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Abstract

Nitrous oxide (N20) is problematic as it is a potent greenhouse gas with a global
warming potential about 298 times that of carbon dioxide, and it also contributes to
the depletion of stratospheric ozone. The use of nitrification inhibitors to reduce
nitrification, and consequently N>O emissions, has been extensively researched.
Much of this work was carried out using synthetic inhibitors and these inhibitors
have proved to be very effective. Some plants also have the ability to inhibit
nitrification through release of secondary metabolites produced in plant tissues.
This is termed biological nitrification inhibition (BNI). Brassica crops are
considered plants with potential biological nitrification inhibitors, as they contain
glucosinolates (GLS) whose hydrolysis products (e.g. isothiocyanates and nitriles)
have been shown to reduce soil nitrification. Brassicas may, therefore, provide a
practical forage based tool for mitigating nitrification and N2O emissions. The aim
of this study was to determine whether brassicas and GLS hydrolysis products
inhibited nitrification, and whether N.O emissions were reduced as a result of that
inhibition. This aim was achieved through a series of laboratory incubations and a
field trial that sequentially tested whether GLS hydrolysis products, brassicas, or

urine derived from cows fed brassicas, reduced nitrification and N2O emissions.

The first study was a laboratory incubation where urea (600 pg N g* soil) along
with a selection of GLS hydrolysis products (at 2 rates: 30 and 60 ug N g* soil)
were applied to soil. Ammonia oxidising bacteria populations, soil mineral N
concentrations, N2O emissions and soil respiration were monitored throughout the
40 day incubation. The results showed that some GLS hydrolysis products inhibited
soil nitrification and reduced N2O emissions by up to 51%. The effective products
identified in the laboratory study were then tested in a field using a small plot trial.
Avrtificial urine (600 kg N ha'; 10 L m?) and GLS hydrolysis products (60 kg ha)
were applied to the plots, and N mineralisation and N2O emissions were measured.
No inhibition of nitrification or reduction in N2O emissions were observed in the
field study. In the laboratory study, there was evidence that the reduction in N2O
emissions was a result of inhibition of nitrification, however, the results suggested

that the inhibition by GLS hydrolysis products was not strong and was short-lived.



Multiple applications may therefore be required to achieve a meaningful reduction

in N2O emissions from urine affected soil.

The second study examined whether brassica tissues incorporated into soil inhibited
nitrification and reduced N2O emissions. A laboratory incubation was conducted
where three types of brassica tissue and ryegrass (as a control) were incorporated
into soil with urea added (600 pg N g soil). Ammonia oxidising bacteria
populations, soil mineral N concentrations, N.O emissions and soil respiration were
monitored throughout the 52 day incubation. The results showed that incorporation
of brassica tissues reduced urea-derived N2O emissions, relative to ryegrass tissues,
by up to 62%. However, there was no evidence that this reduction was a result of
inhibition of nitrification, rather it was likely due to the difference in labile C
provided by the different plants. While there was a reduction in urea-derived N,O
emissions, total N2O emissions increased as a result of tissue incorporation into soil
and this trade-off must be investigated if brassica tissues are considered as an option

for N2O reduction.

The final study examined whether the BNI capacity of GLS hydrolysis products
was transferred into the urine of cows grazing brassica crops and subsequently
reduced N2O emissions from the deposited urine patch. A secondary objective was
to determine if soil growing brassica crops contained BNI compounds that
decreased N2O emissions following addition of urine. These were addressed in a
laboratory incubation where urine (600 kg N ha™) derived from animals fed on
pasture or a kale crop, was applied to soils growing either pasture or a kale crop.
Ammonia oxidising bacteria populations, soil mineral N concentrations, N.O
emissions and soil respiration were monitored throughout the 60 day incubation.
Urine from cows fed kale did not show decreased N>O emissions compared to urine
from cows fed on pasture when applied to soil. N2O emissions were higher from
the kale-cropped soil than the pasture soil, which was attributed to the higher
fertility status of the cropped soil. Overall, these results provided no evidence that
feeding kale to grazing animals reduced nitrification rates or N2O production

following urine inputs to soil.

In summary, this study showed that GLS hydrolysis products exhibit BNI capacity
when applied directly to soil which is in agreement with other published studies.

Glucosinolate hydrolysis products also reduced N2O emissions when applied to soil



with urea. There was no evidence that BNI capacity remained following
decomposition of brassica tissues incorporated into soil or when brassica derived
cow urine was applied to soil. Other literature investigating the incorporation of
brassica tissues into soil generally supports BNI activity, however, those studies
have all been under low N conditions. Although urea-derived N.O emissions were
reduced following incorporation of brassica tissues into soil, this reduction in
emissions could not be attributed to inhibition of nitrification. The impact of
brassica fed urine on soil nitrification and N2O emissions remains inconclusive.
Further work examining the mechanism by which GLS hydrolysis products inhibit
nitrification, and how that may be exploited, is required to determine whether GLS
hydrolysis products or brassicas may be a useful N2O mitigation tool.
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Chapter 1

Introduction

1.1 Introduction

Nitrogen (N) is a naturally occurring element that is an essential nutrient for the
growth and reproduction of living organisms. Most N resides in the atmosphere as
the unreactive dinitrogen (N2) and is unavailable to most organisms. Naturally, the
majority of N added to the plant-soil system, is provided through biological fixation
of atmospheric N (e.g. Haynes, 1986; Robertson & Vitousek, 2009). The invention
and utilisation of nitrogenous fertilisers have allowed for the increased food
production needed to feed the world’s growing population, however, this has also
resulted in an increase of reactive N in the biosphere. Excess reactive N has many
environmental consequences, which threatens air and water quality, biological
diversity, and human health (Galloway et al., 2004; Bouwman et al., 2009).
Agricultural systems are particularly ‘leaky’ with regard to N, and losses of N from
these systems represent a loss of potential production as well as a significant threat
to the environment. In a New Zealand context, losses of N from agriculture
particularly impacts water quality via the loss of nitrate to waterways, and
contribute to greenhouse gas emissions (Selbie et al., 2015) as agricultural N is the
predominant source of nitrous oxide (N20) production (Ministry for the

Environment, 2017).

Nitrous oxide is a naturally occurring trace gas found in the atmosphere. It is a
potent greenhouse gas with a global warming potential about 298 times that of CO-
(100 year time span) (Myhre et al., 2013), and significantly contributes to the
depletion of stratospheric ozone (Ravishankara et al., 2009). Nitrous oxide is
biologically produced during the cycling of N in soil, particularly from the
microbial processes of nitrification and denitrification (Firestone & Davidson,
1989). There has been considerable research on the contribution of N>O emissions
from agricultural systems both in New Zealand and internationally to greenhouse
gas emissions (e.g. Cardenas et al., 2013; Schils et al., 2013; Krol et al., 2016; Luo
et al., 2017). Ruminants, that dominate New Zealand agricultural land, are

inefficient users of dietary N and consume more N than they need for growth and
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production. As a result, up to 95% of ingested N is excreted in urine and dung
(Oenema et al., 2005) and once deposited on soil, contribute to N2O production and
emissions (de Klein & Ledgard, 2005). The amount of N excreted in urine is
dependent on plant and dietary N content. Generally, as dietary N increases, the
amount of N excreted in urine also increases (Luo & Kelliher, 2010). In New
Zealand, about 10% of the national greenhouse gas production can be attributed to
N2O emissions derived from deposited excreta (Ministry for the Environment,
2017). ldentifying approaches that decrease this production is a key strategy for

reducing New Zealand’s national greenhouse gas emissions.

During the last decade there has been a significant focus on the use of the
nitrification inhibitors to reduce N>O emissions from urine patches (e.g. de Klein et
al., 2011; Di & Cameron, 2011; Misselbrook et al., 2014; Luo et al., 2015a).
Dicyandiamide (DCD), for example, has been shown to reduce emissions from
urine patches by an average of 57% (de Klein et al., 2011; Di & Cameron, 2011;
Luo et al., 2013). Work on DCD and other synthetically produced inhibitors was
halted in 2013 when residues were found in milk powder that could be of concern
to consumers. Consequently, alternative naturally occurring inhibitors (also known
as biological nitrification inhibitors; BNIs) are now being sought. Preliminary
research has suggested grazing of diverse pastures and forages reduced N.O
emissions (Di et al., 2016), which may be caused by inhibition of N cycling
processes when secondary metabolites of these plants are excreted in urine patches
and deposited onto soil (e.g. Prasad & Power, 1995; Ryan et al., 2006). Brassica
crops are one such potential BNI option as these plants contain high concentrations
of glucosinolates (GLS) in plant tissues whose hydrolysis products (isothiocyanates,
thiocyanates and nitriles) have been shown to inhibit soil nitrification processes (e.g.
Bending & Lincoln, 2000; Reardon et al., 2013) and potentially N>O emissions.
Glucosinolate hydrolysis products are excreted in the urine of animals that consume
brassicas (Duncan & Milne, 2007) and so may provide a practical forage based tool
for mitigating N2O emissions targeted to urine patches and could be applied to New

Zealand pastoral grazing systems.
The overarching hypothesis of this thesis was:

Naturally occurring glucosinolate derivatives from brassica crops act as biological

nitrification inhibitors and reduce nitrous oxide emissions from urine patches.



1.1.1 Objective 1

Several studies have shown that some GLS hydrolysis products inhibit nitrifying
bacteria and nitrification when applied to soil (Bending & Lincoln, 2000; Brown &
Morra, 2009; O'Sullivan et al., 2016). However, there have been no studies carried
out on soils receiving high N inputs (e.g. urine deposition), or that assessed whether
inhibition of nitrification would also reduce N2O emissions. Therefore, this
objective firstly addresses whether GLS hydrolysis products inhibit nitrification and
N20O production under high N loadings, whether that inhibition is standard across
all hydrolysis products, and whether any synergistic effects accrue with
simultaneous addition of several hydrolysis products.

Therefore, the first key objective of this thesis was:

1. To determine whether secondary metabolites from brassica forage crops
(specifically, glucosinolate and its hydrolysis products) have an inhibitory
effect on soil nitrification and N2O emissions when applied to soil with high
N inputs.

This objective was addressed firstly in a laboratory incubation study, and then with
a follow-up plot field study. A laboratory incubation allowed for comparison of
products under controlled conditions, and is relatively inexpensive allowing for
more treatments and replication. N>O and soil mineral N dynamics were measured
following addition of urea solution at a concentration of 600 ug g* soil, and GLS
hydrolysis products to soil. Incubated soils were also subsampled for determination
of variation in ammonia oxidising bacteria populations under the different
treatments via quantitative polymerase chain reaction (PCR). The most successful
products were then assessed in a field study. The field study was carried out on two
soil types, one free draining and one poorly drained, and artificial cattle urine was
used as the N source. A static chamber method was employed for measurement of

N20 emissions, and soil mineral N dynamics were monitored.



1.1.2 Objective 2

Secondly, there are several reports of inhibition of soil N cycling following
incorporation of brassica tissues into soil, which was attributed to GLS hydrolysis
products released upon the break-down of the tissues (e.g. Brown & Morra, 2009;
Snyder et al., 2010). Again, these previous studies were all carried out on soils with
relatively low N inputs. Velthof et al. (2002) was the only identified study that had
examined the effect of tissue incorporation on N2O production. However, this was
also under low N conditions and N was applied as NOs™ which did not allow for

assessment of nitrification inhibition properties.
Therefore, the second key objective of this thesis was:

2. To determine the effects of incorporating brassica crop tissues into soil
on subsequent nitrification and nitrous oxide emissions under high N

loadings.

This objective was addressed in a laboratory incubation study which allowed for
comparison of products under controlled conditions, and is relatively inexpensive
allowing for more treatments and replication. Tissues from brassica crops and
ryegrass were collected, finely chopped, and incorporated into soil with or without
the addition of urea solution at a concentration of 600 ug g soil. N.O emissions
and soil mineral N dynamics were subsequently measured. Comparison of N2O
production from soils both with and without urea allowed for distinguishing
between urea N derived emissions and those derived from added plant N. Incubated
soils were also subsampled for determination of variation in ammonia oxidising

bacteria populations under the different treatments via quantitative PCR.

1.1.3 Objective 3

Only two studies have been published comparing the N.O emissions from urine of
animals fed brassicas with those of urine from animals fed on a traditional pasture
based diet (Luo et al., 2015b; Hoogendoorn et al., 2016). One of these studies (Luo
et al., 2015b) showed a significant reduction in N2O emissions from urine derived
from animals fed on a brassica diet. The second study (Hoogendoorn et al., 2016),

however, showed opposing results with no reduction in N>O emissions. The



objective of the final section of this thesis was, therefore, to assess, under controlled
laboratory conditions, whether urine from animals fed on a predominantly brassica
diet applied to soil, resulted in lower N2O emissions than that from animals fed on

a predominantly ryegrass/clover pasture diet.
The third key objective of this thesis was therefore:

3. To determine whether urine from animals fed on a predominantly
brassica diet applied to soil resulted in lower N2O emissions than urine

from animals fed on a predominantly ryegrass/clover pasture diet.

This objective was also addressed in an incubation study. Urine was obtained from
animals fed on the different diets and was applied to soil at consistent rates of N.
Comparing using a consistent rate of N eliminated the factor of differing urinary N
concentrations and the uncertainty around the effect of N concentration on emission
factors. A smaller component of this study investigated whether there was a
compounding effect of applying brassica fed urine to soil collected from beneath
growing brassica crops. N2O and soil mineral N dynamics were measured following
urine application to the different soils. Incubated soils were also subsampled for
determination of variation in ammonia oxidising bacteria populations under the

different treatments via quantitative PCR.

1.2 Thesis structure

This thesis consists of a series of novel experiments that were designed to test the
above hypothesis and is structured into six chapters, with this being the introductory
chapter. The second chapter is a literature review summarising the current
knowledge of N dynamics and N>O emissions, and evidence for the potential of
plant secondary metabolites to be used as an inhibitor of nitrification and N2O
mitigation tool. Parts of this literature review focussed on dietary manipulation as
atool for reducing N20O emissions and contributed to a book chapter in “Greenhouse
gas emissions and nitrogen losses from grazed dairy and animal housing systems”
edited by J. Luo and Y. Li. The full document has been included in the Appendices
for reference (Appendix A).



The main research findings are presented as stand-alone chapters in manuscript
form and address Objectives 1, 2 and 3 above, respectively. As a consequence of
this format there is some repetition in the introductions, methods and reference lists.

Titles of the research chapters are as follows:

Chapter 3: Balvert, S. F., Luo, J., & Schipper, L. A. (2017). Do glucosinolate
hydrolysis products reduce nitrous oxide emissions from urine affected soil?
Science of the Total Environment, 603, 370-380.

Chapter 4: Can incorporating brassica tissues into soil reduce nitrification rates and
nitrous oxide emissions?
Journal of Environmental Quality, doi:10.2134/jeq2018.04.0143

Chapter 5: Are nitrous oxide emissions from soil lower when amended with urine

from brassica fed cows than pasture fed cows?

Chapter 6 concludes by summarising the results of the three main research chapters,
as well as providing some discussion and concluding remarks on whether naturally
occurring GLS related compounds from brassica crops can act as biological

nitrification inhibitors and reduce N>O emissions.

Further information is included in the appendices, such as, author contribution

information for the research chapters (Appendix B).
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Chapter 2

Literature Review

2.1 Introduction

Nitrogen (N) is an essential element needed for the growth and reproduction of
living organisms (e.g. Gruber & Galloway, 2008; Robertson et al., 2013; Ussiri &
Lal, 2013; Selbie et al., 2015a). Most of the N on the planet, however, occurs in the
atmosphere as unreactive di-nitrogen gas (N2) and is generally in relatively short
supply in forms that are accessible by most organisms. Thus productivity in many
of the world’s ecosystems are limited by N (Galloway et al., 2004; Bouwman et al.,
2009). Atmospheric N2 must be fixed by soil micro-organisms or by chemical
processes before it can be utilised (Figure 2.1). The global N cycle was greatly
changed with the invention of the Haber-Bosch process in the 20" century, which
allows for the industrial conversion of atmospheric N to a biologically available or
‘reactive’ N form (ammonia; NHz). Nitrogen in this form is extremely mobile
(Ussiri & Lal, 2013) and cascades through many chemical forms (Gruber &
Galloway, 2008; Sutton et al., 2011; Robertson et al., 2013). Once N is fixed from
atmospheric N2, a single molecule may be transformed and utilised many times
before being returned to atmosphere as N2 (Compton et al., 2011). Consequently,
excess reactive N is created, which has many complex environmental effects and
threatens air and water quality, biological diversity, and human health (Bouwman
etal., 2009; Robertson & Vitousek, 2009; Sutton et al., 2011). It has been estimated
that the anthropogenic creation of reactive N has doubled the natural rate of N
entering the land-based N cycle (Galloway et al., 2004; Steinfeld et al., 2006; Qiao
etal., 2015).

Nitrogen is extremely important in agricultural systems to enhance production and
increased N fixation has had undeniable benefits. The invention and
implementation of artificial N fertilisers (through the Haber-Bosch process) have
led to a massive intensification of agricultural production (Compton et al., 2011,
Sutton et al., 2011; Robertson et al., 2013; Qiao et al., 2015) with approximately
75% of the fertiliser N created being used in agricultural systems. The remainder is
utilised for energy production and other industrial processes (Galloway et al.,

2004). Although this acceleration of the N cycle has allowed for the production of
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the quantity of food required for the rapidly growing human population, it raises
concern as to the impact to terrestrial and aquatic environments (Gruber &
Galloway, 2008; Bouwman et al., 2009). The main reason being that much of the
reactive N entering agricultural systems is not fully used, but due to its mobility,
can instead be rapidly lost to other ecosystems (Galloway et al., 2004), affecting

the system’s functioning and biodiversity (Robertson & Vitousek, 2009).
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Figure 2.1: Depiction of the global N cycle on land and in the atmosphere. Major
processes that transform molecular N into reactive N, and back, are shown. The
numbers are in Tg N per year (diagram adapted from: Gruber & Galloway, 2008).

Recently, the concept of planetary boundaries has been introduced. These are planet
wide environmental boundaries or ‘tipping points’, beyond which human society
may be at risk (de Vries et al., 2013; Steffen et al., 2015). Based on our growing
understanding of the earth system, a planetary boundary has been established for

reactive N, which has already been exceeded. Evidence suggests that this breach is
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likely a result of a few agricultural regions, particularly those with very high N

application rates (Steffen et al., 2015).

One important loss pathway is the production and emission of nitrous oxide (N20)
from agricultural soils to the atmosphere. Nitrous oxide is a naturally occurring
trace gas found in the earth’s atmosphere. However, it is also a potent greenhouse
gas with a global warming potential approximately 298 times that of carbon dioxide
(CO2) (100 year time span) (Myhre et al., 2013). As such, it is the third most
important human induced greenhouse gas, following CO2 and methane (CHa)
(Singh & Verma, 2007; de Klein et al., 2008; Schreiber et al., 2012; Schils et al.,
2013). It is estimated that N2O is responsible for about 6% of the warming due to
greenhouse gases (Robertson & Vitousek, 2009). Nitrous oxide is also the dominant

stratospheric ozone depleting substance (Ravishankara et al., 2009).

Nitrous oxide is produced biologically during the cycling of N in soil ecosystems,
arising primarily from the soil microbial processes of nitrification and
denitrification (See following section - Reay et al., 2012; Misselbrook et al., 2014).
In most soils, the availability of mineral N substrate is an important controller of
N2O formation (Mosier et al., 1998) so soils with high N inputs from agricultural
activities are the major source of N2O to the atmosphere, contributing ~50-70% of
the total global N2O budget (Robertson & Vitousek, 2009; Schreiber et al., 2012;
Ussiri & Lal, 2013).

Emissions of N2O are categorised as being either ‘direct’ or ‘indirect’. Direct
emissions arise from N directly applied to land, whereas indirect emissions come
from N that is leached or volatilised (IPCC, 2008). In agricultural systems, direct
sources of N2O emissions from applied N include: deposition of animal excreta
during grazing, application of inorganic N fertiliser and high N effluents, and
decomposition of crop residues. Nitrous oxide emissions can also be derived from
N applied indirectly, including: atmospheric N deposition and nitrate leaching (de
Klein et al., 2008; Matthews et al., 2010). Generally, N2O emissions are dominated
by large emissions from a small area or “hotspot” and over a short time period
(Velthof et al., 1996; Groffman et al., 2009; Matthews et al., 2010; Luo et al., 2017).
The concept of N2O hotspots is similar to that of critical source areas of nutrient
loss, where small areas contribute disproportionately to nutrient loss relative to their

size. With phosphorus for example, it is considered that approximately 80% of
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losses to waterways come from approximately 20% of the total farm area
(McDowell & Srinivasan, 2009). Animal excreta deposited onto grazed pastures
are considered a hotspot for N>.O production as excreta provides high localised
concentrations of available N and C in soils. In New Zealand about 64% of the total
N20 emissions comes from urine and dung deposits (Ministry for the Environment,
2017). This is because excreta from grazing ruminants is very high in N due to
relatively low utilisation of N in feed. The other main contributor to agricultural
N2O emissions is N fertiliser inputs (de Klein & Ledgard, 2005; de Klein et al.,
2008).

Atmospheric N2O concentrations have been steadily increasing since pre-industrial
times (270 ppb to 320 ppb today) (Robertson et al., 2013) in part due to the ongoing
intensification of agricultural systems and also from burning of fossil fuels. Due to
the environmental impacts of the elevated atmospheric N2O concentration, this
represents a threat to the sustainability of these systems. It is therefore clear that
there is a need to address the mitigation of agriculturally derived N2O, however,
global demand for food means any reduction cannot be at the expense of

productivity.

Compared to other developed countries, New Zealand’s greenhouse gas inventory
is unusual as it has a high proportion of the (largely) agriculturally derived gases
methane (CHa; 43%) and N20O (11%) (Ministry for the Environment, 2017). For
most developed nations, CO> is the major greenhouse gas contributor representing
about 65% of total emissions (Saggar et al., 2004). Thus, any reduction in N2O
production will have an important impact on New Zealand’s greenhouse gas

emissions.
The following literature review will include:

1. Anoverview of N cycling in agricultural systems.

2. A summary of N2O producing processes and drivers of N2O production.

3. A discussion of approaches for mitigating N2O production with a focus on
nitrification inhibitors.

4. The potential role of secondary metabolites found in brassica plants in
mitigating N.O production.
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2.2 Nitrogen cycling in agricultural systems

New Zealand soils contain between 0.1 and 0.6% N in the top 150 mm, over 95%
of which is in the organic N pool, including: stabilised organic matter, plant and
animal residues, and microbial biomass (Haynes, 1986a; McLaren & Cameron,
1990). All except the stabilised organic matter (which makes up about two thirds of
the organic N pool) are readily mineralisable (Haynes, 1986a). Mineral N forms
include ammonium (NH4"), nitrate (NOs’), and nitrite (NO2") which represents a
small and transient pool, as well as dinitrogen (N2), nitric oxide (NO) and N20O
which exist in gaseous forms in soil pore spaces. NHs" and NOs" are the forms that
are directly available to plants. The transfer of N from one form to another within
an ecological system is commonly referred to as the N cycle. Nearly all
transformations of N are driven by micro-organisms as part of their metabolism.
Micro-organisms require N for synthesis of structural components, or as an energy
source for growth (Ussiri & Lal, 2013). Soil microbial activity is largely driven by
abiotic factors, the most important being soil temperature and soil moisture content.
The rate of N cycling therefore fluctuates with changes in conditions such as soil
wetting and drying, and soil disturbance.
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Figure 2.2: Generalised N cycle in grazed pastoral systems (Adapted from McLaren
& Cameron, 1990). Letters refer to the different processes discussed in Section 2.2.

