissions compared to phase I.

An increasing trend of N,O fluxes was observed in every treat-
ment in phase III (Fig. 1). This increase is probably due to the slowly
growing nitrifying bacteria, as the grassland soil used in the current
study has not been fertilized for over 20 years. A similar delay in
N,O emission after fertilization was observed by Briimmer et al.
(2008) for a previously unfertilized agricultural soil in Burkina
Faso after adding ammonium nitrate to the soil. In fact, at the end of
phase III, emissions had still not gone down to background levels.
Nevertheless, the emissions were smaller, slower and of longer
duration compared to the first peak. The incubation was therefore
stopped as the system seemed to have reached steady state. This
may affect the estimation of the NI's reduction potential, but should
have no significant effect on our final conclusion.

In our study the high average N,O SP values observed at all three
soil moisture conditions during phase Il indicated that N;O emis-
sions mainly originated from nitrification or fungal denitrification
(Table 2). It could be assumed that the larger N>O emissions
observed at high soil moisture condition were possibly produced
through denitrification (Bollmann and Conrad, 1998). However, in

our study the lower NHj at the end of the experiment with rising
soil moisture content indicated nitrification was likely also
enhanced by higher soil moisture (Table 1). Although the high soil
moisture is generally believed to favor denitrification, it could also
accelerate nitrification if the conditions are still oxic, which might
occur through diffusion of atmospheric oxygen from the headspace
in our study (Cheng et al., 2014; Chen et al., 2015; Loick et al., 2016).
Furthermore, the fact that the NI significantly decreased N,O
emission in this phase at all three soil moisture conditions would
indicate that nitrification is an important process in regulating N,O
emissions. The marginal Ny fluxes and the smaller SP values
observed at WFPS 80% during phase III indicate that very likely
bacterial denitrification was also involved. Thus, we conclude that
both nitrification and denitrification were responsible for the
observed larger N,O emissions at 80% WFPS soil moisture
condition.

It was suggested that the highest NO fluxes should be expected
at 30—60% WEFPS, when nitrification dominates, as the NO can
diffuse out of the soil before it is consumed, whereas at high soil
moisture, when gas diffusion is lower, NO emission should be low,
as it is reduced to NO before escaping the soil (Bollmann and
Conrad, 1998; Davidson et al., 2000; Skiba et al., 1997). In the pre-
sent study, however, the NO emissions significantly increased with
increasing WFPS from 50% to 80%, which therefore suggests that
the larger amounts of NO at 80% WEFPS are probably produced
through denitrification (Fig. 2). Although many studies did suggest
that emitted NO is mainly produced by nitrification (Scheer et al.,
2008; Skiba et al., 1997, 1993), several studies have challenged
this assumption and found denitrification could also be a major
source of NO emission from soils (Cardenas et al., 1993; Loick et al.,
2016; Pereira et al., 2010; Sanhueza et al., 1990). To distinguish the
relative contributions of nitrification and denitrification to NO and
N,O production, the N,O/NO emission ratio has been proposed as a
useful indicator. When the N>O/NO emission ratio is < 1, soil con-
ditions are favourable for nitrification, whereas emission ratios >10
are associated with denitrification and restricted aeration
(Lipschultz et al., 1981; Skiba et al., 1993). During the first phase of
our incubation experiment, the average N,O/NO ratios in AS
treatments were 70, 151, and 383 at 50, 65, 80% WFPS, respectively.
This clearly reinforced our assumption that N-fluxes were mainly
associated with denitrification in phase I, when increasing soil
moisture increased the contribution of denitrification. In phase II
and III, when NO emissions increased sharply, the average N,O/NO
ratios were 18, 22, and 7 at 50, 65, 80% WEFPS, respectively. The
significantly lower ratios at 80% WEFPS confirm our hypothesis that
the higher NO emissions at 80% WFPS might be caused by a higher
nitrification rate, as mentioned previously, although both nitrifi-
cation and denitrification were likely involved. Similarly, Cheng
et al. (2014) reported NO and N,O emissions of a forest soil that
were favoured at 90% WHC, whereas both NO and N;0O emissions
showed a positive relationship with gross nitrification rates, indi-
cating that nitrification was likely the dominant process. Further-
more, the significant mitigation effect of NI on NO emissions at all
three soil moisture conditions also suggests the importance of
nitrification as an important pathway in our study.

4.2. Effect of NI on N»0, NO and N, emissions

Nitrification inhibitor application significantly reduced total
N>0 emissions during observation period at all three soil moisture
conditions. This agrees with recent review and meta-analysis
studies which suggested that NIs are highly effective for reducing
N0 emissions at various soil conditions (Gilsanz et al., 2016; Qiao
etal., 2015; Ruser and Schulz, 2015). In our study, the NI showed no
significant effect on N,O and N; emission in phase I, in line with
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previous reports which showed that NIs did not have a direct effect
on denitrification (Bremner and Yeomans, 1986; Miiller et al.,
2002). However, in phase II the N2O/(N2+N20) product ratios in
the NI treatments were much smaller than the ratios in the AS
treatments (Fig. 3). We assume this is because the use of NI limited
the NO3 supply to the soil microsites, the lower NO3 concentration
and available C would therefore decrease the N,O/(N2+N>0) ratio
due to the competitive effect of NO3 and N0 as terminal electron
acceptors during denitrification (Senbayram et al., 2012; Wu et al.,
2017).

The assumption that NIs could reduce N,O emission under
denitrification conditions by decreasing the N,O/(N,+N,O) ratio
has been brought forward by several authors, but has still not been
directly proven (Ruser and Schulz, 2015; Wu et al., 2017). Hatch
et al. (2005) found that two slurry treatments with NIs (DCD and
DMPP) could significantly increase N, emissions and reduce N0/
(N2+N,0) ratios compared with slurry-only treatment. However,
the results were observed in an incubation experiment conducted
under anoxic conditions (100% helium atmosphere). In the present
study, although the soil moisture was high, the atmosphere of the
soil surface was kept oxic (20% oxygen and 80% helium), which is
more comparable with the field condition. To the best of our
knowledge, our study is the first one showing that NI could pro-
mote N, emissions under oxic conditions.

Most studies investigating the use of NIs did not consider the
mitigation effect on NO emissions, which can be significant after
fertilization (Pereira et al., 2015). Several recent studies reported a
wide range of NO mitigation effects ranging from 35 to 80% when
the NI was applied with mineral fertilizer N or slurry (Akiyama
et al., 2010; Pereira et al., 2015, 2010). In our study, application of
the NI significantly reduced NO emissions at all three soil moisture
conditions, which is likely due to the inhibition effect of NI on
nitrification process, indicating that the overlooked mitigation ef-
fect of NI on NO emissions should be taken into account when
evaluating NI's mitigation effect on GHG emissions.

In this study the effect of NI on NHj3 volatilization was not
evaluated, nevertheless, it should be noted that the beneficial effect
of NI application in decreasing N,O and NO emissions might be
overestimated by the potentially increased NH3 volatilization,
especially when applied with ammonium-based fertilizer (Kim
et al,, 2012; Lam et al., 2017).

5. Conclusions

The combination of the measurement of N,O, NO and N5 fluxes
and N0 isotopomer analysis provided insight into the different
pathways involved in the production of nitrogen gases in soil at
different soil moisture conditions. Our study showed that higher
soil moisture in a grassland soil was associated with higher N,O, NO
and N, emissions, and those different processes were responsible
for N,O and NO emissions in three phases of the incubation period.
To the best of our knowledge, our study is the first showing that NI
could indirectly affect the product stoichiometry of denitrification
under atmospheric oxic conditions. The fact that the NI significantly
reduced both N»O and NO emissions at all three soil moisture
conditions suggests that NIs could be used as an effective approach
to mitigate GHGs emissions at various soil moisture conditions.
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Abstract

The winter wheat—summer maize rotation system in the North China Plain is a major source of
nitrous oxide (N,O) emissions due to high nitrogen (N) fertilizer and irrigation water inputs.
However, the detailed understanding of the contribution of N,O production sources is still insuf-
ficient due to the complexity of N>,O generation in soils and lack of relevant field studies. Moreo-
ver, the efficiency and mechanism of N,O mitigation approaches in this area, such as of the use
of nitrification inhibitors, remains still poorly understood. To elucidate the producing pathways
of nitrous oxide from this rotation system and to evaluate the effect of a widely used nitrification
inhibitor (DMPP) on mitigating N,O emissions, we monitored N,O emission fluxes and analyzed
isotopomer ratios of soil-emitted N,O during one rotation year. Results indicate that the applica-
tion of DMPP significantly mitigated N,O emissions by 67% in winter wheat and 47% in summer
maize season. Isotopomer analysis revealed that in N-fertilized treatment, nitrification accounted
for max. 41% N,O emissions peaks observed after fertilization and irrigation events, while
nitrifier denitrification pathway was likely to be the main source that accounts for the rest of N,O
emissions. The high effectiveness of the nitrification inhibitor on mitigating N,O emission at high
soil moisture may be attributed to the dual inhibitory effect on nitrifier denitrification, i.e., de-
creasing substrate of nitrifier denitrification and inhibiting bacterial activities which carry nitrifier
denitrification. Our study also pointed to a wider range of applicable moisture conditions for the

use of nitrification inhibitors than previous assumed in the soil of the North China Plain.
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1. Introduction

Emissions of nitrous oxide (N,O) have shown great impact on global warming and stratospheric
ozone depletion (Bouwman et al., 2002; Ravishankara et al., 2009). Agricultural soils are the ma-
jor source of atmospheric N,O (IPCC, 2014). High N applications generally lead to larger N,O
emissions. However, the sustainability of high agricultural productivity largely depends on use of
synthetic nitrogen (N) fertilizers (Sutton et al. 2011). To secure crop production, the winter
wheat—summer maize rotation system in the North China Plain (NCP), which accounts for about
40% of wheat and maize yield in China (National Bureau of Statistics of China, 2016), has been
amended with large amounts of N fertilizer, leading to a number of environmental problems, such
as groundwater pollution and greenhouse gas (GHG) emissions (Ju et al., 2004; Shi et al., 2013).
Nitrous oxide emission is one important pathway for gaseous N loss in the NCP (Meng et al.,
2005). In soil, N,O production is mainly related to the type and activity of the microbial process-
es involved. Nitrification and denitrification have been found to be the key sources of N,O emis-
sions (Baggs 2011; Butterbach-Bahl et al., 2013). Previous studies suggested that nitrification
accounted for 80-90% of N,O emission in the NCP due to the large supply of ammonium-based
N fertilizers and weak denitrification potential in the soil (Ju et al., 2004; Wan et al., 2009; Ding
et al., 2010).

Recently, nitrifier denitrification has been identified as another main process responsible for
N,O emissions in soil, which is supported by an increasing number of studies based on a multi-
isotope tracing approach (Kool et al., 2011; Zhu et al., 2013; Huang et al., 2014). However, the
contribution of nitrifier denitrification to soil N>O emissions is still unclear due to the lack of
actual field measurements. Indeed, several recent studies pointed to the overlooked major role of
nitrifier denitrification on N>O emissions in the NCP, thereby highlighting that the contribution

of nitrification (ammonia oxidation) on N,O emissions has been overestimated (Zhang et al.,
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2016), since most previous studies did not distinguish between the contribution of nitrification
and nitrifier denitrification (Huang et al., 2014).

Nitrification inhibitors (NI) are a group of compounds that can decrease the bacterial oxidation
of NH," to NO, by inhibiting the activity of Nitrosomas sp. in the soil (Zerulla et al., 2001). The
use of nitrification inhibitors (NIs) has repeatedly been shown to reduce N,O emissions from
cropland soils, with mitigation efficiency of 38-44% as suggested by recent meta-analysis studies
(Qiao et al., 2015). Different factors, e.g. soil moisture, oxygen content, soil available C, have
been found to affect the mitigation effect of NI on N,O emission, which indicated that the extent
to which NI inhibits N,O emissions might dependent on different pathways of N,O production
(Hatch et al., 2005; Menendez et al., 2012; Wu et al., 2017).

The difference between °N at the central (o position) and the terminal N atom (B position) in
the asymmetric N,O molecule has been found to differ clearly amongst different N,O source
pathways (bacterial nitrification: 34-37%o, nitrifier denitrification and bacterial denitrification: -
11-2%o0) (Sutka et al., 2006; Frame and Casciotti 2010; Toyoda et al., 2015), and it is assumed to
be independent of the 8'°N value of the precursor species (Toyoda et al., 2011; Decock and Six
2013). Thus, it has potential to be used to gain information about the underlying N,O source
processes. The advantages of this isotopic technique approach include: non-invasive, low-cost
gaseous sampling, and facilitating investigation of both incubation and field scale experiments
(Lewicka-Szczebak et al., 2016). However, deploying N>O SP values for N,O source partitioning
to nitrification and denitrification processes is complicated by the similar SP values for fungal
denitrification/ nitrification and nitrifier denitrification/ bacteria denitrification (Sutka et al., 2006;
Rohe et al., 2014). Furthermore, there are other microbial N,O production pathways, such as ar-

chaeal nitrification, anammox (anaerobic ammonium oxidation), or DNRA (dissimilatory nitrate
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reduction to ammonium), for which hardly any characteristic isotopic N,O signatures have been
identified yet (Decock and Six 2013).

The objectives of our study were (a) to evaluate the effect of application of NI with urea on
mitigating N,O emissions during one winter wheat—summer maize rotation in the NCP; (b) to
illustrate the main processes contributing to N>O emissions in the NCP by investigating the iso-

topic signature of N,O during peak emission events.

2. Materials and methods

2.1 Study site and field management

The experiment was conducted in Huantai County, Shandong province, North China (36°57.75'N;
117°59.21'E). Wheat (Triticum aestivum L.) was planted on 10™ October 2015 and harvested on
13™ June 2016, while maize (Zea mays L.) was planted on 20™ June 2016 and harvested on 2™
October 2016. The average air temperature and precipitation for winter wheat season and summer
maize season was 10.3°C/234 mm and 26.4 °C/481 mm, respectively. The soil was classified as
aquic inceptisol (a calcareous, fluvo-aquic clay loam) and consisted of 38% clay (< 0.002 mm),
32 % silt (0.002—0.02 mm) and 30 % sand (0.02—2 mm). The soil had a bulk density of 1.4 g cm”,
pH in water of 7.7, soil organic carbon of 10.0 g kg™ and total N content of 1.1 gkg™.

The field experiment included three treatments: CK (no fertilizer N input), U (urea), and NI
(urea plus nitrification inhibitor (DMPP). Each treatment had three replicates. Urea was applied
at a rate of 300 kg N ha™ (50 % as basal fertilization and 50 % as top-dressing fertilization) for
the wheat season and maize season, respectively. The nitrification inhibitor (DMPP) was thor-
oughly mixed with urea and then spread on the surface of soil at a rate of 1% of the applied urea

N. The straw of wheat and maize were both returned to field after harvest. Irrigation was carried
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out immediately after fertilization twice in the wheat season and once in the maize season (75

mm each).

2.2 Gas sampling and flux measurement

The static chamber-gas chromatography technique was used for measuring N,O fluxes (Shi et al.
2013; Zhou et al. 2014). The N,O emissions were monitored once every day for one week imme-
diately following fertilization and irrigation events, and then twice a week afterwards. Gas sam-
pling for flux measurements were performed between 9:00 and 11:00 a.m. local time and ana-
lyzed on a gas chromatograph (7820A, Agilent, Shanghai, China) within 24 hours. The flux was
calculated as a linear slope of the concentration evolution over the chamber closure time. Gas
samples for isotopomer analyses were collected from the static flux chamber after 90 minutes

closure time.

2.3 Isotope analysis

The N,O 8" Npui (i.e., the average 5"°N over the N,O molecule), 5N, (ie., 5"°N at the central
position of the N,O molecule), and §'*0 isotope signatures were determined by analyzing m/z 44,
45, and 46 of intact N,O" molecular ions, and m/z 30 and 31 of NO' fragment ions (Toyoda and
Yoshida 1999) on an isotope ratio mass spectrometer (IsoPrime 100, Elementar Analysensysteme,
Hanau, Germany) in the laboratory at Forschungszentrum Jiilich, Germany. The 3N at the ter-
minal position of the N,O molecule, SISNB, was calculated according to SISNB = 2-8" Npui— 8"°N,.
The details for correction and calibration are described in Heil et al. (2015). The collected N,O is
a mixture of atmospheric and soil-emitted N,O. We measured the N,O concentration in ambient
air (Cy) and the corresponding 3N or §"%0 value (8 0), and the N,O concentration (C;) and the

corresponding 8 value (6 ;) from the closed chambers. We then calculated the soil-released N,O
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concentration as the difference between the N,O concentration of the chamber headspace and that
of ambient air. Based on this, the § value of soil-released N,O was calculated using the following

equation:

8=(51'C1750'C0)/(C17C0) (1)

The & values of soil-released N>,O were not calculated when (C; — Cy) <20 ppb, i.e. when the soil-
emitted N,O was marginal, since at this condition and within the precision of the analysis the
propagated error of the calculation was too large (Yano et al. 2014).

The source partitioning of N,O production was based on a two-end-member isotopic mass bal-

ance equation:

SPNn20.0 = SPp - fp.sp + SPy - fxsp (2)

This equation is based on the assumption of only two end members, hence fy.sp+ fp.sp = 1. As
nitrifier denitrification is known to have SP values similar to those of bacterial denitrification
(Sutka et al., 2006; Frame and Casciotti 2010; Toyoda et al., 2015), distinguishing N,O originat-
ing from bacterial denitrification and nitrifier denitrification based on SP values is mathematical-
ly impossible. Therefore, the isotopic signatures of the end members were defined as 37%o for
bacterial nitrification and —2%o for both bacterial denitrification and nitrifier denitrification
(Toyoda et al., 2005; Sutka et al., 2006; Toyoda et al., 2015; Wu et al., 2017). In this equation fp.
sp and fy.sp represent the contribution of denitrification (both bacterial denitrification and nitrifier
denitrification) and nitrification to total N,O release calculated on the basis of SP values, respec-

tively.
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2.4 Auxiliary measurements

In addition to N,O flux measurements, air temperature, precipitation, soil temperature (05 cm),
soil moisture (0-10 cm), soil NO3~ (0—10 cm) and soil NH," content (0—10 cm) were also meas-
ured. Daily air temperature and precipitation were continuously recorded at a meteorological sta-
tion (ARS, Xinyuanshijie technology Co. Ltd, Beijing, China). Soil temperature and moisture
were measured at the time of gas sample collection. Soil temperature was determined with a digi-
tal thermometer (JM 624, Jinming Instrument Co. Ltd, Tianjin, China). Soil moisture was con-

verted into water-filled pore space (WFPS; %) and calculated by the following equation:

WEFPS = water content (%, w/w) x BD/total soil porosity (%) x 100% 3)

Where total soil porosity=1-(BD/2.65), with 2.65 g cm ° as the mineral particle density of the soil,
and BD is the soil bulk density (g cm™). The soil NOs;~ and NH4" content was analyzed using a
continuous flow analyzer (Auto Analyzer 3, BRAN+LUEBBE Co. Ltd., Hamburg, Germany).

Details of the measurements can be found in Shi et al. (2013).

2.5 Statistical analysis

Statistical analyses were conducted using the R version 3.2.2 software. Statistically significant
differences were tested using Tukey’s HSD post-hoc tests at a 5% significant level. Correlation
and linear or nonlinear regression analyses were used to test relationships between N,O fluxes

and other factors.

3. Results
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3.1 Seasonal variations and controlling factors of N,O emissions

The mean soil temperature at 5 cm depth ranged from -5°C to 22°C and from 18°C to 29°C in the
wheat season and maize season, respectively, while the mean soil moisture (WFPS) ranged from
12.8 to 81.9% in wheat season and from 42.4 to 82.5% in maize season (Fig. 1). Soil NH," con-
tents ranged from 0 to 62.0 mg N kg in the wheat season and from 0 to 10.3 mg N kg in the
maize season, while NO; contents ranged from 1.0 to 233.0 mg N kg™ in the wheat season and
from 0.8 to 173.2 mg N kg'l in maize season (Fig. 2). The NH," concentrations in the NI treat-
ment were significantly higher after N fertilizer application compared with U and CK treatment
during the winter wheat season, while no significant difference was found among three treat-
ments in summer maize season. Soil NO; contents sharply increased after each fertilization and
irrigation event in U and NI treatments. Soil NO; concentrations in U and NI treatments were
both significantly higher compared with CK, while no significant difference was found for soil
NO; concentrations between the NI and U treatment during most of wheat and maize season
(Fig. 2).

In general, N,O emissions were stimulated by N fertilizer application and irrigation, and then
sharply declined. Throughout the one-year experimental period, four pronounced N,O flux peaks
were observed (Fig. 3). In the U treatment, peak event I (242.0 ug N m™ h™) and peak event II
(64.6 ug N m™ h™") that occurred in the winter wheat season (17 October, 2015 and 1 April, 2016)
were significantly lower than peak event III (687.3 pg N m™ h™') and peak event IV(400.4 pg N
m? h'l), which occurred in the summer maize season (21 June, 2016 and 21 July, 2016). Each of
the four peak fluxes was detected when soil moisture was relatively high (Peak event I-IV: WFPS
61, 82, 82 and 72%, respectively). The N,O emissions were relatively low between two fertiliz-
ing/irrigating events, mostly below 20 ug N m™ h™'. Compared with the U treatment, the applica-

tion of DMPP significantly reduced peak N,O emissions by 95.6%, 78.7%, 82.6% and 54.5%, in
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peak events I-IV, respectively. The cumulative N,O emissions during the summer maize season
were higher than those in the winter wheat season (Table 1). Application of DMPP significantly
reduced N,O emissions by 67.0% for the winter wheat season and 46.8% for the summer maize
season compare with U treatment. The annual N,O emissions factor (EF) was 0.32% in U treat-
ment and 0.11% in NI treatment (Table 1). The N,O fluxes were significantly correlated with soil
temperature and soil moisture (WFPS) in all treatments (Table 2). In contrast, N,O fluxes were
significantly correlated with NH;" concentrations only in the CK treatment, and with NO; con-

centrations only in the U treatment (Table 2).

3.2 Isotopomer ratios of soil-emitted N>O and source partitioning

The isotopic signature of emitted N,O from the control was not shown in the figure as the N,O
concentration was too closed to the ambient air. In general, in both urea and NI treatments the
8" Npui values of soil-emitted N,O increased with time after peak event occurred (Fig. S1). The
8" Npui values of soil-emitted N,O from the urea treatment were more depleted than those from
the NI treatment. A similar trend was observed for the 'O values of N,O, ranging from 23.1%o
to 30.2%o (Fig. S2). The average SP values of soil-emitted N,O in the U and NI treatments were
12.9%o0 and 16.7%o, respectively, ranging from 1.6%o to 23.7%o in the U treatment and from 4.3%o
to 34.9%o in the NI treatment. During each peak event, SP values in the U treatment were lower
than in the NI treatment (Fig. 4). Nitrification proportion based on the two-end-member model
was shown on the y axis of Figure 4. For the total amount of N,O emitted during the four meas-
ured periods, nitrification accounted for 36.8% in the U treatment and 45.8% in the NI treatment,
respectively. On the other hand, on the four peak events the average amount of N,O derived from

nitrification was 36.3 % in the U treatment and 74.1 % in the NI treatment (Fig. 4).
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4. Discussion

In our study, the N>,O emissions factor of the urea treatment (EF=0.32%) was lower than for other
agricultural fields in the NCP (EF=0.82-2.7%) (Cai et al., 2013; Zhou et al., 2016), but was simi-
lar to a study conducted previously in the same field (Shi et al., 2013). The soil N,O fluxes were
significantly and positively correlated with soil moisture and soil temperature, in line with previ-
ous studies which showed that higher N,O emissions were observed in warmer and wetter condi-
tion (Table 2) (Li et al., 2010). The relatively higher soil NH," concentrations in the NI treatment
during the winter wheat season was likely attributed to the inhibition effect of NI on NH," oxida-
tion process. The soil NH," contents observed in the U and NI treatments were both very low
during summer maize season. This was probably due to the higher temperature in summer, which
increased the rate of NHj volatilization (Cai et al., 2002). In contrast, no significant effect of NI
application on soil NO; concentrations was found, which is in line with several previous field
studies (Weiske et al., 2001; Ding et al., 2010), most likely due to the combined effects of
denitrification, soil leaching and soil heterogeneity. The N,O fluxes in the U treatments showed a
significant positive correlation with soil NO; , and a negative (albeit not significant) correlation
with soil NH4" concentrations (Table 2), indicating N,O emissions were dominated by the NH,"
transformation process.

The application of NI significantly mitigated N,O emissions during the four peak events, and
reduced the total N,O emissions by 56.4% for the whole rotation year. This agrees with previous
studies which demonstrated that NI could significantly reduce N,O emissions in the NCP (Ding
et al., 2010; Liu et al., 2013). The high mitigation efficiency of NI may be explained by the large
contribution of nitrification-derived N,O in the NCP, as suggested by previous studies (Ju et al.,

2004; Wan et al., 2009; Ding et al., 2010). It has been generally assumed that in soil at WFPS 30-
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70% nitrification is the main source of N,O, while denitrification is the main contributor at
WEFPS 70-90% (Granli and Boeckman 1994; Davidson et al., 2000). However, in our study the
mean soil moisture (WFPS 74.2%) during the four N,O peaks was above the range favorable for
nitrification, indicating that nitrification was less likely to be the primary N,O source during the
four peak events. According to the SP values and the two end-member mixing model, nitrifica-
tion only accounted for less than half (on average 41%) of the N,O production in the U treatment
during the four peak events (Fig. 4). The 41% of nitrification’s contribution would be the maxi-
mum value, as the N,O reduction effect on SP and contribution of fungal denitrification were
neglected in this study, which would both lead to the overestimation of the N,O derived from
nitrification to a certain degree (Wu et al., 2016). This result is not in agreement with previous
studies, which found that about 80-90% N,O emissions in the NCP were derived from nitrifica-
tion (Ju et al., 2004; Wan et al., 2009). However, it should be noted that none of those aforemen-
tioned studies which reported nitrification being the main source of N,O emissions in the NCP
could actually distinguish between nitrification and nitrifier denitrification. This means that the
contribution of nitrification as N,O source can be largely overestimated under conditions where
nitrifier denitrification is pronounced.

Despite the lack of sufficient evidence from field studies, nitrifier denitrification has been
found recently in soil incubation studies as a major source of N>O emission from soil, which may
in fact account for 30-66% of soil N,O emissions (Kool et al., 2011; Zhu et al., 2013). In our
study, the lower SP values in the U treatments can be the evidence for a larger contribution of
nitrifier denitrification (0 to -10%o) (Toyoda et al., 2015). Moreover, the high NH;"-N fertilizer
input and the semi-aerobic conditions, as induced by ammonia fertilizer application and irrigation,
together with the high soil pH and low C availability, would create conditions favorable for

nitrifier denitrification (Kool et al., 2011). Huang et al. (2014) reported that nitrifier
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denitrification accounted for 44-58% of total N,O emissions at 70% WEFPS in the NCP. In the
study of Zhang et al. (2016) nitrifier denitrification accounted for about 30% of total N,O emis-
sions, and the contribution increased greatly with higher fertilizer content of the soil.

During the four peak events, NI significantly reduced about 80% of N,O emissions. Interest-
ingly, significantly larger proportions of nitrification-derived N>O were found in NI treatment
compared with U treatment (average 74 % vs 36%) (Fig. 4). This indicates that in NI treatment
beside nitrification other N>O production sources (e.g. nitrifier denitrification or denitrifier
denitrification) must be also inhibited by NI. Otherwise, we would have observed smaller propor-
tion of nitrification-derived N,O in NI treatment compared to U treatment, since NI would inhibit
most of N,O derived from nitrification. We therefore presume that NI also inhibited N,O pro-
duced by nitrifier denitrification. The efficient N,O mitigation effect of NI on the four N,O peak
events at high soil moisture is thus likely attributed to the “dual inhibitory effect” of NI on
nitrifier denitrification. Firstly, by delaying the bacterial oxidation of NH4" in soil, NI decreased
the substrate of nitrifier denitrification. Secondly, NI inhibited the nitrifier denitrification process
by decreasing the activity of Nitrosomas bacteria, which performs nitrifier denitrification (Kool et
al., 2011; Zerulla et al., 2001).

In our study one other possible, but unlikely main N,O production pathway could be denitrifier
denitrification. The low SP values observed in the U treatment could also be interpreted as a large
contribution of denitrifier denitrification. However, it fails to explain the high NI mitigation effi-
ciency during the four peak events. Moreover, the correlations between N,O fluxes and soil NH,"
/ NOs in the urea application treatment suggested that denitrification is unlikely to be the domi-
nant process (Table 2). Finally, a large number of studies have proven that the contribution of

denitrifier denitrification on N>O emissions is minor in the NCP, due to the low denitrification
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potential caused by high pH and low soil C availability (White et al., 2002; Ding et al., 2007;
Wan et al., 2009; Ju et al., 2011).

Therefore, we conclude that nitrifier denitrification is more likely to be the major source that
accounts for the rest N,O emissions than denitrifier denitrification. Nevertheless, a final proof of
our hypothesis on nitrifier denitrification is still missing due to the limitations of methods for
identifying nitrifier denitrification in the field. Further studies that scrutinize different N,O pro-
duction processes are still needed in order to develop the optimum method for mitigating N,O

emissions.

5. Conclusions

The application of NI significantly mitigated N,O emission by 56% compared to urea alone in a
whole winter wheat-summer maize rotation period. We found evidence based on N,O
isotopomer signatures that nitrification contributed to less than 41% of N,O peak emissions,
while nitrifier denitrification was more likely a significant source of the remaining N,O emissions.
The high effectiveness of NI on mitigating N,O emission at high soil moisture condition may be
attributed to the dual inhibitory effect of the NI on nitrifier denitrification, which suggests that NI
can be used as an efficient management option to mitigate N,O emissions even at high soil mois-

ture conditions in the NCP.
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Table captions

Table 1 Total N,O emissions and emission factors for different treatments for the observation

period 2015-2016. Values in the same column followed by different superscript letters are signif-

icantly different (P<0.05).

Table 2 Correlations between N,O flux and soil temperature, WFPS, NO3 -N or NH,"-N. Aster-

isks denote significance (*P <0.05,n=177).
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Figure captions

Figure 1 Temporal variation of (a) air temperature, mean soil temperature, precipitation and (b)

soil WFPS during the experimental period. The dotted line arrows indicate irrigation events.

Figure 2 Temporal variations of NH," (a) and NO;~ (b) concentrations of different treatments

during the experimental period. The solid line arrows indicate N fertilizer application events.

Figure 3 N,O fluxes of soil for different treatments during the experimental period. The solid

line arrows indicate N fertilizer application events.

