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Abstract

Increasing atmospheric concentration of nitrous oxide (N,O) emissions due to intensified
human activities is of concern, as N,O is not only a precursor for stratospheric ozone destruction
but also an important greenhouse gas. Agriculture accounted for about 82% of the anthropogenic
N,O production in the world and two-thirds came from soils receiving manures or synthetic N
fertilizers. Therefore, it is important to gain new knowledge by investigating the N,O production
processes and their controlling factors. In the first study, field experiments were conducted from
2014 — 2017 in Edmonton and Lacombe, Alberta. We examined the effects of manure
application timings (fall and spring) and nitrification inhibitors (NIs), namely nitrapyrin [2-
chloro-6-(trichloromethyl) pyridine] and 3, 4-dimethylpyrazole phosphate (DMPP) on N,O
emissions and soil mineral N and investigated the potential residual effects of repeated manure
additions. The annual N,O emission factor due to fall manure injection without NIs was about
four times greater than that due to spring injection without NIs in 2014-2015, whilst this
comparison was reversed in 2015-2016. This was mainly owing to the contrasting precipitations
between the two experimental years. Residual effects became evident by the increased, divergent
N,O emissions and soil NO;™ concentration in the spring of 2017. The second study was a
controlled laboratory study established to elucidate the impact of several soil moisture contents
and NI application rate on the efficacy of two NIs [i.e., nitrapyrin and 3,4-dimethylpyrazole
succinic acid isomeric mixture (DMPSA)] in reducing N,O emissions and inhibiting nitrification
in Black Chernozamic (BC) and Gray Luvisolic (GL) soils. Regardless of NI application rates
and soils, the emission reductions due to NIs were obvious at high moisture contents as
compared to the lowest moisture content in which there was no significantly different N,O

emission between the manured soils with versus without NI additions. With higher soil moisture
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content, greater NI application rate was required to efficiently inhibit nitrification and reduce
N»>O emissions for both NIs in both soils. Moreover, it seemed that the BC soil required higher
NI application rate than the GL soil under the same condition, likely because higher clay and
organic matter contents would cause increased surface adsorption and microbial degradation. In
the third study, a mesocosm experiment was conducted to investigate the N,O production and
sources from soils with different N management history (soil with (SW) and without (CT) legacy
of manure additions) and three different water contents over a simulated fall-freeze-thaw cycle.
Compared to the untreated control treatment, the urea-amended treatment showed greater soil-
derived N,O emissions during thawing, indicating a net positive priming effect. This positive
priming effect was greater in the SW soil than the CT soil. Above 83% of the N,O fluxes on the
2" and 3" days of thawing were produced by denitrification. In the fourth study, a process-based
ecosys model was used to represent agroecosystems and predict the resultant N,O emissions
from soils receiving manure (as per our first study mentioned above) and also to simulate de-
watered manure additions in fall and spring seasons. The model was able to simulate well the
magnitude and timing of N>O fluxes except for when the soil was very moist. The model could
be further improved by refining the representation of soil water retention by implementing a
simulation of snowmelt filtration and runoff in ecosys. Overall, this dissertation makes a
contribution to better understand N,O production sources and drivers and provides insights into

N,O emission mitigation.
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1. Introduction

1.1 Background information

Mitigating global climate change and reducing anthropogenic greenhouse gases (GHGs)
have received increasing attention in recent decades. Nitrous oxide (N,O) is a potent
anthropogenic GHG with a long atmospheric lifetime of 114 years and a high 100-year global
warming potential, which is about 310 times greater than CO, on a mass basis (Forster et al.,
2007). It is also an active substance for ozone depletion (Ravishankara et al., 2009). The
atmospheric concentration of N,O increased by 19% from 1750 to 2011 (Myhre et al., 2013).
Due to this concentration increase and the decreases in other GHGs such as chlorofluorocarbons
(CFCs), N,O is now the third largest radiative forcing anthropogenic GHG (Myhre et al., 2013).
Agriculture is a major source of N,O emissions, accounting for approximately 58% of total
anthropogenic N20O emissions, and about 67% of these emissions are from agricultural soils
receiving organic or synthetic fertilizers (Intergovernmental Panel on Climate Change, 2007;
US-EPA, 2011). Given the expanding cultivated land and increasing fertilizer use, N,O
emissions from agricultural soils are expected to continue increasing (Reay et al.,
2012). Therefore, it is necessary to investigate effective strategies to mitigate N20O emissions
from fertilized soils. To do so, we need to identify the underlying N,O-generating processes and

factors impacting the magnitude of N,O production.

1.2 Processes related to nitrous oxide production/emissions
N,O is primarily generated by microbiological processes within the soil nitrogen cycle
(Fig. 1-1). Microbial nitrification and denitrification are generally considered as the key N,O-

generating processes, contributing to 70% of global N,O emissions (Wrage et al., 2001; Barnard



et al., 2005; Braker and Conrad, 2011; Butterbach-Bahl et al., 2013). However, a few other
biological processes also contribute to N>O production, such as co-denitrification (Tanimoto et
al., 1992; Kumon et al., 2002; Spott et al., 2011) and dissimilatory nitrate reduction to ammonia

(DNRA )/nitrate ammonification (Bleakley and Tiedje, 1982; Smith, 1982; Giblin et al., 2013).
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Fig. 1-1. Processes related to nitrous oxide production in soil. Adapted from Zhang et al. (2015).

1.2.1 Mineralization and immobilization

Mineralization and immobilization play important roles in regulating the substrate pools
for N,O production processes in the N-cycle, such as nitrification and denitrification.
Mineralization is defined as a transformation of organic N to inorganic ammonium (NH4") and it

is performed by heterotrophic soil organisms that utilize organic N as the energy source (Jansson



and Persson, 1982; Hart et al., 1994) (Fig. 1-1). Immobilization is a conversion of inorganic N
forms [NH, " and nitrate (NO3")] to organic N (Fig. 1-1). If the N content in decomposing
residues is low, soil microorganisms will assimilate inorganic N (NH,4" and NOy5") in their
biomass as organic N for the development and growth (Hart et al., 1994; Havlin et al., 2014).
Whether mineralization or immobilization dominates in soils is mainly controlled by the C/N
ratio in the animal or plant residues being decomposed by soil organisms (Robertson and
Groftman, 2007; Havlin et al., 2014). When the decomposing organic material has a C/N ratio
below 20, net mineralization usually occurs (Hagemann et al., 2016). When the C/N ratio
increases above 30, net immobilization typically takes place in the short- or long-term

(Stevenson and Cole, 1999).
1.2.2 Nitrification

1.2.2.1 Autotrophic nitrification

Autotrophic nitrification is a two-step pathway, in which ammonia (NH3) or NH," is
firstly oxidized to nitrite (NOy") via hydroxylamine (NH,OH") by ammonia oxidizers and further
oxidized to nitrate (NO3") by nitrite oxidizers under aerobic conditions (Fig. 1-1). During this
pathway, N,O can be generated through either chemical decomposition of NH,OH™ and NO; or
NO,™ reduction in the presence of organic (e.g., amines) or inorganic (e.g., Fe*" or Cu*")
substances (Wrage et al., 2001; Braker and Conrad, 2011; Butterbach-Bahl et al., 2013). The

latter non-biological chemical reduction is known as chemo-denitrification.

The main aerobic chemoautotrophic ammonia and nitrite oxidizers in the autotrophic
nitrification are genera Nitrosomonas and Nitrobacter respectively (Koops et al., 1991; Shaw et

al., 2006). They obtain C from CO, and energy from the N oxidation for their metabolism



(Braker and Conrad, 2011). Enzymes involved in these reactions are ammonia monooxygenase
(AMO), hydroxylamine oxidoreductase (HAO) and nitrite oxidoreductase (NXR) (Fig. 1-1).
Ammonia oxidation has been long thought to be executed by ammonia oxidizing bacterium
(AOB) (Kowalchuk and Stephen, 2001). However, ammonia oxidizing archaeca (AOA) were
recently recognized as a new potential contributor in both marine and terrestrial habitats
(Konneke et al., 2005; Treusch et al., 2005). Although AOA are ubiquitous in soils and also have
the genetic potential for aecrobic ammonia oxidation (Leininger et al., 2006; Hansel et al., 2008),
it is still unknown if AOA can generate N,O emissions since the gene encoding NO reductase
was not observed in the AOA genome sequence (Walker et al., 2010; Braker and Conrad, 2011).
This point was also supported by other studies, in which AOA were found in six N-rich
grassland soils in New Zealand, but their abundance and ammonia oxidation activity were not

connected with either nitrification or N,O production (Di et al., 2009b; Di et al., 2010).

1.2.2.2 Heterotrophic nitrification

While it is generally accepted that autotrophic nitrification is a predominant nitrification
pathway under most soil conditions, heterotrophic nitrification may become dominant in acidic
forest soils (Schimel et al., 1984; Pedersen et al., 1999; Brierley and Wood, 2001; Zhang et al.,
2011a), where the autotrophic nitrifiers are inhibited (Weber and Gainey, 1962; De Boer and
Kowalchuk, 2001; Zhao et al., 2018). During heterotrophic nitrification, N,O can be generated
from the intermediates of the oxidation of organic N or NH3 to NOj3™ (Papen et al., 1989; Zhang
et al., 2015) by fungi or bacteria (Odu and Adeoye, 1970; Castignetti and Hollocher, 1984) (Fig.
1-1). In contrast to autotrophic nitrifiers, heterotrophic fungi and bacteria obtain C and energy
sources from organic compounds for their metabolism (Castignetti, 1990; Brierley and Wood,

2001; Wrage et al., 2001; Braker and Conrad, 2011). The NHj3 oxidation by heterotrophic



nitrifiers is not in conjunction with energy conservation, and the enzymes involving in this

pathway are distinct from those in autotrophic nitrification (Braker and Conrad, 2011).

1.2.2.3 Nitrifier-denitrification

Nitrifier-denitrification is an alternative pathway of nitrification, which includes an
oxidation of NH3 or NH,4" to NO, and a consecutive reduction to NO, N,O and N, by the same
autotrophic ammonia bacteria (Wrage et al., 2001; Shaw et al., 2006; Zhu et al., 2013) (Fig. 1-1).
Limiting oxygen coupled with low organic C availability lead to the occurrence of nitrifier-
denitrification, possibly as well as low pH (Wrage et al., 2001). This pathway is distinct from
coupled nitrification-denitrification, in which nitrification and denitrification are carried out by
different microbial groups (Wrage et al., 2001; Butterbach-Bahl et al., 2013). As the genes
encoding N,O reductase were not observed in the AOB genome (Beaumont et al., 2004;
Beaumont et al., 2005; Casciotti and Ward, 2005; Shaw et al., 2006; Garbeva et al., 2006;
Cantera and Stein, 2007), the most common end product of NO, reduction via nitrifier-
denitrification is considered as N,O (Braker and Conrad, 2011; Law et al., 2012; Zhu et al.,

2013) rather than N, that was only observed in Nitrosomonas spp (Poth, 1986).

1.2.3 Denitrification

Dentitrification plays an important role in soil N cycling as it is the main pathway to
return fixed N back to the atmosphere, thereby accomplishing the closure of N cycle (Philippot et
al., 2009). In this biological pathway, NOs" is gradually reduced to NO,", NO, N,O and
consequently N, under anaerobic conditions (Fig. 1-1). This process is carried out by a large
variety of heterotrophic denitrifying microorganisms, including bacteria, archaea, fungi and other
eukaryotes (Bremner, 1997; Laughlin and Stevens, 2002; Risgaard-Petersen et al., 2006;

Philippot et al., 2007; Ma et al., 2008; Pina-Ochoa et al., 2010). The most dominant are



Pseudomonas, Bacillus, Paracoccus and Thiobacillus (Havlin et al., 2014). The denitrifiers are
basically facultative anaerobic bacteria that can utilize NO3" as an electron acceptor when O; is
limiting, and most denitrifiers are heterotrophic organisms that use organic compounds as C
source (Bremner, 1997; Wrage et al., 2001). The end product of fungal denitrification is N,O
since N,O reductase is generally absent in most fungi (Shoun and Tanimoto, 1991; Kim et al.,

2009).
1.2.4 Other biological processes generating N,O emissions

1.2.4.1 Co-denitrification

Co-denitrification, a unique microbial pathway, was discovered by Shoun et al. (1992)
and Tanimoto et al. (1992). Through co-denitrification, N,O or N, can be produced as hybrids,
where a combination of denitrified NO or NO,” with an N atom provided by a co-substrate takes
place (Su et al., 2004; Baggs, 2011; Spott et al., 2011). Both inorganic and organic N compounds,
such as NH4 ", NH,OH', amino acids, azide, aniline, and salicylhydroxamic acid, can be used as
co-substrates (Spott et al., 2011). Both bacteria and fungi have been identified to carry out co-

denitrification (Shoun et al., 1992; Su et al., 2004; Spott et al., 2011; Baggs, 2011).

1.2.4.2 Dissimilatory nitrate reduction to ammonia (DNRA)/nitrate ammonification
Dissimilatory nitrate reduction to ammonia (DNRA) or nitrate ammonification is a
biological pathway under anaerobic conditions, in which NOj;" is reduced to NO,™ and then NH,"
(Smith, 1982; Silver et al., 2001) (Fig. 1-1). Within this process, N,O production takes place
through the reduction of NO,™ by the bacteria responsible for DNRA (Riitting et al., 2011; Baggs
and Philippot, 2011; Butterbach-Bahl et al., 2013). DNRA occurs mainly through the activity of

facultative and obligatory fermentative bacteria (Tiedje, 1988; Nijburg et al., 1997; Silver et al.,



2001). Despite both denitrification and DNRA occur under similar conditions (e.g., low O,, NOs
as substrate, available C), DNRA is considered to be dominant under an environment with a high
ratio between available C (electron donor) and NOj (electron acceptor) (Tiedje et al., 1983;
Tiedje, 1988; Nijburg et al., 1997; Silver et al., 2001). Although denitrification is a major source
of N>O in most terrestrial soils, the importance of DNRA over denitrification has been
recognized in tropical and paddy soils, as well as in some coastal sites (Silver et al., 2001; Yin et

al., 2002; Giblin et al., 2013).

1.3 Factors impacting N,O-generating processes and N,O production

1.3.1 Oxygen availability [and redox potential (Eh)]

Oxygen (O;) availability is regarded as a substantial factor in regulating the sources of
N,O production, as it is a key determinant of prevailing biological processes. Under well-aerated
and dry conditions, nitrification becomes dominant because both autotrophic and heterotrophic
nitrifiers obligatorily need O, (Schaufler et al., 2010; Butterbach-Bahl et al., 2013). When the O,
concentration is limited or strictly deficient, denitrification gains an advantage through the
activities of facultative heterotrophic denitrifiers that can transit aerobic to anaerobic respiration
by using NOs;™ as an electron acceptor instead of O, (Wrage et al., 2001; Hagemann et al., 2016).
In addition, moderate aerobic conditions with a redox potential (Eh) higher than 300 mV
generally lead to quite significant rates of heterotrophic decomposition, N mineralization and
immobilization (Mengel, 1996; Robertson and Groffman, 2007; Hagemann et al., 2016). In
saturated soils, significant N,O emissions were observed with a redox potential in the range of

120-250 mV (Hou et al., 2000b; Yu et al., 2001).



1.3.2 Moisture

In soils, O, availability is usually coupled directly with soil moisture content as both air
and moisture (ice, water, or vapor) typically co-occupy soil pores (Hagemann et al., 2016).
Nitrification usually dominates in producing N,O below 60% WFPS, while denitrification
becomes more important above 60% WFPS (Davidson and Schimel, 1995; Ruser et al., 2006).
Maximum N,O emissions were postulated to occur within a range of 60-80% water-filled pore
space (WFPS) across different soil types (Davidson et al., 1991; Davidson et al., 2000; Schaufler
et al., 2010; Butterbach-Bahl et al., 2013). In soils with WFPS higher than 80%, the amount of
N,O emissions gradually decline due to further reduction of N,O to N, through complete
denitrification (Bowman and Steltzer, 1998; Meixner and Yang, 2006; Butterbach-Bahl et al.,

2013).

Apart from regulating O, supply, soil moisture serves as a transport medium of substrates
for soil microbes, such as NH," for nitrifiers and NO;" for denitrifiers (Schaufler et al., 2010).
Low moisture content limits the substrate diffusion through the soil profile (Meixner and Yang,
2006) and hence cuts down the effective interacting surfaces and volume for microbes, thereby

retarding their activities and reducing related gaseous production.

Both the change in soil water content and the change in soil water states (e.g., ice vs.
liquid) can control the magnitude of N,O production. Short-lived N,O pulses have been observed
as a result of freeze-thaw (FT) or dry-wet (DW) cycles in many field and laboratory researches
(Davidson, 1992; Nyborg et al., 1997; Teepe et al., 2004; Koponen et al., 2006; Harrison-Kirk et
al., 2013). In agroecosystems, soil FT cycling contributes considerably to global annual N,O
budget, and this contribution varies from 30 to 90% (Wagner-Riddle et al., 2007; Yanai et al.,

2011; Abalos et al., 2016; Lin et al., 2017). However, soil DW cycling may only account for a



small source of total N,O emissions (Muhr et al., 2008; Goldberg et al., 2010), accounting for

only 2% of total annual N,O emissions (Davidson, 1992).

The mechanisms leading to N,O pulses from FT and DW cycling have similarities and
differences (Congreves et al., 2018). An increase in soil ‘liquid’ water content is expected to take
place during thawing of a frozen soil, which is theoretically similar to rewetting a dry soil
(Spaans and Baker, 1996; Congreves et al., 2018). The increased soil ‘liquid’ water content in
such situations can lead to an incremental substrate supply, oxygen-deficient environment, and
stimulated microbial activities (Davidson, 1992; Priemé and Christensen, 2001; Borken and
Matzner, 2009), which are all responsible for short-lived significant N,O fluxes. A unique fact of
soil FT cycling is the ice, which blocks the gas diffusion pathways (e.g., O, coming into the soil,
N>O and CO; escape from the soil); consequently, a mass of N,O accumulated underneath the

ice during freezing will escape from the soil in the course of thawing (Risk et al., 2014).

1.3.3 Temperature

Soil temperature is another important factor influencing N,O production through its
impacts on microbial activity and gas transfer. The change in rates of N,O production as affected
by temperature can be explained by Q;o, which is the change in microbial activity rate with a
change in temperature of 10°C (i.e., process rate at (T+10°C)/process rate at T) (Smith, 1997,
Smith et al., 2003). It was found that the apparent Q¢ relationship was greater in a higher
temperature interval than a lower interval (Castaldi, 2000; Jianwen et al., 2004; Bagherzadeh et
al., 2008), indicating an exponential increase in microbial activity and hence potential increases
in N>O production with a rising temperature (Dobbie and Smith, 2001; Schindlbacher et al.,
2004). This positive feedback can be attributed to the stimulated N,O-related enzymatic process

and enhanced denitrification by O, deficiency arisen from accelerated respiration (Butterbach-



Bahl et al., 2013). In addition, the decreases in both N,O solubility and diffusion caused by
increasing soil temperature contribute partly to the temperature-induced N,O production
(Moraghan and Buresh, 1977; Schmidt et al., 2000). After reaching to the optimal temperature
point for biological N,O-producing processes, N,O production decreases with any further
temperature increases (Schmidt et al., 2000). This optimal soil temperature for N,O production is

expected around 35-40°C (Granli, 1994; Schmidt et al., 2000).

1.3.4 Substrates

The availability of substrates for N,O-generating processes, such as inorganic forms of N
(e.g., NH;" and NO;"), reduced organic N and organic C, could have direct impacts on the rate of
microbial reactions and hence N,O emissions when other factors are not limiting. The NH," pool
is an essential factor controlling nitrification in most soils, similarly to the role of NO3™ in

denitrification (Firestone and Davidson, 1989; Chapuis - Lardy et al., 2007). High soil

decomposition and N mineralization rates, low immobilization rate, and low plant NH," uptake,
will all result in an increase in NH," supply for nitrifiers and consequently accelerate nitrification
rate and promote N,O emissions (Robertson and Groffman, 2007). Likewise, the NO5
availability is a result of a balance among various processes, for instance, immobilization,
nitrification, plant uptake and leaching. Organic C is of importance in regulating denitrification,
because a majority of denitrifiers are heterotrophic microbes that use organic C as an electron
donor (Bremner, 1997; Wrage et al., 2001). Thus, stimulated denitrification caused by a
combination of increased NO;™ and organic C availability consequently may lead to significant

N,O fluxes (Barnard et al., 2005).

10



1.3.5 pH effects

The effects of pH on N,O emissions are thought to be primarily connected with its
influence on soil nitrifier and denitrifier communities, as well as on the NH; substrate for
ammonia oxidation. Nitrifiers prefer living at moderate pH and denitrifiers favor a neutral
environment (Barnard et al., 2005), implicating potential changes in N,O emissions as a result of
soil acidification or soil liming. A positive relationship between near neutral pH and nitrification
rate has been observed in a long-term field study (Kemmitt et al., 2006). This is in line with other
results showing that soil acidification could result in a decreasing rate of nitrification (Backman
and Klemedtsson, 2003; Cheng et al., 2013; Jiang et al., 2015). This can be partially explained by
the decreased availability of NHj3, a substrate for AMO in nitrification (Suzuki et al., 1974). This
phenomenon, however, was not observed in subtropical acid soils (Zhao et al., 2007), possibly
owing to the contributions of a group of nitrifiers that are capable of living at low pH, including
AOA (He et al., 2012; Stempthuber et al., 2015), heterotrophic nitrifiers (De Boer et al., 1992;
Zhang et al., 2011b), and certain AOB tolerant to low pH (De Boer et al., 1992; Jiang et al.,
2015). In the case of denitrification, decreasing pH has been reported to bring about greater
ratios of N,O to N, (§imek and Cooper, 2002; Dannenmann et al., 2008), due to the inhibition of

N,O reductase at a low pH value (Thomsen et al., 1994).

1.3.6 Interplay of other soil properties

With respect to the importance of soil moisture content and O, on N,O production, soil
properties that can alter the distribution of air- and water-filled pores are considered to be tightly
relevant to the soil N cycling and significantly affect N,O production rate. The effect of soil
texture on N,O emissions has been emphasized in many studies (Weier et al., 1993; Parton et al.,

1996; Weitz et al., 2001; Goossens et al., 2001; Bouwman et al., 2002; Rochette et al., 2008b). In
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an examination of 13 United Kingdom soils with contrasting textures, Skiba and Ball (2002)
found that the N,O production in May was generally higher in poorly drained clay soils than
well-drained sandy soils (Skiba and Ball, 2002). It was likely due to the fact that smaller pore
sizes in fine texture soils (e.g., clay soils) limited water drainage and hence increased anaerobic
microsites, which in turn trigged denitrification and subsequent gas emissions (Pihlatie et al.,
2004). This is consistent with the finding of greater N,O production in compacted soils than less-
compacted or uncompacted soils, as the compaction also results in decreased soil porosity and
pore connectivity as suggested by increased bulk density (Ruser et al., 2006; Bessou et al., 2010)
and changes in pore-size fractions. The soil aggregate size, in addition, is another factor
influencing the magnitude of N,O production. Uchida et al. (2008) found that the highest N,O
production occurred from in smaller soil aggregates (<1.0 mm) which had relatively higher bulk
density than bigger aggregates. This observation was attributed to increased denitrification rate
caused by decreased O, diffusivity and the build-up of an anaerobic environment within the

smaller, denser aggregates (Uchida et al., 2008).

1.3.7 Nitrogen Management

1.3.7.1 N application methods

With the purpose of improving N use efficiency, ammonium-containing manures and
fertilizers have been widely incorporated or injected into the soil rather than broadcasted on the
surface, because such incorporation and injection application techniques successfully reduced
substantial NH3 losses through volatilization (Wulf et al., 2002; Nyord et al., 2008; Webb et al.,
2010; Powell et al., 2011; Maguire et al., 2011). However, these N conservation application
techniques could potentially lead to increased N,O emissions, particularly in liquid manures
(Flessa and Beese, 2000; Chadwick et al., 2000a; Nyord et al., 2008; Engel et al., 2010; Duncan
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et al., 2017). In contrast to the broadcasting of liquid manure, the incorporation and injection
applications provide a soil environment favorable to producing N,O, as they lead to abundant
available N substrates for nitrifiers and denitrifers, increased anaerobic microsites and substantial

available C (Flessa and Beese, 2000; Duncan et al., 2017).

1.3.7.2 N input

Fertilizer-induced N,O emissions can be estimated based on the N,O emission factor
(EF), which is the percentage of emissions generated directly from the total N fertilizer applied
to the soil. The current global default N,O EF value recommended by Intergovernmental Panel
on Climate Change (IPCC) is 1%, which assumes that the response of N,O emission to
increasing N input is linear (Smith et al., 2007). However, a global meta-analysis showed that
this emission response is exponential for synthetic fertilizers and a majority of crops (Shcherbak

et al., 2014).

Use of enhanced-efficiency N fertilizers, such as fertilizers containing nitrification
inhibitors (NIs) and those with polymer-coated (PCFs), is considered to be an efficient N,O
mitigation option, with an IPCC estimation of 30% reduction in the global annual N,O budget
(Moomaw et al., 2001). According to a global meta-analysis, both NIs and PCFs are reported to
significantly decrease N,O emissions by 38% and 35% respectively compared to the
conventional fertilizers (Akiyama et al., 2010). The mechanism of NIs is to block the autotrophic
nitrification pathway by inactivating the proteins of related nitrifiers for a certain time (Vannelli
and Hooper, 1992; Chaves et al., 2006; Benckiser et al., 2013). In this way, most inorganic
nitrogen from manures or fertilizers can be kept in the soil as NH,", delaying nitrifier and
denitrifier activities and thus reducing N,O emissions. In contrast, PCFs have a different mode of

action. The function of the coating material in PCFs is to physically control N release at a slow
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rate that is in synchrony with plant metabolic requirements (Halvorson et al., 2014; Azeem et al.,

2014).

1.3.7.3 N input timing

Fertilizer-induced N,O pulses can be controlled by the right timing of application (e.g.,
fall versus spring). Several studies have quantified N,O losses from fall versus spring
applications, but the conclusions were inconsistent. In some cases, higher cumulative N,O
emissions were observed in the fall application compared to the spring, and this was likely due to
the significant contribution of N>O emissions produced during the spring thawing (Weslien et al.,
1998; Thorman et al., 2007; Lin et al., 2017). The contrasting results, that greater N,O emissions
occurred in the spring than the fall application, seemed to be in part due to overriding N,O
emissions released during the growing season which is typically warm and moist than those
released during thawing (Rochette et al., 2004; Hernandez-Ramirez et al., 2009; Cambareri et al.,

2017).

1.3.8 Other management effects

Although environmental factors play an important role in regulating N,O emissions,
improved agricultural management practices provide potential opportunities to mitigate or
moderate such emissions. Numerous studies have demonstrated that no-tillage is prone to soil C
sequestration and implicated its potential to mitigate agricultural GHG emissions by means of
long-term adoption of this improved practice (West and Post, 2002; Six et al., 2004;
VandenBygaart et al., 2008). However, reported results with respect to the response of N,O
emissions to no-tillage are not consistent. Some studies indicated higher N,O emissions under
no-tillage than conventional tillage (Ball et al., 1999; Baggs et al., 2003; Rochette et al., 2008a),
whilst others showed lower emissions in zero tilled soils relative to tilled soils (Chatskikh and
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Olesen, 2007; Gregorich et al., 2008). This suggests that the impact of no-tillage practice on N,O
emissions is dependent on other factors, such as soil texture, drainage, crop choice, plant residues
and climatic factors (Baggs et al., 2003; Desjardins et al., 2005; Rochette, 2008; Mutegi et al.,
2010) --- all of which regulate soil aeration and thus influence N,O emissions. Likewise, the
magnitude of N,O emissions induced by irrigation and drainage results from the combined effect
of soil texture, microbial community, C and N availability and fertilizer application (Cai et al.,
1997; Calderon and Jackson, 2002; Towprayoon et al., 2005; Sainju et al., 2010; Sainju et al.,
2012). While the effect of crop rotation on N,O emissions has been rarely examined and
documented, the increased soil organic C caused by enhanced rotation complexity may have an
opportunity to influence the soil N pools through microbial decomposition and immobilization
processes (Campbell et al., 1996; West and Post, 2002), and hence possibly change the net N,O

emissions (Halvorson et al., 2014).

1.4 Knowledge gaps, research hypotheses and general aims

According to previous studies, timing of liquid manure application provides a possibility
to reduce N,O emissions in cropping ecosystems (Weslien et al., 1998; Rochette et al., 2004;
Thorman et al., 2007; Hernandez-Ramirez et al., 2009; Lin et al., 2017); however, the right
application timing (i.e., fall versus spring) is very likely to be affected by local soil and climatic
conditions (Cambareri et al., 2017). Given that using NIs with fertilizers successfully reduced
gaseous N losses (Di et al., 2014; Bell et al., 2015; Duan et al., 2016), it is an interesting research
question to examine whether the addition of NIs could narrow or even close the N,O emission
gap between the fall and the spring application. Our previous one-year field study showed that
the addition of NIs is able to close the N,O-emission gap between the two application timings

during a dry year (Lin et al., 2017), but this was not observed in a year with normal precipitation.
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Thus, the treatments were continued in the very same research plots to examine the effects of
manure application timings coupled with NIs on N,O production and soil N dynamics in a year
with normal weather conditions and to further evaluate the residual or carry over effects after
two years of repeated liquid manure and NI amendments. Accordingly, we hypothesized that (1)
the same amount of NIs would be less effective in closing the emission gap between different
application timings in a normal precipitation year and that (2) there would be a residual effect of

repeated manure additions in terms of more N,O emissions.

Not only is soil moisture content a driving factor for N,O production, it simultaneously
may also impact the degradation of the NIs (Menéndez et al., 2012). To elucidate the impact of
soil moisture content on the effectiveness of NIs, a controlled laboratory study is required. We
therefore conducted a laboratory incubation with field soils collected in 2016 to investigate the
interactions of NIs rates and soil moisture contents on the effectiveness of the NIs as evidenced
by N»O production responses in a Luvisolic and a Black Chernozemic soil. We expected higher
N,O emissions in Black Chernozemic than Luvisolic soil, because Black Chernozem has a
higher organic matter content and a fine texture relative to Luvisol, which provide higher
possibility of creating an anaerobic environment conducive to denitrification. Our hypotheses
were (1) the efficiency of NlIs in reducing N,O emissions increased with an increase in NIs rates,
(2) the efficiency of NlIs in reducing N,O emissions decreased with an increase in soil water
content, and (3) the optimal rate of NIs in reducing N,O emissions from Black Chernozemic soil

was higher than that from Luvisolic soil under the same soil moisture condition.

While a number of studies have emphasized the significant contribution (30-90%) of N,O
produced during the spring thawing to the annual N,O budget (Wagner-Riddle et al., 2007;
Goldberg et al., 2008; Wolf et al., 2010; Wu et al., 2010; Yanai et al., 2011; Abalos et al., 2016;
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Lin et al., 2017), the contribution of various microbiological processes to these N,O hot
momenta during spring thawing is not very well understood. Thus, a controlled mesocosm study
was established using soils from a manure field experiment to distinguish the proportion of N,O
emissions derived from different N,O-generating processes by identifying '°N intramolecular
positions within N,O using a quantum cascade laser spectroscopy and to investigate the priming
effect of N,O production. We hypothesized that denitrification would dominate as a main source
of N>O emissions compared to nitrification in the course of thawing after freezing. This
hypothesis is based on the knowledge that increased soil water content and temperature in the
course of soil thawing typically result in enhanced microbial denitrification activity and hence
increased N,O production as described above. In addition, it is hypothesized that urea addition
would result in a positive priming effect of N,O emissions because urea additions can accelerate

soil microbial activities related to the N cycle.

It is evident that the factors affecting the magnitude of N,O production are complex and
interrelated as reflected in the temporal and spatial variations in N,O production rate. Despite the
existence of numerous field studies involving the quantification of N,O production, a modelling
study can further contribute to develop a more accurate estimation for total N,O emissions at a
large scale and a better understanding of the N,O-generating processes as well as their
controlling factors. As such, a modelling study using the Ecosys model was conducted based on

the dataset collected from a 2-year field project in central Alberta.
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2.1 Abstract

Increasing atmospheric N,O concentrations from agriculture are a concern. Two-year
field studies were established in Lacombe and Edmonton, Canada, to investigate the effects of
liquid manure injection timing (fall vs. spring) with and without nitrification inhibitors (NIs),
namely nitrapyrin [2-chloro-6-(trichloromethyl) pyridine] and 3, 4-dimethylpyrazole phosphate
(DMPP), on N,O production and soil inorganic N. Effects on the N use efficiency and N uptake
efficiency of barley (Hordeum vulgare L.) and the residual effects on N dynamics were also
investigated. The N,O fluxes were measured in static manual chambers for 2.5 yr, except for
months when the soil was frozen. Across all treatments receiving manure, annual N,O emissions
were 0.3 to 12.6 kg N,O - N ha ! equivalent to a direct emission factor (EFg) of 0.10 to 2.41%.
Without NIs, the annual N>O EF, for the fall injection was fourfold greater than the spring
injection in 2014 - 2015, whereas the reverse was seen in 2015 - 2016. This was probably
caused by the extreme rainfall events in the spring of 2016. With the application of NIs in 2014—
2015, the annual N,O emissions for the fall application was consistently as low as that of the
spring application. This was attributed to a reduction of the proportionally dominant spring thaw
emissions from soils receiving manure in fall. Elevated N,O emissions were observed in the
spring of 2017. Denitrification was probably the major process contributing to N,O production,

as indicated by the increased NOs — N substrates at the end of the experiment and the springtime

moisture conditions.
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2.2 Introduction

Nitrous oxide has become the third largest anthropogenic greenhouse gas, with an
increase of 6% in radiative forcing (0.17 £ 0.03 W m ) since 2005 (Myhre et al., 2013) and is
also a reactant for the ozone depletion (Ravishankara et al., 2009). Atmospheric N,O
concentrations have increased markedly from ~270 parts per billion in 1750 to 324 parts per
billion in 2011, with a constant growth rate of approximately 0.26% yr ' over the past few
decades (Myhre et al., 2013). This increased concentration is mainly attributed to human activity,
including increased use of N fertilizers, intensification of agriculture, and burning fossil fuels
(Intergovernmental Panel on Climate Change, 2007). It has been estimated that ~30 to 45% of
the global N,O emissions are anthropogenic, with agriculture being the largest contributor
(Fowler et al., 2009). These anthropogenic emissions are projected to continue increasing in the
next decades through expanded agricultural land and increased fertilizer use, which are mainly
driven by the need to feed a growing human population (Reay et al., 2012). Effective N,O
mitigation strategies in agricultural systems are needed to cut global greenhouse gas emissions

and retard the effect of climate change.

Soil N,O production is primarily linked to microbial autotrophic nitrification and
denitrification processes (Wrage et al., 2001; Braker and Conrad, 2011). In aerobic nitrification,
N,O is generated as a byproduct during the oxidization of ammonium (NHy4 - N) to nitrate
(NO; - N) and it is formed as an intermediate product of anaerobic denitrification (Hayatsu et al.,
2008). Factors influencing the nitrification and denitrification processes are thought to regulate
the production and consumption of N,O. Soil moisture content, as it interacts with O, availability,
is a major factor impacting N,O production (Butterbach-Bahl et al., 2013; Hagemann et al.,
2016). Nitrification is dominant in well-aerated soils, whereas denitrification is more important
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in wet soils (Ruser et al., 2006). It has been hypothesized that the greatest N,O emissions occur
in water-filled pore space values ranging from 70 to 80%, where air-filled and water-filled pores
exist simultaneously and where nitrification and denitrification enhance each other considerably
(Davidson et al., 1991; Davidson and Schimel, 1995). Beyond this range, the N,O emissions
decrease, as the soil tends to become saturated and N, becomes the main product of
denitrification (Bowman and Steltzer, 1998; Meixner and Yang, 2006). This can also occur when
soils are very wet or saturated for extended periods (Rubol et al., 2012). Increased temperatures
generally cause elevated N,O production, as they enhance denitrification caused by decreased O,
through respiration and stimulate the enzymes involved in N,O generation (Dobbie and Smith,
2001; Butterbach-Bahl et al., 2013). Increased availability of NH4 — N promotes nitrification and
hence N,O production when other factors are not limiting (Robertson and Groffman, 2007).

When sufficient organic C and NOs - N are present in soils, N,O fluxes can occur as a result of

facilitated denitrification (Barnard et al., 2005). A recent study by Leytem et al. (2019) further
established the responses of field N,O emissions to increases in moisture and temperature in

nitrate-enriched temperate manured soils.

The addition of NIs to manures or fertilizers has been documented to be an effective N,O
mitigation strategy (Pasda et al., 2001; Irigoyen et al., 2003; Cui et al., 2012; Burzaco et al.,
2013; Zhang et al., 2018). The mechanism of nitrification inhibitors is to block the autotrophic
nitrification pathway by inactivating the proteins of the related nitrifiers for a certain time
(Vannelli and Hooper, 1992; Chaves et al., 2006; Benckiser et al., 2013). In this way, most
inorganic N from manures or fertilizers can be kept in the soil in the form of NH4—N,

consequently delaying nitrifier and denitrifier activity and mitigating N,O emissions.
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Optimal manure application timing could be a N,O mitigation strategy but the best timing
choice is likely to be determined by local edaphic and climatic conditions. A few studies have
compared N,O losses between two application seasons but these have shown contrasting results.
Cambareri et al. (2017) observed higher N,O emissions from soils receiving dairy manure in
spring than in fall when planted to corn (Zea mays L.) in a dry year in Elora, ON, Canada,
whereas Thorman et al. (2007) found higher emissions when cattle slurry was applied in fall—
winter than in spring in a grassland soil in England. In Canada, about half of the manure is
typically applied in spring and half is applied in fall (Beaulieu, 2004) because both have their
own advantages. Compared with the fall timing, spring manure application after snow has
thawed can be an efficient way to enable plants to use nutrients and achieve optimal crop
productivity, because this timing may reduce the potential nutrient losses that can occur through
leaching or runoff during thawing and snowmelt periods because of the seasonal nature of the
water budget in temperate regions (Dick, 2006). Fall manure applications may make more
efficient use of the available human labor and equipment (Dick, 2006; Cambareri et al., 2017)
but fall N applications result in increased N,O losses when the soil thaws in the following spring

(Lin et al., 2017).

A recent study suggested that application of liquid manure amended with NIs in fall
could reduce the N>O emissions associated with the spring thaw, thus reducing annual N,O
emissions compared with the corresponding spring applications (Lin et al., 2017). However,
these results were found under pronounced freezing winter conditions with abundant snowfall,
which were then followed by very dry spring and summer periods. As the magnitude of N,O
production is largely regulated by transient environmental factors, a contrasting outcome would

be expected in a year with normal precipitation. Therefore, we undertook a multiyear study to
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evaluate the effects of liquid manure injections in the fall or spring with and without NIs to gain
an insight into how N>O production and soil N respond to variations in weather, as well as the
residual effects after 2 yr of repeated manure and NI applications in the same experimental fields.

This research approach addresses the cumulative effects of repeated manure and Nls addition.
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2.3 Methods

2.3.1 Site description

The study was carried out from October 2014 to May 2017 in two agricultural fields in
Alberta, Canada: the Field Crop Development Center in Lacombe (52°27'17"N, 113°4420"W)
and the South Campus Research Farm in Edmonton (53°29'30"N, 113°31'53”"W). The physical
and chemical soil properties in both locations are shown in Table 2-1. Both locations have a
humid continental climate, with warm summers and typically extremely cold and snowy winters.
According to historical weather records (1981-2010), the annual mean air temperature is 2.9 and
3.5°C, and the annual cumulative precipitation is 436.1 and 452.8 mm in Lacombe and

Edmonton, respectively (Table 2-2).

2.3.2 Experimental design

The field plots (2.4 by 6.1 m) were arranged in an incomplete split-plot design replicated
four and three times in Lacombe and Edmonton, respectively. There were two control treatments,
including a control without disturbance and the control disturbed by the liquid manure injector.
The other plots were assigned to one of two manure application timings for the whole plot (i.e.,
fall and spring). Each plot was divided into three split-plots for the NI treatments, which were
manure application without a NI, application with with eNtrench Nitrogen Stabilizer (Corteva
Agriscience, Agriculture Division of DowDupont, Calgary, AB, Canada) (200 g nitrapyrin L),

and with ENTEC (Eurochem Agro, Mannheim, BW, Germany) (50 g DMPP Lfl).

Swine and dairy liquid manures were applied in Lacombe and Edmonton, respectively.
The manure was applied once a year in fall or spring for 2 yr (i.e., 2014-2015 and 2015-2016) in

the same experimental plots. The application rate of liquid manure was uniform across all
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injections at 56.17 m® manure ha'. Over both years, the liquid manure was incorporated into the
same soil to a depth of 12.7 to 15.2 cm with an Avenger coulter manure injector (Y etter
Manufacturing Inc., Colchester, IL). To ensure homogeneous distribution, the liquid manure was
mechanically stirred for 20 mins in the injector tank prior to application. The NI was added into
the manure tank prior to stirring at a rate of 0.4 kg a.i. ha ' for both timings in both years. This
NI application rate was the rate recommended by the manufacturer of DMPP but is only part of
the rate recommended by the manufacturer of nitrapyrin (i.e., 40 and 80% for the fall and spring
liquid manure applications, respectively). Keeping the same inhibitor rate for both fall and spring
and for the two NIs meant that the results were directly comparable across all timing—inhibitor
combinations. The injector created five injection bands of 2.5 cm wide each. Adjacent manure
injection bands were spaced about 28 cm apart. Manure was applied after sowing and the
direction of injection was perpendicular to the seeding row to reduce potential damage to the

barley seeds.