2.2.1 Sources of nitrogen

There is recent research that suggests that up to 17% of N inputs may come from
the weathering and denudation of parent material (Houlton et al., 2018), however,
this is a relatively new area of research and requires further confirmation.
Regardless, in soil ecosystems, the majority of new N comes from outside the plant-
soil system, largely through the fixation of atmospheric N2 (Figure 2.2 “A”)
(Robertson & Vitousek, 2009). There are only a few micro-organisms that have the
ability to biologically convert atmospheric N> to reactive forms of N. These micro-
organisms may be free living (e.g. Clostiridium spp), or living in symbiosis with
plants (e.g. Rhizobium spp, which live in association with legumes) (Stevenson,
1965; Bouwman et al., 2009; Robertson & Vitousek, 2009). The process of N
fixation involves the reduction of gaseous N to ammonia (NHz) by the nitrogenase
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enzyme which occurs in these micro-organisms. Most N fixation, particularly in
agricultural systems, is carried out by symbiotic as opposed to free living micro-
organisms (Stevenson, 1965). N fixed by symbiotic N fixers is immediately
available to plants as these N fixers transfer N to the plants. N fixed by free living
N fixers, however, is only available for plant uptake following microbial death and
decomposition (Schimel & Bennett, 2004).

In natural systems, the main input of available N is via biological N fixation. Wet
deposition plays a small role in New Zealand as industrial emissions are relatively
low and prevailing winds remove around 75% of the combustion products to the
oceans (Parfitt et al., 2006). In many agricultural systems, however, synthetic N
fertilisers provide the main N input which are produced by chemical fixation of N
(e.g. the Haber-Bosch process). N is also recycled within agricultural systems as it
is returned in animal excreta. Grazing ruminants are poor utilisers of dietary N, with
only 10-30% of the N consumed being retained in body tissues and in products
such as milk. The remainder is excreted in urine or dung (e.g., Selbie et al., 2015).

2.2.2 Transformations of nitrogen
2.2.2.1 Mineralisation and immobilisation

Organic matter is the largest pool of N in soil, the decomposition of which drives
the cycling of N (Schimel & Bennett, 2004). The process where ‘organic’ forms of
N such as complex proteins (e.g. R — NH2) are broken down into mineral or
‘inorganic’ forms, ultimately ammonia (NHs), is called mineralisation (Figure 2.2
“B”). The final stage of the process where NHz is released is termed ammonification
(equation 2.1) and provides energy and a source of N to microorganisms (Cameron,
1992). Ammonification is generally carried out under aerobic conditions by a wide
range of heterotrophic micro-organisms that use the energy provided by the reaction
and O as an electron donor (Cameron, 1992).

R—NH, + H,O - NH;+ R— OH + energy

Equation 2.1
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The reverse process, where N is taken up by micro-organisms and incorporated into
organic constituents of their own body tissues is called immobilisation (Figure 2.2
“C”). These two processes occur simultaneously in soil and local conditions may
favour one over the other at any point in time (Haynes, 1986a). When more N is
taken up by microbes than is mineralised, ‘net immobilisation’ occurs, and when
more mineral N is released than immobilised, ‘net mineralisation’ occurs. The ratio
of available C to available N present in the soil is a major determinant of which net
process will be occurring. While microbes have a biomass C:N of about 6-8, they
require only a small amount of N relative to C during catabolism. When
decomposing material has a high N content, more N is released than is required by
micro-organisms and so net mineralisation occurs. On the other hand, when
material has a low N content, the N produced is insufficient and N is taken up from
the surrounding soil and immobilised (Whitehead, 1995b).

2.2.2.2 Nitrification

Autotrophic nitrification (Figure 2.2 “D”) is the process by which soil micro-
organisms convert NH4" to NO3™ under aerobic conditions. It is a two-step oxidation
process which involves the intermediary nitrite (NO2). In the first step, NH4" is
oxidised to NO2™ (with the intermediary hydroxylamine (NH2OH) which is not
stable in soil) by the ammonia monooxygenase enzyme, which is associated with
ammonia oxidising bacteria (and some archaea) such as Nitrosomonas spp and

Nitrosospira spp. (Figure 2.3; equation 2.2).

ammonium Hydroxylamine
mono—oxygenase oxidoreductase _
NH4* NH.OH —————— NO,

Figure 2.3: Pathway of the first step of nitrification and the enzymes involved.

2NHf +30, - 2NO; + 2H,0 + 4H* + energy

Equation 2.2

In the second step, the NO2™ produced is further oxidised to NOs™ by nitrifying
bacteria including Nitrobacter spp. (Equation 2.3), catalysed by the nitrite
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oxidoreductase enzyme. This second step occurs very rapidly and so NO2 rarely

accumulates in soil (Mosier et al., 1998; Singh & Verma, 2007).
2NO, + 0, - 2NO5 + energy

Equation 2.3

As a result of this transformation, the N is converted into a form readily lost from

soil by denitrification or leaching (Alexander, 1965; Robertson et al., 2013).

Although both ammonia oxidising bacteria and archaea are known to be present in
large numbers in soil, Di et al. (2009) observed that in high N environments such
as agricultural soils, neither archaea abundance nor activity increased following the
addition of an NHs substrate. This suggests that nitrification was largely driven by

bacteria rather than archaea in N-rich agricultural soils.

Heterotrophic nitrification is carried out by a range of both bacteria and fungi and
is considered to play a significant role in acidic soils in particular. Heterotrophic
organisms can carry out all steps of nitrification, however, the physiological role of
heterotrophic nitrification is unclear as the reactions do not yield energy and so do

not contribute to cellular growth (Hayatsu et al., 2008).
2.2.2.3 Dissimilatory nitrate reduction to ammonium

Dissimilatory nitrate reduction to ammonium (DNRA) is a reactive N conserving
transformation as N is recycled back through the system as opposed to lost through
gaseous forms for example. DNRA involving the reduction of NO3™ to NO>™ and
NO to NH4" is carried out by fermentative bacteria. DNRA occurs under anaerobic
conditions where NOs™ or NO2™ are used as an electron acceptor as opposed to
oxygen (Cole & Brown, 1980).

2.2.3 Losses of nitrogen
2.2.3.1 Plant uptake

Plants require N for the synthesis of proteins within their tissues and it is generally

the nutrient most limiting to plant growth. Plant uptake of N and subsequent harvest
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is a pathway by which N is removed from agricultural systems (Figure 2.2 “G”).
The N utilised by plants is primarily in inorganic forms, specifically as NH4* and
NOgz", which are absorbed from the soil solution via the root system. Although plants
can take up both NH4" and NOz, NO3 must first be converted to NH4*, at
considerable energy expense, before being converted into amino acids (Haynes,
1986b; Tischner, 2000).

Plants may also take up some organic compounds directly via their roots (Kielland,
1994; Hodge et al., 2000), or in association with some mycorrhizal fungi (Nasholm,
1998). Absorption of gaseous N (primarily NHz) through plant leaves has also been
reported (Sommer & Jensen, 1991), although this equates to only a small proportion
of total N uptake. The rate of plant N uptake varies between plant species and

between growth stages (Ismande & Touraine, 1994).

Plant tissues generally contain between 1 and 6% N (Goh & Haynes, 1986;
McLaren & Cameron, 1990), and depending on factors such as fertiliser (or other
N input) regimes, soil type, and climatic conditions, ryegrass-based pastures can
take up between 200 and 700 kg N ha* year® (Whitehead, 1995a). In environments
where available soil N is high, such as under a urine patch, plants may take up N in
excess of their requirements and store it as NOs™ or amides. This is termed ‘luxury
uptake’ (Chapin, 1980; Lipson et al., 1996). However, urine patch N load will
generally exceed plant uptake (Selbie et al., 2015a).

2.2.3.2 Leaching

N leaching (Figure 2.2 “E”) is the loss of soil N in drainage water and can include
both particulate or dissolved forms of organic N as well as mineral forms of N.
Nitrate, however, is normally the dominant form of N leached through agricultural
soil profiles because it is negatively charged and is thus not retained by soil colloids
that are also predominantly negatively charged (Robertson & Vitousek, 2009). The
amount of N lost via leaching is dependent on the concentration of N (NO3) in
drainage water and the amount of drainage. Season and climate are major drivers
of N leaching. Drainage is highest, and plant uptake low, during winter and so the

largest losses of N by leaching generally occur during this period.
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2.2.3.3 Volatilisation

NH3 volatilisation (Figure 2.2 “F”) is the loss of gaseous NH3 from the soil surface
and is another pathway by which N can be lost from agricultural systems.
Volatilisation occurs when there is high concentrations of NH3z present at the soil
surface (Mclnnes et al., 1986). This loss pathway generally occurs when pH is high
as NHs is in pH dependent equilibrium with NH4" in soils and solutions (equation
2.3), and high pH favours production of aqueous NHs that can then be volatilised
(Robertson & Vitousek, 2009).

NH} + OH™ & NH; + H,0

Equation 2.4

2.2.3.4 Denitrification

Biological denitrification (Figure 2.2 “H”) is the anaerobic microbial reduction of
NOz to N2 gas (Mosier et al., 1998) with other gaseous products being formed
during the process. Micro-organisms use NO3™ as an electron acceptor instead of
oxygen and convert NOs™ to NO2, nitric oxide (NO), N2O and N2 gas (Ussiri & Lal,
2013). Each step is catalysed by a specific enzyme (Figure 2.4).

Nitrate Nitrite NO-reductase N,O—-reductase
. reductase _reductase - 20—
NOs EEEEE NO,y BB INO] N,O N

Figure 2.4: Pathway of and enzymes involved in biological denitrification in soils
(adapted from Saggar et al., 2004).

Chemo-denitrification is a chemical or abiotic process where high levels of NO2™ in
acidic soils forms NO (Ussiri & Lal, 2013). This NO may subsequently react with
amino compounds or organic matter to form N2O and N2 (Heil et al., 2016). This

process is generally minor in comparison to biological denitrification.

Denitrification of NOg3™ to unreactive N2> removes biologically available/reactive N
from soil ecosystems, which is a loss in terms of N use efficiency, but because it
returns N to the very large, unreactive, atmospheric N2 pool, the environmental

consequences are benign (Robertson & Vitousek, 2009). However, NO and N.O
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are often released into the atmosphere before they are converted to N2 so creating

another loss pathway.
2.2.3.5 Summary of agricultural nitrogen cycle

The soil N cycle consists of inputs, outputs and internal transformations of N. Inputs
to the agricultural N cycle include biological N fixation, N fertilisers, and N
deposition. N is then either transformed within the system or removed from the soil
system via loss pathways. Internal transformation processes are microbially
mediated and include mineralisation, immobilisation, nitrification and DNRA. Loss
pathways include NOgz™ leaching, plant uptake, volatilisation, and chemical and
biological denitrification. Some of these transformations and loss pathways lead to
the production of N2O gas.

2.3 Formation of nitrous oxide

Nitrous oxide is a gaseous intermediate in the reaction sequences of both the
microbial processes of nitrification and denitrification, which together contribute
about 90% of agricultural N2O emissions (Figure 2.5). There is also some evidence
that small amounts are produced during chemo-denitrification as presented in
section 2.2.3.4 (Ussiri & Lal, 2013).
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Figure 2.5: Major pathways of N>O formation (adapted from Ussiri & Lal, 2013
and Selbie et al, 2015Db)

The evolution of NO and N2O during nitrification and denitrification processes is
conceptualised using the “hole in the pipe” model (Figure 2.6). In this conceptual
model, the rate that N flows through the process ‘pipes’, or rate of nitrification and
denitrification, is determined by the availability of N in the soil. NO and N2O ‘leak’
out of holes in the pipe, and the size of the holes is primarily determined by soil
water content. Other factors such as soil acidity, and abundance of electron donors
and acceptors, also contribute to the relative production and partitioning of the gases
(Firestone & Davidson, 1989; Davidson et al., 2000).
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During the nitrification process, N2O can be formed during the chemical
decomposition of NH2OH, nitroxyl hydride (HNO), or NO2’, intermediates of NH4*
oxidation (Wrage et al., 2004; Heil et al., 2016). As nitrification occurs in aerobic
conditions, it is the predominant process producing N2O under drier conditions
when soil moisture is low and the diffusion of oxygen is not limited (Mathieu et al.,
2006)(discussed further in section 2.3.1). Under anaerobic conditions, nitrification
likely only makes a small contribution to direct emissions (Mathieu et al., 2006).
However, nitrification has been estimated to contribute up to 80% of soil N.O
emissions (Hu et al., 2015), largely due to the provision of NO3™ as a substrate for
denitrification, the main N.O forming pathway. Additionally, NOs leaching
contributes to indirect N2O emissions where the NOs™ is denitrified in receiving

wetlands or waterways (Butterbach-Bahl et al., 2013; Fowler et al., 2013).

In contrast, denitrification is largely a process that occurs under wet and anaerobic
conditions when a NO3™ source is present in the soil (Coyne, 2018) Agricultural
soils which receive high N loading and have poor drainage, for example soils which
are heavily compacted or pugged, are hotspots for denitrification (Luo et al., 2017).
Nitrous oxide is produced during denitrification activity as it is an obligate
transitional form in the denitrification pathway and so may be released to the
atmosphere before it is further reduced to N> (Firestone & Davidson, 1989; Hu et
al., 2015).

24



Often, denitrification (section 2.2.3.4) can be coupled with nitrification (section
2.2.2.2) and the NOgz™ produced during nitrification provides the substrate for
denitrification. However, an alternative denitrification pathway, called nitrifier
denitrification, is the direct reduction of the nitrification intermediary NO2™ to N2O
and is carried out by the ammonium oxidisers that convert NH4* to NO,™ during
nitrification (Wrage et al., 2004; Ussiri & Lal, 2013).

Co-denitrification is the sequential reduction of NOs, similar to that of
conventional denitrification, however, following the formation of NO, a side
reaction occurs. One NO atom derived from an inorganic N source (e.g. NO2") binds
with an electron donor from the soil native N pool forming N2O and N2 (Selbie et
al., 2015b).

Dissimilatory nitrate reduction to ammonium (DNRA) has also been reported to
occasionally contribute to N2O production in particular cases (Rutting et al., 2011;
Zhu et al., 2013). All of these pathways may be occurring simultaneously in a soil
profile as different soil microsites will have different conditions. It is possible that
NOs" is produced in aerobic zones which then diffuses into anaerobic zones where
it is denitrified (Cuttle, 2008).

Production of N2O by fungi

Denitrification is widespread among prokaryotes. Some soil fungal strains, however,
are also capable of denitrification (Shoun et al., 1992; Mothapo et al., 2013; Maeda
et al., 2015). No genes coding for N2O reductase have been identified in fungi so
N20 is the end-product of fungal driven denitrification (e.g. Laughlin & Stevens,
2002; Coyne, 2018). Although fungal N2O producing activity is 1-5 orders of
magnitude lower than prokaryotes (Mothapo et al., 2015; Coyne, 2018), the high
biomass of fungi in soil means fungal contributions of N.O may be significant in

some terrestrial systems (Herold et al., 2012).

2.3.1 Conditions influencing nitrous oxide production in soils

Nitrous oxide fluxes from soil are regulated by a range of biological, chemical and
physical factors that are constantly changing depending on soil conditions.
Specifically, N2O production is driven by the soil oxygen status/moisture content,
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N substrate supply, organic matter, temperature and pH (e.g. proximal regulators).
These in turn, are regulated by inputs and management practices (e.g. distal
regulators) (Figure 2.7). Nitrification, denitrification and other N2O forming

processes, dominate under differing soil conditions (section 2.3).
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Figure 2.7: Schematic diagram of distal and proximal factors affecting N.O
emissions from agricultural soils (adapted from de Klein et al. (2001)).

2.3.1.1 Oxygen status/moisture content

Soil oxygen status is inversely proportional to the soil moisture content primarily
because O diffusion through water is much slower than through the gas phase
(Weil & Brady, 2016). Soil oxygen status is an important regulator of N2O
emissions as its concentration largely determines which of the main processes is
driving N2O production at that time (Figure 2.8) (Coyne, 2018).
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Figure 2.8: Relationship of water filled pore space to soil microbial processes of
respiration, nitrification and denitrification (Linn & Doran, 1984).

Highest fluxes of N2O generally occur under low oxygen or anaerobic conditions
because the NO and N2O reductase enzymes are repressed by the presence of
oxygen (Knowles, 1982). Denitrification is favoured, in particular, when soil
moisture increases above 60% water filled pore space (Bateman & Baggs, 2005),
however, as soil moisture increases, N2 becomes the dominant gaseous product and

so N2O emissions can reduce (Weier et al., 1993).

Below about 65% water filled pore space, nitrification becomes the main N>O
forming pathway (Linn & Doran, 1984; Bateman & Baggs, 2005). However,
microbial activity is stimulated by available water so nitrification will also increase

with increasing soil moisture until oxygen becomes limiting.

In aerobic soils, nitrification and denitrification may occur simultaneously in
spatially distinct microsites (Parkin, 1987; Carter, 2007). For example, N.O
production by denitrification may occur in anaerobic microsites in otherwise

aerobic soil conditions.
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2.3.1.2 Nitrogen substrate supply

N substrate availability is a significant driver of nitrification and denitrification
processes. Nitrous oxide emissions from nitrification are dependent on the supply
of N for nitrifying bacteria in the form of organic residues and NH4" (Alexander,
1965; Zhang et al., 2015a). Nitrous oxide fluxes from denitrification, however, are
directly proportional to NOs™ supply when all other requirements (i.e. water, C
source) are not limiting (Malhi et al., 1990; Mosier et al, 1983 in: Granli &
Bockman, 1994). Additionally, increased NO3™ concentration results in an increase
in the N2O:N2 production ratio due to the inhibition of the N2O reductase enzyme
under high NOgz™ conditions (Knowles, 1982).

Under a urine patch in grazing systems, loadings of N rapidly reach between 200
and 2000 kg N ha* (average 613 kg N hat) (Selbie et al., 2015a), which far exceeds
immediate plant requirements and uptake. As a result, high amounts of NH4" and
NOg3" are available for nitrification and denitrification, respectively. Nitrous oxide
emissions generally range between 0-4% of N input (de Klein et al., 2001; Cameron
etal., 2013).

2.3.1.3 Organic matter

Hetertrophic denitrification is a respiratory process that requires a readily available
C source (Tiedje, 1994). Both water soluble C and total organic C are highly,
positively correlated with biological denitrification rate (Burford & Bremner, 1975;
Senbayram et al., 2012). The following equation demonstrates the amount of

available C required for denitrification to occur (Burford & Bremner, 1975):

4(CH,0) + 4NO3 + 4H* — 4C0, + 2N,0 + 6H,0
Equation 2.5

Additionally, high concentrations of available C provides an energy source for
aerobic respiration. This drives O> consumption in soil aggregates to further support
denitrification (Parkin, 1987). Therefore, the production of N2O in soil is partly

controlled by the supply of readily decomposable organic matter.
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Autotrophic nitrification does not require a C substrate, however, the mineralisation
of soil organic N, which supplies NH4" for nitrification, is carried out by a diverse
range of micro-organisms which require C for metabolic processes (Brock et al.,
1994).

2.3.1.4 Temperature

Nitrification and denitrification (in fact, all biological processes) increase with
temperature, therefore, N2O production also increases with temperature (Granli &
Bockman, 1994). In addition, N2O solubility decreases with increasing temperature
resulting in further emissions. Nitrous oxide production therefore closely follows
diurnal and seasonal patterns (Goodroad & Keeney, 1984). The optimum
temperature (Topt) range for nitrification occurs from 16 to 37°C, with ammonia
oxidising archaea having a significantly higher Topt than ammonia oxidising
bacteria (Taylor et al., 2017). Denitrification increases with temperature up to about
60°C before sharply decreasing (Malhi et al., 1990). Several studies, however, have
reported an increase in the N2O:N: production ratio with lower temperature
(Keeney et al., 1979; Maag & Vinther, 1996). Therefore, at lower temperatures,

total N gas emissions may decrease but N>O emissions may remain the same.
2.3.1.5 pH

Both nitrification and denitrification rates increase from acidic to slightly alkaline
conditions (Goodroad & Keeney, 1984). Nitrifying bacteria metabolism, and so
nitrification rate, is at optimum in the neutral to slightly alkaline range (pH 7 to 8)
(Goodroad & Keeney, 1984). Denitrification rates also increase with pH and the
process has an optimum range of pH 7 to 8 (Weier & Gilliam, 1986). The N2O/N>
ratio, however, strongly decreases with increases in pH (Liu et al., 2010), therefore,

N20O emissions decrease with increasing pH.
2.3.1.6  Summary

Nitrous oxide production in soil is largely controlled by soil conditions, such as
moisture, temperature and pH. Additionally, N>O production is dependent on a
supply of N and C substrates. These controls can be exploited in order to decrease

N20 emissions from agricultural systems.
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2.4 Mitigating nitrous oxide emissions

As agricultural soils account for such a high percentage of anthropogenic N.O
emissions, particularly in New Zealand (Ministry for the Environment, 2017), the
agricultural sector therefore offers substantial potential for mitigation of total N2O
emissions. Although animal manures and synthetic fertilisers are important sources
of N20, they are also a necessity in providing the N needed to support food
production for the growing global population, thus any mitigation option needs to
be economic, practical, and applicable to a farm system. Reviews by de Klein and
Ledgard (2005), Luo et al. (2010), Misselbrook et al. (2013), Reay et al. (2012) and
Schils et al. (2013) comprehensively discuss strategies for reducing N2O emissions
from agricultural systems, the main points of which are summarised in the

following sections (Figure 2.9): -
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Figure 2.9: Schematic describing overall framework of N.O mitigation strategies
coloured by general strategy (see legend). Numbers in each of the boxes indicates
section within this review for further explanation.
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2.4.1 Dietary manipulation

Dietary intervention is primarily aimed to either reduce the concentration of N in
excreta, or to change the partitioning of N in urine and dung, while preferably
having no detrimental effect on productivity. In order to understand the concept of
reducing excreta N, and urinary N in particular, it is necessary to understand the N
dynamics of the urine patch in grazing systems and how they relate to N2O
emissions. Urine deposited onto grazed pastures is considered a hotspot for N2O
production as urine provides high localised concentrations of available N and C in
soils. Additionally, N2O emissions are correlated with excreta N concentrations
(Dai etal., 2013; Di et al., 2016), therefore, reducing N excreted would reduce N.O
emissions. In New Zealand about 64% of the total N2O emissions come from urine

and dung deposition (Ministry for the Environment).
2.4.1.1 Reducing dietary nitrogen and nitrogen in excreta

Due to the strong relationship between N intake and N excretion, one of the ways
to reduce N excreted (and hence N available as a substrate for N2O production) is
to reduce the N consumed in the diet through the use of alternative feeds. As N in
pasture is generally in excess of animal requirements, reducing N intake should
presumably not reduce production. Care, however, must be taken to ensure dietary
N/protein is not reduced to a point where it is no longer sufficient to meet the

animal’s metabolic requirements.