Figure 4 N Site preference (SP) values and source partitioning of N,O. Left y axis: N,O SP
values of the U treatment (urea alone) and the NI treatment (urea + DMPP) during the experi-
mental period. Right Y axis: Nitrification proportion calculated on the basis of N>O SP values and

two-end-member model. Vertical bars denote the standard error of the mean (n=3).

Figure S1 5" Nputc of N,O of the U treatment (urea alone) and the NI treatment (urea + DMPP)

during the experimental period. Vertical bars denote the standard error of the mean (n=3).
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Figure S2 880 of N,O of the U treatment (urea alone) and the NI treatment (urea + DMPP) dur-

ing the experimental period. Vertical bars denote the standard error of the mean (n=3).
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Table 1

Treatment ~ Winter Wheat Summer Maize Annual
N,O EF N,O EF N,O EF
(kgNha') (%) (kg N ha™) (%) (kg N ha) (%)
CK 0.14+0.02% - 0.25+0.03% - 0.39+0.04% -
U 1.11£0.21°  0.32 1.23+0.09°¢ 0.33 2.33+0.20° 0.32
NI 0.37+0.06"  0.08 0.65+0.01° 0.13 1.02:£0.04° 0.11
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Table 2

Treatment Soil T WEFPS NO;-N  NH4-N
CK 0.43* 0.33* 0.21 0.41%
U 0.33* 0.35% 0.31% -0.14
NI 0.47* 0.27* 0.15 -0.03
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Abstract

Emissions of greenhouse gases (GHGs), e.g. carbon dioxide (CO,) and nitrous oxide (N,O) have
shown great impact on global warming and atmospheric chemistry. Biochar addition has been
proposed as a potential option for reducing greenhouse gas emissions through carbon sequestra-
tion and mitigating N>O emissions. However, mixed results were observed in both laboratory and
field studies about the mitigation effects of biochar application on CO;, and N,O emissions. The
influences of biochar on carbon (C) mineralization and nitrogen (N) transformation processes in
soil are still unclear, resulting in a poor understanding of the mechanisms of biochar’s mitigation
effect. Here we carried out a 62 day soil incubation experiment to investigate the influence of two
biochar (olive biochar and corn biochar) on CO, and N,O emissions from two different soil types.
In acidic sandy soil, application of olive biochar induced a pronounced positive priming effect for
CO, emissions during the early phases of incubation, while corn biochar amendment showed
negative prime effect and significantly reduced the cumulative CO, emissions during 62 day in-
cubation. In alkaline clay soil no significant influences of two biochar on CO; emissions were
observed. Both olive biochar and corn biochar significantly reduced N,O emissions in acidic
sandy soil, while none of them had significantly effect on N,O emissions in alkaline clay soil. We
propose that the N,O mitigation effect of biochar was likely due to the oxygen and C depletion
caused by the biochar priming effect, which promoted the last denitrification step -N,O to N, re-

duction.
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1. Introduction

Both carbon dioxide (CO,) and nitrous oxide (N,O) are the important long-lived greenhouse gas-
es (GHGs) forcing global warming. Biochar, which is obtained from the thermos-chemical con-
version of biomass (Lehmann and Joseph, 2009), has been frequently reported to be an effective
solution to mitigate greenhouse gas (GHG) emissions, e.g. CO, and N,O (Cayuela et al., 2014;
Yanai et al., 2007).

Besides well-known CO,, nitrous oxide is another potent greenhouse gas, which has been in-
creased since pre-industrial times through human activities (Bouwman et al., 2002; IPCC, 2013).
The global warming potential (GWP) of N,O is 298 times the GWP of CO, when calculated over
a 100-year period (IPCC, 2013). Soils are considered to be the largest source of N,O emissions,
while biochemical nitrogen (N) transformations such as nitrification and denitrification are
thought to be the major sources of N,O (Baggs, 2011; Butterbach-Bahl and Dannenmann, 2011).
Increased N,O emissions are generally attributed to aplication of N fertilizer; however, applica-
tion of N fertilizer also is one of the key contributors for the increasing agricultural productivity
(Fowler et al., 2013; Sutton et al., 2011). It is therefore a great challenge to develop mitigation
strategies that could maintain food production while reducing N,O emissions in high N input ag-
ricultural systems.

Wide variations in the biochar’s greenhouse emissions mitigation effect have been reported
among different kinds of biochar and different soil types (Clough et al., 2010; Taghizadeh-Toosi
et al., 2011). The effect of biochar amendment on soil CO, evolution, which is known as biochar
priming effect, has been reported as positive, neutral and negative. For example, Chang et al.,
(2016) and Chintala et al. (2014) found that biochar showed negative priming effect on minerali-
zation of carbon and reduce CO, emission, whereas Zimmerman et al. (2011) reported both posi-

tive and negative priming effect under different types of biochar amendment. Similarly, contro-
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versial results about the suppression effects of biochar application on N,O emissions were ob-
served in both laboratory and field studies (Cayuela et al., 2014; Chang et al., 2016; Nelissen et
al., 2014). Several hypotheses have been proposed to understand the mechanism, such as bio-
char’s effect of increasing soil aeration and soil pH, absorbing N in soil, and modifying the soil
microorganism that involve in N cycle process (Cayuela et al., 2013; Lehmann et al., 2011). The
inconsistent findings and explanations from different studies emphasize the need to compare the
influence of different biochars on GHGs emissions under different types of soil to reveal the un-
derlying mechanism.

The objective of this incubation study was to investigate the influence of two different biochars
application on CO, and N,0O emissions in two different soil types and thus gain an insight into the

underlying mechanisms of biochar’s influence on CO, and N,O emissions.

2. Material and methods

2.1 Properties of biochar and soil

The olive mill and corn cob biochars were both pressed two times and pyrolized one month after.

The olive biochar substrate includes the olives only. The pyrolysis temperature was 400C. Im-

portant biochar properties are listed in Table 1. The sandy soil (sand 81.8%, silt 14.8%, clay 3.5%)
was collected from farmland close to Githorn, Lower Saxony, Germany (52° 34' 9.5" N, 10° 45'

26.6" E). Arable crops (oilseed rape, wheat, barley, potato) had been grown prior to soil sampling.
The clay soil (sand 17.8%, silt 26.2%, clay 56.0%) was collected from soil in Turkey. The upper

2 c¢m of soil and roots were removed and the 10-15 cm soil horizon beneath was collected. Before

use, both of the soils are air dried and sieved <4mm. n. Important soil properties are presented in

Table 2.
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Table 1. The characteristics of the two biochar (olive biochar, corn biochar) used in the experi-

ment.
Biochar N (%) C (%) C/N
Olive pulp biochar 0.65 49.2 76.3
Corn cub biochar 0.67 78.0 116.4

Table 2. The characteristics of the two soil (sandy soil, clay soil) used in the experiment

Soil Total N (%)  Total C (%) NH, (mgNkg') NO; (mgNkg') pH
Sandy soil 0.11 2.34 0.50 1.41 6.3
Clay soil 0.09 1.52 1.91 9.86 7.8

2.2 Incubation experiment and gas measurement

The incubation experiment was carried out at institute of Applied Plant Nutrition, University of
Gottingen, Germany, with in total 24 PVC vessels, among them 15 vessels with a fully automated
incubation system, as describe by Wu et al. (2017) and 9 similar vessels with manual sampling
system. In biochar treatments 19.9 g olive pulp biochar or 12.6 g corn cob biochar was thorough-
ly mixed with soil, equilibrant to 9.8g C addition. Soil moisture was adjusted to 70% water hold-
ing capacity (WHC). In each vessel 1.5 kg dry soils were packed in with bulk density 0.9 cm™.
Ammonium sulfate ((NH4), SO4) was used as mineral N fertilizer and applied at a rate of 150 kg

N ha” (equivalent to 2.2 g per pot). Four treatments were applied to the two soils, i.e. i) soil
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amended with N fertilizer (ammonium sulfate) only (AS), ii) olive pulp biochar amended with N
fertilizer.(Olive+AS) iii) Corn cub amended with N fertilizer (Corn+AS) and iv) non-amended
control (Control). The headspace of each vessel was continuously flushed with ambient air (about
20 ml air min™). For the gas concentration analysis of N,O and CO, with the automated incuba-
tion system, samples from each incubation vessel’s outlet was directed to a gas chromatograph
sequentially via two multi-positional valves with electric actuator controlled by Trilution soft-
ware (Gilson Inc., Middleton, WI, USA) and an interface module (508 interface module, Gilson
Inc.). The concentrations were measured about 3 times per day; the specific applied system has
previously been described in detail by Wu et al. (2017). For the manual sampling system, gas
samples were taken approximately 1 time per day from the headspace of additional 9 PVC ves-
sels, which were identical to those in the online system. The outlet flux rate for each incubation
vessel was measured every day manually with a portable gas flow meter (GFM Pro Gas Flowme-

ter, Thermo Fisher Scientific, Waltham, MA, USA).

2.3 Soil sampling and analysis of NH; " and NO3~

Soil samples from the upper 10 cm were collected at the end of incubation from each vessel and
were stored at -80°C until further analyses. For mineral N analysis the soil samples were extract-
ed with 0.01 M CaCl, (1:5 w/v) by shaking for 1 h. The extracts were then filtered through
Whatman 602 filter paper and stored at —20 °C until analysis. The concentrations of NH," and
NO; in soil extracts were measured colorimetrically using an autoanalyzer (SKALAR, The

Netherlands).

2.4 Calculations and statistical analysis
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The cumulative gas emissions were calculated by linear interpolation between measured daily
fluxes. Emission rates were expressed as arithmetic means of the three replicates and ANOVA
tests were used to reveal significant pairwise differences among the three treatments at P < 0.05.

Statistical analyses were conducted using R.

3. Results

3.1 CO; and N,O gas emissions

The incubation period was divided to three phases regarding the CO, and N,O emissions patterns
(Fig. 1 and 3): phase I (0-15 days), phase II (15-30 days) and phase III (30-62 days). During
phase I, maximum CO, emission rates were observed in all treatments. In sandy soil, maximum
rates were 8.2 +0.6, 9.5+0.4, 19.143.6 and 8.0+0.9 kg CO,-C ha™' day” in the Control, AS, Ol-
ive+AS and CorntAS, respectively. Application of olive biochar induced a pronounced CO,
emission peak after onset of treatments (19 hours), while the CO, emissions peaks were not obvi-
ous in other treatments. This suggested the olive biochar stimulated a significant increase in res-
piration in Olive+AS treatments. After phase I, the fluxes of CO, decreased to the background
levels in all treatments except for AS treatment until the end of incubation period. During phase
1T and phase III, the N fertilizer only treatment had larger CO, emission rates over time compared
with other treatments. The cumulative CO, emission for the Control, AS, OlivetAS and
Corn+AS were 320.8+7.6, 394.0+12.2, 409.4+45.7 and 347.0+11.6 CO,-C kg C ha'l, respectively
(Fig. 2). Compare to N-fertilizer only treatment, in sandy soil corn biochar addition significantly
reduced the cumulative CO, emissions, while no significant different was found in olive biochar
treatment.

The CO; emissions in clay soil were generally greater than those in sandy soil. The emission pat-

terns were similar for all treatments during whole incubation period. During phase I, maximum
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CO, emission rates were observed in all clay soil treatments at approx. day 2 with no significant
difference in between, ranging from 32.4-38.6 kg CO,-C ha’! day’l. The CO, fluxes decreased
drastically after the peak till the end of phase I, and then decreased gradually during phase IT and
phase III. In contrast with sandy soil, the biochar treatments had larger CO, emission compared
with mineral N only treatment during phase II and phase III. The cumulative CO, emission for
the Control, AS, Olive+AS and Corn+AS were 744.3+40.4, 814.3.0£19.1, 885.3£71.7 and
920.1+44.9 CO,-C kg C ha™, respectively (Fig. 2). No significant difference was found on cumu-

lative CO, emissions between N-fertilizer only treatments and biochar amendment treatments.

110



40

30

20

Fl|>~

(1]

T 10

®

L

[oT]

<

Q 0

ON

=2

5 40

2

5

30

(@]

(&
20
10
0

Phase | Phase Il

Phase Il

Sandy soil

M Control

® As
A Olive-AS

O Corn-AS

:
Clay soil
o)
5]
0 10 20 40 50 60

30
Days after onset of treatments

111




Figure 1. CO, fluxes in the four treatments from sandy soil and clay soil. Data presented are the

average of soil cores. Error bars show the standard error of the mean of each treatment (n = 3).
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Figure 2. Cumulative CO, emissions during 62 days incubation period in the four treatments from
sandy soil and clay soil. Error bars show the standard error of the mean of each treatment (n = 3).

Different small letters indicate significant differences at the p < 0.05 level between treatments.
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The N,O emissions patterns were strongly affected by the different types of biochar amendment
and different types of soils. In sandy soil, the N,O emissions peak emerged at the end of phase I
in Olive+AS treatment, while in Corn+AS and AS only treatments the peak emerged both at the
end of phase II (Fig. 3), whereas both biochar applications reduced the peak N,O emissions com-
pare with N-fertilizer only treatment. After peaked, N>O emission in Olive+AS drastically de-
creased to close to zero in phase II and stayed constantly low during phase III, while the N,O
emission in AS and Corn+AS treatments gradually decreased after peaked in phase II and re-
mained higher rate in phase III compared with the Control and Olive+AS treatment. The cumula-
tive N,O emissions over the 62 days incubation period were 38.0 £6.4, 392.5+30.5, 124.2+11.9
and 286.9+10.3 g N,O-N ha” day” in the Control, AS, Olive+AS, and Corn+AS respectively.
Both olive biochar and corn biochar application significantly reduced N,O emission (68.4% and
26.9% respectively) compared to N-fertilizer only treatment.

In clay soil, N fertilizer application induced larger N,O emissions, while biochar application
showed no significant influence on N,O emission. The N,O emission in N fertilized treatment
peaked in phase I and gradually decreased to background level during phase II. The cumulative
N>O emissions were 27.5 £1.8, 121.7£19.8, 99.1+9.9 and 80.2+9.6 g N,O-N ha" day” in the
Control, AS, Olive+AS, and Corn+AS respectively. No significant difference was found on cu-

mulative N,O emissions between biochar amendment treatments and N-fertilizer only treatment.
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Figure 3. N,O fluxes in the four treatments from sandy soil and clay soil. Data presented are the

average of soil cores. Error bars show the standard error of the mean of each treatment (n = 3).
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(n = 3). Different small letters indicate significant differences at the p < 0.05 level between treat-

ments.
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3.2 NH4" and NO; ~concentrations in soil

In sandy soil, no significant difference was found between biochar amended treatments and N
only treatment; whereas two biochar amended treatments had relatively lower NOs™ concentration
and higher NH," concentration compared to N-only treatment (Table 3).

In clay soil, olive biochar had highest NOs concentration compared to other treatments (albeit not
statistically different). Compare to treatments in sandy soil, treatments in clay soils in general had

significantly higher NOj3™ content in the end of the incubation.

Table 3. NH," and NO; ~concentrations in four treatments from sand soil and clay soil treatments
at the end of incubation.

Soil type Treatment NH;" (mg N kg™ soil) NO; (mg N kg soil)
Sandy soil Control 0.15+0.02 5.02+0.23
AS 0.11+0.01 35.85+2.52
Olive+AS 0.23+0.07 30.51+0.71
CorntAS 0.13+0.01 30.64+3.19
Clay soil Control 0.13+0.01 7.79+0.40
AS 0.12+0.01 41.74+1.55
Olive+AS 0.07+0.01 45.96+1.81
CorntAS 0.10+0.00 39.43£1.79

4. Discussion
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In our study, depending on soil and biochar types both positive and negative effects of biochar
addition on soil CO; evolution were observed. This agrees with previous studies which demon-
strated that the priming effect induced by biochar addition may be various (Chang et al., 2016;
Subedi et al., 2016). The clear different CO, emission patterns that observed with olive biochar
addition between two soils indicate that it cannot only be attributed to the liable C induced by bi-
ochar. We presumed the contrasting influence of olive biochar on CO; emissions during different
phases in sand soil was likely due to biochar’s shift from positive priming effect to negative
priming effect during incubation period (Zimmerman et al. 2011). Up to now no consensus has
been reached about why and how biochar could reduce N,O emissions (Cayuela et al., 2014).
Several mechanisms have been proposed, for instance, biochar could reduce N,O emission by
improving soil porosity and aeration (Yanai et al., 2007). However, this is unlikely to be the main
mechanism in our study, because we would rather observe a more significant N>O mitigation ef-
fect from clay soils, especially considering the high soil moisture condition (70% WHC) in our
experiment.

Biochar’s liming effect has been suggested one of the key factors that influence N,O emissions
(Cayuela et al., 2013). It has also been suggested that increase of soil pH introduced by biochar
application could drive denitrification to N,O reduction to N, (van Zwieten et al., 2010). In our
study biochar amendment significantly reduced N,O emissions for the acidic sandy soil, whereas
no significant influence was found for the alkaline clay soil. Cayuela et al. (2014) found that the
efficiency of biochar’s N,O mitigation effect did not differ with slightly acidic or alkaline soils.
In our study about two times greater N,O emissions were observed for the acidic sandy soil than
for the alkaline clay soil, which is in lined with the findings of other authors that suggested N,O
emissions are negatively correlated with soil pH (Bandibas et al., 1994; Van Den Heuvel et al.,

2011).
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However, as indicated by our second experiment, in our study biochar’s priming pH was unlike-
ly to be the key factors for regulating N,O emissions, other factors, such as different N,O produc-
tion microbial pathway and C content of soil may have dominated the influence of soil pH (Sub-
edi et al., 2016).

There are at least two main processes of N,O production in soils: nitrification and denitrification
(Butterbach-Bahl et al., 2013). Before we could gain insight into the mechanisms of biochar’s
mitigation effect, a general understanding of the sources of N,O emissions is essential. Soil water
content is one of the most important factors that control N,O emissions since it controls O, avail-
ability in soils and also N,O diffusion out of soil. It is generally believed that in wet soils (WFPS
60-90%), denitrification produced most of N,O (Ciarlo et al., 2007; Davidson et al., 2000). Based
on the our high soil moisture (70%WHC) and the findings of our previous study (Wu et al., 2017),
we hypothesized that in the acidic sandy soil denitrification was the major source for N,O emis-
sions, with the same soil type at same soil moisture. In Olive-AS, the N,O emission peak was re-
duced by the olive biochar, and occurred 18 days earlier than that of N fertilizer only treatment.
The earlier emerged N,O peak was likely attributed to the enhanced development of anoxic con-
dition in Olive-AS soils compared with AS, which created a favored condition for denitrification
process. The anoxic condition was caused by the positive priming effect of olive biochar addition
in phase I, leading to the consumption of the limited supply of oxygen in soils at 70% WHC
(Singh et al., 2010), which was evidenced by the significantly increased CO, emissions (Fig. 1).
The reduced N,O peak observed in both biochar addition treatments might be explained by the
decreased N,O/ (N,+N,0) ratio, as biochar could facilitate the transfer of electrons to soil denitri-
fication microorganisms and promote the reduction of N,O to N, (Cayuela et al., 2013). In Olive-
AS the sharper decline of N,O emissions could be attributed to the depleted available C caused

by priming effect, since available carbon is likely to be the limited factor for denitrification, ac-
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cording to the high soil NOj3™ contents in end of the incubation (Table 2). On the other hand, as
indicated by CO, emissions, the corn biochar induced no priming effect, and therefore caused no
oxygen and C depletion. The N,O emissions were reduced by corn biochar in phase I and phase
I1, but N,O emissions peak time was not shifted to earlier day, and the emissions rates were not
reduced in phase III (Fig. 1 and 3). This provides good support for our previous assumption that
biochar priming effect caused oxygen and C depletion in soil, and therefore induced earlier N,O
emission peak and less pronounced N>O emissions in latter phases in sandy soil. On the other
hand, we presumed that nitrification is likely the major source of N,O emission our ns in alkaline
clay soil for the following reasons. The two times smaller cumulative N,O emissions but two
times larger cumulative CO, emissions in clay soil compare to sandy soil may be attributed to the
different N,O production pathways. Compare to sandy soil, the higher NO3™ content in clay soil at
the end of incubation suggested that the denitrification rate was more limited, possibly due to the
lower initial total C content in soils. This suggests that a smaller contribution of denitrification
derived N,O emissions from clay soil. The N,O and CO, emissions of all treatments in clay soil
were positively related during the incubation period, which is in lined with previous studies
(Huang et al., 2004; Singh et al., 2010). However, the N,O and CO, emissions of olive addition
treatment in sandy soil showed significant negative correlation during phase I, whereas no posi-
tive correlation was found for N,O and CO, emissions from sandy soil during the incubation pe-
riod. This could further support our hypothesis that the microbial N,O production processes that
involved were different in sandy soil and clay soil. Steinbeiss et al. (2009) found that the type of
biochar, instead of soil type, is the main driver for all the differences in gas emissions and micro-
bial community. In our study, however, the significant different gas emissions patterns observed
in different type treatments indicates that both biochar type and soil type are the key factors ac-

counting for the differences. Olive biochar and corn biochar showed clear different influences on
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CO; and N,O emissions in sandy soil. The reasons for this difference might be attributed the dif-
ferent C:N ratio of biochar amendment, which may affect the soil N cycle and N,O emissions
pattern (Atkinson et al., 2010; Ellis et al., 1996). In our study, the olive biochar had a higher C:N
ratio than corn biochar (117 vs. 68), and smaller cumulative N,O emissions in sandy soil. This is
consistent with the finding of Huang et al. (2004) who found that cumulative emissions of N>O

were negatively correlated with the C:N ratio in plant residues addition.

5. Conclusion

Our study shows that biochar application can be effective in mitigating N,O emissions, depend-
ing on biochar type and soil type. Both olive and corn biochars significantly reduced N,O emis-
sions in acidic sandy soil, whereas none of them had significantly effect on N,O emissions in al-
kaline clay soil. We propose that the mitigation effect was probably due to the C depletion caused
by the biochar priming effect and promoted N,O to N, reduction step of denitrification process,
while the different influences of biochar on N,O emissions in sandy soil and clay soil were likely

due to the different microbial processes involved in N,O production.
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Abstract

The last step of denitrification, i.e. the reduction of N,O to N, has been well studied in laboratory
to understand denitrification process, predict nitrogen fertilizer losses and to establish mitigation
strategy for N,O. However, direct measurements of N, production via denitrification in situ field
study are challenging due to the high atmospheric N, background. Recent studies indicate stable
isotopologue analyses of emitted N,O may help to spot N,O reduction to N, process. In this study
we investigated N,O 5'%0 and 8" Na obtained from six soil incubation studies conducted in soil
incubation systems designed for measuring N,O and N, emissions from soil directly by gas
chromatography after replacing atmospheric air by a He-O, incubation atmosphere. The results
indicate that the significant correlation and higher slope of 8'*0 versus '°N“ might be used as a

promising approach for spotting N,O reduction to N, process during denitrification in soils.

125



1. Introduction

Nitrous oxide (N,O) is not only a potent greenhouse gas emitted by anthropogenic activities and
also contributes largely to the destruction of the tropospheric ozone layer (Ravishankara et al.,
2009). Soils are considered to be the largest source of N,O emissions (Stocker et al., 2013), in
which denitrification has been suggested as the dominant process responsible for the increase in
atmospheric N,O (Baggs, 2011). During the denitrification process, NO;  is reduced to NO,’, further to
N,O and N,. The ratio of N,O to N,, often described as N,O/(N,O+N,) ratio, is highly variable
with different NOs concentration, available C content and O, availability in soil (Blackmer and
Bremner, 1978; Senbayram et al., 2012). However, direct measurements of N, production in soils
are challenging due to the high atmospheric N, background, especially in situ field study, while
most indirect methods targeting N, production, e.g. the commonly used acetylene inhibition
technique, are afflicted with artifacts (Groffman et al., 2006; Terry and Duxbury, 1985).

The N,O site preference (SP) is defined as the difference between "°N at the central (o position)
and the terminal N atom (B position) in the asymmetric N,O molecule, and has been proposed as
a new tool for distinguish the different source of N>O production pathways (Decock and Six,
2013; Toyoda and Yoshida, 1999). For bacterial denitrification, lower SP (-11%o to 0%o) has been
found than for nitrification (+31%o to +37%o) (Sutka et al., 2006; Toyoda et al., 2015). However,
the isotopic fractionation during N>O reduction to N could enrich PN at o position of the N,O
molecule and thereby increasing SP values (Well and Flessa, 2009). On one hand, this
fractionation effect might lead to an erroneous source-partitioning of N,O if not correctly
compensated (Wu et al., 2016). On the other hand, this effect could lead to a significant
correlation between N,O 'O and '°N and thus could be possibly used as an indicator for N,O

reduction to N, process (Lewicka-Szczebak et al., 2017; Park et al., 2011; Well and Flessa, 2009).
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In this study we investigated the relationship between N,O 8'%0 and 8'’Na obtained from six soil
incubation studies conducted in soil incubation systems designed for measuring N,O as well as
N, emissions from soil directly by gas chromatography after replacing atmospheric air by a
He-0O; incubation atmosphere. These systems facilitate regular gas sampling for N,O isotopomer
analysis by isotope ratio mass spectrometry (IRMS). The aim of this study was to investigate the

possible approach to spot N,O reduction process by using isotopic signature of N,O.

2. Material and methods

N»O isotopomer data were obtained from six soil incubation studies: Bol et al. (2003), Meijide et
al. (2010), Bergstermann et al. (2011), Kdster et al. (2015), and Lewicka-Szczebak et al. (2015),
which were conducted at Rothamsted Research in North Wyke, Devon, UK, and Koster et al.
(2013), which was conducted at Hanninghof Research Station in Diilmen, Germany. In total, we
obtained 429 data points from soil incubation experiments conducted under conditions explicitly
favoring denitrification. In all these studies the N,O isotopomer ratios were analyzed by IRMS as

described previously by Toyoda and Yoshida, (1999).

3. Results

The isotopic data were reorganized by N,O/(N,O+N,) ratio with different colors and plotted in
Fig.1 as the relationship of 'O with 8'°N“ As shown in Fig. 1, the points that have lower N,O
reduction effect (i.e. higher N,O/(N,O+Ny) ratio) were found to have a smaller slope. In general,
there was a significant positive correlation between 8'*0 versus 5'°N“ (Table. 1). We then
calculated correlation of 8'%0 with 5'°N* at three different N,O reduction ranges, which are, high
reduction (N,O/(N,O+N;) ratio<0.1), moderate (0.1<N,O/(N,O+N;) ratio<0.6), low

(0.6<N,0/(N,O+Ny) ratio <1). When the N,O reduction effect is significant (N,O/(N,O+N,)
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ratio<0.1), which means most of N,O has been reduced to N, by denitrification, the correlation

between 8'°0 versus 8'°N* (R?=0.65, p<0.0001) showed the highest slope and R? values

compared to others.
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Figure 1. 5'%0 versus 8'°N* at different N,O/N,O+N; ratio.
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Table 1. Correlation between &30 versus 8'°N® at different ranges of N,O/N,O+Nj ratio.

Range ratio<0.1 0.1<ratio<0.6  0.6<ratio<l

n 128 172 129

Correlation y=0.52x +43  y=0.37x+42  y=0.36x+31

R? 0.65 0.35 0.60

4. Discussion

As N,O reduction to N, process mainly involves the break of the bond between the central N (o
position) and O, the remaining N,O should therefore be enriched simultaneously in §'*0 and
8"’ No. If N,O reduction is significant, the isotope effect should result in a positive correlation
between & 'O and & ’N“and little to no correlation between 8'*0 and 8'°NP (Park et al., 2011). In
line with Park et al. (2011), we found in general no significant correlation between 5'°0 and
8NP (data not shown), whilst the correlation between & 80 and & '"N* was more significant in
high N,O reduction conditions than the correlation in low reduction conditions (Table 1).
However, a significant correlation between 50 and 8'°N* was also observed under low N,O
reduction conditions (R*=0.60, p<0.0001). This indicates a significant correlation between 8'°0
and & "N might not be used alone as a reliable indicator for N,O reduction. It has been suggested
that a slope approaching 1 or greater was likely to be an indicator for N,O reduction (Kdster et al.,
2011). In the study of Well and Flessa (2009) a relatively constant ratio between 'O versus

8'°N” was observed, ranging from 1.4 to 1.7. Similarly, Ostrom et al. (2007) reported the
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correlation a slope of 1.7 for 5'%0 versus 8'°N* when N,O reduction occurs in the absence of
production, and a slope of 0.3 with insignificant N,O reduction in soil mesocosm and pure culture
studies. Based on this, two slope dotted lines were drawn in Fig. 1 to compare with our data. In
our study, most of the slopes of 5'*0 / §'°N” were close to 0.3 except for at high N,O reduction
conditions (N;O/(N,O+N>) ratio<0.1). The slope of 880 / 8" N“ at high N,O reduction conditions
was 0.65, which was lower than the slopes suggested by Ostrom and Well and Flessa, but close to

the slopes found by Koster et al. 2011 in denitrification favored condition.

We could therefore conclude that the high correlation and large slope between §'*0 and 5'°N*
could be used as a qualitative indicator for N,O reduction to N, process. This would especially
facilitate those in situ field experiments which have problems with direct N, measurement. It
should be noted that the applicability of this method may require large isotopomer data set, which
may be an issue for those current studies using laboratory-based isotope-ratio mass-spectrometry
(IRMS). However, recently developed spectroscopic techniques like quantum cascade laser
absorption spectroscopy (QCLAS) has enabled real-time analysis of N,O isotope signatures and
produced large data sets, indicating that the limited amount of data should not be a problem in the

future (Mohn et al., 2012).

As oxygen of N,O precursors could be exchanged with oxygen of soil water during
denitrification and nitrification, the 5'°0 value of N,O has been shown to reflect not only the
associated isotope effect, but also the isotope signature of the soil water (Casciotti et al., 2007;
Kool et al., 2009). Lewicka-Szczebak et al. (2016) found that N,O formation in a static anoxic
incubation experiment was associated with oxygen isotope close to 100%, while flow-through
experiments gave 56% oxygen isotope exchange. This may explain the variations of & %0/ "N*

and relatively stable 5'°0 value in low N,O reduction condition (Fig. 1).

130



Reference

Baggs, E.M., 2011. Soil microbial sources of nitrous oxide: recent advances in knowledge, emerging
challenges and future direction. Current Opinion in Environmental Sustainability 3, 321-327.

Bergstermann, A., Cardenas, L., Bol, R., Gilliam, L., Goulding, K., Meijide, A., Scholefield, D., Vallejo,
A., Well, R., 2011. Effect of antecedent soil moisture conditions on emissions and isotopologue
distribution of N,O during denitrification. Soil Biology and Biochemistry 43, 240-250.