2.3.3 Gas sampling, analysis, and calculation

In situ soil N,O flux measurements were obtained via the nonsteady-state static chamber
method. Plexiglass rectangular chambers were installed immediately after manure injection,
removed during the plant harvest and seeding, and reinstalled to the same position shortly
afterwards. Each chamber was placed near the middle of each plot, consistently crossing two
manure injection rows and lying between two seed rows. The cross-sectional area of each
chamber was 1113.5 cm? (65.5 cm by 17.0 cm), and its height was 15 cm (5 cm below and 10 cm
above the ground). To avoid temperature perturbations, the external faces of the chambers were
covered with the reflective tape and the chamber lids had reflective foil bubble insulation

attached in place with silicone (Parkin et al., 2003). A polyvinyl chloride vent tube (0.48 cm i.d.
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and 40 cm in length) was connected to the chamber lid to reduce pressure and sampling
perturbations (Hutchinson et al., 2000; Parkin et al., 2003; Xu et al., 2006). Each chamber lid had

a sampling port equipped with a halobutyl septum.

Gas inside the chambers was sampled throughout the experimental period (October
2014-May 2017) except for the frozen months, typically from November to March. Samples
were taken twice per week after manure injections or intensive rainfalls and during the early
spring thaw; otherwise, sampling was undertaken once weekly. The headspace gas samples (20
mL) were taken at 16, 32 and 48 min with a BD syringe with a Luer-Lok tip connected to a BD
23-gauge needle (Franklin Lakes, NJ). Gas samples were then transferred into a 12-mL pre-
evacuated Exetainer vial with a pierceable chlorobutyl septum cap (Labco, Lampeter, Wales,
UK). At the beginning, in the middle, and at the end of the sampling event, three to six ambient
gas samples were taken at 10 cm above the soil surface. These ambient samples were used to
determine the gas concentration at the point of chamber closure (#y). The gas samples were stored

at 4 to 5°C until analysis to prevent potential gas leakage.

All gas samples were analyzed via gas chromatography. Nitrous oxide concentrations
were determined with a Varian Model 3800 gas chromatograph equipped with a Combi-Pal
autosampler and electron capture detector (Varian Inc., Walnut Creek, CA). The vertical flux of
N»O at the soil-atmosphere interface was determined by first-order or second-order polynomial
regression (Yates et al., 2006; Braun et al., 2013). For this regression, the flux (F) was calculated
as the slope of a simple linear regression or as the first derivative of a quadratic regression at ¢
(Eq. [1]). Nonsignificant regressions (P > 0.2) of N,O concentration versus time were considered
as zero flux. In Lacombe and Edmonton, 1696 and 1272 N,O flux measurements, respectively,

were taken throughout the whole experiment. About 62, 27, and 11% of the measurements were
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determined by first-order regression, second-order regression, and zero flux, respectively, at

Lacombe; 72, 15, and 13% were determined at Edmonton.

F=(E)%x (3 X (=) X 2M x k, 0

where F is the N,O flux (ug NbO-N ha?d™), CZ—C is the slope of a simple linear regression or
t

the first derivative of a quadratic regression at #o (uL L' min"), 7 is the headspace volume of
the gas chamber (L), A is the cross-sectional area of the gas chamber (m?), P is the pressure of
the gas (Pa), R is the gas constant (Pa pL K™ pmol ™), T'is the temperature of the gas (K), M is

the molar mass of N (g mol '), and & is a conversion factor for the flux unit (from pg N,O - N

m 2 min ' to gN,O-N ha dﬁl).

Cumulative N,O emissions were obtained by linear interpolation of N,O flux between
two adjacent measurements and numerically integration of the area below the curve in a given
time interval. Because of the varying N concentrations in the liquid manures (Table 2-3), the
manure N rates varied across application timings, even though the application volumes were kept
constant. For instance, the manure N application rate was 1.65 times higher in the spring than in
the fall timing for the Lacombe site. In an attempt to account for these varying manure N rates, a
direct N,O emission factor (EF,), which was the amount of N,O released from the N added) was

calculated to make cumulative N,O emissions among different manure applications comparable

(Eq. [2]).

EF, = Em=Ed o 100
d Ninp ’
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[2]

where EFg is the direct N,O emission factor (%), E. is the N,O emissions from the control soil
without manure (kg N ha™' yr''), E,, is the N,O emissions from the soil with manure (kg N ha™'

yr '), and Ninp is the rate of total N input in the liquid manure (kg N ha ' yr ).

2.3.4 Soil sampling and analysis

Three or more composite topsoil samples (0—15 cm) were taken from each plot with a
push probe (2.5 cm i.d.) or an auger (3.5 cm i.d.) throughout the experiment in Edmonton and in
2015-2016 in Lacombe (Fig. 2-1, Fig. 2-2). Because of the uneven nutrient distribution created
by manure injection, soil samples for each fall plot were collected separately from the injection
bands and the noninjection areas when the soil sampling took place between manure injection in
the fall and the subsequent spring thaw. Likewise, soil samples from each spring plot were
collected separately when soil samples were taken between the manure injection in the spring
and the following harvest. The edges of the plots were avoided during sample collection. The
NH4—N and NO3;—N concentrations in the plots from separate soil samples were aggregated and
presented on the basis of specific percentage weights for the injection bands (8.2%) and the

noninjection area (91.8%).

Fresh soil samples were stored at 5°C before air drying. Air-dried soils were sieved (2
mm mesh) for further analyses. Soil texture, bulk density, pH (1:2 soil/water ratio), and 2 M
KCl-extractable NH4—N and NOs;—N were determined according to the standard methods
(McKeague, 1978; Carter and Gregorich, 2008). Total organic C and total N were determined via
dry combustion with a Costech Model EA 4010 Elemental analyzer (Costech International

Strumatzione, Florence, Italy) (Cunniff, 1996; Sparks et al., 1996). Extractable NH4—N and NOs—
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N in the filtrates were determined colorimetrically on a SmartChem 200 Discrete Wet Chemistry

Analyzer (Westco Scientific Instruments, Inc., Brookfield, CT).

2.3.5 Plant sampling, analysis, and calculations

Barley (Hordeum vulgare L.) for silage was planted at a rate 300 seeds m ~ on 24 May
2015 and 3 June 2016 at Lacombe, and 11 May 2015 and 14 May 2016 at Edmonton. Adjacent
seeding rows were spaced about 18 and 30 cm apart in Lacombe and Edmonton, respectively.
The barley variety Muskwa (Markert Sees Ltd., Alberta, Canada) and variety CDC Austenson

(SeCan, Ontario, Canada) were planted in Lacombe and Edmonton, respectively.

The aboveground biomass was removed on 11 Aug. 2015 and 19 Aug. 2016 in Lacombe
and 28 July 2015 and 15 Aug. 2016 in Edmonton with a forage harvester after the dough stage.
The harvested area in each experimental plot had a width of 0.6 m and a length of 2.0 to 4.5 m. A
subsample was taken from each plot then oven-dried at 60°C until a constant weight was
reached. The aboveground dry matter biomass was based on the oven-dry weight. The protein
content of the silage barley was assessed via a near-infrared reflectance spectroscopy (Roberts et

al., 2004).

Similar to EF4, the N use efficiency (NUE) and N uptake efficiency (NUEfY) of barley
were calculated to make the aboveground biomass and barley N content comparable among

different manure injections (Eq. [3] and Eq. [4]).

DMy, —DM_

1

NUE = ;
Ninp

[3]
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PN,, — PN,

NUEff = -
Ninp [4]

where NUE is the N use efficiency of barley (kg plant dry matter kg ' N), DM, is the

aboveground dry matter of barley from the manured soil (kg ha '), DM, is the aboveground dry
matter of barley from the nonmanured soil (kg ha '), Ninp is the amount of total N in the liquid
manure (kg N ha ™), NUESf is the N uptake efficiency of barley (kg plant N kg ' N), PN,,, is the
N uptake of barley for each treatment receiving manure (kg N ha™'), and PN, is the N uptake of

barley for the controls (kg N ha™').

2.3.6 Manure sampling and analysis

During manure injection, three samples of liquid manure were taken from the manure
without NI addition, the manure with DMPP, and the manure with nitrapyrin. A 2-L subsample
of each manure sample was then collected to quantify the total N, NH4—N, and water content in
the liquid manures (Peters et al., 2003). The samples were heated at 110°C until they had dried
and the water content was determined as the gravimetric weight lost. Ammonium was
determined by steam distillation into boric acid, followed by titration with a standard acid.
Samples were combusted at 900°C in the presence of O, and the combustion gases were then
reduced to N, which was subsequently separated in a gas chromatographic column and detected
by thermal conductivity to determine the total N (organic N and inorganic N) in a vario MACRO

instrument (Elementar, Langenselbold, Germany).

Half-hourly values of soil volumetric water content and soil temperature at depths of 10
and 20 cm were recorded during the experiment by Decagon 5TM sensors and EMS50 data

loggers (Decagon Devices, Inc., Pullman, WA). The average water-filled pore space (WPFS) at
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10- to 20-cm depth was calculated on the basis of the measured daily average volumetric water
content (VWC) and bulk density (Eq. [5]). The average WFPS values were displayed in Fig. 2-1a

and Fig. 2-2a only if they met the criterion that the daily average soil temperature was above

0°C.
VWC
WFPS = x 100,
b
Ps [5]

where WFPS is the water-filled pore space at 10- to 20-cm depth (%), VWC is the daily average
soil volumetric water content (cm cm ), py is the soil bulk density (g cm ) (Table 2-1), and p is

the soil particle density, with a value of 2.65 (g cm ™).

2.3.7 Statistical analysis

Statistical analyses were carried out in R version 3.1.3 (R Core Team, 2014). The data
were transformed to meet the assumptions of normality and homoscedasticity if necessary.
Significant differences in EF4, NUE, NUEff, annual cumulative N,O emissions, plant
aboveground dry matter yield, plant N uptake, soil NH4—N and NOs;—N among the treatments
were determined via one-way ANOVA (P <0.05) for a random effect model, as well as the
differences in total N, NH4—N, and water content in liquid manure among four injection times.
The interactive effect of year (first vs. second experimental year) x timing on EF4, NUE, and
NUEHT, and the effect of timing (fall vs. spring) % additives (manure only, DMPP, and nitrapyrin)

were examined via two-way ANOVA with interaction analysis (P < 0.05).
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2.4 Results

2.4.1 Precipitation and temperature

In Lacombe and Edmonton, the 30-yr average monthly temperatures from November to
March (defined as frozen months) were below 0°C and the temperatures from April to October
(defined as unfrozen months) were above 0°C (Table 2-2). During the experimental period, the
average frozen and unfrozen month temperatures in both locations increased by 0.6 to 4.0°C
compared with the corresponding average temperatures over 30 yr (Table 2-2). These increases
in temperature were greater in Edmonton than in Lacombe (Table 2-2). In the first experimental
year (2014 - 2015), the net cumulative snowfall was at least 56% higher than average in both
locations and the rainfall in the following unfrozen months was 15% and 43% lower than
average in Lacombe and Edmonton, respectively (Table 2-2). In the second experimental year

(2015 - 2016), snowfall was 20% lower and rainfall was 20% greater than average in Edmonton,

whereas precipitation varied only slightly in Lacombe (Table 2-2).

2.4.2 Manure characteristics

Total N (organic and inorganic N), NH4 - N, and water content in the liquid manure were
significantly different among the four injection timings (Table 2-3). At least 92% (w/w) of the
applied manures was water (Table 2-3). The total N (organic and inorganic N) varied from 245.2
to 521.1 kg N ha ' at Lacombe; 56.8 to 76.5% of the total N was in NH, — N form (Table 2-3).

The total N (organic and inorganic N) ranged from 380.7 to 458.1 kg N ha™' at Edmonton; 48.5

to 59.4% of the total N was NH4—N (Table 2-3).
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2.4.3 N;O production

Throughout the experimental period (October 2014—May 2017), increased N,O fluxes
typically occurred during the spring thaw and after liquid manure application in both locations
(Fig. 2-1d, Fig. 2-2d). In the late fall of 2016 (after harvest), there was another recognizable N,O
flux in Edmonton (daily N,O for 20 Oct. 2016 was 0.09 kg N ha ' across all treatments), which
was as pronounced as the N,O peaks observed during the spring thaw periods (N,O was 0.12 kg
N ha ' for 7 Apr. 2015, 0.07 kg N ha' for 15 Mar. 2016, and 0.10 kg N ha™' for 4 May 2017; Fig.

2-2d).

The two experimental years showed significantly different N>O EF, results in Lacombe
and Edmonton (Table 2-4). In the first experimental year, the annual N,O EF, for the fall manure
treatment without NI (FMW) was about four times greater than that of the spring manure
treatment without NIs (SMW) in both locations (Fig. 2-3a). The largest contribution to the total
annual N>O budget for the fall treatment came from the emissions occurring during the spring
thaw (~21-d duration), but the largest contribution to the spring treatments came from the
emissions in spring and summer (Fig. 2-3a). In the second experimental year, the annual N,O
EF4 for the SMW treatment in Lacombe was about four times greater than that of FMW but there
was no significant difference among the treatments in Edmonton (Fig. 2-3b). The emissions
cumulated during the spring thaw still made up the majority of total N,O emissions for the fall
treatments in Lacombe but not in Edmonton (Fig. 2-3b, Table 2-5). Relative to the substantial
N,O emissions under SMW during the spring and summer 2016 in Lacombe, the spring
application of DMPP significantly reduced cumulative emissions, though this inhibitory effect
was not observed with nitrapyrin (Fig. 2-3b). During the spring of 2017 in Lacombe, the

cumulative N,O emissions from spring-manured soils were numerically higher than those of the
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controls (Fig. 2-4). Likewise, higher emissions than the controls were also recorded for both fall-
and spring-manured soils in Edmonton, as expected. It is noticeable the overall emissions of the

spring-manured soils were higher than those of the fall-manured fields (Fig. 2-4).

2.4.4 Soil ammonium and nitrate

Before the field experiment (30 Sept. 2014), both soil NH4s - N and NO3;—N (at 0—15 cm)
were higher in Edmonton than Lacombe (i.e., NH4~N: 6.5 vs. 4.3 mg kg '; NO3—N: 21.0 vs. 9.9
mg kg '; Fig. 2-1b - ¢, Fig. 2-2b—c, Fig. 2-4a-b). At the end of the 2-yr experiment (12 Oct.
2016 in Lacombe and 30 Sept. 2016 in Edmonton), the NHs—N and NO;—N at 0- to 15-cm depth
decreased for the two control treatments, as did the average NH4—N for all manure treatments at
both locations; however, the NOs—N for all manure treatments increased to 27.5 and 14.5 mg kg
! on average in Edmonton and Lacombe, respectively (Fig. 2-1b—c, Fig. 2-2b—c, Fig. 2-4a—d).
Notably, from 12 Oct. 2016 to 16 May 2017, the soil NH4—N for the fall manure treatments in

Lacombe dramatically increased by more than 58.8% (Fig. 2-1b).

2.4.5 Plantyield and N uptake

Manure application largely increased the dry matter yield and aboveground N uptake of
barley compared with the controls, regardless of the location and year (Table 2-6). The effect of
injection timing and NIs on plant NUE and NUEff was not clear in either location in both
experimental years (Fig. 2-3c—f). However, the results for NUE and NUEff were significantly
different between the two experimental years (2015 vs. 2016) at both sites (Lacombe and
Edmonton) (Table 2-4). More specifically, both NUE and NUE(ff at both locations in the first

year were higher than in the second year on average across all treatments (e.g., N use efficiency
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in Lacombe was 12.5 and 6.2 kg dry matter dry kg' total N in the first and second years,

respectively; Fig. 2-3c—f), showing a potential residual effect across the two years of the study.
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2.5 Discussion

2.5.1 Effects of manure timing on annual N,O production and seasonal changes
The contrasting results for annual EF4 in response to manure timing in the two

experimental years reflects the different contributions of seasonal N,O emissions. This

demonstrates the impact of environmental conditions and their temporal changes on N,O

production. In the first experimental year (2014 - 2015), the significantly higher annual EF4 of

FMW relative to SMW in both locations was a result of increased N,O emissions during the
spring thaw for FMW, combined with limited N,O emissions during spring and summer for
FMW and SMW (Fig. 2-3a). The spring-thaw-induced N,O emissions were more dominant in the
first year than in the second year for soils receiving the fall manure injection, which could be
ascribed to the wetter soil conditions at the onset of spring in 2015 than in 2016 (Fig. 2-1a, Fig.
2-2a). During the frozen months (November—March), the first year’s snowfall exceeded the 30-yr
average in both locations but it was slightly lower than average in the second year (Table 2-2).
As the soil temperature gradually increased in spring, the accumulated snowpack started to melt
and the melting water infiltrated the thawing soil, leading to an increase in soil moisture content.
The magnitude of moisture increase was related to the snowfall over the previous months. In
Edmonton, the soil moisture content in early spring increased to ~60 to 80% WFPS, though it
only increased to ~25 to 40% WFPS in the second year (Fig. 2-2). Previous studies have found
that N,O production generally increases with increasing soil WFPS (Dobbie and Smith, 2003;
Schaufler et al., 2010) and the highest level of production was postulated to occur in the range of
70 to 80% WEFPS, depending on the soil type (Davidson et al., 1991; Davidson et al., 2000;
Butterbach-Bahl et al., 2013). Therefore, although the N substrates were sufficient for microbes

in the fall-manured soils at the beginning of the spring in both years, the N,O response to the
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spring thaw was more evident in the first year than the second owing to the more pronounced
increase in soil moisture. A controlled study by Adair et al. (2019) further substantiate the
suggestion that thawing of soils that had received manure injection led to increased N,O

production.

In addition to the higher N;O emissions observed during the spring soil thaw, higher
emissions were also discovered in soils shortly after the manure was applied, provided thT
temperature and moisture were favorable (Fig. 2-1, Fig. 2-2), as reported in previous studies
(Ruser et al., 2006; Cui et al., 2012; Weller et al., 2019). The substantial amount of N,O emitted
following the spring manure application in 2016 largely contributed to the higher annual EF4

under SMW than under FMW regardless of the location in the second year (2015 - 2016) (Fig.

2-3b). On one hand, the increased emissions in the second year were probably caused by the
occurrence of heavy rainfall, in contrast to the lack of rainfall in the first year (April-October;
Table 2-2). On the other hand, these high emissions were possibly caused by the increased NH4—
N and NO;—N availability for microbial activity, as suggested by the results for the second year
of liquid manure injection. Assuming that barley’s N uptake was consistent across growing
seasons, the higher NH4—N content of the liquid manure applied in spring 2016 (relative to spring
2015, Table 2-3) would have provided more substrates for nitrification and denitrification. As a
result, excess NH4—N and NO3;—N that was not used by the barley would be available for soil
microbes, ultimately producing more N,O emissions in moist soils after the spring manure

application in the second year (Fig. 2-1d, Fig. 2-2d, Fig. 2-3b).

As aerobic and anaerobic microsites coexist in unsaturated soils (<100% WEFPS), it is
highly possible that both nitrification and denitrification contributed to the intensive N,O

emission pulses observed in our study (Bateman and Baggs, 2005). As evidence of this, when
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WEFPS was above 60% during the spring thaw in 2015 (Fig. 2-2a), denitrification seemed to
become more significant as a result of decreases in the O, supply (Davidson and Schimel, 1995;
Ruser et al., 2006). In specific situations where the soil WFPS was above 80% (6 d had >80%
WEFPS in Edmonton, Fig. 2-2a), the probability of complete denitrification might increase with
an increasing proportion of anaerobic microsites, enlarging the fraction of N,O reduced to No,
hence decreasing N,O emissions (Bowman and Steltzer, 1998; Schindlbacher et al., 2004;
Meixner and Yang, 2006; Butterbach-Bahl et al., 2013). This might be an explanation for why
the N,O emissions produced during the very wet spring thaw in the first year of the study under
the FMW treatment in Edmonton was quantitatively equivalent to that produced during the
moderately wet spring thaw in the second year (i.e., 1.6 kg NO-N ha ' in the first year vs. 1.8
kg N,O-N ha! in the second year; Table 2-5, Fig. 2-3). However, this phenomenon was not
observed in Lacombe, possibly because the soil texture in Lacombe is sandier than that of
Edmonton (Table 2-1). With a higher fraction of sand, the soil in Lacombe provides better
drainage and aeration under wet conditions, thus reducing the proportion of anaerobic microsites
and the duration of anaerobic conditions, which, in turn, limited the occurrence of complete
denitrification. Thus, greater N,O emissions were generated during the wetter spring thaw in
Lacombe in the first year (Table 2-5, Fig. 2-3). Despite the fact that the dominant process of N,O
production could be conjectured simply on the basis of the circumstances at the time (i.e.,
WEPS), there is still little quantitative information about the proportions of concurrent

contributions of nitrification and denitrification to total N,O emissions.

In addition to the N>O flux generated during the spring thaw, the release of accumulated
N,O was considered as another source contributing to thaw-related emissions. Microbe-

facilitated nitrification and denitrification processes can be sustained at temperatures below or
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near 0°C in soils (Dorland and Beauchamp, 1991; Schimel et al., 2004; Clark et al., 2009; Wertz
et al., 2013), resulting in N,O formation (Teepe et al., 2001a; Gregorich et al., 2006). Once the
soil temperature started to increase in spring, N,O emissions accumulated below and within the
frozen layer during the winter consequently escaped from the soil profile (Risk et al., 2013).
Though the winter-generated N,O emissions have been recognized, their contribution to the
elevated N,O emissions in the early spring might be small, as supported by the low nitrification
and denitrification transformation rates observed in previous studies (Dorland and Beauchamp,

1991; Clark et al., 2009).

2.5.2 Effects of NIs on N,O emission reduction

Because of degradation, the ability of NIs to retard nitrification and thus eliminate
potential NO;—N losses (e.g., N,O) can persist for only a certain time. Therefore, the effect of
NIs on N»O reduction was discussed in the context of the related seasonal N,O reductions. No
matter what the level of soil moisture was (saturated or moderately moist), a numerical reduction
in total spring thaw N,O emissions through the application of NIs was consistently observed for
all fall manure applications (Fig. 2-3). This confirmed the long-term effectiveness of fall-applied
NIs subjected to a cold fall and a 6-mo freezing winter, showing evidence of limited degradation
under cool temperatures. In addition, similar spring thaw N,O emissions under FMW in
Edmonton were detected in both years but the magnitude of the N»O reduction induced by NIs
was greater in the second year, in which the soil was moderately moist in the early spring (Fig.
2-2, Fig. 2-3). The difference in N,O reduction might be caused by the difference in the
degradation rate of NIs, which may have been affected by different environmental conditions, in
particular the contrasting soil moisture contents (Keeney, 1980; Woodward et al., 2016). To the

best of our knowledge, it is still unclear how the degradation rates of different NI products
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respond to various soil moisture levels, particularly in fields with high nutrient availability and

near N saturation resulting from repeated manured additions.

Likewise, the numerical reductions in spring—summer N,O caused by NIs were detected
in the first year’s spring application at Lacombe and the second year’s spring application in
Edmonton (Fig. 2-3). However, this was not observed in the first year at Edmonton, when there
was an extremely dry growing season (spring — summer in Fig. 2-2) and most fluxes were
consistently low. Nitrification and denitrification were probably limited by the soil dryness
(Maag and Vinther, 1996; Del Prado et al., 2006), resulting in lower spring - summer N,O

emissions and an annual EF4 of 0.1 &+ 0.05 %, which was one order of magnitude lower than the
default EF, value (1%, with an uncertainty range of 0.3—3%) proposed by the Intergovernmental
Panel on Climate Change (De Klein et al., 2006). In other words, even though NIs’ active
principles can be functional in a dry year, there is no need to slow down nitrification, as this
process is already slow because of the soil dryness; these dry conditions are not conducive to N
losses anyway. However, relative to the positive control (SMW), the spring application with
DMPP and even the spring application with a reduced rate of nitrapyrin (i.e., lower than the rate
recommended on the commercial label) showed a tendency to reduce N,O emissions in the
spring and summer of 2015 at the Lacombe site (Fig. 2-3) under relatively dry conditions (Table
2-2), suggesting the effectiveness of NIs across a wide range of environmental conditions. We
suggest that the recommendations for NI application rates should be developed further and more

comprehensively by accounting for specific soil characteristics and varying weather conditions.

Given the consistent results of low annual N,O EF4 seen for certain treatments with NI

additions (e.g., fall application with DMPP vs. spring application with DMPP), the use of NIs
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offers the opportunity to minimize the differences and variations in N>O emissions induced by
different manure timings. The failure to narrow down the annual N,O difference between FMW
and SMW in the second year at Lacombe can be mainly attributed to the reduced rate of spring-
applied NI, as discussed above. This may also partly explain why the reduction in annual N,O by
NIs in the second year at Edmonton was not evident. Therefore, we hypothesize that the
application of NIs will result in reduced emissions and consistently low N,O emissions between
the fall and spring manure injections, as long as sufficient NIs are added into the soil. Further
investigation of these uncertainties is required under broader environmental and edaphic

conditions and with different NI formulations and rates.

2.5.3 Effect of 2 yr of repeated liquid manure injections on subsequent N dynamics

After the 2 yr of repeated additions of liquid manure to the same soil, residual effects
were discovered in terms of N>O emissions and soil mineral N (NHs—N and NO3;—N)
concentrations. The soils with obviously higher NOs—N concentrations (at 0—-30 cm) at the end of
the 2-yr experiment generated correspondingly larger N>O emissions during the following spring
thaw in 2017 (Fig. 2-4). These observations indicate the dominant role of denitrification for
spring thaw N,O emissions over nitrification. This is further supported by the soil moisture
conditions being favorable to denitrification during the same period, fluctuating between 60 and
80% WEFPS (Fig. 2-1, Fig. 2-2) (Davidson et al., 1991; Davidson et al., 2000). Our hypothesis is
also supported by an earlier study, in which denitrification was shown to be the main process
generating N»O in a fertilized sandy loam soil subjected to 76% WFPS and evaluated via the

!>N-labelling technique (Senbayram et al., 2009).

The increased NOs;—N concentrations observed in the upper soil layers at the end of

experiment could be a direct or indirect result of previously manure additions. It is noteworthy
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that the amount of liquid manure applied in our study was the maximum allowed by local
regulations. The total N and NH4—N loads applied via manure injections during the study
consistently far exceeded the crop N removed (Table 2-3, Table 2-6). With such high manure N
rates, the increased NO3;—N in the manured soils could be the residual N that originated from the
inorganic N in liquid manure that was not used by plants or lost to the environment via other
pathways. Likewise, the organic N present in the liquid manure additions could be another N
supply for a increased NOs;—N through mineralization and ammonification, as considerable
amounts of organic N were applied to the soils: ~124 and 186 kg organic N ha™' on average in
Lacombe and Edmonton, respectively. Chadwick et al. (2000b) measured the N mineralization
rates of various animal manures in an incubation experiment and reported that 12 and 27% of
organic N in dairy and swine slurry, respectively was mineralized after 199 d. Higher NO3;—N
concentrations were not observed in the soils receiving fall manure at Lacombe (Fig. 2-4) but an
apparently increased NH4—N level at a depth of 0 to 15 cm was discovered in the same field in
the next spring (Fig. 2-1). This delay in N availability and transformation might be evidence that
the organic N in the liquid manure was a source of the higher mineral N concentrations, as
different manure timings would result in mineralization taking place at different times.
Furthermore, a priming effect induced by the repeated manure additions might also be
responsible for the increased soil NH4—N and NOs—N. Earlier studies have found that the
addition of synthetic N fertilizers to soils caused priming effects, accelerating mineralization
(Westerman and Kurtz, 1973; Azam et al., 1993; Blagodatskaya et al., 2007; Chen et al., 2014)
and thus increasing the soil NH4—N and NOs—N availability. A recent report indicates that the

native soil N mineralization was ultimately increased by the addition of urea with or without NIs
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(Ma et al., 2015). More research is necessary to elucidate and address the priming effects on N

dynamics in soils receiving manure additions as a nutrient source.

2.5.4 Cumulative responses of plant NUE and NUEff

The N restricted from loss to the environment by NIs or by manure timing did not seem
to be beneficial for barley growth, according to the differences in plant NUE and NUEff (Table
2-7, Fig. 2-3). Our findings for NI treatments were in agreement with the results reported in two
meta-analysis studies, in which DMPP did not lead to a significant increase in crop yield when
used in conjunction with different fertilizer forms (Abalos et al., 2014; Yang et al., 2016). It
should be acknowledge that any N preserved in the soil system may easily be lost through other
pathways (instead of being taken up by plants) such as nitrate leaching, NH; volatilization,
complete denitrification, and immobilization (Hogberg et al., 2006; Senbayram et al., 2012). As
mentioned above, the manure N application rates were substantial and much higher than the
recommended rate for agronomic N (i.e., 45-112 kg N ha—") (Alberta Agriculture, Food and
Rural Development, 2004); therefore, the added N was more than enough to meet crop
requirements in all manure treatments, leading to nonsignificant differences in plant NUE and
NUEff among the treatments. In addition, we infer that the amount of N saved from loss to the
environment was too small to deliver a significant gain in crop productivity. For instance, across
all treatments, the proportion of N,O loss from the manure N (calculated as annual N,O EFy)
varied from 0.1 to only 2.4 % (Fig. 2-3). These annual N,O EF4 values in our study were
somewhat in line with the value reported by a meta-analysis, in which the EF for liquid manure
was about 1.12 + 0.18% for 149 observations, with a median N rate of 148 kg N ha™' (Charles et

al., 2017).
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In our study, the NUE for the FMW treatment was numerically higher than that for the
SMW treatment in all cases (Fig. 2-3), possibly indicating that barley seeds were damaged by the
manure injection operation in the spring. Thus, an alternative could be to apply manure
application prior to sowing to prevent any potential crop seed damages that would impact
productivity. In addition, the greater NUE seen under FMW than under SMW may also be
related to the amount of manure applied. In general, less manure N was applied in fall than in
spring (Table 2-3). This would have resulted in greater NUE under FMW than under the SMW
treatment if the crop N demand was satisfied and surpassed by both manure timing treatments,

which appears to have been the case.

Although there was no consistently significant difference in plant NUE and NUEff across
all scenarios, the NUE and NUEfT in the first year were significantly higher than in the second
year of manure application (Fig. 2-3). This could be explained, in part, by the detrimental impact
of excessive N input in the second year (Table 2-3). Previous studies have found a quadratic
relationship between N input and plant yield response (Schwenke and Haigh, 2016; Schlegel and
Havlin, 2017; Hijbeek et al., 2017). More specifically, plant yield increases with increasing N
input until it reaches a maximal yield response; after this, the yield reaches a plateau or decreases
with any further increase in N input. In our study, the plant-available NH4—N present in the liquid
manure applied in the second year was higher than in the first year for each manure timing
treatment in both locations (Table 2-3). The amount of manure NH4—N in the second year
seemed to be too great to optimize yield; hence, the general tendency of NUE and NUE(ft to
decrease from the first to the second year was seen in our study. Furthermore, the increased soil
N availability during the second year also corresponded to the cumulative effects of recurring

manure additions on accelerated N dynamics in these soils with a known high fertility baseline.
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2.6 Conclusions

The responses of annual and seasonal N,O emissions to the timing of manure injection
combined with NI additions differed between the two consecutive experimental years. In the
absence of NIs, the fall manure application showed significantly greater annual N,O emissions
than the spring application in the first year, whereas higher N,O emissions were observed for the
spring application in the second year. This can mostly be attributed to differences in the weather
between the two experimental years. Based on our observations, three out of four cases (two
locations x 2 yr) experienced abnormal yearly weather, potentially altering the annual and
seasonal distribution of N,O losses. This implies the possibility of a strong feedback loop
between escalating climate change and global N»O sources and sinks, suggesting that further
efforts to explore effective N,O mitigation strategies adapted to future climate change are

necessary.

Obvious N,O reductions resulting from by the addition of NIs was only discovered in
circumstances where the edaphic conditions facilitated accelerated nitrification and
denitrification, such as moist conditions combined with above-zero soil temperatures. because of
the effective reduction in the early-season N,O emissions, which were the major contributors to
the annual budget, the annual N,O emissions from the fall manure applications were consistently

low as those from the corresponding spring application. Different levels of spring — summer N,O

reduction by nitrapyrin were observed in Lacombe between the two experimental years,
indicating the influence of environmental factors on NI degradation and the importance of using
an appropriate NI application rate. Accordingly, further efforts to better understand the optimal

NI rates under various soil conditions are needed.
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Residual effects during the spring period after2 yr of repeated manure injections were
evident in the form of higher elevated N,O emissions and abundant recovered soil NOs—N,

suggesting a possible soil priming effect caused by earlier manure additions.
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2.9 Tables

Table 2-1. Soil physical and chemical properties (0-15c¢m) prior to the treatment establishment in Lacombe and

Edmonton.
Properties Lacombe Edmonton
Classification (U.S.) Udic Boroll subgroups Udic Boroll subgroups
Classification (Canada) Black Chernozem Black Chernozem
Texture (0—15 cm) Clay loam Clay
Clay (%) 32.0+0.5" 47.0+1.2
Silt (%) 36.4+1.3 36.0+0.3
Sand (%) 31.7+14 17.0+1.0
Organic C (gkg ™) 58.3+2.1 64.7+2.8
Total N (g kg™) 5.1+0.2 6.1+0.2
Ammonium (mg N kg™ 4.3+0.3 6.5+£0.2
Nitrate (mg N kg™!) 9.9+0.5 21.0£1.5
Bulk density (g cm™) 1.22+0.03 1.11+0.06
pH 7.0£0.1 6.1£0.2

1 The number following the & symbol indicates the standard error.
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Table 2-2. Monthly air temperature and monthly cumulative precipitation in Lacombe and Edmonton during the
experimental period (October 2014-May 2017) with average monthly values (1981-2010).

Lacombe Edmonton
30-yr 30-
Value Vah}:er:
2014— 2015— 2016— s 2014— 2015- 2016—
Months (1?81 2015% 2016 2017 (1981 2015 2016 2017
20; 0) 2010)
Average temperature
°C
Oct. 4.1 59(+H)§ 4.2 7.5(+)
Nowv. 4.5 -7.3(-) —4.1(+) 05(+) 44 —6.7(-) -1.7(+) 1.4(+)
Dec. -10.1 —6.9(+) 8.0(+) -133(-) -88 —6.1(+) 8.0(+) -11.1(-)
Jan. -10.9 -8.5(+) -10.3(+) -10(+) -11.7 —6.7(+) -8.2(+) —7.9(+)
Feb. -8.7 -9.1(-) —4.1(+) -88(-) 85 -8.5(-) -1.5(+) —6.6(+)
Mar. =35 -0.1(+) 2.0(+) -5.2(-) -4 1.1(+) 2.0(+) —4.8(-)
Frozen month average| =75 -64(1.2) 5.5 -7.3 -75 -54(@2.1) -354.0) -58(1.7)
(changes)# 2.1) 0.2)
Apr. 4.2 5(+) 7.9(+) 2.9(-) 5 6.5(+) 8.9(+H) 3.4(-)
May 9.7 10.3(+) 10.6(+) 12.5(+) 10.8 12.1(+) 12.8(+) 14.0(+)
June 13.7 15.4(+) 15.7(+) - 15.1 17.2(+) 17.2(+) -
July 15.9 16.9(+) 16.3(+) - 17.5 19.2(+) 18.2(+) -
Aug. 15.0 15.6(+) 15.3(+) - 15.9 17.9(+) 17.2(+) -
Sept. 9.9 9.3(-) 9.9(-) - 11 10.7(-) 11.6(+) -
Oct. 4.1 5.8(+) 1.1-) - 4.2 7.8(+) 23(-) -
Unfrozen month averagey 104 11.2(0.8) 11.0 7.7 114 13.0(1.7) 12.6(1.2) 8.7 (0.8)
(changes)# (0.6) 0.7)
Cumulative precipitation
mm
Oct. 19.7 10.2(-) 20.4 9.4(-)
Nov. 14.6 29(+) 8.8(-) 12.0(+) 16.8 29.6(+) 12.5(-) 12.0(-)
Dec. 10.8 6.1(-) 12.2(+) 16.8(+) 9.3 3.8 8.5(-) 11.1(+)
Jan. 14.8 21.0(+) 13.5(-) 7-) 14.5 21.0(+) 8.6(-) 7.4(-)
Feb. 9.5 18.7(+) 9.5(-) 17.5(+) 9.9 24.4(+) 7.8(-) 14.2(+)
Mar. 14.4 23.0(+) 16.4(+) 19.5(+) 13.5 23.0(+) 13.6(+) 19.1(+)
Frozen month averageq 64.0 99.8 60.4 76.6 64 101.8 51.0 63.8
(changes)# (35.8) (-3.6) (12.6) (37.8) (-13.0) (-0.2)
Apr. 22.0 11.8(-) 14.6(-) 24.7(+) 27 6.9(-) 10.2(-) 73.3(+)
May 54.9 23.3(-) 78.3(+) 45.5(-) 53.7 19.4(-) 112.6(+) 53.8(+)
June 78.4 71(-) 26.8(-) - 73.8 24.9(-) 61.2(-) -
July 94.9 108.5(+)  119.6(+) - 101.1 67.4(-) 112.7(+) -
Aug. 61.9 48.2(-) 67.3(+) - 73.7 26.5(-) 105.2(+) -
Sept. 40.3 47.3(+) 31.4(-) - 39.1 63.4(+) 23.6(-) —
Oct. 19.7 13.0(-) 35.3(+) - 204 13.0(-) 39.9(+) -
Unfrozen month averageq 372.0 316.1 373.3 70.2  388.8 2214 465.4 127.1
(changes)# (-55.9) (1.3) (-3.3) (-167.4) (76.6) (23.2)

1 The 30-yr average values are from Government of Canada (2018).

1 The monthly air temperature and precipitation data are from Alberta Agriculture and Forestry (2018a).

§ +, increase compared with the corresponding 30-yr average value; —, decrease compared with the corresponding 30-yr average

value.
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4 The months were split into frozen (November—March) and unfrozen (April - October) months according to the 30-yr
temperature values.

# Numbers in brackets represent the changes in average temperature or cumulative precipitation over the frozen and unfrozen
months compared with the corresponding 30-yr values.

11 These values are the average temperature or cumulative precipitation for April and May 2017.
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Table 2-3. Mean total N (organic and inorganic N), NH,—N, and water content (with standard errors) in the liquid manure
applied at four different times in 2014-2016.

Injection timing Lacombe Edmonton
Total N
kg ha™'
Fall 2014 2452 +34.8ct 380.7 £ 6.7b
Spring 2015 405.8 £5.4b 399.1 +11.4b
Fall 2015 315.6 +54.2bc 402.7 +£21.4b
Spring 2016  521.1 +7.1a 458.1 £9.5a
NH,~N
kg ha!
Fall 2014  161.9+0.1d 216.7+£0.7b
Spring 2015 230.6 £0.1b 193.6 £ 1.5¢
Fall 2015 199.8 £2.8¢c 212.9+£0.8b
Spring 2016 ~ 398.8 £2.5a 272.1 +£5.6a
H,O
% W/W
Fall 2014 98.7+0.1a 91.8+0.8b
Spring 2015 97.7 £ 0.2ab 92.9 +0.1ab
Fall 2015 97.9+0.7a 93.6+0.1a
Spring 2016 96.5+0.1b 91.9+0.2b

+ Different letters indicate significant differences among the four manure application timings at each location (P < 0.05).
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Table 2-4. ANOVA results for the year and treatment effects on N,O emission factors, N use efficiency, and N uptake
efficiency in Lacombe and Edmonton.

Lacombe

Edmonton

F-value

p-value

F-value

p-value

Yeart
Treatment}

Year x treatment

Year
Treatment

Year x treatment

Year
Treatment

Year x treatment

6.282
3.898
7.659

43.926
3.038
1.602

9.751
1.582
2.827

N,O emission factors

0.017* 18.193
0.007* 0.664
<0.001**  0.599

N use efficiency

<0.001**  13.334
0.023* 2.161
0.187 0.446
N uptake efficiency
0.004* 43.502
0.193 0.663
0.031* 0.711

<0.001**
0.655
0.701

0.001*
0.096
0.811

<0.001**
0.655
0.621

* P<0.05; ** P<0.001;
T Year indicates the first (2014-2015) and second (2015-2016) experimental years.