That reducing the N content in the diet through low N supplements reduces total
and urinary N excreted in ruminants is well established (e.g. Kebreab et al., 2001;
Nielsen et al., 2003; Mulligan et al., 2004; Misselbrook et al., 2005; Steinshamn et
al., 2006; Huhtanen et al., 2008; Edwards et al., 2014). Luo et al. (2008) showed
that using low N feed supplements such as maize in a New Zealand pastoral system,
reduced the amount of surplus N excreted and N2O emissions, while increasing milk
production per unit of N and thus increased overall N use efficiency. Additionally,
Burke et al. (2008) showed a reduction in both urinary and total N excreted (and
presumably N2O emissions), with no effect on production, when supplementing the
diet with low N citrus pulp. However, if feed with low N content was considered as
a mitigation practice, offsite losses associated with fertiliser used to grow this feed

would need to be considered.
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2.4.1.2 Nitrogen Partitioning — Protein versus Excreta

The low level of utilisation of dietary N is largely a result of insufficient
carbohydrate-derived energy for conversion of the feed N to microbial N in the
rumen (Beever et al., 1986). The surplus N is transported through the rumen wall
as ammonia and subsequently excreted in urine following hepatic conversion to
urea N (Miller et al., 2001). It therefore suggests that increasing dietary soluble
carbohydrate content may increase utilisation of feed N in the rumen and thus

reduce N excretion.

Miller et al. (2001) and Moorby et al. (2006) showed that the addition of ‘high sugar
grasses’, or grass varieties with a high content of water soluble carbohydrate, to the
diet increased milk production in dairy cows through more efficient utilisation of
the feed N in the rumen. They also measured a reduction in total excreted N and
urinary N. Additionally, Lee et al. (2002) found reduced ammonia-N concentrations
in the rumen of steers fed high sugar grasses compared with steers offered the
control perennial ryegrass variety, which translated through to reduced urine N
excretion. These results are supported by others (e.g. Castillo et al., 2000; Broderick,
2003; Steinshamn et al., 2006) who have reported improved N utilisation and
reduced excretal N following supplementation of high energy feeds to cattle. While
no direct measurements have been made on the consequences of this for N2O
emissions, it can be hypothesised that a reduction in N excreted would result in

reduced N2O production.
2.4.1.3 Nitrogen partitioning — Dung versus Urine

The relationship between N intake and N excreted is linear for both dung and urine,
however, the line is much steeper for urine than for dung (e.g. Dijkstra et al., 2013).
This indicates that urine as opposed to dung is the main removal pathway for excess
dietary N. Nitrous oxide emissions from dung deposits are considerably lower than
from urine patches as the N transformation processes are much slower in dung, and
it has been found that the emission factor (percentage of applied N emitted as N2O-
N) for dung is significantly lower than that of urinary N (van der Weerden et al.,
2011). It is therefore likely that partitioning more of the dietary N into dung rather

than urine could decrease N2O emissions.
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Supplementation of diet with condensed tannins, for example, has been shown to
result in a greater partitioning of excreta N in dung rather than urine. Condensed
tannins bind with proteins in the rumen, slowing protein degradation and leading to
decreased ruminal NHz concentration and subsequently decreased urinary N
excretion, without affecting production (Carulla et al., 2005; Misselbrook et al.,
2005).

2.4.2 Increasing nitrogen use efficiency

Currently, for every 100 units of N used in agriculture, only about 15 are captured
in crop, dairy or meat products (Steinfeld et al., 2006; Robertson & Vitousek, 2009).
This low ratio points to very low N use efficiency in most agricultural systems. In
the dairy industry for example, despite improved genetic potential of cows with
high nutrient utilisation, the increased external input of feed concentrates and use
of fertiliser N have decreased N use efficiency in these systems (Huhtanen et al.,
2008). Increasing N use efficiency is the concept of improving N management by
controlling inputs, crops, N-cycling processes, and agricultural practice whilst
maintaining high yields. This approach is a key strategy by which the increasing
food demand might be met without a corresponding increase in N2O emissions.

Practices to increase N use efficiency are based around the timing, rate and form of
fertiliser being applied. These may include: changing the source of N, e.g.,
refraining from use of ammonium nitrate fertilisers under wet conditions (Smith et
al., 2012), ensuring N addition matches crop/pasture requirements, using slow
release fertilisers (Akiyama et al., 2010), or precision placement of fertiliser
(Hedley, 2015).

The use of inhibitors of N processes, such as urease and nitrification inhibitors, have
the potential to reduce N.O emissions from both fertiliser and excreta applications
(Dell et al., 2014; Li et al., 2014). Urease inhibitors retard the hydrolysis of urea to
NH4" whereas nitrification inhibitors retard the conversion of NH4* to NO3™. These
both prolong the length of time taken for applied N to be converted to NOs™ thereby
allowing for more uptake by plants and improving nutrient use efficiency
(Amberger, 1989). This delay results in less available NOs for both direct N2.O
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emissions and indirect emissions following leaching. Nitrification inhibitors will be

discussed in greater detail in section 2.4.4.

2.4.3 Soil management to avoid conditions that favour nitrous oxide

emissions

Altering pasture and stock management practices is another method by which N2O
loss might be minimised. Differing soil properties mean soils differ in their risk of
emitting N2O. Poorer-draining clay soils, for example, are more likely to be
saturated and support higher denitrification rates and consequently increase direct
N20 emissions. Therefore, management of winter-grazed cattle through restrictive
grazing, for example, reduces N2O emissions as animals are removed from pasture
and excreta deposition is reduced during the time when soils are wet and
denitrification is high (e.g. Webb et al., 2005; Luo et al., 2008). Effluent captured
on feed or stand-off pads can then be utilised during low risk months, which would
in turn reduce fertiliser N requirements also (Houlbrooke et al., 2004). More freely
draining soils on the other hand, would be at lower risk of high denitrification rates
as they are less likely to saturate. However, it should be noted that more freely
draining soils have a higher risk of N leaching and therefore a higher risk of indirect
N20O emissions after the leached NOs™ reaches surface waters.

Soil compaction reduces soil aeration and increases N2O emissions due to high rates
of denitrification (e.g. Menneer et al., 2005; van der Weerden & Styles, 2012).
Additionally, soil compaction may damage pastures and reduce pasture N uptake
(Nie et al., 2001), resulting in more N available for denitrification. Therefore,
altering farm management practices to reduce soil compaction would reduce the
likelihood of N2O emissions. These practices include: rotational instead of set-stock
grazing, low stocking density grazing, and removal of stock from pastures during
periods when soil moisture is high (Drewry et al., 2008). Land use change, such as
intensification via irrigation, may also increase soil compaction (Houlbrooke et al.,

2011), potentially increasing N2O emissions.

Conflicting results have been reported as to the contribution of soil tillage and
cultivation methods for pasture renewal and crops to N2O emissions (Luo et al.,
2017). High mineralisation of soil and root N following tillage may result in high
N20O emissions (e.g. do Carmo et al., 2005; Mori & Hojito, 2007; Reinsch et al.,

2018), whereas tillage practices may increase soil aeration resulting in lower
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emissions (e.g. Ball et al., 1999; Thomas et al., 2008; Grave et al., 2018).
Nonetheless, the most effective mitigation is to avoid fertiliser applications and
excreta deposits from grazing animals immediately prior to renovation in order to
reduce the supply of N available for mineralisation and N2O emissions (Davies et
al., 2001).

Liming of acidic soils has been shown to have mixed results in regard to reducing
N20 emissions from agricultural soils (Clough et al., 2003; Coyne, 2018; McMillan
et al., 2016). Denitrification rates generally increase when pH is raised, however,
the ratio of N2O to N> decreases when pH is raised. Thus, increasing soil pH through
the application of lime may reduce N2>O emissions by driving production of N>
instead of N2O during denitrification (Kunhikrishnan et al., 2016).

2.4.4 Nitrification inhibitors

A widely researched method for reducing N2O emissions is to use nitrification
inhibitors to reduce nitrification. Nitrification inhibitors are chemicals that slow the
first step of nitrification — the oxidation of NH4* to NO2™ — by either inhibiting or
interfering with the metabolism of the micro-organisms involved (Singh & Verma,
2007). Specifically, they inhibit the ammonia mono-oxygenase enzyme activity of
Nitrosomonas spp. and Nitrosospira spp (Qiao et al., 2015). Inhibiting nitrification
serves a dual purpose in the mitigation of N2O as it not only reduces N.O formed
during the second step of nitrification, but also the electron acceptor used in
denitrification. Thus, controlling nitrification will presumably also help reduce N2O
production by denitrification (Singh & Verma, 2007; Qiao et al., 2015).

The use of nitrification inhibitors has been shown to be an effective tool for
reducing N2O emissions and to promote better N utilisation in soil (Barneze et al.,
2015). As a result, nitrification inhibitors have been recommended by the
intergovernmental panel for climate change (IPCC) as a potential mitigation option

for reducing agricultural N2O emissions (IPCC, 2014).
2.4.4.1 Synthetic nitrification inhibitors

Synthetic inhibitors gained significance during the early 1960’s in the US, parts of

Europe and Japan for improved nutrient use efficiency, and to minimise N leaching
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losses (Amberger, 1989; Zerulla et al., 2001). Numerous compounds have been
identified and used as nitrification inhibitors, particularly in agricultural soils. Many
materials may inhibit nitrification due to being generally biocidal or by causing
toxicity to the nitrifying organisms (Huber et al., 1977; Singh & Verma, 2007).
Some common nitrification inhibitors include: Dicyandiamide (DCD),
dimethylpyrazole phosphate (DMPP), Nitrapyrin (N-serve). Other chemicals that
have been shown to inhibit nitrification include: 2-amino-4-chloro-6-
methylpyrimidine, terrazole, thiourea, 2-mercaptobenzothiazole, and acetylene
(Huber et al., 1977; Prasad & Power, 1995; Wrage et al., 2004). These inhibitors
have been shown to suppress ammonia mono-oxygenase enzyme activity in the
nitrification pathway. Qiao et al. (2015) carried out a meta-analysis of 62 peer
reviewed studies, and found that nitrification inhibitors decreased total N loss by
16.5%. Results are highly variable between studies, however, DCD has been shown
to reduce N2O emissions from urine by 60-80% following application to grazed
pasture (e.g. de Klein & Ledgard, 2005; Di & Cameron, 2011; Luo et al., 2013; Li
et al., 2015). DMPP has been shown to reduce N2O emissions from cow urine by
about 60% (Di & Cameron, 2011). Nitrate leaching, which is an important pathway
for indirect N2O emissions, is also reduced by about 30-70% following use of
nitrification inhibitors (e.g. Di & Cameron, 2011; Ledgard et al., 2014).

Some of the common nitrification inhibitors are now commercially available as
fertiliser additives and are generally promoted for their agronomic benefits i.e. the
maintaining of mineral N in the NH4* form and in the root zone for increased pasture
uptake and yield (Moir et al., 2007). The rates required and method of application
of nitrification inhibitors vary with each inhibitor, soil type, form of N, organic

matter content, soil temperature and soil moisture (Huber et al., 1977).

Synthetic nitrification inhibitors do have some disadvantages. DCD, for example,
is not particularly efficient and as targeted application is difficult, high application
rates are needed to attain sufficient nitrification inhibition (Zerulla et al., 2001).
DCD is also highly soluble in water and during heavy rainfall it may leach from the
soil profile, or at least be separated from the NH4" ions being nitrified (Zerulla et
al., 2001). Nitripyrin also has disadvantages in that it is highly volatile and so it
cannot be combined with solid fertilisers (as it vaporises during processing),
making application difficult (Zerulla et al., 2001). Nitrification inhibitors can also

have adverse impacts if used inappropriately or incorrectly. This was the case here
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in New Zealand in 2012 when DCD residues were found in dairy products which
raised concern for food safety. The application of DCD onto pastoral land is now
no longer permitted in New Zealand until international agreement is reached on
maximum allowable limits (Ministry for Primary Industries, 2014). As a result of
this event, researchers are now exploring possible biological or naturally occurring
nitrification inhibitors. It is suggested that there are fewer implications for food
safety and public perceptions over the use of ‘natural’ products rather than synthetic

products.
2.4.4.2 Biological nitrification inhibitors

The suppression of nitrification has been observed to occur naturally in some
ecosystems, with suggestions that the inhibition originated from plants in the
ecosystem (Subbarao et al., 2007; Al-Ansari & Abdulkareem, 2014). For example,
some species of pine and tropical grasses are believed to be responsible for low
nitrification rates (Prasad & Power, 1995; Smits et al., 2010; Subbarao et al.,
2013a). This is termed biological nitrification inhibition (BNI). BNI is the ability
of certain plant species to release organic molecules from their roots that suppress
the function and growth of nitrifying bacteria (Subbarao et al., 2007). This
interaction between plants and micro-organisms is broadly characterised as
allelopathy (Bremner & McCarty, 1993).

There is extensive evidence to show that plant tissues contain a wide variety of
chemical compounds, which are not involved in primary metabolism and these
compounds vary according to family and species. These compounds termed
‘secondary metabolites’, play a variety of roles in protecting plants from a variety
of stresses (Bennett & Wallsgrove, 1994; Erickson et al., 2000). It has been
hypothesised that BNI has evolved as part of some plants’ adaptation mechanisms
to conserve and use N efficiently in systems that are naturally limited in mineral N
(Subbarao et al., 2007). In these situations, plants that inhibit nitrification of NH4*
in the soil of their immediate rhizosphere, would have a competitive advantage over
other plants (Bremner & McCarty, 1993), most likely due to the fact that it requires
four times more metabolic energy to assimilate NO3" into protein than is needed for
NH4" (Subbarao et al., 2012).

BNI has the potential to improve agronomic nutrient use efficiency and as a result,

reduce both leached and gaseous N loss from agricultural systems. A field study
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carried out over two years in China, showed higher vegetable yield and nutrient use
efficiency for crops treated with biological nitrification inhibitors in comparison to
the synthetic inhibitor DCD (Zhang et al., 2015b). They also showed a reduction in
N20 emissions. Nitrous oxide emissions were also shown to be suppressed by about
90% in field plots of B. humidicola (known to release BNI) compared with a pasture
species that has not shown to have BNI capacity (Subbarao et al., 2013b). Several
BNIs have been isolated from root exudates and plant tissues and BNIs that belong
to many different chemical functional groups have been identified (Gopalakrishnan
et al., 2007; Subbarao et al., 2013b). BNI synthesis and release appears to be
stimulated by high NH4* concentration in the soil (Subbarao et al., 2015).

Residues of plant tissues are also known to release allelo-chemicals which inhibit
nitrification in soil (Bremner & McCarty, 1993). As these chemicals are released
during destruction or decomposition of the plant, it is thought they are a defence
mechanism against herbivores, pests or pathogens but also inhibit nitrification
(Bennett & Wallsgrove, 1994; Bending & Lincoln, 2000). Some examples of plants
where tissue residues or extracts of tissues inhibit nitrification include neem, karanj
and brassicas (Prasad & Power, 1995).

2.5 Glucosinolates and their hydrolysis products

While there are a wide variety of plant extracts that perform as BNIs, here the focus
is placed on glucosinolates, because there has been extensive research carried out
on these compounds and their breakdown products (Williams et al., 1993;
Kirkegaard & Sarwar, 1998; Bending & Lincoln, 2000; Morra & Kirkegaard, 2002;
Wittstock & Halkier, 2002; Rumberger & Marschner, 2003; Matthiessen &
Shackleton, 2005; Gimsing & Kirkegaard, 2006; Snyder et al., 2010; Sun et al.,
2015; Zuluaga et al., 2015). The breakdown products, in particular, have been
shown to have some promise as potential nitrification inhibitors (Bending &
Lincoln, 2000; Brown & Morra, 2009).

The tissues of Brassicaceae family members contain many secondary compounds
including glucosinolates. Glucosinolates are sulphur (S) and N containing
compounds, which are contained in cell vacuoles of plants. Upon disruption of

tissues (i.e. physical damage or herbivory) glucosinolate is released and is
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hydrolysed by myrosinase (bound in the cell wall) to form compounds including
isothiocyanate (ITC), nitrile, and thiocyanate (Choesin & Boerner, 1991; Bones &
Rossiter, 1996; Halkier & Du, 1997; Blazevic et al., 2017). These compounds affect
the odour, taste and colour of plants, and are generally toxic to browsers and
pathogens (Bennett & Wallsgrove, 1994; Bending & Lincoln, 2000). The type and
proportions of these hydrolysis products are influenced by the conditions of
hydrolysis including pH and temperature (Cole, 1976). The general structure and

hydrolysis (catalysed by the myrosinase enzyme) is shown in Figure 2.10.
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Figure 2.10: The structure of glucosinolates and their breakdown (Bennett &
Wallsgrove, 1994). Note a wide variety of glucosinolates exist, where the R group
(or side chain) varies.

There is little known about what effects secondary metabolites contained in plant
material may have on soil organisms when they are returned to the soil. However,
there are some studies that indicate that ITCs in particular are toxic to a range of
soil organisms and could influence the activities of soil microbes including the rates
of mineralisation/nitrification processes (Bending & Lincoln, 2000; Ryan et al.,
2006; Subbarao et al., 2013a). A study by Bending and Lincoln (2000) assessed the
potential of several different glucosinolate hydrolysis products to inhibit

nitrification, and showed that all products had some impact on nitrification. ITCs,
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however, had the largest effect of the products and within ITCs the various R-

groups showed varying toxicity.

The mode by which glucosinolate hydrolysis products, such as ITCs, might inhibit
nitrification is not entirely clear. The toxicity of ITCs arises from their capacity to
bind to proteins, resulting in alteration of the structure of enzymes and thus affecting
metabolic processes (Bending & Lincoln, 2000). Kirkegaard et al. (1999) states that
ITC is a general biocide and may therefore reduce the population of all microbes.
The consequent reduction in microbial activity during crop decay might cause an
increase in soil mineral N due to reduced immobilisation. However, the same
authors also showed a significant difference in soil microbial populations following
brassica and wheat crops. In particular, NH4" oxidiser populations were
significantly lower following brassicas compared to populations following wheat.
It is therefore possible that some hydrolysis products have a targeted effect on
nitrifying microorganisms and so may make effective specific nitrification
inhibitors. This possibility is also supported by Bending and Lincoln (2000) who
demonstrated that ITCs inhibited nitrification by both direct effects on the size of

nitrifying bacteria communities, and by reducing their nitrifying activities.

Glucosinolates are hydrolysed into ITC and nitriles upon disruption of plant cells
following damage to plant tissues (Cole, 1976; Bones & Rossiter, 1996). The
incorporation of plant tissues or residues into soil may, therefore, be one approach
that can be utilised to control nitrification and mitigate soil N loss as part of a
cropping systems approach (Subbarao et al., 2012). Bending and Lincoln (2000)
showed that nitrification was inhibited at concentrations of 0.5 ug ITC g* (dry
weight) soil, and they calculated that this concentration was approximately 1% of
that which could potentially be formed following incorporation of brassica crop
residues into soil (based on work by Williams et al., 1993). This suggests that
incorporation of brassica tissues into soil could be a viable approach for inhibiting
nitrification in a cropping system. This incorporation approach was further
supported by Brown and Morra (2009) who measured NH4* and NO2™ accumulation
in soil following incorporation of brassica crops into soil, indicating inhibition of
nitrification. Kirkegaard et al. (1999) and Ryan et al. (2006) also both measured
greater accumulation of mineral N in soil following growth of brassica (canola)

crops than following either cereal, lupin or pea crops. In this case the increase in
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mineral N was attributed to both the supply from decomposing root material and

other residues, and a reduced rate of nitrification due to the presence of ITCs.

Incorporating plant tissues into soil may inhibit nitrification in cropping systems,
however, this approach is less suitable for grazing systems where pastures are
generally only renewed every 5-10 years, so there is little opportunity to incorporate
plant material. Also, N substrate supplied in the excreta of grazing animals is the
main driver of nitrification in these systems. Therefore, an alternative to
incorporating plant residues may be to deliver BNI compounds to the soil through
the grazing animals. Grazers eliminate unprocessed plant material, and secondary
metabolites in excreta (Duncan & Milne, 2007; Estell, 2010). One advantage of this
approach is that the inhibitor is delivered with the main N source for N2O
production. For example, Ledgard et al. (2008) and Welten et al. (2013) showed
that urine patches could be individually targeted with a nitrification inhibitor (in
this instance DCD) by orally administering the inhibitor to grazing animals that was
subsequently excreted in the urine. It is possible that this method could also be used
for administering brassica derived inhibitors to urine patches. Luo et al. (2015)
reported reduced N2O emissions from urine patches derived from animals fed a
brassica crop compared to urine from animals fed perennial pasture. This supports
glucosinolate hydrolysis products such as ITCs may be delivered to the soil within
the urine of animals fed brassicas, and nitrification may subsequently be inhibited

in the urine patch.

2.6 Summary

Review of the literature has identified that ruminant urine patches are the main
source of N2O emissions in grazed agricultural systems. Suppressing nitrification
has been recognised as an effective approach for reducing N2O loss from these
systems as it reduces both N2O produced during nitrification, as well as reducing

the N substrate for denitrification which is the main process for N2O production.

A potentially promising way to reduce nitrification in pastoral agricultural systems
is to exploit the BNI capacity of some plants. Secondary metabolites from brassica
crops, GLS hydrolysis products, in particular have been suggested as a possible

BNI that could be employed in grazed systems. This review has revealed, however,
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that there is little research that has examined the potential for these feeds to reduce
N20O emissions. Additionally, most of the research on the BNI potential of GLS
hydrolysis products has been carried out under low, or nil (added) N conditions,

which does not assess their inhibition potential under high N urine patch conditions.