Blackmer, A.M., Bremner, J.M., 1978. Inhibitory effect of nitrate on reduction of N,O to N, by soil
microorganisms. Soil Biology and Biochemistry 10, 187-191.

Bol, R., Toyoda, S., Yamulki, S., Hawkins, J.M.B., Cardenas, L.M., Yoshida, N., 2003. Dual isotope and
isotopomer ratios of N,O emitted from a temperate grassland soil after fertiliser application. Rapid
Communications in Mass Spectrometry 17, 2550-2556.

Casciotti, K.L., Boehlke, J.K., Mcllvin, M.R., Mroczkowski, S.J., Hannon, J.E., 2007. Oxygen isotopes in
nitrite: Analysis, calibration, and equilibration. Analytical Chemistry 79, 2427-2436.

Decock, C., Six, J., 2013. How reliable is the intramolecular distribution of 5N in N,O to source partition
N,O emitted from soil? Soil Biology and Biochemistry 65, 114-127.

Groffman, P.M., Altabet, M.A., Bohlke, J.K., Butterbach-Bahl, K., David, M.B., Firestone, M.K., Giblin,
A.E., Kana, T.M., Nielsen, L.P., Voytek, M.A., 2006. Methods for measuring denitrification:
diverse approaches to a difficult problem. Ecological Applications 16, 2091-2122.

Kool, D.M., Miiller, C., Wrage, N., Oenema, O., Van Groenigen, J.W., 2009. Oxygen exchange between
nitrogen oxides and H,O can occur during nitrifier pathways. Soil Biology and Biochemistry 41,
1632-1641.

Koster, J.R., Well, R., Dittert, K., Giesemann, A., Lewicka-Szczebak, D., Mihling, K.-H., Herrmann, A.,
Lammel, J., Senbayram, M., 2013. Soil denitrification potential and its influence on N,O
reduction and N,O isotopomer ratios. Rapid Communications in Mass Spectrometry 27, 2363—
2373.

Koster, J.R., Cardenas, L., Senbayram, M., Bol, R., Well, R., Butler, M., Miihling, K.H., Dittert, K., 2011.
Rapid shift from denitrification to nitrification in soil after biogas residue application as indicated
by nitrous oxide isotopomers. Soil Biology and Biochemistry 43, 1671-1677.

Késter, J.R., Cardenas, L.M., Bol, R., Lewicka-Szczebak, D., Senbayram, M., Well, R., Giesemann, A.,
Dittert, K., 2015. Anaerobic digestates lower N,O emissions compared to cattle slurry by affecting
rate and product stoichiometry of denitrification - An N,O isotopomer case study. Soil Biology &
Biochemistry 84, 65-74.

Lewicka-Szczebak, D., Well, R., Bol, R., Gregory, A.S., Matthews, G.P., Misselbrook, T., Whalley, W.R.,
Cardenas, L.M., 2015. Isotope fractionation factors controlling isotopocule signatures of soil-
emitted N,O produced by denitrification processes of various rates. Rapid Communications in
Mass Spectrometry 29, 269-282.

Lewicka-Szczebak, D., Augustin, J., Giesemann, A., Well, R., 2017. Quantifying N,O reduction to N,
based on N,O isotopocules — validation with independent methods (helium incubation and "N
gas flux method). Biogeosciences 14, 711-732.

Lewicka-Szczebak, D., Dyckmans, J., Kaiser, J., Marca, A., Augustin, J., Well, R., 2016. Oxygen isotope
fractionation during N,O production by soil denitrification. Biogeosciences 13, 1129-1144.
Meijide, A., Cardenas, L.M., Bol, R., Bergstermann, A., Goulding, K., Well, R., Vallejo, A., Scholefield,
D., 2010. Dual isotope and isotopomer measurements for the understanding of N,O production
and consumption during denitrification in an arable soil. European Journal of Soil Science 61,

364-374.

Mohn, J., Tuzson, B., Manninen, A., Yoshida, N., Toyoda, S., Brand, W.A., Emmenegger, L., 2012. Site
selective real-time measurements of atmospheric N,O isotopomers by laser spectroscopy.
Atmospheric Measurement Techniques 5, 1601-1609.

131



Ostrom, N.E., Pitt, A., Sutka, R., Ostrom, P.H., Grandy, A.S., Huizinga, K.M., Robertson, G.P., 2007.
Isotopologue effects during N,O reduction in soils and in pure cultures of denitrifiers. Journal of
Geophysical Research: Biogeosciences 112, G02005.

Park, S., Pérez, T., Boering, K.A., Trumbore, S.E., Gil, J., Marquina, S., Tyler, S.C., 2011. Can N,O
stable isotopes and isotopomers be useful tools to characterize sources and microbial pathways of
N,O production and consumption in tropical soils? Global Biogeochemical Cycles 25.

Ravishankara, A.R., Daniel, J.S., Portmann, R.W., 2009. Nitrous oxide (N,O): the dominant ozone-
depleting substance emitted in the 21st century. Science 326, 123—-125.

Senbayram, M., Chen, R., Budai, A., Bakken, L., Dittert, K., 2012. N,O emission and the N,O/(N,O+Ny)
product ratio of denitrification as controlled by available carbon substrates and nitrate
concentrations. Agriculture, Ecosystems & Environment 147, 4-12.

Stocker, T., Qin, D., Plattner, G., Tignor, M., Allen, S., Boschung, J., Nauels, A., Xia, Y., Bex, B.,
Midgley, B., 2013. IPCC, 2013: climate change 2013: the physical science basis. Contribution of
working group I to the fifth assessment report of the intergovernmental panel on climate change.

Sutka, R.L., Ostrom, N.E., Ostrom, P.H., Breznak, J.A., Gandhi, H., Pitt, A.J., Li, F., 2006. Distinguishing
nitrous oxide production from nitrification and denitrification on the basis of isotopomer
abundances. Applied and Environmental Microbiology 72, 638—644.

Terry, R.E., Duxbury, J.M., 1985. Acetylene decomposition in soils. Soil Science Society of America
Journal 49, 90-94.

Toyoda, S., Yoshida, N., 1999. Determination of nitrogen isotopomers of nitrous oxide on a modified
isotope ratio mass spectrometer. Analytical Chemistry 71, 4711-4718.

Toyoda, S., Yoshida, N., Koba, K., 2015. Isotopocule analysis of biologically produced nitrous oxide in
various environments. Mass Spectrometry Reviews 2017

Well, R., Flessa, H., 2009. Isotopologue enrichment factors of N,O reduction in soils. Rapid
Communications in Mass Spectrometry 23, 2996-3002.

Wu, D., Koster, J.R., Cardenas, L.M., Briiggemann, N., Lewicka-Szczebak, D., Bol, R., 2016. N,O source
partitioning in soils using "°N site preference values corrected for the N,O reduction effect. Rapid
Communications in Mass Spectrometry 30, 620-626.

132



Paper VII

Effects of cattle slurry and nitrification inhibitor application on spatial soil O, dynamics

and N,O production pathways.

Nguyen, Q., Wu, D., Kong, X., Bol, R., Petersen, S., Jensen, L., Liu, S., Briiggemann, N.,

Glud, N., Larsen, M., Bruun, S., 2017

Soil Biology and Biochemistry 114. 200-209.

133



Soil Biology & Biochemistry 114 (2017) 200—209

ELSEVIER

journal homepage: www.elsevier.com/locate/soilbio

Contents lists available at ScienceDirect

Soil Biology &

Soil Biology & Biochemistry e JEL D

e

Effects of cattle slurry and nitrification inhibitor application on spatial @CmsMark
soil O, dynamics and N>O production pathways

Quan Van Nguyen ", Di Wu b Xianwang Kong ¢, Roland Bol b Sgren O. Petersen ¢,
Lars Stoumann Jensen ¢, Shurong Liu °, Nicolas Briiggemann °, Ronnie N. Glud ¢,

Morten Larsen ¢, Sander Bruun

a, **

2 Department of Plant and Environmental Sciences, University of Copenhagen, Thorvaldsensvej 40, Frederiksberg 1871, Copenhagen, Denmark
b Institute of Bio- and Geosciences, Agrosphere (IBG-3), Forschungszentrum Jiilich GmbH, Jiilich 52425, Germany

© Department of Agroecology, Aarhus University, Blichers Allé 20, Tjele 8830, Denmark

4 Institute of Biology, Nordic Center for Earth Evolution (NordCEE), University of Southern Denmark, Odense M 5230, Denmark

ARTICLE INFO

ABSTRACT

Article history:

Received 20 January 2017
Received in revised form
11 July 2017

Accepted 14 July 2017

Keywords:

Soil oxygen
Optode

N0 isotopomer
DMPP

GHGs mitigation
Grassland

Application of cattle slurry to grassland soil has environmental impacts such as ammonia volatilization
and greenhouse gas emissions. The extent, however, depends on application method and soil conditions
through their effects on infiltration and oxygen (O,) availability during subsequent decomposition. Here,
we applied O, planar optode and N0 isotopomer techniques to investigate the linkage between soil O,
dynamics and N,O production pathways in soils treated with cattle slurry (treatment CS) and tested the
effect of the nitrification inhibitor 3,4-dimethyl pyrazole phosphate, DMPP (treatment CSD). Two-
dimensional planar optode images of soil O, over time revealed that O, depletion ultimately extended
to 1.5 cm depth in CS, as opposed to 1.0 cm in CSD. The N site preference (SP) and 3'30 of emitted N,0
varied between 11-25%o and 35—47%s, respectively, indicating a mixture of production sources during the
incubation. An early peak of N,O emission occurred in both manure treated soils by day 1, with the
highest SP values and 3'30-N,0 indicating that fungal denitrification of nitrate in the soil was the main
contributor to the early peak. During the first five days, N,O fluxes in CS and CSD treatments were
similar, and hence nitrification did not influence N,O emissions for several days under the experimental
conditions of this study. The second peak of N>O emission occurring only in CS peaking around day 14,
could be due to both nitrification and bacterial denitrification of nitrate produced during incubation.
Over 18 days, the application of DMPP substantially mitigated N,O emissions by 60% compared to un-
treated CS in the investigated system which in terms of aeration status corresponded to wet or com-
pacted grassland soil. Using this novel combination of O, planar optode imaging and N,O isotopomer
analysis, our results provide a better understanding of the coupled O, and N,O dynamics in manure-
amended soils, and they illustrate the roles of bacterial and fungal denitrification in N,O production in
grassland soil under high soil water content.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

1996; Meyer et al., 2002). The added slurry-derived carbon (C)
can also act as a C source, stimulating denitrification activity in

Due to the high availability of degradable organic matter and
ammonium, the application of animal slurry on agricultural soils
will induce oxygen consumption through enhanced respiration and
nitrification in a zone around the applied slurry (Petersen et al.,
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E-mail addresses: nguyen@plen.ku.dk (Q.V. Nguyen), sab@plen.ku.dk (S. Bruun).

http://dx.doi.org/10.1016/j.s0ilbio.2017.07.012
0038-0717/© 2017 Elsevier Ltd. All rights reserved.

these low-oxygen zones (Thompson, 1989). Since water from the
applied slurry impedes O, supply, transient O, depletion zones may
develop around the application area (Petersen et al., 2003; Zhu
et al,, 2015) and stimulate emissions of nitrous oxide (N,O0). In
the soil environment, N0 is formed mainly by ammonia-oxidizing
bacteria as a by-product of nitrification or via nitrifier denitrifica-
tion under aerobic conditions, and by heterotrophic denitrifiers
under low-oxygen or anoxic conditions (Braker and Conrad, 2011;
Butterbach-Bahl et al., 2013). Thus, O, distribution in slurry-
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amended soil plays an important role as a “controller” of N trans-
formations, and may have a significant impact on N»O emissions in
terms of both magnitude and production pathways and/or dy-
namics (Zhu et al., 2015). Mapping the spatial and temporal dis-
tribution of soil O is, therefore, essential for understanding the
mechanisms governing N transformations, including the produc-
tion of N0 in soil. A mechanistic understanding of N,O emissions
requires that non-destructive methods are available to monitor soil
conditions without disturbance. Recently, O, planar optode imag-
ing was introduced for monitoring the dynamics of O, in soil
amended with pig slurry (Zhu et al., 2014, 2015). Knowledge about
the distribution and temporal dynamics of O, significantly im-
proves the possibilities for making useful interpretations.

A potentially effective strategy to mitigate N,O emissions from
cattle slurry-treated soils is to inhibit nitrification. This is because,
as stated above, nitrification may be a direct source of N,O pro-
duction. Also, when nitrification is inhibited, NO; and NOs3 for-
mation, and thus electron acceptor availability for nitrifier-
denitrification and denitrification processes, are limited (Zerulla
et al, 2001). Synthetic nitrification inhibitors, such as 3,4-
dimethyl pyrazole phosphate (DMPP), have been widely shown to
restrict ammonia oxidation, which is the first step of nitrification
(Dittert et al., 2001; Menéndez et al., 2006; Fangueiro et al., 2009;
Chen et al., 2010; Bell et al., 2016).

In order to develop manure application strategies resulting in
lower emissions of N30, it is important to understand which pro-
cess is the dominating source under specific soil conditions. For this
purpose, the N,O isotopomer technique has been used to deter-
mine the intramolecular distribution of >N between the central
(N*) position (™N'N'0) and the terminal (NP) position
('>N™N'60) of N,0 molecules. From this information, site prefer-
ence (SP) values can be calculated and compared with SP values
measured in pure cultures of microorganisms with different N,O
production pathways, ie. nitrification or bacterial and fungal
denitrification (Toyoda and Yoshida, 1999). Subsequently, the SP
values can be used to estimate the sources of N,O production using
a two-end-member mixing model (Bol et al., 2003b; Sutka et al.,
2006; Jinuntuya-Nortman et al., 2008; Well et al., 2012; Mander
et al, 2014; Koster et al., 2015; Wu et al., 2016). However, since the
SP values of nitrification and fungal denitrification are in the same
range i.e. between 33 and 37%o in pure cultures (Sutka et al., 2006,
2008; Rohe et al., 2014), it can be challenging to distinguish the
contribution from each of these processes. Recently, Lewicka-
Szczebak et al. (2016) suggested using both the oxygen isotopic
signature of the emitted N0 (3'0-N,0) and SP values to separate
the sources of N,O, where the §'80-N,0 can be used to distinguish
nitrification from bacterial and fungal denitrification, and the SP
values can be used to distinguish bacterial denitrification from
fungal denitrification and nitrification.

The aim of this study was: 1) to examine how the distribution
and dynamics of O, in the soil after surface application of cattle
slurry affect the processes responsible for N,O formation, and 2) to
understand how these processes are affected by the amendment of
DMPP to the slurry. It was hypothesized that: i) surface application
of cattle slurry leads to the rapid development of a downward-
migrating O, depletion zone, ii) application of DMPP in the slurry
will decrease the temporal and spatial extent of O, depletion, and
iii) DMPP application will reduce the production of N,O from both
nitrification and denitrification.

2. Material and methods
2.1. Soil, cattle slurry and DMPP

Soil was collected from 0 to 15 cm depth at a grassland site
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located in the Northern Eifel region in Rollesbroich, Germany
(50°37'18”N, 6°18'15”E). The soil was characterized as a loamy silt
soil with a bulk density of 094 + 012 g cm™> at 5 cm and
1.28 + 0.15 at 20 cm depth (Qu et al., 2016). The collected soil
sample was freshly sieved (<4 mm), homogenized and pre-
incubated for three days at room temperature (18 °C) before use.
The cattle slurry was obtained from a dairy cattle house at the
Foulum campus of Aarhus University's experimental farm in Tjele,
Denmark and kept at ~4 °C. A DMPP stock solution (1.49 kg Ll ie
36.35% DMPP by weight in phosphoric acid) was provided by
EuroChem Agro (Mannheim, Germany). The moisture content of
the soil and cattle slurry were determined by weight loss after
drying the fresh samples at 105 °C for 24 h, and their organic matter
contents or loss on ignition (LOI) were determined by weight loss
after heating the dried samples in a muffle oven at 550 °C for 3 h.
The total organic carbon and nitrogen of the soil were analyzed on
the dried-ground soil samples using an elemental analyzer (vario
PYRO cube, Elementar, Germany). The total nitrogen of the cattle
slurry was measured by the Kjeldahl procedure (Foss, Kjeltec™
2300). The properties and characteristics of the soil and cattle
slurry are summarized in Table 1.

2.2. Planar optode imaging system and measurement of soil O

The O, planar optode system used to measure the O, distribu-
tion in the soil is described in detail by Zhu et al. (2014). Briefly, the
system consisted of four components: i) twelve transparent optode
chambers coated with optode foil containing an O, sensitive
luminophore, ii) two DSLR cameras (Canon 1200D and Canon 1100
D) with lenses covered by a long-pass glass color filter, iii) an
excitation source of the O sensitive luminophores, and iv) a
computer to control LEDs and obtain images. Details of the optode
system are described in the on-line supplementary information.

The system was calibrated before use following the calibration
procedure described in Larsen et al. (2011). Using the calibration
curve, the Oy concentration was calculated for each pixel in the
images using Image] 1.48v software (Wayne, 2015). To increase the
signal-to-noise ratio, three images were recorded within two sec-
onds, and the average of these images was calculated. To further
support data interpretation, the imaging area was divided into
three O concentration ranges, i.e. anoxic, hypoxic and oxic frac-
tions corresponding to <1%, 1-30% and >30% O, air saturation
respectively, and the size of each range was determined (Zhu et al.,
2015).

2.3. Treatments and experimental setup

The experimental design included three treatments with four
replicates, i.e. cattle slurry (CS), cattle slurry-amended with DMPP
(CSD), and a control (CTR) treatment receiving water only. For each
replicate, 122.7 g fresh soil (96 g dry wt.) was packed into each

Table 1
Physicochemical properties of soil and cattle slurry.

Measurement® Soil Cattle slurry
Water content (g kg ') 278 + 14 885 + 12
Organic matter (% DM, LOI”) 7.7 £02 83.1+04
Total organic carbon (g kg~ ! dry matter) 252

Total nitrogen (g kg~ ' DM) 29 45.0 + 0.6
NH4-N (mg kg~' DM) 03 +0.1 18.7 £ 0.1
NOs-N (mg kg~ DM) 123 + 34 nd®

pH 57 +0.0 7.0+ 0.0

2 Mean =+ standard deviation, n = 3.
b LOI: loss on ignition (550 °C, 6 hs).
¢ nd: not determined.
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optode chamber (H x L x W: 10 x 6 x 4 cm>) following the packing
procedure described by Zhu et al. (2015). The soil was packed to a
depth of 4 cm soil, corresponding to a soil bulk density of
1.0 g cm 3. This soil bulk density corresponded to the soil bulk
density in the field (Rollesbroich, Germany), which was
0.94 + 0.12 g cm > for the top 5 cm soil depth (Qu et al., 2016),
although of course soil aggregation could not be exactly repro-
duced. Briefly, four portions of 30.65 g fresh soil were added
sequentially. After each addition, the chamber was shaken verti-
cally and the soil was gently compressed from the soil surface to
achieve a soil layer of exactly 1 cm. In order to ensure contact be-
tween the soil and the optode sensors, we conducted pilot exper-
iments which indicated that a water-filled pore space (WFPS) of
83% was sufficient to avoid border effects at the bulk density used
here. Thus, prior to slurry application, all chambers received
26.9 ml water, to achieve 85% WFPS, and were left for 22 h to
equilibrate and allow soil O to stabilize (pre-incubation period).

Cattle slurry (2.75 g fresh weight) was applied to the central 50%
of the soil surface area, which was delimited using a 12-cm?
aluminum rectangular frame (30 mm x 40 mm). The application
rate, which was calculated based on the volume of soil in each
optode chamber, corresponded to 120 NH4-N kg ha. In the CSD
treatment, cattle slurry was mixed with 0.5 ml DMPP stock solution
before application, corresponding to 1.2 kg DMPP ha~' or 1% by
weight of applied NH4-N; this rate has been reported to inhibit
ammonia oxidation effectively (Zerulla et al, 2001). Part of the
water in the cattle slurry would be retained at the soil surface by
particulate organic matter (Petersen et al., 2003); the amount of
water from slurry penetrating into the soil was estimated using
equation (3) in Petersen et al. (2003) to be 0.22 ml. The untreated
CTR soil, therefore, received 0.22 ml distilled water to ensure the
same soil moisture content for all treatments.

Incubation took place in darkness at room temperature (18 °C).
During the incubation, the lids of the optode chambers were closed
to minimize evaporation, but one rubber stopper was removed
from the rear side of the chambers to ensure aeration of the
headspace. Optode images were taken automatically every 60 min
during the incubation. Five days after slurry application, a precip-
itation event with an intensity of 1.25 mm was simulated by adding
distilled water evenly to the soil surface, raising the soil water
content to 90% WEPS. Incubation was then continued for an addi-
tional 13 days.

2.4. Gas and soil sampling

Gas sampling for flux measurements took place on days 0, 1, 2, 3,
5, 7, 11, 14 and 18, while additional samples for N;O isotopomer
analysis were taken on days 1, 3, 5, 7, 11 and 14. On each regular
sampling day, one 25-ml gas sample was taken from each head-
space (tp) and then the chambers were closed for 40 min (t49) when
another sample was collected. The gas samples were injected into
22-ml pre-evacuated glass vials, and N»O, CO, and CH4 concen-
trations later analyzed by gas chromatography (Clarus 580, Perki-
nElmer, Rodgau, Germany). Due to the limited headspace in the
optode chambers, samples for N,O isotopomer analysis were
collected by repeated (five times) sampling of 25-ml headspace gas
as described above at five-minute intervals and combining them in
120 ml pre-evacuated crimped bottles. The gas fluxes were calcu-
lated from the increments in headspace concentration during
chamber closure, assuming a linear increase over time (Zhu et al.,
2014). Cumulative gas emissions were calculated using the trape-
zoidal integration method. By day 18, the 4-cm soil core contained
in each optode chamber was sliced into four horizontal layers, each
1 cm thick. The pH of soil samples of each layer were measured in
water (1:5 w/v). NH4-N and NO3-N content were determined by

extraction of 10 g soil (wet weight) in 40 ml 1 M KCl followed by
measurement on a Foss FlAstar 5000, Flow Injection Analyzer
(FOSS, Denmark).

2.5. N0 isotopomer and isotope signatures

N,0 isotope signatures were determined by measuring m/z 44,
45, and 46 of intact N,O* molecular ions and m/z 30 and 31 of NO*
fragment ions (Toyoda and Yoshida, 1999) using an isotope ratio
mass spectrometer (IsoPrime 100, Elementar Analysensysteme,
Hanau, Germany). The analysis provides the average 3'°N of the
N>0 molecule (bulk ®N/™N ratios or 5"°NP"K), as well as 5'°N* and
3180 isotope signatures. The 3"°NP was calculated using the equa-
tion 3'5NP = 2 « 315NPuk - §15N* (Toyoda and Yoshida, 1999). The
15N-N,O0 site preference (SP) is defined as SP = 3'°N* - 3'°NP. The
measured 3'80 and §'°N isotope signatures were expressed with
reference to Vienna Standard Mean Ocean Water (VSMOW) and
atmospheric air-Nj, respectively. The correction and calibration of
the measurements are described in detail by Heil et al. (2015). The
soil emitted N,O isotope signatures on day t (R;), including 5'80,
3'°N and SP values, were corrected using the N»O isotope signa-
tures of ambient air in the laboratory using the following equation:

Rt = (Rsample(t) X NZOsample(t) — Rair < NZOair)/(NZOsample(t)
- NZOair)
(1)

where NOgi is the average N,O concentration in the optode
chambers before closure at ty (i.e. 269 + 5 ppb); Rg;r is the corre-
sponding average isotope signatures values of ambient air samples
(ie. 3'80, 3'°N and SP were 41.6%o, 4.6%0 and 17.5%o, respectively;
Supplementary Table S5); N2Osampie (¢) and Rsample (1) are the soil
derived N,O concentration and their corresponding isotope signa-
tures (ie. 3'%0, 3'°N or SP) of samples collected from optode
chambers 40 min after closure (t49) on day t.

The 3'%0 values of soil emitted N»O can be influenced greatly by
O exchange between soil water and denitrification intermediates,
hence resulting in a less precise estimation of N,O source parti-
tioning based on a two-end-member mixing model. For this reason,
the SP value is much more robust for estimating the N,O source
partitioning (Well and Flessa, 2009b; Rohe et al., 2014). Therefore,
the source partitioning of soil emitted N,O production was calcu-
lated from the corrected SP values (Eq. (1)) based on a two-end-
member isotopic mass balance equation (Toyoda and Yoshida,
1999) as follows:

/D = (Rt — SPy x fN)/SPp (2)

where fD defines the proportion (%) of N,O derived from bacterial
denitrification (BD), and fN the proportion derived from nitrifica-
tion (NI) and/or fungal denitrification (FD) in N,O released at time t.
It was assumed that N,O originated exclusively from NI/FD and BD
(fN + fD = 100%). R; represents the corrected SP values of soil-
emitted N,O obtained from Eq. (1), while SPp and SPy are the SP
values of N»O produced by BD and NI/FD.

The ranges of these end-member isotopic signatures were
defined according to well-known literature data in pure culture
studies as: for SPp between —11%. and 0%o (average of —5%o)
(Toyoda et al., 2005; Sutka et al., 2006), and for SPy between 33%o
and 37%o (average 35%o) (Sutka et al., 2006). The SP values of FD
generally range between 34%o and 37%o (Sutka et al., 2006; Rohe
et al., 2014) which makes it impossible to distinguish from N,O
produced by NI In addition, N,O isotopic signatures often vary
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depending on the environment and experimental setup, e.g. be-
tween pure culture studies and soil, which may affect the estima-
tion of N»O source partitioning using the two-end-member mixing
model (Eq. (2)), and therefore 5'80-N,0 data were used in combi-
nation with SP values to understand the shifting trends in sources
of N0 production during incubation. The end-members of 3'80-
N>O were defined according to literature data for N,O emission
from incubation studies, which for FD has been reported to range
between 30%o and 45%o (Sutka et al., 2008; Rohe et al., 2014), for BD
between 30%o. and 50%o (Toyoda et al., 2005; Opdyke et al., 2009;
Ostrom et al.,, 2010; Snider et al., 2013; Lewicka-Szczebak et al.,
2014), and for NI between 13%o and 35%o (Snider et al., 2012, 2013).

2.6. Statistics

Statistical analyses were performed using one-way analysis of
variance (ANOVA), and Tukey multiple comparisons tests to
determine significant differences in mean gas fluxes, cumulative
gas emission during 18 days, SP values, and N,O source partition-
ing, respectively, between treatments. All differences were tested
for significance at P < 0.05 using Rstudio (Rstudio Development
Core Team, 2016).

3. Results
3.1. Dynamics of soil O, after slurry application

During the pre-incubation period, soil O, content stabilized at
85—90% air saturation in all treatments throughout the 4 cm x 4 cm
soil cross-section (Fig. 1). Within the first day after slurry applica-
tion, a zone of reduced O, content developed beneath the appli-
cation area, which extended to a depth of approximately 1.5 cm in
the cattle slurry (CS) treatment, and to 1 cm in the cattle slurry with
DMPP (CSD) treatment. In the control soil (CTR), no zone with

Applied
cattlf: slurry

reduced O developed. After approximately two days, soil Oy
depletion gradually diminished in both slurry treatments (Fig. 1
which shows profiles on day 5). Hypoxic zones (1—30% O, satura-
tion) in treatments CS and CSD peaked at 7% and 4%, respectively, of
the total cross-sectional area between 18 and 36 h, while the anoxic
zones (<1% Oy saturation) were largest after 30—48 h incubation in
treatment CS, and after 24—42 h incubation in treatment CSD
(Supp. Fig. S3). Below 1.5 cm soil depth, the O content decreased by
around 3% in all treatments, and there was no significant difference
between the slurry treatments and CTR during the first five days.

Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.s0ilbio.2017.07.012.

The simulated rain event of 1.25 mm by day 5 resulted in rapid
expansion of the O, depletion zones in the upper 1.5 cm and 1.0 cm
of the soil in treatments CS and CSD respectively. A more severe Oy
depletion in the CS treatment was reflected in anoxic and hypoxic
areas developing more rapidly and being maintained for two days
after water addition, whereas only the hypoxic area increased
slightly in the CSD treatment and did not last as long (Supp. Fig. S3).
In both amended treatments, soil O, status gradually reverted to
the pre-incubation level for the remainder of the incubation.
However, by the end of the incubation (425 h, day 18), a zone of
anoxia remained in treatment CS in the upper 1 cm of soil,
particularly in the central part of the soil profile where the slurry
had been applied. In contrast, only a hypoxic zone was observed in
treatment CSD that was limited to the upper 0.5 cm of the soil
(Fig. 1).

3.2. Distribution of mineral N by the end of incubation
By day 18, vertical profiles of mineral N and pH of the soil
(Fig. 2A—C) showed that NH{-N and NO3-N concentrations, and

pH, of the control soil were constant throughout the profile, but
changed significantly with depth in the CS and CSD treatments. For

1.25 mm
Precipitation

90% WFPS —————>

CTR

CS 4cm
- 3
T .
CSD 4cm ok é
0h 2h 24h 120h  122h  192h  425h g
: (day1)  (day5) | (day5) (day 8)  (day 18) )

Hours after slurry application on soil surface

Fig. 1. Selected two-dimensional images of soil O, distribution (% air saturation) at different times after slurry application for a representative chamber (1 replicate) of the control
(CTR), cattle slurry (CS), and cattle slurry-amended with DMPP treatment (CSD). Soil water content was 85% water-filled pore space (WFPS) at 2, 24 and 120 h, after which a 1.25 mm
precipitation event was simulated, raising the soil water content to 90% WEFPS at 122, 128 and 425 h of the incubation. For other replicates and more dynamics of soil O, during the

incubation, see the supplementary information (Fig. S2 and Videos V1-3).
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Fig. 2. (A) Vertical profiles of ammonium nitrogen content, (B) nitrate content and (C) pH by 1-cm layers from the soil surface at the end of the experiment. Bars indicate standard

deviation of the mean (n = 4).

CSD, the highest soil NH4-N concentrations were found at 1-2 cm
soil depth, with 27.2 + 5.3 mg N kg~! dry wt. soil, which was
significantly (P < 0.001) higher than that of CS in this layer, with
0.7 + 1.4 mg N kg~ In contrast, NO3-N concentrations of CSD at
0—1 and 1-2 cm soil depth were significantly lower than those of
CS in these layers, which were, in turn, lower than in the CTR
treatment at a depth of 0—1 cm. NO3-N concentration of CSD
increased with soil depth, while it decreased slightly from the soil
surface towards the bottom layer in treatment CS. Below 2 cm soil
depth, the NH4-N and NO3-N concentrations of all three treat-
ments were not significantly different. The soil pH of treatment CS
was significantly lower than that of CTR and CSD treatments at all
depths except for the upper 0—1 cm, where it was similar to CTR. In
contrast, the soil pH of the CSD treatment in the upper 0—1 cm and
1-2 cm layers were significantly higher than in CTR, while the soil
pH of CSD below 2 cm depth was much lower than that of CTR
(Fig. 2C).