1 Treatments included six manured treatments, including fall application of liquid manure with the inhibitor 3, 4-
dimethylpyrazole phosphate (DMPP), fall application of liquid manure with the inhibitor nitrapyrin, fall application of liquid
manure without inhibitors, spring application of liquid manure with the inhibitor DMPP, spring application of liquid manure with
the inhibitor nitrapyrin, and spring application of liquid manure without inhibitors.
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Table 2-5. Annual cumulative N,O emissions (AnCumN,O, in kg N ha™) and its seasonal proportions (in %) in Lacombe and Edmonton during the two experimental

years.
Edmonton
Treatment _ Proportion of AnCumN,O AnCumN,0 Proportion of AnCumN,O AnCumN,0
Fallf Spring thaw Spring—summer Fall Spring thaw Spring—summer
2014-2015
Start date 7 Oct. 2014 27 Mar. 2015 18 Apr. 2015 7 Oct. 2014 1 Oct. 2014 27 Mar. 2015 17 Apr. 2015 1 Oct. 2014
End date 31 Oct. 2014 17 Apr. 2015 6 Oct. 2015 6 Oct. 2015 31 Oct. 2014 16 Apr. 2015 30 Sept. 2015 30 Sept. 2015
Duration (d) 25 22 172 31 21 167
CZ% 0.5 61.5 38.0 0.3 £0.1b§ 43 60.1 355 0.6 +0.4b
FMD 19.2 70.4 10.4 1.2+0.2b 13.0 65.9 21.1 1.8 +0.6ab
FMN 13.9 80.4 5.7 2.6+0.7b 21.1 63.9 15.0 2.2+1.0a
FMW 11.0 84.4 4.6 6.2+32a 17.9 68.9 132 2.3+0.7a
CT 0.5 69.4 30.1 0.3+£0.1b 3.0 80.3 16.7 0.6 =0.1ab
SMD 0.2 315 68.3 0.9+0.2b 1.8 49.1 49.1 1.0 +£0.1ab
SMN 0.1 15.6 84.3 1.8+£0.4b 1.3 35.0 63.7 1.4 +0.2ab
SMW 0.1 10.7 89.2 2.7+0.7b 1.9 51.2 46.9 1.0+ 0.2b
20152016
Start date 29 Sept. 2015 29 Mar. 2016 21 Apr. 2016 29 Sept. 2015 8 Oct. 2015 15 Mar. 2016 9 Apr. 2016 8 Oct. 2015
End date 4 Nov. 2015 20 Apr. 2016 3 Nov. 2016 3 Nov. 2016 12 Nov. 2015 8 Apr. 2016 20 Oct. 2016 20 Oct. 2016
Duration (d) 37 23 197 36 25 195
(074 1.5 70.2 28.3 0.6+0.2c 3.9 16.4 79.7 1.9+£0.5b
FMD 11.2 51.8 37.0 1.3 £0.3bc 7.9 24.0 68.1 5.2 +2.4ab
FMN 9.0 64.6 26.4 1.9+£0.2bc 3.5 18.2 78.4 8.1 £4.8ab
FMW 14.9 59.6 255 2.3 £0.8bc 6.5 28.8 64.7 6.1 +1.2ab
CT -0.1 64.5 35.6 0.5+0.1c 1.0 13.3 85.8 2.3+0.1b
SMD 0.1 5.5 94.4 55+ 1.7b 0.7 13.1 86.3 5.5+0.1ab
SMN 0.0 1.1 98.8 12.6 £1.8a 0.3 10.3 89.4 7.3 £ 1.4ab
SMW 0.0 2.8 97.2 11.2+3.3a 0.6 4.7 94.6 99+3.1a

+ Fall, spring thaw, and spring—summer correspond to F, ST, and SS, respectively, in Fig. 2-1d and Fig. 2-2d.
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1 CT, control treatment where the soil was disturbed by liquid manure application; CZ, control without disturbance; FMD, fall application of liquid manure with the inhibitor 3, 4-
dimethylpyrazole phosphate (DMPP); FMN, fall application of liquid manure with the inhibitor nitrapyrin; FMW, fall application of liquid manure without inhibitors; SMD, spring
application of liquid manure with the inhibitor DMPP; SMN, spring application of liquid manure with the inhibitor nitrapyrin; SMW, spring application of liquid manure without
inhibitors.

§ Different letters indicate significant differences among the eight treatments in each location in a year (P < 0.05).
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Table 2-6. Barley aboveground dry matter and N uptake (with standard errors) in Lacombe and Edmonton in both years.

Harvest 2015+ Harvest 2016
Treatment
Lacombe Edmonton Lacombe Edmonton
Aboveground dry matter
kg ha!

CZ% 2946.4 +260.8d§ 4410.6 £ 470.4cd 3360.3 +£171.3d 2759.6 +213.8b
FMD 5865.5 +200.7¢ 7996.7 + 559.5a 5626.3 = 549.8ab 5675.7 +330.1a
FMN 6072.4 +393.2bc 7794.7 £ 891.2a 6121.6 £212.1a 4118.1 + 805.3ab
FMW 6691.2 + 387.5abc 7896.7 £ 99.5a 5401.1 £216.7ab 5366.6 = 994.3a

CT 2416.5 £365.4d 3688.9 +189.5d 2086.2 + 88.0¢ 3347.8 +£434.5b
SMD 7414.4 +£295.5a 7042.5 +378.9ab 4968.1 +284.5bc 4208.2 +720.9ab
SMN 7018.4 £ 401.1ab 6908.5 + 893.0ab 4915.3 £639.8bc 4361.6 + 482.6ab
SMW 7078.9 +452.9ab 5942.5 +£256.5bc 4210.4 £470.5¢d 4337.8 +730.9ab

N uptake
kg ha!

(674 353+1.4d 63.8 + 8.8¢c 26.7+3.2d 26.8 £2.6b
FMD 78.7 +3.2¢ 1432 +8.7a 73.9 +7.4bc 47.2 £ 6.4ab
FMN 88.8 £ 6.1bc 134.0 £ 13.4ab 88.1 £4.3ab 52.4 £ 16.0ab
FMW 95.8 +2.8b 143.8+2.8a 63.4 +£6.0b 593+11.3a

CT 33.1+3.6d 563+ 1.3c 242 +1.9d 28.3+3.8b
SMD 138.6 £5.7a 132.7 £ 4.7ab 106.9 +5.8a 52.8 £9.6ab
SMN 126.6 £8.3a 126.8 + 17.6ab 97 +10.6a 49.9 £4.5ab
SMW 133.1+8.2a 110.4 + 6.8bc 91.5 £ 8.3ab 61.8+10.7a

+ Data from the harvest 2015 (the first year) have previously been shown in Lin et al. (2017).
1 CT, control treatment where the soil was disturbed by liquid manure application; CZ, control without disturbance; FMD, fall application of liquid manure with the inhibitor 3, 4-
dimethylpyrazole phosphate (DMPP); FMN, fall application of liquid manure with the inhibitor nitrapyrin; FMW, fall application of liquid manure without inhibitors; SMD, spring
application of liquid manure with the inhibitor DMPP; SMN, spring application of liquid manure with the inhibitor nitrapyrin; SMW, spring application of liquid manure without

inhibitors.

§ Different letters indicate significant differences among the eight treatments in each location in a year (P < 0.05).
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2014-2015 2015-2016
Lacombe Edmonton Lacombe Edmonton
F-value p-value F-value p-value F-value p-value F-value p-value
Emission factors
Timingt 2.870 0.189 7.515 0.111 15.110  0.030*  0.007 0.943
Addition 3.390 0.068 1.511 0.278 11.242  0.002* 1.998 0.198
Timing x addition  1.456 0.272 0.543 0.601 5.344  0.022* 1.408 0.299
N use efficiency
Timing 2.639 0.203 1.356 0.364 8.119 0.065 2.848 0.234
Addition 1.304 0.307 0.531 0.608 1.504 0.261 4.195 0.057
Timing x addition ~ 2.542 0.120 0.494 0.628 0.315 0.736 5.471 0.032%*
N uptake efficiency
Timing 3.237 0.170 3.400 0.207 0.498 0.531 0.198 0.700
Addition 1.414 0.281 0.811 0.478 2.880 0.095 1.010 0.406
Timing x addition ~ 3.224 0.076 1.349 0.313 1.992 0.179 0.126 0.883

* P <0.05
+ Timing includes the fall and spring manure injections.
1 Addition includes the manure without NI addition, manure with nitrapyrin, and manure with DMPP.

Table 2-7. ANOVA results of application timing and nitrification inhibitor (NI) effects on the emission factors, N use efficiency and N uptake efficiency in Lacombe and
Edmonton in two experimental years.
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Fig. 2-1. (a) Daily average air temperature, daily cumulative precipitation, daily average soil temperature (10—20 cm), and
daily average soil moisture content (10—20 cm); (b) soil ammonium at 0- to 15-cm depth; (c) soil nitrate at 0- to 15-cm
depth; and (d) daily N2O flux in Lacombe from October 2014 to May 2017. Error bars correspond to one standard error
(three replicates). the numbers 1, 2, 3 and 4 in the inverted triangles correspond to the time of fall manure application,
seeding, spring manure application and harvest, respectively. Dashed horizontal lines represent the baseline levelsof soil
NH,-N and NOs—N concentrations before the treatments were applied. F, fall; ST, spring thaw; SS, spring—summer. The
subscripted numbers correspond to the frequency of flux measurements. CT, control treatment where the soil was
disturbed during liquid manure application; CZ, control without disturbance; FMD, fall application of liquid manure
with the inhibitor 3, 4-dimethylpyrazole phosphate (DMPP); FMN, fall application of liquid manure with the inhibitor
nitrapyrin; FMW, fall application of liquid manure without inhibitors; SMD, spring application of liquid manure with
the inhibitor DMPP; SMN, spring application of liquid manure with the inhibitor nitrapyrin; SMW, spring application of
liquid manure without inhibitors. Data from October 2014 to September 2015 have previously been presented in Lin et al.
(2017)
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Fig. 2-2. (a) Daily average air temperature, daily cumulative precipitation, daily average soil temperature (10—20 cm), and
daily average soil moisture content (10-20 cm); (b) soil ammonium at 0- to 15-cm depth; (c) soil nitrate at 0- to 15-cm
depth; and (d) daily N2O flux in Edmonton from October 2014 to May 2017. Error bars correspond to one standard
error (three replicates). The numbers 1, 2, 3 and 4 in the inverted triangles correspond to the time of fall manure
application, seeding, spring manure application, and harvest, respectively. Dashed horizontal lines represent the baseline
level of soil NH,—N and NO;—N concentrations before the treatments were applied. F, fall; ST, spring-thaw; SS, spring—
summer. The subscripted numbers correspond to the frequency of flux measurements. CT, control treatment where the
soil was disturbed by liquid manure application; CZ, control without disturbance; FMD, fall application of liquid manure
with the inhibitor 3, 4-dimethylpyrazole phosphate (DMPP); FMN, fall application of liquid manure with the inhibitor
nitrapyrin; FMW, fall application of liquid manure without inhibitors; SMD, spring application of liquid manure with
the inhibitor DMPP; SMN, spring application of liquid manure with the inhibitor nitrapyrin; SMW, spring application of
liquid manure without inhibitors. Data from October 2014 to September 2015 have previously been presented in Lin et al.
2017).
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Fig. 2-3. Annual N,O emission factors in the (a) first and (b) second experimental years, barley N use efficiency in the (c)
first and (d) second experimental years, and plant N uptake efficiency in the (e) first and (f) second experimental year in
Lacombe and Edmonton. Different letters indicate significant differences among the treatments in each location in a year
(P < 0.05). Nitrogen use efficiency and uptake efficiency were calculated via Eq. [2], Eq. [3], and Eq. [4], respectively. CT,
control treatment where the soil was disturbed by liquid manure application; CZ, control without disturbance; FMD, fall
application of liquid manure with the inhibitor 3, 4-dimethylpyrazole phosphate (DMPP); FMN, fall application of liquid
manure with the inhibitor nitrapyrin; FMW, fall application of liquid manure without inhibitors; SMD, spring
application of liquid manure with the inhibitor DMPP; SMN, spring application of liquid manure with the inhibitor
nitrapyrin; SMW, spring application of liquid manure without inhibitors.
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a. Soil ammonium in Lacombe (start vs. end) b. Soil ammonium in Edmonton (start vs. end)
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Fig. 2-4. Soil ammonium and nitrate concentrations at different depths prior to the experiment and at the end of the 2-yr
experiment (a—d) and total N,O emissions accumulated during the spring of 2017 after the end of the 2-yr experiment in
(e) Lacombe and (f) Edmonton. The soil samples prior to the experiment were collected on 30 Sept. 2014 in both locations.
The soil samples at the end of the 2-yr experiment were collected on 12 Oct. 2016 and 30 Sept. 2016 in Lacombe and
Edmonton, respectively. Different letters indicate significant differences among the treatments in each location in a year
(P <0.05). The comparisons for soil NHs-N and NO3;-N among treatments at different depths in both locations among
treatments are in supplementary (S1). Note the different y-axis scales across panels. BE, before the experiment; CT,
control treatment where the soil was disturbed by liquid manure application; CZ, control without disturbance; FMD, fall
application of liquid manure with the inhibitor 3, 4-dimethylpyrazole phosphate (DMPP); FMN, fall application of liquid
manure with the inhibitor nitrapyrin; FMW, fall application of liquid manure without inhibitors; SMD, spring
application of liquid manure with the inhibitor DMPP; SMN, spring application of liquid manure with the inhibitor
nitrapyrin; SMW, spring application of liquid manure without inhibitors.
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3.1 Abstract

Application of nitrification inhibitors (NI) coupled with fertilizers can successfully
reduce N losses. However, previous studies have found the NI effectiveness can be impacted by
variations in edaphic and environmental conditions. Laboratorial incubations were conducted in
Black Chernozemic (BC) and Gray Luvisolic (GL) soils to determine the effects of soil water
content and NI application rates on the efficacy of two NIs — 2-chloro-6-(trichloromethyl)
pyridine (nitrapyrin) and 3,4-dimethylpyrazole succinic acid isomeric mixture (DMPSA) — by
evaluating nitrous oxide (N,O) production, soil NH4-N and NOs-N concentrations. The N,O
emission reduction caused by NIs was minimal at 40% WFPS, while the NI reduction effect
became evident at higher water contents, with an averaged reduction of 60% and 56% at 60%
and 80% WEFPS of GL soil, respectively; an averaged reduction of 58% at 60% WFPS of BC soil
was seen as well. The ineffective emission reduction at 80% WFPS of BC soil was very likely
due to the rapid NI degradation under moist conditions in this carbon-rich soil. Focusing on the
N,O emission reduction and nitrification inhibition by NIs, as soil moisture content rose from 60
to 80% WFPS, the more efficient NI rate correspondingly increased from 0.25 to 1.0 kg a.i. ha™
for nitrapyrin and from 0.25 to 0.75 kg a.i. ha™ for DMPSA in both soils. Although texture
differences between the two contrasting soils were not explicitly reflected on the most efficient
NI rate, the faster NI degradation rate at 80% WFPS in the BC soil implies a greater NI rate
required for soils with higher clay and organic matter contents. In sum, our study provided
evidence of how soil moisture content, NI application rates and soil types influenced the efficacy
and longevity of NIs and will help with improving strategies to reduce N losses from agricultural

systems with NI implementation.
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3.2 Introduction

Nitrous oxide (N,O), as an important greenhouse gas, has a global warming potential that
is 310 times higher than carbon dioxide and persists for more than 100 years in the atmosphere
(Forster et al., 2007). It is also an important substance related to ozone destruction
(Ravishankara et al., 2009). Given the facts of intensification in arable land use and N fertilizer
additions, the atmospheric concentration of N,O dramatically increased by 19% in 2011 on a
concentration basis of 1750 and is expected to continue increasing (Reay et al., 2012; Myhre et
al., 2013). Arable soils receiving manure and fertilizers are a major source of the global
anthropogenic N,O emissions, accounting for about 40% of the worldwide N,O budget
(Intergovernmental Panel on Climate Change, 2007). N,O is mainly derived from both aerobic
autotrophic nitrification as a byproduct and anaerobic denitrification as an intermediate product,
and both processes are related to soil microbial metabolic activities (Butterbach-Bahl et al.,

2013).

Adding NIs and fertilizers to the soil provides a technique to improve N fertilizer use
efficiency. It has been well documented that NIs successfully inhibited nitrification, and
consequently reduced N,O emissions and NOs-N leaching (Slangen and Kerkhoff, 1984;
McCarty and Bremner, 1989; Dittert et al., 2001; Irigoyen et al., 2003; Di et al., 2009a; Lin et al.,
2017; Huérfano et al., 2018; Guardia et al., 2018). 2-chloro-6-(trichloromethyl) pyridine
(nitrapyrin) has been a widely used commercial NI over the past years (Subbarao et al., 2006;
Burzaco et al., 2013). 3,4-dimethylpyrazole succinic acid isomeric mixture (DMPSA) has been
recently studied as a newly re-formulated, effective NI in reducing N,O emissions (Huérfano et
al., 2016; Pacholski et al., 2016; Guardia et al., 2018; Huérfano et al., 2018; Recio et al., 2019).
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Both belong to copper-selective chelating compounds that aim to remove the co-factor of
ammonia monooxygenase, an enzyme responsible for the first step of nitrification (NH; " to NO,~
), hence preventing the NH4-N oxidation (Ruser and Schulz, 2015). In this manner,
denitrification and NOs-N leaching would be further indirectly suppressed by limiting the
substrate NOs3-N. 3,4-dimethylpyrazole phosphate (DMPP), a DMP-based inhibitor, was reported
to effectively inhibit nitrification at low concentrations of 0.5-1.0 kg active ingredient (a.i.) ha™
(Zerulla et al., 2001), which was lower than the recommended rate of nitrapyrin (Lin et al.,
2017). Pacholski et al. (2016) and Guardia et al. (2018) stated that DMPSA would have less
volatilization and be prolonged in the soil due to the combination with succinic acid. Thus,

DMPSA should hypothetically still be an efficient inhibitor at a lower concentration.

The NI inhibitory effect on N>O production has been shown to greatly depend on
environmental and edaphic factors such as soil temperature, moisture contents, and soil texture.
Several studies have found that the persistence of NIs decreased with increasing temperature
(Irigoyen et al., 2003; Kelliher et al., 2008). In an incubation study, Chen et al. (2010) found that
the N,O emission reduction due to the addition of DMPP was lower at 40% than at 60% WFPS,
indicating the dependence of NI effectiveness on soil moisture content. Another study examined
the effects of temperature and moisture on DMPP efficiency in reducing N>O emissions
(Menéndez et al., 2012). It found that the NI efficacy decreased with temperature at 40% WFPS,
while it completely reversed at 80% WFPS. Besides environmental factors, McGeough et al.
(2016) provided evidence that the efficacy of NI dicyandiamide (DCD) was greatly impacted by
soil texture, with a negative correlation to soil clay content, total N and organic matter. Most

studies focused on the effect of a single factor on NI efficacy; however, there is little information
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available about the combined effect of multiple factors such as texture and moisture contents.
Additionally, increasing the rate of NI itself showed increases in the half-life of the inhibitor
(Singh et al., 2008). Based on this information, it could be speculated that increasing the NI rate
would be a beneficial technique to improve the NI efficacy; nevertheless, there is still a lack of
knowledge about to what extent the increased NI rate would successfully inhibit nitrification and

reduce N,O emissions.

The main objectives of this study were to investigate the performance of NIs under a
wide range of soil moisture contents in two contrasting soils, and to examine how different NI
application rates influence the NI efficacy and the longevity of their effectiveness under various
soil moisture contents. Moreover, since the NIs have been shown to be impacted by soil moisture
content (Chen et al., 2010; Menéndez et al., 2012), in this work we also explored the hypothesis
that the lowest NI application rate that efficiently inhibits nitrification and reduces N,O

emissions would increase with increasing soil water content.
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3.3 Materials and methods

This study was implemented in two laboratory incubation experiments. With the aim of
gaining general insights about NIs effectiveness, incubation A addressed whether the two NIs
(i.e., nitrapyrin and DMPSA) could efficiently reduce N,O emissions at both low and high
application rates relative to control protocols and among three distinct water contents in two
contrasting soils. Moreover, incubation B further focused on the performance of NIs at a more
specific range of multiple application rates with the aim of identifying the optimum NI rates

under the same combinations of moisture contents X soils (3 x 2) as in incubation A.

3.3.1 Collection and preparation of soil and manure

Two contrasting soils were collected in June 2016 from two agricultural experimental
sites in Alberta, Canada: the South Campus Research Farm in Edmonton (53°29°30°°N,
113°31°53°’W) and the Classical Breton Plots (53°05°24°°N, 114°26°39°°W). The typical
management for the Black Chernozemic soil (BC) in Edmonton was annual barley (Hordeum
vulgare L.) without historic manure or fertilizer additions for at least five years prior to the
collection. The Gray Luvisolic soil (GL) was from a control barley/hay plot within the Classical
Breton site that had, since 1930, been following a five-year rotation cycle of wheat (Triticum
aestivum), oats (Avena sativa L.), barley/hay, hay and hay (Kiani et al., 2017). Based on the
historical records from the local weather stations (Government of Canada, 2018), the long-term
mean annual air temperature was 3.5 and 4.2 °C, and the mean annual precipitation was 452.8

and 473.6 mm in Edmonton (1981-2010) and Breton (2002-2018), respectively.

Top soils (0-15 cm) were randomly taken from 5-6 sampling spots (surface area of each

spot: ~20 x 20 cm?) within the selected field plots. Each soil was mixed well and passed through
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an 8-mm mesh to remove large plant residuals and rocks, resulting in a homogeneous soil.
Subsamples from each soil were dried at 105 °C for at least 24 h to check if the remaining soil
moisture was below 0.17 g g, which was equivalent to about 32% water-filled pore space
(WEPS) for a bulk density of 1.1 g cm™. The BC soil was spread out (5-6 cm in thickness) to be
air dried at room temperature (~20 °C) until it satisfied the moisture requirement. After both soils
attained the moisture requirement, a subsample from each soil was then air dried and sieved (2-
mm mesh) for further chemical and physical analyses (Table). Before the pre-incubation, the
soils were stored at 5°C, except during the period of necessary air drying mentioned above. Two
baskets (of about 4-5 L each) of liquid dairy manure were collected from the Dairy Research &
Technology Center in Edmonton, AB, Canada in June 2016. These two baskets of manure were
mixed in a big, clean container and stirred by a spoon to ensure homogeneity. Then the manure
was redistributed into the two baskets and stored at 5 °C. Prior to the additions in both
incubations, the liquid manure was completely mixed and subsamples were taken for further

property analyses (Table 3-2).

3.3.2 Incubation A design

Incubation A was conducted using the following treatments under 40, 60 and 80% WFPS
for each soil: (1) CT: control with no manure and NI additions; (2) MO: liquid manure only; (3)
MNO.25: liquid manure + nitrapyrin (Corteva Agriscience™, Agriculture Division of
DowDupont™, Canada) at a rate of 0.25 kg a.i. ha™! (equivalent to 1.67 % 10 mg a.i. kg'1 soil);
(4) MN11.5: liquid manure + nitrapyrin at a rate of 1.5 kg a.i. ha™ (equivalent to 1.00 x 10~ mg
a.i. kg soil); (5) MD0.25: liquid manure + DMPSA (Eurochem Group, Germany) at a rate of

0.25 kg a.i. ha; (6) MD1.5: liquid manure + DMPSA at a rate of 1.5 kg a.i. ha™'. The eighteen
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treatment combinations (6 addition treatments x 3 water contents) for each soil were replicated
three times. The liquid dairy manure application rate was consistent at 0.037 mL manure cm™

soil across all treatments. This rate corresponded to the field application rate of 56.17 m® manure

ha™ for a soil increment of 0-15 cm (Lin et al., 2017).

Prior to the 29-d incubation, a 3-d pre-incubation was conducted to stimulate soil
microorganism activity. On the first day of pre-incubation, soils were treated with the preset rates
of manure or manure with NI additions, while they were still kept at low moisture contents [the
gravimetric water content for BC and GL soils was 0.10 (19% WFPS) and 0.11 g g (20%
WEPS), respectively]. Due to the small amount of manure and NI required for one cylindrical
incubation microcosm (4.5 cm in the bottom diameter, 5.5 cm in the top diameter, and 7.2 cm in
height), each addition treatment (e.g., MNO0.25) was implemented for ten microcosms together (3
water contents % 3 replications + 1 in case). During this process, soils were transferred into a
basket with the preset amount of liquid manure or manure plus inhibitors, and then mixed
thoroughly by hand. Prior to mixing with soils, 5 or 10 ml of deionized (DI) water was pipetted
into a separate container with the NI, and this mixture was then added to the liquid manure. In
order to clean the residual NI from the inner walls of the container, an additional 5 or 10 mL of
deionized water was used and mixed into the manure basket. The well-mixed soil was then
distributed into nine microcosms and compacted by increments of up to 100 cm® with a bulk
density of 1.1 g cm™ (similar to the field bulk density of BC, as shown in Table 3-1). Excess soil
was discarded and all tools were cleaned with DI water and dried with clean paper towels for the
next treatment setup. Throughout the whole incubation (3-d pre-incubation + 29-d incubation),

the microcosms were incubated at room temperature (20.1 = 0.1 °C), which was recorded every
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minute by a UX100-001 data logger (Onset Computer Corp., Massachusetts, USA). The water
levels were set up on the first day of the 29-d incubation and maintained by weight monitoring
every day. Room-temperature DI water was carefully and evenly dropped on the soil surface by a
syringe to minimize disturbances and to provide, as far as possible, evenly distributed moisture.
During the 29-d incubation, cardboard was placed over the top of the microcosms at a distance

which minimized evaporation and provided some space for air circulation.

3.3.3 Incubation B design

The experimental procedures in incubation B were mostly the same as those in incubation
A; only the differences are described in this section. On the first day of the 3-d pre-incubation,
the soils were moved from 5 °C to room temperature. In order to keep them at their original
qualified moisture content, the soils continued to be stored in large containers (68 L) with closed
lids. On the first day of the 29-d incubation, the additional treatments were established under 40,
60 and 80% WFPS for each soil with three replications: (1) CT; (2) MNO0.25; (3) MNO.5; (4)
MNO.75; (5) MN1.0; (6) MN1.5; (7) MDO0.25: liquid manure + DMPSA at a rate of 0.22 kg a.i.
ha™; (8) MDO.5: liquid manure + DMPSA at a rate of 0.44 kg a.i. ha™'; (9) MDO0.75: liquid
manure + DMPSA at a rate of 0.65 kg a.i. ha'; (10) MD1.0: liquid manure + DMPSA at a rate of
0.87 kg a.i. ha; (11) MD1.5: liquid manure + DMPSA at a rate of 1.31 kg a.i. ha™'. The
nitrapyrin rates of 0.25, 0.5, 0.75, 1 and 1.5 kg a.i. ha™ were equivalent to 1.67 x 107, 3.33 x 10"
4,5.00 x 10*,6.67 x 10* and 10° mg a.i. kg™ of soil, respectively. The DMPSA rates of 0.22,
0.44, 0.65, 0.87 and 1.31 kg a.i. ha™' were equivalent to 1.45 x 10™,2.90 x 10™, 4.35 x 10™, 5.81

x 10" and 8.71 x 10* mg a.i. kg of soil, respectively.

130



3.3.4 Gas sampling and analysis

Daily N,O flux was determined on days 0, 3, 8, 11, 15, 22 and 29 of incubation A, and on
days 1, 3,7, 10, 15, 23 and 29 of incubation B. To do this, each microcosm was placed in a
modified 500 mL mason jar. Through a drilled hole on the jar’s lid, a Wheaton® sleeve stopper
(DWK Life Sciences, New Jersey, USA) for multi-puncture applications was attached by a
silicone sealant. A leakage test using water was carried out for each modified mason jar before
the first gas sampling event. The mason jar was closed at 0 min and gas samples were taken at
27, 54, and 81 minutes in incubation A and at 33, 66 and 99 minutes in incubation B. Gas
samples (20 mL) were collected using a BD™ syringe (Franklin Lakes, New Jersey, US) then
injected into 12 mL pre-evacuated Exetainer” vials (Labco, Lampeter, Wales, UK). Two ambient
gas samples were collected at the beginning, in the middle and at the end of a gas sampling
event, respectively. The six ambient gas samples were considered as the N,O concentration at 0
min. The gas samples were stored at 5 °C prior to the analysis to prevent potential leakage. The
N»2O concentration was analyzed by a Varian Model 3800 gas chromatography equipped with a
Combi-Pal autosampler and an electron capture detector (Varian Inc., Walnut Creek, California,
US). The lower detection limitation for this instrument was 0.307 mg N,O-N kg™ soil. The N,O
production rate was calculated by developing a linear or quadratic regression regarding the
concentrations at 0, 27, 54, and 81 min, or at 0, 33, 66, and 99 min (Eq. [1]). About 95.5 and
4.5% of measurements in incubation A were determined by linear and quadratic regressions,
respectively. Similarly, about 94.7 and 5.3 % of measurements in incubation B were determined
by linear and quadratic regressions, respectively. Cumulated N,O emissions were calculated by

linear interpolation between sampling dates.
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P
) X 2M X k

F= (d—C X (K) X (
dt M
where F is the N,O flux (mg N,O-N kg d); dC/dt is the slope of a simple linear regression or
as the first derivative of a quadratic regression at t (uL L™ min™); V is the headspace volume of
the gas chamber headspace (L); M is the dry soil weight (kg); P is the pressure of the gas (atm);
R is the gas constant (atm pL K™ umol'l); T is the temperature of the gas (K); M is the molar

mass of the N basis (g N mol™) and k is a conversion factor for the flux unit (from pg NoO-N kg’

"min™ to mg N;O-N kg™ d™).

3.3.5 Other sampling and analyses

The soil texture, organic C, total N, pH, electrical conductivity, soil NH4-N and NO;-N
were determined based on standard methods (McKeague, 1978; Carter and Gregorich, 2008).
More detailed methods were described in Lin et al. (2017). Two bottles of liquid manure (~1.5 L)
were collected and sent to the PBR Laboratories Inc. in Edmonton, Alberta, Canada for the total
N, NH4-N, solids and moisture analyses. These manure samples were stored at 5°C before they

were sent to the lab, and kept in a freezer during transportation to minimize microbial activities.

3.3.6 Statistical analyses

The data was analyzed by R 3.1.3 (R Core Team, 2014). Before the statistical analyses,
the assumptions of normality and homoscedasticity were accessed by the Shapiro-Wilk and
Levene tests, respectively. The soil moisture associated with the additional treatments or with the
NI application rates and their interactions were tested using two-way ANOVA separately for
each soil. The treatment effects on cumulated N,O, soil NH4-N and NO;-N within each specific

comparison (e.g. the effect in cumulated N,O among CT, MO, MNO0.25, MN1.5, MDO0.25 and
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MD1.5 treatments at 40%WFPS of BC soil) were tested using one-way ANOVA, and a post-hoc
test was conducted using Tukey’s Honest Significant Difference test (HSD) if the treatment

effects were significant with a default alpha of 0.05.
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3.4 Results

3.4.1 N;O production

The magnitude of N,O production largely varied among different soil water contents, soil
types and NI application rates (Table 3-3). At 40% WEFPS, the daily N,O fluxes throughout the
incubation were consistently low across all treatments in both soils, with an averaged flux of
0.31+0.03 and 0.32 + 0.05 mg N,O-N kg™ soil d”' for the BC and GL soil, respectively (Fig.
3-la and d). At higher WFPS, N,O emission pulses clearly occurred in the manure only (MO)
treatment of both soils and these pulses were obviously reduced by using NIs, except for the BC
soil at 80% WFPS (Fig. 3-1 b, c, e and f). Moreover, the overall flux patterns were quite different
between 60% and 80% WEFPS, as well as between soil types (Fig. 3-1 b, ¢, ¢ and f). For the BC
soil, the flux from the MO treatment at 60% WEPS gradually increased to 1.46 mg N,O-N kg™
soil ' on day 11 then levelled off, but the fluxes from the NI treatments remained stable over
the incubation with an average flux of 0.51 + 0.04 mg N,O-N kg™ soil d”' (Fig. 3-1 b). By
contrast, the MO flux at 80% WEFPS increased to 8.35 mg N,O-N kg™ soil d” on day 3 and
decreased to 0.97 mg N,O-N kg™’ soil d” on day 15; however, on the same day, much more
substantial N,O fluxes were emitted from all NI treatments (ranging from 47.93 to 334.16 mg
N,O-N kg™ soil d™"); this overwhelming increase of fluxes compared to MO continued, and
decreased towards the end of incubation (Fig. 3-1 c). For the GL soils, fluxes from the manured
treatments at 60% WFPS generally peaked on day 3, followed by a steady decline to the
background level until day 15 (Fig. 3-1 e). Similar patterns were observed in the GL soil at 80%

WEFPS, but the peaks occurred five days later than at 60% WFPS (Fig. 3-1 f).
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With regard to the cumulative N>O emissions, the addition of liquid manure in the
absence of NIs apparently increased the emissions compared to the unfertilized soils (CT) in all
conditions (Fig. 3-2). Regarding the MO treatment, the lowest N,O emission was found at 40%
WEPS in both soils (Fig. 3-2). Under dry soil conditions (40% WFPS), there was limited
emission reduction with the presence of NIs compared to the MO treatment in the GL soil (i.e. an
average reduction of 10% across all NI treatments) and no reduction in the BC soil (Fig. 3-2). By
contrast, at higher WFPS in both soils, NIs numerically or significantly decreased the cumulative
N>O emissions compared to the MO treatment (i.e. reduced by an average of 58% at 60% WFPS
of BC, 60% at 60% WEFPS of GL and 56% at 80% WFPS of GL across manured soil with NI
additions), except for the BC soil at 80% WFPS where N,O emissions were higher with NI

additions regardless of NI types and application rates (Fig. 3-2).

Moisture contents exhibited an intricate interplay with the effectiveness of the various NI
rates. Although at 40% and 60% WEFPS of both soils there was in general no significant
difference in cumulative N,O emissions among various NI application rates—except for the
nitrapyrin 1.5 treatment at 40% WFPS of the BC soil-there was still a tendency towards
increased emission reduction with incremented NI rates at 60% WFPS of the BC soil (Fig. 3-3).
Likewise, under moist soil conditions the reduction tendency became significant, excluding the
80% WEFPS of the BC soil where no significant difference was observed among various NI rates

(Fig. 3-3).

In order to interpret the results in our study, the economic efficient rate or optimal rate is
defined as the minimal NI rate at which the cumulative N,O emission was not significantly

different, or at which the soil NH4-N was significantly higher than the unfertilized control
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treatment. Regarding the emission reduction, the economic efficient rate for DMPSA in the GL
soil was half of that for nitrapyrin with the GL soil at 80% WFPS (i.e., 0.5 kg DMPSA ha™'
versus 1.0 kg nitrapyrin ha™, Fig. 3-3). Conversely, when DMPSA was applied in the BC soil at

80% WEFPS, the economic efficient rate was 0.75 kg a.i. ha™ (Fig. 3-3).

3.4.2 Soil ammonium and nitrate

There was a significant soil moisture effect on the soil NH4-N and NOs3-N concentrations
in most cases (Table 3-3). In comparison with the initial concentrations prior to the treatment
establishment, both NH4-N and NOs-N concentrations of the unfertilized control treatment
collectively increased by the end of both incubations under all situations, except for the GL soil
at 80% WEFPS of incubation B (Fig. 3-4, Fig. 3-5 and Fig. 3-6). The NH4-N increments in CT
were similar among diverse moisture contents; nevertheless the NO3-N increments were always

greater at 60% WEFPS than at both 40% and 80% WFPS (Fig. 3-4, Fig. 3-5 and Fig. 3-6).

The averaged NH4-N concentration at 40% WFPS across all manure treatments with and
without NIs in the BC soil was consistently 62.0 + 1.4 mg N kg™ soil, which was about six and
seven times higher than the average values at 60% and 80% WEFPS, respectively (Fig. 3-4;
incubation A). By contrast, the highest averaged NH4-N concentration of GL soil was found at
80% WFPS, with an average of 52.1 + 7.6 mg N kg™’ soil that was five and four times larger than
the averages at 40% and 60% WFPS, respectively (Fig. 3-4). Particularly, at 40% and 60%

WEPS of GL soil, the NH4-N concentration in the manured soil with a higher rate of DMPSA
(MD1.5) was about four and five times greater than that in other manured soils (Fig. 3-4). At 80%
WEPS of GL soil, the NH4-N concentration evidently increased with higher rates in each NI

product (Fig. 3-4). In terms of NOs3-N concentration across manured BC and GL soils, the
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amplitude of NH4-N among distinct water contents was coherently opposite to the magnitude of
NO;-N (Fig. 3-4). As an illustration, the lowest averaged NO3-N concentration across manured
soils was observed at 40% WFPS of BC soil, where the averaged NH4-N concentration was
highest when compared with other water contents (Fig. 3-4). To summarize this relationship of
soil N pools, higher NH4-N accumulation coupled with lower NOs-N indicated lower net

nitrification rates.

On the basis of the changes in NH4 and NO3 concentrations with time, we further
interpreted noticeable variants in nitrification across soils and moisture contents (Fig. 3-4, Fig.
3-5 and Fig. 3-6). For the BC soil, the averaged highest net nitrification occurred at 40% WFPS,
not accounting for certain treatments with higher NI application rates at 80% WFPS (i.e., MN1,
MN1.5, MDO0.75 and MD1.5, Fig. 3-5 a and b). Conversely, for the GL soil, the averaged highest
net nitrification was found at 80% WEFPS (Fig. 3-6). Regarding NI application rates, there was no
clear tendency of NH4-N and NOs-N concentrations among the various NI rates at 40% and 60%
WEFPS in any combination of soil x water content (Fig. 3-6). Specifically, higher DMPSA rates

consistently led to slower net nitrification rates at all water contents in the GL soil (Fig. 3-6).
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3.5 Discussion

3.5.1 Impact of soil moisture content on NI effectiveness

The performance of NIs on nitrification inhibition and N,O emission reduction varied
among different soil moisture contents. Under dry soil condition (40% WFPS), the cumulative
N,O emission of the MO treatment was the lowest, and since emissions were low, the N,O
emission reduction due to NIs was not as effective when compared to moist conditions (60% and
80% WEFPS) (Fig. 3-2). Our results are partially consistent with an earlier controlled study, in
which DMPP was appreciably effective in N,O emission reduction at both 40% and 60% WFPS,
but this reduction effect was less obvious at 40% than 60% WFPS (Chen et al., 2010). A much
higher NI rate in Chen’s study than in our study can explain an inhibitory effect even at the low
soil water content of 40% WFPS. More specifically, in Chen’s study the rate of active NI was
about three orders of magnitude higher than the maximum rate used in our study. Moreover, two
meta-analyses also revealed that the inhibitory effect of NIs became more powerful in mitigating
N,O when the emission was relatively high (Akiyama et al., 2010; Gilsanz et al., 2016).
Therefore, from the perspective of the efficient use of NIs for N,O emission reduction, it is
unnecessary to apply NIs with manure or fertilizer where the N,O production is continually low,
such as under drought soil conditions. However, Nls could also prove beneficial by diminishing
nitrate leaching losses (Di and Cameron, 2005; Hua et al., 2008; Di et al., 2009a), specifically for
soils and weather conditions with a high risk of nitrate leaching. It has been found that soils with
less clay content and less organic matter could leach substantial NO3-N (Bergstrom and
Johansson, 1991; Sogbedji et al., 2000; Beaudoin et al., 2005). In such soils, somewhat similar to
the GL soil in our study, one possible solution to reduce potential NO3-N losses could be the
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application of sufficient NI, as reduced nitrification and lower NO3-N concentration were found

with higher DMPSA application rates in our study (Fig. 3-4, Fig. 3-6).

As soil moisture increased, the effect of NIs on cumulative N,O emission reduction
became more evident in most cases but not in the BC soil at 80% WFPS (Fig. 3-2). This could be
mainly due to the much greater N,O fluxes from all manured soils with NIs than from the MO
soil following incubation day 15 (Fig. 3-1). The robust fluxes from the NI treatments that took
place on day 15 were very likely evidence of NI degradation unlocking nitrification and N,O
production. From incubation day 15, the soil NH4-N previously stabilized by NIs was suddenly
exposed to and consumed by soil microbial activity upon the degradation of NIs, and
consequently emitted N>O as a byproduct of nitrification and a product of denitrification.
Furthermore, increasing rates of NIs were found to retain more NH4-N. Once NI degraded, more
N substrates became available for nitrifiers and denitrifiers, resulting in even stronger N,O fluxes

in the higher NIs rates, in particular in DMPSA (Fig. 3-1, Fig. 3-2).

Compared to the N,O production in the BC soil at 80% WEFPS, the Nls were still
effective in reducing N,O emissions at 60% WFPS (Fig. 3-1). This demonstrated the influence of
soil moisture content on NI degradation, with a higher NI persistence at lower water contents.
Considering the observation by Menéndez et al. (2012) as discussed above, the opposite finding
in the current incubation indicated that the efficacy of NIs was not fully associated with
oxidation and that enhanced microbial degradation stimulated by greater moisture might play a

significant role.
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In the GL soil, NIs showed a similar reduction in cumulated N,O emissions between 60%
and 80% WFPS (with an average reduction of 60% and 56% at 60% and 80% WFPS
respectively, Fig. 2 2). Regarding the soil mineral N, nitrification was more constrained under 80%
WEFPS as evidenced by relatively higher NH4-N together with lower NO3-N compared to 60%
WEFPS (Fig. 2 3). Taking these observations into account, the inhibitory effect by NIs seemed to
reduce more denitrification-derived N,O than nitrification at 80% WPFS, when the
denitrification was supposed to be the main source of N,O as the soil environment gradually
becomes anaerobic. Implementing NI addition has repeatedly been shown to reduce N,O
emissions by directly slowing down the nitrification rate and indirectly constraining the substrate
(NOs-N) for denitrification (Hatch et al., 2005; Migliorati et al., 2014; Ruser and Schulz, 2015;
Wu et al., 2017); nevertheless, information about the proportional reduction by NIs of N,O

derived from nitrification vs. denitrification processes is still limited.

3.5.2 Effects of NI application rates on emission reduction

Focusing on both N>O emission reduction and nitrification inhibitory effects, our results
showed that the economic efficient rate of NIs varied among distinct soil moisture contents and
NI products. Provided that N,O emissions from manured soils with and without NIs were as low
as the controls at 40% WFPS of both soils (Fig. 3-3), adding NIs into such dry soils was of minor

importance in emission reduction.