Therefore, there is a need for further research into glucosinolate hydrolysis products
and their potential for inhibiting nitrification and specifically decreasing N2O

emissions from high N environments.
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Chapter 3

Do glucosinolate hydrolysis products reduce
nitrous oxide emissions from urine affected

soil?

This chapter was published in the following international peer-reviewed journal and

presented in this thesis in journal format:

Balvert, S.F.; Luo, J; Schipper, L.A. (2017) Do glucosinolate hydrolysis products
reduce nitrous oxide emissions from urine affected soil? Science of the Total
Environment, 603 (Supplement C), 370-380.

Please refer to Appendix B for the contribution of each of the authors.
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ABSTRACT

New Zealand agriculture is predominantly comprised of pastoral grazing systems and deposition of animal excre-
ta during grazing has been identified as a major source of nitrous oxide (N0} emissicns. Nitrification inhibitors
have been shown to significantly reduce nitreus oxide emissions from grazing pastoral systems, and some plants
have been identified as having nitrification inhibiting properties. Brassica crops are ene such example as they
contain the secondary metabolite glucosinolate (GLS} whose hydrolysis products are thought to slow seil nitro-
gen cycling, Forage brassicas have been increasingly used to supplement the diet of grazing animals. The aim of
this study was to determine if GLS hydrolysis products {phenylethyl isothiocyanate, 4-pent-1-yl isothiocyanate,
2-propenyl nitrile, 2 propenyl isothiocyanate, 4-pentene nitrile) produced in brassica crops reduced N;O emis-
sions [rom seil amended wilh urea or animal urine. In the laberatory, some GLS hydrolysis products added
with urea to soil were found to decrease N,O emissions and the most effective product (phenylethyl
isothiocyante) reduced N,0 emissions by 51% during the study, There was some evidence that the reduction in
N20 emissions found in Lthe 1ab could be altribuled Lo inhibiticn of nitrification, Resulls suggest thal the inhibition
by GLS hydrolysis products was short-lived and, if considered for use, multiple applications may be necessary to
achieve ellective inhibilion of NoO emissions. This reduction, however, was not observed under field conditions.
Further investigation is required to test more GLS hydrolysis products to fully understand their impact on N;O
emissions from urine affected soil,
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1. Introduction

Global food production needs to increase because the population is
expected to reach 9 billion by the middle of the century (Godfray
et al.,, 2010). At the same time, it is important that we consider the en-
vironmental effects of increased production. New Zealand agriculture
is predominantly comprised of pastoral grazing systems where high
levels of nitrogen (N) are lost to potentially sensitive environments
(e.g. Ledgard et al, 2000). This is due to the inefficient use of dietary N
by ruminants where 70 to 95% of ingested N is excreted in urine and
dung (Oenema et al., 2005). N loading rates from urine can be as high
as 1000 kg N ha™! (average 613 kg Nha~!; Selbie et al,, 2015}, depend-
ing on plant and dietary content. This loading exceeds the N require-
ments of the pasture or forage in the vicinity (Haynes & Williams,
1993) and so the excess N is available for loss via nitrate (NO3')
leaching, or emissions of gaseous N such as ammonia (NH3), nitric
oxide (NO}, nitrous oxide (N,0), and dinitrogen (N;) (Luc et al,
2010}. N,0 is produced during the biological transformation of urinary
N in soil, particularly, the microbial processes of nitrification and deni-
trification (Firestone & Davidson, 1989). Losses of N,O are of particular
concern as it is a potent greenhouse gas with a global warming potential
298 times that of CO, (Myhre et al., 2013}, and because they contribute
significantly to the depletion of stratospheric ozone (Ravishankara et al.,
2009}). In New Zealand, about 11% of the national greenhouse gas pro-
duction can be attributed to N,O emissions derived from deposited
urine patches (Ministry for the Environment, 2015). Identifying ap-
proaches that decrease N,O production is a key strategy for reducing
greenhouse gas emissions in New Zealand and in other countries with
grazed pastures.

Over the last decade, there has been a significant amount of research
on the use of the nitrification inhibitors to reduce N2O emissions from
urine patches. Much of this work was carried out using the inhibitor
dicyandiamide (DCD) which proved to be effective at reducing N,O
emissions from urine patches by an average of 57% (de Klein et al,
2011; Di & Cameron, 2011; Li et al,, 2015; Luo et al,, 2013). However,
use of DCD was temporarily halted in 2013, waiting for the establish-
ment of standards by the Codex Committee for Food. Inhibition of nitri-
fication remains a promising tool for mitigation of both N,O emissions
and nitrate leaching and so alternative ‘biclogical’ inhibitors have been
investigated. Biological nitrification inhibitors (BNIs) are secondary me-
tabolites that are produced in, and are released to the soil by plants, and
inhibit nitrification. The term BNIs is used to distinguish them from syn-
thetic nitrification inhibitors (Subbarao et al., 2007}. A range of plants
have been shown to release compounds that inhibit nitrification e.g.
Sorghum, tropical grass Brachiaria (Gopalakrishnan et al., 2007,
Ishikawa et al., 2003} and some pines (Lodhi & Killingbeck, 1980). Re-
search suggests that the grazing of certain pasture and forage species
may reduce N,O emissions because secondary metabolites contained
in these plants are excreted in urine patches and deposited onto soil,
thus inhibiting N cycling and microbial processes (e.g. Prasad & Power,
1995; Ryan et al., 2006).

Brassica crops, in particular, may reduce N0 emissions as they con-
tain secondary metabolites called glucosinolates (GLS), whose hydroly-
sis products (isothiocyanates (ITCs), thiocyanates and nitriles} have
been shown to inhibit nitrification processes in soil incubated with
GLS hydrolysis products (Bending & Lincoln, 2000} and soil incubated
with brassica seed meals that also contain GLSs (Reardon et al., 2013).
Brassica plants have also been shown to inhibit soil N cycling in situ
(Kirkegaard et al., 1999; Ryan et al., 2006}, which has been attributed
to GLS hydrolysis products. In seil incubation studies, Bending and
Lincoln (2000} demonstrated a reduction in nitrifying bacteria popula-
tion following application of several different GLS hydrolysis products.
The mode by which GLS hydrolysis products such as ITCs might inhibit
nitrification is not entirely clear, however, it appears that ITCs in partic-
ular are toxic to a range of soil organisms (Bending & Lincoln, 2000;
Choesin & Boerner, 1991; Kawakishi & Kaneko, 1987; Subbarao et al.,

2013). These studies measured the impact of GIS hydrolysis products
on N cycling in soils with relatively low N inputs. However, in grazed
pasture the majority of N,O emissions arise from high N inputs such
as those from a urine patch. Utilising the potential of forage crops to re-
duce N loss from pastoral grazing systems requires understanding how
GLSs might function in the presence of high N inputs. Additionally, none
of these previous studies examined the impact of GLS hydrolysis prod-
ucts on N,O production. The objective of this study was to test the im-
pact of brassica derived GLS hydrolysis products on N,O production
from soil. We hypothesise that GLS hydrolysis products will inhibit nitri-
fication and N,O production from urine patches. We initially tested the
efficacy of GLS hydrolysis products in a laboratory screening trial and
subsequently promising candidate products were tested in a field trial.

2. Materials and methods
2.1. Experiment 1 — laboratory incubation

2.1.1. Trial set-up

A Bruntwood silt loam soil (Typic Impeded Allophanic Soil; Hewitt,
1998} of 0-7.5 cm depth, from under a mixed perennial ryegrass
(Lolium perenne L.) and white clover (Trifolium repens L.) pasture, was
collected for an incubation study. General soil properties are presented
in Table 1.

The soil was sieved to 4 mm, homogenised and allowed to pre-
incubate for 24 h to allow for the effects of soil disturbance to subside.
Moist soil (140 g oven dry equivalent) was weighed into preserving
jars (1L} and amended with N {as urea 600 pg N g~ ! soil) plus one of
five GLS hydrolysis products (phenylethyl ITC, 4 pent-1-yl ITC, 2
propenyl nitrile, 2 propenyl ITC, 4 pentene nitrile} at 2 rates. Other treat-
ments included: A combination of all hydrolysis products, Urea Only,
and a nil N control (Table 2). Each treatment was replicated 6 times.
The GLS hydrolysis products were applied at either 30 or 60 ug g~ !
soil. The addition rates of hydrolysis products was determined based
on Kirkegaard and Sarwar (1998) who estimated that upon breakdown
of brassica green manures incorporated into soil GLS was released at
135 ug g~ ! soil. This equated to about 20 pg g~ ! soil of ITC cation, and
30 and 60 pg g~ soil of hydrolysis products contain about 10 and 20
ug g~ soil of ITC or nitrile cation respectively. Urea was applied as a so-
lution and the GIS hydrolysis products were dispersed in water by son-
icating for 30 min. The soil was placed in a randomised block designin a
constant temperature room where temperature was maintained at 20
°C. Jars were covered in perforated parafilm™ to allow for normal gas
exchange yet minimising evaporation loss. During subsequent incuba-
tion, soil moisture content was maintained at 70% of water holding ca-
pacity with distilled water following weighing to determine water loss.

A matching set of soils and treatments was established to allow for
measurement of mineral N transformations. Soil (140 g} was weighed
into plastic bags and the same treatments applied. These bags were
also stored in a constant temperature room at 20 °C. The bags were
stored closed but opened regularly to allow for gas exchange as per
the jars and soil moisture monitored and adjusted through time.

2.1.2. Gas flux measurement

Nitrous oxide and (O, fluxes were measured 11 times over the
40 days of incubation (0, 1, 2, 3,5, 7,9, 13, 20, 27 and 40 days following
treatment application). This time length was chosen because N,O flux
had generally returned to background by this time. Sampling was

Table 1
General physical and chemical properties of the soil (Bruntwood silt loam, 0-7.5 cm) used
for the incubation trial

Soil texture (%) Total-N (%)  Total-C (%) Olsen P (mg kg—") pH
Sand  Silt  Clay
17 61 22 0.61 6.0 34 5.9
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Table 2
Treatments and concentrations of products used in laboratory incubation trial

Treatment Rate of urea-N  GILS hydrolysis Rate of GLS hyd.
name (Mg g~ " soil) product product

(pg g~ soil)
Control - - -
Urea Only 600 - -
Ph-ITC 30 600 Phenylethyl isothiocyanate 30
Ph-ITC 60 600 Phenylethyl isothiocyanate 60
PI-ITC 30 600 4 pent-1-yl isothiocyanate 30
PI-ITC 60 600 4 pent-1-yl isothiocyanate 60
Pp-Nit 3¢ 600 2 propenyl nitrile 30
Pp-Nit 60 600 2 propenyl nitrile 60
Pp-ITC30 600 2 propenyl isothiocyanate 30
Pp-ITC 60 600 2 propenyl isothiocyanate 60
Pt-Nit 30 600 4 pentene nitrile 30
Pt-Nit E 60 600 4 pentene nitrile 60
Combination 3¢ 600 All above 150
Combination 60 600 All above 300

more frequent during the first 14 days to capture the initial flush. To
measure gas production, jars were sealed with gas tight lids with a sep-
tum. Accumulated NoO was measured following 1 h (i.e. samples taken
at Ty and Tsp minutes) and CO, was measured following 16 h (samples
takenat T, and Ty hours). Preliminary work demonstrated that N,O ac-
cumulation in the jar was linear over 1 h with this soil to headspace
ratio. Headspace samples (12 mL) were collected and stored in pre-
evacuated glass vials (6 mL) containing a rubber septum. Samples
were analysed using a SRI 8610 automated gas chromatograph
equipped with a ®Ni-electron capture detector (310 °C), a HayesepD
column (40 "C} and N> as carrier gas. Hourly N2O fluxes were calculated
for each jar from the increase in headspace concentration. The hourly
fluxes were integrated to estimate daily emissions, total emission and
% of applied N emitted as N0 over the study period, where the % of ap-
plied N emitted was calculated as follows:

%of applied N emitted as N,0
_ N;O-N total {treatment) — N,O-N total {control)

"~ Urea N applied + hydrolysis product N applied * 100

CO, samples were analysed using aninfrared gas analyser (IRGA, LI-
COR® LI-6262). Similar to N,0O, average hourly fluxes were calculated
from the increase in headspace €O, concentration over 16 h.

2.1.3. N transformations

The soil bags were subsampled for soil mineral N and pH on the
same days as the gas measurements. For NHZ-N and NO»~ + NO3-N,
soil (5 g oven dry equivalent) was extracted with 2 M KCl (50 ml).
Soil pH was measured in water using a 1:2.5 ratio. Soil moisture was
also determined on a subsample by oven drying the moist soil at 105
°C for 24 h. Concentrations of NHf -N and NO3 -N (plus nitrite - NOj -
N} in soil extracts were measured colorimetrically using a Skaler
SAN'Y segmented flow analyser (Skalar Analytical B.V. The
Netherlands) (Blakemore et al., 1987).

2.1.4. Microbial community quantification

On days 1, 9 and 27, the soil in the incubation bags from Control,
Urea Only, Ph-ITC, PI-ITC and Pp-NIT, (60 pg g~ ! soil only) were also
subsampled for determination of amoA and 16S rRNA gene abundance
to determine whether addition of GLS hydrolysis products decreased
abundance of ammonia oxidising bacteria (AOB} and the whole micro-
bial population. Soil samples were stored at — 80 °C prior to extraction.
Total soil genomic DNA was extracted using MoBic Powersoil™ DNA
isolation kits (MoBio Laboratories, GeneWorks, Australia} according to
the manufacturer's instructions. PCR primer pairs amoAl1F/amoA2ZR
and BACT1369F/PROK1492R were used to amplify regions of the bacte-
rial amoA and 165 rRNA genes respectively (Rotthauwe et al., 1997;
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Suzuki et al.,, 2000). 16 Wl reactions contained 8 |l SYBR®Premix Ex
Taq™ (Takara, Japan}, 0.4 l of each primer (10 UM concentration}, 1.5
ul DNA (diluted 1:10 to reduce potential PCR inhibition}, and 5.7 Wl
milli-Q water. Real time gPCR analysis was performed on a Rotor-
Gene™ 6000 (Corbett Life Science, Australia). Raw data analysis was
carried out using Rotor-Gene™ 6000 series software version 2.1. Melt-
ing curve analysis was performed following each run to confirm PCR
product specificity. Standard curves for qPCR analysis were developed
by cloning amoA and 165rRNA gene amplicons into pGEM® -T Easy
vectors (Promega, USA) and transforming TOP10 E. coli (Thermo Fisher,
USA). Selected clones were incubated overnight in Luria Broth liquid
medium and the plasmid DNA was subsequently extracted using a
Purelink™ Quick Plasmid MiniPrep Kit {Thermo Fisher, USA}. Plasmid
DNA concentration was measured on a NanoDrop® ND-1000 spectro-
photometer (NanoDrop Technologies, USA} and standard curves were
subsequently generated by dilution series. Only AOB were enumerated
asDietal (2009) demonstrated that AOB as opposed to AQA are largely
responsible for ammonia oxidation in pastoral soils and under high N
loads.

2.2, Experiment 2 - field plot study

2.2.1. Trial set-up

Asmall plot trial was carried out on the AgResearch Ruakura farm lo-
cated in Hamilton, New Zealand (37°46'S, 175°3'E; 40 m above sea
level). This trial was based on the results of the laboratory trial and mea-
sured N0 emissions and N mineralisation from field plots amended
with inhibitors that were most successful in the lab trial. Two trial
areas were set up on two different soil types: a well-drained Horotiu
(Typic Orthic Allophanic} and a poorly drained Te Kowhai silt loam
(Typic Orthic Gley} (Hewitt, 1998). Both plots contained a permanent
mixed perennial ryegrass (Lolivin perenne L.} and white clover
(Trifoliuim repens L) pasture. The pasture had been excluded from graz-
ing for 3 months prior to the study and maintained by regular mowing
to remove any effect of excreta deposits from previous grazings. General
soil properties prior to treatment application are presented in Table 3.

Treatments included a nil N control, N only control, N plus
dicyandiamide (DCD), N plus one of three GLS hydrolysis products iden-
tified as most effective in the above laboratory study (phenylethy! ITC, 4
pent-1-yl ITC and 2 propenyl nitrile}, and N plus a combination of two
GLS combined at two rates of application (Table 4). Treatments (5 rep-
licates for each treatment} were laid out in a randomised block design
which included a 1 m? plot adjacent to a N,O sampling chamber. N
was applied in the form of artificial cow urine at a rate of
600 ke N ha~' and 10 L m® urine. The artificial urine was adapted
from de Klein et al. (2003) and contained 11.69 gL~ urea, 499 g L™ !
potassium chloride, 1.36 g L™ ! potassium sulphate, 13.8 g L™ ! potassi-
um bicarbonate and 2.92 g L™! glycine. The GLS hydrolysis products
were applied at a rate of 60 kg ha™! and were mixed with artificial
urine prior to application. The Combination treatments were applied
at rates of both 60 kg ha™! of each product (Combination 120} and
60 kg ha™! in total (Combination 60). DCD was applied at a rate of
10 kg ha™ ! and was also mixed with the artificial urine. Treatments
were applied mid-June 2016.

Table 3
General physical and chemical properties of the soils (Horotiu silt loam and Te Kowhai silt
loam, 0-7.5 cmy) used for the field trial.

Soil texture (%)  Bulk density Total-N Total-C OlsenP pH

P * kY k4 kg=!

Sl S am B0 B @ gk
Horotiu 34 48 18 0.71 0.82 3.0 36 5.8
Te Kowhai 10 55 35 0.78 0.54 53 36 58
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Table 4

Treatments and concentrations of products used in field trial.
Treatment Rate of urine-N  GLS hyd. product Rate of GLS hyd.

[kgNha~!) Product
(kgha™")

Control - - -
Urea 600 - -
DCD 10 600 - 10
Ph-ITC 60 600 Phenylethylisothiocyanate 60
PLI-ITC 60 600 4 pent-1-yl isothiocyanate  6¢
Pp-Nit 60 600 2 propenyl nitrile 60
Combination 60 60C Ph-ITC 3G + Pp-NIT 30 60
Combination 120 60C Ph-ITC 6C + Pp-NIT 60 120

2.2.2. (limate data menitoring

Daily rainfall and air temperature were obtained from a weather sta-
tion situated adjacent to the site. Soil temperature (10 cm depth} was
measured at each site using HOBO temperature loggers (UA-001-08;
Onset, US}. Water filled pore space (WFPS} was calculated by dividing
volumetric water content by porosity (Linn & Doran, 1984).

2.2.3. Gas flux measurement

A soil chamber technique was used to measure N,O emissions and
was based on previous studies measuring emissions from urine patches
(e.g. Luo et al., 2015b). Stainless steel chamber bases (236 mm diame-
ter} were inserted into the soil to a depth of 12 cm, 7 days prior to treat-
ment application. The chamber bases had water channels on the upper
rim that accommodated insulated aluminium chamber lids (about
5.8 L} and formed a gas tight seal. The chamber bases remained in
place for the duration of the trial. On each sampling day, the chambers
were closed for 60 min commencing at approximately 10:30 am. Head-
space gas samples were taken by syringe at 0 (Typ), 30 (T30} and 60 (Teo}
minutes for the first 3 samplings when emission rates were shown to be
linear over this time period. For subsequent samplings, headspace gas
samples were taken at Ty and Tsp only. As with the laboratory study,
N>O samples (12 mL} were collected and stored in pre-evacuated
glass vials (6 mL) containing a rubber septum. Samples were analysed
as described above. Hourly fluxes were calculated {rom the increase in
chamber concentration over 60 min. Sampling occurred twice weekly
for the first 6 weeks, then weekly until background N,0 levels were
reached. Hourly N,O fluxes were calculated for each plot from the in-
crease in headspace concentration during the hour. The hourly fluxes
were integrated to estimate daily emissions and total emission over
the study period. The emission factor for urine (designated EF; by the
Intergovernmental Panel for Climate Change) was calculated for each
treatment according to the IPCC methodology, as described in the fol-
lowing equation:

N0 total {treatment)—N; O total {control)

~ UrineN applied + hydrolysis product N applied 160

EF;

2.24. N transformation measurement

On the same day as gas sampling, soil samples were taken from each
adjacent plot (75 mm x 25 mm cores; 3 cores bulked) for soil mineral
N and soil moisture determination. The core holes were sealed with PVC
tubes immediately following sampling in order to minimise the effects
of soil aeration. On the same day as collection, soil samples were returned
to the laboratory, sieved to 4 mm and homogenised prior to analysis of
NHi -N, NO»~ + NO3 -N and moisture content as described above.

2.3. Statistical analysis
All data was log transformed prior to analysis to achieve a normal

distribution. One-way ANOVA was carried out on the % of applied N
emitted as N0 (lab incubation)} or EF; (field study), total emissions
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and microbial community data to determine the significance of the dif-
ference between treatments. For daily N,O {lux and mineral N compar-
isons, significance was determined by a Duncan pair-wise test which
allows for multiple comparisons. All analyses were carried out using
the ‘r’" statistical package (Version 3.3.2; R Core Team, 2016).

3. Results
3.1. Experiment 1 - laboratory incubation

3.1.1. Gas flux and % of applied N emitted as N,O

All treatments, including the Control, showed an initial high N>O flux
immediately following treatment application. Subsequently, for all indi-
vidual GLS hydrolysis product treatments and Urea Only, peak N>O
fluxes were ohserved 7 days following application of urea (Fig. 1}. For
the Combination treatment, however, peak N2O emissions occurred
13 days following urea application. In general, addition of hydrolysis
products decreased NoO fluxes but the differences were not always sta-
tistically significant. Ph-ITC at the 60 ug g~ ! rate had a significantly
lower (p < 0.001} peak N,0 flux than the Urea Only treatment for all
sampling days. The Combination treatment (both 30 and 60 ug g~ !
rates) also had significantly lower (p < 0.001} N»O flux than Urea Only
for the first 3 days of measurement. No other treatments had a signifi-
cant effect on N,O flux.

Relative to the Urea Only treatment (0.95 ug N,O-N g~ ! soil), total
N>O emissions in the initial 20 days post urea application were signifi-
cantly lower (p < 0.001) for the Ph-ITC treatments, both 30 and 60
g g~ ! rates (0.54 and 0.29 pg N>O-N g~ ! soil, respectively), and initially
for the Combination treatment 30 ug rate {0.55 pg N.O-N g~ ' soil)
(Table 5). However, this effect subsided with time and only Ph-ITC (30
ug g~ ! soil) had significantly lower total emissions (0.74 ug N,O-
N g~ ! soil) than the Urea Only over the full 40 days (1.3 ug N,O-
N g~ ! soil). The N,O loss as % of applied N was significantly reduced,
compared to Urea Only, by 48% (Ph-ITC 30 pg), 78% (Ph-ITC 60 ug)
and by 49% (Combination 30 pg} at 20 days post urea application (p <
0.001). Similar to total N,O emissions, this effect was reduced by day
40 and only Ph-ITC (60 pg) showed a significant reduction (51% reduc-
tion; p = 0.01).