3.3. Trace gas emissions

During the incubation, CHg4, CO, and N,O emissions from the
CTR soil were negligible, whereas the gas fluxes were substantial in
both CS and CSD (Fig. 3). Methane emissions from the cattle slurry
amendments peaked immediately after slurry application, gradu-
ally leveled off from day 5 to day 7, and subsequently were not
significantly different from CTR until the end of the incubation
(Fig. 3A). Similarly, CO, evolution rates from the CS and CSD
treatments peaked early, but remained significantly higher than
CTR on most sampling days. The CO, emission rate of cattle slurry-
amended soil peaked one day after application, then dropped off
significantly in the following days. Nitrous oxide emissions were
not significantly different between the two manure-amended soils
during the first five days, and the highest N,O fluxes coincided with
the CO, peaks by day 1, at 47.8 + 8.9 and 44.6 + 2.2 ug N kg~ ! soil
per day for treatments CS and CSD, respectively (Fig. 3 C). After this
early peak, the N,O emissions of both slurry treatments declined
dramatically. After the simulated rain event, a stimulation of N,O
emissions of similar magnitude was seen between days 5 and 7 but
remained higher in CS than in CSD. From day 7, while N,O emis-
sions of treatment CSD declined and approached the background
level of CTR, emissions of treatment CS increased steadily and
reached a second peak of 41.1 + 7.7 ug N kg ! soil day ! by day 14,
before declining in the following days. By the end of the

experiment, the N,O emission of CS declined significantly to about
211 + 6.8 pg N kg ! soil per day, but this emission was still
significantly higher than that of the CSD and CTR treatments.
Over the 18 days, cumulative CH4 and CO, evolution did not
differ between the CS and CSD treatments. In contrast, the total
amount of emitted N,O from the CS treatment was significantly
higher than for CSD by approximately 60% (Supp. Table S2).

3.4. N0 isotopomer and source partitioning

The SP values were between 10.9 + 2.4%o0 and 23.9 + 1.2%o during
incubation (Fig. 4A). The highest SP values were observed in CS and
CSD one day after slurry application, at 23.9 + 1.2%0 and
23.5 + 1.6%o, respectively. Given the two-end-member isotope
signatures selected for the calculation of source partitioning (Eq.
(2)), this is equivalent to roughly 30% of N»O originating from
bacterial denitrification (BD) in both the CS and CSD treatments
(Table 2). This coincided with the largest area of hypoxia (1-30% air
sat.) in the cattle slurry treatments, which occurred 18—30 h after
application (Supp. Fig. S3). The SP values decreased significantly
during the next two days, to 15.6 + 1.3%o for CS and 13.5 + 1.3%o for
CSD by day 3, corresponding to approximately 50% of the N,O
originating from BD in the two treatments. After water addition, the
soil O, contents of CS and CSD immediately declined to 45% and
60% air saturation, respectively, and remained at these levels for
approximately 12 h before increasing gradually until the end of the
experiment (Fig. 4B). Concomitantly, the SP values of these treat-
ments dropped to their lowest levels at around 11.4%o by day 7 for
both CS and CSD, corresponding to around 60% of BD-derived N,O
production. For CS, the low SP value persisted until day 11
(11.2 + 0.9%0) before slightly increasing to 14.7 + 0.6%o by day 14,
while the SP for CSD increased more quickly and had already
reached 20.1 + 1.5%o by day 14.

The end-member SP values used for N,O source partitioning
most often rely on results from pure culture studies, although SP
may vary depending on the soil environment under field conditions
(Well et al., 2006; Ostrom et al., 2010). Source partitioning calcu-
lations based on the two-end-member model (Eq. (2)) therefore
provide only rough estimates of the contribution to soil-emitted
N>0. However, the relationship between SP values and 3'%0 of
soil-emitted N,O (Fig. 5A) also indicated that N,O emissions were
not derived solely from NI/FD or BD, but from a combination of
these sources. In general, the SP values and 5180—N20 of the CTR
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Fig. 3. Gas emission rates of CHy4, CO, and N,O during 18 days of incubation (n = 4, mean + standard deviation). The vertical dashed line indicates the time of water addition. Bars

indicate the standard deviation of the mean (n = 4).

treatment and cattle slurry treatments fluctuated during incuba-
tion, probably reflecting a shift in the dominant source of N0 be-
tween NI, FD and BD. The SP values were not clearly different
between treatments on any sampling day except day 14. In contrast,
the 3'80-N-0 differed between CSD (42%0—46%o), CS (35%0—42%0)
and CTR (35%0—40%o). The increase in soil water content after
simulated rainfall led to the depletion of 3'80-N,0 in all treatments
from day 5 to day 7 (Fig. 5A), indicating a shift in N,O production
from NI/FD towards BD. The most pronounced shifts were found in
CTR and CS and corresponded to the depletion of 3'0-N,0 by
approximately 5%o (from 41%o to 36%o, and from 40%o to 35%o,
respectively), while the shift was slightly smaller for CSD (from
45%0 to 42%0).

The total N,O emission (Fig. 5B) from treatment CS was signif-
icantly higher than those from treatments CSD and CTR, corre-
sponding to approximately 60% higher N,O in CS compared to CSD.
However, the temporal dynamics of N,O emission were complex. In
the first five days, the cumulative N>O emission was similar in the
CS and CSD treatments (Supp. Table S3), while in the last 13 days
the cumulative N,O from treatment CSD was similar to CTR about
10% of that of CS (P < 0.001). Over the whole 18 days of incubation,
the proportion of N,O derived from BD tended to be higher (but not
significantly) than that of NI/FD in all treatments; there was no
difference between proportions of BD in any treatments (Fig. 5B).

4. Discussion

The spatial distribution of soil O, showed that NHZ and labile C
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from surface-applied cattle slurry infiltrated and contributed to O,
consumption in the upper 1.5 cm and 1.0 cm soil layer in CS and CSD
treatments, respectively. This is likely to have been caused by the
consumption of O, by heterotrophic respiration of dissolved
organic matter (Bol et al, 2003a) and nitrification (Delin and
Stromberg, 2011) of ammonical N which infiltrated and diffused
into the upper cm of the soil. The observation that reactive C and N
in cattle slurry can stimulate O, consumption through aerobic
respiration and nitrification, causing depletion of O, in manure
hotspots, has also been reported by, e.g., Petersen et al. (1996) and
Meyer et al. (2002). The difference in O, distribution between
treatments CS and CSD indicated that nitrification could be
responsible for a significant part of the O, depletion during the first
few days after manure application, even though nitrification ac-
tivity is usually considered to be limited as the organisms have to
synthesize enzymes and multiply (Meyer et al., 2002). On the other
hand, Petersen et al. (1992) observed a stimulation of potential
ammonia oxidation rates around cattle manure hotspots after 24 h,
indicating that nitrifier activity was already intense. Intensively
managed grassland soil may have potential nitrification rates of
150—200 nmol NH3 g~ ' d~! (Meyer et al.,, 2013), corresponding to
225-300 nmol O, g~! d~. This can be compared with the observed
CO, evolution rates (Fig. 3B) of 15—45 mg CO,-C kg~! d~', or
1250—3750 nmol CO,-C g~ ! d~. Assuming a CO,:0, ratio close to 1
(Angert et al., 2015), it is evident that O, demand for nitrification
could be quantitatively important, especially since nitrification
activity was probably concentrated near soil-manure interfaces,
unlike heterotrophic activity. Although cattle slurry in treatment
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Fig. 4. (A) The corrected site preference values (SP) of soil emitted N,O during incu-
bation of slurry-amended soil, and (B) average oxygen content (% air saturation) in
amended soils; the vertical dashed line indicates the time of the simulated rain event
of 1.25 mm precipitation following gas sampling on day 5. Error bars present standard
deviation of the SP mean (n = 4) and different letters indicate significant differences
between the mean SP values of the CS and CSD treatments on each sampling day with
P < 0.05.

Table 2
The proportion of N,O emission derived from bacterial denitrification (fD* in %)
during the incubation.

Day CTR s Csb

1 384+ 1.7 345+71 28.0 3.0
3 57.8 +16.8 486 +33 56.0 + 3.6
5 26.1 +£12.5 456 + 2.5 454 +33
7 62.2 + 8.4 592 + 1.7 61.4 + 4.4
11 58.6 +5.5 59.6 + 2.2 61.2 + 14.1
14 428 +34 509 + 1.4 474 +10.6

2 fD calculated from site preference of emitted N>O using a two-end-member
mixing model (Eq. (2)), (n = 4, mean + standard deviation).

CSD was amended with a nitrification inhibitor, nitrification in this
treatment cannot be ruled out completely if NHf migrated further
away from the zone of the original distribution than DMPP (Azam
et al.,, 2001).

The recovery of O concentrations in the CS and CSD treatments
after just a few days reflected a decrease in oxidation activities.
After the simulated rain event, the decreasing trend in soil O;
content that followed in the CS and CSD treatments must have been
caused by restrictions in the diffusional supply of O, from the
headspace caused by the increased water content, combined with
sustained O, consumption for oxidation of NH4 and labile C (Bol
et al.,, 2003a; Baral et al., 2016).

The similar total cumulative N,O emissions obtained for CS and
CSD during the early phase of incubation implies that the dominant
N0 production pathway during this period was unlikely to depend
on nitrification (NI), and thus presumably denitrification using the
NO3 already present in the soil was the main source. This also
explains why the application of DMPP did not significantly mitigate
N,O emissions during the first five days. The early peak of N,O
emissions observed in the present study has also been reported and
attributed to denitrification of soil NO3 in other studies (Petersen

et al,, 1992; Paul et al,, 1993; Meyer et al., 2002; Thomsen et al.,
2010; Markfoged et al, 2011). However, the SP values (around
25%0) of both CS and CSD for the N,O peak were much higher than
the values expected for bacterial denitrification of 1.3—13.8%o in
temperate grassland (Bol et al., 2003b), and of 2.6—14.6%o in agri-
cultural soils (Opdyke et al., 2009). Instead, these SP values were
consistent with NI and/or FD being the dominant sources of N,O
production to the peak. A possible explanation for the high SP
values of emitted N,O in both the CS and CSD treatments during the
early peak is that the contribution from FD was high. This would
also be in accordance with the relatively high 3'%0 values observed
during this period. Fungal denitrification appears to be especially
important in enhanced organic C soil environments (Robertson and
Tiedje, 1987; Laughlin and Stevens, 2002; Marusenko et al., 2013;
Jirout, 2015) and thus could play an important role in N,O forma-
tion in grassland soil under sub-oxic conditions (Jirout et al., 2013;
Chen et al., 2015). Moreover, the contribution of soil fungi to the
total N,O emissions has been reported to be as high as 65% in
current and former intensive grazing pastures (Jirout, 2015). It can
also be seen from Fig. 5A that 3'30-N,0 values by day 1 in cattle
slurry amendments were in the transition zone between BD and FD,
and more likely to be associated with FD based on the combination
of both 3'80 and SP values of emitted N,O.

It should be acknowledged that higher than expected SP values
could be due to isotopic fractionation during N,O reduction to Ny
(Ostrom et al., 2007; Jinuntuya-Nortman et al., 2008; Well and
Flessa, 2009a; Koster et al., 2013), especially under conditions with
low NO3 and high C availability (Senbayram et al., 2012). Thus, the
proportion of NI/FD as a source of N0, as calculated from SP values
with the two-end-member source partitioning model, could be
overestimated (Wu et al., 2016). On the other hand, the significant
positive correlation between 3'0-N,0 and SP values with a slope
of 1.2 (r = 0.08, P = 0.02) had the characteristics of denitrification
(Ostrom et al., 2007; Jinuntuya-Nortman et al., 2008; Koster et al.,
2013; Mander et al., 2014).

The decline in N,O emissions from both CS and CSD after the
first peak occurred while the anoxic and hypoxic zones were
largest, implying either that the NO3 supply limited denitrification
or that denitrification products shifted towards the more complete
reduction of N,O to N,. However, extensive reduction of N,O to Ny
should increase SP values as a result of isotopic fractionation, as
discussed above. The fact that the lowest SP values, implying BD as
the dominant source of N,O production in both the CS and CSD
treatments, were measured on day 3 indicates that limitation of
NO3 in the soil was most likely responsible for the decline in N,O
emissions during this period (Table 2 and Fig. 5A). Soil O; increased
in both the CS and CSD treatments between days 3 and 5 and may
have diminished the contribution of BD to N,O emissions due to the
inhibitory effect of O, to bacterial denitrification of NO3 (McKenney
etal., 1994). However, the anoxic and hypoxic zones in CS remained
larger than in CSD, which could have maintained bacterial deni-
trification at a relatively higher level in CS compared to CSD. This
would be in accordance with the minor changes in SP and §'80-N,0
values for CS between days 3 and 5 (Fig. 5A).

During the second peak of N,O emissions, after soil moisture
was increased through a simulated rain event, the N,O emission of
CTR slightly increased, presumably because O, depletion enhanced
denitrification of soil NO3 in anaerobic microsites that were not
visible in the optode images. It can be seen from Fig. 5A that both SP
values and 3'80-N,0 declined, showing the greater contribution of
BD to N,O production during this period. For treatment CSD, the
stimulation of N,O emissions after the rain event was as high as in
the CS treatment between days 5 and 7, and the concomitant
decline in SP values observed during this period for both CS and
CSD also suggest an increasing importance of BD for N,O formation.
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Fig. 5. (A) The end-member map with site preference values (SP) as a function of soil derived 3'¥0-N,0 (expressed with respect to Vienna Standard Mean Ocean Water - VSMOW)

illustrates the trend shifting in source of N>O production for the different treatments (control

CTR, cattle slurry a CS and cattle slurry with DMPP treatment @ CSD), numbers in

brackets indicate sampling days. The rectangles represent the areas corresponding to the ranges of literature data of N,O isotopic signatures for the pure culture and soil incubation
studies. SP for bacterial nitrification (NI), fungal denitrification (FD) and bacterial denitrification (BD) was based on literature data (see the method and methodology section). (B)
Total cumulative N,O over 18 days of incubation with the estimates of N,O proportion (%) derived from NI/FD (fN) and BD (fD) based on the two-end-member mixing model. Bars

indicate the standard deviation of the means (n = 4).

The O, content increased from day 7 in both CS and CSD, which
could have diminished the contribution of BD-derived N,O in the
two treatments, and thus the predominant source of N,O produc-
tion may have shifted towards either NI or FD.

The sources of N>O emissions in CS apparently remained con-
stant between days 7 and 11, most likely dominated by BD, and then
slightly changed towards NI and/or FD by day 14 (Fig. 5A). In
contrast, BD was confirmed to be the main contributor to N,O
emissions in the CSD treatment until day 7, a contribution which
then slightly declined until day 14 (Table 2). It has been reported
that sub-oxic conditions favor fungal denitrification over bacterial
denitrification as fungi require O for cell growth (Zhou et al., 2001),
while O, inhibits bacterial denitrification (McKenney et al., 1994).
The distribution of NH{ and NO3 at 3—4 cm depth at the end of the
incubation indicated that nitrification had taken place at this depth
in the CSD treatment (Fig. 2A and B). It is likely that little NH4 and
DMPP initially reached these layers, and that most nitrifiers here
were unaffected by DMPP. Nitrification activity would have created
a gradient leading to diffusion of NHZ from upper soil layers. With
soil moisture at 90% WEFPS in the last part of the incubation, this
nitrification activity could have contributed to the observed N,O
emissions between day 11 and 18 (Fig. 3C). Denitrification would be
expected to continue to the extent that labile C and NO3 were
available in anaerobic microsites. Therefore, it is proposed that N,O
emissions in the later phase likely derived from a mixture of either
NI and BD, or of FD and BD. The contributions of NI and BD to N,O
emissions were higher for CS than CSD due to both the higher NO3
supply and larger anoxic and hypoxic zones. Consequently, the
second peak of NO emission in CS was associated with the highest
potential for nitrification of manure-derived NH4 and was followed
by the denitrification of already formed NO3 during the last 13 days
of the incubation (Petersen et al., 1996; Meyer et al., 2002).

Evidence for the dominance of denitrification as a source of N,O
in the CSD and CS treatments also comes from the fact that the soil

NO3 concentration by the end of the incubation in the 0—1 cm layer
was lower in CSD than in CTR and CS, while soil pH was much
higher for CSD than for CS and CTR (Fig. 2B and C). This is in
accordance with the consumption of soil NO3 in the CSD treatment,
and NO3 consumption together with nitrification activity in the CS
treatment. The NO3 content remained higher in both CSD and CS
compared to CTR by the end of the experiment. This is partly
explained by Meyer et al. (2002), who used a nitrate-nitrite micro-
sensor to profile NO3 and NO3 concentrations and reported that
the maximum nitrification and denitrification rates at 0—10 mm
distance from the soil-manure interface occurred around 10 days
after application.

Further down the profile (3—4 cm), oxic conditions were
maintained throughout the incubation (Fig. 1 and Supp. Fig. S2),
promoting aerobic metabolism and preventing the reduction of
NOs3 (Wrage et al., 2001), and thus maintaining NO3 concentrations
in both CS and CSD. Soil NO3 accumulated in the lower parts of the
soil cores in the CSD treatment compared with CTR (Fig. 2B), which
was not expected if DMPP blocked nitrification of NH4"™ added with
cattle slurry. One explanation for this is that NH4 diffused to the
deeper layers to a greater extent than DMPP, as discussed previ-
ously. Removal of NH{ via nitrification would have created a con-
centration gradient for NH4, but not DMPP. Also, after the rain
event, NO3 produced closer to the surface could have been trans-
ported to deeper soil layers.

The second peak of N,O emissions in the CS treatment by day 14,
which was absent in CSD, suggested that blocking of nitrification by
DMPP largely suppressed N,O emissions after the first week
through NO3 limitation. Throughout the incubation period, the
observation that addition of DMPP to cattle slurry did not affect
total CH4 and CO; accumulation is in line with several other studies
(Dittert et al., 2001; Pereira et al., 2010; Menéndez et al., 2012; Kong
et al.,, 2016). The significant reduction of total N,O emission by
approximately 60% after application of DMPP to cattle slurry was
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comparable to that reported in previous laboratory studies (Chen
et al, 2010; Zhu et al., 2016) and under field conditions (Di and
Cameron, 2012). The N2O mitigation of the CSD treatment in the
present study was greater than in several field studies on grassland
soil (Menéndez et al., 2006), but lower than in some cropland field
experiments (Merino et al., 2006; Scheer et al., 2014; Abalos et al.,
2016). The difference between the present study and these field
studies with respect to N,O mitigation is probably related to dif-
ferences in experimental conditions, such as the initial soil nitrate
content, availability of labile C, rainfall or water content (Abalos
et al, 2016; Di and Cameron, 2016), soil temperature, manure
application method (De Antoni Migliorati et al., 2014; Pereira et al.,
2015) and dose of applied DMPP (Kong et al., 2016), which all in-
fluence the effectiveness of nitrification inhibitors. The present
experiment was conducted at soil WFPS of 85—90%, and thus soil
aeration was relatively poor. However, these conditions are
commonly found during spring in wet temperate climates; for
example, Harty et al. (2016) presented detailed information on
WEPS across a two-year period in a multi-site study, and on several
occasions fertilization coincided with soil WFPS >80%.

5. Conclusions

This study demonstrated, using planar optodes for non-
destructive monitoring of O, availability, that surface application
of cattle slurry creates a shallow zone of O, depletion in the soil
beneath the slurry. The application of DMPP, equivalent to
1.2 kg ha™', reduced the extent of the O, depletion zone, presum-
ably by inhibiting O, consumption by nitrification. The inhibition of
the nitrification process also affected N,O production in the
grassland soil with a relatively high water content (85—-90% WEFPS).
In the CS treatment, two peaks of N,O production were observed,
whereas the second peak was absent in the CSD treatment. Based
on isotope analyses, the first peak was concluded to be mainly
derived from fungal denitrification and bacterial denitrification
based on the initial soil nitrate pool in both CS and CSD treatments.
The second peak, observed in CS only, was associated with fungal
and bacterial denitrification using nitrate formed by nitrification of
manure ammonium. Given the fact that denitrification seemed to
be the dominating process behind N>O emissions, the results
indicate that fungal denitrification could be playing an important
role in this moderately acidic grassland soil at relatively high water
content. The application of DMPP did not significantly reduce N,O
emissions during the initial phase, but clearly reduced the second
peak, which quantitatively was the most important.
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The application of nitrification or urease inhibitors together with nitrogen (N) fertilizer has been pro-
posed to reduce N losses, including nitrous oxide (N,O) emissions, from agricultural soils. We measured
N,O fluxes, crop yield and plant N content over 3 years (2012—2015) to evaluate the long-term effects of
nitrification and/or urease inhibitors on N,O emissions, crop production and N use efficiency (NUE) in an
intensively farmed wheat—maize system in northern China. The experiment consisted of the following
five treatments: 1) CK, no N fertilizer; 2) U, urea; 3) NI, urea with 3,4-dimethylpyrazole phosphate
(DMPP); 4) UI, urea with N-(n-butyl) thiophosphoric triamide (NBPT); and 5) NIUI, urea with combined
DMPP and NBPT. Compared with the U treatment, the NI, NIUI and Ul treatments mitigated cumulative
N0 emissions by 55%, 40% and 21% in the maize season, respectively, and 47%, 40% and 33% in the wheat
season, respectively. The annual direct emission factors of N,O for the U, NI, Ul and NIUI treatments were
0.4%, 0.1%, 0.3% and 0.2%, respectively. The NIUI, NI and UI treatments increased the annual crop yield
(7%, 6% and 4%) and the NUE (15%, 10% and 7%) relative to the U treatment. The NI treatment showed the
best effect on mitigating N,O emissions, but its efficacy was reduced when applied together with UL This
indicates that more studies are required focusing on the performances and mechanisms of these two
inhibitors in alkaline and low organic carbon soils.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

with 298 times the global warming potential of carbon dioxide
(CO,) over a period of 100 years (IPCC, 2013). Agricultural soils

Nitrous oxide (N,0) is a potent and long-lived greenhouse gas are the major source of N,0, accounting for 61% of the global N,O

* Corresponding author.
E-mail address: mengfq@cau.edu.cn (F. Meng).

http://dx.doi.org/10.1016/j.atmosenv.2017.07.034
1352-2310/© 2017 Elsevier Ltd. All rights reserved.

emissions (IPCC, 2013). The North China Plain (NCP) is one of the
most important agricultural regions in China, contributing 43.4%
of the total national wheat—maize production (Shi et al., 2013). In
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this region, agricultural activities have relied on an increasing
rate of nitrogen (N) fertilizer to sustain the increasing produc-
tivity over the past 30 years (Gu et al., 2015). Nitrogen is a highly
active element that, if not managed well, can be lost in large
amounts via pathways such as N,O emissions, NO3 leaching and
NHj3 volatilization, leading to a low N use efficiency (NUE) and
subsequent environmental pollution in the NCP (Ju et al., 2009;
Zaman et al., 2009; Cui et al., 2011). Hence, farmers in the re-
gion face the dual challenges of reducing N losses and increasing
NUE under the prerequisite of maintaining high crop yield (Liu
et al., 2013).

Application of nitrification and urease inhibitors has been
suggested as promising farming practice to mitigate N losses
including N2O emissions (Zaman et al., 2013; Cahalan et al.,
2015; Qiao et al., 2015). Nitrification inhibitors (NI) such as
dicyandiamide (DCD) and 3,4-dimethylpyrazole phosphate
(DMPP) are compounds that can prevent the conversion of NHf
into mobile nitrate ions (NO3 and NO3) by inhibiting the ac-
tivity of ammonia-oxidizing bacteria in the soil, e.g. of the genus
Nitrosomonas (Zerulla et al, 2001). The use of NI has been
shown to reduce both N,O emissions and NO3 leaching (Cui
et al., 2011; Hill et al., 2014). Recent meta-analyses have found
that NI could reduce N,O losses by 39%—48% and increase crop
yields by 6%—13% (Qiao et al., 2015; Gilsanz et al., 2016). Urease
inhibitors (UI), such as N-(n-butyl) thiophosphoric triamide
(NBPT), can be quickly converted into more effective oxon an-
alogs following application to soil, after which a tridentate
ligand is formed with the urease enzyme, which slows urea
hydrolysis (Singh et al.,, 2013) and reduces N losses in the form
of NHs. In addition, NBPT can also reduce N;O emissions and
increase crop yields (Ding et al., 2010; Dawar et al., 2011). The
application of DMPP or NBPT with urea was found to signifi-
cantly reduce N,O emissions by 37%—59% in the maize and
wheat season (Ding et al., 2010; Hu et al., 2013; Liu et al., 2013;
Ding et al., 2015). However, previous studies were mostly con-
ducted in acidic or neutral soils using the NI of DCD (Qiao et al.,
2015). As a result, these studies often exhibited different effects
of NI, U, or NI combined with Ul on N losses, N uptake and crop
production. For instance, NBPT or DMPP did not significantly
increase crop yields (Ding et al., 2010; Sanz-Cobena et al., 2012;
Hu et al., 2013; Liu et al., 2013; De Antoni Migliorati et al., 2014;
Scheer et al., 2014; Ding et al., 2015), while NBPT alone was
more effective at reducing total gaseous N emissions than NBPT
combined with DMPP during cattle urine fertilization (Pereira
et al., 2013).

Because the effectiveness of inhibitors is dependent on edaphic
and climate conditions and farming measures (Abalos et al., 2014),
field studies which lasted only 1 or 2 seasons cannot sufficiently
address temporal variations across different farming years.
Correspondingly, research conducted to date has not provided
robust conclusions. Hence, in this study, we initiated a field
experiment in an intensively farmed wheat—maize system on
calcareous soils in the NCP to investigate the effects of NBPT,
DMPP and NBPT + DMPP application on crop yields, N efficiencies
and N,O emissions. Specifically, we conducted year-round mea-
surements of N,O fluxes, crop yield and N uptake, soil mineral N
content, and the main environmental factors over 3 years. The
primary objectives of our study were (1) to evaluate the effects of
DMPP, NBPT and DMPP plus NBPT on N efficiencies, N,O emissions
and crop production, (2) to examine the temporal variation in
natural factors, soil moisture and mineral N contents and their
relationship with N»O mitigation, and (3) to identify good farming
practices using inhibitors to maintain high crop yield and low N
losses in northern China.

146

2. Materials and methods
2.1. Experimental setup and field management

A field experiment was established in June 2012 at the Agro-
ecosystem Experimental Station of China Agricultural University,
Huantai County, Shandong Province (36.57°N, 117.59°E). The region
has a typical temperate monsoon climate, with a 30-year
(1982—2012) annual mean air temperature and a mean precipita-
tion of 12.5 °C and 542.8 mm, respectively. The soil in the region is
aquic inceptisol (a calcareous, fluvo-aquic clay loam) with bulk
density (BD) of 1.40 g cm 3, pH of 7.8, soil organic matter of
17.3 gkg ! and total N content of 1.1 g kg~ . The soil consists of 38%
clay, 32% silt and 30% sand (USDA). Prior to the experiment, fields
were cropped with winter wheat and summer maize. The experi-
ment consisted of five treatments: CK (no fertilizer N input), U
(urea), NI (urea with DMPP), UI (urea with NBPT), and NIUI (urea
with DMPP plus NBPT). Each treatment had four replicated plots
(8 x 7.5 m?). In the middle of June, wheat straw was mechanically
chopped and ploughed into the field after harvest and maize was
seeded in rows using a maize no-tillage planter. During the early
October maize harvest, maize straw was also mechanically chopped
and incorporated into the field. Wheat was sown using a wheat no-
tillage planter. Inhibitor(s) and fertilizers during basal fertilization
or topdressing were thoroughly mixed and then broadcasted onto
the soil surface. Irrigation was conducted immediately after fertil-
ization. Urea was applied at the local conventional fertilization
level, i.e., 300 kg N ha~! season~! (50% as basal fertilization and 50%
as topdressing), for both the maize season and the wheat season.
DMPP and NBPT were applied at a rate of 1% and 0.4% of applied
fertilizer N, respectively. Phosphorus fertilizer (as triple super-
phosphate) was applied at a rate of 120 kg P,Os ha~! for wheat,
while potassium fertilizer (as potassium sulfate) was applied at
100 kg K,0 ha! for maize. The application of herbicides and in-
secticides was similar to that of local conventional farming practice.
The irrigation was implemented according to crop growth and soil
moisture. Briefly, crops were irrigated four times (total 300 mm)
during the three wheat seasons (2012—2013, 2013—2014 and
2014—2015), and twice (150 mm), once (75mm) and three times
(225 mm) in the first (2012), second (2013) and third (2014) maize
season, respectively.

2.2. N,0 emission measurements

We measured N0 fluxes in each plot of all treatments from 16
June 2012 to 5 June 2015 using an opaque static chamber system as
described by Shi et al. (2013). Briefly, one static chamber was
installed in each replicated field plot and five gas samples from the
chamber headspace were obtained with a 60-mL polypropylene
syringe at 0, 8, 16, 24 and 32 min after chamber closure. Gas was
sampled between 9:00 and 11:00 a.m. local time every day for a
continuous duration of 7 days following fertilization and/or irri-
gation events, and twice a week during other periods of crop
growth, and once per week during the winter season (Dec 15 to
March 1 of the following year). The N,O flux measurements were
performed 80—100 times per year. All gas samples were analyzed
on an Agilent 7820A gas chromatograph (Agilent Company,
Shanghai, China) within 24 h of sampling. The N,O fluxes and cu-
mulative emissions were calculated using the linear model and
linear interpolation method (Hu et al., 2013; Tan et al.,, 2017).