At 60% WEFPS, the addition of NIs significantly reduced N,O emissions, although no
significant differences in the cumulative emissions were found among various NI rates in the GL
soils (Fig. 3-3). Based on these results, the economic efficient rate of NI for emission reduction

should be around 0.25 kg a.i. ha, regardless of soils and NI types. It is noticeable that the
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nitrification rate at 60% WFPS over 29 days was comparably faster than other moisture contents,
as shown by the relatively lower NH4-N coupled with much higher NOs-N across all treatments
(Fig. 3-4, Fig. 3-5 and Fig. 3-6). This also implies the soils at 60% WFPS had a higher potential
risk of NOs-N losses by leaching. To avoid potential major N losses from NOs3-N leaching, it
would be necessary to increase the NIs rate when the soil moisture content was around 60%

WEFPS as mentioned above.

With increases in soil water content, the more efficient NI rate increased irrespective of
soils. At 80% WEFPS, the cumulative N>O emissions generally tended to decrease with increasing
NI application rates, except in the case of the BC soil with nitrapyrin (Fig. 3-3). This finding is in
agreement with results from Ruser and Schulz (2015) who reported a decreasing N,O due to an
increased DMPP application along with 180 kg N ha' N-fertilizer. Similarly, Zaman and
Blennerhassett (2010) discovered that the N,O emissions significantly decreased by 25, 47 and
47% after urine application in the spring and by 28, 37, and 53% after urine application in the
autumn with the addition of 5, 7 and 10 kg DCD ha™', respectively. Despite the fact that the
declining trend in N>O emissions was not observed in the BC soil with nitrapyrin, the soil
mineral N results revealed that higher NI application rates (1 and 1.5 kg a.i. ha™") were still
effective in further inhibiting nitrification compared to lower application rates (Fig. 3-5). This
could be attributed to the longer NI persistence at higher NI rates, as supported by Singh et al.
(2008). They found that the half-life of DCD prolonged at a higher application rate of DCD in a
laboratory incubation at 25°C. Thus, with regard to a combination of N,O emission reduction

and soil mineral N results, the optimal application rates would be about 0.75 kg a.i. ha™ of
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DMPSA and 1 kg a.i. ha' of nitrapyrin, which are approximately 3-4 times higher than the NI

optimum rate at 60% WPFS.

3.5.3 Effect of soil types on NI performance

The substantial N,O fluxes from NI treatments at 80% WFPS due to NI degradation were
found in the BC soil but to a lesser degree in the GL soil under comparable treatments. This
indicated the influence of soil types on NI efficacy, with faster degradation in the BC soil which
is much richer in organic matter and clay (Table 3-1). Other findings in our study further
supported this postulate. For instance, the DMPSA at the highest rate (1.5 kg a.i. ha in both
incubations A and B) still remained effective in inhibiting nitrification at 60% WFPS in the GL
soil as opposed to the corresponding treatment in the BC soil (Fig. 3-4 and Fig. 3-6), and this
was consistently supported also by the effects of DMPSA at both 0.75 and 1 kg a.i. ha™ rates
(Fig. 3-6; incubation B). These findings were consistent with a recent study by McGeough et al.
(2016) which found that the half-life of nitrification inhibitor DCD varied widely among nine
UK soils, and the ability of DCD in suppressing net nitrate production was negatively related to
the soil clay content, soil N and organic matter. Increased soil clay and organic matter contents
could lead to more NIs being adsorbed on mineral surfaces, thereby accelerating the NI
decomposition rate and decreasing its efficacy and longevity (Zhang et al., 2004; Singh et al.,
2008; McGeough et al., 2016). In addition to the physio-chemical degradation, Singh et al. (2008)
also pointed out that the higher DCD decomposition rate in the soil with higher organic matter
content could be a consequence of more active microbial activities, possibly inducing faster bio-

degradation of NIs.
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The lowest net nitrification rates observed at 40% WFPS of BC soil and at 80% WFPS of
the GL soil across the manured soils with and without NIs suggested a minor impact of NIs on
inhibiting nitrification under these conditions, even though certain N>O emission reductions in
numerical terms were discovered in the latter case (Fig. 3-4, Fig. 3-5Fig. 4-6 and Fig. 3-6).
Moreover, the contrasting net nitrate production rates between the two soils at both 40% and 80%
WEFPS and across all manured treatments also demonstrated the impact of soil clay and organic
matter contents on soil structure, water availability and movement. When water was limited, the
NH4-N dissolved in the liquid phase became easier to deliver for nitrifiers in the GL soil, because
the poor soil structure and reduced aggregate hierarchy associated with lower clay and organic
matter contents favored the local water storage (Boyle et al., 1989). By contrast, at 80% WFPS,
where soil aeration can become limited, soils with good structure and a greater aggregation
hierarchy due to higher organic matter and clay contents, such as the BC soil, presumably had a

greater capacity to sustain aerobic conditions favoring nitrification.
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3.6 Conclusions

Our results showed that both nitrapyrin and DMPSA can be effective inhibitors for
slowing down nitrification and reducing N,O emissions. However, their effectiveness was
interactively driven by soil moisture contents, soil types, and NI application rates. Overall, as soil
water content increased, the optimal NI application rate that successfully reduced the N,O
emissions increased. Because variations in the soil properties could influence the physio-
chemical and biological degradation of NIs, the optimal NI rate appeared to vary among different
soils. Our findings can help to predict the appropriate timing and rate of NI additions under
specific pedoclimatic scenarios. Nevertheless, certain processes—in particular plant uptake and
nitrate leaching—that were not represented in our controlled study could also have critical
interactions with NI rates under varying soil moisture contents as their interplay fills an essential
role in altering N pools and transformations within the N cycle. This requires further

investigation.
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3.9 Tables

Table 3-1. Physical and chemical properties of soils collected in Edmonton and Breton (0-15 cm depth).

Properties Edmonton Breton
Classification Black Chernozem (BC)  Gray Luvisol (GL)
Texture Clay' Silty clay loam
Clay (%) 47.0 + 127 311+ 20
Silt (%) 36.0 + 03f 491 =+ 24
Sand (%) 17.0 + 1.0 198 + 03
Organic C (g kg™ 63.1 + 1.0 198 + 02
Total N (g N kg™) 6.1 + 0.1 2.0 + 0.1
Ammonium (mg N kg™) 4.2 + 0.1 1.9 + 0.2
Nitrate (mg N kg™!) 16.1 + 06 106 + 0.1
Bulk density (g cm™) 1.11 + 006" 128 =+ 0.02
pH 7.7 + 0.1 7.8 + 0.1
Electrical conductivity (uS cm™)  174.0 + 17.0 2345 + 285

+ The data was derived from Lin et al. (2017) for the soils at 0-15 cm.

1 The data was derived from Kiani et al. (2017)
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Table 3-2. Means of characteristics of liquid dairy manure with one standard error (SE).

Properties

Mean + SE (n=2)

Total N (gNL")
Ammonium (g N L")
Water content (%)
Solids (%)

pH

5.4

2.7
932
6.8
7.3

+

H

H

H

0.1

0.2
0.1
0.1
0.1
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Table 3-3. Significance of ANOVA for soil moisture and treatment effects on total N,O emissions, soil ammonium and nitrate for two studied soils in incubations A and
B.

Black Chernozem (BC) Orthic Gray Luvisol (GL)
Treatments
Total N,O emissions NH;-N  NOs-N Total N,O emissions NH,-N  NO;-N
Incubation A
Soil moisture <0.001 <0.001 <0.001 0.001 <0.001 <0.001
Addition trts’ 0.054 n.s. <0.001 <0.001 <0.001 <0.001
Soil moisture x Addition trts n.s. 0.002 0.011 n.s. <0.001 n.s.
Incubation B
Soil moisture <0.001 0.007 0.009 <0.001 <0.001 <0.001
Addition trts* 0.021 0.033 <0.001 0.004 <0.001 <0.001
Soil moisture x Addition trts n.s. 0.002 0.007 0.035 0.055 n.s.
Soil moisture <0.001 0.021 n.s. <0.001 <0.001 <0.001
Nitrapyrin rates (0.25 to 1.5) 0.098 n.s. n.s. n.s. n.s. n.s.
Soil moisture x nitrapyrin rates n.s. <0.001 <0.001 n.s. n.s. n.s.
Soil moisture <0.001 n.s. 0.063 <0.001 <0.001 <0.001
DMPSA rates (0.25 to 1.5) 0.056 n.s. n.s. 0.001 0.010 n.s.
Soil moisture x DMPSA rates 0.021 0.030 n.s. 0.078 0.032 n.s.

n.s. = not significant (P > 0.1)

+ The manure-inhibitor addition treatments in the incubation A include CT*, MO, MN0.25, MN1.5, MD0.25 and MD1.5.

1 The manure-inhibitor addition treatments in the incubation B include CT, MN0.25, MNO.5, MN1.0, MN1.25, MN1.5, MD0.25, MDO0.5, MD1.0, MD1.25 and MDL1.5.

§ CT = control, MO = manure only, MN = manure with nitrapyrin additions, MD = manure with DMPSA additions. The numbers following the treatment acronyms in capital
letters represent the nitrification inhibitor application rate.
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3.10 Figures

a. BC soil at 40% WFPS in Incubation A d. GL soil at 40% WFPS in Incubation A
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Fig. 3-1. Daily N,O fluxes across the manure-inhibitor addition treatments for the Black Chernozem (BC) soils (a, b and
¢) and the Gray Luvisolic (GL) soils (d, e and f) at 40, 60 and 80% WFPS during incubation A. Error bars correspond to
one standard error (3 replicates). The inside figures were the same as the large figures but they were in different y-axis
scales. CT = control, MO = manure only, MN = manure with nitrapyrin additions, MD = manure with DMPSA additions.
The numbers in the acronyms in the legend represent the nitrification inhibitor application rate (kg a.i. ha™).
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Cumulative N,O Emissions (mg N,0-N kg'! soil)
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Fig. 3-2. Cumulative N,O emissions across all treatment combinations (manure-inhibitor additions x moisture contents)
in the Black Chernozem and Orthic Gray Luvisoil soils in incubation A. Error bars correspond to one standard error (3
replicates). Different letters indicate significant differences among the treatments for each soil based on HSD test (P <
0.05). CT = control, MO = manure only, MN = manure with nitrapyrin additions, MD = manure with DMPSA additions.
The numbers in the acronyms in the legend represent the nitrification inhibitor application rate (kg a.i. ha™).
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a. 29-day N,O emissions in Incubation B (BC + Nitrapyrin) b. 29-day N,O emissions in Incubation B (BC + DMPSA)
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Fig. 3-3. Cumulative N,O emissions from the Black Chernozem (BC) soil with different rates of (a) nitrapyrin and (b)

DMPSA, and cumulative N,O emissions from the Orthic Gray Luvisoil (GL) soil with different rates of (c) nitrapyrin and
(d) DMPSA under different soil moisture levels during the incubation B. Error bars correspond to one standard error (3
replicates). Different letters indicate significant differences among the treatments within each panel (P < 0.05) based on
HSD test. CT = control. The numbers in the legends represent the nitrification inhibitor application rate.
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a. Soil NH,-N in Incubation A
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Fig. 3-4. Soil (a) ammonium and (b) nitrate concentrations across all treatment combinations (manure-inhibitor additions
x moisture contents) in the Black Chernozem and Orthic Gray Luvisoil soils at the end of incubation A. Error bars
correspond to one standard error (3 replicates). Different letters indicate significant differences among the treatments for
each soil based on HSD test (P < 0.05). Dashed horizontal lines indicate the soil ammonium and nitrate concentrations at
the beginning of the incubation (Table 3-1). CT = control, MO = manure only, MN = manure with nitrapyrin additions,
MD = manure with DMPSA additions. The numbers in the legends represent the nitrification inhibitor application rate.
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Fig. 3-5. Soil ammonium and nitrate concentrations for the Black Chernozem (BC) soil with different rates of (a, c)
nitrapyrin and (b, d) DMPSA under different soil moisture contents at the end of incubation B. Error bars correspond to
one standard error (3 replicates). Different letters indicate significant differences among the treatments within each panel
based on HSD test (P < 0.05). Dashed lines indicate the soil ammonium and nitrate concentrations at the beginning of the

incubation (Table 3-1). CT = control. The numbers in the legends represent the nitrification inhibitor application rate.

158



il NH,-N in Incubation B (GL + nitrapyrin)

b. Soil NH,-N in Incubation B (GL + DMPSA)

60 4 80 -
OCT 025 =05 w075 m] w15 OCT 025 =05 =0.75 =]l ml5
70 A a
50 a _I,
a
60 4
g g
< = 50 1a
F 2
F4 ab ab z
E’ 30 4 E 40 -
g : ;
2 2 a0 4
] ] 5
g 9 b g a
z T L T
ab
10 4 be
b 10 b
a b abab ab ab b ab b ? abab ¢ g ¢ ccc ul by T
EE S — = ..s...-..- ----- -E ----------- = - g 1
04 od T = g |
40%WFPS 60%WFPS 80%WFPS 40%WFPS 60%WFPS 80%WFPS
¢. Soil NO;-N in Incubation B (GL + nitrapyrin) d. Soil NO;-N in Incubation B (GL + DMPSA)
200 1 180 -
OcCT 025 =05 w075 m] w15 OcT 025 w05 =075 =] ml5
180 4 E
A 160 i
J a T2 T,
160 T1az 140 - b % b
= a a = A
- 140 i + ab £ 1| T a T
- T b -
B 120 4 T Fi » c
z z 100 4 b T T
= . 0 =
H 100 5
,, = 80 4
£ 801 3 n.s.
z Z 60 ——
“ 60 ns -
104 b —— LR d '|'
c
o1 [ [ il | [ [] :
od LI ] [ ol LI L] [s]
40%WFPS 60%WFPS 80%WFPS 40%WEFPS 60%WEFPS 80%WEFPS

Fig. 3-6. Soil ammonium and nitrate concentrations for the Orthic Gray Luvisol (GL) soil with different rates of (a, c)
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application rate.
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Fig. 3-7. Daily N,O fluxes across the manure-inhibitor addition treatments for the Black Chernozem (BC) soils (a, b and
¢) and the Gray Luvisolic (GL) soils (d, e and f) at 40, 60 and 80% WFPS during incubation B. CT = control, MO =
manure only, MN = manure with nitrapyrin additions, MD = manure with DMPSA additions. The numbers following the
capital letters of legends represent the nitrification inhibitor application rate.
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4.1 Abstract

The addition of N substrates to soils has been found to induce short-term changes in soil
organic matter transformations, which is called the “priming effect”. However, questions about
the priming effect on N,O production from N-amended soils following a freeze-thaw cycle and
the factors impacting the dynamics of the priming effect are poorly understood. A mesocosm
study with (a) two soil management histories (with (SW) and without (CT) manure applications)
and (b) three water contents (low, medium and high) was established in simulated conditions
consisting of a fall (with and without urea addition), followed by a winter freezing and
subsequent spring thawing. Our results showed that urea added in the fall caused a positive
priming effect on the cumulative N,O emissions during spring soil thawing across all treatment
combinations. Also, the SW soil showed higher soil-derived N,O emissions produced during
thawing when compared to the corresponding water content treatments in the CT soil. This might
be due to the potentially greater amount of easily decomposable organic N in the SW soil. Two
weeks after thawing, a negative priming effect on daily N,O fluxes was observed only in the
soils under high water content. This effect was likely due to N immobilization related to the
decomposition of plant residues with a high C:N ratio. The total N,O emissions increased with
increasing water contents regardless of the soil management history and N addition, implying
potentially increased N>O emissions as a response to increased fall and winter precipitation in
future climate conditions. Thaw-induced N,O emissions accounted for more than 92% of total
emissions, and at least 83% of the large N,O fluxes on the 2™ and 3™ days of thawing were

produced via denitrification. A shift in the dominant process of N,O production was expected to
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occur as soil water gradually decreased during the soil thawing period; however, denitrification

consistently remained the main source-process.

Key words: priming effect, residual effect, nitrous oxide, urea, depletion, N
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4.2 Introduction

Soil freezing and thawing is a common phenomenon that regularly occurs in areas with
relatively high latitude and altitude. Many laboratory and field experiments have observed
increasing N,O emissions taking place over soil freeze-thaw cycles, which can account for 30-
90% of annual N,O emissions (Wagner-Riddle et al., 2007; Goldberg et al., 2008; Wolf et al.,
2010; Wu et al., 2010; Yanai et al., 2011; Abalos et al., 2016). A previous field study found that
at least 67% of the annual N,O emissions occurred during the spring thaw in soils receiving fall-
applied liquid manure (Lin et al., 2017). In addition to the underlying driving effect of soil
moisture on N,O production (Davidson et al., 1991; Ruser et al., 2006), it is relevant to evaluate
the N,O release induced by soil thawing under various soil water contents. Moreover, we
speculated that western Canada will experience wetter falls in the near future as a function of
climate change, based on a recent climate change report projecting a large increase in
precipitation in the fall season across the adjacent continental U.S. (Easterling et al., 2017).
Therefore, in our study, we established a range of increasing soil moistures in a simulated fall
season shortly before undertaking a freezing period to mimic winter temperatures, finally leading
to re-creating a thawing phase of the soil (a sequence of seasonal events typical of western

Canada).

Nitrification and denitrification are considered two major biological processes involved
in N,O production (Butterbach-Bahl et al., 2013). However, it is still unclear which of these
processes is dominant in the intensive N>O fluxes occurring during spring snow melting and soil
thawing following a freezing winter (Lin et al., 2017). The "°N isotope ratios at the central (o
"N-""N-0) and terminal (B; "N-'*N-0) positions within the N,O molecule (known as
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“isotopomers”) can reveal the dominant process contributing to N,O production (Toyoda and
Yoshida, 1999; Toyoda et al., 2011; Yamamoto et al., 2017). The difference between o and 3 can
be expressed as the intramolecular site preference in the delta notation (SP= §'°N* - §'°NP)
(Toyoda and Yoshida, 1999; Yamamoto et al., 2017). The bulk "N in N,O could provide
another independent indicator of N dynamics, in particular when the '°N isotopic composition of
the soil subtract is also documented. These approaches enable recognizing and apportioning the
contribution of various N,O-source pathways can be recognized and apportioned, building a
better knowledge about the N cycle under a wide range of diverse edaphic and climatic
environments. In addition, our study also used an N fertilizer addition enriched with >N, and
hence, a mass balance based on isotopic composition of the emitted N,O (atom%) can be
conducted to separate the contribution of two N pools (i.e., added N fertilizer versus pre-existing

soil N) to the overall N,O flux.

A priming effect has been discovered in earlier studies (Bingeman et al., 1953; Johnson et
al., 2000; Conde et al., 2005; Blagodatskaya et al., 2007; Zimmerman et al., 2011), where a
short-term acceleration (positive priming effect) or retardation (negative priming effect) of soil-
derived CO; and mineral N occurred in a treatment receiving an addition of easily decomposable
or utilizable substrate compared to a control treatment (Kuzyakov et al., 2000). An increase or
decrease in soil-derived mineral N directly impacts soil N dynamics, potentially aggravating or
mitigating environmental problems such as NOj;™ leaching and N gaseous losses. However, there
are still many uncertainties about N,O-related processes and the potential priming effects

associated with soil freeze-thaw cycles.

165



To address these unknowns, we conducted a mesocosm study to investigate the N,O
production and sources under elevated soil moisture contents in response to a simulated fall N
addition, followed by freezing and a subsequent thawing period. Specifically, this study aimed to
distinguish the sources and contributions of N>O-generating processes (nitrification vs.
denitrification) for the major N,O production, and to explore the dynamics of the priming effect
regarding the N>O emitted during thawing from soils with different N management history and
water contents. The following hypotheses would be tested: 1) denitrification would dominate at
the beginning of the thawing due to a typically high soil moisture content during thawing; 2) the
labile N (urea) addition would lead to a positive priming effect on soil N as compared to soils
without N addition (control); 3) larger N,O emissions and priming effect would occur in soils
that had received recurrent manure additions; 4) the priming effect would be amplified with

increasing soil moisture due to accelerated mineralization caused by increased water content.
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4.3 Materials and Methodology

4.3.1 Soil collection

Soils (0-15 cm depth) were collected from agricultural experimental plots with (spring
manure, SW) and without (control disturbance, CT) a history of manure additions. The soil was
collected in October 2016, from a site located at the Edmonton Research Farm (53°29°30°°N,
113°31°53°°W), Alberta, Canada. The site and field management were further described in Lin et
al. (2017) and the physical and chemical properties of the soil are shown in Table 4-1. Due to the
high moisture content at the time of field sample collection, the collected soils were air-dried for
several days, then passed through an 8-mm sieve to remove large rocks and plant residuals. To
accomplish sample homogeneity, each soil was mechanically mixed in several portions, after
which all portions were laid on a sheet and manually mixed with shovels. After mixing, a small
amount of each soil was collected to dry in an oven (105 °C) for 24 hours to measure the

moisture content. Soils were stored at 2 °C until the experiment establishment.

4.3.2 Experimental setup

The whole experiment was separated into four phases: an initial conditioning phase in the
greenhouse, a fall phase including N (‘*N-urea) addition, a freezing phase and a thawing phase.
The experiment was established in 5.5-L plastic pots measuring 21 cm in height and 19.8 cm in
inner diameter at the top of the container. Soils (5.5 kg dry soil at 20% and 22% gravimetric
water content for CT and SW soils, respectively) were weighted into each pot and compacted by

increments up to 5 L (18.4 cm height) with a packing bulk density of 1.1 kg cm™.
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4.3.3 Initializing phase in the greenhouse

To improve the soil structure regarding soil aggregate build-up and to simulate field plant
growth, an initializing phase was conducted with wheat growth in a greenhouse receiving local
daylight from August to October, 2017. The daylight progressively decreased from about 16
hours in August to 9 hours in October. The minimum, average, and maximum greenhouse

temperatures were 12, 23 and 36 °C, respectively.

On August 1, 2017, 12 wheat seeds (AC® Muchmore, Canadian Western Red Spring
cultivar) (FP Genetics, Regina, SK, Canada) were evenly distributed in a circle about 1.5 cm
from the edge of the pot and 4 cm below the soil surface. After germination, the number of wheat
plants was reduced to eight per pot as recommended (McKenzie et al., 2011). When the wheat
grew to 8-10 cm above the ground, four bamboo sticks were installed around the plants in each
pot to prevent tilting. Soil moisture was increased to 33% v/v (~57% water-filled pore space
(WFPS)) on the day of planting and checked two or three times per week. From the tillering
phase, all pots began receiving a 0.5 g L' solution of 20-8-20 fertilizer weekly [20% N, 8%
P,0s, 20% K50, 0.5% Mg, 0.02% B, 0.05% Cu, 0.4% Fe, 0.05% Mn, 0.005% Mo, 0.05% Zn and
2.8% DTPA (ethylene diamine tetra-acetate, chelating agent)]. Throughout the growing season,
each pot received the equivalent of a total amount of 50.85 kg N ha™ fertilizer according to
typical cropping recommendations (McKenzie et al., 2013). Due to a fungal disease (powdery
mildew) occurring at the base of the plants, 2 L of Bumper® 418 EC fungicide (Adama Canada
Ltd., Winnipeg, MB, Canada) was applied at a rate of 1.5 mL to 1 L of water on September 25,
2017. The aboveground plant biomass (> 5 cm height) was harvested and removed on October

30, 2017. To simulate the crop residue, 5 g of straw biomass was added to the soil surface. Two
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pots from each soil were randomly selected for destructive sampling to conduct soil mineral and
isotopic N analyses. Six soil cores of 18.4 cm were taken from each pot by an auger with a
diameter of 3.5 cm. The collected soils were air dried and passed through a 2-mm sieve. The
other pots were sealed with caps and stored at 2 °C until the beginning of the next experimental

phase.

4.3.3.1 Drying conditioning phase before the fall phase

Prior to implementing the N addition and moisture treatments, all pots were removed
from 2 °C to room temperature for air drying to achieve a water content below the target WFPS.
Chamber bases were installed in the soil to take CO, and N,O flux measurements during drying.
Detailed information about the chamber and flux measurement is provided in the section below.
Based on the flux results collected during the drying phase, the pots were separated and stratified
into three blocks for each soil; subsequently, they were randomly assigned to moisture and N
treatments within a block. The treatments for each soil (CT and SW) were established at the end
of this drying conditioning phase (day 0 of the measurement period) as follows: two levels of N
additions (**N-labelled urea (5 atom%'°N) and control without N) and three levels of water

content (low (45-70-55 % WFPS), medium (55-80-65 % WFPS) and high (65-90-75 % WEFPS)).

4.3.3.2 Simulated fall fertilizer addition phase

The treatments were established on day 0 and the fall phase (days 0-27) ended on day 27
of the experiment. With the assumption that the fall N application was for canola growing for the
next season, 0.29 g '’N-Urea (Sigma-Aldrich, St. Louis, MO, US) was applied into each pot,
which was equivalent to 85 kg N ha™ for the SW soil. The granular fertilizer was manually

ground into powder in a grinding bowl, which had been washed with deionized (DI) water before
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use. The fertilizer powder was evenly placed 5 cm below the soil surface along the diameter of
the pot area to simulate fertilizer banding. Then, room-temperature DI water was added to
achieve an initial target of 45, 55 and 65% WEFPS. These water contents were maintained by
adding DI water every day throughout the fall phase. All pots and glass flasks with DI water
were stored at 2°C. Cardboard was placed 3-5 cm above the top of the pots to prevent rapid

evaporation while still allowing air circulation between the air and soil.

4.3.3.3 Simulated winter freezing phase

On day 28 of the experiment, all pots were moved from 2 °C to -18 °C and this freezing
phase lasted for 27 days (days 28-55) to make sure the soils were fully frozen. To simulate
typical water additions due to winter snow accumulation in central Alberta, 2 °C DI water was
added to increase the soil water content by a total of 25% WEFPS for each pot (i.e. from 45 to
70%, 55 to 80%, and 65 to 90%). This simulation of winter water additions was accomplished by

increments of 8.3, 8.3 and 8.4% WFPS on days 31, 37 and 45, respectively.

4.3.3.4 Simulated spring thawing phase

On day 56, all pots were moved from -18 °C to room temperature to simulate a spring
thawing for 30 days (days 56-86). The room temperature averaged 23 °C, ranging from 20.4 to
25.9 °C (recorded using a HOBO data logger at 1 Hz). Soil moisture content was allowed to
decrease by 0.5% WEFPS daily and this corresponded to a total decrease of 15% WFPS over the
30-day thawing period. Soil moisture content was adjusted by weighting the pots and adding
room temperature DI water. On the last day, three cores of soils (18.4 cm in height and 3.5 cm in

diameter) were taken from each pot using soil augers for further mineral and isotopic N analyses.
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4.3.4 Measurements of CO, and NHj; fluxes

During the drying, fall and freezing phases, CO, and NH; fluxes were determined by a
simple system, which included a Picarro G2508 cavity ring-down spectroscopy (CRDS) with a
105 mL analytical cell at constant 140 Torr pressure and 45 °C temperature (Picarro, Santa
Clara, CA, USA), a low-leak diaphragm A0702 pump (Picarro, Santa Clara, CA, USA) and a
custom-made non-steady-state chamber. The vacuum pump enabled the re-circulation of gas
sample flow through the chamber with a rate of 240 standard mL min™'. The polyvinyl chloride
artificial chamber contained a base and a top. The chamber base was installed 3 cm into and 7
cm above the soil surface at the center of each pot. The cross-sectional area of the chamber was
184 cm? (diameter of 15.3 cm). The chamber top (5 cm in height and 15.3 ¢cm in inner diameter)
consisted of two tubing connection ports for gas circulation (one for inlet and another one for
outlet), a stainless capillary tubing (3/8 mm in inner diameter, 10 cm in length) on the wall for
the purpose of pressure equilibration, and rubber seals fitted to the chamber top to ensure
hermetic chamber closure. The total headspace of the chamber system was 2.2 L. The flux
measurement duration was 3 minutes (300 data points). The CO, and NH; flux measurements
took place on days 0, 1, 2, 3, 6,9, 13, 17, 20, 24 and 27 during the fall phase, and on days 31, 37,

45, 52 and 55 during the freezing phase.

During the thawing phase, CO, and NHj3 fluxes were measured by an automated chamber
system, which included the CRDS as described above, and an eosMX multiplexer connected
with twelve eosAC automated chambers (Eosense Inc., Dartmouth, NS, Canada). The total

headspace of the automated chamber system was 2.8 L. The measurement duration was about 10
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minutes. The fluxes were measured every day during the 30-day thawing phase. The flux

calculation for CO,, NH3 and N,O was determined by equation [1].

P
RXT

F:(d—c)x(K)x( ) X 2M X k [1]
dt M

where F is the gaseous flux (ug kg™ d); dC/dt is the slope of a simple linear regression or as the

first derivative of a quadratic regression at ty (uL L™ s™); V is the headspace volume of the gas

chamber (L); M is the dry soil weight (kg); P is the pressure at chamber headspace during

measurement (atm); R is the gas constant (atm pL K™ pmol™); T is the temperature at chamber

headspace during measurement (K); M is the molar mass of C or N (g mol™) and k is a

conversion factor for the flux unit (from pg kg™ s to pg kg™ d™).

4.3.5 Measurements of N,O flux and N,O isotopomers

The mixing ratios of '*N-"*N-°0, "*N-""N-°O (o)) and ’N-"*N-'°O (B) were quantified in
a continuous mode using direct absorption spectroscopy (wavenumber of 2188 cm™) with a
thermoelectrically-cooled, mid-infrared quantum cascade laser (Aerodyne Research, Inc.,
Billerica, MA, USA) equipped with 200-m path length analytical cell (2 L volume at 30 Torr
vacuum), Nafion™ tubing (Perma Pure, Lakewood, New Jersey, USA) and coupled in
recirculation with a non-steady-state chamber as further described below. Temperature (20 °C)
and sample flow rate (1.5 standard L min™") were held constant in the instrumentation. The
TDLWintel software provided system control as well as data acquisition and recording at 1 Hz

resolution.

The o and [ isotopic ratios were calibrated in a similar way as described by Mohn et al.

(2014) with primary gas standards A (8'°*N,0: 15.70%o, 8"°"N,O: -3.21%o0) and B (8"°*N,0:
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5.55%o, 8'PN,O: -12.9%o) at a concentration of 0.8 ppm. For routine calibration every 120
minutes, secondary gas standards included synthetic N,O (BlsaNzO: -1.8%o, SlsﬁNZO: 0.2%o) at
concentrations of 0.5, 1.2 and 1.9 ppm, breathing air (8'**N,0: 15.4%o, 8'*PN,0: -2.7%o, 342
ppb), and ultra-high purity dinitrogen for background absorption spectra subtraction. Analytical
precision of '°*N,O and §"°PN,O at 1.2 ppm was 0.4 %o (standard deviation of thirty continuous

measurements using integration of five seconds).

The same chamber as described above (2.8 L headspace) was connected to the
spectroscopy system and closed for 3 minutes. The isotopic composition of both site-preference
and bulk "°N in N,O was expressed in & (%o) notation. The calculation for '*°R, PR, §'°*N,0,

§'PN,0, """ N,0 and SP was determined by the following equations [2-6].

151
15iR — o (l = aor ﬂ) [2]
. 15iR
SN0 = [ —z ™ — 1] % 1000 (i = @ or B) [3]
Rstd
15a 158
§15bulk N 0 = 6N ;6 N [46]
15aN + 15[§’N

15 _ 2 [57]

Atom% > N,0 = T5ay £ 156N + 14N x 100
SP = §'54N,0 — §'5EN,0 [68]

where N, "N and "N represent the mixing ratio of >*N- N,O, SPN- N,O and "N- N,O in the
sample, respectively (ppm); '>“R represents the isotopic ratios of "°*N to "*N; '*PR represents the

ratios of °PN to 14N; PRy is the isotopic ratio in the atmospheric N, (ISRstd =0.003676);
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Atom%'°N,O represents the isotopic percentage of >N in N,O; SP represents the intramolecular

>N site preference (%o).

The atom%lSNzO, 815°‘N20 and SISBNZO emitted from each pot was obtained from the
intercept of a Keeling plot (i.e. a linear regression of atom %'°N,0, §"°*N,O or &' PN,O as y-axis
vs. 1/total N,O as x-axis). The partitioning-contribution of nitrification and denitrification to the
N,O production was calculated using equations [7-8], with an assumption that the SP of
nitrification and denitrification are 0 and 33 %o, respectively (Sutka et al., 2006). The priming

effect of daily N,O flux and cumulative N,O emissions was calculated based on equations [9-12].

SP
Fi(%) = 33 X 100 [7]

33 —SP
Fgeni (%) = 33 x 100 [8]

Atom%" N 015N -urea — Atom%lsNZ Ocontrot

FN,O0qsn— %) = 9
2Y15N urea( O) 5%_At0m%15N20control [ ]
5% — Atom%° N, O;cn_

FNyOsoit (%) = . o2 LsNureq [10]
5% - Atom% NZOCOTltT'Ol
N;015n-urea = FN3015n—urea
[119]
X N, O flux from soil with urea addition
Priming effeCt Of NZO (PE) = N2015N—urea - NZOControl [1210]

where F,; and Fg, represent the proportional contribution of nitrification and denitrification,
respectively; FN,O sn-urea and FN>Osoi represent the fraction of N>O from added °N-labelled
urea and from the soil itself, respectively; Atom%"° N0 5N-urea and Atom%lsNzOcomml represent

the isotopic percentage of "N in N,O from the pot with and without urea addition, respectively;
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N2015N-urea ad NoOcontror represent the N,O production derived from the soil itself in the
treatments with and without urea addition, respectively (ug N,O-N kg™ d”! or ug N,O-N kg™);

PE >0 indicates positive priming effects; PE <0 indicates negative priming effects.

4.3.6 Other measurements

Soils were air dried and passed through a 2 mm mesh for further laboratorial analyses.
Soil extractable NH; " and NO;” in the filtrate (2M KCI) were determined by using a SmartChem
200 Discrete Wet Chemistry Analyzer (Westco Scientific Instruments, Inc., Brookfield, CT, US)
based on the standard method (McKeague, 1978; Carter and Gregorich, 2008). The soil organic
C and total N were determined by a dry combustion method using a Costech Model EA 4010
Elemental analyzer (Costech International Strumatzione, Florence, Italy). The soil clay, silt and
sand percentages were determined by the rate of settling in solution using a hydrometer
(McKeague, 1978; Carter and Gregorich, 2008). Soil pH was determined in a mixture with a soil

to water ratio of 1:2 (McKeague, 1978; Carter and Gregorich, 2008).

With the aim of measuring °N isotopic composition in the soil without urea addition, soil
samples were oven dried at 60 °C and ball-grounded to a fine consistency to ensure homogeneity
for isotope analysis. The soil 5'°N was determined by using a Flash 2000 Elemental Analyzer
(Thermo Fisher Scientific, Delft, the Netherlands) to dry combust the soil sample converting all
N to N,. Subsequently, this analyzer was interfaced online to a Finnigan Delta V Plus isotopic
ratio mass spectrometer (Thermo Electron, Bremen, Germany) to detect the °N isotope
composition. Based on the isotopic analyses of N,O and soil N, the soil N isotope discrimination

value (g) was calculated based on the equation [13].
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€ (%o) = (

— 1) x 1000 [13]

where "Ry»o represents the isotopic ratio of emitted N,O on day 57 (2nd day of thawing); ""Reiin
represents the isotopic ratio of soil N; positive € implies an enrichment of °N in the
transformation processes of soil N to N,O production; and negative ¢ implies a depletion of '°N

in the transformation processes.

During the flux measurement, air temperature and pressure were recorded by a HOBO
UX100-001 data logger (Onset® Computer Corporation, Bourne, MA, USA) and a Testo 511

barometer (Testo Inc., Lenzkirch, Germany), respectively.

4.3.7 Statistical analyses

Statistical analyses were performed in R 3.1.3 (R Core Team, 2014). The data was
transformed to meet the assumptions of normality and homoscedasticity as necessary. The
difference in the priming effect of cumulative N,O emissions during the thawing phase between
the coupled soils (i.e. with and without urea addition) was examined by a two-sample t test. The
significance of the differences in the contribution of nitrification and denitrification to the N,O
produced on the 2™ day of thawing was determined using two-way analysis of variance
(ANOVA) analysis (P < 0.05) for a fixed-effect model. The effect of soil N management history
(CT vs. SW soils), nitrogen ("°’N-labelled urea vs. control) and soil water content (low, medium
vs. high) treatments on soil NH4", NO3’, cumulative N,O, CO, and NH; emissions were
examined using three-way ANOVA for a fixed-effect model with interaction analysis (P < 0.05).
Tukey’s Honest Significant Difference test (HSD) (P < 0.05) was used to further compare the

difference if the treatment effects described above were significant.
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4.4 Results

4.4.1 N;O production and contributing N processes to significant N,O fluxes

Throughout the whole experiment, the magnitude of N,O production varied among the
different phases. During the freezing phase, the average daily N,O fluxes across all treatments
were limited, with an average of 0.22 £ 0.05 pg N,O-N kg™ soil d” (Fig. 4-1c). After urea and
water additions in the fall phase, the average daily N,O flux rose up to about 0.48 to 0.75 pg
N,O-N kg d™' on days 1-3, then dropped to 0.17 + 0.01 pg N,O-N kg™ d”! on day 9 followed by
a gradual increase to 1.23 + 0.40 pg N,O-N kg™ d”' until the last day of the fall phase (Fig. 4-1c).
Robust fluxes occurred in the thawing phase. The average daily N,O flux reached the peak of
71.44 +7.08 pg N,O-N kg d”! on the 2™ day of thawing (day 57 after N addition) and quickly
declined to 17.66 + 3.90 pg N,O-N kg d”! on the 6™ day of thawing (day 61) (Fig. 4-1¢).
Following this decline, the average daily N,O flux gradually decreased further to a relatively
constant rate of 0.74 pg N>O-N kg™ d”', remaining at 0.76 + 0.18 pug N,O-N kg d' on the last
day of thawing (day 86) (Fig. 4-1c). Focusing on specific treatment comparisons, the N,O peak
occurred one day later in the soil with high moisture content compared to the soils with low and
medium moisture contents (Fig. 4-2). Due to the robust fluxes emitted during the thawing phase,
the N,O emissions produced during thawing were responsible for at least 92% of total emissions

across all treatments (Fig. 4-3).

The cumulative N>O emissions were significantly impacted by the soil with contrasting
historical managements (CT vs. SW), soil water content and N addition (urea vs. control)
throughout the whole experiment (Table 4-2). Specifically, the cumulative N,O emissions from

the soil with historical N additions (SW) were higher compared to the corresponding soil without
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N addition (CT) (Fig. 4-3). We observed that the cumulative N,O emissions increased with
increasing soil water content (Fig. 4-3). The addition of urea increased the cumulative N,O

emissions regardless of soil management history and water content (Fig. 4-3).

The N,O production from nitrification and denitrification processes was examined for the
very large N,O fluxes on the 2" and 3™ days of thawing (days 57 and 58, respectively) for the
soils under "°N natural abundance (without '*N-labelled urea addition) (Fig. 4-4). Although no
significant difference in N,O fluxes was found between the soil management history (SW vs. CT)
and among water contents, there was a decreasing tendency of the N>O magnitude on day 57 and
an increasing tendency on day 58 with larger soil water contents (Fig. 4-4). Across all treatments,
denitrification was definitely the dominant process contributing largely to the vigorous N,O
fluxes on days 57 and 58, ranging from 83% to the entire N>O production (Fig. 4-4). The
important role of denitrification in N,O production seemed to become stronger with an increase
in the soil water content in the CT soil, as evidenced by an increased contributing proportion on

day 57 (Fig. 4-4).