For all treatments, soil respiration increased compared with the con-
trol and €O, flux peaked (0.019-0.032 pg C g ! soil hour™!)
immediately following treatment addition (data not shown}. However,
respiration dropped to that of the control soils (0.005 ug Cg ! soilhour— )
by day 2 and remained no different from the control until the end of the
measurement period. Ph-ITC, PI-ITC, Pt-NIT and Combination had signifi-
cantly higher (p < 0.001} CO, flux than the Urea Only treatment immedi-
ately following treatment addition. No significant difference was
measured between any treatments following day zero.

3.1.2. N transformations

Soil NH -N peak was observed 1 day following application of urea in
all treatments except Ph-ITC where NHZ -N peak was observed on day 7
{Fig. 2). From Day 5, soil NH -N concentration was significantly higher
in the Ph-ITC, PI-ITC, Pp-ITC and Combination treatments, both rates for
all, than in the urea only treatment. Soil NO3 -N peak was observed
27 days following urea application in all treatments and was highest
in the Urea Only treatment (671 ug N g~ soil; Fig. 3). Soil NO5 -N con-
centration was significantly reduced (p < 0.001) relative to Urea Only
until day 13 in the PI-ITC and Pp-ITC treatments (30 and 60 ug) and
until day 20 in the Ph-ITC and Combination treatments (30 and 60
Hg). Beyond day 20 there was no significant difference between treat-
ments. Pp-NIT and Pt-NIT had no detectable effect on soil NHZ -N or
NO3 N concentration.

3.1.3. Microbial cormmunity
In comparison to the control, there was no effect of any treatments,
including Urea Only, on the 165 rRNA gene copy numbers on all the days



374

S.F Balvert et al. [ Seience of the Totad Environment 603-604 (2017) 370-380

0.008 0.008
= —&— Control {Nil N} —8— Control (Nil N}
v“_ —C— Urea only —O— Urea only
2 —¥— Urea + Ph-ITC (30 ng) —¥— Urea + PIITC (30 pg)
2 oo0s —&— Urea + Ph-ITC (60 pg) 0.006 —&— Urea + PI-TC (60 ug)
2 O
i=
z I I
A 0004 0.004 l
] o
=
‘g)’ o i
=4 7
= )
L 0002 QBFT | A 0.002
Q
s 1 ‘ TS~
RlA A 1 — A
M ] 'E
0.000 b 0.000
0.008 0.008
—&— Conlrol (Nil N) o ﬁ?;;?nf;q I
—C— Urea only 4 =¥— Urea + Pp-ITC (30 pg)
0.008 —¥— Urea + Pp-NIT (30ug) 0.006 - —&— Urea + Pp-ITC (60 ug)
& Urea + Pp-NIT (60 ug)

0.004

0.002

N,O Flux (ng N,O-N g soil hour”)

0.004

0.002

0.000 0.000
0.012 0.008
o —@— Control (Nil N} e S?E";'ﬁlnf;' LK)
= _O_—v— 3& gng-wrr (30 pg) 0.006 1 —¥— Urea + Combination {30 ug)
5 Urea + PLNIT (50 ) 8 —%— Urea + Combination (60 ng)
£ 0008
©
W
IU'J 1
> 0008 0.004 4
O\N b
= E
o 0.004
5 0.002 4
& J
o o002
&
z
0.000 + 0.000 + T T T ¥

Days since treatment applied

20 30 40

Days since treatment applied

Fig. 1. Nitrous oxide [luxes [rom incubated soils [ollowing application of urea and one of five glucosinolate hydrolysis products: phenylethyl isothiocyznate [Ph-ITC), 4 pent-1-yl
isothiocyanate {FI-ITC), 2 propenyl nitrile {FPp-NIT), 2 propenyl isothiocyanate (Pp-ITC), and 4 pentene nitrile {Pt-NIT). Error bars represent the standard error of the mean {n = &).

Note different scales on the Y axis for Pt-NIT.

measured {data not presented). AOB gene copy numbers increased fol-
lowing the addition of urea, with an average increase of 8.9 x 10° great-
er than the Control for the 3 time points measured. For days 1 and 9,
there was a general reduction in AOB abundance in the hydrolysis prod-
uct treatments relative to Urea Only. However, this was statistically sig-
nificant for PI-I'TC and on day 1 only (p < 0.02). No difference in AOB
abundance was observed between Urea Only and any of the hydrolysis
product treatments on Day 27.

3.2. Experiment 2 - field plot study

3.2.1. Climate

Heavy rainfall (average 12 mm day~ ' over first 10 days) occurred
immediately following treatment application {Fig. 4) and rainfall for
the first month after treatments were applied was much higher than
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the 45 year average (144 mm vs 119 mm, data not presented). Soil
water filled pore space (WFPS) was relatively stable for both soils and
remained between 60% and 75% until day 50 of the trial. The Te Kowhai
soil reduced to 55% over the last 10 days due to decreased rainfall. Soil
temperature fluctuated between 5 and 15 °C in both soil types.

3.2,2, Gas flux and emission factor

As with the laboratory incubation, all treatments {including the Con-
trol) on both soils showed an initial high N»0 flux immediately follow-
ing treatment application {data not presented). Both soils also showed 2
main peaks in N2O flux following urine application. These occurred on
days 5 and 17 from the Horotiu soil and days 20 and 31 from the Te
Kowhai soil. N,O fluxes from the Te Kowhai soil were generally higher
than those from the Horotiu soil. The largest NO flux from the Te
Kowhai soil reached 54 g N;O-N ha— " day ' on day 20 whereas that
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Laboratory incubation results: Total N2O emissions and percent of applied N emitted as N0 for the periods of 20 and 4C days, as affected by application of urea and one of five glucosinolate
hydrolysis products: phenylethyl isothiocyanate (Ph-ITC), 4 pent-1-yl isothiocyanate (PI-ITC), 2 propenyl nitrile (Pp-NIT), 2 propenyl isothiocyanate (Pp-ITC), and 4 pentene nitrile (Pt-
NIT). Significant differences between Urea Only and hydrolysis product treatments are identified with their p values (n = 6).

Total emission (Lg NoO-N g~ soil)

% of applied N emitted as N0

Today 20 p To day 40 p To day 20 Reduction by hyd. product (%) p Today4C Reduction by hyd. product (%) p
Control (Nil N} G.10 0.1
Urea Only 0.95 131 0.14 0.19
Urea + Ph-ITC (30 pg) 054 <0.001 1.08 NS 0.07 48 =0.001 0.15 21 NS
Urea + Ph-ITC (60 pg) 0.29 =0.001 0.74 =0.001 0.03 78 =0.001 0.09 51 0.01
Urea + PLITC (30 pg) 0.62 NS 1.04 NS 0.09 39 NS 0.14 25 NS
Urea + PIITC (G0 pg) 0.62 NS 1.17 NS 0.03 40 NS 0.16 14 NS
Urea + Pp-NIT (30 ug) .77 NS 1.13 NS 011 22 NS 0.16 17 NS
Urea + Pp-NIT (60 ug) 0.77 NS 1.13 NS 0.11 23 NS 0.15 18 NS
Urea + Pp-ITC (30 pg) 0.88 NS 133 NS 0.13 9 NS 0.19 ¢ NS
Urea + Pp-ITC (60 pg) 072 NS 125 NS 0.10 28 NS 0.17 7 NS
Urea + Pt-NIT (30 pg) .85 NS 1.24 NS 0.12 13 NS 0.17 8 NS
Urea + Pt-NIT (60 pg) 1.29 NS 1.78 <0.001 0.20 —38 NS 0.26 —38 NS
Urea + Combination (30 pg) .55 <0.001 1.24 NS 0.07 49 <0001 0.17 10 NS
Urea + Combination (60 pg) .67 NS 1.60 NS 0.03 38 NS 0.22 —-17 NS

from the Horotiu soil only reached 12 ¢ NoO-N ha—'day~! on Day 17
(excluding the initial peak). In the Horotiu soil, N,O fluxes returned to
background levels approximately 40 days following treatment applica-
tion. Those for the Te Kowhai soil returned to background much later at
approximately 60 days following treatment application. No hydrolysis
product treatments had any significant impact on daily NoO fluxes com-
pared to the Urine Only treatment for either soil.

In both soils, no significant reduction in total NoO emissions over the
measurement period, or emission factor, was observed as a result of the
addition of the inhibitors. Surprisingly this included the treatment of the
benchmark inhibitor DCD (Table 6).

3.2.3. N transformations

Results showed no significant response of soil NHF -N or soil NO3 -N
to any of the hydrolysis products relative to the Urine Only treatment in
either soil {data not shown). Soil NH{ -N was high immediately follow-
ing application of urine in both soil types and in all treatments. Soil
NO3 -N peak was significantly delayed in treatments containing hydro-
lysis products. For the Urine Only treatment, soil NO3 -N peak was ob-
served at 13 and 16 days following urine application in the Horotiu
and Te Kowhali soils respectively. NO3 -N peak was observed on day
26 1in all treatments containing hydrolysis products and on both soil

types.

4. Discussion
4.1. Evidence for inhibition of nitrification

The hypothesis tested was that GLS hydrolysis products would delay
nitrification and hence reduce N,O emissions through alack of NO3 asa
substrate for N,O production. In this laboratory study, nitrification and
N>O emissions were generally lower when hydrolysis products were
added but not for all products at the test rates. This supports observa-
tions by Bending and Lincoln (2000} who also measured reduced nitri-
fication rates following addition of GLS hydrolysis compounds. N>O
fluxes increased immediately following N application and N,O flux
had peaked and returned to background levels within 6 weeks. This is
in agreement with a number of other studies which also show elevated
N0 flux which subsides over time following application of a high rate of
N. (e.g. Di et al, 2010; Ledgard et al., 2014; Luo et al., 2008; Rochette
et al., 2014). The rate of GLS hydrolysis product applied did not signifi-
cantly influence the results, so the effects of hydrolysis products are
discussed irrespective of rate used.

The addition of Ph-ITC and the Combination treatment reduced the
size of the N,O peak and total N,O emissions resulting from the addition
of N. The Combination treatment also delayed the onset of the peak of
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N,O flux. This reduction in the size of the N>0 peak was similar to the
response of N»,O flux following addition of synthetic nitrification inhib-
itors such as DCD (e.g. Bell et al., 2015; Di et al., 2010; Luo et al,, 2015a).
N,O emissions following addition of PI-ITC and Pp-NIT were also re-
duced but this reduction was not significant. The addition of Pp-ITC
and Pt-NIT, however, resulted in an increase in either the height or du-
ration of the N,O peak (Pt-NIT significant only).

The soil N transformation data also provided evidence some of the
GLS hydrolysis compounds inhibited or delayed nitrification. A success-
ful nitrification inhibitor would result in more NHZ -N and less NO3-N
in the soil as the inhibitor slowed the conversion of NH7 to NO3 and
NO3 (Amberger, 1989). Three out of the five GLS hydrolysis products
tested, as well as the Combination treatment, showed significantly
higher soil NH -N concentration and corresponding lower NO3-N con-
centration, in comparison to the Urea Only treatment on all sampling
days. Pt-NIT, which showed greater N,O production than Urea Only,
did not show correspondingly higher soil NO3 -N. The reason for this
is not clear. GLS hydrolysis products may also be inhibiting ancther
pathway in N0 formation.

Other evidence for the effectiveness of some GLS products on
inhibiting nitrification was changes in populations of AOB. AOB abun-
dance, which increased following addition of urea N, was generally
lower when GLS hydrolysis products were added, suggesting that nitri-
fication inhibition had occurred. Bending and Lincoln (2000} also dem-
onstrated inhibition of nitrifying bacteria by two GLS derived ITCs.
However, this relationship is not straight forward as Ph-ITC, which
showed lower soil NO5 -N and lower N2O emissions, did not have signif-
icantly lower AOB gene abundance. In contrast, PI-ITC reduced AOB
gene abundance but not N2O emissions.

While there was good evidence that some of these products (e.g. Ph-
ITC and PI-ITC} inhibit nitrification and reduce N,O emissions, the ob-
served reduction of efficacy suggests the effect of hydrolysis products
on N,0 production is short-lived. By the end of the trial only Ph-ITC
showed a significant reduction (51%) in total N,O emissions and % of ap-
plied N emitted as N>O-N. Differences in volatility of each GLS hydrolysis
product may alter efficacy as losses to the atmosphere will determine
the length of time GLS products will inhibit nitrifying organisms.
Choesin and Boerner (1991} demonstrated that many GLS hydrolysis
products have high volatilisation losses after application to soil. Addi-
tionally, Rumberger and Marschner (2003} found that ITCs are rapidly
degraded in soil with only traces remaining 44 h after application. If
suitable GLSs are identified for inhibiting N.O emissions then multiple
applications may be necessary for effective long term inhibition of
N-O emission. Multiple applications through the year have also been
suggested for other nitrification inhibitors to achieve maximum impact
(Ledgard et al., 2014). Additionally, the incubations in this study were
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pent-1-yl isothiocyanate { PI-ITC), 2 propenyl nilrile [Pp-NIT), 2 propenyl isothiocyanate [Pp-[TC), and 4 pentene nitrile (P-NIT). Error bars represent the standard errorof the mean (n = ).

conducted at 20 °C which is relatively high and might encourage in-
creased microbial degradation of the hydrolysis products decreasing
their efficiency at inhibiting N2O production. Other compounds such
as DCD and 3.4-dimethylpyrazol phosphate (DMPP) are also short-
lived at higher incubation temperatures {Prasad & Power, 1995). Higher
concentrations of hydrolysis product may result in a longer lasting inhi-
bition, although we found no additional reduction with increased rates
of application (30 pg g ' soil versus 60 pg g ' soil).

The apparent recovery of the AOB community after day 9 also sup-
ported the idea that the inhibitive effect of some of the hydrolysis prod-
ucts was short lived and multiple applications may be required to be
effective in cumulative reductions in N»O losses, Additionally, nitrate
concentration was significantly lower up until day 13 for PI-ITC and
Pp-NIT treatments and until day 20 for Ph-ITC and Combination treat-
ments. This further indicated that the impact GLS hydrolysis products
had on scil N transformations had dissipated by this time.

The differing levels of inhibition of N,0 and NO3 production sug-
gested that although GLS hydrolysis products impacted on soil nitrogen
processes, the effect was not consistent. The amount of N added with
the hydrolysis products only accounted for 0.9-1.8% (at the 60 ng
rate) of the total N applied and so this additional N was unlikely to
cause differences in N,O emission. Calculations for determining any re-
duction based on the % of applied N that was emitted as N2O-N also
accounted for the differences in N contents of the hydrolysis products.
These differences in N2O inhibition were more likely due to the nature
of GLSs themselves. GLSs consist of a side chain (designated R) that dis-
tinguishes one GLS from another. The hydrolysis products of a particular
GLS will contain the same R chain as the parent GLS. More than 100 dif-
ferent GLSs have been identified (Brown & Morra, 1997; Fahey et al,,
2001) and a range of hydrolysis products with differing R chain struc-
tures were chosen for this study to cover a broad range of hydrolysis
products and their likely chemistry. Based on our results, it was possible
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that the aromatic structure of Ph-1TC may contribute to its efficacy
{Fahey et al., 2001). Understanding the mechanisms by which different
R chains of hydrolysis products inhibit microbial processes would allow
better targeting of useful inhibitors,

GLS are found in brassica tissues and are hydrolysed upon break-
down of tissues. There are many studies that have demonstrated the
toxic effects of brassica tissues on soil microfauna when incorporated
into soil (Kirkegaard & Sarwar, 1998; Ryan et al., 2006) which have
been attributed to the GLS hydrolysis products and their capacity to
alter enzyme structure and inhibit metabolic processes (Kawakishi &
Kaneko, 1987]. This general inhibition of soil processes has led GLS hy-
drolysis products to be considered as general biocides. Bending and
Lincoln {2000), however, demonstrated that GLS hydrolysis products
could specifically inhibit nitrifying organisms rather than acting as a
general biocide, Our 165 rRNA data, and lack of change in soil respiration
data, do not support the hypothesis that GLS and their hydrolysis
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products are general biocides. If GLS hydrolysis products were general
biocides we would expect a large flush of CO, relative to the Urea
Only treatment caused by decomposition of soil microbes. The increase
in CO; in the treatments containing hydrolysis products that was ob-
served in this study is relatively small and likely due to the additional
carbon added with the hydrolysis products.

4.2, Field evaluation

Although the GLS hydrolysis products selected were identified in the
lab study as inhibitors of N,O production, they did not demonstrate any
inhibition in this field study. There are many environmental and exper-
imental factors that mean field efficacy is difficult to demonstrate, par-
ticularly with only a single season’s data. DCD which was used as a
benchmark inhibitor also did not inhibit N2O emissions, which is in con-
trast to a wide range of reports of DCD efficacy in the field {de Klein
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etal,, 2011), However, there have been studies demonstrating that DCD
can be much less effective under warm and wet conditions (Kelliher
et al., 2008; Shepherd et al, 2014) as occurred in this field trial.

Total N,O emissions from the Horotiu soil were much lower than
from the Te Kowhai soil, which was expected as urine applied to free

Table 6

Field study resulis: Total NoO emissions and ennssion [zctors (EFy) as allected by applica-
tion of urea and glucosinolate hydrolysis products (Ph-ITC, PITC, Pp-NIT). Least signifi-
cant differences {LSD; 5%) are presented {n = 5).

Total emission Emission EF; reduction by hyd.
(Mg N,O-Ng T soil] lactor product (%)

(EFs)
Harotiu
Control .01
Urine Only 0.19 0.029
Urine + Ph-ITC 0.15 0022 24
Urine + PI-ITC 0.18 0.027 6
Urine + Pp-NIT 0.10 0.015 49
Urine + Combination 120 0.22 0033 —14
Urine + Combination 60 0.11 0016 45
Urine + DCD 015 0.023 21
LSD 0.09 0.015
Te Kowhai
Control 0.04
Urine Only 0.57 0.088
Urine + Ph-ITC 0.72 0.113 —29
Urine + PI-ITC 0.52 0079 10
Urine + Pp-NIT 0.64 0.100 —12
Urine + Combination 120 0.70 Q.108 —22
Urine 4+ Combination 60 (.64 0.100 —13
Urine + DCD 0.33 0.049 45
LSD 0.40 Q.07
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draining soils generally result in lower N,O emissions than from urine
applied to poorly draining seils {de Klein et al,, 2003). The N,O flux pat-
tern was erratic, particularly from the Te Kowhai soil, with multiple
peals which might be attributed to fluctuating soil moisture status,
but this seems unlikely as soil moisture for both soils remained relative-
Iy stable throughout. Very heavy rain occurred immediately after treat-
ment application and there was consistent rain throughout the trial.
Generally, higher N,O emissions are expected from urine applied to
continuously wet soils due to lower oxygen levels that enhance denitri-
fication (Saggar et al., 2004), however, very low emissions were ob-
served in this study. High N,O emissions were potentially not
observed here as the high rainfall shortly following treatment applica-
tion may have moved the majority of the NG7 -N to the subsoil where
it was spatially separated from the denitrifying microbes in the topsoil
responsible for N0 production {Luo et al,, 1298). The wet conditions
may also have resulted in complete denitrification and loss of N as N,.
Although we did not measure any effect of individual GLS hydrolysis
products on N>O emissions or nitrification in the field, previous studies
have reported inhibition of nitrification and/or accumulation of NHF -N
in situ by brassica crops which they have attributed to GLSs and their
hydrolysis products {Brown & Morra, 2009; Kirkegaard et al., 1999;
Ryan et al., 2006). Potentially, we did not measure nitrification inhibi-
tion because generally examples of biological nitrification inhibition
are likely associated with plant tissues that are composed of a combina-
tion of nitrification inhibitors {or the full complement of GLS hydrolysis
products). These inhibitors may all have different modes of inhibitory
effect on enzymatic pathways of nitrifying bacteria and instead syner-
gistically inhibit the nitrification process {Subbarao et al., 2015). [n
their laboratory study, Bending and Lincoln (2000) reported different
levels of nitrification inhibition when different combinations of GLS hy-
drolysis products were used. They suggested the greater nitrification
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inhibition was a result of the different hydrolysis products acting on dif-
ferent metabolic processes. The laboratory study did not show increased
inhibition from the Combination treatment so these synergistic re-
sponses may rely on specific combinations. In a field study, Luo et al.
(2015b) observed reduced N,O emissions from urine of sheep fed on a
brassica crop compared to urine from sheep fed ryegrass. As brassicas
contain a wide range of GLS compounds, the urine from animals fed
on brassicas will likely contain several hydrolysis products. Their obser-
vations may be a result of the combined effect of the different GLS hy-
drolysis products which assists our understanding of the differences
between these results and ours.

5. Conclusions

Overall, this study provided evidence that addition of some GLS hy-
drolysis products reduced nitrification as soil NO5 -N, nitrifying bacteria
and N0 emissions were all reduced. The mechanisms behind this, how-
ever, were not fully understood. Where inhibition occurred, the results
suggested the impact was short lived and may require multiple applica-
tions of GLS hydrolysis products to achieve a meaningful reduction in
N, 0 emissions. There was evidence that GLS hydrolysis products with
different R groups did not inhibit soil nitrogen processes to the same de-
gree. Additionally, it is possible that certain GLS hydrolysis products
act synergistically as they inhibit different enzymatic pathways.
This requires further investigation. This study only examined 3 GLS
hydrolysis products, and additional compounds could be tested to
determine whether they might be utilised for reducing N,O emis-
sions from urine affected soil. Demonstrating effectiveness of GLS
hydrolysis products as nitrification inhibitors in the field remained
a challenge and deserves further investigation, particularly over
multiple seasons.
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Chapter 4

Can incorporating brassica tissues into soil
reduce nitrification rates and nitrous oxide

emissions?

This chapter has been submitted to an international peer-reviewed journal and is

presented in this thesis in manuscript format:

Please refer to Appendix B for the contribution of each of the authors.
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Can Incorporating Brassica Tissues into Soil Reduce Nitrification
Rates and Nitrous Oxide Emissions?