2.3. Auxiliary measurements

In addition to N,O flux measurements, we also measured wheat
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and maize yield, air temperature, precipitation, soil temperature
(0—5 cm), soil moisture (0—10 cm), soil NO3-N and NH4-N content
(0—10 cm). Daily air temperature and precipitation were continu-
ously measured by a meteorological station (AR5, Xinyuanshijie
technology Co. Ltd, Beijing, China) located 100 m away from
experimental plots. Soil temperature was determined with a digital
thermometer (JM 624, Jinming Instrument Co. Ltd, Tianjin, China)
at the time of gas sampling. At the time of gas sample collection,
three fresh soil samples (0—10 cm) in each field plot were collected
using a 2-cm diameter soil probe. Soil samples were then thor-
oughly mixed, homogenized and sieved (<2 mm), to measure soil
moisture, soil NO3-N and soil NH4-N content. Soil moisture was
converted into water-filled pore space (WFPS; %) as follows:

WEFPS = water content (%, w/w)

x BD/total soil porosity (%) x 100% (1)
where water content was measured gravimetrically by drying the
subsamples at 105 °C for 24 h, total soil porosity = 1 — (BD/2.65),
with 2.65 g cm > as the mineral particle density of the soil, and BD
is the soil bulk density (g cm~>). The soil NO3-N and NH4-N con-
tents were measured using an Auto Analyzer 3 (BRAN + LUEBBE Co.
Ltd., Hamburg, Germany) after extraction with 1 M KCI. The extracts
for measuring soil NO3-N and NH4-N contents were frozen and
stored at —18 °C before analysis (Shi et al., 2013). At crop harvest,
four sub-plots (7.5 m?) from each treatment were harvested to
measure the grain and straw yield of the crops. Total N content in
aboveground biomass was analyzed using an elemental CN
analyzer (Thermo Flash EA 1112 Flash, 2000; USA).

2.4. Calculation of the emission factor (EF) and NUE

The direct N,O EF (%) of fertilizer N applied was calculated as
follows (Cui et al., 2012):

EF = (Ef — Eg)/Rg x 100% (2)
where Egand Eg are the annual or seasonal N,O emissions (kg N,O-
N ha ') from the N-fertilized and CK plots, respectively; and Rg
represents the annual or seasonal application rate of fertilizer N (kg
N ha™ ).

The NUE (%) was calculated as follows (Hartmann et al., 2015):
NUE = (Ug — Up)/Rg x 100% 3)
where Ug and Up denote the annual or seasonal aboveground N
uptake measured at harvest in the N-fertilized and CK plots (kg N
ha1), respectively, and Ry is the annual or seasonal application rate
of fertilizer N (kg N ha™").

2.5. Statistical analyses

The software SPSS 22.0 (IBM Corp., Armonk, NY, USA) was used
for statistical analysis. Statistically significant differences in N,O
emissions, crop yield and NUE from all treatments were identified
by one-way analysis of variance at a 0.05 level of probability fol-
lowed by Duncan's test. The effects of the main driving factors on
N>O fluxes were investigated by analysis of pairwise correlations.

3. Results
3.1. Precipitation, temperature, soil moisture and inorganic N

The precipitation was quite high (563 mm) in the second maize
season, but relatively low in the first (230 mm) and third (299 mm)
maize seasons (Fig. 1a). The precipitation was 212, 125 and 147 mm
during the first, second and third wheat seasons, respectively. Soil
temperature varied from —1.6 to 29.7 °C over the 3 experimental
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Fig. 1. Temporal variations of (a) precipitation, irrigation and air temperature and (b) soil temperature and water-filled pore space (WFPS) at the time of N20 sampling over the
experimental period. Soil temperature and WFPS values are the means of four plot replicates. Grey background represents the maize season.
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years (Fig. 1b). The average soil temperature was 10.1, 11.0 and
10.1 °Cin the three wheat seasons and ranged from 24.6 to 24.9 °C
during the maize seasons. Variations in air temperature were
similar to those in soil temperature (Fig. 1a). The soil WFPS ranged
from 23% to 86% (Fig. 1b), with the highest values appearing after
irrigation or heavy rainfall events. For the 3 experimental years,
the average WFPS during 7 and 30 days after N fertilization and
during the entire maize season was 66%, 57% and 57%, respec-
tively, while it was 70%, 63% and 58% for the wheat season,
respectively (Table 1). No significant differences were observed in
WEFPS and temperature among the five treatments.

During the three examined durations (7 and 30 days after N
fertilization and the entire crop season), inhibitors exerted similar
effects on soil mineral N (Table 1): NO3-N and NHZ4-N contents of
N-fertilized soils increased significantly after N fertilization rela-
tive to the CK treatment (Fig. 2a and b; P < 0.05). During the maize
season, the average soil NO3-N contents of all fertilization treat-
ments were similar (Table 1); NI significantly increased soil NHj-
N compared with all other treatments (P < 0.05). For the wheat
season, three inhibitor treatments (NI, Ul and NIUI) significantly
(P < 0.05) decreased soil NO3-N contents relative to U treatment
at similar magnitudes (13%—29%). Soil NH4-N contents were
significantly (P < 0.05) decreased by UI (78% of U) and increased by
NI (313% of U) and NIUI (133% of U), respectively. Soil NHZ-N and
NOs3-N contents were always higher in the wheat season than in
the maize season (Table 1 and Fig. 2a and b). As the monitoring
durations increased (i.e., from 7 days to 30 days after N fertiliza-
tion and to the entire crop season), both the NHZ-N and NO3-N
contents decreased (except the soil NH4-N in the maize season,
which was always within the range of 0.7—5.4 mg N kg~ ).

3.2. N0 emissions and EF

Over the 3-year N,O measurement period, the highest N,O
fluxes (150—1160 pg N m 2 h~') appeared after basal and
topdressing N fertilization, while lower levels (<80 pgNm 2 h™1)
were observed on most other sampling dates (Fig. 2c). However,
high N,O fluxes were not observed after the N fertilizer
topdressing (beginning of April) in the first and second wheat
season. Most of the high soil NO3-N and NH4-N contents in the
wheat season did not cause high N,O fluxes. The N0 fluxes of CK,
U, NI, Ul and NIUI treatments ranged from —36 to 207 pug N
m? h' -3-1168 pg N m? h' -3-392 pug N
m2h!, —4-727 ygNm 2 h!, and -9 to 604 pjg N m 2 h,
respectively, with means of 15, 81, 32, 58 and 43 uyg N m—2 h™/,
respectively.

The cumulative N,O emissions during 7 and 30 days after N
fertilization accounted for 30%—56% and 71%—83% of the total
maize seasonal N,O emissions, respectively, and the correspond-
ing values were 19%—32% and 45%—59% for the wheat season
(Table 2). For CK, these proportions were < 20% and 45%—58% 7
days and 30 days after N fertilization, respectively. These findings
indicate that about 80% and 50% of N,O emissions occurred within
only half of the maize season (i.e., (30 days after N basal
fertilization + 30 days after N topdressing fertilization days)/123-
day growth period) and within a quarter of the wheat season (i.e.,
(30 days after N basal fertilization + 30 days after N topdressing
fertilization days)/243 days), respectively.

The cumulative seasonal N,O emissions in the maize and
wheat seasons decreased in the following sequence:
U > Ul > NIUI > NI > CK (Table 3). The N,0 emissions were similar
among the three maize seasons, but higher in the second wheat
season than in the first and third, particularly for the CK and NI
treatments (P < 0.05). When compared with the U treatment, the
N-fertilized treatments of NI, NIUI and UI mitigated the
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Table 1

Average WFPS, soil mineral N contents and N,O fluxes during 7 and 30 days after N fertilization and during the entire maize and wheat season. All data shown are the means of the 3-year period from 2012 to 2015.

Wheat season
WEFPS (%)

Maize season
WEPS (%)

Treatment

Period

N>O

NH4-N

3 -

NO

N,O

3-N

NO:

(mgNkg ') (ugNm?h")

(mgNkg ')

(mgNkg ") (ugNm?h")

1.1+0.1b

(mg N kg 1)

29.7 + 4.5d (21%
141 + 11a (100%
583 +3.9c (41%
70.3 + 5.0b (50%
50.3 + 1.6¢ (36%

20.1 +2.7d
95.8 + 7.5a
41.1 +3.2¢c

3.1+ 0.1c (14%)
225 + 1.7b (100%)
705 + 8.1a (313%)
17.5 + 3.6b (78%)
30 + 2.5b (133%)

1.8 +0.1d

9.2 + 0.8d (8%)

69.5 + 1.8a
704 + 2.4a
69.6 + 2.3a

69.4 + 1.6a

28.4 + 0.2¢ (9%)
304 + 13a (100%)
78.7 + 4.5d (26%)
210 + 6.0b (69%)
148 + 29¢ (49%)

71%)
100%)
358%)
110%)
173%)
67%)

109 + 4.6a (100%)
78.6 + 2.7¢ (72%)

85.1 + 8.0bc (78%)
95.0 + 3.5ab (87%)

70.2 + 2.2a
62.7 + 2.3a
63.2 +2.1a
63.1 + 2.5a
62.0 + 2.4a
63.8 +2.8a
583 +2.8a

58.0 + 2.1a

(21%

(13%)

13.741 1.8c
47.1 +3.9a

(8%)

8.0 + 0.5¢

(14%)

25.1 +0.3e
186 + 8.3a

1.5 : 0.1b

28.2 + 4.4b (45%)
63.1 + 3.6a (100%)

53.2 +2.6a
56.5 + 2.6a
583 + 1.0a
20.5 + 2.4b
52.1 +2.2a
47.1 +£3.0a

48.8 + 1.8a

66.9 + 2.3a
66.7 + 2.6a
65.8 + 2.3a
64.2 + 2.8a

66.2 + 2.1a

CK

7 days after N fertilization

5.4 ; 1.1a

84%)
90%)

2.6+ 05b

1.7 £ 0.1b

0.8 ; 0.1c

92%)

39%)

(100%)
(43%)

56.2 + 4.3b (59%)
36.6 + 1.3c (38%)

(100%)
(345%)

92 + 1.1c (67%)
21.4+2b (157%)

(100%)
(79%)

97.5 +5.7a
775 + 1.9b

(100%)
(31%)

 (100%)
(252%)

1.4 + 0.1bc (113%)
1.8 + 0.2b (143%)
0.7 + 0.1c (61%)
1.1 £ 0.1bc (100%)
2.4 + 0.4a (224%)
1.2 + 0.1bc (109%)
1.5 + 0.2b (136%)

31+05a

1.2 + 0.1b

100%)
90%)

584 +3.1d

82.8 + 5.5b (85%)
84.8 + 3.8b (87%)
8.0 + 0.3 (10%)

131 + 3.0b (71%)
95.7 + 1.3¢ (52%)
255 + 0.4e (17%)
153 + 9.3a (100%)
52.1 + 3.0d (34%)
111 + 3.8b (73%)

94%)

96%)

NI

ul

55.8 + 2.7a
57.5 +2.2a
56.5 + 2.1a
55.1 +2.9a
572 +21a
57.1 +2.1a
57.7 + 2.2a
572+ 2.1a

56.4 + 2.1a

NIUI
CK

30 days after N fertilization

NI

49.8 ; 0.9a

Ul

NIUI
CK

13.3 + 1.0d (22%)
60.6 + 4.5a (100%)
27.8 + 2.0 (46%)

1.1+ 0.1d (15%)
7.6 + 1.1¢ (100%)

16.8 + 1.5b (38%)
445 + 1.9a (100%)
408 + 2.3a (92%)
419 + 1.7a (94%)
427 + 1.1a (96%)

Entire season

84.2 + 3.7a (100%)
66.7 + 0.6b (79%)
72.1 + 5.0b (86%)
714 + 4.3b (85%)

586+ 2.2a
579+ 22a
587 +2.1a

34.9 + 3.4a (458%)
49 + 0.5¢d (64%)

NI

38.3 + 3.9b (63%)
27.1 + 0.8¢ (45%)

573 +2.0a

Ul

17.3 + 1.0b (227%)

81.2 + 11.9¢ (53%)

NIUI

-N contents and N,O fluxes of all treatments relative to U.

3

4). Different letters indicate significant differences between treatments at P < 0.05. Data within parentheses are the proportion of NH4-N, NO:

Mean + standard error (n
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Fig. 2. (a) Soil NO3— content and (b) soil NH4+ content at the time of N20 sampling, and (c) soil N20 flux over the experimental period. Data are the means + the standard error
(n = 4). Solid and dashed line arrows indicate the timing of irrigation and fertilizer application, respectively. Grey background represents the maize season.

cumulative NO emissions by 55%, 40% and 21% in the maize sea-
son, respectively, and 47%, 40% and 33% in the wheat season,
respectively. Therefore, NI always had the lowest EF (0.11%) in the
maize season, significantly lower (P < 0.05) than that of NIUI

Table 2

(0.20%), UI (0.33%) and U (0.47%). In the wheat season, the EF of
inhibitor treatments (NI, NIUI and UI) did not differ significantly
(0.11%—0.23%; P > 0.05), but they were significantly lower than that
of U (0.35%, P < 0.05) (Table 3).

Average cumulative N,O emissions (kg N ha~!) during 7 and 30 days after N fertilization and during the entire crop season. All data shown are the means of the 3-year period

from 2012 to 2015.

Wheat season

7 days after
N fertilization

30 days after
N fertilization

Entire season

Treatment Maize season

7 days after 30 days after Entire season

N fertilization N fertilization
CK 0.09 + 0.01e (15%) 0.35 + 0.03e (58%) 0.60 + 0.04e (100%)
§) 1.12 + 0.06a (56%) 1.66 + 0.07a (83%) 2.01 + 0.06a (100%)
NI 0.27 + 0.01d (30%) 0.65 + 0.04d (71%) 0.91 + 0.04d (100%)
ul 0.75 + 0.07b (47%) 1.25 + 0.06b (79%) 1.59 + 0.05b (100%)
NIUI 0.47 + 0.06¢ (39%) 0.95 + 0.07c (79%) 1.20 + 0.07c (100%)

0.07 = 0.01d (18%)
0.45 = 0.05a (32%)
0.17 = 0.01c (23%)
0.25 + 0.02b (27%)
0.16 + 0.01c (19%)

0.17 = 0.02d (45%)
0.82 = 0.10a (58%)
035 =+ 0.02c (47%)
055 =+ 0.04b (59%)
0.38 + 0.03c (45%)

038 = 0.04d (100%)
1.41  0.09a (100%)
0.75 = 0.04c (100%)
0.94 + 0.06b (100%)
0.84 + 0.04bc (100%)

Mean + standard error (n = 4). Different letters indicate significant differences between treatments at P < 0.05. Data within parentheses are the proportion of N,O emissions of
all treatments relative to U.
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Table 3
Seasonal and annual N,O emissions (kg N ha—'), emission factors (EF, %), crop yield (t ha~') and NUE (%) over the experimental period.
Treatment 2012-2013 2013-2014 2014-2015
Maize Wheat Annual Maize Wheat Annual Maize Wheat Annual
N,O CK 0.55 + 0.06dA 0.34 + 0.02cB  0.89 + 0.07eB 0.69 + 0.07eA 0.54 + 0.05cA 1.23 + 0.10eA 0.54 + 0.03dA  0.28 + 0.02cB  0.82 + 0.04eB
U 2.15+0.13aA 1.19 £ 0.09aA 334 +0.11aA 2.00 + 0.08aA 1.53 + 0.08aA 3.53 + 0.10aA 1.86 + 0.09aA  1.51 + 0.23aA 3.37 + 0.19aA
NI 0.88 + 0.10cA 0.67 + 0.03bB 1.55 + 0.09dB 0.98 + 0.06dA 0.88 + 0.09bA 1.86 + 0.10dA 0.87 + 0.04cA  0.68 + 0.06bB 1.55 + 0.05dB
ul 1.60 + 0.09bA 0.81 + 0.09bA 2.41 + 0.11bA 1.61 + 0.06bA 1.06 + 0.14bA 2.67 + 0.08bA 1.57 +0.11aA  0.95 + 0.04bA 2.52 + 0.13bA
NIUI 1.08 +£ 0.12cA 0.80 + 0.08bA 1.88 +0.12cA 1.27 + 0.07cA 0.93 + 0.09bA 2.20 + 0.14cA 1.23 + 0.16bA  0.81 + 0.03bA 2.04 + 0.14cA
EF U 0.53 + 0.04aA 0.28 + 0.03aA 0.41 + 0.02aA 0.44 + 0.03aA 0.33 + 0.03aA 0.38 + 0.02aA 0.44 + 0.03aA 041 + 0.08aA 0.43 + 0.03aA
NI 0.11 £ 0.03cA 0.11 £ 0.01bA 0.11 £ 0.02cA 0.10 + 0.02dA 0.12 + 0.03bA 0.11 + 0.02dA 0.11 £ 0.01cA  0.14 = 0.02bA 0.12 + 0.01dA
ul 0.35 + 0.03bA  0.16 + 0.03bA 0.25 + 0.02bA 0.31 + 0.02bA 0.18 + 0.05bA 0.24 + 0.01bA 0.34 + 0.04abA 0.23 + 0.01bA 0.28 + 0.02bA
NIUI 0.17 + 0.04cA  0.15 + 0.03bA 0.16 + 0.02cA 0.20 + 0.02cA 0.13 + 0.03bA 0.16 + 0.02cA 0.23 + 0.05bA  0.18 + 0.01bA 0.20 + 0.02cA
Crop yield CK 6.1 + 0.2cA 24+01bA  85+02cA 42 +0.2bB 23 +0.1cA 6.5 + 0.2cB 6.0 + 0.2cA 23 +£02bA 83 +0.2cA
§) 93+ 02bA 63 +02aAB 156 +0.2bA 8.5+ 0.2aB 5.8 + 0.1bB 143 £ 0.2bB 8.0 + 0.1bB 6.5 + 0.1aA 14.5 + 0.2bB
NI 9.7 +0.1abA 64 + 0.1aA 16.1 + 0.1abA 9.0 + 0.4aA 6.7 + 0.2aA 157 + 0.4aA 8.8 +0.3aA 6.6 + 0.1aA 154 + 0.1aA
ul 9.4 + 0.2bA 6.2 + 0.2aA 156 + 04bA 89+ 0.2aAB 6.7 + 0.1aA 15.6 + 0.3aA 8.5 + 0.2abB 6.5 + 0.3aA 15.0 + 0.3abA
NIUI 10 + 0.2aA 6.4 + 0.2aA 164 + 04aA 9.3 +0.2aA 6.7 + 0.1aA 16.0 + 0.2aAB 9.0 + 0.2aA 6.2 + 0.1aA 15.2 + 0.1aB
NUE u 311 +1.3bA 332+ 1.2aAB 322 +0.8bA 33.0+1.5aA 32.1+1.0bB 32.6+0.6bA 264+ 1.0bB 36.2+0.7aA  31.3 + 0.7bA
NI 344 +08abA 343 +0.7aA 343 +0.3abB 37.1 +29aA 380+ 1.7aA 375+16aA 32.0+1.8aA 364 + 1.0aA 34.2 + 0.4aB
ul 32.0 + 1.5bAB 329 +1.6aB 324+ 1.5bB 363 +1.6aA 383 +09aA 373 +12aA 298+ 13abB 373 +1.9aAB 33.5 + 1.3abAB
NIUI 375+ 1.7aA 347 +13aB 359+ 14aAB 394+ 1.6aA 382 +0.8aA 388 +07aA 339+ 1.6aA 36.7 + 1.1aAB  35.3 + 0.5aB

Mean =+ standard error (n = 4). Different lowercase and uppercase letters indicate significant differences between treatments and years at P < 0.05, respectively.

3.3. Crop yield and NUE

Maize yields of NIUI, NI and Ul were significantly higher (4.3%—
12.5%, P < 0.05) than those of U and CK (except in the second maize
season), and NIUI and NI always had the highest grain yields, fol-
lowed by Ul (Table 3). Wheat yields of NI, Ul and NIUI were similar
to those of U (except that they were higher than U in the second
year; Table 3), and were significantly higher (P < 0.05) than that of
CK. For NIUI and NI, the maize had a similar NUE to wheat, while for
U and Ul, maize had a significantly lower (P < 0.05) NUE than wheat
(except the second experimental year).

The first and second experimental year had the highest maize
and wheat yield, respectively, among the three experimental years.
Mainly because of the differences in crop yields, the 3-year aver-
aged NUE varied between treatments in the following sequence:
NIUI (maize: 36.9%; wheat: 36.5%) = NI (maize: 34.5%; wheat:
36.2%) > Ul (maize: 32.8%; wheat: 36.2%) > U (maize: 30.2%; wheat:
33.8%). This indicates that, compared with U treatment, the NIUI, NI
and UI treatments significantly (P < 0.05) increased the NUE by
22.2%, 14.3% and 8.3% for the maize season, respectively, and by
8.0%, 7.1% and 7.1% for the wheat season, respectively, but there was
no significant difference among the three inhibitor treatments. For
the three inhibitor treatments (NIUI, Ul and NI), the second year
had a significantly (P < 0.05) higher NUE than the first and third
years.

3.4. Effects of soil temperature, moisture and soil mineral N content
on N,0 emissions

During the entire maize and wheat season, N,O flux was posi-
tively correlated (P < 0.05) with soil temperature and WFPS (for
WEPS only in the maize season) for all treatments and positively
correlated with soil NO3-N and NHZ-N contents only in the U
treatment (Table 4). However, this positive correlation diminished
as the duration (after fertilization) decreased: during the 30 days
after N fertilization, only positive correlation of N,O with soil NO3 -
N occurred in the U treatment (Table 4; Fig. S1). During the first 7
days after fertilization, there was no significant correlation be-
tween N»O flux and temperature and WFPS, and the correlations
between N;O fluxes and soil mineral N contents (particularly NHZ)
were not statistically significant and tended to become negative.
The WEFPS (controlled by precipitation and irrigation) tended to be
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positively correlated with the soil mineral N contents, and this
relationship occurred during the entire crop season and 30 days
after N fertilization (Table S1). Few significant correlations between
soil NH4-N and NO3-N were exhibited for fertilization treatments
during the periods of 7 and 30 days after N fertilization and during
the entire crop season.

4. Discussion
4.1. Effect of inhibitor(s) on N»O emissions

Emissions of N,O are derived from nitrification, nitrifier deni-
trification and denitrification in farmland soils (Weiske et al., 2001;
Venterea et al,, 2012; Zhu et al.,, 2013). Our experiment was con-
ducted in an area with a sub-arid climate, low soil organic carbon
(1.0%—1.5%) and an alkaline soil (pH 7.5—8.5), where nitrification
and/or nitrifier denitrification are reported to be mainly respon-
sible for N,O production (Ju et al., 2011; Zhu et al., 2013; Huang
et al.,, 2014). Even for the period of peak N,O fluxes (7 days after
N fertilization and irrigation) when soil water content was high, the
average WFPS values were less than 70% (maize season: 64%—67%;
wheat season: 69%—70%), under which conditions it is difficult for
NOs3 to be reduced, and rather NHJ is oxidized to NO; or NO3
(Riitting et al., 2011; Huang et al., 2014). These moisture levels were
optimum in agricultural soils for nitrification and nitrifier denitri-
fication processes (Pihlatie et al., 2004; Menéndez et al., 2012;
Huang et al., 2014), which occur prior to denitrifier denitrification
(from NO3 to NO3z and/or NO/N,O/N,) (Baggs, 2008; Venterea et al.,
2012).

Inhibitors exhibited a significant mitigation effect on N,O
emissions: NI > NIUI > UI; this is consistent with the fact that
conditions favored nitrification and nitrifier denitrifications as the
likely pathways to N2O production. The lower effect of UI than NI is
acceptable because Ul (NBPT) could only reduce the quantity of
NH4 (Singh et al., 2013; Hagenkamp-Korth et al., 2015), the initial
substrate for N,O generation, but it did not inhibit the oxidation of
NH4. The high clay content in the study soils (38%) may also reduce
the mitigation effect of NBPT on N,O emissions (Gioacchini et al.,
2002). Moreover, NBPT would immediately decompose in the
first few days after fertilization under high soil temperatures
(>20°C) in the maize season (Soares et al., 2012). The incorporation
of crop straw and surface N fertilization in our study also enhanced
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Table 4
Correlations between N,O flux and soil temperature, WFPS, NO3-N and NH4-N during 7 and 30 days after N fertilization and during the entire crop season.
Period Treatment T WEFPS NO3-N NHZ-N
Maize Wheat Maize Wheat Maize Wheat Maize Wheat
7 days after N basal fertilization CK -0.579 0.093 0.636 0.048 —0.248 —0.537 —0.099 0.595
u -0.171 0.324 0.494 0.809 0.675 —0.183 0.183 0.346
NI —0.363 0.292 —-0.016 -0.218 —0.543 —0.445 —0.451 —0.591
Ul —0.396 0.149 0.297 0.420 —0.580 —0.529 —0.340 -0.272
NIUI —0.305 0.246 0.055 0.430 —0.285 —0.450 —0.397 —0.434
7 days after N topdressing fertilization CK 0.376 -0.228 -0.257 —0.006 0.801 0.402 0.821 0.347
u 0.783 -0.311 —-0.160 0.157 0.418 —0.091 -0.419 0.735
NI 0.811 —0.629 —0.260 0.425 —0.433 —0.245 —0.021 0.557
ul 0.635 0.331 0.233 —-0.376 0.311 —0.407 —-0.325 —0.083
NIUI 0.859* 0.368 —0.591 —0.609 —0.085 —-0.241 —-0.593 —0.531
30 days after N basal fertilization CK 0.090 0.250 0.207 0.282 —-0.233 —0.248 —-0.185 0.668**
u —0.757** 0.564"* 0.651** 0.803** 0.900"* —0.183 0.320 0.346
NI —0.505* 0.490* 0.396 0.297 0.273 0.088 —0.451 —0.076
ul —0.718** 0.435 0.489* 0.376 0.366 0.073 -0.389 —0.186
NIUI —0.680** 0.456* 0.523* 0.523* —0.027 0.245 —0.017 —0.021
30 days after N topdressing fertilization CK -0.171 -0.027 -0414 0.266 0.105 0.105 -0.192 0.321
u 0.446* —0.133 0.571** 0.376 0.737** 0.576™ 0.350 0.457*
NI 0.584** —0.034 0.454** 0.069 0.294 —0.058 0.425 0.453
ul 0.420 0.099 0.548"* —0.055 0.617** 0.132 0.300 0.105
NIUI 0.552* 0.447 0.335 —0.090 0.290 —0.093 0.338 0.042
Entire season CK 0.254** 0.271** -0.174 —-0.057 -0.057 0.014 0.195* 0.176*
u 0.340"* 0.251** 0.421** 0.303* 0.227* 0.277** 0.274* 0.225*
NI 0.310** 0.385"* 0.324** 0.101 0.237* 0.193* —0.010 0.092
ul 0.317** 0.396"* 0.384** 0.137 0.216 0.155 0.163 —0.040
NIUI 0.237* 0.465™* 0.265** 0.128 0.248* 0.124 0.027 0.021

*P < 0.05, **P < 0.01.

urease activity and increased NH3 volatilization, leading to a
reduced NBPT effect (Soares et al, 2012). Unlike the findings of
other studies (Zaman et al., 2009; Ding et al., 2010), the effect of
NIUI was lower than NI in the present study (Table 1). We speculate
that this was because: (1) DMPP was used as the NI in our study,
rather than DCD used in other studies; (2) the low pH values of
DMPP (2.5—3.0, Zerulla et al., 2001) tend to promote the decom-
position of NBPT, which has a 1-2 h half-life at pH 5.1 (Engel et al.,
2015); and (3) there may be some other reactions when DMPP is
mixed with NBPT, as Sanz-Cobena et al. (2012) suggested for
DCD -+ NBPT. Hence, the weakened effectiveness of DMPP by NBPT
(Table 2) should be further investigated, with a particular focus on
microorganisms (Shi et al., 2016) and changes of DMPP under the
addition of NBPT.

4.2. Implications for crop production, N>O mitigation and N
efficiency improvement

There was a significant positive relationship between N,O flux
and WEFPS in our study. The WFPS was mainly driven by precipi-
tation and/or irrigation, as described in Fig. S1. Total irrigation and
precipitation during the second year was 1137 mm, greater than in
the first (886 mm) and third (827 mm) years, especially for the
period of the maize season in which N>O was mainly produced.
Hence, the difference in water input (total irrigation and precipi-
tation) across crop season/year could explain the inter-annual
variation. The low fertilizer N-induced N»O flux peaks and low
cumulative N>O emissions following topdressing during the wheat
season was due to the low soil temperature (Figs. 1b and 2¢; Ding
et al,, 2015). More correlations occurred as the duration after N
fertilization increased, indicating that soil moisture and tempera-
ture are important factors for N2O fluxes (Menéndez et al., 2012). As
the duration after fertilization increased, there were more frequent
changes of WFPS and soil temperature that coincided with or
significantly influenced the production and diffusion of N,O. The
average N,O fluxes during the summer maize season were about
1.4-3 times greater than those during the winter wheat season

(Table 1), which also indicates that temperature strongly affects
N>O production in agricultural soils.

In the U treatment, urea was immediately hydrolyzed after
fertilization and irrigation. Subsequently, as ammonium oxidation
proceeded, soil NH{-N contents decreased and NO3-N contents
increased, which coincided with the generation of N,O (Fig. S1),
leading to a positive correlation between N,O fluxes and soil
mineral N contents. Contrary to the U treatment, in the nitrification
treatments (NI and NIUI), soil NO3-N contents were decreased by
4%—28% but were still >40 mg N kg~! for the maize season and
>70 mg N kg~ ! for the wheat season. This indicates that the con-
version of NH4 to NO3 still occurred relatively rapidly. However, in
the NI and NIUI treatments, soil NHf accumulated (instead of
decreased in the U treatment) and the increases of soil NO3-N
contents were slower than under the U treatment (Table 1; Fig. S1).
Therefore, the correlation of N»O fluxes vs. soil mineral N contents
became weaker. Under the Ul treatment, the hydrolysis of urea was
blocked and soil NH4-N contents were considerably lower than the
U treatment or even below the detectable level (Table 1, Fig. S1),
indicating that the rapid increase of soil NO3 and production of N,O
was also inhibited. As a result, we did not find a significant corre-
lation between N,O and soil mineral N in the Ul treatment.

The total N»O emitted only accounted for <1% of fertilizer N
applied (Table 3), indicating that an adequate N substrate was not
the limiting factor for N,O production in the N fertilization treat-
ments. In our study region, high NHs volatilization (6.9%—21.8% of N
applied; Ju et al., 2009; Wang et al., 2016; Bellarby et al., 2017) and
NO3 leaching (3.3%—22.5% of N applied; Li et al., 2007; Ju et al.,
2009; Huang et al., 2015) are the dominant pathways of N losses.
This highlights that the substantial losses via NH3 volatilization and
NO3 leaching should be assessed together in future research. Be-
sides the N,O emissions, NH3 volatilization and NO3 leaching, a
large proportion of fertilizer N was immobilized within the soil,
especially in the wheat season (Chen et al., 2016). On the one hand,
the immobilized fertilized N in soils (22%—40% of fertilizer N; Ju
et al,, 2009; Wang et al,, 2016) could be used in following sea-
sons, which is important for maintaining a high soil fertility (Wang
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etal., 2016). On the other hand, our findings imply that indirect N,O
emissions (0.7—3.1, 0.2—2.0 and 0.3—2.2 kg N ha~"' for NI, Ul and
NIUI, respectively) should not be neglected (IPCC, 2006).