4.4.2 Priming effects on soil N,O production

Irrespective of soil water content and management history, soils subjected to the urea
addition were consistently higher in soil-derived N,O emissions compared to control soils,
clearly showing a net positive priming effect triggered by thawing (Fig. 4-5). Compared to the
CT soil, the cumulative priming effect was higher in the SW soil, as shown by the larger soil-
derived emission difference between the soil with and without urea additions in the SW soil (i.e.
N vs. C, Fig. 4-5). However, with respect to the daily priming effect, the magnitude and direction

of the priming effect changed not only across soils, but also with time and with moisture content
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(Fig. 4-6). At low moisture content, the priming effect for both CT and SW soils reached the
maximum magnitude on the 2™ day of thawing (day 57), sharply declined below zero on the next
day, then sharply increased to being positive or around zero for the rest of thawing (Fig. 4-6a).
By contrast, the positively pronounced priming effect achieved one day later (day 58) at the
higher moisture contents (medium and high moisture contents), and then the priming effect
gradually dropped back to approximately zero on day 61 (Fig. 4-6b and c). In addition, the
magnitude of the priming effect peak was greater at higher moisture contents than lower
moisture contents in the SW soils (29.44 pg N,O-N kg™ d! at low vs. 62.95 at medium and
52.82 at high moisture content), and it was also greater in the SW than in the CT soil at both
medium and high soil moisture contents (Fig. 4-6). From day 65 to 72, the SW soil showed a
slightly stronger positive priming effect compared to the CT soil at medium water content (Fig.
4-6b). Nevertheless, this phenomenon reversed at high water content from day 63 to 65, where a
stronger positive priming effect was observed in the CT soil rather than in the SW soil (Fig.
4-6¢). Interestingly, there was clearly a negative priming effect taking place during the late
thawing phase when both soils had high moisture contents, but the negative priming effect
occurred slightly earlier in the SW soil (day 66) than in the CT soil (day 70) (Fig. 4-6¢). Overall,
the daily priming effect across all treatments significantly increased to positive values within the
first several days of thawing, then declined and fluctuated around zero, and finally reached a
plateau near zero or neutral priming (Fig. 4-6). Moreover, the soils with higher water content
required more time to reach the plateau, as the plateau occurred on approximately days 72, 74

and 78 at low, medium and high moisture content, respectively (Fig. 4-6).
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4.4.3 Soil CO; and NH; exchange

The CO; fluxes throughout the experiment varied among different phases. Following N
addition and from the early fall phase to the end of the experiment, the soil became a minor CO,
source (Fig. 4-1b). Within the fall phase (excluding day 0), CO, fluxes were generally low and
relatively stable across all treatments, with an average production rate of 1.29 + 0.13 ug CO,-C
kg d! (Fig. 4-1b). Afterwards, the CO, flux steadily decreased to 0.57 + 0.14 pg CO,-C kg™ d”!
on the 6™ day of the 24-day freezing, and finally became negligible (Fig. 4-1b). At the beginning
of thawing, the average CO; flux across all treatments sharply increased to 8.65 = 0.29 pg CO,-C
kg d', and thereafter slowly decreased over time, reaching 1.94 + 0.16 pg CO»-C kg™ d™' on the
last day of the study (Fig. 4-1b). In addition, we noticed a coherent high correlation between CO,
and N,O fluxes during most of the simulated spring thaw phase, with the exception of the 2", 3™
and 4™ days of thawing when CO, and N,O fluxes appeared to be unrelated to each other (Fig.
4-7). Upon establishing a linear regression for N,O flux as a function of CO; flux for most
thawing data (Fig. 4-7), we used graphic extrapolation to separate contributions of de novo
biology production versus physical release to the overall N,O flux on the 2™, 3™ and 4™ days of
thawing. Among these three days, the largest proportion of estimated N,O production due to
physical release was found on the ond day of thawing, with a value of 71.5% (Fig. 4-7). This
estimated proportion decreased to 63% on the 3 day of thawing, and then to 26.3% on the 4

day (Fig. 4-7).

The daily NHj; efflux clearly peaked following urea addition and then gradually declined
during the fall phase (Fig. 4-1d). At both freezing and thawing phases, the average daily NHj3
flux became negligible (Fig. 4-1d).
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Regarding cumulative emissions, soil moisture content had a significant effect on
cumulative CO; emissions (Table 4-2). Across treatment combinations (soil management history
x N addition), the cumulative CO, emissions increased with increasing soil water content, except
for the treatment of SW with urea addition, where the highest CO, emission was found at the
medium water content (Fig. 4-8a), perhaps indicating an optimum for biology at intermediate
water contents. Across all treatments, the majority of cumulative CO, emissions were produced
during thawing, accounting for at least 65% of total cumulative emissions, while the dominant
contributor to the net cumulative NH3 emissions was the fluxes emitted during the fall phase

following the N addition (Fig. 4-8b).

4.4.4 Mineral N patterns and BN-N,0 depletion from soil N transformations

Both soil NH4" and NO5” concentrations at the end of the experiment were higher than the
levels prior to the treatment establishment (Fig. 4-9). There was a significant effect on soil NO3
concentration in terms of the different soil management history (CT vs. SW), moisture water
content, N addition (urea vs. control) and the interaction between the soil management history
and water contents; however, there were no such significant effects on the soil NH,"
concentration (Table 4-2). The NOs™ concentration was consistently greater in the soil with
historical N addition (SW) compared to the corresponding control soil (CT) (Fig. 4-9b). The
NOs” concentration apparently increased with increasing soil moisture content in CT soils, but
this pattern was not found in SW soils (Fig. 4-9b). Soils receiving urea addition showed greater
increments in the NO;™ concentration in comparison to the soil without urea (i.e., CT + Urea vs.
CT and SW + Urea vs. SW, Fig. 4-9b). Regardless of soil management history and water

content, there was a consistent negative depletion of "°N (¢) in the unilateral transformation
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processes from the soil N pool into the emitted N,O pool (Table 4-3). Regardless of soil
management history and water content, it seemed that the depletion of '°N () was stronger in the

SW than the CT soil (Table 4-3).
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4.5 Discussion

4.5.1 N;0, CO; and NH; production through a simulated cycle of fall, freeze, spring thaw
The dynamics of N,O, CO, and NHj; fluxes varied among phases with different
environmental conditions and substrate availability. After the urea addition in the fall phase, the
urea was quickly hydrolyzed due to simultaneously increased soil water contents (Fig. 4-1). The
abundant urea-derived NH," then became available for nitrifiers and transformed to NO5". With
the transformation, the soil NH," gradually declined, leading to a decrease in NH3 volatilization.
In the later period of the fall phase, the increased NO;™ from nitrification became available for
denitrifiers, and was specifically conducive for those under moist conditions (Smith et al., 2018).
This could explain why gradually increasing N,O fluxes were observed in moist treatments in the
later fall phase (Fig. 4-1c and Fig. 4-2). The largest cumulative NH; during the fall phase could

be largely due to the sufficient substrate of NH, ", primarily owing to the urea hydrolysis.
gely y g ydroly

Over the freezing period, negligible N,O, CO, and NH; fluxes were a consequence of
restricted soil microbial activities and diffusion pathways blocked by the ice layer at freezing
temperatures (-18 °C) (Pietikdinen et al., 2005). Our results were consistent with previous
studies, where limited N,O and CO, emissions were observed under subzero temperatures

(Teepe et al., 2004; Ludwig et al., 2006).

During the simulated spring thaw in this study, the NH3 volatilization that was expected
to be high under high temperature (20°C) was minor (Ernst and Massey, 1960). This might be
mainly driven by the insufficient soil NH,", which was possibly a result of a relatively completed

transformation to NOj3™ by nitrifiers during the previous 27-day fall phase. This inference could
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be partially supported by the N,O source-partitioning result which showed that the denitrification
which uses NOs" as a substrate was the main process contributing to the major N>O fluxes on the
2" and 3" day of thawing (Fig. 4-4). In addition, the high NH," adsorption to clay particles and
high buffering capacity due to the high organic matter content of the soils could suppress NH3
volatilization in our controlled study which used closed chambers (Sommer et al., 1991;

Whitehead and Raistrick, 1993).

At the beginning of the simulated spring thaw, substantially elevated CO, and N»O fluxes
closely related with increased soil temperature and water content were triggered by thawing, in
line with findings in other cold regions (Wagner-Riddle and Thurtell, 1998; Wang et al., 2013).
Our results were also supported by an earlier field study with consecutive four-year flux
measurements by Chantigny et al. (2016), who found that CO, and N,O fluxes from the soils
with fall-applied slurry peaked the highest when the snow melt occurred, and those flux bursts
lasted for about 2-6 week periods. The suddenly increased soil temperature and water content
due to thawing unblocked the gas diffusion pathway in the soil profile and triggered a rapid soil
microbial recovery as evidenced by raised respiration rates. Besides the impact on CO,
production rates, the increased soil water content coupled with low O, availability were
conducive for N,O production via denitrification, as was partially shown by the source-
partitioning result of the significant N,O fluxes on the 2" and 3™ days of thawing in this study
(Fig. 4-4). Apart from the altered microbe-favorable environment, earlier studies have discovered
rapid increases in the availability of soil inorganic N and labile C compounds upon soil thawing
(Schimel and Clein, 1996; Nielsen et al., 2001; Herrmann and Witter, 2002; Matzner and

Borken, 2008), which could simultaneously activate further microbial activity and strengthen
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associated fluxes. Mineralization of soil organic matter, destruction of soil aggregates due to ice
crystal expansion, and microbial lysis could be possible causes of the increased substrate

availability (Congreves et al., 2018).

Although the sudden flux spikes occurred at the beginning of thawing, the magnitude of
CO; and N,O fluxes synchronously decreased with time as soil moisture content gradually
declined. This result emphasized the driving role of soil moisture on soil microbial activity and
N,O emissions, in particular during the spring thaw when major changes in soil water content
usually take place. By contrast, the daily N,O production on the 2™ day of thawing tended to
decrease with increasing water content (Fig. 4-4). This could be a result of much longer melting
time and prolonged blocked gas diffusion pathways at higher soil water contents. This notion
could also explain the occurrence of a very large but delayed N,O priming effect during thawing
exclusively at the higher moisture contents. In addition to the delaying melting effect, the high
possibility of transformation from N,O to N, through denitrification at higher moisture contents
(i.e., ~90% WEFPS in the high water content treatments) could minimize the total thaw-induced

N,O losses (Ruser et al., 2006).

The high coherence of most CO, and N,O fluxes during the simulated spring thaw is in
general agreement with previous field research by Furon et al. (2008) who found a close
connection between these two fluxes produced during spring thawing based on measurements
over 4 years in silt loam soil in Ontario, Canada. This coherence was evaluated in an earlier
study in which there was a linear correlation with an average R* of 0.57 between the N,O and
CO; production rates from late January to mid-March in southern Germany (Dorsch et al., 2004).

However, the early-thawing fluxes in our study were decoupled and outside of the major linear
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pattern (Fig. 4-7). This could suggest that the initial response of N,O fluxes to the beginning of
thawing is not only linked with the de novo microbial production during thawing but also with
the physical release of trapped gases over the freezing period, which has been recognized in
previous literature (Grant and Pattey, 1999; Teepe et al., 2001a; Gregorich et al., 2006). Within
the 30-day spring thaw period, the short-lived duration for the initial flux pulses associated in
part with the physical release indicated to a certain extent the less important role of physically
released N,O to the entire spring thaw emissions. This was denoted by Risk et al. (2013) who
reported that only 25-37% of total N,O emissions produced during the spring thaw were derived
from the physical release. Moreover, the trapped N>O emissions accumulated over the simulated
winter freeze seemed to be of greater amplitude compared to the CO,, but to our knowledge this

has not been previously demonstrated.

The important role of spring thaw N,O emissions as found in this study is consistent with
other field research in agricultural systems (Wagner-Riddle et al., 2007; Yanai et al., 2011;
Abalos et al., 2016; Lin et al., 2017). The freeze-thaw induced N,O emissions from their
croplands accounted for about 30-90% of the total annual N,O budget. Despite the fact that our
study encompassed part of the annual cycle, more than 90% of total N,O emissions were
produced during thawing. However, the substantial contribution of thawing could be influenced
by our experimental mesocosm conditions. The soil in this study was subjected to one cycle of
freeze-thaw for 30 days, whereas field conditions are likely to register even more frequent
freeze-thaw cycles over a longer non-growing season in realistic and future climate scenarios.
Increasing both freezing duration and freeze-thaw cycle frequency have been found to

considerably increase the N,O emissions during thawing (Chen et al., 1995; Teepe et al., 2004;
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Singurindy et al., 2009). Therefore, additional laboratorial and field studies are recommended to

further elucidate the important influence of freeze-thawing on soil C and N dynamics.

4.5.2 N0 production and soil N pool as a function of N additions, water contents and soil

histories

Cumulated N,O emissions were significantly influenced by N addition, soil water content
and soils with different management history. The soils amended with urea significantly increased
the total N,O emissions compared to the un-amended soils, in particular for the emissions
produced during thawing, as reported by previous studies (Burton et al., 2008; Tenuta et al.,
2016; Lin et al., 2017). The cumulated N,O emissions increased with increasing water content in
both soils with and without urea additions, which was consistent with Hou et al. (2000a). They
found that N,O emissions positively increased with soil water content from 40% to 100% WFPS
in both control and urea-amended soils. The fact that the SW soil had greater cumulative N,O
emissions when compared with the CT soil could be because the SW soil had more easily

decomposable organic N due to receiving recurrent manure additions.

Although there were no significant interacting effects on N>O emissions, the responses of
soil NOs™ to the various water contents were differed significantly between the CT and SW soils
(Table 4-2). This contrasting NOs” response indicated a residual effect from the preceding
manure amendments in terms of the changes in soil nutrient pools and their dynamics. In the CT
soil, increased NO3™ concentration with increasing water content would be a consequence of
enhanced mineralization and nitrification rates (Wang et al., 2006). In the SW soil, however, the
repeated manure field applications would result in a greater amount of soil mineralizable N

(Ginting et al., 2003), which in turn would improve the N supply, buffering the capacity of the
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soil. Taking this into consideration, the high soil NOs" in the SW soil would resist changing to
lower status with the alteration in moisture content as shown by our results (Fig. 4-9). This could
also explain why the contributing proportion of denitrification to the large thaw-N,O production
tended to increase with increasing water content in the CT soil, but not in the SW soil on the 2™

day of thawing (Fig. 4-4).

4.5.3 Priming effect of N addition on thaw-induced N,O production as influenced by soil

management history and water content

Our results showed that fall-applied N fertilizer would induce a net positive priming
effect during the following spring thaw. Regardless of management history and water content,
the consistent net positive priming effects across the treatments receiving fall-applied urea were
evident by the positively primed daily N,O at the beginning of thawing (Fig. 4-5, Fig. 4-6).
These net positive priming effects indicated an excessive mineralization caused by the fall-
applied urea, implying potential soil fertility degradation owing to NOs™ leaching and N gaseous
losses. The soils with urea amendment provided more microbe-available N compared to the soils
without urea at the onset of thawing. These extra N substrates due to fall-applied urea in addition
to the increased soil temperature and moisture content during thawing concurrently activated
further microbial activity and hence accelerated a greater mineralization rate. Afterwards, the
excess in mineralized inorganic N in the soil with urea additions became available for activated
nitrifiers and denitrifiers, consequently producing extra native soil-derived N,O. Blagodatskaya
and Kuzyakov (2008) found that the levels of added substrate C (as the percentage of soil
microbial biomass C) drove the direction of the priming effect. Accordingly, we speculated
distinct responses of primed N,O dynamics to fall-applied organic fertilizers due to their extra
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supply of organic C source. Future research focusing on this aspect would help to deepen our
understanding of soil C and N turnovers, particularly in agricultural systems with frequent

nutrient inputs and outputs.

The priming effect was clearly influenced by different soil management histories.
Compared to the CT soil, the SW soil had more easily decomposable organic matter (OM)
associated with historical manure amendments. This could explain the larger net positive priming
effects in the SW compared to the CT soils. The question regarding the OM sources stimulating

larger primed N,O emissions in the soils with a history of organic amendments remains open.

Besides the soil management history, soil moisture content evidently impacted the
dynamics of primed daily N,O fluxes. The dissimilar observations regarding the difference in
peak primed N,O fluxes between the two soils across various water contents indicated that low
water content was the key controlling factor. Furthermore, the apparent negative primed N,O
fluxes taking place in both soils at higher rather than lower water contents further demonstrated

the influence of soil moisture content on priming.

The shift of daily priming effect from positive to negative and eventually back to zero or
positive at the high water content in both soils could be explained by the mechanism of
preferential substrate utilization. The preferential substrate utilization hypothesis states that
microorganisms prefer easily available and highly accessible substrates compared to recalcitrant
organic substrates when given a variety of nutrient supplies (Cheng, 1999; Cheng and Kuzyakov,
2005; Blagodatskaya and Kuzyakov, 2008). In this study, we assumed that the activated

microorganisms initially used the easily available substrates at the onset of thawing, and then
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switched to consume more complex organic substrates (e.g. plant residuals), and eventually
utilized the soil recalcitrant OM. When soil microorganisms switched to decompose plant
residuals, they needed to uptake inorganic N due to a high C:N ratio of wheat straw and roots
(Gan et al., 2011), thus inducing a net immobilization and accompanied negative primed N,O
production. With the decreases in the decomposition of more easily available substrates, soil
microorganisms progressively utilized soil recalcitrant OM to sustain their metabolism, causing

an accelerated N mineralization coupled with a diminishing negative priming N,O production.

The reasons for explaining why the apparent primed N,O fluxes were only observed at
the high water content rather than the lower water content remain obscure. It might be a result of
a greater N mineralization rate at higher water contents (Stanford and Epstein, 1974; Paul et al.,
2003). As a result, the substrate pool substitution (i.e. the switch in the utilization of easily
decomposed substrates to moderately decomposed substrates, such as plant residues) associated
with the switch to a negative priming effect would occur earlier at the high moisture content
compared to that at lower water contents. In addition, the more inorganic N available in the soils
at the high water content would have a higher possibility of inducing obvious negative priming
effects owing to net N immobilization. Blagodatskaya et al. (2007) found that apparent negative
primed CO, fluxes were observed in the glucose-enriched soil with N addition compared to the
treatment without N addition. The presence of more inorganic N at the high water content can be
partially verified by the final NH,;" and NO;™ concentrations in the CT soil at the end of the
experiment (Fig. 4-9). The equivalent inorganic N in the SW soil could be a result of the residual
effect of historical manure additions, which provides a high buffering capacity to regulate and

continuously replenish soil nitrogen availability.
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4.5.4 Sources and processes responsible for the significant N,O fluxes produced during

thawing

Irrespective of different soil management history and water content, the consistent
negative isotope discrimination values (¢) indicated '°N depletion in the transformation processes
of the soil N pool to the major N,O fluxes produced on the 2™ day of thawing. Alternatively, it
means the soil N pool was the major source for this substantial N,O production, because a
number of soil N transformations fractionate against the heavier isotope (i.e., '°’N), resulting in
>N depletion in the product relative to the remaining substrate (Hogberg, 1997). Considering
denitrification as the main source of this significant production, the soil NOs™ pool was very
likely to be the primary pool contributing to this large N,O emission rather than the NH4". As
nitrification is considered a key source for N,O emissions at lower water contents (Davidson et
al., 1991; Ruser et al., 2006), the gradually decreasing soil water content during thawing is
expected to be accompanied by a shift in processes (from denitrification to nitrification)
primarily responsible for N>O production; however, information available on this research field
is limited. Moreover, compared to the CT soil, a more negative average € in the SW soil
indicated a greater fraction of the N pool in the SW soil seemed to be converted to the large N,O
production, which is consistent with our aforementioned supposition of more easily
decomposable N in the SW soil. However, it is noted that the averages of € were not significantly

different between the two soils.
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4.6 Conclusions

Urea addition in the simulated fall resulted in a positive priming effect regarding the
cumulative thaw-N,O emissions across all treatments. This implies that the fall-applied urea
would potentially aggravate soil fertility degradation due to excessive mineralization and would
intensify N losses in the form of NO;3™ leaching and N gaseous losses. The magnitude and
direction of the priming effect in relation to daily N,O production were driven by different soil
management history and various water contents. The soil with historical manure additions
apparently further enhanced the priming effect compared to the soil without manure addition.
This could be due to the more easily decomposed organic N in the soils with preceding manure
amendments. A negative priming effect in daily N,O fluxes subsequently occurred in the soils at
high moisture content, which might be owing to concurrent plant residual decomposition and N
immobilization. Regardless of treatments, the N,O produced during the simulated thaw was the
largest contributor to the total emissions in this study. As compared to nitrification,
denitrification was the major contributing process to the substantial N>O fluxes produced on the
2" and 3" days of thawing, accounting for at least 83% of total N,O production. Increasing soil
water content resulted in increased cumulative N»,O emissions irrespective of different soil
management history and N additions, indicating potential accelerated N losses as a response to

prospective greater precipitation in the fall and winter as induced by escalating climate change.
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1 4.9 Tables

2 Table 4-1. Soil physical and chemical properties for the soils with (SW) and without (CT) historical manure applications (0-15 cm depth increment).

Properties SW CT
Organic C (g kg™ 637 += 5.0 616 =+ 43
Total N (g kg™) 59 + 03 59 + 04
Classification Black Chernozem
Texture Clay
Clay(%) 470 + 1.2
Silt(%) 36.0 £ 03
Sand(%) 170 + 1.0
pH 6.1 = 02
Bulk density (g cm™) .11 + 0.06
3
4
5
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Table 4-2. P-values of three-way ANOVA analysis for soil NH,", NO5", N,0, CO, and NH; emissions.

NH,” NO;j N,O CO, NH;
Soil management history (Soil)’ n.s. 0.002 0.007 n.s. n.s.
Water content (Water) ¢ ns. 0.035 <0.001  <0.001 n.s
Nitrogen® ns. <0.001 <0.001 n.s. n.s
Soil * Water n.s. 0.042 n.s. n.s. n.s
Soil * Nitrogen n.s. n.s. n.s. n.s. n.s
Water * Nitrogen n.s. n.s. n.s. n.s. n.s
Soil * Water * Nitrogen n.s. n.s. n.s. 0.035 n.s

1 Soil management history included the soil with (SW) and without (CT) historical manure additions.

1 Water content included low, medium and high water contents.

§ Nitrogen included the treatment with and without urea additions.
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Table 4-3. Isotope discrimination value (g) of °N at the N,O produced on the 2" day of thawing compared to the soil N pool in CT and SW soils at various water

contents.

Soil

Water content

By Soil x Water Content
Mean ¢ + SE (§ notation, %o)

Mean ¢ + SE (3 notation, %o)

By Soil

CT

SW

Low
Med
High

Low
Med
High

-10.19
-7.68
-17.34

-18.78
-15.45
-11.56

+

+

+

11.21
2.76
4.46

3.60
4.94
3.65

-11.73

-15.26

+

+

3.86

2.30
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4.10 Figures

15N_Urea addition

Days after N addition

Days after N addition

X X X
; T T T T T T T T T T T T T T T T T )
(l) 5 10 15 20 25: 30 35 40 45 50 535 60 65 70 75 80 8% 90
T T T
Simulation Fall phase after N addition Freezing Thawing
Temp. 2°c -18°C 23°C
a.Sgl.lgg\fI:PS A A A Low; =——Med ——High A Addingiwater
085 1 \
o5 —
£ 065
= 0.55
045 -
0.35 T T T T T T T T T T T T T T T T T 1
0 5 10 15 20 25: 30 35 40 45 50 3% 60 65 70 75 80 8% 90
b. Daily CO, flux
10
=
3
= 8
=0
=
&) 3
. MM— )
8 0 T T T T T T : T + T y T T T T T T )
%" 5 10 15 20 25: 30 35 40 45 50 5% 60 65 70 75 80 8% 90
-5
¢. Daily N,Oflux
100
T
=
=
&
X
A
o)
T
z
sl
5
T T T ! . 1
60 65 70 75 80 5 90
d. Daily NH; flux
2
s
=
B
iy 1
Z 05
o
Zz 0 \_—: + +
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Fig. 4-1. (a) Changes of soil water-filled pore space in the treatments of low (Low), medium (Med) and high (High) water
contents and average (b) daily CO,, (¢) N,O and (d) NH; fluxes across all treatments during the whole experiment. Error

bars correspond to one standard error.
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Fig. 4-2. Average daily N,O fluxes for the soils (b) without and (c) with urea additions and (a) changes of soil water-filled
pore space in the treatments of low (Low), medium (Med) and high (High) water contents during the whole experiment.
SW and CT correspond to the soils with and without historical manure additions, respectively. Error bars correspond to

one standard error.
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Fig. 4-3. Cumulative N,O emissions during the fall, freezing and thawing phases for the soil with (SW) and without (CT)

historical manure additions at low (Low), medium (Med) and high (High) water contents. Different letters indicate
significant differences among the treatments (P < 0.05). Numbers above the brackets represent the thaw-induced

emissions and numbers in the brackets represent the percentage of thaw-induced emissions to the total budget. Error bars
correspond to one standard error.
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a. N,O fluxes produced during nitrification and denitrification b. N,O fluxes produced during
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day of thawing
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Fig. 4-4. N,O fluxes produced during nitrification and denitrification (a) on the 2" day (day 57) and (b) the 3™ day (day
58) of thawing for the soil with (SW) and without (CT) historical manure additions at low (Low), medium (Med) and high
(High) water contents. It was unfeasible to detect the N,O processes in the low water content on the 3™ day of thawing due
to low N,O production. Numbers inside the brackets represent the percentage of emissions produced during
denitrification relative to the total emissions, while the numbers above the brackets represent the fluxes produced during
denitrification. Error bars correspond to standard error.
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Fig. 4-5. Priming effect of N addition on N source-pools of cumulated N,O emissions during thawing for the soil with (SW)
and without (CT) historical manure additions at low (Low), medium (Med) and high (High) water contents. Different
letters indicate significant difference between the soil with (N) and without (C) urea additions within each treatment
group (P < 0.05). Error bars correspond to one standard error.
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a. Primed daily N,O fluxes during thawing at low moisture content CT W
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Fig. 4-6. Primed daily N,O fluxes during thawing for the soil with (SW) and without (CT) historical manure additions at

(a) low (Low), (b) medium (Med) and (c) high (High) water contents. Positive and negative primed daily N,O fluxes
represent a positive and negative daily priming effect, respectively. Error bars correspond to one standard error.
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Fig. 4-7. Correlation between N,O and CO, fluxes during the simulated spring thawing phase (days 56 to 86). The linear
regression model was evaluated for most of the measurement days (hollow circles), with the exceptions of days 57, 58 and
59 (solid points) which corresponded to the 2", 3™ and 4™ days of thawing. There is a decoupled response of N,O and
CO, productions to thawing in these three days with disproportionally higher N,O production. The shown percentages
with standard errors correspond to the N,O produced from physical release (estimation derived from extrapolating the
shown linear regression equation).
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Fig. 4-8. Cumulative (a) CO, and (b) NH; emissions during the fall, freezing and thawing phases for the soil with (SW)
and without (CT) historical manure additions at (a) low (Low), (b) medium (Med) and (c) high (High) water contents.
Different letters indicate significant differences among the treatments (P < 0.05). Numbers above the brackets represent
the phase-induced emissions and numbers in the brackets represent the percentage of phase-induced emissions to the total
budget. Error bars correspond to one standard error. n.s. = not significant.
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Fig. 4-9. Soil (a) ammonium and (b) nitrate concentrations at the end of the experiment for the soil with (SW) and without
(CT) historical manure additions at (a) low (Low), (b) medium (Med) and (c) high (High) water contents. Different letters
indicate significant differences among the treatments (P < 0.05). Error bars correspond to one standard error. n.s. = not
significant. Horizontal solid lines represent the average soil ammonium or nitrate concentrations prior to the urea
addition. Dashed lines represent the standard errors.
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Abstract

Process-based ecosystem models, such as ecosys, can be useful tools to gain insights
about nitrous oxide (N,O) emissions by testing scientific hypotheses, to accurately project N,O
inventories in national, regional and global scales, and to explore potential emission reduction
strategies. The ecosys model was used to simulate hourly N,O fluxes from 2014 to 2017 in a
cropping system without and with slurry (fall and spring additions) in comparison with field
measurements in Alberta, Canada. We also performed simulations of de-watered fall and spring
slurry to investigate how de-watering would impact N,O production. Our results showed that
ecosys, in general, adequately simulated soil temperatures and moisture contents at 10 and 20 cm
depths (correlation coefficients (r) of 0.94 and 0.996 for temperatures at 10 and 20 cm,
respectively; r of 0.535 and 0.557 for soil moistures at 10 and 20 cm, respectively). The
divergences of modeled and measured soil water contents during spring thaws could be
attributed to uncertainties in model hydrological parameter inputs and uncertainties in field
measurements. The model captured reasonably well the dynamics of N»O fluxes from soils
receiving fall and spring slurry (r = -0.425). However, the concurrent discrepancies of soil
moisture content, N>O fluxes and soil mineral N between modeled and measured values during
the wetter spring thaw of 2017 could be a result of an unsatisfactory simulation of snowmelt
infiltration and runoff. Simulated de-watered slurry resulted in considerable reductions in
cumulated N,O emissions between 17 and 21% compared to whole slurry. This result indicates
that de-watering slurry would be an efficient emission mitigation strategy. Future research can

further address this knowledge gap.
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5.1 Introduction

Nitrous oxide (N,O) is a potent greenhouse gas (GHG), accounting for 6.2% (3.1+1.9 Gt
CO; equivalent per year) of total anthropogenic GHG emissions (Intergovernmental Panel on
Climate Change, 2014). It also plays a significant role in stratospheric ozone layer depletion
(Ravishankara et al., 2009) and can stay much longer (~121 years) than CO; in the atmosphere
(Forster et al., 2007). By 2010 the tropospheric N,O emissions had increased by approximately
43% of the background emissions in 1970 (Intergovernmental Panel on Climate Change, 2014).
Intensified use of nitrogen (N) fertilizers, which increased by 230% from 1970 to 2010, was one
of the key drivers of this dramatic change (FAOSTAT, 2013; Intergovernmental Panel on
Climate Change, 2014). The agricultural sector is one of the major contributors to the global
anthropogenic N,O emissions, two-thirds of which is emitted from fertilized soils (US-EPA,
2011). N,O emissions from arable soils is not going to slow down in next decades if no
additional strategies for N,O emission reduction are put in place (Popp et al., 2010; US-EPA,

2011).

An effective strategy to reduce N,O losses from agricultural soils can be appropriately
combining sources, and application timing, placement and rates of nitrogen for specific crops,
cultivated under specific soil and climatic conditions, which will improve N use efficiency and
hence will reduce N losses in the forms of N,O (Fujinuma et al., 2011; Hoben et al., 2011; Zhu et
al., 2013; Kim et al., 2013; Roy et al., 2014; Nelissen et al., 2014; Soares et al., 2015; Duncan et
al., 2017; Awale and Chatterjee, 2017; Millar et al., 2018). In addition to synthetic fertilizers,
livestock manure has been applied to the farmlands as carbon and N inputs for hundreds of years.
Adding animal manure into the soil is not only an efficient way to increase the productivity and

quality of crops but also improves soil health (Steiner et al., 2007). However, this practice has
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also the potential to emit a considerable amount of N,O from the arable soils (Amon et al.,
2006). Fall-applied manure produced greater cumulative soil N,O emissions than spring-applied
manure in cold regions (Thorman et al., 2007; Lin et al., 2017). Higher emission from soils
receiving fall manure addition was mainly contributed by substantial flushes of N,O during the
following spring thaw, which could be as high as 64% of the total annual N,O emission (Lin et
al., 2017). Shortly after the manure addition in the fall and prior to the frozen winter, most of the
manure-derived easily decomposable C and mineral N could remain in the soil due to lack of
plant uptake and limited microbial activities caused by the cool and dry soil conditions (Lin et
al., 2017; Chantigny et al., 2019). Once the soil gradually became warmer and wetter in the
following spring, soil microbial activities progressively accelerated, particularly in the soil with
sufficient substrates of residual soluble C and mineral N from the manure applied in the
preceding fall (Adair et al., 2019). Denitrification was the major process responsible for the
robust N,O fluxes during the spring thaw period (Miiller et al., 2003; Ludwig et al., 2004;
Wagner-Riddle et al., 2008), which was due to a combination of expanded anaerobic conditions,
increased substrate supply and shifts in the composition of microbial community during thawing
(Wagner-Riddle et al., 2017; Congreves et al., 2018). At the onset of soil, ice and snow thawing,
the soil moisture content largely increased which reduced soil aeration and hence microbial O,
availability. Reduced O, availability in the soil pore environment gave rise to the needs for
alternative electron acceptors to sustain reduction oxidation reactions for microbial energy and
growth (McKenney et al., 2001; Morley and Baggs, 2010). Abundance of NO3™ from
mineralization and nitrification of fall applied manure supplied the required alternate electron
acceptors that promote denitrification (Wagner-Riddle et al., 2017; Congreves et al., 2018).

However, anaerobic conditions caused by large precipitation events during spring and summer
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also resulted in large flushes of N,O emissions provided that there was enough substrate (e.g.
NOj3") available for denitrification. During extremely wet springs and summers, annual N,O
emissions from spring application sometimes offset large flushes of N,O during the spring thaw
period from fall application, thereby producing higher annual N,O emission from spring

application of manure (Rochette et al., 2004; Cambareri et al., 2017).

Selecting appropriate manure application timing for N,O emission reduction would thus
require a clear understanding of how effects of application timing on N,O emission vary with
weather conditions and soils. Field measurements of N,O fluxes by using static chamber systems
can provide valuable information on how manure application timing influences N,O emissions
from different soils under varying weather conditions (Rochette et al., 2004; Hernandez-Ramirez
et al., 2009; Cambareri et al., 2017; Lin et al., 2017). However, these chamber measurements are
usually temporally discrete and often require linear interpolations to fill the gaps in between
consecutive measurement dates which can range from a day to a week in order to derive
estimations of cumulative seasonal or annual emissions. These linear interpolations may impart
substantial uncertainties into the annual N,O emission estimates from different manure
application timing due to the episodic nature of N,O emissions which may be missed by weekly
field samplings and linear interpolations. Process-based ecosystem models can improve these
estimates once rigorously tested against actual field measurements, which would also largely
increase our insights into the drivers of N,O emissions and would improve our predictive
capacity to help strategizing efficient manure application timing for N>O emission reduction. To
simulate N,O emissions from agricultural soils receiving fall- or spring-applied manures, a
process-based model should be capable of representing and integrating all important factors and

interacting processes that regulate the magnitude of N,O production, for instance, C and N

216



cycles, soil thermal and hydraulic changes (simulation of freeze-thaw cycles), plant growth,
management practices (e.g., fertilizer or manure additions, rotation) and physical and
biogeochemical processes involved in C and N cycles (e.g., mineralization, immobilization,
nitrification, denitrification). Such a model should be devised and implemented based on site-
independent knowledge basic C and N transformation processes and soil biogeochemical cycles,
instead of being calibrated by using site measurements which would reduce temporal and spatial
scalability of the modelled outputs. As one of integrated process-based models, Denitrification-
Decomposition (DNDC) has been used in predicting N,O emissions from a range of regions and
ecosystems (Li et al., 1996; Butterbach-Bahl et al., 2001; Wang and Wang, 2003; Saggar et al.,
2004). However, the algorithms in DNDC needed to be parameterized and modified for specific
locations, systems and purposes (Giltrap et al., 2010). Spatial and temporal parameterization led
to diverse DNDC-based models for specific systems and purposes (Giltrap et al., 2010; Gilhespy
et al., 2014), which could provide gaps among models and potentially reduce the reliability of
temporally and spatially scaled up emission estimations. By contrast, another process-based
ecosystem model ecosys does not require site specific tuning of model algorithms or site
parameterization, rather it simulates N transformations from basic research theory and fed by site
specific model inputs for weather, soil properties and management activities (Grant and Pattey,
1999; Grant and Pattey, 2003; Grant et al., 2006; Grant and Pattey, 2008; Metivier et al., 2009;
Grant et al., 2016). This methodology in ecosys would minimize some of the limitations in
models such as DNDC while temporally and spatially scaling up of N,O emissions from

different manure application timings.

This study aimed at testing whether the set of coupled algorithms in ecosys representing

N transformation processes and the interaction between soil physics and biogeochemistry in a
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soil-plant-microbes-atmosphere C-N-phosphorus-water-energy scheme would be able to
simulate the effects of fall versus spring manure application on N,O emissions from a barley
field in Alberta, Canada. We hypothesized that the model would simulate higher cumulative
thaw-derived N,O emissions from the fall manure application than that from the spring
application due to enhanced denitrification triggered by higher NOs™ accumulation from fall
applied manure under anaerobic conditions during the following spring thaw, which would lead
to microbial O, deficiency and eventual use of NO3” as an alternative electron acceptor to
facilitate microbial energy yields and growth. Model performance would be tested against N,O
fluxes measured at the same site from 2014 to 2017 (Lin et al., 2017). In Lin’s field study, liquid
manure was injected down to ~12.7-15.2 cm depth to avoid losses of N through volatilization.
However, the excess water applied with liquid manure could modify the magnitude of the effects
of manure application timing on N,O emissions. To numerically assess the potential effects of
excess water in the liquid manure on N,O emissions from fall vs spring application, we
performed a parallel simulation by not adding water to the manure (dry basis equivalent) and
compared these modelled N,O results from simulated de-watered slurry with those from the

modelled liquid manure.
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5.2 Materials and methods

Ecosys is a process-based hourly time-step terrestrial ecosystem model that stacks up a
number of canopy and soil layers, establishing a comprehensive framework of energy, water, C,
N and P exchanges and transformations which are related to plants and microorganisms. The
algorithms in ecosys are used to simulate fundamental physical, chemical and biological
procedures and to assess their processing rates in complex biomes within a broad scope of spatial
scale. A more detailed description of ecosys regarding redox reactions about N,O production and
related gaseous and soluble transport of inputs and outputs coupled with equations, variable
definitions, parameters and references can be found in Grant et al. (2016) and associated

supplementary materials.

Ecosys hypothesizes that 1) the N,O generation and its key controlling processes take
place in a profile consisting of atmosphere, litter layer, soil surface and subsurface layers; ii) the
substrates and products of these processes within each lithospheric layer exist in some or all of
microbial, soluble and gaseous states in soil, water and air phases, respectively; and iii) these
substrates and products can laterally exchange between phases within a layer and vertically
exchange between layers within a phase. These hypotheses are portion of soil C, N and P
transformations in a larger comprehensive model, which are associated with soil water, heat and
solute transport in lithospheric layers (Grant, 2001). The key processes governing N,O

production are briefly described as below.

1) Mineralization and immobilization of ammonium or nitrate by all functional soil
microbes. During growth, soil microbes gain energy from coupled oxidation-reduction
reactions, comprising of dissolved organic C (DOC) oxidation by heterotrophs or
mineral N (NH;" and NO;") oxidation by autotrophs, along with O; or nitrous oxides
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(NOy) reductions. The functional microbes pursue to maintain a defined C:N ratio for
their growth by N mineralization (organic N to NH;") or immobilization (NH," or
NOs" to organic N). In the case of N limitation, the increased C:N ratio would return
back to the defined ratio by immobilization with a cost of microbial function. The
exchanges between the organic and inorganic N regulated by these transformations in
turn influence the provision of electron acceptors involved in nitrification and

denitrification and hence N,O generation.

2) Heterotrophic oxidation of DOC and reduction of O,. N,O generation occurs once
the supply of O, cannot meet its demand as electron acceptors from aerobic
heterotrophic and autotrophic oxidations. This process supports explicit representation

of O, transport and uptake in modeling.

3) Oxidation of DOC and reduction of NO3’, NO, and N,O by denitrifiers. When O,
is limiting, alternative electron acceptors, such as NO3’, NO, and N,O can be reduced
by denitrifiers, coupling with DOC oxidation and N,O may be as a substrate or

product.

4) Oxidation of NH; and reduction of O; by nitrifiers. When O, is non-limiting, N,O

generation may occur by reduction of NO, associated with NH4" oxidation.

5) Oxidation of NO;™ and reduction of O; by nitrifiers. When O, is non-limiting, N,O
generation may occur by reduction of NO;", which is regulated by NO,™ oxidation. The
energy for NO,™ oxidation is associated with CO, fixation for constructing nitrifier

biomass.
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5.2.1

6) Oxidation of NH; and reduction of NO, by nitrifiers. When O; is limiting, N,O

generation may occur by reduction of NO;’, which is regulated by NO,™ oxidation.

7) Uptake of NH4" and reduction of O, by roots and mycorrhizae. Other microbes,
roots and mycorrhizae that demand NH, " and O, are competitor with nitrifiers for the

substrates, thus impacting the nitrifier population and N,O generation.

8) Cation exchange and ion pairing of NH,". NH," adsorption governs the substrate

pool for nitrifiers and hence affects N,O generation.

9) Soil transport and surface — atmosphere exchange of substrates and products.
The exchange of soluble or gaseous N,O and O, between the soil and atmosphere
impacts the availability of substrates and products for the key processes governing

N,O production.

Field Datasets

The field data used as modelled inputs and for the subsequent modelled output testing

were collected at the Field Crop Development Center in Lacombe, Alberta, Canada

(52°27°17°°N, 113°44°20°°W). The study site had a humid continental climate with freezing

winters typically occur from November to March (Mean annual precipitation: 436 mm water

equivalent; mean annual temperature 2.9°C) (Government of Canada, 2018). Prior to the start of

the field measurements, the field site was under continuous annual barley (Hordeum vulgare L.)

cultivation. The barley variety Muskwa (Markert Sees Ltd., Alberta, Canada) was planted in

Lacombe. The variety CDC Austenson (SeCan, Ontario, Canada) was planted in Edmonton. The

experiment was established under annual barley silage system from October 2014 to May 2017

in an incomplete split-plot design with four replicates and eight treatments (Lin et al., 2017), four
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of which were simulated in this modeling study. The treatments that were simulated in this study
were fall slurry application (FW), spring slurry application (SW), control without manure
application (CZ) and control with disturbance of manure applicator (CT). The swine slurry was
injected into 12.7-15.2 cm below the soil surface with 28-cm spacing at a rate of 56.17 m® ha-1.
The fall slurry injections occurred in October 2014 and September 2015. The spring slurry
injections and manure application disturbances occurred in May 2015 and June 2016. Slurry
subsamples were taken in each application and measured properties were given in Table 5-2. Soil
NH," and NO; concentrations were measured for topsoil (0-15 cm) samples collected over the
experiment. The barley was planted in May 2015 and June 2016. The aboveground biomass was

removed in August 2015 and 2016 for further plant biomass and N content analyses.

N,O fluxes were measured using non-steady-state static chamber method (Lin et al.,
2017). Gas sampling activities took place throughout the experiment (October 2014 to May
2017), excluding soil frozen months (November to March) with a typical frequency of once or
twice weekly according to the management practices and weather. Gas samplings were carried
out as early as possible in each spring to capture spring-thaw N,O emissions as much as possible
depending on the snow melting and soil conditions. The cumulative N,O emissions were
determined by interpolating and integrating adjacent N,O fluxes. Further detailed on the field

experiments can be found in Lin et al. (2017).