5. F.Balvert,* ). Luo, and L. A. Schipper

ITH the Frowing E]u‘ul population and improving

Abstract standards of living, there is 2 demand for increased
Mew Zealand agriculture is composed predominantly of pastoral food production. Concomitantly, there i a need o
grazindg systems; however, forage crops have been increasingly mitigate the environmental costs of this incrased production,

used to supplement the diet of grazng animals. Excreta from
grazing anirnals has been identified as a main contributar of B0
emissions. Some forage crops, such as brassicas |Brassica spp.),

such as agreultural greenhowse gas (GHG) emisions (Smith,
2013). In Mew Zealand, pastoral =.g;ri|:u|.turt comtributes ~~5%

contain secondary metabolites that have been identified 1o ul-gn.ub dosmestic Fﬂ:ldu:t and 48% of the country's otal GHG
inhibit sail M eycling processes, and nitrification in pamicular. Ouwr inventory, and soil-derived N0 emissdons makes up 11% of
abjective was W0 determine | secondary metabolites released total GHG emissions (Ministry for the Environment, 2015).
E:::Hb;:::uhmmm Imf:JL;T;m ::sdarm‘;‘;:;: Mitrows oxlde 15 a Fﬂ:ticu]ad}' potent GHG, ha\-ing a ELJLHI
& large amount of urea N (such as derived from uring patches warming potential 265 s 298 times that of CO, (Myhre et al,
deposited during grazingl. Three brassica tisswes (kale |8nassica 2003), and it alis plays 2 role in srarospheric ozone depletion
oléracea L), turnip [Brassica rapa L) bulb, and turnip leaf and (Ravishankara et al, 2009). Identifving approaches thar decrease
stern) and ryegrass (Lodium perenne L) tissue wene incorporated MO emissions from pastoral agriculoure is cssential for reducing
inte soil with and without urea salwtion, and MO NO, -, and NH_* Mew Tealand’s natiaaal GHOG emdstiond.

were mepsured during & 52-d incubation. All brassica tissues

reduced ures-derived M0 emistions relative 1o ryegrads tisses In grazed pastoral agriculure, the main source of N O pro-

when inconporated into soil. According o the mineral N and duction is urine patches, ""_I""-"-"‘ N.O is produced during the
rricrabial commanity data, this reduction, however, could not be hiulugi.cﬂ transformation of urinary M i sedl, in F.:rt:l.'uJar the
attributed 1o i"'l_"iﬁlh:'“ of niﬁ"ﬁulhh- Althaugh there ""'_“ less sodl microbial processes related to nitrification and denitrifica-
M,0 from urea in the brassica treatments, twtal N0 emissions tion [Butterbach-Bahl et al., 20013; van Grroenigen et al, 2015).

inereased after inconparation of all tikswee residues into soil, s this

tradeafi rmust be explored if brassica tissues are 1o be considersd -
&s & ool for MO reduction. where 70 o 95% of ingessed N is cxcreted (Oenema et al.,

2005), a urine Fltl.'l'i delivers a very higl\ rate of N to the soil
[1\1—:15!: =613 L’..E M ha™), which is well abave plant require-

Due to the ineficient wse u!-rli.cta.r:r N I:}' grazing ruminants,

Core ldeas ments (Selbie et al., 2015). The high N concentration in urine
+ Brassicas have been postulated 1o inhibit nitrification and N0 patches abio leads to NO - leaching losses that can conrib-
EridLions. ute o indirect MO emissions {Butterbach-Bahl ce al., 2013;
= Incorporating brassica tisues into soil reduced NJO emissions Fowler e al, 2013).

from added wea.

= There was no evidence that tissue il'lcﬂfpl'.'lrﬂ'[iﬂﬂ inhibited

nitrification.

= However, addition of ryegrass and bradsica tissees inoneased

natal H}Dﬁ‘ﬂ'li'iiiﬂl'li.. v . o

« N0 emission tradealfs between tissue inputs and inhibition from pastoral agriculture (IPCC, 2014). This focus is becanse

need o be explored. nitrification has been estimated to indircetly contribute up o
B0% of wil NO cmisdons (Hu et al., 2005) through the los
of N:D rluang the conversion of the nitrification intl.'rm:di::}'
NHA'GIH. the denitrification u!-Nﬂz' by nitrificrs, and more sig-
nJEuntJ}', due to the provision u"-N'D_I' a5 a substrage for dlassieal

Inhibitors of sodl inorgamic N trandormations have been
c::.tcnsi'l.'l.'l}- researched, with nitrification inhibivors in particular
identified 1.7:‘- the Intl:rgummm:nti] Panel for Climate Cl‘li.ngc
[IPCC) as a significant opportunity for reducing N O loss

Cogryrighn £ Amarican Socety of Agronomy, Crop Science Socety of Amarica, and SF. Babsert and | Luo, AgRessarch Limied, Ruakusa Research Conre, Private Bag
Soil Science Society of America 5585 Guilioed Rd, Madison, W1 53711 LisA. 3123, Hamiliton 3240, Move Zealand; 5 F. Babeert and LA Schipper, Univ. of Walkato,
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denitrification (Firestone and Davidson, 1989; Wrage et al,
2005; Burterbach-Bahl et al., 2003; Saggar er al, 2013).

The majority of nitrification inhibitor studies have examined
synthetic, organic compounds such as dicyandiamide (DCDY)
and 3,"‘-1]i.r.|‘il:l'.l'l]‘|.|:l}'l’.ll:l.‘lll: plﬂuuplut: [ and Cameron, 2011;
Li et al.. 2004 Bameze et al., 2005). The DCD compound, for
|::|:=.|.'|'.||_:r||:r was shown bo be effective at n:dun:ing MO emissions 1.1:(
an averageof 57% (de Kleinetal . 2001 D and Cameron, 2011).
Huwever, there is now an interest in EL‘IJI]I.HE num:fn'rhcti.-c inhiba-
pors, Somme Flmb have been shown to I'I.I'tI.I.Ii.II.}' inhibit nitreifica-
tion wia the pl:u-ilu-:tiu-n ul:.:l:n:und.ar}- metabaolives [Subbaraoetal,
2015). This is termed biological nitrification inhibition (BNI),
and there are many documented examples, particulacly among
tropical grasses (Subbarao et al, 2007). Nitrification is generally
irnhibited |:|].' the exudation of u:tuml.lrr metabolites from roos
(Subbarao et al, 2015). However, du:ngc in M transtormation
rates have also been observed afver in:ml:mﬁlim ufl:mp trsues
irto soil; for example, brassica (Bresacs spp.) crops (Brown and
Morra, 2009; Reardon et al., 2013). Furthermore, many studies
kave n:purl:cd l'ligh:r resichual sodl mineral W concenerarions fal-
l-urwing brassica Crops cu.mp:.n:d. with those l'-u"uring ather Crops
such as wheat | Trirfcmn aestivnm L) (Kirkegaard e al. 199%
Ryan et al, 2008; O'Sullivan ex al., 20016}, which also SUgREsT
the pul:l:ntL:I for these F-l:.nu tor alter nitrthcation and denitr-
fication rates. This inhibition 1.1:( brassicas has been artribured
to the hydrolysis products (HPs) of the secondary metabolives
called glucosinelates (GLSs), which are present in brassica tis-
sues (Blakevid exal, 2017). Upen tissue Ji:nlpl'.im. GLSs come
ineo contact with the CIEYINE MYTosinase and are I\}ldrul}'ud to
i:ulhiun:}lm:l!l:ﬁ. 'rJ.1.i|.1|::|l=.n=I|.-s. and nitriles (Collert et al, 2014).
Bending and Lincaln {2000) demonstrated the speeific inhibi-
tion of il ni.trii'-:fing bacteria 1.1:( these GLE HIs, in-lli.c:].ing that
nitrification in particular may be inhibited. Babvert eral. (2017)
also demonstrated chat some pure GLS HPs could inhibic nite-
fication in vitro (e.g., phenylethyl isothiocyanate and 2-propenyl
rl.itril.c:l: l'luwtm, these effects were not evident in Geld erials.

M‘I‘J.'IUHE]‘] conststent observation af BN @ sall l:.cki.ng, the
inclusion IJFP.I.“J.II.'I.'S and Fur:.g:: that exhibic BINI Pul:r_nu':.l in
F::Eum] :Eri:uJEur.lJ aystoms 1% I:-l:ing comstdered as a useful poal
for reducing N0 emissions (D4 e al, 2016 Gardiner et al,
2016; Balvere and Lue, 20017; Luo ek al, 2018). In Mew Zealand
p:l:l!un] :.grii:ultun:. diverse pastures and I-ur:.gn are also IH:iI'IE
Lnn:l'::.:i.ngj}' used for additional benefies such as er.ghl: toler-
ance or to meet feed deficits in winter or summer iI-LJuE:ndmm
et al, 2016). Brassica crops arc one such common example.
Demonstrating whether MOy emissions are recuced |:|:|r the use
of these Fun.gl: n :gri:ull:un.l SyStems will allow for beteer farm
management decisions with pun:nli:] dual benehits of increased
Feorond Frur.‘l'l.n:rjun and decreased N:.D o,

Brassica crops arc generally break fied daily, and seocking den-
{EY My b 'n:r].l'll.gh whcngruhgm{'ﬂtﬂ—'émmw:h:";
Munzgl\m etal, 200 3). To date, seudies of BN have focused on
root exudates (Zakir e al, 2008; Subbarao et al, 2009, 2013);
l'luwntr.llluring grazing, Ja.magtd Fla.nl'.uun be I'.nmpln.l o satl
FEpresenting an alternative Pﬂlh'w:}- for ingsts of GLS HPs inem
seril. There have been v:rfﬁ.‘wpu]:h:l‘rcd studies on brassica I'.l.'lﬁ.EI:
crap resbdues ar Waskge [Bastiman and Slade, 1978; Gowers and
Armatrong, 1994), and none investigating 2 curnent Mew Zealand
system, yet crop residue or wastage may represent a significant

iput of BN A.d.i.litim:ll:f:. INCOEPOraLing brasica rops d.irtl:l'l}'
it sl % 34 grecn manune m:.].'.l]:au pmvidl::.l:i.ujugi.nl LFthfur
i.|'||l'|.i|:|i.ti.r|g nierification and N,O prm.‘lu.n:tim.

As mentioned above, previous studies have i.nmrjplnl the
impact of brassica aupﬂmwiJNcrtanngercgmd ceal, 1999
Velthof et al., 2002; Ryan et al.. 2006; Brown and Morra, 2009);
|.'|r.rwn-|:r, these were in l'l:l.ll'j'i'l.']}' Iuw-N-LnPut management sys-
tems and did not indlude grazing animals or urine P.I'tl:"l-l:h. Using
EJr.:,gt Crops to reduce N losses from Fa.slum] ErAZIng Systems
FEqQUInes an und:r:l::.ndin.g of how such crops affect N1D emis-
sons. Therefore, the objective of this :I!u-ll:.r was to determine
whether the IACOTParation of brassica tssues reduced N:.D emis-
sions under high-h]-i.nput conditions. We ]'l:f'PIJI'.I'H:hiI:I:\III that
brassica tisues would reduce ninifiction aes and thus N.O
En:\uducti.un from a urine F:.tl:l'h. To test this hr‘puﬂnui:.. W Incu-
bated soil amended with three brassiea trsues and 2 urea solution
while MEasuring woil mineral N concentrations and NJ_D emis-
sans over Hme. We also measured arnmmL:-r.ui-lli:.:i.ng bactena
(AOB) population numbers to determine whether any differ-
eree in M eransformations was a result of nirification inhibison.
A treatment with ryggrass (Lol peresre L), the dominant
feed in New Zealand prastures, was also included for COMpPATon,

Materials and Methods

Experimental Setup

A Bruntwood slt beam sail [E}'Fit impl:dl:d :.llu]:ll'l.:.ni.c s
Hewitt, 1998) from under a mixed perennial ryegrass and whire
clover [ Trifodinnn repens L) pasture was collected (0-7.5 cm) for
an incubation sl.'ud].'. General milpmpcrrjn were pH 5.9, 0L6l%
potal M, 6.0% wotal C, and 17, 61, and 22% sand, slt, and :Ia.:r.
respectively. The collected soil was sieved (4 mm) and homog-
erized before I:H.'ing Fr:in.cl.ll::l:cd For 24 h vo allow the effeers of
sonil disturbance to subside. .ﬂj:rim:ul:i.tiun Wils 36T up BO permit
M0 Aux determinations. Modst sodl (140 g oven dry equivalent)
was welghed into preserving jars (1 L) and amended with one of
four Crop bssues {r}lcgrm and three brassica: kale [ Brasstca oferse-
e L., eurnip [ Breedes rapa L] beaf and stem, and tumip bulb),
with or without the addition of M. Soils witheut added crop tis-
sues [ with and without N} were also included as controls. The soil
Wik P.lﬂl:ri to achieve a soil bulk J:mi.t].' of 0.75 £ em”", which
was standardized seroas all trestments. This bulk dcmitf 1% sirmi-
lar o the bulk densdey of this soil in the feld (Singleton, 1991).
Each treatment was n.'p]il::l-:d four times. Urea was :pplinl asa
solution at 600 g N g soil to match concentrations expected
in a urine patch in the feld (Selbie et al., 2015). Freshly collected
Crop Hstnes were :F-pli:ri as a |:n.||.|:| ae (L008 g dr].' matter E" sl
ter achieve 20 pg GLS HIP ¢ soil (based on GLS content being
about 1% of dry matter in brassica tissues; Fahey e al., 2001),
and since Balvert et al. (2017) observed a reduction in M, O pro-
duction at this rae. Byegrass tissues were added at the same rir}.'
matter rake g i.FPmi.lﬂltl:I}' match both the N and C addition
of the brassica ereatments. Carbon and N concentrations of cach
Planl: are Fn:u:nl:cd i Table 1. The modsture content of the sotl in
the jars was .Ilju:l!nl o 5% of wa!l:r-l'lu]d.ing capacity [inelud-
I kst from the pJanI! tissues), and the jars were Fla.cnl
in a randomized block format in a constant temperatung room
(20 = 2"C). Betwren sampling, jars were covered with perfo-
rated Parafilm =J||.1'||.'i.r.|g normal gas -:::.d'ﬂ.n.gl: while minimizing
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Table 1. Carban, M, T/ ratio, and tissue C and N additions of each of the crop tissues used in the incubation trial.

Parameter Ryegrass Kale Tumnip leaf and stem Turnip bull:
C{%) 427 4} 6 WS ira

K (%) 350 1E) 484 224
oM 122 152 785 169
Tisswe C added [g g sail) 0.0034 00034 00031 00030
Tisswe M added fug g™ soil) 280 24 &7 1m
Urea M added ' sail G040 ] 600 GO0

cvaporative losses. Soil moture content was maintained Juri.n.g
the subsequent incubation by weghing the jars and then adding
dissilled water to n:PIl:nir.h anmy water leos.

A matching set of soils and treatments were established o
allow For measurement of mineral W teansformations. Madst sadl
(300 £ ovEn riq.- :l:'[ui\:lcnl:l Wik wu:igl'hcd Lrba pl::li:: Ing:, amnad
the same reatments as for the A MCGLSUICMCnLS wore i.FFI.iDII
These bags were also stored in a constant temperature room at
20°C. The Iza.g: were stored closed bue upcn:d r:gul:.rj}'tu allow
for gas exchange as per the jars, and sobl moisture was monitonsd
amad :.rijm‘t:ri LI'H.'IJI.I.EI'I e

Gas Flux Measurement

Mitrous oxide Auxes were measured 13 dmes over a 52-d incu-
bation period (1,2, 3,5, 7, 10, 13, 17, 21, 28, 36, 43, and 52 d after
treatment application). This time length was chosen because N0
s hased gr_nmll:r returned to b:.rlgmuml |:-} this time. Sa.mpling
Wk mAre fn:l.]u:nt ::.r]].' in the incubation o capture the inigial
flush. Gas pmd.l.l.ctkrn was measured 1.1:.' hﬂlxp:l.-nc accumulation
using a trace gas analyeer (TGA; Innova 14124-2, Lumasense
Technologics). Jars were sealed with gas-tight ids fitted with pores
and Teflon tubses for astachment to the TGA. Prior e entering the
TGA, nmp]r_'s were drwn IJ'JrUI.l.EI.'l 2 soda-lime fleer o minimiee
nterterenes I)]. CG The TGA cormected for interference from
water vapor and any remaining CO L The N D CEMnCEniraton in
the h::.dsp.::: was measured hﬂluwm.g 1k ul- accumulation {u:
samples taken at 0 and 50 min). Preliminary work demonstrated
that, at this soil to J'J:i.d:.]:!a.l:l: ratice, MO sccurmulation in the jar
was hnear over 1 h HuurJ].' Nkﬂ Huxes were calenlated for cach
jar using the increase in hl::.d:p:.:l: NID concentration. The IH.'rl.l.rI}-
Hures were integrated to estimate daily emissions, total emission,
and the percentage ul:-.lppli:d M emigted as M O-M aver the :Il.l.d.}'
Pl:riud_ The percentage uf:p]:“cd vrea W emitted a4 NO-N was
cabculated as follows:

LT 5 Y R ——

— Total NaOpes my
Lrea W

% Applisd urea N emdmed as N, 0 = [[LY]

where Total M Gn.-: —_— T the Nzﬂ emissions for sach crop
Elssune P|.1.u urea .:L‘i.l.'lll:lm and Togal N1 . the N (8]
emiscions for the Crop tissue unJ]. Thix =.|_:|-|'.l|.1.1:rJ'.| I'lIJ'AI:“:I.'
assumes that the C/N ratio of the plant + 600N amendment
does not influence NzU pmdul:r.iun.

For measurement of CD:. pmriul.-l'.iun, the jars were sealed
with gp:-l:igl.'lt lids containing a septum, and CO, was measured
after accumulation over 16 h (samples taken at 0 and 16 k).
Headspace samples (12 mL) were collected and stored over

presiurized in pre-cvacuated (0.1 kPa) glass vials (& mL). The
CO, concentration was determined using an infrared fas ana-
J].'l:l:r [IRGA, LI-COR LI-6262). Similar eo N:.D" CD1 fluaxes
were caloulated from the inerease in headspace CUI COMMCEnErL-
tian over the 16-h Eu:ri.uli

Nitrogen Transformations

On the same days as the gas measurements, the soils in the
incubation Inp Wi ::.rnpl.n.l for measurement of sad mineral
N, pH. and moisture. For MNH *-N and NO,;” + NO N, sonil
(3 g oven dry equivalent) was extracted with 2 M ECI (30 mL).
Sail pH was measured in water using a 1:2.5 ratio, and soil
motsture was determined |:|:|r OVEN dr].'ing a :uln:.mp]r of the
maotst sotl at 1057°C for 24 h. Concentrations ul:'NH'*—N and
NO” + NO -Min the KOl extracts were measured colar-
metrically widng a Skalar SAN segmented Sow analyeer (Skalar
Analytical) (Blakemore et al, 1987).

Microbial Community Quantification

Sotls from the soil 1.11&5- were also ::.mpllzri on Davs 5 and 21
E.ur..im..-fgmc abundance to determine whether InCOrporation
ul-cmp tigsnes decreased the abundance of ADB in the soils
Only AOB were enumerated, a5 D4 et al. (2009) demonstraved
that AQE, as opposed to ammoniz-oxidizing archaea, are largely
n::Pumi.l:l-: for ammonia sxidation in F:.\.‘tur:l soils and vunder
J'Jigh N loads. Soil umpl-::- were stored at —B0°C between col-
lection and DNA extraction. Tosal soil genomic DNA was
extracted wiing MoBio Powersoil DMNA isolation kits (MoBio
Laboratories, GeneWorks) according to the manufacturers
instructions. The pelymerase chain raetion (PCR) primer pair
amad 1Ffamot 2R was used wo .Il'I'JEI'Ii.III}' rEgLOns of the bacterial
amind gene (Romthavwe et al, 1997). Reactions (16 pL) con-
tained & pL SYBR Premix Ex Tag (Takara Bio), 0.4 pL of cach
primer (10 pM concentration), 1.5 pL DNA (diluted 1:10 0o
reduce potential PCR inhibition), and 5.7 pL Milli-Q warer.
Real-time quantitative PCR (qPCR) analysis was performed on
a Rotor-Gene 6000 (Corbett Life Science). Raw data analysis
Wk pcr!'-urn'h:d using Rotor-Crene G000 seres solfbweare versaon
2.1 (Qiagen, 2012). Melting curve analysis was performed after
each run to confirm PCR pmdu::t :pci:iﬁci.t}'. Standard curves
for qPCR analysis were developed by cloning ammad gene ampli-
eons into pGEM-T Easy vectors (Promega) and transforming
TOPI0 E colf { Therme FL!-I'H:[’:' Selected clones were incubated
U'l'El'L‘LIEl.'II inn Luria broth Jll.]l.uri miedinm, and the pJ::mul DA
Wk :lLI.‘E-Eﬁl‘HEELIJ}' extracted using a PurcLink 'l:,llilrl Plasmid
MiniPrep Kit (Thermo Fisher). Plasmid DNA concentration
was measured on a ManoDrap ND-1000 spcl:f.rupl'iu!mct:r
(ManoDrop Technologies), and a standard curve was subse-

qumtl.}- Ecru:nl:cd I:}- dilstion series.
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Data Analysis

Daily N,O flux and mineral N data were analyzed using
the mixed model smoothing program FLEXI (Upsdecll, 1994),
which allows for comparison of multiple curves. Both treat-
ment and time since treatment application were included as
both random and fixed effects. Spline curves were fitted againse
time since treatment application, which allows for repeat mea-
surc analysis. Analysis of variance, using the statistical software
package Genstat for Windows 18th edition (VSN International,
2015), was performed on the rotal emissions, the percentage of
applied urea N emitred as N,O dara, and the microbial commu-
nity data to determine the significance of the difference between
trearments. Microbial community data were log transformed
prior to analysis.

Results
Nitrous Oxide Flux and Total Emissions

All trearments excepr those receiving ryegrass tissues showed
a high N, O flux immediately after trearment addition, including
the treatrments thar did not receive any urea N (Fig. 1). For the
rycgrass treatments, peak N,O flux for both the ON and 600N
treatments occurred 2 and 7 d after plant addition, respectively.
The peaks from the ryegrass treatments were not as high as
those from the brassica trearments; however, the peaks from the
rycgrass trearments remained higher (p < 0.05) than the other

treatments for ~10 d in the ON trearments and for the entire
study period in the 600N treatments.

In the ON trearments, total N, O emissions ( Table 2) from turnip
bulb addition (4.19 ug N,O-N g’ soil) were higher (p < 0.05)
than from the other treatments (0.18- 261 pg N O-N g~ soil). In
the 600N trearments, tocal N O emissions from both tumip bulb
(5.70 g N,O-N g soil) and ryegrass (.99 pg N,O-N g** soil)
addition were higher (p < 0.001) than from the other trearments.
There was no difference in total N,O emissions between 600N
turnip bulb and 600N rycgrass trearments. All 600N trearments
that received plan tissues had higher (p < 0.05) oral N,O emissions
than the 600N no-plant trearment (133 g N,O-N g* soil).