In our study, cumulative N,O peak emissions after topdressing
in the wheat season were very low (0.01-0.07 kg N ha~') in all N-
fertilized treatments, only accounting for 0.2%—2.3% of the annual
N>O emissions. Considering that the wheat yield did not increase
significantly, we propose that application of inhibitors with
topdressing during the wheat season was not necessary. The EFs of
N>0 in our study were in the range of 0.38%—0.43%. This was lower
than those of most studies on upland crops in China, which ranged
from 0.40% to 1.54% (Cai et al., 2013; Cui et al., 2012; Liu et al,, 2014;
Shepherd et al., 2015). The dual effects of DMPP on N,O mitigation
and EFs and on crop production were better than DMPP + NBPT,
and NBTP alone had the smallest effect. However, throughout the
three-year experimental period, NIUI had similar lowest level of EF
with NI, the highest crop yields and NUE (Table 3). This emphasizes
that the effect of NI on mitigating N,O emissions was weakened by
U], and the comprehensive performances of NIUI should be further
assessed in future research.

5. Conclusions

Differences in water input (irrigation and precipitation) be-
tween years is one of the main reasons for inter-annual variations
in N2O emissions from farmland soils. To the best of our knowledge,
this is the first 3-year study examining the efficacy and stability of
nitrification and urease inhibitors on N,O mitigation and crop
production in northern China. The cumulative N,O peak emissions
after topdressing during the wheat season were negligible (0.2%—
2.3% of the annual) due to the low soil temperature. Therefore, the
application of inhibitors during this period was deemed to be un-
necessary. The combination of DMPP and NBPT achieved a high
crop yield and the highest NUE. Moreover, DMPP exhibited a
remarkable effect on the mitigation of N0 emissions (55% and 47%
for maize and wheat season, respectively) and led to a high crop
yield, but its efficacy was reduced if applied together with urease
inhibitor (NBPT).
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Abiotic conversion of the reactive nitrification intermediate hydroxylamine (NH,OH) to nitrous

oxide (N,0) is a possible mechanism of N,0O formation during nitrification. Previous research has
demonstrated that manganese dioxide (MnO,) and organic matter (OM) content of soil as well as

soil pH are important control variables of N,0 formation in the soil. But until now, their combined
effect on abiotic N,O formation from NH,OH has not been quantified. Here, we present results from
afull-factorial experiment with artificial soil mixtures at five different levels of pH, MnO, and OM,
respectively, and quantified the interactive effects of the three variables on the NH,OH-to-N,0
conversion ratio (Ryu20m-to-n20)- FUrthermore, the effect of OM quality on Ry20m.t0.n20 Was determined
by the addition of four different organic materials with different C/N ratios to the artificial soil mixtures.
The experiments revealed a strong interactive effect of soil pH, MnO, and OM on Ryy20H.t0.n20- IN
general, increasing MnO, and decreasing pH increased Ry;;0h.t0-n20, While increasing OM content was
associated with a decrease in Ryy;0h.t0.n20- Organic matter quality also affected Ryy04.t0-n20- HOWeVeT,
this effect was not a function of C/N ratio, but was rather related to differences in the dominating
functional groups between the different organic materials.

Nitrous oxide (N,0O) is a potent greenhouse gas that can be formed by several soil processes, such as microbial
nitrification and denitrification. The N,O production from nitrification, especially from its reactive intermediate
hydroxylamine (NH,OH), has received increasing attention in the recent past, fostered by the development of
analytical techniques for the determination of the '°N site preference in the N,O molecule that allows for con-
straining the contribution of different source processes to total N,O formation!~*. Also, increasing knowledge
from molecular biological and genetic studies has contributed to elucidating the different N,O formation mech-
anisms during nitrification?. Still, the role of NH,OH in N,O formation in the soil is insufficiently understood.
While there is evidence, e.g., from measurements in wastewater treatment systems that NH,OH can contribute
about 65% of total N,O formation?, the formation of N,O from NH,OH in soil and its controlling factors have
rarely been studied™®.

Hydroxylamine was first identified by Lees (1952)” as an intermediate of the first step of nitrification by
ammonia oxidizing bacteria (AOB), in which ammonia is oxidized to nitrite. Understanding the nitrification
process in ammonia-oxidizing archaea (AOA), however, is much more fragmentary, but NH,OH has been iden-
tified as an intermediate of ammonia oxidation also in AOA®. In most circumstances, NH,OH is quickly oxidized
to nitrite in the periplasm of the AOB, and N,0O may be produced as a side product during this process®. However,
also a leakage of NH,OH from the periplasm across the outer membrane of the AOB into the soil matrix, followed
by a chemical reaction with soil constituents yielding N,O, could be a potential mechanism of N,O formation
during nitrification. This assumption is supported by the fact that AOB can take up NH,OH from the surround-
ing medium® as well as by the observation that the medium of AOB cultures contains measurable amounts of
NH,OH. The latter was found for Nitrosomonas europaea under oxic conditions, both for wild-type N. europaea
and even more so for NirK and NorB-deficient mutants'®. In accordance with this assumption, a positive rela-
tionship between NH,OH content of the soil and soil N,O emissions under oxic conditions has been detected in
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Figure 1. Hypothetical model of NH,OH release by ammonia-oxidizing bacteria to the soil environment
and potential abiotic reactions of NH,OH with MnO, and organic matter in the soil at different pH
conditions (R,R,C=O0 represents carbonyl groups of SOM). AMO is ammonia monooxygenase; HAO is
hydroxylamine oxidoreductase.

natural forest soil samples!’. In addition, abiotic formation of N,O from NH,OH has been observed in sterilized
soil samples from different ecosystems®.

In soil, N,O can be formed chemically, among a range of possible reactions, according to the following
equations':

NH,OH + NO; — N,0 + H,0 + OH~ (1)

2MnO, + 2NH,0H — 2MnO + N,0 + 3H,0. )

Owing to its high oxidization potential, manganese dioxide (MnO,) acts as a strong oxidant in soil that plays
an important role not only in the turnover of organic substances'>!%, but also in the N cycle'®, even under anoxic
conditions'®!”. Soil organic matter (SOM) plays a crucial role in the storage and release of N as well as in the
emission of N,O from soils. Quick disappearance of nitrite and nitrate within a few hours after addition has been
observed in forest soils'®-2°, whereas NH,OH disappeared completely in soil several minutes after addition>'’.
Abiotic reactions of SOM and inorganic N may contribute to the quick disappearance, as nitrite and nitrate can
react with SOM or dissolved organic carbon (DOC), leading to the formation of organic N, such as nitroso and
nitro compounds?"?2, while NH,OH can also react with carbonyl groups to form oximes?>*%:

R,(R,)C = O + NH,OH — R(R,)C = NOH + H,0 3)

The quality of SOM, or more specifically the C/N ratio and the type and abundance of functional groups,
influence the bonding of inorganic N to SOM?2. Phenolic lignin derivatives, an important constituent of SOM,
can covalently bind reactive N compounds and thereby stabilize N in soil*>?. The N binding form can be affected
by the plant species from which the SOM is derived due to the different characteristics of phenolic compounds,
e.g. condensed or hydrozable tannin®.

Soil pH is another key factor influencing most nitrogen transformations in soil. High pH can lead to an
increase of chemical N,O production involving nitrite by favoring nitrite accumulation, either directly through
increasing nitrite stability, or indirectly by inhibiting biological nitrite oxidation due to a higher concentration
of free NH; (an inhibitor of nitrite oxidizers) in the soil?®. In contrast, high soil N,O emissions have also been
observed in acid forest soils?>*". In this case, the effect of pH on enzyme activities during denitrification and nitri-
fication was suggested as the main reason®. However, also chemical reactions that produce N,O in the soil, such
as the reaction of nitrite with SOM and the reaction of NH,OH with MnO,, are subject to a strong pH depend-
ence and can contribute substantially to N,O emissions under acidic conditions®?-4.

The aim of this study was to quantify the interactive effects of the major control factors of abiotic N,O formation
from NH,OH in soil, i.e. MnO, content, pH and OM quantity and quality, by means of experiments with artificial
soil mixtures. We hypothesized that the control factors interact with each other in the following way: At higher pH,
unprotonated NH,OH would react more readily with carbonyl groups of OM, leading to oxime formation and
making NH,OH less available for oxidation to N,O by MnO,. Lower soil pH would lead to increased protonation of
NH,OH, making NH,OH more stable against the reaction with carbonyl groups of OM and more prone to the reac-
tion with MnO,, leading to higher N,O formation from the same amount of NH,OH (Fig. 1). To test these hypoth-
eses, we performed two laboratory experiments with artificial soil mixtures, which were produced from pure quartz
sand, quartz powder, kaolin clay, MnO, powder and different plant-derived organic materials, resembling SOM
of different quality, at different mixing ratios. In these experiments, N,O formation was determined after NH,OH
addition to the different mixtures at different pH levels and related to the different control factors.
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Figure 2. Mean NH,OH-to-N,O conversion ratios (Ryu2om.10.n20) in artificial soil mixtures at different
pH as well as MnO, and organic matter (OM, peat moss) contents. The total amount of NH,OH added was
5nmol (equivalent to 70 ug N per kg dry material). Different symbols represent Rygom.10.n20 at different OM

content (n =3, SD < 5%, not shown).

Results and Discussion

Ryh20H-to-N20 at different pH, MnO, and OM contents (%). In the present study all three factors, i.e. pH,
MnO, and OM content, affected Rypp081.10.n20 from peat moss significantly (Fig. 2, S1 and S2). The Ryi0m.-10-820
increased greatly with an increase in MnO, content from 0% to 0.1% (Fig. 2). This finding is consistent with
Bremner ef al.%, who studied 19 soils with a wide range of properties and found that the formation of N,O by
decomposition of NH,OH was highly correlated with oxidized Mn content of the soils. The fact that NH,OH was
used in the past for the selective extraction of Mn oxides from soil samples® indicates that NH,OH can efficiently
reduce Mn(IV) to Mn(II) or Mn(III) (and in turn is oxidized to N,0O) in natural soil samples. With increasing OM
content, Ryom.on20 decreased remarkably, especially at high pH (Fig. 2¢,d,e). For example, an increase in OM
by only 1% at 0.01% MnO, led to about 50% and 80% decrease in N,O emissions at pH 3 and pH 7, respectively
(Fig. 2e, S2). This could be caused by the oxime-forming reaction between NH,OH and carbonyl groups of OM,
such as in quinones. The oximes may undergo a tautomeric equilibrium with their corresponding nitrosophenol
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forms®. In fact, NH,OH has been used in a number of previous studies to determine the carbonyl content of
humic substances, indicating a high affinity of NH,OH to OM that contains carbonyl groups. In the absence of
OM and MnO,, increasing pH led to a slight increase in Ryom.10.n20 due to the self-decomposition of NH,OH
at higher pH, whereas in the presence of OM and absence of MnO, nearly no NH,OH was converted to N,O
(Fig. S2a). In contrast, the effect of increasing pH on Ryyom.10.n20 Decame negative already in the presence of
0.01% MnO, (Fig. S2b). This finding suggests that acidic conditions are favorable for the redox reaction between
NH,OH and MnO,.

Also strong interactive effects of pH and MnO,, pH and OM, and OM and MnO, were observed for the con-
version of NH,OH to N,O. The largest Ryipop.10-n20 found in the present experiment was 81.5% in the absence of
SOM at pH 3, and with a MnO, content of 0.1% (Fig. 2a), while the lowest Ryg0m.10.x20 Was about 9%, when SOM
content was 10% in the presence of 0.1% MnO, at pH 7 (Fig. 2e). This suggests that even at the highest MnO, level
and in all other respects optimal conditions a small fraction of NH,OH had not been converted to N,O, but to
some other unidentified product.

In the treatments without OM, MnO, had only a small effect on Ry01.10-x20 at all pH conditions, while it
had alarger effect especially at higher OM content (Fig. 2, S1), suggesting a strong competition between OM and
MnO, for NH,OH. The competition was biased by pH, with lower pH favouring the reaction of NH,OH and
MnO,, while higher pH favoured the reaction of NH,OH with OM. These findings confirmed our hypothesis that
atlow pH NH,OH is more protected against reaction with OM and more available for the oxidation by MnO, due
to the higher degree of NH,OH protonation at lower pH.

RNH20H-to-N20 @S @ function of pH, MnO, content and OM quality. Organic matter quality had a clear
influence on Ryg0m.10-n20 in this study (Fig. 3, S3, and S4). Most of the OM types were associated with a sig-
nificantly lower Ryipon.0.n20 cOmpared to the mixtures without OM within the pH range of the experiment.
In general, the inhibitory effect of the organic materials on the conversion of NH,OH to N,O showed a clear
pH dependency, but was not a function of C/N ratio (Fig. 3, S3). At acidic conditions (pH 3-4), peat moss and
watermilfoil with their relatively large C/N ratio inhibited Ryp,05.0.520 the least, while the cyanobacterium mate-
rial and clover had a stronger inhibitory effect on Rypo.10-n20 despite their smaller C/N ratio (Fig. 3a,b). The
differences between peat moss, cyanobacterium and watermilfoil material as OM became smaller at higher pH,
and were no longer significant at pH 7 in the presence of 0.01% MnO, (Fig. 3e), while clover showed always the
smallest Rypppom.10-n20 at all pH levels. In the absence of MnO,, all OM forms showed a Ryys01.10-n20 Close to zero,
except for the watermilfoil material that was associated with a Ryyom.10-n20 Significantly above zero within the pH
range 3-6 (Fig. S4a). A possible explanation could be the fact that, in contrast to the other OM sources, the water-
milfoil material contained about 0.03% Mn (Table 1), which could have caused the N,O emission after NH,OH
addition even without external MnO, addition.

We assumed that Ryp,0p.10.820 Would be a function of the C/N ratio of the different SOM types, as larger C/N
ratios would be indicative of a lower degree of N-containing functional groups, i.e. leaving a higher chance for
NH,OH to react with SOM and not to be converted to N,O. However, as stated above we did not observe any clear
relationship between C/N ratio and Ryy:0.10.n20» €-8- Peat moss had the largest C/N ratio, but did not lead to the
lowest Rypiom-10-n20- Instead, clover with a much lower C/N ratio had the largest inhibitory effect on Rypom.10-n20.
The addition of 2.5% dry clover powder (C/N ratio = 11.3) to the artificial soil mixture decreased Rypp08.10-n20 DY
48% at pH 3 (Fig. 3a), which was similar to the effect of 10% peat moss (C/N ratio=67.2) at the same pH (Fig. 2a).
The reason for this observation could lie in the differences in functional groups between the different organic
materials used in this study.

A better insight into the effects of C and N functional groups of the different organic materials was obtained
from NMR analysis. The peat moss OM had the lowest proportion of ester or amide carbonyl at around 170 ppm
of all materials (Fig. 4, Table 2). This is in accordance with the observation that — despite having the largest C/N
ratio — peat moss OM had a lower inhibitory effect on Ry,0m.10-n20 compared to clover and watermilfoil OM (if
the background MnO, effect was subtracted), i.e. the lack of almost any carbonyl groups in peat moss was clearly
visible in its chemical behaviour toward NH,OH. In addition, peat moss OM exhibited the largest proportion
of O-substituted aliphatic compounds, which might have also contributed to the relatively low inhibitory effect
on Rypo11.10-820 i comparison to clover and watermilfoil OM. In contrast, cyanobacterium OM had the high-
est proportion of acid/amide carbonyl of all four organic materials, suggesting the highest inhibitory effect on
RH20H-t10-N20 due to the competitive reaction of carbonyl groups with NH,OH. The clover material, however,
contained lower amounts of O-substituted aliphatics and di-O-substituted C in comparison to peat moss and
watermilfoil OM, which may have increased its affinity for NH,OH. For the proportion of unsaturated C no clear
trend emerged across the different materials, suggesting that the effect of unsaturated C on Ryy01.10-n20 1S Of
minor importance.

Development of a stepwise multiple regression model from the artificial soil mixtures and
application to natural soils.  The multiple regression model obtained from the first experiments was
Rym20H-t0n20 = 45.9-3.1 SOM + 241.1 MnO, — 4.5 pH, R>=0.62 (P < 0.01), which could explain about 62% var-
iation of Ryppom.0-n20- and the contributions of pH, Mn and SOM content to the model’s performance were all
significant (P < 0.01). It could well explain the observations (Fig. 3) for peat moss, watermilfoil and clover OM (R?
close to 0.8, P < 0.01, Fig. 5). This demonstrated the general applicability of the model for the OM derived from
the different plant and cyanobacterium materials, with different N content, aliphatic C content and C/N ratios.
In contrast, the model proved to be not appropriate for the artificial soil mixture without any MnO,, indicated by
the decreased goodness of the simulation.
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Figure 3. Mean NH,OH-to-N,O conversion ratios (Ryuaom.10.n20) in artificial soils at different pH and
MnO, content, and for organic matter of different origins at a fixed content of 2.5% (w/w). The total amount
of NH,OH added was 5 nmol. Different symbols represent Rys,op.0-520 for the artificial soil mixtures with the
different organic materials (n= 3, SD < 5%, not shown).

Peat moss 41.3' 0.6 67.2 0.03 0.13 0.06 0.06 0.07 <0.01 0.01 0.03 0.08
Watermilfoil 354 2.1 17.0 0.12 226 0.11 121 0.25 0.031 0.67 0.12 0.21
Clover 41.4 37 11.3 <0.01 110 0.01 2.68 0.20 <0.01 <0.01 0.34 0.03
Cyanobacterium 44.9 9.9 4.5 0.02 0.31 0.09 1.22 0.31 <0.01 1.36 0.92 0.07

Table 1. Element contents (%) and C/N ratios of the organic materials used in this study. All elements are
reported as % of dry weight (mean of three replicates). The standard deviation is 3% for the values larger than
1%, 20% for the values smaller than 0.1%, and 10% for the values in the range of 0.1% to 1%.
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Figure 4. '3C- and ’N-CPMAS-NMR spectra of the different organic materials (cyanobacterium, clover,
watermilfoil, peat moss) used in the experiment.

waxes, suberin, cutin,

45-0 Aliphatic compounds cyanophycin, chlorophyll 41 17 15 11
(a,b,d)
64.5-45 N- and O-substituted aliphats amino acids, amino sugars, 19 14 14 12

lignin, cyanophycin

polysaccharides, cellulose,
90-64.5 O-substituted aliphats hemi-cellulose, starch, 14 38 42 49
pectin, lignin

polysaccharides, cellulose,

109-90 di-O-substituted C hemi-cellulose, stach, pectin 3 11 12 14
162-109 unsaturated C, aromatic C suberin, lignin, chlorophyll 7 11 10 11
190-162 acid, ester, amide cutin, proteins, cyanophycin, 17 10 7 4

chlorophyll

Table 2. Relative proportions of chemical features of the different plant materials derived from *C
CPMAS NMR spectra. Sums within columns greater than 100 are due to rounding errors.

Finally, Rypo0m.10-n20 Was simulated with the same regression model for the natural soils described in Heil
et al.° The results showed that the application of the model to natural soils was promising, no matter if it was
applied to fumigated or fresh soils (Fig. 6). The simulated Ryp0m.10.x20 €Xplained more than 90% of the observed
rates, especially for cropland, grassland and deciduous forest soils. However, the model failed at correctly predict-
ing Rymaot-t0-n20 for the spruce forest soil of Heil ef al.®, which could be related to the high SOM and relatively
low MnO, content of the spruce soil as compared to the other soils. This finding suggests that there is a threshold
value for the SOM content of 10% above which - and a MnO, content of 0.01% below which - the model fails to
predict the correct Ryppon.to-n20 Values.

Soil pH, MnO, and SOM content were identified as crucial control variables of Ryy,01.10-n20» 1-€. the conver-
sion ratio of NH,OH to N, in the artificial soil experiments of this study. Organic matter derived from different
plant species and a cyanobacterium also affected Rypom.10.n20 due to the differences in composition, type and
abundance of functional groups, as more carbonyl C leads to higher reactivity of NH,OH with organic matter,
thereby lowering its availability for the oxidation to N,O by MnO,. The multiple regression model of pH, MnO,
and OM developed here could explain about 60% of the variance of Ryppop.10.n20 in the artificial soil mixtures,
and proved also to be promising for the prediction of Rygorm.10-n20 Of chemical N,O production from NH,OH
in natural soils, when SOM content was below 10% and Mn content was larger than 0.01%. If these findings can
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Figure 5. Results of the application of the artificial soil regression model for the calculation of NH,OH-
to-N,O conversion ratios (Ryu0m.10-n20) to artificial soil mixtures amended with the different organic
materials (n =22). The three points for which Ryyo1.10.n20 Was determined at pH 3, 4, and 5 without MnO,
addition were excluded from the simulation.
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Figure 6. Results of the application of the artificial soil regression model for the calculation of NH,OH-
to-N,O conversion ratios (Rymom.10-N20) 0 six natural fresh and chloroform-fumigated soils as reported in
Heil et al.®.

be confirmed for other soils from different ecosystems, this improved understanding of the controls of N,O for-
mation from the reactive nitrification intermediate NH,OH in soils can have large implications for developing
appropriate management options, such as adding organic amendments with suitable chemical characteristics, for
mitigating N,O emissions from agricultural land, the largest anthropogenic source of N,O to the atmosphere.
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Methods

Experimental setup. Two full-factorial artificial soil experiments were conducted. The first experiment
comprised three factors (pH, MnO, and OM content) and five levels of each factor. The scond experiment com-
prised also three factors (pH, MnO, and OM quality) with five levels of pH and MnO,, and four different organic
materials at the same concentration level (2.5% w/w on a dry weight basis), but of different quality. Each experi-
ment was conducted in triplicate.

Preparation of the artificial soil mixtures. The artificial soil mixtures consisted of 15% (expressed as
percentage of dry weight) fine quartz sand (50% of the particles 0.05-0.2 mm), representing the sand fraction,
65% quartz powder (0.002-0.063 mm), representing the silt fraction, and 20% kaolin clay (<0.002 mm), repre-
senting the clay fraction, mimicking the soil texture of the agricultural Terrestrial Environmental Observatories
(TERENO) field site Selhausen?”. Freeze-dried, finely ground and sieved (<0.75 mm) peat moss (Sphagnum
magellanicum, collected from Diirres Maar, Eifel, Germany) was amended as SOM to the artificial soil mixtures at
levels of 0%, 1%, 2.5%, 5%, 10% dry weight, while the relative amount of sand, clay and silt was reduced according
to the amount of peat moss added. The water holding capacity (WHC) was determined for each of the artificial
soil mixtures. The WHC increased with increasing organic matter (OM) content, and amounted to 29%, 44%,
55%, 76%, and 132% for the five OM contents, respectively. Each of those artificial soil mixtures was amended
with MnO, (Merck, Darmstadt, Germany) at five different levels (0%, 0.01%, 0.025%, 0.05%, 0.1% Mn), then the
ingredients were thoroughly homogenized.

Preparation of artificial soil mixtures with different OM qualities. Organic materials with differ-
ent C/N ratios (Table 1) were derived from two different plant species, i.e. watermilfoil (Myriophyllum spec.)
and clover (Trifolium repens), and from a cyanobacterium (Spirulina platensis). Watermilfoil and clover had
been collected previously on the campus of Forschungszentrum Jiilich (2004 and 2014, respectively), while the
cyanobacterium material had been purchased in 2006 (Concept Vitalprodukte, Schwerte, Nordrhein-Westfalen,
Germany). The finely ground, freeze-dried and sieved (<0.75 mm) organic material was amended to the inor-
ganic quartz-kaolin mixture as described above at a rate of 2.5% dry weight, while the relative amount of sand,
clay and silt was reduced accordingly. Also for this experiment, each of the artificial soil mixtures was amended
with MnO, at five different levels (0%, 0.01%, 0.025%, 0.05%, 0.1% Mn), and again mixed thoroughly to obtain a
homogeneous composition.

Addition of NH,OH to the artificial soil mixtures and analysis of the N,O0 formed. One gram
of each artificial soil mixture was weighed into individual 22-mL gas chromatograph (GC) vials. Subsequently,
NH,OH in different buffer solutions was added to each vial to obtain a soil water content of 50% WHC, which
required addition of varying volumes of buffer solution to the different soil mixtures depending on the OM con-
tent, and adaptation of the NH,OH concentration of each of the buffer solutions accordingly. The total amount
of NH,OH added to each of the soil mixtures was always 5 nmol (equivalent to 70 ug N per kg dry material). The
pH buffer solutions at pH 3, 4, 5 and 6 were prepared with citric acid (0.1 M) and sodium citrate (0.1 M) accord-
ing to Gomori*, whereas the buffer at pH 7 was prepared with tris(hydroxymethyl)aminomethane and maleate
(Tris-maleate buffer). The vials were closed immediately after NH,OH addition. After 10 hours of incubation,
the N,O concentration in the headspace of the vials was measured with a GC equipped with an electron capture
detector (Clarus 580, PerkinElmer, Rodgau, Germany). Details of the GC setup and analytical conditions have
been described previously!!.

Calculation of the NH,0H-to-N,O conversion ratio. The NH,0H-to-N,O conversion ratio
(Ry20H-10-820- Moles N,O-N per mole NH,OH-N, %) was determined according to the following equation:

Ry, on-to-n,0 = (61 = €) - VIV, - 2/n - 100 (4)

where ¢, is the background N,0 mixing ratio in the headspace of the control with the same amount of water
instead of NH,OH solution (nL L™!); ¢, is the N,O mixing ratio in the headspace of the sample with NH,OH addi-
tion (nL L™); the factor 2 represents the molar N ratio of N,O and NH,OH; V is the volume of the vial headspace
(0.022L); V,,, is the molar volume of N,O at standard pressure and room temperature (24.465Lmol'); n is the
amount of NH,OH added to the sample vials (5nmol).

Determination of the basic properties of the organic materials. Three replicates of each organic
material were analyzed to determine its basic properties. The C and N content of the different organic materials
was analyzed by weighing 200-300 pig dry material into tin capsules, followed by combustion at 1080°C in an ele-
mental analyzer (EuroEA, EuroVector, Milan, Italy) interfaced to an isotope-ratio mass spectrometer (Isoprime,
Isoprime Ltd, Stockport, United Kingdom). The C and N content was determined through peak integration of
m/z 44 (CO,) and 28 (N,), respectively, and calibrated against elemental standards.

The elemental composition of the organic materials was analyzed by using inductively coupled plasma optical
emission spectrometry (ICP-OES) in the central analytical laboratory (ZEA-3) of Forschungszentrum Jiilich.
Briefly, 100 mg of sample material were mixed with 3mL HNO; and 2 mL H,0,, heated in the microwave at
800 W for 30 min. The mixtures were subsequently filled up to 14 mL and diluted 10-fold with deionized water
followed by the ICP-OES measurement.

For the determination of characteristic molecule structures and functional groups of the different organic
materials used in the experiments, °C and *N cross-polarisation magic-angle spinning (CPMAS) nuclear mag-
netic resonance (NMR) spectra were obtained. *C CPMAS spectra were obtained on a 7.05T Varian INOVA™
Unity (Varian Inc., Palo Alto, CA, USA) at a 1*C resonance frequency of 75.4 MHz. >N CPMAS spectra were
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obtained on a 14.09 T Varian NMR system (Varian Inc., Palo Alto, CA, USA) at a °N resonance frequency of
60.8 MHz. Samples were packed into 6 mm diameter cylindrical zirconia rotors with Vespel® drive tips and spun
at 8000 & 3Hz in an HX Apex probe. The spectra were collected with a sweep width of 25kHz and an acquisition
time of 20 ms. In preliminary experiments, the optimal contact time and recycle delay for the cross-polarization
experiment were determined. A contact time of 1 ms and a 5s recycle delay time were used for '*C, whereas a con-
tact time of 1 ms and a 1 s recycle delay time were used for '°N. During cross-polarization the 'H radio frequency
(RF) field strength was set to 47 kHz for *C and to 33.7kHz for '°N, respectively. The '*C and "N RF field strength
was set to 41 and 41.7kHz, respectively. An ascending ramp of 15 and 12.2kHz on the 'H-RF field was used for
13Cand "N during contact time to account for inhomogeneities of the Hartmann-Hahn condition, respectively®.
Proton decoupling was done using a spinal sequence with a 'H field strength of 50 and 35.6kHz, a phase of 4.5°
and 5.5° and a pulse length of 12 and 9.5 pis, respectively.

The free induction decays (FID) were recorded with Vnmr] (Version 1.1 RevisionD, Varian Inc., Palo Alto,
CA, USA) and processed with Mestre-C (Version 4.9.9.9, Mestrelab Research, Santiago de Compostela, Spain).
All FIDs were fourier-transformed with an exponential filter function with a line broadening (LB) of 20 to 50 Hz.
Baseline correction was done using the manual baseline correction function of Mestre-C.

The *C chemical shifts are reported relative to tetramethylsilane (=0 ppm) using adamantane as an external
reference. The relative intensities of the regions were determined using the integration routine of the MestRe-C
software. The '°N chemical shifts are reported relative to ammonium nitrate (NH," =0 ppm).

Data analysis. The homogeneity of variance was tested with the Bartlett test. One-way analysis of variance
(one-way ANOVA) of the main controlling factors in the two experiments was performed, followed by a Tukey
Honest Significant Difference (HSD) test. A stepwise multiple regression model for the NH,OH-to-N,O conver-
sion ratio was developed on the basis of the co-variables pH, MnO, and SOM content by using the data from the
first experiment. In this case, significance was tested with the F test. Linear regression was performed for simu-
lated and measured Rypop.10-n20 in artificial and natural soils described in Heil et al.® and tested for significance.
All analyses were performed with the R software package (version 3.1.0, R Development Core Team, 2013)*.
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after Application of Digestate to Soil
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Abstract

Knowledge about environmental impacts associated with
the application of anaerobic digestion residue to agricultural
land is of interest owing to the rapid proliferation of biogas
plants worldwide. However, virtually no information exists
concerning how soil-emitted N,O is affected by the feedstock
hydraulic retention time (HRT) in the biogas digester. Here,
the O, planar optode technique was used to visualize soil O,
dynamics following the surface application of digestates of the
codigestion of pig slurry and agro-industrial waste. We also used
N,O isotopomer analysis of soil-emitted N,O to determine the
N,O production pathways, i.e. nitrification or denitrification.
Two-dimensional images of soil O, indicated that anoxic and
hypoxic conditions developed at 2.0- and 1.5-cm soil depth for
soil amended with the digestate produced with 15-d (PO15) and
30-d (PO30) retention time, respectively. Total N,O emissions
were significantly lower for PO15 than PO30 due to the greater
expansion of the anoxic zone, which enhanced N,O reduction
via complete denitrification. However, cumulative CO, emissions
were not significantly different between PO15 and PO30 for
the entire incubation period. During incubation, N,O emissions
came from both nitrification and denitrification in amended
soils. Increasing the HRT of the biogas digester appears to induce
significant N,O emissions, but it is unlikely to affect the N,0
production pathways after application to soil.