5.2.2 Model experiment

Ecosys simulations in this study began with a spin-up run to allow the model to attain
equilibrium under the site conditions ahead of the experiment. These simulations were initialized
by the physical and chemical properties of the Black Chernozemic soils measured at the site
(Table 5-1) and were forced by land use practices (Table 5-2). Upper boundary conditions of the
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simulations were driven by daily (from 2005 — 2007) and hourly (from 2008 — 2013) weather
data i.e. temperature (T), precipitation, humidity, radiation, and wind speed (Government of
Canada, 2018). These spin-up runs continued to the simulations (i.e., CT, CZ, FW or SW) with
inputs of field management practices and schedules described in Table 5-2 and forced by hourly

weather data from 1 January 2014 to 31 December 2017 (Government of Canada, 2018).
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5.3 Results

5.3.1 Modelled vs. measured soil temperature and moisture

Given sufficient soil NH;" and NOs™ as substrates, the simulation of elevated N,O fluxes
only occurred when the simulated soil was warm and moist (Fig. 5-1 and Fig. 5-2), indicating the
importance of soil temperature and moisture on N,O production. The simulated soil temperatures
at 10 and 20 cm below the surface were highly correlated with the averaged measurements from
2016 to 2017 (Table 5-3 and Fig. 5-2). This indicates the seasonal soil temperature patterns were
adequately simulated by ecosys. The summer peak soil temperatures at 10 and 20 cm depth were
31.3 and 25.2 °C, and the lowest soil temperatures at 10 and 20 cm depth were -25.7 and -20.9 C,
respectively (Fig. 5-1 and Fig. 5-2). The simulated sub-zero soil temperatures typically lasted

from early November until late March (Fig. 5-1 and Fig. 5-2).

Significant agreements between measured and modelled soil moisture contents at 10 and
20 cm below the surface were obtained from 2016 to 2017 (Table 5-3). The seasonal dynamics
of soil moisture contents at both depths and soil drying and rewetting during the summer and fall
were successfully captured by the model (Fig. 5-2). However, some discrepancies were found
between the measured and modelled soil moistures at 10 and 20 cm depths in terms of the
processes of thawing frozen soil and drying-rewetting during the early spring of 2016 and 2017
(Fig. 5-2). In addition, there was a time lag of simulated soil moisture increment between the two
depths during the spring thaw of 2017, which was not found in the measurements (Fig. 5-2g).
The decrease in simulated soil moisture at 10 cm depth occurred on Mar 31 in 2017, whilst the
drainage of melting snow took place 20 days later based on field observations (Fig. 5-2).
Compared to the corresponding field records, the simulated soil thawing occurred three days
earlier at 10 cm depth, and two days later and at the 20 cm depth (Fig. 5-2g).
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5.3.2 Modelled vs. measured N,O fluxes and seasonal cumulated N,O emissions

The model simulated the dynamics and magnitude of daily N,O fluxes reasonably well
from 2014 to 2017 in most situations. However, there were some exceptions in terms of timing
and magnitude (Table 5-3, Fig. 5-1 and Fig. 5-2). Simulated major fluxes from the SW treatment
occurred immediately after the spring manure addition in 2015, which was earlier than the
measurements where larger fluxes took place when there were major precipitations (i.e., >5 mm)
following the manure addition (Fig. 5-1). In spring 2016, simulated N,O fluxes captured the
pattern of field measured fluxes from the SW treatment reasonably well, but the magnitude of
large N,O pulses after the manure addition were lower and shorter than the measurements (Fig.
5-2). In addition, the timing and magnitude of simulated spring-thaw N,O pulses for all
treatments in 2017 were different compared to the measurements (Fig. 5-2). The simulated N,O
peaks occurred on April 1* when the simulated soil temperatures just became above zero °C,
whilst the measured N,O peaks took place 20 days later (Fig. 5-2). The averaged simulated
spring-thaw peaks across all treatments were 0.004 g N;O-N m™ h™', which was about eighteen
times larger than the averaged measured N,O peaks; however, the duration of large simulated
N,O fluxes were shorter compared to that of major measured fluxes (Fig. 5-2), and hence,

magnitudes of seasonal fluxes converged.

Major simulated N>O fluxes varied among seasons and treatments (Table 5-4). For the
control treatments, simulated major N,O pulses were observed during spring thaws (Fig. 5-1,
Fig. 5-2). For the manured treatments (FW and SW), simulated major N,O fluxes were found
after the corresponding manure applications and the spring thaws (Fig. 5-1 and Fig. 5-2).
Compared to the measurements, the model predication of seasonal N,O emissions from manured

treatments showed variability. For the FW treatment, the model overestimated the cumulated
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N,O emissions during the fall seasons (i.e., Oct 7 — Oct 31 in 2014 and Sep 29 — Nov 4 in 2015),
while it correctly simulated the cumulated emissions during the spring thaws except for that in
2017 where there was an overestimation (Table 5-4). For the SW treatment, the model slightly
underestimated the cumulated N>O emissions from Apr 21 to Nov 3 in 2016 (Table 5-4). During
other periods when major N,O fluxes occurred from the SW treatment, the modelled cumulated

emissions were higher than the measured values (Table 5-4).

5.3.3 Simulation of de-watered slurry

Throughout the whole experimental period, the timing and pattern of simulated N,O
fluxes from the de-watered slurry treatments (FW no water and SW no water) were highly
coincident with those from the manured treatments (FW and SW); however, the magnitude of
simulated fluxes from the de-watered slurry treatments were consistently lower than the fluxes
from the corresponding treatment (Fig. 5-3). In terms of seasonal cumulated N,O emissions,
clear emission reductions due to the de-watered slurry were only observed in the substantial peak
emissions that took place shortly following the manure additions (Table 5-4). The addition of de-
watered slurry showed emission reductions of at least 17% and 21% for the FW and SW

treatments, respectively (Table 5-4).

The dynamics of simulated soil NH,4" and NO; concentrations at 0-15 ¢m from de-
watered slurry treatments were highly coherence with that from corresponding slurry treatments
from 2014-2016 (Fig. 5-4). There was only a small difference (about 1-2 mg N kg™ soil) in NH,"
concentration between the slurry and its corresponding de-watered slurry simulations and this
small difference only occurred about 6-8 days immediately following the additions; otherwise,
there was very little difference most time (Fig. 5-4). By contrast, the NO3™ concentration in the

de-watered slurry simulation was generally higher than that in the corresponding slurry
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simulation (Fig. 5-4). This difference was much clear during the spring thaw for the fall manure
simulation as well as immediately after the manure additions in the spring and fall simulations

(Fig. 5-4).

5.3.4 Modelled vs. measured soil mineral N

Model simulated soil NHs~ and NO5™ concentrations at 0-15 c¢m varied over time and
among treatments (Fig. 5-1 and Fig. 5-2). Over the experimental period, the difference in
simulated NH4 " concentration among treatments were not clear with an exception of certain
instances for manured treatments (Fig. 5-1 and Fig. 5-2). From 2014 to 2016, the simulated NH,"
concentration in soils receiving liquid manures correspondingly peaked right after additions, and
then gradually decreased back to its equilibrium level after about 1-2 months (Fig. 5-1 and Fig.
5-2). Over the winter in 2015 and 2016, the simulated NH," concentration across all treatments
were similar and remained at its background level. However, this concentration on average
gradually increased from 0.15 to 0.85 mg NH4-N kg™ soil over the winter in 2017, where the
simulated soil temperature at both depths were below but close to zero °C (Fig. 5-2). Once the
simulated soil temperature at both depths became above-zero °C, the simulated NH,"

concentration across all treatments rapidly decreased back to its background level (Fig. 5-2).

Similarly to NH,", the simulated NO; concentration in manured treatments rapidly and
substantially increased to its peaks after the additions, but later than the peak of NH," (Fig. 5-1
and Fig. 5-2). The increased simulated NO3™ concentration after fall manure additions remained
high and stable over the winter until the following spring thaw (Fig. 5-1 and Fig. 5-2). By
contrast, the increase in simulated NOj3™ concentration due to spring manure additions was
followed by a quick decrease (Fig. 5-1 and Fig. 5-2). The simulated NOs™ concentrations in all
treatments slightly decreased at the beginning of spring thawing followed by a gradually increase
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and this change was more obvious in manured treatments (Fig. 5-1 and Fig. 5-2). Once the soil
receiving manure additions, the simulated NOs™ concentration would consequently equilibrate at

a higher level than the control soils until late July in 2017 (Fig. 5-2).

The soil NH4" and NOs™ concentrations at the beginning of the field experiment were well
achieved by the model simulation (Fig. 5-1). From 2016 - 2017, the model simulation in general
captured well the dynamics of NO3™ concentration and reasonably captured the concentration
difference among treatments (Fig. 5-2 and Table 5-3). However, there was a divergence between
measured and modeled soil NH," (Table 5-3), which was mainly attributed to the inconsistent
timing of peak NH;" concentrations in July of 2016 and in spring 2017 (Fig. 5-2). In 2016, the
modeled NH," for the SW treatment increased due to spring slurry additions, while the
measurement did not reveal such slurry effect (Fig. 5-2). In 2017, the measured NH4" was much

higher than the modeled NH," (Fig. 5-2).

5.3.5 Modelled vs. measured plant biomass and N uptake

There were no clear differences in both simulated plant biomass and N uptake between
2015 and 2016 for a certain treatment, but there was a difference among treatments (Fig. 5-5).
The simulated plant biomass in manured treatments were slightly higher than that in the controls
in both years, and this difference was much clear for the simulated aboveground plant N content
(Fig. 5-5). Compared to the measurements, the model simulation of plant biomass and N uptake
in general captured well the difference among treatments but not the magnitude. For the plant
biomass, the model simulation was in agreement with the measurements for the manured
treatments, but the model overestimated barley biomass for the controls (Fig. 5-5). Regarding
aboveground plant N content, all model simulated values were higher than the corresponding
measurements except for the SW treatment in 2015 (Fig. 5-5).
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5.4 Discussion

5.4.1 Model simulation of fall and spring applications of slurry

The simulated burst of N,O fluxes during spring thawing was related with a combination
of increased soil temperature, increased soil moisture contents and associated O, depletion. The
soil temperatures at 10 and 20 cm depths increased above zero °C at the beginning of spring
thaw, which was concurrently with largely increases in soil moistures at both depths as simulated
in the model (Fig. 5-1 and Fig. 5-2). The sudden increased soil moisture content due to snow-
melting and soil-thawing creates a water-ice layer in the top soils, eventually preventing vertical
O, diffusion (Teepe et al., 2001b; De Bruijn et al., 2009). During thawing frozen soil, microbes
were stimulated by not only the increased temperature, but also by increased soil N and C
compounds from organic matter mineralization, aggregate disruption and microbial lysis
following spring thawing (Congreves et al., 2018). Because of enhanced soil microbial
respiration during spring thawing, the O, availability further suppressed due to increased O,
consumption rate (Giles et al., 2012). As a favorable electron acceptor when O; is restricted,
NO;™ was then reduced to meet the energy requirements of organic matter oxidation through
denitrification, producing N,O emissions (McKenney et al., 2001; Morley and Baggs, 2010). As
more soil NO3™ was available in the fall-applied slurry during the spring thaw, higher microbial
respiration rate resulted in more restrict anaerobic conditions, thereby generating more N,O
compared to other treatments (Fig. 5-1 and Fig. 5-2). This can explain why there was a slightly
decreased in simulated NOs™ at the onset of soil thawing and the NO;3™ decline was more obvious
in manured soils (Fig. 5-1 and Fig. 5-2). The gradually slight increase in simulated NO5’

following the early-thawing decline could be a result of accelerated mineralization and retarded
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nitrification during the post-thawing period as reported in a field research using "N labeling

approach (Miiller et al., 2002).

Our results of simulated spring-thaw N,O emissions from fall and spring applied slurry
are in agreement with a DNDC model study by He et al. (2019). They found that bursts of both
simulated and measured N,O fluxes took place during spring thaw and the magnitude of these
fluxes were generally larger in soils receiving fall dairy manure than soils with spring manure or
even larger than the control soils. The concurrent simulation of soil anaerobic conditions and
shortly declined in NO3™ indicates the dominant process of denitrification to early spring-thaw
N,O emissions, which is widely reported in previous field and laboratory studies (Merkved et al.,

2006; Wagner-Riddle et al., 2008; Yanai et al., 2011; Wertz et al., 2016; Yin et al., 2019).

Similarly to the anaerobic conditions caused by spring thawing and snow melting, the
applied slurry provided abundant substrates for soil microbes, such as inorganic N and labile
organic C compounds. Due to the oxidation of labile organic C and oxidation of NH,;" or NH3 in
the slurry, the O, demand suddenly increased coupled with a formation of localized anaerobic
microsites that are favorable for denitrification (Flessa and Beese, 2000; Giles et al., 2012; Van
Nguyen et al., 2017). Therefore, elevated N,O production was simulated following slurry
additions given at proper soil temperatures (Fig. 5-1 and Fig. 5-2). The transient O, depletion
following slurry additions was also measured in a recent field study, in which the soil O,
concentrations at 5 and 10 cm below the surface decreased by about 2-4% soil O, within 24

hours after the cattle urine deposition (Owens et al., 2017).

The simulated increase in N,O fluxes was tightly linked with increases in soil mineral N

(NH," and NOy) after slurry additions (Fig. 5-1 and Fig. 5-2), confirming that both nitrification
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and denitrification contribute to these N,O production (Wrage et al., 2001; Toyoda et al., 2017).
Our results were in agreement with the simulation in a DailyDayCent model by Senapati et al.
(2016), who found concurrent increased soil NH; " and NO3” and enhanced N,O production
following fertilizer applications from both mown-grass and grain-cropping systems. After slurry
applications, both NH," and NOs™reached its peak, but the NO; peak was consistently delayed
after the NH, " peak (Fig. 5-1 and Fig. 5-2). This clearly shows that the increased in soil NO3’
was a result of rapid transformation of NH," by nitrifiers. This result also implies that the
contribution of nitrification to elevated N,O fluxes at the early stage after slurry applications
should take into account, although stimulated denitrification is usually considered as the main
explanation to the burst of N,O emissions after fertilizer or organic ammendments (Flessa and
Beese, 2000; Wulf et al., 2002; Zebarth et al., 2008; Pfab et al., 2011). The knowledge of
microbial processes responsible for N,O emission after N additions is still limited and more field

and modeling studies are recommended to address this topic.

The discrepancies of measured and modeled soil moisture content during the spring
thaws of 2016 and 2017 could be a result of uncertainties of model inputs as well as the
uncertainties in field measurements. Furthermore, modeled soil water contents in ecosys are
derived as functions of saturated hydraulic conductivities, field capacity and wilting point, all of
which in turn directly influence the simulated soil water retention. However, these unmeasured
hydrological model inputs were set up in the model based on earlier published studies with
similar edaphic and climatic conditions or field observations in soil water content. By doing this,
there would be some uncertainties in the modeled soil water contents. In the field, the soil
moisture contents were detected by frequency domain reflectometry (FDR) sensors (Decagon

5TM, Decagon Devices, Inc., Pullman, WA), which measures the dielectric constant of the soil-
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water-air mixture (Fares et al., 2016). Tian et al. (2013) found that there was a drift in soil
moisture readings monitored by FDR sensor when the soil temperature below 0 °C. This finding
of uncertainties in sensor measurements can partially explain the divergence of modeled and
measured soil moisture contents during spring thawing , because the soil water during thawing is

typically a mixture of liquid water and ice with a temperature near 0 °C.

The uncertainties in model soil water retention could also explain the early estimation of
enhanced N,O due to spring slurry application in 2015 and the lack of accurate representation of
slurry-derived soil NH, " increment in July 2016. In the dry spring of 2015, the model
represented an immediately release of N,O fluxes following the slurry application; however the
measurements showed a postponed release until there were several large rainfalls (Fig. 5-1). This
divergence implies overestimated soil retention by the model under dry conditions. In July 2016,
the modeled soil water contents were generally higher than the measurements due to the
hydrological parameter uncertainties (Fig. 5-2). This simulated more anaerobic conditions, which
in turn impeded nitrification to a certain extent. Thus, the decrease in soil NH," after spring

slurry application would be delayed compared to a more realistic situation.

In addition to discrepancies of soil moisture, there were differences in timing of soil
inorganic N and the peak N,O fluxes between the modeled and measured values during the
wetter spring thaw of 2017 (Fig. 5-2). In both model simulation and field measurement, the peak
N,O production during the spring thaw of 2017 occurred one day after the major declined soil
moisture content; both simulated flux peak and decreased soil moisture content consistently
occurred 20 days ahead compared to the measurements (Fig. 5-2). Unlike 2016, the air
temperature fluctuated around 0 °C at the early stage of thawing in 2017 (Fig. 5-2), indicating

several cycles of water freezing and melting at the onset of spring 2017 and a prolonged ice-
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water-snow layer during thawing. However, the model simulated an earlier decrease in soil
moisture content at 10 cm depth, an earlier occurrence of peak N,O flux and a potential earlier
soil NH,;" peak compared to the measurements (Fig. 5-2). Besides the hydrological parameter
uncertainties, an unsatisfactory simulation of snowmelt infiltration and runoff could be another
explanation of these timing differences. The timing of snowmelt infiltration and runoff largely
impacts the duration of freezing, and hence the magnitude of timing of N,O fluxes. Teepe et al.
(2004) found that the cumulated N,O emissions increased with longer freezing duration from
three agricultural soils with different textures. They explained that increased N,O emissions
caused by longer freezing duration were likely associated with increases in nutrient availability

and increased number of N,O-related microbes.

The timing lag of peak N,O fluxes between the model simulation and field measurements
during the spring thaw of 2017 could also be a result of a chamber effect. During snow melting
and soil thawing, the snow accumulated preferentially inside the chamber requiring more time to
melt compared to the snow outside the chamber based on anecdotal field observations. Also, we
noticed that when the snow outside the chamber has melted, there was still a layer of snow-ice-
water inside the chamber. This layer can be regarded as a sealing layer within the field chambers,
impeding vertical gas diffusion. Thus, the N>O produced or accumulated underneath the chamber
area could be horizontally transported and then vertically released from the soil profile due to gas
concentration gradients. This can also explain why the measured N>O emissions were much

lower than the simulated N,O emissions on cumulative basis.

Although modeled plant biomass for both control treatments was consistently higher than
the measurements, the modeled plant biomass in 2015 and 2016 were reasonably closed to the

reported barley yields in central Alberta, which was about 4203 and 5185 kg ha™, respectively
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(Alberta Agriculture and Forestry, 2018b). The explanation to the large difference between
modeled and measured plant biomass in soils without slurry additions remains unclear. One
potential explanation could be due to a certain nutrient deficiency in the control soils, such as

potassium or a micronutrient, whilst the lack of this nutrient was supplied by adding slurries.

5.4.2 Model de-watered slurry reduces N,O emissions

The success in reducing N,O emissions by using de-watered slurry could be mainly
attributed to the decrease in water added via slurry with the result that denitrification was limited
due to decreased anaerobic microsites. Thus, more NO3;  would be available in the soil as shown
in the simulated results that consistently higher NO3™ was present in the soil receiving de-watered
slurry compared to the corresponding whole slurry (Fig. 5-4). These results demonstrate the
driving role of soil moisture content on N,O emissions, which has been previously recognized in
laboratorial and field experiments (Davidson et al., 1991; Ruser et al., 2006). In addition, the
amount of water excluded in the de-watered slurry model was equivalent to about 5 mm
irrigation, and as a result, the strategy of applying de-watered slurry could reduce at least 17%

N,O emissions (Table 5-4).

The model simulations of soil NH;" and NO5™ concentrations in the slurry and de-watered
slurry additions provided clues about the contribution of processes to the magnitude of the
emission reduced due to de-watering. The little difference in the NH4" and clear difference in the
NOs” concentrations between de-watered and whole slurry simulations implied that greater

contribution of N>O emissions might be a result of denitrification rather than nitrification.

The comparison between the paired slurry simulations (de-watered vs. whole) indicated

evident benefits of using de-watered slurry instead of whole slurry; nevertheless, unintended
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consequences should take into account. The field application of de-watered slurry may result in
shallow soil penetration, which may favor ammonification and release of NH3, and reductions in
plant yield and quality. The knowledge about the effect of de-watered slurry on soil N dynamics
is still limited. Therefore, more studies are required to carefully identify potential benefits and

potential unintended consequences of using de-watered slurry.
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5.5 Conclusions

Our results showed that ecosys can simulate reasonably well the dynamic of N,O fluxes
from soils receiving fall and spring slurry additions, although there were some discrepancies
under certain conditions. The divergence of measured and modeled soil moisture content over
spring thaws could be owing to uncertainties in both model hydrological inputs and field
moisture measurements. During the wetter spring thaw of 2017, the differences in timing of soil
NH4" and peak N,O fluxes between the model and measurements suggested the need for
improving the snowmelt infiltration and runoff simulations in ecosys. Cumulated N,O emissions
were successfully reduced by de-watered slurry compared with whole slurry in model
simulations, suggesting that dewatering liquid manure would potentially be an efficient
technique not only for emission mitigation and global warming retardation but also for efficient

use of manure N.
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5.8 Tables

Table 5-1. Physical and chemical properties of Black Chernozemic soil in Lacombe in the model.

Depth Range Bulk Density | Sand ‘ Silt ‘ Clay | Field Capacity | Wilting point | Organic C | Organic N
Layer # B ] P ] X pH
m m kg cm gkg m m g Ckg gNkg

1 0.01 0 |-10.01 1.22 3165 | 364 319.5 0.25 0.15 58.3 5 7
2 0.03 | 0.01|-|0.03 1.22 3165 | 364 319.5 0.25 0.15 58.3 5 7
3 0.07 | 0.03 | - | 0.07 1.22 316.5 | 364 319.5 0.25 0.15 58.3 2.5 7
4 0.13 | 0.07 | -|0.13 1.22 3165 | 364 319.5 0.25 0.15 58.3 2 7
5 0.15 [ 0.13 | - | 0.15 1.22 3165 | 364 319.5 0.25 0.15 58.3 2 7
6 025 [ 0.15]-10.25 1.22 339 353 308 0.25 0.15 41.8 1 8.13
7 0.3 025]-1 03 1.22 339 353 308 0.25 0.15 41.8 1 8.13
8 0.6 03 |- 06 1.44 386.5 | 284.5 329 A - 13.1 0 7.88
9 0.9 06 |- 09 1.46 307.5 | 288.25 | 404.25 - - 13.1 0 8.08
10 1.3 09 |-| L3 1.46 307.5 | 288.25 | 404.25 - - 13.1 0 8.08

+ The value is calculated from texture and organic matter by the model itself.
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Table 5-2. Soil and plant management practices and schedules in Lacombe from 2005 to 2016.

Management 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
Date May 01 Oct 06 May 25 Sep 28 Jun 06
Disturbance | Disturbance agent - - |_Sweep cultivator - - - - - - - | Disk plow | Disk plow | Disk plow | Disk plow
Depth (cm) 12 14 14 14 14
Date Jun 03 Jun 03 Jun 03 Jun 03 Jun 03 Jun 03 Jun 03 Jun03 | Jun 03 Oct 06 May 25 Sep 28 Jun 06
Fertilizer (F) /Slurry (S) F F F F F F F F F S S S S
Urea-N 3.9 3.9 7.9 7.9 7.5 8.8 6.9 9.7 5.2
P 0.7 0.7 1.0 1.0 0.7 0.9 1.2 0.9 1.5 1.6 5.3 4.5 5.2
Amount (g m?) NH, -N 0 0 0 0 0 0 0 0 0 16.2 23.1 20 39.9
Organic N 0 0 0 0 0 0 0 0 0 73.7 17.5 11.6 12.2
Fertilizer Organic C 0 0 - 0 0 0 0 0 0 0 8.3 122 94.9 156.7
g?sg::;m method (Broadcast or banded | banded banded | banded | banded | banded | banded | banded banded banded banded banded
Placement depth if incorporated
into the soil (subsurface) (cm) 8 8 8 8 8 8 8 8 8 14 14 14 14
Placement width if banded 25 25 25 25 25 25 25 25 25 28 28 28 28
fertilizer is applied (cm)
Irrigation Date Oct 06 May 25 Sep 28 Jun 06
Amount (mm) 5.505 5.493 5.505 5.426
Starting Hour (1-24) 10 10 10 10
Finishing Hour (1-24) ) . . . . . . } } } 12 12 12 12
Depth (cm) 14 14 14 14
Irrigation water quality - pH 7.8 7.8 7.8 7.8
Date Jun 03 Jun 03 May 05 Jun 03 Jun 03 Jun 03 Jun 03 Jun 03 Jun 03 Jun 03 May 25 Jun 03
Planting Species barley barley pea barley barley barley barley barley barley barley barley barley
Density(m-2) 300 300 88 300 300 300 300 300 300 300 300 300
Depth (cm) 5 5 6.5 5 5 5 5 5 5 5 5 5
Date Sep 15 Sep 15 Sep 15 Sep 15 Sep 15 Sep 15 Sep 15 Sep 15 Sep 15 Sep 15 Aug 11 Aug 19
Type Cutting | Cutting Grain removal | Cutting | Cutting | Cutting | Cutting | Cutting | Cutting Cutting Cutting Cutting
Harvesting Removal height above ground (m) 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15
Fraction of plant removed above 95 05 60 05 95 95 95 95 95 95 95 95

removal height (0-100%)
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Table 5-3. Correlation coefficient (r) between the modelled and measured values for soil temperature, moisture, ammonium (NH,"), nitrate (NO5’) and nitrous oxide

(N,0O) flux during the experiment from 2014-2017.

Measured/simulated variables r n
Soil temperature at 10cm 0.94** 5581
Soil temperature at 20cm 0.996** 5560
Soil moisture at 10cm 0.535** 5581
Soil moisture at 20cm 0.557** 5560
Nitrous oxide (N,0) flux (g N m? h™") -0.425%* 228
Soil ammonium (NH,") (mg N kg™ soil) in top 15 cm soil layer ~ -0.142 28
Soil nitrate (NO3") (mg N kg'l soil) in top 15 cm soil layer 0.831** 28

n = number of samples.

**Significant correlation between modelled and measured values at p-value < 0.001.
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Table 5-4. Cumulative N,O emissions (N,O.yp,. in g m’) based on field measurements and ecosys modeling runs from 2014-2017.

Treatments (estimated duration) '

Measured N,Ogyp.
Modelled N,O,, ¥

Modelled N,Ogyn (de-watered slurry) ®

Treatments (estimated duration)

Measured NyOgym.
Modelled N>Oym.

Modelled N,O.,,, (de-watered slurry)

Treatments (estimated duration)

Measured N,Oym.
Modelled NyOgym.

Modelled N,O.,,. (de-watered slurry)

Treatments (estimated duration)

Measured N,Oym.
Modelled N,Ogym.

Modelled N,O,,,,, (de-watered slurry)

2014
FW (10.7-10.31)
0.05+0.01  (0.04-0.06)
0.15 :
19%
0.13
2015
FW (1.1-4.17) SW (1.1-4.17) SW (4.18-10.6) FW (9.29-11.4)
0.56+0.32  (0.24-0.88) 0.0240.01  (0.01-0.03) 0.2540.07 (0.18-0.32) 0.04+0.02  (0.02-0.06)
0.25 0.16 0.41 0.28
19% 0% 27% 17%
0.20 0.16 0.30 0.23
2016
FW (1.1-4.20) SW (1.1-4.20) SW (4.21-11.3)
0.1240.03  (0.09-0.15) 0.02+0.00  (0.02-0.02) 1.10£0.34  (0.76-1.44)
0.15 0.07 0.72
35% 4% 21%
0.10 0.08 0.57
2017
FW (1.1-5.16) SW (1.1-5.16)
0.05+0.02  (0.03-0.07) 0.2540.08  (0.17-0.33)
0.47 0.45
0 00
047 045

+ The estimated duration was indicated in Fig. 5-1, Fig. 5-2and Fig. 5-3.

1 The modeling run (model 1) was the one simulated with the exact field practices from 2014-2017.
§ The modeling run was the one same with the model 1, but with de-watered slurry applications.

I The underlined number represents the percentage of water in the slurry contributing to N,O emissions.
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5.9 Figures

a. Hourly soil and air temperature in 2014

f. Hourly seoil and air temperature in 2015
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Fig. 5-1. (a, f) Hourly soil and air temperature, (b,g) hourly soil water content and precipitation, (c.h) measured (points)
and modelled (lines) N,O fluxes, (d,i) soil ammonium and (e.j) soil nitrate concentrations in top 15 cm soil layer in
Lacombe from 2014-2015. The field measurements of soil ammonium and nitrate concentrations represent the top 20 cm
soil layer. Panel a and f, b and g, plus ¢, d, e, h, i, and j share the same legend, respectively. Horizontal double arrow line
indicates the duration of estimated cumulative N,O emissions based on measurements in Table 5-3. Correlation
coefficient (r) between the modelled and measured values for soil temperature, moisture, ammonium (NH,"), nitrate
(NOy’) and nitrous oxide (N,O) flux during the experiment from 2014-2017.

Measured/simulated variables
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Soil temperature at 10cm

Soil temperature at 20cm

Soil moisture at 10cm

Soil moisture at 20cm

Nitrous oxide (N,O) flux (N m?h™)

Soil ammonium (NH,") (mg N kg™ soil) in top 15 cm soil layer

Soil nitrate (NO5”) (mg N kg™ soil) in top 15 cm soil layer

0.94%*
0.996**
0.535%x*
0.557**
-0.425%*
-0.142
0.831**

5581
5560
5581
5560
228
28
28

n = number of samples.

**Significant correlation between modelled and measured values at p-value < 0.001.
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Table 5-4. D, S, H and F in the triangle indicate seeding, spring slurry application, harvest and fall slurry application,
respectively. The modelled N,O fluxes were based on the average modelled hourly N,O fluxes from 10 am to 3 pm every
day. CZ = control zero (without disturbances); CT = control treatment where the soil was disturbed by the slurry
applicator; FW = fall slurry treatment; SW = spring slurry treatment.
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Fig. 5-2. (a, f) Hourly soil and air temperature, (b,g) hourly soil water content and precipitation, (c.h) measured (points)
and modelled (lines) N,O fluxes, (d,i) soil ammonium and (e.j) soil nitrate concentrations in top 15 cm soil layer in
Lacombe from 2016-2017. Panel a and f, b and g, plus ¢, d, e, h, i, and j share the same legend, respectively. Horizontal
double arrow line indicates the duration of estimated cumulative N,O emissions based on measurements in Table 5-3.
Correlation coefficient (r) between the modelled and measured values for soil temperature, moisture, ammonium (NH,"),
nitrate (NOj3) and nitrous oxide (N,O) flux during the experiment from 2014-2017.

Measured/simulated variables r n
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Soil temperature at 10cm

Soil temperature at 20cm

Soil moisture at 10cm

Soil moisture at 20cm

Nitrous oxide (N,O) flux (N m?h™)

Soil ammonium (NH,") (mg N kg™ soil) in top 15 cm soil layer

Soil nitrate (NO5”) (mg N kg™ soil) in top 15 cm soil layer

0.94%*
0.996**
0.535%x*
0.557**
-0.425%*
-0.142
0.831**

5581
5560
5581
5560
228
28
28

n = number of samples.

**Significant correlation between modelled and measured values at p-value < 0.001.
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Table 5-4. D, S, H and F in the triangle indicate seeding, spring slurry application, harvest and fall slurry application,
respectively. The modelled N,O fluxes were based on the average modelled hourly N,O fluxes from 10 am to 3 pm every
day. CZ = control zero (without disturbances); CT = control treatment where the soil was disturbed by the slurry
applicator; FW = fall slurry treatment; SW = spring slurry treatment.
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a. Hourly N,O fluxes in 2014 from modeling with slurry vs. de-watered slurry

b. Hourly N,O fluxes in 2015 from modeling with slurry vs. de-watered slurry
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Fig. 5-3. Hourly N,O fluxes from the modeling run with slurry applications (FW or SW) and de-watered slurry applications (FW no water or SW no water) in (a) 2014,

(b) 2015, (c) 2016 and (d) 2017. Horizontal double arrow line indicates the duration of estimated cumulative N,O emissions based on modelled values in Table 5-3.
Correlation coefficient (r) between the modelled and measured values for soil temperature, moisture, ammonium (NH,"), nitrate (NO;") and nitrous oxide (N,0) flux

during the experiment from 2014-2017.

Measured/simulated variables

254



Soil temperature at 10cm

Soil temperature at 20cm

Soil moisture at 10cm

Soil moisture at 20cm

Nitrous oxide (N,O) flux (N m?h™)

Soil ammonium (NH,") (mg N kg™ soil) in top 15 cm soil layer

Soil nitrate (NO5”) (mg N kg™ soil) in top 15 cm soil layer

0.94%*
0.996**
0.535%*
0.557**
-0.425%*
-0.142
0.831**

5581
5560
5581
5560
228
28
28

n = number of samples.

**Significant correlation between modelled and measured values at p-value < 0.001.
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Table 5-4. D, S, H and F in the triangle indicate seeding, spring slurry application, harvest and fall slurry application, respectively. The modelled N,O fluxes (lines) were
the hourly N,O fluxes per day. CZ = control zero (without disturbances); CT = control treatment where the soil was disturbed by the slurry applicator; FW = fall slurry
treatment; SW = spring slurry treatment.
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a. Daily NH, in 2014 from modeling with shurry vs. de-watered shorry d. Daily NO;- in 2014 from modaling with shurryvs, de-watered shorry
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Fig. 5-4. Daily soil NH," (a-c) and NO;™ (d-f) concentrations at 0-15 cm from the modeling run with slurry applications
(FW or SW) and de-watered slurry applications (FW no water or SW no water) in 2014, 2015 and 2016. Horizontal
double arrow line indicates the duration of estimated cumulative N,O emissions based on modelled values in Table 5-3.
Correlation coefficient (r) between the modelled and measured values for soil temperature, moisture, ammonium (NH,"),
nitrate (NO3) and nitrous oxide (N,O) flux during the experiment from 2014-2017.

Measured/simulated variables

Soil temperature at 10cm

Soil temperature at 20cm

Soil moisture at 10cm

Soil moisture at 20cm

Nitrous oxide (N,0) flux (g N m>h™")

Soil ammonium (NH,") (mg N kg™ soil) in top 15 cm soil layer
Soil nitrate (NO5”) (mg N kg™ soil) in top 15 cm soil layer

r n
0.94** 5581
0.996** 5560
0.535** 5581
0.557** 5560
-0.425%*% 228
-0.142 28
0.831%* 28
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n = number of samples.
**Significant correlation between modelled and measured values at p-value < 0.001.
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Table 5-4. D, S, H and F in the triangle indicate seeding, spring slurry application, harvest and fall slurry application,
respectively. The modelled N,O fluxes (lines) were the hourly N,O fluxes per day. CZ = control zero (without
disturbances); CT = control treatment where the soil was disturbed by the slurry applicator; FW = fall slurry treatment;
SW = spring slurry treatment.
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Fig. 5-5. Measured and modelled (a) aboveground plant dry biomass and (b) aboveground plant N content in 2015 and

2016. CZ = control zero (without disturbances); CT = control treatment where the soil was disturbed by the slurry

applicator; FW = fall slurry treatment; SW = spring slurry treatment.
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6. Conclusions

The studies in this dissertation can help to improve our understanding of the spatial and
temporal dynamics of N,O emissions from agricultural soils in association with edaphic and
climatic conditions. In the field study, our results showed that whether fall or spring manure
application without NIs would cause greater annual N,O emissions in connection with
precipitation occurrence and intensity. With the application of Nls, three out of four cases
showed no significant difference in annual N,O emissions between the fall and spring manure
applications. The existence of one case with significantly different emissions can imply that the
effectiveness of NIs in reducing N,O emissions varied depending on the NI application rate. In
the spring of 2017, residual effects of previous manure injections were evident as elevated N,O
emissions and NOj3™ concentrations in the topsoil, which indicating the important role of

denitrification in the N>O production during the springtime.

In the incubation study, we found that the efficacy of NIs was impacted by soil moisture
content, NIs application rate and soil organic matter content. The N>O emission reduction due to
NIs was only found at high moisture contents rather than low moisture contents irrespective of
soil types This contrasting result suggested that addition of NIs with N fertilizers is necessary
when N,O production is expected to be high, such as in moist soils. On the other hand, soils with
higher organic matter are likely to require higher NI application rate to inhibit nitrification and
N,O production due to increased surface adsorption and bio-degradation. In addition, the positive
relationship between the soil moisture content and efficient NI application rate in inhibiting
nitrification indicated a greater NI degradation rate under higher soil moisture contents. It also
implied that microbial NI degradation played a more important role than O, availability in moist
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soils; however, this has not been fully explored yet and more research is needed to gain further

insights into this question.

In the mesocosm study, the total N,O emissions increased with higher soil moisture
content irrespective of soil or N treatments. This implied a potential risk of N losses in the form
of N,O emissions for the regions with increased precipitation in fall and winter. Our results also
confirmed that thaw-induced N,O emissions played an important role in the total budget. The
positive priming effect of cumulated N,O emissions was observed in all treatment combinations.
Greater positive priming effect due to urea addition was found in the soil with historical manure
additions than the control soil without manure additions. This could be related with more easily
decomposable organic matter presented in the soil with historical manure additions. Due to the N
immobilization by decomposing plant residues, negative priming effect of daily N,O fluxes was
also found under the highest soil water content. The largest N>O fluxes were generated on the o

and 3" day of thawing and more than 83% of these fluxes were produced through denitrification.

In the modeling study, our results showed that ecosys could simulate well the magnitude
and timing of N,O fluxes from soils that had received liquid manure additions; however, there
were some discrepancies between the modeled and measured values when the soil was
increasingly moist. This might be owing to uncertainty in the simulation of soil water retention
and snow pack accumulation and melting in the model. The simulation of de-watered slurry
addition in the model suggests that de-watering could successfully reduce cumulated N,O

emissions when compared with the simulation of regular slurry addition.

262



References

Abalos, D., Brown, S. E., Vanderzaag, A. C., Gordon, R. J., Dunfield, K. E., and
Wagner-Riddle, C. (2016). "Micrometeorological measurements over 3 years reveal differences
in N20O emissions between annual and perennial crops." Global Change Biol., 22(3), 1244-1255.

Abalos, D., Jeffery, S., Sanz-Cobena, A., Guardia, G., and Vallejo, A. (2014). "Meta-
analysis of the effect of urease and nitrification inhibitors on crop productivity and nitrogen use
efficiency." Agric., Ecosyst.Environ., 189 136-144.

Adair, E. C., Barbieri, L., Schiavone, K., and Darby, H. M. (2019). "Manure application
decisions impact nitrous oxide and carbon dioxide emissions during non-growing season thaws."
Soil Sci.Soc.Am.J., 83(1), 163-172.

Akiyama, H., Xiaoyuan, Y., and Yagi, K. (2010). "Evaluation of effectiveness of
enhanced-efficiency fertilizers as mitigation options for N,O and NO emissions from agricultural
soils: meta-analysis." Global Change Biology, 16(6), 1837.

Alberta Agriculture and Forestry. (2018). "Current and historical Alberta weather station
data viewer." http://agriculture.alberta.ca/acis/alberta-weather-data-viewer.jsp (Nov 19, 2018).

Alberta Agriculture, Food and Rural Development. (2004). "Alberta Fertilizer Guide."
https://open.alberta.ca/dataset/7bb8a7f0-f08f-4133-a1f3-94d7bb00£162/resource/a4254198-ec48-
4815-2274-d426269¢977a/download/2004-541-1.pdf (December, 2019).

Amon, B., Kryvoruchko, V., Amon, T., and Zechmeister-Boltenstern, S. (2006).
"Methane, nitrous oxide and ammonia emissions during storage and after application of dairy
cattle slurry and influence of slurry treatment." Agric., Ecosyst.Environ., 112(2), 153-162.

Awale, R., and Chatterjee, A. (2017). "Enhanced efficiency nitrogen products influence
ammonia volatilization and nitrous oxide emission from two contrasting soils." Agron.J., 109(1),
47-57.

Azam, F., Simmons, F., and Mulvaney, R. (1993). "Immobilization of ammonium and
nitrate and their interaction with native N in three Illinois Mollisols." Biol. Fertility Soils, 15(1),
50-54.

Azeem, B., KuShaari, K., Man, Z. B., Basit, A., and Thanh, T. H. (2014). "Review on
materials & methods to produce controlled release coated urea fertilizer." J.Controlled Release,

181 11-21.

Bickman, J. S., and Klemedtsson, A K. (2003). "Increased nitrification in acid coniferous
forest soil due to high nitrogen deposition and liming." Scand.J.for.Res., 18(6), 514-524.

263


http://agriculture.alberta.ca/acis/alberta-weather-data-viewer.jsp
https://open.alberta.ca/dataset/7bb8a7f0-f08f-4133-a1f3-94d7bb00f162/resource/a4254198-ec48-4815-a274-d426269e977a/download/2004-541-1.pdf
https://open.alberta.ca/dataset/7bb8a7f0-f08f-4133-a1f3-94d7bb00f162/resource/a4254198-ec48-4815-a274-d426269e977a/download/2004-541-1.pdf

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(5), 321-327.

Baggs, E. M., and Philippot, L. (2011). "Nitrous oxide production in the terrestrial
environment." Nitrogen Cycling in Bacteria—molecular Analysis.Caister Academic Press,
Norfolk, 211-232.