Production of N, O from urca alone was determined by sub-
tracting the N,O derived from the added plant marerial (erear-
ment + ON) from N,O derived from both added plant and
urca N (trearment + 600N). The ryegrass treatment had both
the highest urea-derived emissions and the highest percentage
of applied urea N emitred as N,O (3.82 pg N O-N g soil and
0.64%, respectively: p < 0.05). The brassica trearments reduced
the percentage of applied N emitred as N,O by up to 62% rela-
tive to the rycgrass trearment.

Soil Respiration

Soil respiration increased immediately after trearment addi-
tion in all erearments thar received plane dssues (Fig. 2). Carbon
dioxide flux peaked (5.4-7.9 pg C g soil h™') within 3 d of
treatment addition and dropped near to thar of the control by

a) —o— NIPant+600N | =~ o] b)
—0— Kale + 800N [
=~ Im% g -W
} 01 —Q—Tum:wom 3‘ 5 f{
3 g P
§ 7‘4——’3’—9
% 001 ] 3
2
3  — 22
: A
§ os0t 3 . &
c) ~e— NI Plant + ON - &{ d)
7 1—K*0m’on 3
PSR —o— TumipBub +ON | = 5
E ~@— Turnip Leaf + ON S
2 eI 35— 3
1 g ¢
3 3
2; o L I
2 Pliistermam ==
& 0001 goﬁAA:%A‘e

10 20 a0 40 &80
Days since treatment applied

o 4

0 10 20 0 40 &0
Days smoce treatment applied

Fig. 1. Daily and cumulative N_O fluxes from incubated solls after addition of urea and plant tissue (ryegrass, kale, turnip bulb, or turnip leaf):
(@) N.O flux for treatments Mé\mug N g soll (600N); (b) cumulative N.O produced for 600N treatments; () N,O flux for no-N (ON) treatments;
and (d) cumulative N.O produced for ON treatments. Note that the flux values are displayed on a log-scale axis. Error bars represent the SEM (n = 4).
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Table 2. Total N,O emissions, urea-derived N.O emissions, and percentage of applied urea N emitted as N,O, as affected by the addition of urea
and either ryegrass, kale, turnip bulb, or turnip leaf plant tissue. The SEMs are Included in parentheses, and the LSD (p < 0.05) for determination of

significance is displayed (n = 4).

Total N,O emissions

Urea-derived NJO  Applied urea N emitted

Treatment o <oon emisslonst asN.O Change cf. ryegrass
1g N.O-N g soll %

No plant 0.18(0.11)a8 133(019a 1.14(022)a 0.19 (0.03)a -70

Ryegrass 1.17{0.30}b 4.99(0.45)de 3.82{036)b 064 (0.08)b

Kale 144 (053)b 3.13(0.20)bc 1.69(0.21)a 0.28 (0.03)a -56

Turnip bulb 4.19(0.19d 5.70(0.27) 1.51(0.28)a 0.25 (0.04)a -60

Turnip leaf 261 (035)k 4.05(0.36)cd 1.44(033)a 0.24 (0.06)a -62

LSD (5%) 0.964 0964 0.798 016

Pvalue <0.001 <0.001 <0.001 <0.001

t Calculated as the difference between plant + 600 ug N ' soil (600N) and plant + no N (ON).
$ Calculated as the percentage difference between brassica crop percentage of applied urea N emitted as N.O and ryegrass percentage of applied urea

N emitted as N,O: [1 - (brassica crop + 600N)/{ryegrass + 600N)] x 100.
§ Different letters in the same column indicate significant differences.

the end of the measurement period. The trearments containing
brassica tissues all had higher peak fluxes (although not seatisti-
cally significant) than the rycgrass treatments; however, the rye-
grass erearment fluxes remained high for alonger period.

Nitrogen Transformations
The impacts of the incorporation of the different crop dssues
on mincral N transformarions are shown in Fig. 3. For all erear-

ments, soil NH ‘-N concentrations peaked 1 d after treamment
application and then gradually decreased. There was no significant

difference in response of soil NH *~N o any of the trearments over
the first 13 d; however, the ryegrass 600N treatment tended to be
higher. On Days 17 and 21, soil NH *~N was significantly higher
(p < 0.05) in the ryegrass 600N treatment compared with the
other 600N trearments. There was no difference in soil NH *-N
for the remainder of the trial period. Soil NO,~-N concentrations
increased throughout the trial period in all reacments excepr the
turnip bulb ON trearment, which showed a sharp decrease 2 d after
trearment application. In the ON trearments, ryegrass produced
a higher (p < 0.05) soil NO, N concentration compared with

a) —e— Nil Plant + 600N
—O— Kale + GOON
~w-— Ryegrass + GOON
—&— Tumip Bub + 00N
—o— Tumip Leaf + GOON

-
o

-

~n

b}

u ¥

B

El

Cumulative COp-C respired (ug g soir ')
E

s

c) —e— Ni Plant + ON
—o— Kale + ON
B o ass + ON

-
o

Ryegr
—a— Turnip Bulb + ON
—a— Turnip Leaf + 0N

Swil respiration rate (g CO2-C g soir howr™!) Soil respiration rate (ug COR-C g soil ! hour™)
o

¢) ——
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Fig. 2. Soll respiration rates (CO, flux) and cumulative C respired from incubated soll after addition of urea and plant tissue (ryegrass, kale, tumnip
bulb, or turnip leaf): (a) soll respiration rate in treatments with 600 g N g~' soll (600N) ; (b) cumulative C respired for 600N treatments; (c) soll
respiration rate for no-N (ON) treatments; and (d) cumulative C respired for ON treatments. Error bars represent the SEM (n=4).
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Fig. 3. Soll minesal N concentrations in incubated soils after application of urea and plant tissues: (a) soll NH,"-N concentrations for treatments with
600 g M g soll (00M); (b) soll NH,*-N concentrations for no-MN (0N) treatrients; (2} soll NO,"-N concentrations for 800N treatments; and (d) soll
N0, N concentrations for 0N treatments. Error bars represent the SEM {n = 4). Note the different y axis scales between the ON and 600N treatments.

the other mearments for the whole trial pﬂ'jud. and TIrmip balb
induced lower soil NO,~-N concentrarion from Dhay 17 onward.
When these dara are expressed as per unit N applied I:x.cu:c-unﬁng
tor differences in plant N content) the same pattern was observed
{data not shown). There was no significant difference berween all

GOON treacments.

Microbial Community

The addition of plant cissues withour urea did not signifi-
cn.nrl}' affect AQE amad gene abundance. The addition of the
urea solucon signiﬁcmt]}r increased the AQB amod fene abun-
dance in all CCCACMENTS, CXCCPT mmip]::lf, relarive to p]:m[ rissues
only [Fig_ 4), and on both s.amp]ing days (Day 5 and 21) mea-
sured. The average increase, as a result of urea addicion, was 5.9
% 10° on Day 5 and decreased to 1.8 = 10° on Day 21. The addi-
tion of brassica tissues did not affect AOB amod gene abundance
relative to the ryegrass trearment on cicher of the days sampled.

Discussion
Nitrous Oxide Emissions Derived from Urea Nitrogen

We were able to dis:inguish MO emissions derived from
urea N and those derived from added plant N by calcularing
the difference berween emissions from the combined wrea and
plant reatment (ryegrass 600N, kale 600N, murnip leaf 600N,

and murnip bulb 800N) and the plant-only wearment (ryegrass
0N, kale ON, murnip leaf ON, and turmip bulb 0N, The addition
of plancs, withour urea, also increased N, O emissions, presum-
ably becaunse increased labile C and N from plant cells provided
subserate for nicrification and denitrificarion {Reddy et al., 1982;

Baggs <t al., 2000; Kuzyakov and Bol, 2006; Qi ct al,, 2016).

L}
g

i

il
i

]

%4
5

an

Days snce treatment appliesd

Fig. 4. Ammonia-oxidizing bacterla amoA gene copy numbers as
affected by Incorporation of urea and plant tissues (ryegrass, kale,
turnip [T] bulb, or tumip [T] leaf). Error bars represent the SEM (n = 4).
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However, this addition of C alone docs not explain the :ig;nlﬁ-
cant difference in emissions beeween the ryegrass erearment and
other tissuc treatments, as roughly similar C was added for all
plant treatments. I is likely that the qualicy of C provided by the
decomposing tissues is imporrant in explaining the observed dif-
ferences, and this is discussed furcher below.

In this smdy, CIOp TISSWes were incnrpurx.tcu:l On 4 CONSIStEnt
dry matter basis rather than on a percentage N basis, resulting
in slightly different N additions among the different treatments,
This small difference in percentage N mighe be expected to gen-
erare differences in emissions in the ON trearmenes bur would
not be expecred to affect trearmenes where wrea was added,
as available soil N would be in excess. Additionally, previous
rescarch on a similar soil type (de Klein er al., 2014), found chat
the percentage of applied N emirted as N, O (or emission facror)
was independent of W application rate berween 200 and 1400 kg
M ha! {xppmxlma.tcl_v cqui\'nlcm o 200-1400pg N g™ soil).

Chur hypothesis was that brassica tissues would reduce nicri-
fcarion rares and thus N, O production from a urine patch, and
the ﬁm:ling thar lower N:Cll emissions derved from urea in che
presence of brassicas in comparison with ryegrass supports this
]'I.}'Pﬂl’]‘l.ﬁi!. One pm:crrl:i:l] :xplmm:iun for this ohserved differ-
ence was inhibition of N rransformarion processes |::ﬂ.- GLS HPs
derived from GLSs present in brassica dssues. Balverr exal. (2017)
reported a reduction in N0 emissions after incorporation of
some GLS HPs into soil receiving 600 pg g~ soil. The mechanism
b}r which this reduction occurred was aoribured o che pcuu-n[i.s]
inhibition of soil nirrification by these compounds {Bcnding and
Lincoln, 2000; Brown and Morra, 2009; Balverr e al., 2017).

Inhibition of nirrification would resulr in a decrease in the race
of soil NO J formation in the brassica tissue trearmenes relative to
the ryegrass ereatments. In this current study, lower soil N'D}' Was
measured in che 0N brassica treatments relarive to IYErass, and
gmﬂnﬂ}r there was less ND}' in the urea brassica rrearments (bur
these differences were not sign:iﬁcn.nﬂ. This reducrion suggesced
some inhibition of nitrification in the ON trearments (which has
been observed in other studies; Brown and Morra, 2009) char was
perhaps swmpcd in the presence thLgh concentrations of N
such s in the urea treatments. There was, however, no cnrrﬁp«und—
ing increase in soil NH_* concentrations as would be expecred
if nitrification was being inhibiced. It is possible that nirifica-
tion inhibition did eccur, bur char there was microbial uprake of
NH_ *-N perhaps as a result of the supply of C from the plant
tissues. Enumerarion of the AQB COMmmuniry, however, did not
show evidence of inhibition of nitification (Di and Cameron,
2018). The AQB communirty showed a significant increase after
the addition of wrea, as expected, but there was no observable
difference berween the ryegrass rrearment and the brassica rear-
ments to indicate inhibition of nitrificarion in the presence of
GLS HPs. It is therefore unlikely thar the observed reduction in
urea-derived W O emissions was due to inhibition of nitrificarion
by GLS HPs. Alchough there was no strong cvidence for inhibi-
tion of nitrification by GLS HPs, it is possible thar the GLS HPs
were responsible for the observed reduction in N O emissions
thmu.gh another :inh:ibimr_'.-' mechanism. For tump-lc GLS HPs
are known tw have broad biocidal acoivicy, 'Lnu:]uu:ling ﬁJng;icid.aJ
acrivity (Angus et al, 1994), and fungal contributions to N,O
production (Laughlin and Stevens, 2002) may have been signifi-

cant in this instance. Plant tissues were incorporated eo achieve an

assumed level of 20 pgHP g soil (Fahey eral,, 2001), as Balvert
et al. (2017) showed a reducrion in N0 production ar thar rare.
However, Morra and Kirk:gu.rd l:l{kll] measured HP release
from brassica rissues lnmrpumr.cd inco soil and could unl_l.-' ACCOLWNT
for ~<30% of the potentially available HP based on the original
GLS content of the plants. Although the brassica dssues used in
this study were blended into a slurry with the aim of achicving
maximum cellular disruption, it is also possible that some of the
GGLSs remained unhydrolyzed and the intended concentrarion
was not fully achieved. Before brassicas migh[ be considered as a
possible approach for reducing N, 0 emissions, concentrations of
G LSs in plant marter need to be determined along with rates and
extent of hydrolysis once added ineo soil.

Total Nitrous Oxide Emissions

Because denirrificarion is g:nn:m]]}rc limited (Coyne, 2018),
the addition of C-rich plant tissues ro soil would increase the race
of denitrification. Toral N Dpru-ductlnn was significantly h:gh:r
from the turnip bulb trearment, both with and withour the addi-
tion of urea N, than in other treatmenes. This was likely a result
of the added C dn'v.rjng denitrificarion. This grearer production,
however, cannor be simply explained by the addition of C in
plan tissue, as neither the C/N ratio nor total C of the tissues
corresponded with N0 production. In contrast, other stud-
ies have found relationships between CO| and N O emissions
(Millar and Baggs, 2004) or berween Nlij PIl:Il:IIlL:I:iClI'I and the
C/N rario of plant marerial bc:ing incorporated, with g;cntrxﬂ}'
higher emissions from plancs with low C/N rarios (Kaiser er al.,
1998; Baggs ct al., 2000). Qiu cr al. (2016), however, suggested
that the C/N ratio was not a gnnd prediceor qu:D emissions
if available soil W was not limired, as was che case in the current
study with the addition of urea.

As discussed carlier, crop rissues were incorporated on a
consistent dry marter basis rather than on a percencage M basis,
resulting in differences in the level of N added to each treatment.
Interestingly, although murnip leaf tissues had the highest per-
centage N (almost double thar of the other brassica rrearments),
this trearment did not have the hi.ghn:n: rotal N,O emissions.
Differences in roral tissue C additions, however, were minimal.
So the cxpla.na.tinn ftor the observed difference in Nzﬂ berween
turnip and other treatments is not fully clear. The addition of C
in the plam: tissues would Iih-l}r have resulted in some pn'mirl.g
of the soil microbial COMIMuUNry, which couold also have affecred
N.O production (Kuzyakov and Bol, 2006). The added C may
also have driven more complere denitrificarion and/or altered
the N/N,O product ratios; however, this could not be deter-
mined 1:1.- the mn:‘l:lm-d.ulug}' used in this :ru.dj.r. Also, other bio-
Ecnch:mica] processes such as assimilarion and immobilizarion

of added N would likely have been affected by che addirion of

plane tissues and may conoribure to the observed differences.

Pattern of Nitrous Oxide Emissions

The N,0 producrion (proportion of applied N emirred as
N.O- N) measured in this study was similar to char found in
other studies using a similar incubation method (Clough et al.,
2003; van Groenigen ex al, 2005).

The high initial peak in N,0O fux afier tissue incorporation
was in line with other studies of this narure [ Velthof er al., 2002;
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Baggs et al, 2003) and was likely due o rapid stimulation (or
pn'min.g] of microbial decomposition and provision of C and
N substrare supply. Additionally, the slurry form in which the
residues were xppli:d may have ini[i.all:.-' created anaerobic micro-
sites in the soil due to moisture addition and increased microbial
respiration, temporarily increasing N, O producrion via denitri-
ficarion (Tiedje er al.. 1984). This initial peak was significanly
hi.gl'n:r in those rearments thar received urea solution, as would
be expected after a large supply of a N substrare, as well as due o
anacrobic conditions resulting from CO, produced after hydro-
lysis of H C.D}' (Kelliher er al_, 2014).

The peak in N, in response to N addition was immediace
in all of the brassica crearments as well as the bare soil treatment;
however, it was delayed in the ryegrass treatment. This peak was
likely from che breakdown of the plant rissues thar also supplied
excess labile C as an ENErgy source for denitrification and N O
producrion, and so was driven by the biodegradability of C com-
pounds of the different plant rissues. As mentioned carlier, not
only is the quantity of C added imporrant, but the quality of C
will also pl:l}' a major role in d.ctcrminin.g the :wnilabjllr_'.r of C
for soil microorganisms. Brassica tissues contain a higher propor-
tion of soluble SLgars than ryegrass (DairyNZ, 2017), which are
a rcm:lil_-,' d:gm:lnblc source of C. R}'chss tissues, on the other
hand, conrain a highﬂ' proporcicn nflis;ulﬁ:u:l fiber and d:g;r:l.l:l:
much more slnwl}r (Bonanomi et al, 2013), Pmr_mLall}r resule-
:in.g ima d:ln}' in the :upplj.r of labile C ro the microbial P-uai and
a mrrc:punding delay in NO producrion. This delay was also
suppurm:l 1:1.- the soil respiration dara where the bare soil trear-
ments did not show a signiﬁn:am: increase in soil respiration atter
rrearment addicion, and the soil rCspirarion pcnk was d.cl:}':d
in the Cycgrass meatment relarive to the other rissue rrearments.

However, it appeared thar residue C was not exclusively respon-
sible tor differences in N,O production.

Potential Future Work Consideration

Future studies, such as using an isotope racer u:chniq_u:, are
required to fully explain the processes and factors affecting N,O
emissions after the addition of urea and brassica plam: LiSSUECS T
soil. In parricular, furure studies should be dsi.gm:dm investigare
the d:s;rcn: of priming rc:ul['mg from the addition of urea and/for
brassica tssues effect this may have on N0 emissions.
Also, addition of brassica plant tissues would d‘Lang: the soil
environment that affects soil N transformarion processes. This
could consequently enhance N, O production or consume N, 0,
potentially affecting the interprecation of results on N,0O emis-

sions from the applicarion of urea and on the inhibitory effeces of

GLS HPs. Other factors including soil moisture level would also
potentially influence the effect of GLS HPs on N 0 production.
Therefore, the N,O producrion processes in soils amended wich
brassica plant tissues and/or urea, under different environmental
conditions, nesd to be further explored

Conclusion
Incorporation of all brassica tissue types reduced urea-derived

MN,O cmissions relative to the ryegrass crearment. Mineral N
dara and microbial community analyses, however, showed thar
inhibition of nitificarion by GLS HPs could not explain the
difference in urea-derived M O emissions. The mechanism for
reduced N, O emissions from urea was not elucidated in chis

study. Md’mugh incorporation of brassica tissues decreased NO
released from urea, suggesting there may be scope to use bras-
sicas as 2 N0 management tool, these tissues also supported
increased N0 emissions, presumably due to the provision of

labile C and N substrates for nirrification and denirrificarion.

Adknowledgments

Funding for this work was provided by the Mew Zealand Agriculrural
Greenhouse Gas Research Centre. We would also like ro acknowledge
Maryann Stmineliffe for assistance with statistical analyses; Seefan
Wagner for |:'|.|:|F with molecular binll.'rgjc:l n'n.:l}-sa and the ﬁgkﬂmnﬂﬁ
Rusbura technical team for assiseance with laboratory analyses. We
would also like e thank Cecile de Kldn and Mike Sprosen for providing
eomments on this manuscripe.

References

Angas, LE, A, Gardner, LA, Kirkegaard, and LM, Desmaschelier. 1994, Bicfu-
migation: Lochiocyanases seleased fram Briesdca roocs inhibic the growth of the
take-all fungus. Planc Scil 162 107112 dal:10. 1007 /BFO14 16095

E% EM. B Rese K. Smith, and A Vinren. 2000. Mirrow: oxide emission
from soils after imcorporaring crop residuce Sodl Uke Manage 16:82-87.
Aok 1011114752743, 3000 chOb] 79.x

E% E.M. M. Stevenson, M. Pikline, A Ihgar. H. Cook, and G. Cadisch.
2003, Mirrous omide emissions following applicarion of residoes and fere
pliser wnder zere and convendonsl n]l..ng:. Flanr Sodl 254:5361=370
dok: 101025/ A: 1025595121839

Babverr, 5. and | Lo, 2007, DHerary manipularion as & tool for micigating nitrous
caide emissions. In: . Luo and ¥. Li edivors, Greenhiowse gas emissions and ni-
rrogen basses from grazed dairy snd animal housing sysems. NOVA Sd. Publ,
Mew York. p. 61710

Babvert, SF. | Lue, and LA, Schipper. 2017. Do glucosinolure Bydrolysis produces
reduce pirrous oxide emissions from urine affecred soil? 5ci Toral Environ.
G0 G T0= 380, dod: 10,1016/ | sciraresn. 201 7.06 059

Barneze, A5, EP. Miner, C.C. Cerri, and T. Misselbrook. 2015, The effect of nimi-
fication inbibicors on nicrous oxide emissions from cande wrine de s to

under summer conditions in the UK. Chemasphere 119:122- 129,
doi: 101006/ chemosphere. 20 1406002

Bssriman, B., and C.ER. Shade 1978, The wilisstion nﬁnuge CrOfps- 4 neview af recent
work underraken by Agriculrars] Drevelopmens and Advisory Service [ADAS).
ADMAS Ouarrerly Rev. 28 Agric. Dev. Advizary Serv., Walverhapran, LK.

Bending, .10, and 5.1, Lincoln. 2000, Inhibicion of seil nitrifving bacteria commu-
niries and their scrivicies by glucosinolare Bydrolysis producrs. Soil Biol. Bio-
chem. 52:1261=1269. dai: 101016/ S00%E-0717{00) 0004 3-2

Blakemore, L.C., PL Searle, and B K. Daley. 1987, Merhods for chemical analysis of
soils. Soil. Rq:. B0 M. 7 Sail Boreau, "I"dJi.ngmrh. MNew Fealand.

Blatevit, L, 5. Momcasr, F. Buardul, and P Bollin, 2017, Glecesinolaces: MNovel sources
anad hmhgh:a] panerrniL In: J. Wberillom and B _G. Ramawar, edirors, Glooosing.
Lares. Spnng;u Imc. Publ, Chsmn, Swiczerlend. P 15=T5.