Core Ideas

+ O, planar optode images system and N,O isotopomer analysis
were deployed.

+ O, consumption was greater for digestate with a hydraulic re-
tention time of 15 d than 30 d.

+ N,O production was smaller for digestate with a 15-d hydraulic
retention time.

+ Lower N,O emission for 15-d retention time digestate was due
to higher complete denitrification.
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eportedly, one of the main advantages of anacrobic
digestion is the reduction in greenhouse gas emissions
rom the manure handling system, including storage and
land application. Anaerobic digestion residues—digestates—
have been reported to reduce nitrous oxide (N,O) emissions
after application to soils compared with undigested materials
(Petersen et al., 1996; Késter et al., 2015). The main reason for
this has been ascribed to the fact that casily degradable organic
matter is degraded and transformed into methane (CH,) during
anacrobic digestion. However, there is also reason to believe that
digestates could increase the production of N, O after land appli-
cation, depending on the properties of the digestates applied
(Abubaker et al.,, 2013). The high water content of digestates
may induce N,O production immediately on application to soils
because it limits atmospheric oxygen (O,) diffusion into the soil,
thus favoring denitrification (Firestone et al., 1989). At the same
time, the residual content of easily degradable organic matter in
digestates applied to soil increases O, consumption by soil respi-
ration, which is driven by the supply of available carbon (C). This
means that the application of digestate enhances the O, deple-
tion zones where denitrifiers are able to produce N,O (Bollmann
and Conrad, 1998; Zhu et al., 2015).

The added organic C can also be used as an electron donor
in the denitrification process (Tiedje, 1988). Thus, a reduction
in organic matter in the digester will subsequently reduce the
depletion area and propensity for denitrification, resulting in less
N,O formation from soil after digestate application. However,
anacrobic digestion generally results in the digestates having a
higher ammonia content, which can be oxidized by nitrification
and produce N,O as a by-product. This process requires O, for
oxidation and thereby enhances O, depletion in the soil follow-
ing application (Zhu et al,, 2014). Hence, the effect of anacrobic
digestion on N, O emissions in the field is complex and depends
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on the properties of the digestate resulting from the different
feedstocks used, the residence time in the digester, and interac-
tions with climate and soil types.

These complex and interacting effects have so far been
examined only to a limited extent. One of the few studies was
undertaken by Clemens et al. (2006), who examined the direct
linkage between hydraulic retention time (HRT) of the digester
and N,O emissions after land application of the digestate. They
reported that increasing HRT from 0 to 29 and 59 d decreased
emissions of N,O. However, they did not study the underlying
mechanisms in any detail; therefore, a more thorough under-
standing of these mechanisms is needed.

It is well documented that the supply of organic C and soil
O, are some of the most important factors driving nitrogen (N)
transformation processes (Tiedje, 1988; Bollmann and Conrad,
1998; Morley and Baggs, 2010). However, the way in which
the distribution of O, in soil is influenced by the distribution
and degradability of the organic matter applied, and in turn
how this affects N,O production, has not yet been fully inves-
tigated. A visualization of soil spatiotemporal O, dynamics by
planar O, optodes has proved useful for enhancing understand-
ing of the processes leading to N, O emissions after application of
organic materials (Zhu et al., 2014, 2015; Nguyen et al., 2017).
Furthermore, N,O isotopomer techniques have been used
widely to investigate the source of N,O production pathways
(Toyoda and Yoshida, 1999; Bol et al., 2003b; Sutka et al., 2006;
Jinuntuya-Nortman et al., 2008; Ostrom et al., 2010; Késter
et al,, 2013; Wu et al.,, 2017). More recently, a combination of
these techniques was used to quantify the effects of cattle slurry
application on soil O, distribution and N,O emission pathways
(Nguyen etal., 2017).

The objectives of this study were (i) to quantify the effect of
HRT during biogas production on N,O emissions after land
application of digestates and (ii) to understand the role of O,
dynamics for the determination of the N,O production through
different N, O production pathways (i.c., bacterial denitrification
and nitrification). It has been reported that the shorter HRT
of biogas production led to a higher biodegradable fraction in
digestates compared with digestates produced with a longer
HRT (Vazifehkhoran and Triolo, 2015). Thus, the HRT of
the biogas digesters could influence the O, consumption in soil
after application of digestates to the soils. The resulting spatial
and temporal distribution of soil O, consequently would affect
N,O formation and emission. Therefore, we hypothesized that
digestates produced with a shorter HRT would induce larger
anoxic zones and N,O reduction compared with the digestates
produced with a longer HRT when using the same feedstock.

Materials and Methods

Digestates and Soil

Digestates from the codigestion of pig slurry and agro-indus-
trial waste were produced in 20-L continuously stirred anaerobic
reactors operated with a HRT of 15 d (PO15) or 30 d (PO30).
The feedstocks consisted of 75% pig slurry (wet weight) and
25% agro-industrial waste (a mixture of supermarket, brewery,
and slaughterhouse waste). The temperature in the reactors was
mesophilic with 37°C, and the digestates were collected daily and
stored at —20°C for later use. The procedure used to produce the

digestates was previously described in detail by Vazifehkhoran
and Triolo (2015). Before application, the digestates were thawed
and analyzed for physicochemical properties. Soil was collected
from an experimental field in Foulum, Denmark, and was char-
acterized as a sandy loam soil (79.1% total sand, 9.6% silt, 8.9%
clay, 2.4% humus w/w). It was freshly sieved, field moist (<2
mm) just before the start of the experiment.

The dry matter contents of the digestates and the soil were
determined by weight loss at 105°C for 24 h, and their total
organic matter contents (loss on ignition) were determined
after ignition at 550°C for 3 h. To determine the total organic
N contents and total organic C of the digestates and the soil,
the fresh samples of the digestates were dried at 70°C for 48 h,
and samples of the soil were dried at 105°C for 24 h. These were
then ground and analyzed using an elemental analyzer (vario
PYRO cube; Elementar). The mineral N content of the diges-
tates and the soil samples were measured after extraction with 1
M KCL (1:25 w/v). The extraction was then analyzed for NH,*
and NO,™ concentrations by flow injection analysis (FIA-Series
8000; QuickChem). The total inorganic C content of the diges-
tates was determined by measuring the carbon dioxide (CO,)
content released after acidification of 10 g fresh digestate samples
with equivalent amounts of 1 M H,SO, acid to reach pH 2.0
for cach of the digestates using gas chromatography (450-GC;
Bruker). The samples were kept in 0.75-L closed glass jars for 2 h.
The physicochemical properties of the digestates and soil sam-
ples are presented in Table 1.

Incubation Experiment

An incubation experiment was conducted under laboratory
conditions for 5 d to evaluate the dynamics of soil O, distribution
and CO, and N,O emissions after application of the digestates.
The experiment consisted of three treatments: PO15, PO30, an
untreated control soil (COTR). All treatments were performed
with three replicates. The soil was packed in Plexiglas boxes (10
by 6 by 4 cm) fitted with planar O, optode foil on the front and
rubber septa at the rear for gas sampling (Supplemental Fig. S1).
The soil was compressed to a bulk density of 1.3 g cm™. Before
digestate application, 17 mL of water was added to all optode
chambers to achieve ~73% water-filled pore space (WFPS) and

Table 1. Properties of the soil and digestates used in the incubation
experiment.

Measurements Unit Soil PO15% PO30t
Dry matter g100g™! 86.9 4.0 3.6
Organic matter (LOl+) % DM 64.8 66.2
Ammonium nitrogen gkg”' DM 2.2x 107 209 322
(NH,*-N)

Nitrate (NO,-N) mg kg™' DM 13.9 nil§ nil
Total organic N % DM 0.25 2.63 2.58
Total organic C % DM 2.0 36.0 35.2
Total inorganic C gkg' DM 16.5 19.52
C/N ratio 8.2 13.7 13.7
pH 6.7 8.6 8.1

T Digestate of 75% pig slurry codigested with 25% agro-industrial waste
(wet weight basis) at hydraulic retention times of 15 d (PO15) and 30 d
(PO30).

$LOI: loss on ignition, 550°C oven for 3 h.
§ nil: negligible ~ 0 (mg kg™ dry matter).
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left for 48 h to equilibrate and for soil O, to stabilize. After this
period, the digestates were applied to 50% of the soil surface at
the rate corresponding to 100 kg NH,* ha™! (equivalent to 33.3
mgN kg soil dry matter [DM]) for both PO15 and PO30 treat-
ments, producing a final WFPS of 85% for all treatments, which
was maintained throughout the incubation. The soil was left to
incubate for 5 d at a temperature of 19 to 20°C. The detailed
calculation of application rate is presented in the Supplemental

Material (Supplemental Table S1).

Oxygen Optode and Soil Oxygen Imaging

During the incubation, images of the O, distribution were
recorded every 30 min using the optode system (Supplemental
Fig. S1). The system was previously described in detail by Zhu et
al. (2015) and is based on the measurement principles described
in Larsen ct al. (2011). The optode system was calibrated using
two calibration points of 0% and 100% of O, concentration in
air-saturated water solution (Larsen et al., 2011). Soil O, content
was calculated as the average O, content obtained for the entire
optode window cross-sectional area (5 by 4 cm) and expressed as
a percentage of air saturation using a free software Image] v. 1.50i
(National Institutes of Health, 2016). Soil O, conditions were
defined as anoxic, hypoxic, and oxic condition corresponding to
<1%, 1 to 30%, and >30% air saturation, respectively (Zhu et
al, 2014).

Trace Gas Emissions
Headspace gas sampling was performed 6, 24, 48, 72, and

96 h after digestate application to determine gas emissions and to
perform N,O isotopomer analysis. On each sampling occasion,
the chamber was closed, and 5 mL headspace gas samples were
taken every 20 min for 1 h, after which the chamber was opened
again. Gas samples were injected into 3-mL pre-evacuated glass
vials (Labco), and the concentrations of N,O, CO, and CH,
were determined by gas chromatography (GC-450; Bruker). Gas
emission rates were calculated as the slope of a straight line fitted
to the concentration of the gases in the headspace during the
closed period. Cumulative gas emissions were calculated from
the emission rates using the trapezoidal integration rule.

Nitrous Oxide Isotopomer and Source Partitioning

For N, O isotopomer analysis, 25-mL gas samples were taken
after a 1-h closed time on four occasions: 6, 24, 48, and 96 h after
digestate application. By repeating this process, five 25-mL gas
samples were collected and bulked into a 120-mL pre-evacuated
crimped bottle to measure the N,O isotopomer samples. The
N, O isotope signatures of soil-emitted N,O gas samples, 6" N*,
"0, the average 8N of the N,O molecule (§°N*¥), were
determined by measuring mass-to-charge ratio (72/z) 44, 45, 46
of intact N,O* molecular ions, and 7/z 30, 31 of NO* fragment
ions using an isotope ratio mass spectrometer (IRMS-IsoPrime
100; Elementar Analysensysteme). The site preference (SP) value
of soil-emitted N,O is defined as SP = 6"N® — §"NP, where
8N is the isotopic signature of 8N at the terminal position,
which was calculated as 0N = 2x 8NP — §5N* (‘Toyoda and
Yoshida, 1999). The soil emitted N,O isotope signatures on day
¢ (R) including 6"*O, 6N, and SP values were corrected with
the reference N,O isotope signatures of the ambient air in the

laboratory using Eq. [1]. The measured 8O and 8N isotope
signatures were expressed with respect to Vienna Standard Mean
Ocean Water (VSMOW ) and air standards, respectively. The
correction and calibration of the measurements are detailed by

Heil et al. (2015).

sample(z) 7Ra.ir XNZOair) [1]

- NZOair )

sample(z

N,0

(R yXN,O

12
sample()

where N,O_ and R are the average N,O concentration and
the corresponding 8O, 6N, and SP values of the laboratory
air samples in the optode chambers before closure at 7, (269 + 5
ppb), and NZOmmpkm and R i 2r€ the soil-derived N,O con-
centration and their corresponding isotope signatures (i.c., cither
&0, 8PN, or SP) of the samples collected from optode cham-
bers 40 min after closure (z,)) at day ~

The source partitioning of N,O production was used to sepa-
rate N, O derived from either nitrification/fungal denitrification
or bacterial denitrification. This was done by a two-end-member
isotopic mass balance equation:

SP, = SPpy X £ +SPy X iy 2]

where SP, is the corrected site preference of soil-emitted N,O
obtained from Eq. [1], SP_ and SP are the SP values of N,O
produced by bacterial denitrification and bacterial nitrification
or fungal denitrification in pure cultures, which ranges between
—10 and 0%o (average —5%o) and 33 to 37%o (average 35%o),
respectively (Toyoda et al.,, 2005; Sutka et al., 2006), and f|) and
S are the portions of N,O derived from bacterial denitrifica-
tion and nitrification and/or fungal denitrification to total N,O
release (f, + f, = 100%). Rearranging Eq. [2], the following
equation was obtained:

£ =[SP, —SPy (1—f)]/SPy [3]

which can be used to calculate the contribution of bacterial deni-
trification to total N,O production, f .

Statistical Analyses

All statistical analyses were performed using one-way analy-
sis of variance (ANOVA) and Tukey multiple comparisons in
RStudio (version 0.99.878) to determine the significant differ-
ences in the means of gas fluxes, cumulative gas emissions, N,O
isotopic signatures, SP values, and O, concentration between
treatments. The significant differences were accepted at the level
of probability of P < 0.05. Linear regression analyses were per-
formed to examine the relationships between isotopic signatures
of the soil-emitted N,O between each treatment and for all treat-
ments. Pearson correlation coefficients were obtained for the
correlation between "*O-N,O and "N*-N,O.

Results and Discussion
Temporal and Spatial Distribution of Soil Oxygen

During the 48-h pre-incubation period, the soil O, content
stabilized at approximately 75% air saturation throughout the
soil cores of all treatments. However, the O, content was substan-
tially depleted in the digestate-treated soils approximately 12 h
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after digestate application (Fig. 1). In contrast, the O, content
remained stable in the control soil after the addition of water.
This is in line with Zhu et al. (2014), who observed rapid devel-
opment of the anoxic and hypoxic zones within the first 5 h of
pig manure application to soil, cither in layers or mixed into the
soil. Similarly, Nguyen et al. (2017) applied cattle slurry to the
soil surface and observed a depletion zone developing beneath
the application area after just 2 h, with the most extensive deple-
tion between 18 and 24 h.

The recorded depletion zone clearly covered a larger area for
POIS5 than for PO30 (Fig. I and Supplemental Videos $2-S3).
Within the first 24 h, anoxic zones developed rapidly for PO15
and peaked on approximately 30% of the total 4- by 6-cm image
area, as opposed to only 10% for PO30 (Supplemental Fig. S2).
The anoxic area that developed in the current study was much
less extensive than in the study by Zhu et al. (2014) due to lower
biodegradable organic matter in the digestate compared with
undigested material. Hypoxic zones were similar in size for
POI5 and PO30 within the first 24 h after digestates applica-
tion, but it was much larger and remained the predominant soil
condition in PO15 from 24 to 48 h compared with PO30, where
the hypoxic zone was quickly reduced during this period.

The fact that the O, depletion zones were much larger for
POI15 than PO30 suggests that more easily biodegradable
organic C in the POI15 digestate still remained as a result of
the shorter 15-d HRT. This resulted in a higher demand for
O, after application compared with that of the PO30 digestate
produced with 30-d HRT. The obvious explanation for this is
that during anaerobic digestion, easily degradable organic C in
the substrates is gradually transformed into CH,;, and this pro-
cess works more efficiently when the substrates have a longer
retention time in biogas digesters (Vazifehkhoran and Triolo,
2015; Fitamo et al., 2016). The presence of more biodegrad-
able organic matter applied in the PO1S treatment—a total

PO30 -1cm§ h
(A5) ( L

organic C of 478.7 mg kg™ soil dry weight for PO15 compared
with 388.2 mg kg™ for PO30 (Supplemental Table S2)—there-
fore stimulated greater microbial activity, which is the main
reason for the more severe depletion of O, in the PO15 treat-
ment. Another possible explanation for the stronger depletion
of the O, content in the PO15 treatment compared with the
PO30 treatment could be higher consumption by nitrification.
However, since the application of the digestates was based on the
same total amount of NH_* for PO15 and PO30, it was assumed
that O, consumption for nitrification would be similar for both
PO15 and PO30.

The O, images showed that the O, depletion zones developed
immediately beneath the area where the digestates were applied
and expanded both downward and horizontally in both direc-
tions (Fig. 1). The stronger O, depletion in the upper soil layers
(0-2 c¢m) was caused by their proximity to the applied manure,
with most of the O, consumption occurring in the upper layer
of soil through which dissolved organic matter percolates. This
is supported by Bol et al. (2003a), who reported that casily bio-
degradable, cattle manure-derived C is likely to be the main
source of C for soil microbial respiration within the first 48 h in
the top 2-cm soil layer after application. Recently, Nguyen et al.
(2017) also observed a depletion zone in the upper 1.5 cm after
application of cattle slurry on the soil surface. However, in that
study, there was a tendency for a less intensive depletion of soil
O, below the soil surface, presumably because of a higher influx
of O, from the surface. It is not clear why this influx is more
restricted in the current study, but it could be related to the phys-
ical properties of the soil (e.g., soil bulk density, pore size, and
soil WPFS) and their interaction with soil biological processes
(Balaine etal,, 2013,2016; Owens et al., 2017). Soil porosity and
macroporosity declines with increasing soil bulk density (Balaine
etal., 2013). Therefore, the higher soil bulk density of 1.3 g cm™
for the present study could lead to a lower O, diffusion from the

g

° % 8 3
O, content (% air sat.)

-24 h 2h 12 h 24 h

48 h 72 h 96 h

Hours after digestates application on soil surface

Fig. 1. Selected two-dimensional images of soil O, distribution (% air saturation) at different times after digestate application for a representative
chamber (1 replicate) of the control (COTR, Supplemental Video S1), digestate with a 15-d retention time (PO15, Supplemental Video S2) and a
30-d retention time (PO30, Supplemental Video S3). For others replicates during the incubation, see Supplemental Videos $4-S9).
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soil surface into the deeper soil layers compared with 1.0 g cm™
in Nguyen ct al. (2017). Also, the relatively high dry matter con-
tent of the cattle slurry (11.5% w/w) in their study compared
with that of the digestates (3.6-4.0% w/w) in the present study
is likely to limit the infiltration of easily biodegradable, soluble or
fine particulates into the soil, thereby causing fewer O, depletion
zones beneath the application areas.

It is apparent from the optode images that O, from the
headspace of the chambers diffused into the soil through the
surface areas on which the digestates were not applied (Fig. 1).
This clearly diminished the O, depletion zones for both the
PO15 and the PO30 treatments in the upper soil layer and led
to the increase in soil O, content outside the application area
(Supplemental Videos $2-S3). This implies that O, consump-
tion was lower in the areas without digestate application than in
the application areas. After 48 h, soil O, increased throughout
the soil cores for both PO15 and PO30 (Fig. 1, Supplemental
Fig. $2). This demonstrates that the demand for O, for microbial
respiration and nitrification decreased, presumably because the
applied active labile C and N had been consumed by this time
and the influx of O, from ambient air was greater than O, con-
sumption. Although the soil water content was as high as 85%
WEPS in the control soil, oxic conditions dominated in the soil
cores throughout the incubation period. This was due to the low
O, demand for both microbial respiration and ammonium oxi-
dation since soil organic C (2% DM) and soil NH,* (2.2 mgkg™
DM) were relatively limited (Table 1).

Greenhouse Gas Emissions

During the incubation, CH, emissions from all treatments
remained at a very low level (<0.1 pg kg™ soil h™'); however,
the CO, and N,O emissions from digestate-treated soils were
substantially higher than from the control soil (Fig. 2A-B). The
CH, emissions (data not shown) were comparable to previous
incubation studies for digestate soil amendments (Odlare et al,,
2012; Abubaker et al., 2013). In both digestate soil amendments,

Treatment -~ COTR -# PO15 -& PO30

CO, emissions already occurred at a considerable rate (~1.2
mg C kg™' soil h™") at 6 h after digestate application but then
declined toward the end of the incubation, whereas CO, emis-
sions from the control soil were negligible (~0.05 mg C kg' soil
h™) and relatively constant. This is in line with previous stud-
ies (Késter et al,, 2011, 2015; Alburquerque et al,, 2012), which
reported a pronounced initial peak of CO, evolution during the
initial 24 h after application of a digestate from the codigestion
of pig slurry and/or cattle manure with agro-industrial wastes
with HRT about 56 d. It is assumed that the main difference
between the digestates with retention times of 15 and 30 d is
the content of labile biodegradable C, with less difference in the
recalcitrant organic C content. Thus, since most of the labile C
was respired by aerobic microbes at the start of the incubation,
the recalcitrant organic C was left behind in the soil and decom-
posed at slower rates in both PO15 and PO30, resulting in the
decline in CO, evolution and lower demand for O, consump-
tion for soil respiration. Although the total organic C applied in
PO15 was much higher than in PO30 (Supplemental Table S2),
the total C mineralization (% CO,-C released of C added) over
the 5-d incubation for PO15 was not significantly higher than
that of PO30 (Supplemental Table $3). This could be due to the
higher anoxic conditions developing in PO15, which limited the
magnitude of soil acrobic respiration and reduced the magnitude
of difference in CO, evolution compared with PO30.

For N,O emissions, both digestate treatments induced a sig-
nificant N,O flux compared with the control, but the magni-
tude of this stimulation varied between the digested materials.
The N,O emissions from the control were negligible (~0.01 pg
N kg soil h™') throughout the incubation, as expected, duc to
the low NH,* content in the soil and hence limited nitrification.
Also, the high O, content throughout the soil matrix (75% air
saturation) limited denitrification (Smith and Tiedje, 1979).
However, for the digestate-amended soils, both processes could
have occurred where the presence of added NH,* and organic
C caused considerably higher N,O emissions (Fig. 2A, C).
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Fig. 2. Gas fluxes (A) N,0, (B) CO, and
(C) total cumulative N,0 emissions
over the entire 5-d incubation period
for the control (COTR), soil treated
with digestate with a 15-d retention
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digestate with a 30-d retention time
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Higher N,O emissions after the application of digestates to soils
compared with the unfertilized control soils were previously
reported (Késter et al.,, 2011; Rodhe et al., 2012; Abubaker et
al,, 2013). Our study showed that N,O emissions were still very
low (<0.1 pg N kg soil h™') in both PO15 and PO30 6 h after
application, when oxic conditions remained the dominant con-
dition in all treatments (Supplemental Fig. S2). However, after
this, N,O increased dramatically and peaked after 24 h for both
digestate treatments, simultancously with the strongest O, deple-
tion in the soils. This initial peak of N,O was previously reported
after slurry application (Petersen et al,, 1996, 2016; Nguyen ct
al,, 2017) and digestate application (Kdster et al., 2011, 2015;
Abubaker et al., 2013).

The N, O flux was nearly twice as high in PO30 as in PO15
at its peak and remained greater over the next few days, resulting
in significantly higher cumulative N,O emissions over the entire
5-d incubation period for PO30 than for PO15. This could sug-
gest that the higher O, consumption in PO15 during the ini-
tial 48 h, which was due to the higher respiration activities as
previously discussed, significantly decreased soil-emitted N,O.
The most plausible explanation for this is that the widespread
anoxia developing in the PO15 treatment within the first 24 h
after application did more to stimulate complete denitrification,
where N, O is reduced to N.. In contrast, this step did not occur
to the same extent in the PO30 treatment because of the rela-
tively lower anoxia areas compared with PO15. This explanation
is partly supported by Miller et al. (2009), who reported the neg-
ative correlation between respiration rate and N,O molar ratio,
thatis, N,O/(N,O +N,), in liquid manure-amended soils. These
authors therefore proposed that a higher C substrate availability
in soil enhances the reduction of N,O to N,.

The complete denitrification step was previously observed
with the high water content in digestate-amended soil where no
immediate N,O peak was reported after the application of anaer-
obically digested cattle manure (Késter et al,, 2015), although in
their study, the relatively high initial soil nitrate (31 mg kg soil
DM) at 90% WEPS soil moisture level contents usually resulted
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in N,O peaking shortly after the application of digestate. In the
present study, the application of higher labile C clearly increased
demand for terminal electron acceptors (NO,") in POIS5 rela-
tive to PO30. Consequently, readily available soil NO, ™ (13.9 mg
kg™ soil DM) was used preferentially, and immediately, within
the initial 24 h to produce N,O (Cho et al,, 1997) in the diges-
tate-amended soils. However, the anoxia was approximately 10
and 15% of the total area for the PO30 and PO15, respectively,
at the peak of N,O emissions by 24 h, whereas the hypoxia frac-
tion was close to 60% of the total area for both PO15 and PO30
(Supplemental Fig. S2). This condition was not optimum for the
dominance of complete denitrification in digestate-amended
soils.

The N,O emission rate gradually reduced over the following
days and approached the background level after 96 h for both
PO30 and PO15, with oxic conditions returning in >80% of the
total soil area (Fig. 1, Supplemental Fig. S2). Thus, at this point,
it was concluded that cither a lack of electron donor (digestate-
derived organic C) and electron acceptor (soil NO,") supply
for denitrification or the dominance of oxic conditions in soils
inhibited N, O production from the denitrification process.

Nitrous Oxide Isotopomer Signatures and Source
Partitioning

Nitrous oxide isotopomer signatures showed that the SP
values, 80 (VSMOW ), and 6N of soil-emitted N,O for
digestate-treated soils fluctuated, whereas the values were almost
constant for the untreated control soil during the incubation
period (Fig. 3). For the control soil, N,O emissions were very
low; hence, the SP values of emitted N,O for the control were
similar to those of the ambient air, approximately 17%o (Yoshida
and Toyoda, 2000). In contrast, the SP values of digestate-treated
soils clearly increased from 17 to 24%o in both digestate treat-
ments during the initial 24 h, thereafter gradually declining over
the next few days (Fig. 3B).

The SP values of soil-emitted N,O from PO15 and PO30 at

most of the sampling times, except at 24 h, were within the range

(B)

10-

24 48 72 96
Hours after digestates application

Fig. 3. (A) Correlation between 3'*0-N,O (Vienna Standard Mean Ocean Water) and §'°N*-N,O for treatment control (COTR), digestates with a 15-d
retention time (PO15), and digestates with a 30-d retention time (PO30). Data represent each single measurement for replicates. Numbers in
parentheses indicate sampling time (hours after application). The individual correlation between the isotopic signatures within each treatment is
shown in Supplemental Table S4. (B) Site preference (SP) values of soil-emitted N,O during the entire 5-d incubation period.
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of predominant bacterial denitrification-produced N,O in soil
environments (Bol ct al., 2003b; Well et al., 2006; Opdyke ct al.,
2009; Késter et al., 2011, 2015). Within the initial hours and/
or days after slurry-related material application to soils, the initial
peak of N,O has often been observed and attributed to denitri-
fication of the soil nitrate following the addition of active C and
N. This stimulates activities of nitrifiers and denitrifiers at the
manure “hot-spot,” thus creating O, depletion zones and induc-
ing N,O production (Paul et al., 1993; Petersen et al., 1996;
Meyer et al., 2002; Koster et al.,, 2011; Markfoged et al,, 2011;
Abubaker et al., 2013). However, by 24 h, the highest SP values
for both PO15 and PO30 were around 25%o, at the peak of N,O
emissions, corresponding to approximately only 26% of the esti-
mated N,O originating from bacterial denitrification according
to the two-end-member equation (Supplemental Table S5). A
likely explanation for these relatively high SP values is the isotope
fractionation effects of the N,O reduction via complete denitri-
fication (Ostrom et al., 2007; Jinuntuya-Nortman et al., 2008;
Well and Flessa, 2009; Koster et al., 2013). Thus, the estimation
of N,O derived from bacterial denitrification based on a two-
end-member calculation using Eq. [3] can be underestimated
(Wuetal, 2016).

Against this backdrop, it could be expected that complete
denitrification occurred in both PO15 and PO30. However, the
extent of this could not be quantified since N, emissions were
not measured in the present study. It has been reported that the
SP fractionation factor of N,O reduction values ranges from
—16.4 to —1.9%o (Well and Flessa, 2009). Taking this variation
into account, the increasing SP values in the present study are a
good indication that N, O reduction via complete denitrification
occurred within the initial 24 h after digestate application. This
is also supported by Késter et al. (2015), who reported that the
N,O/(N,O + N,) product ratio was close to zero during the ini-
tial period (<24 h) after cither cattle slurry or its digestate were
applied to soils, and this ratio then increased in the later stages.

Alternatively, Nguyen et al. (2017) proposed that an carly
peak of N,O occurring within the initial 24 h after cattle slurry
applied on the soil surface could be associated with fungal deni-
trification in an acidic grassland soil (pH 5.7). Although fungal
denitrification was also reported as a major source of N,O pro-
duction at the relative neutral soil pH 6.3 (Laughlin and Stevens,
2002), the soil moisture content in their study was relatively low
at 65% WEPS, which significantly influenced the contribution
from fungal denitrification. Chen et al. (2015) demonstrated
that the fungal-to-bacterial contribution ratio at high WEFPS
such as 85 and 90% were significantly lower than that of 65
and 75% WEFPS. Therefore, in the present study, the higher soil
pH 6.7 and soil moisture content (85% WFPS) were not likely
optimal conditions for fungal denitrification. In addition, the
potential for fungal denitrification to produce N,O remains in
soils with enhanced organic C (Laughlin and Stevens, 2002;
Késter et al., 2015) and under subanoxic conditions (Jirout et
al., 2013; Chen et al,, 2015; Lewicka-Szczebak et al., 2016). In
the present study, the O, optode images showed that anoxic and
subanoxic conditions (hypoxia) dominated within the first 24
h; thus, fungal denitrification could play a role in N,O produc-
tion during this period. The contribution from fungal denitri-
fication could be also considerable after the initial 24 h in the
PO15 treatment since the hypoxia remained widespread in

PO1S5 until 48 h (Supplemental Fig. S2). However, the SP values
had declined substantially between 24 h and 48 h (Fig. 3B),
indicating that fungal denitrification was unlikely the dominat-
ing source of N,O production after the first 24 h in the present
study. Therefore, the N,O fluxes from fungal denitrification was
possibly important during the first 24 h but unlikely to be the
dominant source for the entire course of the incubation under
the present experimental setup.