Baggs, E., Stevenson, M., Pihlatie, M., Regar, A., Cook, H., and Cadisch, G. (2003).
"Nitrous oxide emissions following application of residues and fertiliser under zero and
conventional tillage." Plant Soil, 254(2), 361-370.

Bagherzadeh, A., Brumme, R., and Beese, F. (2008). "Temperature dependence of carbon
mineralization and nitrous oxide emission in a temperate forest ecosystem." Journal of Forestry
Research, 19(2), 107-112.

Ball, B. C., Scott, A., and Parker, J. P. (1999). "Field N20O, CO2 and CH4 fluxes in
relation to tillage, compaction and soil quality in Scotland." Soil Tillage Res., 53(1), 29-39.

Barnard, R., Leadley, P. W., and Hungate, B. A. (2005). "Global change, nitrification,
and denitrification: a review." Global Biogeochem.Cycles, 19(1),.

Bateman, E., and Baggs, E. (2005). "Contributions of nitrification and denitrification to N
2 O emissions from soils at different water-filled pore space." Biol. Fertility Soils, 41(6), 379-
388.

Beaudoin, N., Saad, J., Van Laethem, C., Machet, J., Maucorps, J., and Mary, B. (2005).
"Nitrate leaching in intensive agriculture in Northern France: Effect of farming practices, soils
and crop rotations." Agric., Ecosyst.Environ., 111(1-4), 292-310.

Beaulieu, M. S. (2004). "Manure management in Canada." Farm Environmental
Management in Canada, 1(2), 1-52.

Beaumont, H. J., Lens, S. 1., Reijnders, W. N., Westerhoff, H. V., and Van Spanning, R.
J. (2004). "Expression of nitrite reductase in Nitrosomonas europaea involves NsrR, a novel
nitrite- sensitive transcription repressor." Mol. Microbiol., 54(1), 148-158.

Beaumont, H. J., Lens, S. 1., Westerhoff, H. V., and van Spanning, R. J. (2005). "Novel
nirK cluster genes in Nitrosomonas europaea are required for NirK-dependent tolerance to
nitrite." J. Bacteriol., 187(19), 6849-6851.

Bell, M., Rees, R., Cloy, J., Topp, C., Bagnall, A., and Chadwick, D. (2015). "Nitrous

oxide emissions from cattle excreta applied to a Scottish grassland: Effects of soil and climatic
conditions and a nitrification inhibitor." Sci. Total Environ., 508 343-353.

264



Benckiser, G., Christ, E., Herbert, T., Weiske, A., Blome, J., and Hardt, M. (2013). "The
nitrification inhibitor 3, 4-dimethylpyrazole-phosphat (DMPP)-quantification and effects on soil
metabolism." Plant Soil, 371(1-2), 257-266.

Bergstrom, L., and Johansson, R. (1991). "Leaching of nitrate from monolith lysimeters
of different types of agricultural soils." J.Environ.Qual., 20(4), 801-807.

Bessou, C., Mary, B., Léonard, J., Roussel, M., Gréhan, E., and Gabrielle, B. (2010).
"Modelling soil compaction impacts on nitrous oxide emissions in arable fields." Eur.J.Soil Sci.,
61(3), 348-363.

Bingeman, C. W., Varner, J., and Martin, W. (1953). "The effect of the addition of
organic materials on the decomposition of an organic soil." Soil Sci.Soc.Am.J., 17(1), 34-38.

Blagodatskaya, E., Blagodatsky, S., Anderson, T., and Kuzyakov, Y. (2007). "Priming
effects in Chernozem induced by glucose and N in relation to microbial growth strategies."
Applied Soil Ecology, 37(1), 95-105.

Blagodatskaya, E, and Kuzyakov, Y. (2008). "Mechanisms of real and apparent priming
effects and their dependence on soil microbial biomass and community structure: critical
review." Biol.Fertility Soils, 45(2), 115-131.

Bleakley, B. H., and Tiedje, J. M. (1982). "Nitrous oxide production by organisms other
than nitrifiers or denitrifiers." Appl. Environ.Microbiol., 44(6), 1342-1348.

Borken, W., and Matzner, E. (2009). "Reappraisal of drying and wetting effects on C and
N mineralization and fluxes in soils." Global Change Biol., 15(4), 808-824.

Bouwman, A., Boumans, L., and Batjes, N. (2002). "Emissions of N20O and NO from
fertilized fields: Summary of available measurement data." Global Biogeochem.Cycles, 16(4),.

Bowman, W. D., and Steltzer, H. (1998). "Positive feedbacks to anthropogenic nitrogen
deposition in Rocky Mountain alpine tundra." Ambio, 514-517.

Boyle, M., Frankenberger, W., and Stolzy, L. (1989). "The influence of organic matter on
soil aggregation and water infiltration." J.Prod.Agric., 2(4), 290-299.

Braker, G., and Conrad, R. (2011). "Diversity, structure, and size of N2O-producing
microbial communities in soils—what matters for their functioning?" Advances in applied
microbiology, Allen 1. Laskin, Sima Sariaslani, and Geoffrey M. Gadd, eds., Elsevier, Oxford,
33-70.

Braun, M., Bai, Y., McConkey, B., Farrell, R., Romo, J., and Pennock, D. (2013).
"Greenhouse gas flux in a temperate grassland as affected by landform and disturbance."
Landscape Ecol., 28(4), 709-723.

265



Bremner, J. M. (1997). "Sources of nitrous oxide in soils." Nutr.Cycling Agroecosyst.,
49(1-3), 7-16.

Brierley, E., and Wood, M. (2001). "Heterotrophic nitrification in an acid forest soil:
isolation and characterisation of a nitrifying bacterium." Soil Biol. Biochem., 33(10), 1403-1409.

Burton, D., Li, X., and Grant, C. (2008). "Influence of fertilizer nitrogen source and

management practice on N20 emissions from two Black Chernozemic soils." Can.J.Soil Sci.,
88(2), 219-227.

Burzaco, J. P., Smith, D. R., and Vyn, T. J. (2013). "Nitrous oxide emissions in Midwest
US maize production vary widely with band-injected N fertilizer rates, timing and nitrapyrin
presence." Environmental Research Letters, 8(3), 035031.

Butterbach-Bahl, K., Stange, F., Papen, H., and Li, C. (2001). "Regional inventory of
nitric oxide and nitrous oxide emissions for forest soils of southeast Germany using the

biogeochemical model PnET-N-DNDC." Journal of Geophysical Research: Atmospheres,
106(D24), 34155-34166.

Butterbach-Bahl, K., Baggs, E. M., Dannenmann, M., Kiese, R., and Zechmeister-
Boltenstern, S. (2013). "Nitrous oxide emissions from soils: how well do we understand the

processes and their controls?" Philosophical Transactions of the Royal Society of London.Series
B, Biological Sciences, 368(1621),20130122.

Cai, Z., Xing, G., Yan, X., Xu, H., Tsuruta, H., Yagi, K., and Minami, K. (1997).
"Methane and nitrous oxide emissions from rice paddy fields as affected by nitrogen fertilisers
and water management." Plant Soil, 196(1), 7-14.

Calderon, F. J., and Jackson, L. E. (2002). "Rototillage, disking, and subsequent
irrigation." J. Environ.Qual., 31(3), 752-758.

Cambareri, G., Drury, C., Lauzon, J., Salas, W., and Wagner-Riddle, C. (2017). "Year-
round nitrous oxide emissions as affected by timing and method of dairy manure application to
corn." Soil Sci.Soc.Am.J., 81(1), 166-178.

Campbell, C., McConkey, B., Zentner, R., Selles, F., and Curtin, D. (1996). "Long-term
effects of tillage and crop rotations on soil organic C and total N in a clay soil in southwestern

Saskatchewan." Can.J.Soil Sci., 76(3), 395-401.

Cantera, J. J. L., and Stein, L. Y. (2007). "Molecular diversity of nitrite reductase genes
(nirK) in nitrifying bacteria." Environ.Microbiol., 9(3), 765-776.

Carter, M. R., and Gregorich, E. G. (2008). "Soil sampling and methods of analysis." .

266



Casciotti, K. L., and Ward, B. B. (2005). "Phylogenetic analysis of nitric oxide reductase
gene homologues from aerobic ammonia-oxidizing bacteria." FEMS Microbiol.Ecol., 52(2), 197-
205.

Castaldi, S. (2000). "Responses of nitrous oxide, dinitrogen and carbon dioxide
production and oxygen consumption to temperature in forest and agricultural light-textured soils
determined by model experiment." Biol. Fertility Soils, 32(1), 67-72.

Castignetti, D. (1990). "Bioenergetic examination of the heterotrophic nitrifier-denitrifier
Thiosphaera pantotropha." Antonie Van Leeuwenhoek, 58(4), 283-289.

Castignetti, D., and Hollocher, T. C. (1984). "Heterotrophic nitrification among
denitrifiers." Appl. Environ.Microbiol., 47(4), 620-623.

Chadwick, D., John, F., Pain, B., Chambers, B., and Williams, J. (2000a). "Plant uptake
of nitrogen from the organic nitrogen fraction of animal manures: a laboratory experiment." The
Journal of Agricultural Science, 134(2), 159-168.

Chadwick, D., Pain, B., and Brookman, S. (2000b). "Nitrous oxide and methane
emissions following application of animal manures to grassland." J. Environ.Qual., 29(1), 277-
287.

Chantigny, M. H., Bittman, S., Larney, F. J., Lapen, D., Hunt, D. E., Goyer, C., and
Angers, D. A. (2019). "A multi-region study reveals high overwinter loss of fall-applied reactive
nitrogen in cold and frozen soils." Can.J.Soil Sci., 99(2), 126-135.

Chantigny, M. H., Rochette, P., Angers, D. A., Goyer, C., Brin, L. D., and Bertrand, N.
(2016). "Nongrowing season N20 and CO2 emissions—temporal dynamics and influence of soil
texture and fall-applied manure." Can.J.Soil Sci., 97(3), 452-464.

Chapuis-Lardy, L., Wrage, N., Metay, A., CHOTTE, J., and Bernoux, M. (2007). "Soils,
a sink for N2O? A review." Global Change Biol., 13(1), 1-17.

Charles, A., Rochette, P., Whalen, J. K., Angers, D. A., Chantigny, M. H., and Bertrand,
N. (2017). "Global nitrous oxide emission factors from agricultural soils after addition of organic
amendments: A meta-analysis." Agric., Ecosyst.Environ., 236 88-98.

Chatskikh, D., and Olesen, J. E. (2007). "Soil tillage enhanced CO2 and N20O emissions
from loamy sand soil under spring barley." Soil Tillage Res., 97(1), 5-18.

Chaves, B., Opoku, A., De Neve, S., Boeckx, P., Van Cleemput, O., and Hofman, G.

(2006). "Influence of DCD and DMPP on soil N dynamics after incorporation of vegetable crop
residues." Biol Fertility Soils, 43(1), 62-68.

267



Chen, D., Suter, H. C., Islam, A., and Edis, R. (2010). "Influence of nitrification
inhibitors on nitrification and nitrous oxide (N20O) emission from a clay loam soil fertilized with
urea." Soil Biol.Biochem., 42(4), 660-664.

Chen, R., Senbayram, M., Blagodatsky, S., Myachina, O., Dittert, K., Lin, X.,
Blagodatskaya, E., and Kuzyakov, Y. (2014). "Soil C and N availability determine the priming

effect: microbial N mining and stoichiometric decomposition theories." Global Change Biol.,
20(7), 2356-2367.

Chen, Y., Tessier, S., MacKenzie, A., and Laverdiere, M. (1995). "Nitrous oxide
emission from an agricultural soil subjected to different freeze-thaw cycles." Agric.,
Ecosyst.Environ., 55(2), 123-128.

Cheng, W. (1999). "Rhizosphere feedbacks in elevated CO2." Tree Physiol., 19(4-5),
313-320.

Cheng, W., and Kuzyakov, Y. (2005). "Root effects on decomposition of organic matter."
Roots and Soil Management: Interactions between Roots and Soil. Agronomy Monograph, 48
119-143.

Cheng, Y., Wang, J., Mary, B., Zhang, J., Cai, Z., and Chang, S. X. (2013). "Soil pH has
contrasting effects on gross and net nitrogen mineralizations in adjacent forest and grassland
soils in central Alberta, Canada." Soil Biol.Biochem., 57 848-857.

Clark, K., Chantigny, M. H., Angers, D. A., Rochette, P., and Parent, L. (2009).
"Nitrogen transformations in cold and frozen agricultural soils following organic amendments."
Soil Biol Biochem., 41(2), 348-356.

Conde, E., Cardenas, M., Ponce-Mendoza, A., Luna-Guido, M., Cruz-Mondragoén, C.,
and Dendooven, L. (2005). "The impacts of inorganic nitrogen application on mineralization of

14 C-labelled maize and glucose, and on priming effect in saline alkaline soil." Soi/
Biol Biochem., 37(4), 681-691.

Congreves, K., Wagner-Riddle, C., Si, B., and Clough, T. (2018). "Nitrous oxide
emissions and biogeochemical responses to soil freezing-thawing and drying-wetting." Soil
Biol.Biochem., 117 5-15.

Cui, F., Yan, G., Zhou, Z., Zheng, X., and Deng, J. (2012). "Annual emissions of nitrous
oxide and nitric oxide from a wheat—maize cropping system on a silt loam calcareous soil in the

North China Plain." Soil Biol. Biochem., 48 10-19.

Cunniff, P. (1996). Official methods of analysis of AOAC International. Association of
Official Analytical Chemists., Maryland.

268



Dannenmann, M., Butterbach-Bahl, K., Gasche, R., Willibald, G., and Papen, H. (2008).
"Dinitrogen emissions and the N2: N20O emission ratio of a Rendzic Leptosol as influenced by
pH and forest thinning." Soil Biol. Biochem., 40(9), 2317-2323.

Davidson, E. A., Rogers, J. E., and Whitman, W. B. (1991). "Fluxes of nitrous oxide and
nitric oxide from terrestrial ecosystems." Microbial Production and Consumption of Greenhouse
Gases: Methane, Nitrogen Oxides, and Halomethanes., 219-235.

Davidson, E. A., and Schimel, J. P. (1995). "Microbial processes of production and
consumption of nitric oxide, nitrous oxide and methane." Biogenic Trace Gases: Measuring
Emissions from Soil and Water., 327-357.

Davidson, E. A. (1992). "Pulses of nitric oxide and nitrous oxide flux following wetting
of dry soil: An assessment of probable sources and importance relative to annual fluxes."
Ecological Bulletins, 149-155.

Davidson, E. A., Keller, M., Erickson, H. E., Verchot, L. V., and Veldkamp, E. (2000).
"Testing a Conceptual Model of Soil Emissions of Nitrous and Nitric Oxides Using two
functions based on soil nitrogen availability and soil water content, the hole-in-the-pipe model
characterizes a large fraction of the observed variation of nitric oxide and nitrous oxide
emissions from soils." Bioscience, 50(8), 667-680.

De Boer, W., Tietema, A., Gunnewiek, P. K., and Laanbroek, H. (1992). "The
chemolithotrophic ammonium-oxidizing community in a nitrogen-saturated acid forest soil in
relation to pH-dependent nitrifying activity." Soil Biol. Biochem., 24(3), 229-234.

De Boer, W., and Kowalchuk, G. A. (2001). "Nitrification in acid soils: micro-organisms
and mechanisms." Soil Biology and Biochemistry, 33(7), 853-866.

De Klein, C., Novoa, R. S., Ogle, S., Smith, K. A., Rochette, P., Wirth, T. C., McConkey,
B., Mosier, A., Rypdal, K., and Walsh, M. (2006). "N20 emissions from managed soils, and
CO2 emissions from lime and urea application." /IPCC Guidelines for National Greenhouse Gas
Inventories, Prepared by the National Greenhouse Gas Inventories Programme, 4 1-54.

Del Prado, A., Merino, P., Estavillo, J., Pinto, M., and Gonzalez-Murua, C. (2006). "N 2
O and NO emissions from different N sources and under a range of soil water contents."
Nutr.Cycling Agroecosyst., 74(3), 229-243.

Desjardins, R., Smith, W., Grant, B., Campbell, C., and Riznek, R. (2005). "Management
strategies to sequester carbon in agricultural soils and to mitigate greenhouse gas emissions."
Increasing Climate Variability and Change, Springer, 283-297.

Di, H., and Cameron, K. (2005). "Reducing environmental impacts of agriculture by
using a fine particle suspension nitrification inhibitor to decrease nitrate leaching from grazed
pastures." Agric., Ecosyst.Environ., 109(3-4), 202-212.

269



Di, H., Cameron, K., Shen, J. P., Winefield, C., O’callaghan, M., Bowatte, S., and He, J.
(2009a). "Nitrification driven by bacteria and not archaea in nitrogen-rich grassland soils."
Nature Geoscience, 2(9), 621.

Di, H., Cameron, K., Shen, J., He, J., and Winefield, C. (2009b). "A lysimeter study of
nitrate leaching from grazed grassland as affected by a nitrification inhibitor, dicyandiamide, and
relationships with ammonia oxidizing bacteria and archaea." Soil use Manage., 25(4), 454-461.

Di, H. J., Cameron, K. C., Podolyan, A., and Robinson, A. (2014). "Effect of soil
moisture status and a nitrification inhibitor, dicyandiamide, on ammonia oxidizer and denitrifier
growth and nitrous oxide emissions in a grassland soil." Soil Biol.Biochem., 73 59-68.

Di, H. J., Cameron, K. C., Sherlock, R. R., Shen, J., He, J., and Winefield, C. S. (2010).
"Nitrous oxide emissions from grazed grassland as affected by a nitrification inhibitor,
dicyandiamide, and relationships with ammonia-oxidizing bacteria and archaea." Journal of Soils
and Sediments, 10(5), 943-954.

C. Dick. (2006). "Applying Manure on Perennial Forage (Alberta Agriculture, Food and
Rural Development)."
https://www 1 .agric.gov.ab.ca/$department/deptdocs.nsf/all/agdex 10727/$file/538 120-
2.pdf?OpenElement (Jan 2, 2019).

Dittert, K., Bol, R., King, R., Chadwick, D., and Hatch, D. (2001). "Use of a novel
nitrification inhibitor to reduce nitrous oxide emission from '°N-labelled dairy slurry injected
into soil." Rapid Communications in Mass Spectrometry: RCM, 15(15), 1291.

Dobbie, K. E., and Smith, K. A. (2003). "Nitrous oxide emission factors for agricultural

soils in Great Britain: The impact of soil water-filled pore space and other controlling variables."
Global Change Biol., 9(2), 204-218.

Dobbie, K., and Smith, K. (2001). "The effects of temperature, water-filled pore space
and land use on N>O emissions from an imperfectly drained gleysol." European Journal of Soil
Science, 52(4), 667-673.

Dorland, S., and Beauchamp, E. (1991). "Denitrification and ammonification at low soil
temperatures." Can.J.Soil Sci., 71(3), 293-303.

Dorsch, P., Palojéarvi, A., and Mommertz, S. (2004). "Overwinter greenhouse gas fluxes
in two contrasting agricultural habitats." Nutr.Cycling Agroecosyst., 70(2), 117-133.

Duan, Y. F., Kong, X. W., Schramm, A., Labouriau, R., Eriksen, J., and Petersen, S. O.
(2016). "Microbial N Transformations and N20O Emission after Simulated Grassland Cultivation:
Effects of the Nitrification Inhibitor 3,4-Dimethylpyrazole Phosphate (DMPP)."
Appl.Environ.Microbiol., 83(1), €02019-16. Print 2017 Jan 1.

270


https://www1.agric.gov.ab.ca/$department/deptdocs.nsf/all/agdex10727/$file/538_120-2.pdf?OpenElement
https://www1.agric.gov.ab.ca/$department/deptdocs.nsf/all/agdex10727/$file/538_120-2.pdf?OpenElement

Duncan, E., Dell, C. J., Kleinman, P. J., and Beegle, D. B. (2017). "Nitrous oxide and
ammonia emissions from injected and broadcast-applied dairy slurry." J. Environ.Qual., 46(1),
36-44.

Easterling, D. R., Arnold, J., Knutson, T., Kunkel, K., LeGrande, A., Leung, L. R., Vose,
R., Waliser, D., and Wehner, M. (2017). "Precipitation change in the United States." Climate
Science Special Report: Fourth National Climate Assessment, Volume I [Wuebbles, D.J., D.W.
Fahey, K.A. Hibbard, D.J. Dokken, B.C. Stewart, and T.K. Maycock (eds.), U.S. Global Change
Research Program, Washington, DC, USA, 207-230.

Engel, R., Liang, D., Wallander, R., and Bembenek, A. (2010). "Influence of urea
fertilizer placement on nitrous oxide production from a silt loam soil." J.Environ.Qual., 39(1),
115-125.

Ernst, J., and Massey, H. (1960). "The Effects of Several Factors on Volatilization of
Ammonia Formed from Urea in the Soil 1." Soil Sci.Soc.Am.J., 24(2), 87-90.

FAOSTAT. (2013). "Food and agriculture organization of the United Nations." .

Firestone, M. K., and Davidson, E. A. (1989). "Microbiological basis of NO and N20
production and consumption in soil." Exchange of Trace Gases between Terrestrial Ecosystems
and the Atmosphere, 47 7-21.

Flessa, H., and Beese, F. (2000). "Laboratory estimates of trace gas emissions following
surface application and injection of cattle slurry." J.Environ.Qual., 29(1), 262-268.

Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fahey, D. W., Haywood,
J., Lean, J., Lowe, D. C., and Myhre, G. (2007). "Changes in atmospheric constituents and in
radiative forcing. Chapter 2." Climate Change 2007. The Physical Science Basis, .

Fowler, D., Pilegaard, K., Sutton, M., Ambus, P., Raivonen, M., Duyzer, J., Simpson, D.,
Fagerli, H., Fuzzi, S., and Schjerring, J. K. (2009). "Atmospheric composition change:
ecosystems—atmosphere interactions." Atmos.Environ., 43(33), 5193-5267.

Fujinuma, R., Venterea, R. T., and Rosen, C. (2011). "Broadcast urea reduces N20 but
increases NO emissions compared with conventional and shallow-applied anhydrous ammonia in
a coarse-textured soil." J. Environ.Qual., 40(6), 1806-1815.

Furon, A. C., Wagner-Riddle, C., Smith, C. R., and Warland, J. S. (2008). "Wavelet
analysis of wintertime and spring thaw CO2 and N20 fluxes from agricultural fields."
Agric.for.Meteorol., 148(8-9), 1305-1317.

Gan, Y., Liang, B., Liu, L., Wang, X., and McDonald, C. (2011). "C: N ratios and carbon
distribution profile across rooting zones in oilseed and pulse crops." Crop and Pasture Science,
62(6), 496-503.

271



Garbeva, P., Baggs, E. M., and Prosser, J. 1. (2006). "Phylogeny of nitrite reductase
(nirK) and nitric oxide reductase (norB) genes from Nitrosospira species isolated from soil."
FEMS Microbiol Lett., 266(1), 83-89.

Giblin, A. E., Tobias, C. R., Song, B., Weston, N., Banta, G. T., and H. RIVERA-
MONROY, V. (2013). "The importance of dissimilatory nitrate reduction to ammonium
(DNRA) in the nitrogen cycle of coastal ecosystems." Oceanography, 26(3), 124-131.

Gilhespy, S. L., Anthony, S., Cardenas, L., Chadwick, D., del Prado, A., Li, C.,
Misselbrook, T., Rees, R. M., Salas, W., and Sanz-Cobena, A. (2014). "First 20 years of DNDC
(DeNitrification DeComposition): model evolution." Ecol.Model., 292 51-62.

Gilsanz, C., Baez, D., Misselbrook, T. H., Dhanoa, M. S., and Cardenas, L. M. (2016).
"Development of emission factors and efficiency of two nitrification inhibitors, DCD and
DMPP." Agric., Ecosyst.Environ., 216 1-8.

Giltrap, D. L., Li, C., and Saggar, S. (2010). "DNDC: A process-based model of
greenhouse gas fluxes from agricultural soils." Agric., Ecosyst. Environ., 136(3-4), 292-300.

Ginting, D., Kessavalou, A., Eghball, B., and Doran, J. W. (2003). "Greenhouse gas
emissions and soil indicators four years after manure and compost applications."
J.Environ.Qual., 32(1), 23-32.

Goldberg, S. D., Muhr, J., Borken, W., and Gebauer, G. (2008). "Fluxes of climate-
relevant trace gases between a Norway spruce forest soil and atmosphere during repeated freeze—
thaw cycles in mesocosms." Journal of Plant Nutrition and Soil Science, 171(5), 729-739.

Goldberg, S. D., Borken, W., and Gebauer, G. (2010). "N,O emission in a Norway spruce
forest due to soil frost: concentration and isotope profiles shed a new light on an old story."
Biogeochemistry, 97(1), 21-30.

Goossens, A., De Visscher, A., Boeckx, P., and Van Cleemput, O. (2001). "Two-year
field study on the emission of N2O from coarse and middle-textured Belgian soils with different
land use." Nutr.Cycling Agroecosyst., 60(1-3), 23-34.

Government of Canada. (2018). "Historical Climate Data." http://climate.weather.gc.ca/
(Oct 23, 2017).

Granli, T. (1994). "Nitrous oxide from agriculture." Norwegian J.Agri.Sci., 12 1-128.
Grant, R. (2001). "A review of the Canadian ecosystem model ecosys." .
Grant, R., and Pattey, E. (2008). "Temperature sensitivity of N2O emissions from

fertilized agricultural soils: Mathematical modeling in ecosys." Global Biogeochem.Cycles,
22(4).,.

272


http://climate.weather.gc.ca/

Grant, R., and Pattey, E. (2003). "Modelling variability in N,O emissions from fertilized
agricultural fields." Soil Biol.Biochem., 35(2), 225-243.

Grant, R., and Pattey, E. (1999). "Mathematical modeling of nitrous oxide emissions
from an agricultural field during spring thaw." Global Biogeochem.Cycles, 13(2), 679-694.

Grant, R., Pattey, E., Goddard, T., Kryzanowski, L., and Puurveen, H. (2006). "Modeling
the effects of fertilizer application rate on nitrous oxide emissions." Soil Sci.Soc.Am.J., 70(1),
235-248.

Grant, R. F., Neftel, A., and Calanca, P. (2016). "Ecological controls on N,O emission in
surface litter and near-surface soil of a managed grassland: modelling and measurements."
Biogeosciences, 13(12), 3549-3571.

Gregorich, E., Hopkins, D., Elberling, B., Sparrow, A., Novis, P., Greenfield, L., and
Rochette, P. (2006). "Emission of CO2, CH4 and N20O from lakeshore soils in an Antarctic dry
valley." Soil Biol.Biochem., 38(10), 3120-3129.

Gregorich, E., Rochette, P., St-Georges, P., McKim, U., and Chan, C. (2008). "Tillage
effects on N20 emission from soils under corn and soybeans in Eastern Canada." Can.J.Soil Sci.,
88(2), 153-161.

Guardia, G., Vallejo, A., Cardenas, L. M., Dixon, E. R., and Garcia-Marco, S. (2018).
"Fate of 15 N-labelled ammonium nitrate with or without the new nitrification inhibitor DMPSA
in an irrigated maize crop." Soil Biol. Biochem., 116 193-202.

Hagemann, N., Harter, J., and Behrens, S. (2016). "Elucidating the impacts of biochar
applications on nitrogen cycling microbial communities." Biochar Application, Elsevier, 163-
198.

Halvorson, A. D., Snyder, C. S., Blaylock, A. D., and Del Grosso, S. J. (2014).
"Enhanced-efficiency nitrogen fertilizers: Potential role in nitrous oxide emission mitigation."
Agron.J., 106(2), 715-722.

Hansel, C. M., Fendorf, S., Jardine, P. M., and Francis, C. A. (2008). "Changes in
bacterial and archaeal community structure and functional diversity along a geochemically
variable soil profile." Appl. Environ.Microbiol., T4(5), 1620-1633.

Harrison-Kirk, T., Beare, M. H., Meenken, E. D., and Condron, L. M. (2013). "Soil
organic matter and texture affect responses to dry/wet cycles: Effects on carbon dioxide and
nitrous oxide emissions." Soil Biol.Biochem., 57 43-55.

Hart, S. C., Stark, J. M., Davidson, E. A., and Firestone, M. K. (1994). "Nitrogen
mineralization, immobilization, and nitrification." Methods of Soil Analysis: Part 2—
Microbiological and Biochemical Properties, (methodsofsoilan2), 985-1018.

273



Hatch, D., Trindade, H., Cardenas, L., Carneiro, J., Hawkins, J., Scholefield, D., and
Chadwick, D. (2005). "Laboratory study of the effects of two nitrification inhibitors on
greenhouse gas emissions from a slurry-treated arable soil: impact of diurnal temperature cycle."
Biol Fertility Soils, 41(4), 225-232.

Havlin, J., Beaton, J. D., Tisdale, S. L., and Nelson, W. L. (2014). Soil fertility and
fertilizers: An introduction to nutrient management. Pearson Prentice Hall Upper Saddle River,
New Jersey, USA, .

Hayatsu, M., Tago, K., and Saito, M. (2008). "Various players in the nitrogen cycle:
diversity and functions of the microorganisms involved in nitrification and denitrification." Soil
Sci.Plant Nutr., 54(1), 33-45.

He, J., Hu, H., and Zhang, L. (2012). "Current insights into the autotrophic
thaumarchaeal ammonia oxidation in acidic soils." Soil Biol. Biochem., 55 146-154.

Hernandez-Ramirez, G., Brouder, S. M., Smith, D. R., and Van Scoyoc, G. E. (2009).
"Greenhouse gas fluxes in an eastern corn belt soil: Weather, nitrogen source, and rotation."
Journal of Environmental Quality, 38(3), 841-854.

Herrmann, A., and Witter, E. (2002). "Sources of C and N contributing to the flush in
mineralization upon freeze—thaw cycles in soils." Soi/ Biol. Biochem., 34(10), 1495-1505.

Hijbeek, R., van Ittersum, M. K., ten Berge, H. F., Gort, G., Spiegel, H., and Whitmore,
A. P.(2017). "Do organic inputs matter—a meta-analysis of additional yield effects for arable
crops in Europe." Plant Soil, 411(1-2), 293-303.

Hoben, J., Gehl, R., Millar, N., Grace, P., and Robertson, G. (2011). "Nonlinear nitrous
oxide (N20) response to nitrogen fertilizer in on-farm corn crops of the US Midwest." Global
Change Biol., 17(2), 1140-1152.

Hogberg, M. N., Myrold, D. D., Giesler, R., and Hogberg, P. (2006). "Contrasting
patterns of soil N-cycling in model ecosystems of Fennoscandian boreal forests." Oecologia,
147(1), 96-107.

Hogberg, P. (1997). "Tansley review no. 95 15 N natural abundance in soil—plant
systems." The New Phytologist, 137(2), 179-203.

Hou, A., Akiyama, H., Nakajima, Y., Sudo, S., and Tsuruta, H. (2000a). "Effects of urea
form and soil moisture on N20O and NO emissions from Japanese Andosols." Chemosphere-
Global Change Science, 2(3-4), 321-327.

Hou, A., Chen, G., Wang, Z., Van Cleemput, O., and Patrick, W. (2000b). "Methane and
nitrous oxide emissions from a rice field in relation to soil redox and microbiological processes."
Soil Sci.Soc.Am.J., 64(6), 2180-2186.

274



Hua, L., LIANG, X, Yingxu, C., Yanfeng, L., Guangming, T., and Wuzhong, N. (2008).
"Effect of nitrification inhibitor DMPP on nitrogen leaching, nitrifying organisms, and enzyme
activities in a rice-oilseed rape cropping system." Journal of Environmental Sciences, 20(2), 149-
155.

Huérfano, X., Estavillo, J. M., Fuertes-Mendizabal, T., Torralbo, F., Gonzalez-Murua, C.,
and Menéndez, S. (2018). "DMPSA and DMPP equally reduce N20 emissions from a maize-
ryegrass forage rotation under Atlantic climate conditions." Atmos.Environ., 187 255-265.

Huérfano, X., Fuertes-Mendizabal, T., Fernandez-Diez, K., Estavillo, J. M., Gonzalez-
Murua, C., and Menéndez, S. (2016). "The new nitrification inhibitor 3, 4-dimethylpyrazole
succinic (DMPSA) as an alternative to DMPP for reducing N 2 O emissions from wheat crops
under humid Mediterranean conditions." Eur.J.Agron., 80 78-87.

Hutchinson, G., Livingston, G., Healy, R., and Striegl, R. (2000). "Chamber
measurement of surface-atmosphere trace gas exchange: Numerical evaluation of dependence on
soil, interfacial layer, and source/sink properties." Journal of Geophysical Research:

Atmospheres, 105(D7), 8865-8875.

Intergovernmental Panel on Climate Change. (2014). "Climate Change 2014: Mitigation
of Climate Change. Contribution of Working Group III to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change." Contribution of Working Group III to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change, 1454.

Intergovernmental Panel on Climate Change. (2007). "Climate change 2007: Mitigation.
Contribution of Working Group III to the Fourth Assessment Report of the Inter-governmental
Panel on Climate Change." Contribution of Working Group I to the Fourth Assessment Report of
the Intergovernmental Panel on Climate Change, 1-851.

Irigoyen, 1., Muro, J., Azpilikueta, M., Aparicio-Tejo., P., and Lamsfus, C. (2003).
"Ammonium oxidation kinetics in the presence of nitrification inhibitors DCD and DMPP at
various temperatures." Australian Journal of Soil Research, (6), 1177-1183.

Iwata, Y., Hayashi, M., Suzuki, S., Hirota, T., and Hasegawa, S. (2010). "Effects of snow
cover on soil freezing, water movement, and snowmelt infiltration: A paired plot experiment."
Water Resour.Res., 46(9),.

Jansson, S., and Persson, J. (1982). "Mineralization and immobilization of soil nitrogen."
Nitrogen in Agricultural Soils, (nitrogeninagrics), 229-252.

Jiang, X., Hou, X., Zhou, X., Xin, X., Wright, A., and Jia, Z. (2015). "pH regulates key
players of nitrification in paddy soils." Soil Biol. Biochem., 81 9-16.

275



Jianwen, Z., Yao, H., Lianggang, Z., Xunhua, Z., and Yuesi, W. (2004). "Carbon dioxide,
methane, and nitrous oxide emissions from a rice-wheat rotation as affected by crop residue
incorporation and temperature." Adv.Atmos.Sci., 21(5), 691-698.

Johnson, D., Cheng, W., and Burke, 1. (2000). "Biotic and abiotic nitrogen retention in a
variety of forest soils." Soil Sci.Soc.Am.J., 64(4), 1503-1514.

Keeney, D. R. (1980). "Factors Affecting the Persistence and Bioactivity of Nitrification
Inhibitors 1." Nitrification Inhibitors—potentials and Limitations, (nitrificationin), 33-46.

Kelliher, F., Clough, T., Clark, H., Rys, G., and Sedcole, J. (2008). "The temperature
dependence of dicyandiamide (DCD) degradation in soils: a data synthesis." Soi/ Biol. Biochem.,
40(7), 1878-1882.

Kemmitt, S. J., Wright, D., Goulding, K. W., and Jones, D. L. (2006). "pH regulation of
carbon and nitrogen dynamics in two agricultural soils." Soil Biol. Biochem., 38(5), 898-911.

Kiani, M., Hernandez-Ramirez, G., Quideau, S., Smith, E., Janzen, H., Larney, F. J., and
Puurveen, D. (2017). "Quantifying sensitive soil quality indicators across contrasting long-term
land management systems: Crop rotations and nutrient regimes." Agric., Ecosyst.Environ., 248
123-135.

Kim, D., Hernandez-Ramirez, G., and Giltrap, D. (2013). "Linear and nonlinear
dependency of direct nitrous oxide emissions on fertilizer nitrogen input: A meta-analysis."
Agric., Ecosyst.Environ., 168 53-65.

Kim, S. W., Fushinobu, S., Zhou, S., Wakagi, T., and Shoun, H. (2009). "Eukaryotic nirK
genes encoding copper-containing nitrite reductase: originating from the protomitochondrion?"
Appl.Environ.Microbiol., 75(9), 2652-2658.

Konneke, M., Bernhard, A. E., José, R., Walker, C. B., Waterbury, J. B, and Stahl, D. A.
(2005). "Isolation of an autotrophic ammonia-oxidizing marine archaeon." Nature, 437(7058),
543.

Koops, H., Bottcher, B., Mdéller, U., Pommerening-Réser, A., and Stehr, G. (1991).
"Classification of eight new species of ammonia-oxidizing bacteria: Nitrosomonas communis sp.
nov., Nitrosomonas ureae sp. nov., Nitrosomonas aestuarii sp. nov., Nitrosomonas marina sp.
nov., Nitrosomonas nitrosa sp. nov., Nitrosomonas eutropha sp. nov., Nitrosomonas oligotropha
sp. nov. and Nitrosomonas halophila sp. nov." Microbiology, 137(7), 1689-1699.

Koponen, H. T., Jaakkola, T., Keindnen-Toivola, M. M., Kaipainen, S., Tuomainen, J.,

Servomaa, K., and Martikainen, P. J. (2006). "Microbial communities, biomass, and activities in
soils as affected by freeze thaw cycles." Soil Biol. Biochem., 38(7), 1861-1871.

276



Kowalchuk, G. A., and Stephen, J. R. (2001). "Ammonia-oxidizing bacteria: a model for
molecular microbial ecology." Annual Reviews in Microbiology, 55(1), 485-529.

Kumon, Y., Sasaki, Y., Kato, 1., Takaya, N., Shoun, H., and Beppu, T. (2002).
"Codenitrification and denitrification are dual metabolic pathways through which dinitrogen
evolves from nitrate in Streptomyces antibioticus." J.Bacteriol., 184(11), 2963-2968.

Kuzyakov, Y., Friedel, J., and Stahr, K. (2000). "Review of mechanisms and
quantification of priming effects." Soil Biol. Biochem., 32(11), 1485-1498.

Laughlin, R. J., and Stevens, R. J. (2002). "Evidence for fungal dominance of
denitrification and codenitrification in a grassland soil." Soil Sci.Soc.Am.J., 66(5), 1540-1548.

Law, Y., Ye, L., Pan, Y., and Yuan, Z. (2012). "Nitrous oxide emissions from wastewater
treatment processes." Philos.Trans.R.Soc.Lond.B.Biol.Sci., 367(1593), 1265-1277.

Leininger, S., Urich, T., Schloter, M., Schwark, L., Qi, J., Nicol, G. W, Prosser, J. L,
Schuster, S., and Schleper, C. (2006). "Archaea predominate among ammonia-oxidizing
prokaryotes in soils." Nature, 442(7104), 806.

Leytem, A., Moore, A., and Dungan, R. (2019). "Greenhouse Gas Emissions from an
Irrigated Crop Rotation Utilizing Dairy Manure." Soil Sci.Soc.Am.J., 83(1), 137-152.

Li, C., Narayanan, V., and Harriss, R. C. (1996). "Model estimates of nitrous oxide

emissions from agricultural lands in the United States." Global Biogeochem.Cycles, 10(2), 297-
306.

Lin, S., Hernandez-Ramirez, G., Kryzanowski, L., Wallace, T., Grant, R., Degenhardt,
R., Berger, N., Lohstraeter, G., and Powers, L. (2017). "Timing of Manure Injection and
Nitrification Inhibitors Impacts on Nitrous Oxide Emissions and Nitrogen Transformations in a
Barley Crop." Soil Sci.Soc.Am.J., 81(6), 1595-1605.

Ludwig, B., Teepe, R., de Gerenyu, V. L., and Flessa, H. (2006). "CO2 and N20
emissions from gleyic soils in the Russian tundra and a German forest during freeze—thaw
periods—a microcosm study." Soil Biol.Biochem., 38(12), 3516-3519.

Ludwig, B., Wolf, L., and Teepe, R. (2004). "Contribution of nitrification and
denitrification to the emission of N20O in a freeze-thaw event in an agricultural soil." Journal of
Plant Nutrition and Soil Science, 167(6), 678-684.

Ma, Q., Wu, Z., Shen, S., Zhou, H., Jiang, C., Xu, Y., Liu, R., and Yu, W. (2015).

"Responses of biotic and abiotic effects on conservation and supply of fertilizer N to inhibitors
and glucose inputs." Soil Biol.Biochem., 89 72-81.

277



Ma, W. K., Farrell, R. E., and Siciliano, S. D. (2008). "Soil formate regulates the fungal
nitrous oxide emission pathway." Appl. Environ.Microbiol., 74(21), 6690-6696.

Maag, M., and Vinther, F. P. (1996). "Nitrous oxide emission by nitrification and
denitrification in different soil types and at different soil moisture contents and temperatures."
Applied Soil Ecology, 4(1), 5-14.

Maguire, R. O., Kleinman, P. J. A., Dell, C. J., Beegle, D. B., Brandt, R. C., McGrath, J.
M., and Ketterings, Q. M. (2011). "Manure Application Technology in Reduced Tillage and
Forage Systems: A Review." J. Environ.Qual., 40(2), 292-301.

Matzner, E., and Borken, W. (2008). "Do freeze-thaw events enhance C and N losses
from soils of different ecosystems? A review." Eur.J.Soil Sci., 59(2), 274-284.

McCarty, G., and Bremner, J. (1989). "Laboratory evaluation of dicyandiamide as a soil
nitrification inhibitor." Commun.Soil Sci.Plant Anal., 20(19-20), 2049-2065.

McGeough, K., Watson, C., Miiller, C., Laughlin, R., and Chadwick, D. (2016).
"Evidence that the efficacy of the nitrification inhibitor dicyandiamide (DCD) is affected by soil
properties in UK soils." Soil Biol. Biochem., 94 222-232.