After 24 h, since the N and O isotopic signatures of soil-
emitted N,O were gradually depleted toward the end of the
incubation from 0 to —25%o and from 40 to 30%o, respectively,
the dominant source of N,O production appeared to be shift-
ing toward bacterial denitrification (Mandernack et al., 2000).
This was cvidenced by the significant positive correlation
between 6'*0-N,O and §N°-N,O with a slope of 0.44 (Fig. 3A,
Supplemental Table S4), which is typical for systems in which
N,O is produced and consumed simultancously (Mandernack et
al., 2000; Ostrom et al., 2007). These observations were in accor-
dance with the decline of SP values after 24 h toward the end of
the incubation.

The estimated contribution of bacterial denitrification to
N, O increased from 26 to 35 and 46% for PO15 and from 26
to 45 and 55% for PO30 between 24, 48, and 96 h after applica-
tion, respectively (Supplemental Table S5). This seemingly con-
trasts with the fact that significantly lower CO, fluxes observed
compared with the fluxes within the initial 24 h is indicating
the depletion of the clectron donor (organic C) in the later
phases (48 h, 96 h). This could diminish the extent of denitri-
fication in both digestate treatments. It has been reported that
aerobic respiration is positively correlated with denitrifier com-
munity abundance in slurry-amended soils (Miller et al., 2009;
Késter et al., 2015). Furthermore, cither the development of
oxic conditions toward the end of the experiment after 48 h,
which could inhibit NO,~ reduction, or limited supply of soil
NO," presumably resulted in a reduction in denitrification in
the later phase of the incubation. In addition, higher labile C
applied to the soil for PO15 provided more available energy
for denitrifier organisms compared with PO30, leading to an
expectation of higher denitrification in PO15 than in PO30.
However, the estimated bacterial denitrification for these two
treatments on cach sampling day were similar, indicating that
denitrification was unlikely to be limited by the C supply in the
digestate-amended soils. Consequently, the effect of HRT on
the source partitioning of soil-emitted N,O was not significant
in the present study.

During the 5-d incubation period, the contribution of either
nitrification and/or fungal denitrification or bacterial denitrifi-
cation to N,O production from digestate-treated soils was not
influenced by HRT. The estimation of sources of N,O produc-
tion based on the two-end-member of the SP values indicated
that nitrification appeared to be the dominant N,O production
contributor in the digestate treatments (Supplemental Table S5),
even though denitrification was expected to be the main produc-
tion pathway at a high soil moisture content in this experimental
setup. This is partly because of the relatively low emission rates
measured during the incubation for both digestate treatments
compared with the peak after 24 h, which resulted in a small
contribution of bacterial denitrification to the total cumulative
N, O for the entire incubation period.
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Conclusions

Soil O, content was substantially depleted in the 0- to 2-cm
soil depth after surface application of the digestates. Higher O,
consumption in the PO15 compared with PO30 treatment
resulted in larger anoxic and hypoxic zones for at least 48 h after
application. The larger arca of anoxia led to an apparently more
complete reduction of NO, w N, in the PO1S treatment, thus
reducing N,O emissions. The longer hydraulic retention time of
digestate induced significantly higher N,O emissions after soil
application, probably due to lower microbial O, consumption
and hence the lesser extent of anoxia. The N,O source partition-
ing was not significantly affected by the biogas digester retention
time (P > 0.05). During the incubation, the N,O isotopomer
signatures indicated that both denitrification and nitrification
apparently contributed to produce N,O emission for both diges-
tates. The isotopic fractionation during the reduction of N,O to
N, in the initial 24 h may have led to some underestimation of

N, O produced by bacterial denitrification.
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Abstract

In grassland systems, cattle and sheep urine patches are recognized as nitrous oxide (N,O) emission
hot spots due to the high urinary nitrogen (N) concentrations. Hippuric acid (HA) is one of the
constituents of ruminant urine that has been reported as a natural inhibitor of soil N,O emissions.
The aim of this study was to examine the potential for elevated ruminant urine HA concentrations to
reduce N,O emissions, in situ, on an acidic heavy clay soil under poorly drained conditions (WFPS >
85%). A randomized complete block design experiment with three replications and four treatments
was conducted using the closed-static-flux chamber methodology. The four treatments were applied
inside the chambers: control with no artificial urine application (C), control artificial urine (U), and
enriched artificial urine containing two rates of HA (55.8 and 90 mM, U+HA1, U+HA2). Soil inorganic-
N, soil dissolved organic carbon (DOC), soil pH as well as N,O and methane (CH,) fluxes were
monitored over a 79-day period. Although N,O emissions were not affected by the HA enriched
urine treatments, U+HA2 positively affected the retention of N as NH," until day 3, when the soil pH
dropped to values <5. Subsequently, as a consequence of rainfall events and soil acidification, it is
likely that leaching or sorption onto clay reduced the efficacy of HA, masking any treatment
differential effect on N,O emissions. Moreover, CH, fluxes as well as DOC results reflected the soil
anaerobic conditions which did not favour nitrification processes. Further research is needed to
determine the fate of HA into the soil which might clarify the lack of an in situ effect of this

compound.
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1 Introduction

Up to 9% of the United Kingdom’s greenhouse gas (GHG) emissions result from agriculture, with 55%
of these GHG emissions in the form of nitrous oxide (N,O) (DEFRA, 2011). In grassland systems,
cattle and sheep urine patches are recognized N,O emission hot spots due to the high urinary
nitrogen (N) concentrations that may range from 3 to 20.5 g N L™ urine (Spek et al., 2012; Bristow et
al., 1992). In England and Wales, over 42% of the agricultural land area, or 26% of the total area, is
under permanent grassland (SEISMIC1 v.2.0.6. software 2000 dataset). Within this agricultural
grassland, approximately 50% occurs on poorly drained soils with a shallow impermeable substrate
and they are frequently found in western Britain, where high levels of rainfall can lead to seasonal
water logging when drainage systems have not been installed (Granger et al., 2010). This greatly
reduces the soil aerobic status and favours the occurrence of anaerobic processes. Except for winter
time, when cattle are usually removed from the land, such agricultural grasslands are permanently
loaded during spring, summer and autumn with urine-N from ruminant depositions. Soil inorganic-N,
derived from ruminant urine, is prone to being lost as N,O or N, via nitrifier-denitrification,
denitrification, or codenitrification processes since increasing water-filled pore space (WFPS)
enhances anaerobic conditions (Linn and Doran, 1984; Balaine et al. 2013; Selbie et al. 2015).

Studies performed in soils under grasslands of varying texture, affected by ruminant urine, and
under varying WFPS conditions, report N,O emissions ranging from 0.02 to 2.33 % of ruminant urine-
N applied (Zaman et al., 2012; Luo et al., 2008; de Klein et al., 2011; Baral et al., 2014; Misselbrook et
al., 2014; Krol et al., 2015; Kelly et al., 2008; Wachendorf et al., 2008; Boon et al., 2014). This
oscillation in N,O emissions may be a consequence of variation in ruminant urine composition,
which is controlled by the animal’s diet (Martin, 1970 a, b; Kreula et al., 1978; Van Vuuren and
Simits., 1997). In this sense, some of the constituents in the ruminant urine have been reported to
affect subsequent soil N,O emissions (Van Groenigen et al., 2005a, b; Van Groenigen et al., 2006;

Kool et al., 2006). That is the case of Hippuric acid (HA), a constituent naturally present in ruminant
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urine at concentrations between 0.37 and 0.70 g N L™ (Dijkstra et al., 2013) depending on animal
diet (Kreula et al., 1978). In vitro, HA has been shown to mitigate N,O emissions from soil (Van
Groenigen et al., 2006; Kool et al., 2006; Bertram et al. 2009) presumably due to the presence of
benzoic acid (BA), a break-down product (Bristow et al., 1992) which, along with its demonstrable
antimicrobial activity in acidic mediums (Marwan and Nagel, 1986), is known as a denitrification
inhibitor (Her and Huang, 1995). Benzoic acid may be adsorbed onto soil particles via van der Waal
or hydrogen bonding and subsequently released as a consequence of decreasing soil solution
strength or as a result of competing ions (Dalton, 1999). Using *C labelled benzoic acid, Inderjit and
Bhowmik (2004) found that increasing soil clay content and soil organic matter content influenced
the sorption of benzoic acid onto soil particles with the sorption of the benzoic acid onto soil
particles increasing with concentration. Also, adsorption of benzoic acid by soil components is
greatly affected by soil pH: at soil pH values below its pKa (approximately 4.5), molecules are
nonionized and may be adsorbed to organic matter and clay through weak physical adsorption
forces (Dalton, 1999).

HA has been reported to reduce soil N,O emissions due to its inhibitory effect on both nitrification
and denitrification processes (Bertram et al., 2009). In addition, the concentration of HA in urine has
been reported to have a controlling effect on both the hydrolysis of urine-N and on NH3
volatilization, and thus it may further influences N,O emission factors by altering substrate supply
for microbial mechanisms of N,O production (Van Groenigen, et al., 2005).

Field studies carried out in situ on silt loam soils with WFPS ranging from 18% to 51% reported no
effect on N,O emissions with increasing urine HA concentration (Clough et al., 2009). Similarly, Krol
et al., (2015) found no effect in situ, on a loam soil where WFPS ranged from 60% to 80%. By
contrast, the inhibitory effect of HA under anaerobic conditions (WFPS 92%) has been proved under
laboratory conditions (Kool et al., 2006). However, there are no reports on the in situ effects of
urinary HA concentration on N,O emissions for heavy clay soils, with high values of WFPS (>85%), as

commonly found in grazed perennial pastures from the southwest of England.
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The aim of this study was to examine the potential for elevated ruminant urine HA concentrations to
reduce in situ N,O emissions on an acidic heavy clay soil under poorly drained soil conditions (WFPS
> 85%). Based on previous in situ studies (Kool et al., 2006; Clough et al., 2009; Krol et al., 2015) we
hypothesized that an increase in ruminant urine HA content could inhibit N,O emissions when urine
was applied to acidic soils with a high clay content, due to the potential retention of HA by the clay
in the soil and due to the favourable pH conditions (<5.2) making viable the antimicrobial activity of

benzoic acid (Chipley, 1983).

2 Materials and methods

2.1 Site location

The field trial was carried out in 2015 on a permanent grassland, dominated by ryegrass (Lolium
perenne L.) and white clover (Trifolium repens L.), from September 29th to December 16th at
Rothamsted Research, North Wyke, Devon, UK (50:46:10N, 3:54:05W). The climate is a temperate
maritime climate (Koppen, 1931), typical of South-West England. The soil used for the experiment is
defined by the British soil classification (Avery, 1980) as a clayey typical non-calcareous pelosol of
the Halstow series: the soil type is described as either a stagnivertic cambisol, or as an aeric
haplaguept by the FAO and USDA taxonomic classification systems, respectively. The soil has a
brownish clay loam A horizon while the B horizon is clayey with marked gleying confined below 40
c¢cm (Harrod and Hogan, 2008). It is characterized, with an unusually low cation exchange capacity
(C.E.C.) relative to clay content, which is partly an expression of the micaceous nature of its clay
minerals and partly of the relatively coarse size and therefore small surface area of the clay (Harrod
and Hogan, 2008).

This soil is water-logged for considerable periods of the year. The impermeable nature is confirmed
by the low fraction of drainable pores and it has very slow hydraulic conductivity (Harrod and Hogan,

2008).
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Initial analysis of the upper 10 cm of the soil profile indicated: 2 mg NO3-N kg™ dry soil™, 6 mg NH,*-
N kg™ dry soil™®, pH of 5.1 and bulk density (BD) of 1.11 Mg m™>. Meteorological data, consisting of air

temperature and precipitation, was collected from a station located 500 m away from the field site.

2.2 Experimental and chamber design

A randomized complete block design experiment was set up with three replicate plots per each of
four treatments. Blocks were 3 m apart and replicate plots were 5.6 m? (2 m x 2.8 m) with a 1 m
separation as buffer. Five chambers were installed within each replicate plot (i.e., 60 chambers in

total) and an area of 1 m? (1 m x 1 m) was delineated next to each replicate plot for soil sampling.

The closed static chamber technique was used (Rochette and Erisksen-Hamel, 2008) for determining
soil gas fluxes. Chambers comprised white polyvinyl chloride (PVC) open ended boxes with a volume
of 0.032 m® (length 0.4 m, width 0.4 m, height 0.25 m; Cardenas et al., 2010). The lid was fitted with
a sampling port with a three-way valve. In order to ensure a good seal between the chamber and
soil, the chambers were inserted into the soil to a depth of 0.1 m more than 24 h before the flux
measurements began (Parkin and Venterea, 2010). The effective height of each chamber was
recorded internally at the centre of each wall and in the centre of the chamber to use in the
calculation of the fluxes. The resultant chamber effective height was the weighted mean of the 5

points taken (including two times the centre height), and ranged between 0.09 and 0.18 m.

2.3 Treatments

On September 30™, four treatments were applied inside the chambers: control with no artificial
urine application (C), control artificial urine containing HA 37 mM (U), enriched artificial urine

containing HA 55.8 mM (U+HA1), and enriched artificial urine containing HA 90 mM (U+HA2).The
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respective N application rates for the C, U, U+HA1, and U+HA2 were 0, 516, 528, and 552 kg N ha-1
HA concentrations applied were defined based on previous studies (Table 1). Treatments were
prepared the day before the application using the recipe described by Doak (1952), and stored at
4°C overnight. Urine was applied using a watering can at a rate of 5 L m™ and when applied its

average temperature was 16.4°C.

2.5 Greenhouse gas measurements

Greenhouse gases, including N,O and methane (CH,), were monitored one day before treatment
application and on 22 occasions after treatment application over a 79-day period. Gas samples were
taken between 11:00 a.m and 2:00 p.m on each sampling day, four times a week for the first two
weeks, twice weekly for the next five weeks, and weekly thereafter (Misselbrook et al., 2014).
Sampling was conducted according to Chadwick et al. (2014). Atmospheric samples were collected at
the start and the end (three at each time) of the sampling run to provide background values.
Chamber lids were placed on the chambers sequentially across the paddocks and after 40 min a gas
sample was collected from each closed chamber (T40) via a sampling port fixed in the lid using a
plastic 50 mL syringe fitted with a 3-way luer-lok tap. The sample was then transferred to a pre-
evacuated (-1 atm.) 22 mL vial, using a hypodermic needle, that had a chloro-butyl rubber septum
(Chromacol). Samples were analysed within two days by gas chromatography on a Perkin Elmer
Clarus 500 GC and TurboMatrix 110 auto headspace sampler equipped with an electron capture
detector (ECD) and a flame ionization detector (FID). The separation column employed was a Perkin
Elmer EliteQ PLOT megabore capillary (30 m long, 0.53 mm i.d.), operated at 35°C. The ECD detector
was set at 300°C and the carrier gas was N,. Gas fluxes were calculated based on the linear increase
in the gas concentration inside the chamber from TO (ambient) to T40 (Smith and Dobbie, 2001).

Confirmation of the linearity of the gas flux was confirmed by taking four gas samples from one of
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the chambers that received urine at TO, T20, T40 and T60 on every sampling occasion. Soil surface

temperature was measured at the beginning and at the end on each sampling day.

2.6 Soil analysis

Soil samples, taken on every gas sampling occasion, were dried for 48 h at 105 °C to determine
gravimetric water content (6). Soil BD was calculated after treatment application in each plot. Then
WFPS was calculated using the BD, an assumed soil particle density (2.65 g cm™) and 0,. Average
WFPS between the four treatments for every sampling date was calculated. Soil mineral N was
determined weekly by extracting soil in 2 M KCI (20 g of fresh soil: 40 mL 2 M KCI, shaken for 1 h).
The extracts were analysed with colorimetric analysis, using an Aquakem 600 discrete analyser, for

NH,*-N and for NO5-N.

Soil samples were collected for pH determination on seven occasions within the experimental period
in a 1:2.5 (vol/vol) fresh soil-water suspension shaken for 15 minutes (Ministry of Agriculture

Fisheries and Food, 1986) using a pH meter fitted with a general-purpose combination electrode.

The same soil samples were analyzed for dissolved organic carbon (DOC) by shaking 50 g of soil (dry
weight) in 200 mL of ultrapure water at 120 revolutions per minute, for 60 minutes at room
temperature. Extracts were then centrifuged for 15 minutes at 4600 g and filtered through 0.45-um
cellulose acetate filter papers (Guigue et al., 2014) before analyzing them on a total organic carbon

analyser (Shimadzu TOC-L).

2.7 Data analysis

The N,O flux data had a skewed distribution so it was log transformed as In (N,O flux + 1). A one-way

analysis of variance (ANOVA) was performed on the transformed data to determine the effect of the
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treatments on the N,O emissions, with treatment means for each sampling date compared using

least significant difference (LSD) test at 5% level of probability using the R software (Fox, 2005).

3 Results

3.1 Meteorological data

Total precipitation over the experimental period was 170.8 mm with the highest event (13.6 mm) in
November 29" (Fig. 1). Initially, WFPS was 85% and steadily increased until the soil was saturated,
with an average of 97.9% for the experiment, with values > 100% when water was lying on the soil
surface (Fig.1). Soil surface temperature averaged 14°C with a steady decrease from a maximum of

18 °C to a minimum of 10 °C on day 79 (Fig. 1).

Insert Figure 1

3.2 Nitrous oxide emissions

During the first 20 days of the experiment, daily N,O fluxes showed no significant differences
between the control and the urine treatments with fluxes < 20 g of N,O-N ha™ day™ with a small
peak, five days after application (Figure 2). The highest fluxes from the urine treatments appeared
on day 22, with other peaks on days 38, 45 and 56 in all urine treatments. Emissions from the control
ranged from -1.87 to 1.79 g N,O-N ha " day™ while N,O emissions from U, U+HA1 and U+HA2 ranged
from -1.64 to 28.13, from -1.63 to 41.71 and from -0.74 to 24.57 g N,O-N ha ™ day™, respectively.
The variability measured in the fluxes from the control was smaller than that observed in the urine
treatments on all sampling dates. On days 22, 28, 35, 45 and 50 the emissions from the urine

treatments were higher than from the control (P < 0.05). However, there were no significant
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differences between the U and the U+HA treatments on these sampling days with the three
treatments having similar N,O-N fluxes trends.
Insert Figure 2

Cumulative emissions from the U, U+HA1 and U+HA2 treatments were 660 (+187), 757 (+377), and
564 (+289) g N,O-N ha *, respectively, and did not differ significantly. These values were higher
(p<0.05) than the cumulative emissions from the control which averaged 5.89 g N,O-N ha™ day™
(Figure 3). As a percentage of the urine-N applied, the cumulative N,O-N fluxes for the urine
treatments averaged 0.13% (+ 0.03).

Insert Figure 3

3.3 CH, emissions

Soil CH4 emissions for all treatments, including the control, were <5 g ha™ d™ until day 28. After this
time, CH,; emissions steadily increased in all treatments, including the control, peaking at 40 g CH,
ha™ day™ at the end of the experiment (Figure 4). Cumulative CH, emissions did not significantly
differ among the four treatments and averaged 623.5 g CH4 ha™.

Insert Figure 4
3.4 Nitrogen content in soil
By day 3 the soil NH,"-N concentrations had increased in all urine treatments, up to 379.5 mg NH,"-N
kg dry soil* (Figure 5). On day 3, the U+HA2 treatment had a significantly higher NH,™-N soil
concentration than either the U and U+HA1 (p<0.05) treatments, but after day 3 soil NH,-N
concentrations did not differ among treatments and declined over time to about 50 mg NH,"-N kg
dry soil™. Concentrations of NH,"-N in the control treatment were close to zero and significantly
lower than in the urine treatments (p<0.01) throughout the experiment.

Insert Figure 5
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Soil NO5™-N concentrations ranged from 0 to 10 mg NOs™-N and there were no significant differences
between urine treatments and the control, except for days 35 and 64 when the soil NOs-N
concentration in the control was lower (p<0.05) than in the urine treatments.

Insert Figure 6

3.5 Soil pH and DOC

Initially the soil pH averaged 5.11 (+ 0.15) prior to treatment application. On day 3, after the urine
treatments were applied, pH values decreased to 4.84, 4.85, and 4.98 for the U, U+HA1 and U+HA2
treatments, respectively. The pH remained < 5.0 until the end of the experiment, with the lowest pH
values measured on day 35 (Figure 7).

Insert Figure 7

Soil DOC ranged from 11 to 61 mg kg during the study. The U and the U+HA2 treatment peaked (59
and 61 mg DOC kg™, respectively) three days after treatment application with a second peak, < 44
mg DOC kg™, on day 22 (Figure 8). Meanwhile, DOC concentrations in the U+HA1 treatment were <
30 mg DOC kg™ throughout the study. The control DOC concentrations ranged from 19 to 39 mg DOC
kg?, following a similar trend as described for the U and U+HA2 treatments. After day 35, all
treatments had average DOC concentrations < 25 mg DOC kg™.

Insert Figure 8

4 Discussion

4.1 Soil properties
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The range of HA concentrations applied in this study were selected based on previous work (Table 1)
and are comparable with what is found in ruminant urine (Kehraus et al., 2006). The effect of the
synthetic urine treatments on soil properties (changes in inorganic-N, soil pH and DOC) can be
explained by the hydrolysis of the urea, contained in the urine, applied. The higher soil NH,"
concentration (>379 NH,"-N kg dry soil™) and lower NO5-N (<1.7 mg) in the U+HA2 treatment on day
3 show an inhibitory effect on nitrification when HA was applied at its highest concentration. The
fact that this pattern was not observed for the remainder of the experiment might be explained by
the leaching of the HA due as a consequence of the rainfall events recorded on days 6, 7, and 8
(Figure 1) when 22.2 mm of rainfall occurred. Alternatively, biological degradation of benzoic acid
(Razika et al., 2010), as well as sorption of this compound onto soil particles (Indejirt and Prasanta,
2004), may explain the lack of a continued HA effect. However, due to the acidic soil pH, biological
degradation of the benzoic acid seems less likely since the microbial degradation of phenolic
compounds has been reported to be favoured at neutral-alkaline pH values (Razika et al., 2010;
Prabhakaran et al., 2012). The decrease in soil pH after day 3, however, might have favoured the
adsorption of benzoic acid to clay through weak physical forces (Indejirt and Prasanta, 2004). Thus, it
seems probable that HA leaching and benzoic acid sorption onto clay were responsible for the lack
of a HA effect on soil NH,*-N after day 3. Also, it might have ocurred that the HA effect was not large

enough to affect N,0 emissions due to the spatial variability between chambers.

The decline in soil NH,*-N after day 3 indicated that it was probably nitrified, and this promoted the
decrease in soil pH due to the released of free H', as a consequence of the nitrification process,
which is similar to the results reported by Krol et al. (2015) (Figure 7). Moreover, the formation of
benzoic acid from HA might have also contributed to the soil pH decrease. While the occurrence of
nitrification is evident from the increases in NO3 concentrations, these concentrations were much
lower than values previously reported in similar studies (e.g. Clough et al., 2009). The lower NOs

concentrations measured in this study might be explained either by either pasture N uptake or by
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the high WFPS recorded, that provided conditions suitable for promoting the development of
anaerobic microsites suitable for denitrification. The rate of nitrification also appeared slow when
compared to prior studies where the nitrification is often complete within a month under urine
patches on pasture soil (e.g. REF). Thus, the lower NO5-N concentrations indicated that nitrification
was slowly progressing under the anaerobic conditions and/or the produced NO;3-N was quickly

taken up by the pasture or denitrified as either N,0 or N, (Kool et al., 2006).

The DOC values increased as a result of urea hydrolysis increasing soil pH but they then decreased to
< 25 mg DOC kg soil* when WFPS was > 100%. Such changes in DOC with increasing WFPS are
indicative of anaerobic heterotrophic processes such as denitrification consuming DOC. This
indicates a low or negligible supply of oxygen, which would also have slowed or prevented
nitrification processes, further explaining the relatively prolonged and slow decline in soil NH,"-N

concentrations.

4.2 Effect of HA on the GHG emissions

The lack of a HA effect on N,O fluxes after day 3 under our field conditions is the opposite to that
found by Kool et al. (2006) in a laboratory experiment under similar anaerobic conditions. In this
sense, our results ratify previous results under more aerobic conditions (Clough et al., 2009; Krol et

al., 2015) in terms of potential in situ effects of HA.

The percentage of N applied subsequently emitted as N,O reported in this study was similar to that
reported by Di and Cameron (2006) and by Taghizadeh-Toosi et al. (2012) but lower than that
reported by Clough et al. (2009) and Krol et al. (2015). This lower percentage of N emitted might be
explained by the occurrence of the higher values of WFPS registered when compared to Clough et al.

(2009) and Krol et al. (2015). High WFPS reduces relative soil gas diffusivity increasing soil anaerobic
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conditions, which leads to higher losses of N as N, instead of N,O (Balaine et al. 2016). Alternatively,
the acidic soil pH (< 5.0) could have favoured chemodenitrification processes as a result of nitrite,
formed as a consequence of nitrification or denitrification, producing nitrous acid and reacting with
soil organic matter (Heil et al., 2016), and thus further reducing the substrate available for N,O
production. However, the percentage of N applied emitted as N,0 (0.13 %) was considerably lower
than that reported in the laboratory study conducted by Kool et al. (2006) under similar anaerobic
conditions (2.1 % for the high HA treatment; WFPS=97 %). Although such experiment was conducted
on a different soil type, the difference in the the percentage of N applied emitted as N,O may be a
consequence of plant uptake of mineral N in our study, which might decrease N susceptible of being
emitted as N,O. However, values of soil NH,"-N were similar to those reported by Kool et al. (2006).
Nevertheless, the effect of HA on N,0 emissions appears not to be related to the amount of mineral

N present in the soil (Kool et al., 2006).

It has previously been shown that CH, production in rice paddies and soil suspensions occurs under
much stronger reducing conditions than observed for N,O (Yu et al., 2001; 2003). The steady
increase of CH, emissions for all treatments after day 35 coincided with WFPS values greater than
100% and a decline in DOC concentrations. Such anaerobic conditions would have favoured the
decomposition process of soil organic material through which CH,; was produced, via DOC
fermentation catalyzed by methanogenic microorganisms (Rizzo et al, 2013). Thus, the CH, emissions
further demonstrate the favourable soil conditions for denitrification. The higher U+HA treatment
inhibited nitrification as soil NH,; remained as NH, until day 3. However, as N,O emission was not
inhibited it means that N,O was not the result of the nitrification from the added NH,, but from
denitrification possibly from the soil NOs;. On day 3, WFPS was ~80% so the soil was not saturated
and nitrification did occur. Indeed, soil NO; concentration was higher in the U and U+HA treatments

compared to the control indicating NO; formation.
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Furthermore, Van Groenigen et al. (2006) reported that the HA inhibition effect occurred at a
concentration of 3.9 mmol HA kg " s0il, which is the same concentration as in the U+HA2 treatment
in the current study (allowing for the soil bulk density and assuming that urine was absorbed to a
depth of 10 cm). However, the permanent soil water logging conditions after day 3 (WFPS > 85%)
may have resulted in leaching of the HA and the formed BA after treatments application, which may
have resulted in a decrease in the soil HA-BA concentration, contributing to the lack of effect of HA
as an inhibitor of N,O emissions after day 3. At the same time, soil pH (4.6 after HA application) was
optimal for antimicrobial activity of BA. Therefore, a treatment effect on N,O emission could be
expected since the antimicrobial activity is proportional to the BA concentration. However, as
mentioned above, this soil pH might have favoured the sorption of BA onto clay preventing not only
its antimicrobial action but also its inhibition effect on denitrification with the soil acidification that
occurred in all treatments. The potential sorption of HA onto clay and/or organic matter confounds
the interpretation of the results with respect to the efficacy of HA in limiting N,O producing
processes. Inderjit and Bhowmik (2004) reported sorption of benzoic acid by soil from ca. 2 to 1000
ug g soil as solution concentrations varied from ca. 2 to 1000 ug ml™, respectively. Thus, in theory
the efficacy of the HA at the highest rate in the current experiment (3.9 mmol HA kg™), equating to

ca 700 pg g soil, could have been negated due to sorption onto soil.

In view of the above, an inhibitor effect was observed for the highest U+HA treatment just until day
3, as soil NH," remained as NH, “ more than the other treatments. However, such inhibitor effect was
not reflected both on soil NOs™ concentration and on N,O emissions. After day 3, it seems likely that
a combination of soil HA and BA leaching under the permanent soil water logging conditions and a

sorption of BA into clay under optimal soil pH may explain the lack of an observed HA effect.

5 Conclusions
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While the soil NH,"-N concentration was elevated until day 3 under the highest rate of HA applied,
the N,O emissions from artificial urine applied to grassland on an acidic heavy clay soil and under
high water content conditions (WFPS >85%) were not affected by the addition of different
concentrations of HA. Whereas the mitigation effect of HA under similar soil water conditions has
been proven in vitro we have ratified the lack of such an effect in situ under strongly reducing
conditions. Soil HA and BA leaching under the permanent soil water logging conditions and the likely
sorption of BA onto clay under optimal soil pH may explain the lack of observed HA effect. Our study
showed that the potential manipulation of ruminant urine, via diet selection, to optimise HA
concentration will not mitigate N,O emissions. Further studies using **C labelled benzoic acid or HA

should be performed to determine the residence time and fate of HA in soil.
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Table 1. Range of hippuric acid (HA) concentrations in cattle urine reported in different

studies.
HA concentration Reference
(mM)

23to 68 Kool et al., 2006
23to 68 van Groenigen et al., 2006
46 to 96 Bertram et al. 2009

56 to 90 Clough et al.,2009
8to 82 Krol et al., 2015
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Figure 1. Precipitation (mm), WFPS (%) and soil surface temperature (°C) over the

experimental period.
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Figure 2. Daily mean N,O flux (g NoO-N ha™ d) over the experimental period. Vertical bars
show standard error of the treatment means (n=3). Significant differences (a<0.05) from the

control are marked with an asterisk.
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Figure 3. Cumulative N,0O emissions (g N,O-N ha™) over the experimental period. Vertical bars
show standard error of the treatment means (n=3). Means with different letters are significantly

different at the 5% level.
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Figure 4. Daily mean CH, flux (g CH, ha™ d?) for all treatments over the experimental period.

Vertical bars show standard error of the treatment means (n=3).
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Figure 5. Soil NH," - N content (mg NH," - N kg™) per treatment over the experimental period.

Vertical bars show standard error of the treatment means (n=3).
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Figure 6. Soil NOs-N content (mg NO;-N kg?) per treatment over the experimental period.

Vertical bars show standard error of the treatment means (n=3).
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Figure 7. Soil pH measured per treatment over the experimental period. Vertical bars show

standard error of the treatment means (n=3).
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Figure 8. Dissolved organic carbon (DOC, mg C kg soil™) in soil per treatment over the experimental

period. Vertical bars show standard error of the treatment means (n=3).
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