McKeague, J. A. (1978). Manual on soil sampling and methods of analysis. Canadian
Society of Soil Science, Ottawa.

McKenney, D., Drury, C., and Wang, S. (2001). "Effects of oxygen on denitrification
inhibition, repression, and derepression in soil columns." Soil Sci.Soc.Am.J., 65(1), 126-132.

McKenzie, R., Bremer, E., Middleton, A., Pfiffner, P., and Woods, S. (2011). "Optimum
seeding date and rate for irrigated cereal and oilseed crops in southern Alberta." Canadian
Journal of Plant Science, 91(2), 293-303.

R. McKenzie, Kryzanowski, L. and Pauly, D. (2013). "Fertilizer Requirements of
Irrigated Grain and Oilseed Crops."
http://www 1.agric.gov.ab.ca/$department/deptdocs.nsf/all/agdex149 (December 11, 2017, 2017).

Meixner, F. X., and Yang, W. X. (2006). "Biogenic emissions of nitric oxide and nitrous
oxide from arid and semi-arid land." Dryland ecohydrology, Springer, Netherlands, 233-255.

Menéndez, S., Barrena, 1., Setien, 1., Gonzadlez-Murua, C., and Estavillo, J. M. (2012).
"Efficiency of nitrification inhibitor DMPP to reduce nitrous oxide emissions under different

temperature and moisture conditions." Soil Biology and Biochemistry, 53 82-89.

Mengel, K. (1996). "Turnover of organic nitrogen in soils and its availability to crops."
Plant Soil, 181(1), 83-93.

278


http://www1.agric.gov.ab.ca/$department/deptdocs.nsf/all/agdex149

Metivier, K., Pattey, E., and Grant, R. (2009). "Using the ecosys mathematical model to

simulate temporal variability of nitrous oxide emissions from a fertilized agricultural soil." Soi/
Biol Biochem., 41(12), 2370-2386.

Mezbahuddin, M., Grant, R., and Flanagan, L. (2016). "Modeling hydrological controls
on variations in peat water content, water table depth, and surface energy exchange of a boreal
western Canadian fen peatland." Journal of Geophysical Research: Biogeosciences, 121(8),
2216-2242.

Migliorati, M. D. A., Scheer, C., Grace, P. R., Rowlings, D. W, Bell, M., and McGree, J.
(2014). "Influence of different nitrogen rates and DMPP nitrification inhibitor on annual N20O
emissions from a subtropical wheat—-maize cropping system." Agric., Ecosyst.Environ., 186 33-
43,

Millar, N., Urrea, A., Kahmark, K., Shcherbak, I., Robertson, G. P., and Ortiz-
Monasterio, 1. (2018). "Nitrous oxide (N20) flux responds exponentially to nitrogen fertilizer in
irrigated wheat in the Yaqui Valley, Mexico." Agric., Ecosyst.Environ., 261 125-132.

Mohn, J., Wolf, B., Toyoda, S., Lin, C., Liang, M., Briiggemann, N., Wissel, H., Steiker,
A. E., Dyckmans, J., and Szwec, L. (2014). "Interlaboratory assessment of nitrous oxide
isotopomer analysis by isotope ratio mass spectrometry and laser spectroscopy: current status
and perspectives." Rapid Communications in Mass Spectrometry, 28(18), 1995-2007.

Moomaw, W. R., Moreira, J. R., Blok, K., Greene, D., Gregory, K., Jaszay, T.,
Kashiwagi, T., Levine, M., McFarland, M., and Prasad, N. S. (2001). "Technological and
economic potential of greenhouse gas emissions reduction." Climate Change, 200.

Moraghan, J., and Buresh, R. (1977). "Correction for Dissolved Nitrous Oxide in
Nitrogen Studies 1." Soil Sci.Soc.Am.J., 41(6), 1201-1202.

Morley, N., and Baggs, E. (2010). "Carbon and oxygen controls on N20O and N2
production during nitrate reduction." Soi/ Biol. Biochem., 42(10), 1864-1871.

Mubhr, J., Goldberg, S. D., Borken, W., and Gebauer, G. (2008). "Repeated drying—
rewetting cycles and their effects on the emission of CO2, N20O, NO, and CH4 in a forest soil."
Journal of Plant Nutrition and Soil Science, 171(5), 719-728.

Miiller, C., Kammann, C., Ottow, J., and Jager, H. (2003). "Nitrous oxide emission from
frozen grassland soil and during thawing periods." Journal of Plant Nutrition and Soil Science,
166(1), 46-53.

Mutegi, J. K., Munkholm, L. J., Petersen, B. M., Hansen, E. M., and Petersen, S. O.

(2010). "Nitrous oxide emissions and controls as influenced by tillage and crop residue
management strategy." Soil Biol. Biochem., 42(10), 1701-1711.

279



Myhre, G., Shindell, D., Bréon, F. M., Collins, W., Fuglestvedt, J., Huang, J., Koch, D.,
Lamarque, J. F., Lee, D., and Mendoza, B. (2013). "Anthropogenic and natural radiative
forcing." Climate change 2013: The Physical Science Basis Contribution of Working Group I to
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change, Cambridge
University Press, Cambridge, U.K., 659-740.

Nelissen, V., Saha, B. K., Ruysschaert, G., and Boeckx, P. (2014). "Effect of different
biochar and fertilizer types on N20O and NO emissions." Soil Biol. Biochem., 70 244-255.

Nielsen, C. B., Groffman, P. M., Hamburg, S. P., Driscoll, C. T., Fahey, T. J., and Hardy,
J. P. (2001). "Freezing effects on carbon and nitrogen cycling in northern hardwood forest soils."
Soil Sci.Soc.Am.J., 65(6), 1723-1730.

Nijburg, J. W., Coolen, M., Gerards, S., Gunnewiek, P., and Laanbroek, H. J. (1997).
"Effects of Nitrate Availability and the Presence of Glyceria maxima on the Composition and

Activity of the Dissimilatory Nitrate-Reducing Bacterial Community." Appl. Environ.Microbiol.,
63(3), 931-937.

Nyborg, M., Laidlaw, J. W., Solberg, E. D., and Malhi, S. S. (1997). "Denitrification and
nitrous oxide emissions from a Black Chernozemic soil during spring thaw in Alberta."
Canadian Journal of Soil Science, 77(2), 153-160.

Nyord, T., Segaard, H. T., Hansen, M. N., and Jensen, L. S. (2008). "Injection methods to
reduce ammonia emission from volatile liquid fertilisers applied to growing crops." Biosystems
Engineering, 100(2), 235-244.

Odu, C., and Adeoye, K. (1970). "Heterotrophic nitrification in soils—a preliminary
investigation." Soil Biol. Biochem., 2(1), 41-45.

Pacholski, A., Berger, N., Bustamante, 1., Ruser, R., Guardia, G., and Mannheim, T.
(2016). "Effects of the novel nitrification inhibitor DMPSA on yield, mineral N dynamics and
N20O emissions." Proceedings of the 2016 International Nitrogen Initiative Conference,"
Solutions to improve nitrogen use efficiency for the world, 4-8.

Papen, H., von Berg, R., Hinkel, 1., Thoene, B., and Rennenberg, H. (1989).
"Heterotrophic nitrification by Alcaligenes faecalis: NO2-, NO3-, N20, and NO production in
exponentially growing cultures." Appl. Environ.Microbiol., 55(8), 2068-2072.

Parkin, T., Mosier, A., Smith, J., Venterea, R., Johnson, J., Reicosky, D., Doyle, G.,
McCarty, G., and Baker, J. (2003). "USDA-ARS GRACEnet chamber-based trace gas flux
measurement protocol." USDA-ARS, Washington DC, 28.

Parton, W., Mosier, A., Ojima, D., Valentine, D., Schimel, D., Weier, K., and Kulmala,
A. E. (1996). "Generalized model for N2 and N20O production from nitrification and
denitrification." Global Biogeochem.Cycles, 10(3), 401-412.

280



Pasda, G., Hihndel, R., and Zerulla, W. (2001). "Effect of fertilizers with the new
nitrification inhibitor DMPP (3, 4-dimethylpyrazole phosphate) on yield and quality of
agricultural and horticultural crops." Biol.Fertility Soils, 34(2), 85-97.

Paul, K., Polglase, P., O'connell, A., Carlyle, J., Smethurst, P., and Khanna, P. (2003).
"Defining the relation between soil water content and net nitrogen mineralization." Eur.J.Soil
Sci., 54(1), 39-48.

Pedersen, H., Dunkin, K. A., and Firestone, M. K. (1999). "The relative importance of
autotrophic and heterotrophic nitrification in a conifer forest soil as measured by 15N tracer and
pool dilution techniques." Biogeochemistry, 44(2), 135-150.

Peters, J., Combs, S., Hoskins, B., Jarman, J., Kovar, J., Watson, M., Wolf, A., and Wolf,
N. (2003). "Recommended methods of manure analysis." University of Wisconsin Cooperative
Extension Publishing: Madison, WI, .

Philippot, L., Hallin, S., Borjesson, G., and Baggs, E. (2009). "Biochemical cycling in the
rhizosphere having an impact on global change." Plant Soil, 321(1-2), 61-81.

Philippot, L., Hallin, S., and Schloter, M. (2007). "Ecology of denitrifying prokaryotes in
agricultural soil." Adv.Agron., 96 249-305.

Pietikdinen, J., Pettersson, M., and Baath, E. (2005). "Comparison of temperature effects
on soil respiration and bacterial and fungal growth rates." FEMS Microbiol. Ecol., 52(1), 49-58.

Pihlatie, M., Syvisalo, E., Simojoki, A., Esala, M., and Regina, K. (2004). "Contribution
of nitrification and denitrification to N 2 O production in peat, clay and loamy sand soils under
different soil moisture conditions." Nutr.Cycling Agroecosyst., 70(2), 135-141.

Pina-Ochoa, E., Hogslund, S., Geslin, E., Cedhagen, T., Revsbech, N. P., Nielsen, L. P.,
Schweizer, M., Jorissen, F., Rysgaard, S., and Risgaard-Petersen, N. (2010). "Widespread

occurrence of nitrate storage and denitrification among Foraminifera and Gromiida."
Proc.Natl.Acad.Sci.U.S.A., 107(3), 1148-1153.

Popp, A., Lotze-Campen, H., and Bodirsky, B. (2010). "Food consumption, diet shifts
and associated non-CO2 greenhouse gases from agricultural production." Global
Environ.Change, 20(3), 451-462.

Poth, M. (1986). "Dinitrogen production from nitrite by a nitrosomonas isolate."
Appl.Environ.Microbiol., 52(4), 957-959.

Powell, J., Jokela, W., and Misselbrook, T. (2011). "Dairy slurry application method

impacts ammonia emission and nitrate leaching in no-till corn silage." J. Environ.Qual., 40(2),
383-392.

281



Priemé, A., and Christensen, S. (2001). "Natural perturbations, drying—wetting and
freezing—thawing cycles, and the emission of nitrous oxide, carbon dioxide and methane from
farmed organic soils." Soil Biol. Biochem., 33(15), 2083-2091.

R Core Team. (2014). "R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria." http://www.R-project.org/. (March 17,
2015).

Ravishankara, A. R., Daniel, J. S., and Portmann, R. W. (2009). "Nitrous oxide (N,O):
the dominant ozone-depleting substance emitted in the 21st century." Science, 326(5949), 123-
125.

Reay, D. S., Davidson, E. A., Smith, K. A., Smith, P., Melillo, J. M., Dentener, F., and
Crutzen, P. J. (2012). "Global agriculture and nitrous oxide emissions." Nature Climate Change,
2(6), 410-416.

Recio, J., Alvarez, J. M., Rodriguez-Quijano, M., and Vallejo, A. (2019). "Nitrification
inhibitor DMPSA mitigated N20 emission and promoted NO sink in rainfed wheat."
Environmental Pollution, 245 199-207.

Risgaard-Petersen, N., Langezaal, A. M., Ingvardsen, S., Schmid, M. C., Jetten, M. S.,
den Camp, Huub JM Op, Derksen, J. W., Pina-Ochoa, E., Eriksson, S. P., and Nielsen, L. P.
(2006). "Evidence for complete denitrification in a benthic foraminifer." Nature, 443(7107), 93.

Risk, N., Snider, D., and Wagner-Riddle, C. (2013). "Mechanisms leading to enhanced
soil nitrous oxide fluxes induced by freeze—thaw cycles." Can.J.Soil Sci., 93(4), 401-414.

Risk, N., Wagner-Riddle, C., Furon, A., Warland, J., and Blodau, C. (2014).
"Comparison of simultaneous soil profile N 2 O concentration and surface N 2 O flux

measurements overwinter and at spring thaw in an agricultural soil." Soil Sci.Soc.Am.J., 78(1),
180-193.

Roberts, C. A., Workman, J., and Reeves, J. B. (2004). Near-infrared spectroscopy in
agriculture. American Society of Agronomy Madison, .

Robertson, G. P., and Groffman, P. (2007). "Nitrogen transformations." Soi/
Microbiology, Ecology and Biochemistry (Third Edition), E. A. Paul, ed., Academic Press,
Burlington, Massachusetts, USA, 341-364.

Rochette, P. (2008). "No-till only increases N20O emissions in poorly-aerated soils." Soil
Tillage Res., 101(1-2), 97-100.

Rochette, P., Angers, D. A., Chantigny, M. H., and Bertrand, N. (2008a). "Nitrous oxide
emissions respond differently to no-till in a loam and a heavy clay soil." Soil Sci.Soc.Am.J.,
72(5), 1363-1369.

282


http://www.r-project.org/

Rochette, P., Angers, D. A., Chantigny, M. H., Bertrand, N., and Cété, D. (2004).
"Carbon dioxide and nitrous oxide emissions following fall and spring applications of pig slurry
to an agricultural soil." Soil Sci.Soc.Am.J., 68(4), 1410-1420.

Rochette, P., Angers, D. A., Chantigny, M. H., Gagnon, B., and Bertrand, N. (2008b).
"N20 fluxes in soils of contrasting textures fertilized with liquid and solid dairy cattle manures."
Can.J.Soil Sci., 88(2), 175-187.

Roy, A. K., Wagner-Riddle, C., Deen, B., Lauzon, J., and Bruulsema, T. (2014).
"Nitrogen application rate, timing and history effects on nitrous oxide emissions from corn (Zea
mays L.)." Can.J.Soil Sci., 94(4), 563-573.

Rubol, S., Silver, W. L., and Bellin, A. (2012). "Hydrologic control on redox and
nitrogen dynamics in a peatland soil." Sci. Total Environ., 432 37-46.

Ruser, R., Flessa, H., Russow, R., Schmidt, G., Buegger, F., and Munch, J. (2006).
"Emission of N20O, N2 and CO2 from soil fertilized with nitrate: effect of compaction, soil
moisture and rewetting." Soil Biol. Biochem., 38(2), 263-274.

Ruser, R., and Schulz, R. (2015). "The effect of nitrification inhibitors on the nitrous
oxide (N20) release from agricultural soils—a review." Journal of Plant Nutrition and Soil
Science, 178(2), 171-188.

Riitting, T., Boeckx, P., Miiller, C., and Klemedtsson, L. (2011). "Assessment of the
importance of dissimilatory nitrate reduction to ammonium for the terrestrial nitrogen cycle."
Biogeosciences, 8(7), 1779-1791.

Saggar, S., Bolan, N., Bhandral, R., Hedley, C., and Luo, J. (2004). "A review of
emissions of methane, ammonia, and nitrous oxide from animal excreta deposition and farm
effluent application in grazed pastures." N.Z.J. Agric.Res., 47(4), 513-544.

Sainju, U. M., Stevens, W. B., Caesar-TonThat, T., and Jabro, J. D. (2010). "Land use
and management practices impact on plant biomass carbon and soil carbon dioxide emission."
Soil Sci.Soc.Am.J., 74(5), 1613-1622.

Sainju, U. M., Stevens, W. B., Caesar-TonThat, T., and Liebig, M. A. (2012). "Soil
greenhouse gas emissions affected by irrigation, tillage, crop rotation, and nitrogen fertilization.'
J.Environ.Qual., 41(6), 1774-1786.

Schaufler, G., Kitzler, B., Schindlbacher, A., Skiba, U., Sutton, M. A., and Zechmeister-
Boltenstern, S. (2010). "Greenhouse gas emissions from European soils under different land use:
effects of soil moisture and temperature." Eur.J.Soil Sci., 61(5), 683-696.

283



Schimel, J. P., Bilbrough, C., and Welker, J. M. (2004). "Increased snow depth affects
microbial activity and nitrogen mineralization in two Arctic tundra communities." Soi/
Biol.Biochem., 36(2), 217-227.

Schimel, J. P., and Clein, J. S. (1996). "Microbial response to freeze-thaw cycles in
tundra and taiga soils." Soil Biol. Biochem., 28(8), 1061-1066.

Schimel, J. P., Firestone, M. K., and Killham, K. S. (1984). "Identification of
heterotrophic nitrification in a sierran forest soil." Appl. Environ.Microbiol., 48(4), 802-806.

Schindlbacher, A., Zechmeister-Boltenstern, S., and Butterbach-Bahl, K. (2004). "Effects
of soil moisture and temperature on NO, NO,, and N,O emissions from European forest soils."
Journal of Geophysical Research: Atmospheres, 109 D17302.

Schlegel, A. J., and Havlin, J. L. (2017). "Corn Yield and Grain Nutrient Uptake from 50
Years of Nitrogen and Phosphorus Fertilization." Agron.J., 109(1), 335-342.

Schmidt, U., Thoni, H., and Kaupenjohann, M. (2000). "Using a boundary line approach
to analyze N20 flux data from agricultural soils." Nutr.Cycling Agroecosyst., 57(2), 119-129.

Schwenke, G., and Haigh, B. (2016). "The interaction of seasonal rainfall and nitrogen
fertiliser rate on soil N20 emission, total N loss and crop yield of dryland sorghum and
sunflower grown on sub-tropical Vertosols." Soil Research, 54(5), 604-618.

Senbayram, M., Chen, R., Budai, A., Bakken, L., and Dittert, K. (2012). "N20O emission
and the N2O/(N20O N2) product ratio of denitrification as controlled by available carbon
substrates and nitrate concentrations." Agric., Ecosyst.Environ., 147 4-12.

Senbayram, M., Chen, R., Miihling, K. H., and Dittert, K. (2009). "Contribution of
nitrification and denitrification to nitrous oxide emissions from soils after application of biogas
waste and other fertilizers." Rapid Communications in Mass Spectrometry, 23(16), 2489-2498.

Shaw, L. J., Nicol, G. W., Smith, Z., Fear, J., Prosser, J. L., and Baggs, E. M. (2006).
"Nitrosospira spp. can produce nitrous oxide via a nitrifier denitrification pathway."
Environ.Microbiol., 8(2), 214-222.

Shcherbak, 1., Millar, N., and Robertson, G. P. (2014). "Global metaanalysis of the
nonlinear response of soil nitrous oxide (N20) emissions to fertilizer nitrogen."

Proc.Natl.Acad.Sci.U.S.A., 111(25), 9199-9204.

Shoun, H., Kim, D., Uchiyama, H., and Sugiyama, J. (1992). "Denitrification by fungi."
FEMS Microbiol Lett., 94(3), 277-281.

284



Shoun, H., and Tanimoto, T. (1991). "Denitrification by the fungus Fusarium oxysporum
and involvement of cytochrome P-450 in the respiratory nitrite reduction." J. Biol. Chem.,
266(17), 11078-11082.

Silver, W. L., Herman, D. J., and Firestone, M. K. (2001). "Dissimilatory nitrate
reduction to ammonium in upland tropical forest soils." Ecology, 82(9), 2410-2416.

Simek, M., and Cooper, J. (2002). "The influence of soil pH on denitrification: progress
towards the understanding of this interaction over the last 50 years." Eur.J.Soil Sci., 53(3), 345-
354.

Singh, J., Saggar, S., Giltrap, D., and Bolan, N. S. (2008). "Decomposition of
dicyandiamide (DCD) in three contrasting soils and its effect on nitrous oxide emission, soil

respiratory activity, and microbial biomass—an incubation study." Soil Research, 46(7), 517-
525.

Singurindy, O., Molodovskaya, M., Richards, B. K., and Steenhuis, T. S. (2009).
"Nitrous oxide emission at low temperatures from manure-amended soils under corn (Zea mays
L.)." Agric., Ecosyst.Environ., 132(1-2), 74-81.

Six, J., Ogle, S. M., Jay Breidt, F., Conant, R. T., Mosier, A. R., and Paustian, K. (2004).
"The potential to mitigate global warming with no-tillage management is only realized when
practised in the long term." Global Change Biol., 10(2), 155-160.

Skiba, U., and Ball, B. (2002). "The effect of soil texture and soil drainage on emissions
of nitric oxide and nitrous oxide." Soil use Manage., 18(1), 56-60.

Slangen, J., and Kerkhoff, P. (1984). "Nitrification inhibitors in agriculture and
horticulture: a literature review." Fertilizer Research, 5(1), 1-76.

Smith, K., Ball, T., Conen, F., Dobbie, K., Massheder, J., and Rey, A. (2018). "Exchange
of greenhouse gases between soil and atmosphere: interactions of soil physical factors and
biological processes." Eur.J.Soil Sci., 69(1), 10-20.

Smith, K. (1997). "The potential for feedback effects induced by global warming on
emissions of nitrous oxide by soils." Global Change Biol., 3(4), 327-338.

Smith, P., Martino, D., Cai, Z., Gwary, D., Janzen, H., Kumar, P., McCarl, B., Ogle, S.,
O’Mara, F., and Rice, C. (2007). "Agriculture. In ‘Climate change 2007: mitigation.
Contribution of Working Group III to the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change’.(Eds B Metz, OR Davidson, PR Bosch, R Dave, LA Meyer) pp. 497—
540." .

285



Smith, K. A., Ball, T., Conen, F., Dobbie, K. E., Massheder, J., and Rey, A. (2003).
"Exchange of greenhouse gases between soil and atmosphere: interactions of soil physical
factors and biological processes." Eur.J.Soil Sci., 54(4), 779-791.

Smith, M. S. (1982). "Dissimilatory Reduction of NO(2) to NH(4) and N(2)O by a Soil
Citrobacter sp." Appl. Environ.Microbiol., 43(4), 854-860.

Soares, J. R., Cantarella, H., Vargas, V. P., Carmo, J. B., Martins, A. A., Sousa, R. M.,
and Andrade, C. A. (2015). "Enhanced-efficiency fertilizers in nitrous oxide emissions from urea
applied to sugarcane." J.Environ.Qual., 44(2), 423-430.

Sogbedji, J. M., van Es, H. M., Yang, C. L., Geohring, L. D., and Magdoff, F. R. (2000).
"Nitrate leaching and nitrogen budget as affected by maize nitrogen rate and soil type."
J.Environ.Qual., 29(6), 1813-1820.

Sommer, S. G., Olesen, J. E., and Christensen, B. T. (1991). "Effects of temperature,
wind speed and air humidity on ammonia volatilization from surface applied cattle slurry." The
Journal of Agricultural Science, 117(1), 91-100.

Spaans, E. J., and Baker, J. M. (1996). "The soil freezing characteristic: Its measurement
and similarity to the soil moisture characteristic." Soil Sci.Soc.Am.J., 60(1), 13-19.

Sparks, D., Page, A., Helmke, P., Loeppert, R., Soltanpour, P., Tabatabai, M., and
Sumner, M. (1996). "Methods of soil analysis. Part 3: Chemical methods.,(Soil Science Society
of America Inc.: Madison, WI, USA)." .

Spott, O., Russow, R., and Stange, C. F. (2011). "Formation of hybrid N20 and hybrid
N2 due to codenitrification: First review of a barely considered process of microbially mediated
N-nitrosation." Soil Biol.Biochem., 43(10), 1995-2011.

Stanford, G., and Epstein, E. (1974). "Nitrogen Mineralization-Water Relations in Soils
1." Soil Sci.Soc.Am.J., 38(1), 103-107.

Steiner, C., Teixeira, W. G., Lehmann, J., Nehls, T., de Macédo, Jeferson Luis
Vasconcelos, Blum, W. E., and Zech, W. (2007). "Long term effects of manure, charcoal and
mineral fertilization on crop production and fertility on a highly weathered Central Amazonian
upland soil." Plant Soil, 291(1-2), 275-290.

Stempthuber, B., Engel, M., Fischer, D., Neskovic-Prit, G., Wubet, T., Schoning, 1.,
Gubry-Rangin, C., Kublik, S., Schloter-Hai, B., and Rattei, T. (2015). "pH as a driver for

ammonia-oxidizing archaea in forest soils." Microb.Ecol., 69(4), 879-883.

Stevenson, F. J., and Cole, M. A. (1999). Cycles of soils: carbon, nitrogen, phosphorus,
sulfur, micronutrients. John Wiley & Sons, .

286



Su, F., Takaya, N., and Shoun, H. (2004). "Nitrous oxide-forming codenitrification
catalyzed by cytochrome P450nor." Biosci.Biotechnol.Biochem., 68(2), 473-475.

Subbarao, G., Ito, O., Sahrawat, K., Berry, W., Nakahara, K., Ishikawa, T., Watanabe, T.,
Suenaga, K., Rondon, M., and Rao, 1. (2006). "Scope and Strategies for Regulation of

Nitrification in Agricultural Systems—Challenges and Opportunities." Critical Reviews in Plant
Sciences, 25(4), 303.

Sutka, R. L., Ostrom, N. E., Ostrom, P. H., Breznak, J. A., Gandhi, H., Pitt, A. J., and Li,
F. (2006). "Distinguishing nitrous oxide production from nitrification and denitrification on the
basis of isotopomer abundances." Appl. Environ.Microbiol., 72(1), 638-644.

Suzuki, I., Dular, U., and Kwok, S. C. (1974). "Ammonia or ammonium ion as substrate
for oxidation by Nitrosomonas europaea cells and extracts." J. Bacteriol., 120(1), 556-558.

Tanimoto, T., Hatano, K., Kim, D., Uchiyama, H., and Shoun, H. (1992). "Co-
denitrification by the denitrifying system of the fungus Fusarium oxysporum." FEMS
Microbiol.Lett., 93(2), 177-180.

Teepe, R., Brumme, R., and Beese, F. (2001). "Nitrous oxide emissions from soil during
freezing and thawing periods." Soil Biol. Biochem., 33(9), 1269-1275.

Teepe, R., Vor, A., Beese, F., and Ludwig, B. (2004). "Emissions of N20O from soils
during cycles of freezing and thawing and the effects of soil water, texture and duration of
freezing." Eur.J.Soil Sci., 55(2), 357-365.

Tenuta, M., Gao, X., Flaten, D. N., and Amiro, B. D. (2016). "Lower nitrous oxide
emissions from anhydrous ammonia application prior to soil freezing in late fall than spring pre-
plant application." J.Environ.Qual., 45(4), 1133-1143.

Thomsen, J. K., Geest, T., and Cox, R. P. (1994). "Mass Spectrometric Studies of the
Effect of pH on the Accumulation of Intermediates in Denitrification by Paracoccus
denitrificans." Appl. Environ.Microbiol., 60(2), 536-541.

Thorman, R., Sagoo, E., Williams, J., Chambers, B., Chadwick, D., Laws, J., Yamulki,
S., Bosch, A., Teira, M., and Villar, J. E. M. (2007). "The effect of slurry application timings on
direct and indirect N,O emissions from free draining grassland." Proceedings of the 15th
Nitrogen Workshop: Towards a Better Efficiency in N Use. Editorial Milenio, Lleida (Spain),
297-299.

Tiedje, J. M. (1988). "Ecology of denitrification and dissimilatory nitrate reduction to
ammonium." Biology of Anaerobic Microorganisms, 717 179-244.

287



Tiedje, J. M., Sexstone, A. J., Myrold, D. D., and Robinson, J. A. (1983).
"Denitrification: ecological niches, competition and survival." Antonie Van Leeuwenhoek, 48(6),
569-583.

Towprayoon, S., Smakgahn, K., and Poonkaew, S. (2005). "Mitigation of methane and
nitrous oxide emissions from drained irrigated rice fields." Chemosphere, 59(11), 1547-1556.

Toyoda, S., Yano, M., Nishimura, S., Akiyama, H., Hayakawa, A., Koba, K., Sudo, S.,
Yagi, K., Makabe, A., and Tobari, Y. (2011). "Characterization and production and consumption
processes of N20O emitted from temperate agricultural soils determined via isotopomer ratio
analysis." Global Biogeochem.Cycles, 25(2),.

Toyoda, S., and Yoshida, N. (1999). "Determination of nitrogen isotopomers of nitrous
oxide on a modified isotope ratio mass spectrometer." Anal.Chem., 71(20), 4711-4718.

Treusch, A. H., Leininger, S., Kletzin, A., Schuster, S. C., Klenk, H., and Schleper, C.
(2005). "Novel genes for nitrite reductase and Amo-related proteins indicate a role of
uncultivated mesophilic crenarchaeota in nitrogen cycling." Environ.Microbiol., 7(12), 1985-
1995.

Uchida, Y., Clough, T. J., Kelliher, F. M., and Sherlock, R. R. (2008). "Effects of
aggregate size, soil compaction, and bovine urine on N,O emissions from a pasture soil." Soil
Biol.Biochem., 40(4), 924-931.

US-EPA. (2011). "Global anthropogenic Non-CO2 greenhouse gas emissions: 1990-
2030." https://www.epa.gov/sites/production/files/2016-
05/documents/summary_global_nonco2_projections_dec2012.pdf (August, 2019).

VandenBygaart, A., McConkey, B., Angers, D., Smith, W., De Gooijer, H., Bentham, M.,
and Martin, T. (2008). "Soil carbon change factors for the Canadian agriculture national
greenhouse gas inventory." Can.J.Soil Sci., 88(5), 671-680.

Vannelli, T., and Hooper, A. B. (1992). "Oxidation of Nitrapyrin to 6-Chloropicolinic
Acid by the Ammonia-Oxidizing Bacterium Nitrosomonas europaea." Appl. Environ.Microbiol.,
58(7), 2321-2325.

Wagner-Riddle, C., Hu, Q., Van Bochove, E., and Jayasundara, S. (2008). "Linking
nitrous oxide flux during spring thaw to nitrate denitrification in the soil profile." Soil
Sci.Soc.Am.J., 72(4), 908-916.

Wagner-Riddle, C., Congreves, K. A., Abalos, D., Berg, A. A., Brown, S. E., Ambadan,

J. T., Gao, X., and Tenuta, M. (2017). "Globally important nitrous oxide emissions from
croplands induced by freeze—thaw cycles." Nature Geoscience, 10(4), 279.

288


https://www.epa.gov/sites/production/files/2016-05/documents/summary_global_nonco2_projections_dec2012.pdf
https://www.epa.gov/sites/production/files/2016-05/documents/summary_global_nonco2_projections_dec2012.pdf

Wagner-Riddle, C., Furon, A., Mclaughlin, N. L., Lee, 1., Barbeau, J., Jayasundara, S.,
Parkin, G., Von Bertoldi, P., and Warland, J. (2007). "Intensive measurement of nitrous oxide

emissions from a corn—soybean—wheat rotation under two contrasting management systems over
5 years." Global Change Biol., 13(8), 1722-1736.

Wagner-Riddle, C., and Thurtell, G. (1998). "Nitrous oxide emissions from agricultural
fields during winter and spring thaw as affected by management practices." Nutr.Cycling
Agroecosyst., 52(2-3), 151-163.

Walker, C. B., de la Torre, J. R., Klotz, M. G., Urakawa, H., Pinel, N., Arp, D. J.,
Brochier-Armanet, C., Chain, P. S., Chan, P. P., Gollabgir, A., Hemp, J., Hugler, M., Karr, E. A.,
Konneke, M., Shin, M., Lawton, T. J., Lowe, T., Martens-Habbena, W., Sayavedra-Soto, L. A.,
Lang, D., Sievert, S. M., Rosenzweig, A. C., Manning, G., and Stahl, D. A. (2010).
"Nitrosopumilus maritimus genome reveals unique mechanisms for nitrification and autotrophy
in globally distributed marine crenarchaea." Proc.Natl.Acad.Sci.U.S.A., 107(19), 8818-8823.

Wang, C., Wan, S., Xing, X., Zhang, L., and Han, X. (2006). "Temperature and soil
moisture interactively affected soil net N mineralization in temperate grassland in Northern
China." Soil Biol. Biochem., 38(5), 1101-1110.

Wang, C., Han, Y., Chen, J., Wang, X., Zhang, Q., and Bond-Lamberty, B. (2013).
"Seasonality of soil CO2 efflux in a temperate forest: Biophysical effects of snowpack and
spring freeze—thaw cycles." Agric.for.Meteorol., 177 83-92.

Wang, M., and Wang, Y. (2003). "Using a modified DNDC model to estimate N20O
fluxes from semi-arid grassland in China." Soi!/ Biol. Biochem., 35(4), 615-620.

Webb, J., Pain, B., Bittman, S., and Morgan, J. (2010). "The impacts of manure
application methods on emissions of ammonia, nitrous oxide and on crop response—A review."
Agriculture, Ecosystems & Environment, 137(1), 39-46.

Weber, D. F., and Gainey, P. (1962). "Relative sensitivity of nitrifying organisms to
hydrogen ions in soils and in solutions." Soil Sci., 94(3), 138-145.

Weier, K., Doran, J., Power, J., and Walters, D. (1993). "Denitrification and the
dinitrogen/nitrous oxide ratio as affected by soil water, available carbon, and nitrate." Soi/
Sci.Soc.Am.J., 57(1), 66-72.

Weitz, A. M., Linder, E., Frolking, S., Crill, P., and Keller, M. (2001). "N20 emissions
from humid tropical agricultural soils: effects of soil moisture, texture and nitrogen availability."
Soil Biol Biochem., 33(7-8), 1077-1093.

Weller, S., Fischer, A., Willibald, G., Nav¢, B., and Kiese, R. (2019). "N20 emissions
from maize production in South-West Germany and evaluation of N20O mitigation potential
under single and combined inhibitor application." Agric., Ecosyst.Environ., 269 215-223.

289



Wertz, S., Goyer, C., Zebarth, B. J., Burton, D. L., Tatti, E., Chantigny, M. H., and
Filion, M. (2013). "Effects of temperatures near the freezing point on N2O emissions,

denitrification and on the abundance and structure of nitrifying and denitrifying soil
communities." FEMS Microbiol Ecol., 83(1), 242-254.

Weslien, P., Klemedtsson, L., Svensson, L., Galle, B., Kasimir-Klemedtsson, A, and
Gustafsson, A. (1998). "Nitrogen losses following application of pig slurry to arable land." Soil
use Manage, 14(4), 200-208.

West, T. O., and Post, W. M. (2002). "Soil organic carbon sequestration rates by tillage
and crop rotation." Soil Sci.Soc.Am.J., 66(6), 1930-1946.

Westerman, R., and Kurtz, L. T. (1973). "Priming Effect of 15N-Labeled Fertilizers on
Soil Nitrogen in Field Experiments 1." Soil Sci.Soc.Am.J., 37(5), 725-7217.

Whitehead, D., and Raistrick, N. (1993). "The volatilization of ammonia from cattle urine
applied to soils as influenced by soil properties." Plant Soil, 148(1), 43-51.

Wolf, B., Zheng, X., Briiggemann, N., Chen, W., Dannenmann, M., Han, X., Sutton, M.
A., Wu, H., Yao, Z., and Butterbach-Bahl, K. (2010). "Grazing-induced reduction of natural
nitrous oxide release from continental steppe." Nature, 464(7290), 881-884.

Woodward, E. E., Hladik, M. L., and Kolpin, D. W. (2016). "Nitrapyrin in Streams: The
First Study Documenting Off-Field Transport of a Nitrogen Stabilizer Compound."
Environmental Science & Technology Letters, 3(11), 387-392.

Wrage, N., Velthof, G., Van Beusichem, M., and Oenema, O. (2001). "Role of nitrifier
denitrification in the production of nitrous oxide." Soil Biol. Biochem., 33(12-13), 1723-1732.

Wu, D., Senbayram, M., Well, R., Briiggemann, N., Pfeiffer, B., Loick, N., Stempthuber,
B., Dittert, K., and Bol, R. (2017). "Nitrification inhibitors mitigate N20O emissions more
effectively under straw-induced conditions favoring denitrification." Soil Biol. Biochem., 104
197-207.

Wu, X., Briiggemann, N., Gasche, R., Shen, Z., Wolf, B., and Butterbach-Bahl, K.
(2010). "Environmental controls over soil-atmosphere exchange of N,O, NO, and CO2 in a
temperate Norway spruce forest." Global Biogeochem.Cycles, 24(2),.

Wulf, S., Maeting, M., and Clemens, J. (2002). "Application technique and slurry co-
fermentation effects on ammonia, nitrous oxide, and methane emissions after spreading."
J.Environ.Qual., 31(6), 1795-1801.

Xu, L., Furtaw, M. D., Madsen, R. A., Garcia, R. L., Anderson, D. J., and McDermitt, D.
K. (2006). "On maintaining pressure equilibrium between a soil CO2 flux chamber and the
ambient air." Journal of Geophysical Research: Atmospheres, 111(DS),.

290



Yamamoto, A., Akiyama, H., Nakajima, Y., and Hoshino, Y. T. (2017). "Estimate of
bacterial and fungal N 2 O production processes after crop residue input and fertilizer application
to an agricultural field by 15 N isotopomer analysis." Soil Biol. Biochem., 108 9-16.

Yanai, Y., Hirota, T., Iwata, Y., Nemoto, M., Nagata, O., and Koga, N. (2011).
"Accumulation of nitrous oxide and depletion of oxygen in seasonally frozen soils in northern
Japan—Snow cover manipulation experiments." Soil Biol. Biochem., 43(9), 1779-1786.

Yang, M., Fang, Y., Sun, D., and Shi, Y. (2016). "Efficiency of two nitrification
inhibitors (dicyandiamide and 3, 4-dimethypyrazole phosphate) on soil nitrogen transformations
and plant productivity: a meta-analysis." Scientific Reports, 6 22075.

Yates, T., Si, B., Farrell, R., and Pennock, D. (2006). "Probability distribution and spatial
dependence of nitrous oxide emission." Soil Sci.Soc.Am.J., 70(3), 753-762.

Yin, S., Chen, D., Chen, L., and Edis, R. (2002). "Dissimilatory nitrate reduction to
ammonium and responsible microorganisms in two Chinese and Australian paddy soils." Soil
Biol Biochem., 34(8), 1131-1137.

Yu, K., Wang, Z., Vermoesen, A., Patrick Jr, W., and Van Cleemput, O. (2001). "Nitrous
oxide and methane emissions from different soil suspensions: effect of soil redox status."
Biol Fertility Soils, 34(1), 25-30.

Zaman, M., and Blennerhassett, J. (2010). "Effects of the different rates of urease and
nitrification inhibitors on gaseous emissions of ammonia and nitrous oxide, nitrate leaching and

pasture production from urine patches in an intensive grazed pasture system." Agric.,
Ecosyst.Environ., 136(3-4), 236-246.

Zerulla, W., Barth, T., Dressel, J., Erhardt, K., von Locquenghien, K. H., Pasda, G.,
Ridle, M., and Wissemeier, A. (2001). "3, 4-Dimethylpyrazole phosphate (DMPP)-a new
nitrification inhibitor for agriculture and horticulture." Biology and Fertility of Soils, 34(2), 79-
84.

Zhang, H., Wu, Z., and Zhou, Q. (2004). "Dicyandiamide sorption-desorption behaviour
on soils and peat humus." Pedosphere, 14(3), 395-399.

Zhang, J., Cai, Z., and Zhu, T. (2011a). "N20 production pathways in the subtropical
acid forest soils in China." Environ.Res., 111(5), 643-649.

Zhang, J., Miiller, C., and Cai, Z. (2015). "Heterotrophic nitrification of organic N and its
contribution to nitrous oxide emissions in soils." Soil Biol.Biochem., 84 199-209.

Zhang, J., Miiller, C., Zhu, T., Cheng, Y., and Cai, Z. (2011b). "Heterotrophic
nitrification is the predominant NO 3— production mechanism in coniferous but not broad-leaf
acid forest soil in subtropical China." Biol.Fertility Soils, 47(5), 533.

291



Zhang, M., Wang, W., Bai, S. H., Zhou, X., Teng, Y., and Xu, Z. (2018). "Antagonistic
effects of nitrification inhibitor 3, 4-dimethylpyrazole phosphate and fungicide iprodione on net
nitrification in an agricultural soil." Soil Biol. Biochem., 116 167-170.

Zhao, W., Cai, Z., and Xu, Z. (2007). "Does ammonium-based N addition influence
nitrification and acidification in humid subtropical soils of China?" Plant Soil, 297(1-2), 213-
221.

Zhao, W., Zhang, J., Miiller, C., and Cai, Z. (2018). "Effects of pH and mineralisation on
nitrification in a subtropical acid forest soil." Soil Research, 56(3), 275-283.

Zhu, X., Burger, M., Doane, T. A., and Horwath, W. R. (2013). "Ammonia oxidation
pathways and nitrifier denitrification are significant sources of N2O and NO under low oxygen
availability." Proc.Natl. Acad.Sci.U.S.A., 110(16), 6328-6333.

Zimmerman, A. R., Gao, B., and Ahn, M. (2011). "Positive and negative carbon
mineralization priming effects among a variety of biochar-amended soils." Soil Biol. Biochem.,
43(6), 1169-1179.

292