Bonznomi, G., G. Incan, E Glannine, A. !'r!ing;n. V. Lanzorr, and S Mareoleni.
2013, Licrer quality assesed by solid stare V'C NMR specerascopy predicrs de-
cay rage berrer chan (/M and lignin/™ rarics. Soil Biol. Biochem. 5&:40-48.
dok: 101016/ sollbio. 301 2103.003

Brown, P.IL end M. Momra. 2009, Brasicace s risses as inhibémors of nirrification in
soil. I. Agric. Food Chem. 57:7706=7711. dod: 10. 1021 /{69015 16k

Burrerbiach-Bahl, K., E.M. Ba,u:. M. Dannenemenn, B Kiese, and 5 Fechmeiseer-
Balrenscerm. 201 3. Nirrous oxide ensdssions from soils: How well do we under-
stand the proceses and their conerols? Philos. Trans. R, Soc. Lond. B Bial. S«
158200 30122 dok: 101098/ reb 200 3.0022

Clough, T B_R. Sherlock, and EM. Kdliher 200% Can liming mirigace N0 fuxes from
awrine-amersded soil? 5ol Res. 41:439-457. dai: 101071 /SROM0TS

Collew, MG, B1L Srcgdmﬂu', and B.A TaPPer. 2004, Could nimile derivarives of
rumip { Bressca rapa) glucosinolares be hepato- or cholsngiotaxic in carcle? J.
Agric. Food Chens 62:7370=T375. dai: 1 10215005260

Coyne, M5 2018 Denbrrification in sodl. In: B Lal and BA_ Srewart, editors, Sodl ni-
CTOgER Nses snid environenental i.rupsn:l:r.. CRC Press, Bosca Baron, FL P 95=139,

DairyNE. 2017, Feed values. DabryNZ, Hamilon, New Zealand, haps:/Sfaww,
dabrynz.conz/feed/supplements/feed-values! (accessed 13 Bav, 2007).

de Klein, C.AM., K.C. Cameron, HJ. Di, G. Rys, RM. Monughsn, and RE.
Sherdock. 2011 Repeared annual use of the nimificarion. inhibivor dicyan-
diamide (DCD) does por aleer s effecrivenses in .rad.ur_lrkg NJD emissions
from cow wrine. Anim. Feed 5ci. Technol. 166-167:480-491. dod:10.1016/)
andfeedsci 200 1.04.076

de Klein, CA M, | Loo, K B Woodward, T. Sryles, B Whe, 5. Lindsey, and N Cox.
L. The dﬁnnrnl:ragm concenrarion in synchetic cantde urine on nirmous oodde
:nwmi..‘ﬁgn_ Ecosysr. Ervirom. V88: 85<92. doi: 101004/ aguL.l]lH.ﬂ.Lﬂ_D

78

Journal of Ermdronmental Quality



IH, H. snd EK.C. Cemeron. 2010 How does the applicarion of different nic
rificarion inhibicors affect pitows oxide emissions and nicrare lesche
ing from cow wrine o p’ued pastures! Soil Lke Mansge. 2E:54-61.
dod: 1011014 14752743 001 10037 3 x

4, H1., and K.C. Cameran. 216, Inhibirion of nierificarion 1o mitgare ncrace leach-
ingand nitrows oxide emisclons in grazed grassland: A review: | Soils Sedimenes
N 0401 = 1420, dai: 101007 /511 368-006-1405-8

DH, K], K.C. Cameron, A. Podolyan, GR. Edwards C_A M. de Klein, B Dynes, and
R Wioods, 206, The paw'm:Inl'l.l.:lns sltemarive pastures. Euuge crops and

rellic scid Dﬁmijs;btnim”'—'l‘- - Soils Sed 162352 -
X252 dob: 101007/ 51 156801614421

I, H.). K.C. Cameran, LP. Shen, C.5 Wineheld M. 'Callaghan, 5. Bowarre, and
J-Z. He. 200%. Nisificacion driven by bacteris and nor sschaes in ntrogen-rich
grassland soils. Nar Geascl 2:621 <624, o= 10, 1038/ ngeat 1§

Fahey, [W. AT, Zalemann, and P. Talalay. 2000, The chemical diversity and disric
burion af inalares and isochincysnares planes. Phyrochemisery
S:5 =51 dob: 10 0016505 1942 2(00) 003 162

Firestane, M.K., and E-A. Davidson. 1989, Microbial basis of MO and N O produc-
tian and consumpeian_ In: MO Andrese snd D5 Schimel, edinors, Exchange
of race gases berween rerrestrisl ecosysterns and the amosphere. John Wiley &
Saons, Nﬂ"ﬁurﬁ'_p.'?-ll.

Fowder, I M. Coyle, 1L Skiba, M.A_ Swomn, [N, Cqﬂilﬁ,ud!ﬂl}.m
nicrogen cyele in che rwenty-firse century. Philos. Trans. B. Soc. Lond. B Bial.
S MER-PH1 00 dok: 10U 1098, rerb 200 50064

Gardiner, C.A., TJ. Clough, K.C. Cameran, HL Di GR. Edwards, and C & M. de
Klein. 2016 Porenrial for inmp dier manipalation in New Zealind pasoure
EOOEYSTEMS T0 Mirigare rumingnc mn.ed:-_m'edN ) emisions: A review. W_E.
). Agric. Res §9:301-317.

Gowen, 5. and S0 A L9 A ison of the yield snd urilisacion of six kale
culrivars. M. Z. . Agric. Res. 372481 <485, doi: I0LIO80V002ZHEL 3.1 9940951 3087

Hewitr, AE. 1998 New Fealand soil chssificarion. Landicare Res. Sci. Ser. 1. Manaski
Whenua Press, Lincoln, Mew Fealend.

en, €], | Luo, €. M. Lioyd Wess, BF. Devanties, 5. B: Lindsey, § Sun, ral.
20 16, Nitrous cxide emission Facrars far urine from Mpnnda:de fed Em:ase
rape | Brassie napas 1) ar perennial ryegrass/whine chover pasture (Lalin pe-
remwe L./ Trifodiver veperns). Agric. Ecosys. Environ, 227:11=25, dod: 101016/
agee 201604028

Hu, H.W. [ Chen, and 7. He. 2005, Microbial Iepﬂmnﬂurbﬂmiﬂ nirrous
cabde forenarion: Understanding ehe biological pachways for predicrion of emis-
sbon rates. FEMS Microbiol. Fev. 39:720- 749, doi: 101093 femsre/funii2 1

IPCC. 2004, Climate change 2004: Midgatien of climare change. Conmiburion of
Working Group 111 co che Fifth Assessment Repor of the Intergovernmental
Panel on Climare Ch.ny'-_ﬂmhﬂp Univ. Preu.Cnmh'hdp.. LUK

Kabser, EA K. Kohrs, M. Kilcke, E- Schinsg, 0. Heinemeyer, and JC. Mumch. 15998,
Mirrase coide release from arable soil: Inspostance of ™. fernlizaman, crops
and remnporal varacion. Soil Bial, Biochem. 30:1533-156% ok 101D LES
SOE-07 | 7[00 36-4

Kelliher, EM_ Z. Li, gnd A.DL. Maobel. 2014 Njnﬂs;n npl,'ﬂi:l:inn rare and nitroos
oxtde Hax Fram a pasroral sodl. M. Z. | Agric. Res. 37:370=376. dok: 10.1080,/0
D2ERIEL M4 927772

Kilhp.nbd.,_l_ﬁ.., GM. Howe, snd PM. Mele. 1999, Enhanced scoumularion of miner-
al-M ﬁ[[owir‘ Canole Aust. ]. Exp. Agric. 3%:587-593. doi:10.1071/EASSLES

Kuzyakow, ¥, and B Bal. 2006, Sources snd mechaniams afprinﬁn;gl‘l:u:: inedusced in
wo sols amended with shurry and susgar. Saoil Biol Biochem. 38:747 =
THE. doi 1000 06/ sl brio. DHFG_06. 025

Lasghlin, B.I, and R]. Scevens. 2002, Evidence for fungal dominance of denimifica-
than and codenirrificadion in 4 grasshnd sodl. Soil Sci Soc. Am. ] 661540
1548, clok: 102136/ 2esa 300215440

Li, L. Y. 5hd, J. Loo, M. Famen, D). Houolbroake, W Din;,.ﬂ: al. 2004, Use ufniu‘nw
process inhibicors for reducing gaseous nicrogen losses from kind-applied fanm
effluents. Biol. Ferril. Soils $0:133<145. dok: 10,1007 /=00 57401 5.0842.2

Lag, | 5.F Balvert, B. Wise, B. Welten, 5 F. l.tdg;ﬁbd, C.A M. de Klein, ec sl X018 Ls
mg.ﬂnern.l.l:iu:l:huge species oo reduce ﬂflﬁtu b fLas nivrous
cnide froen carde wrine depesited oneo soil. Sci. Toml Environ. 81061 1:1271-
1280, doi: 10,1016/ jscirorenv 200 7.08. 186

Millar, H .ln.nl E.M. Baggs. 2004, Chemical compasicion, or qualicy. of sgroforestry

fuences N O sfter their sddidon ta soil Soil Biol Bio-
chem. 3-935-94 3.dm.lﬂ.]ﬂ|5f|nllhlﬁlmi.m

Mindsery for the Envirooment. 2015 MNew Fealunds p:a:nfwuu fas invenory
19%0-2013, Minks. Environ. Wellingron, New Zﬂln.nd. hezp:! fwwwenfe.
gove.nz! publicatons//climare- Snew-zealand ¥l fas-invento:
ry= 1990:201 3 {accewed | May 2017).

Monsghan, B M. LC. Senich. and C.AM. de Klein. 2013 The effecriveness
of the nitrificarion inhibitor dicyandizmide (DRCDY) in reducing mirrare
leaching snd nimous axide emissians from a grazed wineer forage crop |
southermn Mew Zealand. Agric. Ecosyst. Environ. 175:29- 38, dod:10.1016/].
agee 2015040019

Morre, ML, and ] A . D002 leothiocyansre release from soil-dncor
poraned Fracica demes Soil Biol Biodvem. 34d:1683- 16500 i 00, 10016/

SONAE-0T1T(02)00155-0

Myhire, G T% Shindell, F-M. Beeon, "W Collins, | Fuglestvedr. J. Huang, er al. 2013
Anchropogenic and narorsl radistive forcing. In: TF Stocker, eral, edirors, Cli-
mare chnng;em]]-;ﬂu p'h:rnalsaume beasis. Cam:rihminnnl’%rtn;ﬁmp
I vo the Fufth Assemmnent of the Inc mmental Panel on Climare
Change. Cambridge Univ. Pres, Cambridge, UK. p. 659-740.

Clenema, Ok, M. ‘G’rﬁg&, G.L Velchat, W Vam Gmnjyn,_l. Dn[ﬁns, znd P]. Kuik-
man. 5. Trends in gobal nicrous oxide emissions from animal prodiscrion
syseems. Wurr, Cycl. Agroecosyse 46: 119199

(Sullivan, C.A. EG Duncen, K. Whisson, K. Treble, MM Roper, amd M.B.
P‘mple: 2016, Ch:.ng,umNc“. in the thizesphere of canala lead ra de-

1 kn a fall -] g whear crop. In: Prmd.l.n.gsafdu"ﬁ
[nnema.nnn.nl “iu:m-g;en Imiriarive Cnnﬁrelme Solurions vo improve nicrogen
use efficiency for che world, Melbourne, Aueralia herp:/ farwwink2016.com/
Pdﬁ]:ngmrn’]N[Z‘l]llG_Dml[wﬁn_Cnil}'nlpdf-[z.n:eued 19 May 1I'.'I].'-"_|.

Qiagen. 2012 Racos-Gene () user manusl. Version 2. Qlagen, Hilden, Germury.

Qi Q. L. Wi, Z. Ouryang, B. Li, and Y. Xun. 2016. Effecrs of differsnr forms afplml:
derived crganic marrer an nitrous axide emissions. Enviren. Sci. Process. Ins-
s 1EB54-Ri52.

Ravishankars, AR, |5 Daniel, and B Pommmann. 2009, Mirroes oxide (NJD:I:
The dominant ozone-deplering substance emitred in the 215t century. Science
B26: 125125, diod:0 0.1 1265/ science. 1 1 TE98S

Reardon, C.1, 5.L. Scrames, end 3. Mazzala, 200 S.Efunﬂti Im avuilable mnmgm:md
nemarode abundince in resp o B, seed meal d of orchard
zoil. Soil Bial. Biodhem. 57:22=29 doi:10.00 16/ sodlbio. 1012 10,01 1

Reddy, K.R., P5.C. Rao, and F.E. Jesaap. 1982, The effecr of carbon mineralisarion
an deniarificarion kinerics in minersl and organic soike Soll Sci. Soc. Am. |
A2 -G8, dod: 10,2136/ sesaj | 982 036 1599 500:4E0000001 Lx

Rocharwe, [LH., K.P Wirzel, and W Licsack. 1997, 'I'Immmm.l.mum!ﬂuu
srucraral gene amed i s funcrionsl marker: Moleaslar fine-scale analysis of nar-
ural ammonia-caidizing pepulaians. Appl. Environ. Microbiol. 6347044712,

Fiyan, M.H_ LA, K_Lrtq;uud.. and IF. Amgus. 2006, Sracca c srimulare soil min-
ersl W accumulsnon. Auws. | Soil Res ddi: 367=377. dai: 1000071/ SRO5 143

Saggar, 5. M. Jha, |. Deslippe, N.5. Bolsn, | Lus, DL Gilrrap, er al. 2013, Denirrifica-
ll:mrlunnn.nl!\IJI.'.'I-_'I“J'J ]:mdl.l.n:l:inn i remperane Fuﬂ.mnk: Pros coses, measurements,
meodelling and midgating negasive mpaces. Sci. Towal Environ. 465:173- 195,
dod: 10,1008/ scirorenw 201 2.1 1050

Selbie, B LE Bl.lch:ﬁut@'ll: and M. A Shepherd 2005, mth]ﬂﬂ#dm!unm
punJlfm maraging nirrogen in grazed pasoure sysems. Adv. Agron. 139: 228
292 dok: 1001006 be.sgron 2004.09.004

Singlevon, PL. 1991, Sails of Ruakurs: A Window on the Waikasro, DEIR Land Re-
sources, Lower Haor, New Zealansd.

Senich, P 2013, Delivering ford securiry withour increasing pressure on land. Glob.
Food Secur i:lg-llnhi:]ﬂ.lﬂlﬁfj.gl.slﬂlll].{I:lﬂ

Subbarsn, GV, K. Nakakera, M. Hurado, H. Ono, DLE. Maorers, AF Salcedo, e
al. 20079, Evidence for bickogical nicrificaion inhibicion in Brcbiaris pastures.
Prowc. Mad. Acad. Scl. USA ]M:l?m-l?m.dm:lﬂ.]ﬁ?ypnﬂm%lm

Suhbarsn, GV, K_ Makahars, T, shikawa, H. Ona, M. Yoshida, T. Yoshihashi, er al.
201 3. Biokogical nirrificarion inhibitkon (BNI) acriviry in uum gnd irs char-
acrerizaeion. Plane Sodl 366:243-259 daoi: 101007 11 004600 2. 141 9.9

Subbarzn, G, M. Rondon, O. I, T, Lhikawa, LM Rac, K. Makahara, ec 2l 2007,
Biclogical micrificacion inhibicion- ks it 2 widespread phenamenen? Plant Soil
20i5- I8, dod: 10, 10075 11104-006-9159-3

Subbaren, GV, T Yochihechi, M. Worchid n. K. Makahara, Y. Ando, K L. Sahrawsr,
e:dlﬂli&ppumnafmim mnln-p{:.m.l){m&:l 235 155 Ml
dad:10.1 01&/j.planrsci. 200 301002

Tiedje, M-, AL Sexone, TE Parkin, N.F. Revsbech, and THE. Shelron. 1984. Ane
aerabic processes im =0il. Plene Sail 76:197= llldm 10,1007 /BEOE 205580

L‘pnddll MLE 1994 B ahiers o an of lineas regression. M.
T Sear 29:66- !-l.

van Gmu'ugm._l'.'w:. I Hl.l.m.:m. P. Boecks, T I:l.rg.'per.. L8, Lubbers, T.
and P.M. Groffean, 2015, The soil N cycle: Mew insights and key challenges.
Soll 1:235-256. doi:10.5 194/ 5il-1-235-2015

van Gircenigen, [W, G1 Velthof, ELE. van der Balr, A. Vs, and P.J. Kuikman. 2005
Seasona veriarion in N O emissions from urine : Effecrs of urine oon-
ceneraman, ol .Jumpmuun and d.lung. Plenr Sail ¥73:15-27_ dai: 1010077
=] 1 Dila-0i0a-E261-2

Velhof, Go P Kuikman, and O Oenema. 2002 Mirrous oxide emission from
soils smended with crop residoes. Nom Cyd. Agroecosyst. 62:24%-261.
dod: 10,1 023/ A: 1021 259 107 s

VEN Incermational. 2015, GenSrar for Windows 18th ed. VEN Int, Hemel Hemp-
aread, TTE.

Wrage, M., W, Groenigen, 0L Oenena, end E-bL Baggs. 2005, A novel dual-isorope
labelling merhod for d hing berween soil sources of N, 0. Rapid Com-
mun. M Specerom. 19:3298=3306. dai:10LH002 rem 2091

Lakir, H.AK M. GV Subbarac, 5.] Pearse, 5. Gopalakrishnan, O Ta, T. Ishikawa, e
al 2008 Diereoran, alarkon and o Bunmﬁmimn‘zmmdd:mp-nund,
methyl 3-[4-hydroxypheny) :. e ible for bbalogical nicrifica-
wean inhibirion by sorghum t J. Mew Phyral. 1B0:442-451.
dod: 10111 l.l'i.lﬁ.‘?-ﬂl 1-'?.11]1:‘3 1115?&.‘!:

Joumal of Emironmental Quality

79






Chapter 5

Are nitrous oxide emissions from soil less
when amended with urine from brassica fed

cows than pasture fed cows?

This chapter has been submitted to an international peer-reviewed journal and is

presented in this thesis in manuscript format:

Please refer to Appendix B for the contribution of each of the authors.
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Abstract

New Zealand agriculture is comprised predominantly of year-round outdoor
grazing of pasture and excreta from grazing cows and sheep has been identified as
the single largest source of emissions of nitrous oxide (N20), a potent greenhouse
gas (GHG). Nitrification inhibitors can significantly reduce N2O emissions, and
some secondary metabolites of brassica crops have been shown to act as biological
nitrification inhibitors (BNIs). The aims of this study were to 1) determine if the
BNI capacity of brassica plants (specifically kale) was transferred into the urine of
animals grazing those crops and subsequently reduced N2O emissions from the
deposited urine patch, and 2) determine if soil growing brassica crops contained
BNI compounds that decreased N2O emissions following addition of urine. In a
laboratory study, urine from animals fed a predominantly kale diet and urine from
animals fed a predominantly ryegrass pasture diet, was applied to either soil
collected from under pasture or kale crop. Soils were incubated for 60 days and the
following parameters were measured: Soil mineral N, N>O and carbon dioxide
emissions, and ammonia oxidising bacteria populations. Kale urine did not decrease
nitrification rate or N2O emissions compared to pasture urine when applied to soil.

N20 emissions were higher from the kale cropped soil than the pasture soil, likely
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due to the higher fertility status of this crop soil. Overall, these results provided no
evidence that feeding grazing animals kale reduced N2O production following urine
inputs to soil.

Key words: Nitrogen, Urine, Nitrous oxide, BNI, Glucosinolate.

Introduction

In New Zealand, agriculture is predominantly comprised of grazed pastoral systems
dominated by ryegrass/clover swards. Excreta deposited by grazing animals has
been identified as the main contributor to emissions of nitrous oxide (N20). N2O is
a particularly potent greenhouse gas (GHG) with a global warming potential 265-
298 times that of carbon dioxide (Myhre et al., 2013). Additionally, N.O
contributes to the degradation of stratospheric ozone (Ravishankara et al., 2009).
The main source of N.O production in New Zealand is from urine patches, where
due to the inefficient use of dietary nitrogen (N) by grazing animals, very high loads
of N are delivered to the soil (Selbie et al., 2015). This load of N exceeds plant
requirements and leads to losses of gaseous N such as N2O as a result of microbial
processes related to nitrification and denitrification. These high N loads also lead
to losses of nitrate (NO3") by leaching which contributes to indirect N2O emissions
(Butterbach-Bahl et al., 2013; Fowler et al., 2013).

Forage crops such as brassicas, are widely used in NZ pastoral systems in order to
meet feed deficits due to their tolerance to drought, fast growth rates, and high
nutritional value. Due to their high dry matter yields, forage crops are generally
break fed resulting in very high stocking densities (1000-1400 cows ha™)
(Monaghan et al., 2013). Additionally, the grazed soil will remain fallow with no
plant uptake of N until a new pasture is established. Some research has shown that
the grazing of forage crops in this way may result in N2O losses of more than twice

those from grazing of traditional pastures (Smith et al., 2008).

However, multiple studies have shown an increase in soil mineral N concentrations
following brassica crops compared to that following other non-brassica crops
(Kirkegaard et al., 1999; O'Sullivan et al., 2016; Reardon et al., 2013; Ryan et al.,
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2006), indicating brassica crops may influence soil N cycling. This alteration of the
N cycle has been attributed to plant secondary metabolites called glucosinolates
(GLSs) (Blazevi¢ et al., 2017), found in brassica crops and whose hydrolysis
products have been identified as having the potential to alter soil N cycling (Brown
& Morra, 2009; Kirkegaard et al., 1999; O'Sullivan et al., 2016). In particular, GLS
hydrolysis products have been identified as inhibiting soil nitrifying bacteria
(Balvert et al., 2017; Bending & Lincoln, 2000), indicating nitrification (the
conversion of soil NH4* to NO3"), specifically, may be inhibited. Nitrification has
been estimated to indirectly contribute up to 80% of soil N2O emissions (Hu et al.,
2015), largely due to the provision of NOs as a substrate for denitrification
(Butterbach-Bahl et al., 2013; Firestone & Davidson, 1989; Wrage et al., 2005),
and inhibiting nitrification has been shown to be effective at reducing N20O
emissions from urine patches (e.g. Di & Cameron, 2011; Luo et al., 2013b). This
suggests that brassica crops, when selected instead of other forage crops, may
provide a useful N2O mitigation option for some farm systems.

Glucosinolate hydrolysis occurs following disruption of plant tissues when GLSs
come into contact with the enzyme myrosinase (Collett et al., 2014), which is likely
to occur during grazing when crops are pulled and trampled. Glucosinolate
hydrolysis products are thus likely released to soil during grazing. Glucosinolate
hydrolysis may also occur during chewing and digestion of grazing animals. Some
studies have demonstrated that some plant secondary metabolites, including GLS
hydrolysis products, are excreted in the urine of animals following grazing (Duncan
& Milne, 2007; Estell, 2010). If the efficacy of the GLS hydrolysis products as
nitrification inhibitors remains when excreted, this would provide the additional
benefit of the inhibitors being delivered directly to the urine patch with the urine N
where they are required. This approach has been verified with the nitrification
inhibitor dicyandiamide (DCD), where DCD fed to cows was excreted in urine and
consequently reduced N20 emissions when the urine was applied to soil (Luo et al.,
2015a).

Luo et al. (2015b) observed reduced N2O emission factors (EF; the percent of
applied N emitted as N2O-N) from the urine of sheep fed forage rape compared to
those fed on a pasture diet, and they suggested this difference may be due to GLS
hydrolysis products ingested by the sheep being delivered to the urine patch. van

der Weerden et al. (2017) also reported a discrepancy between measured soil
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mineral N concentrations and N2O emissions from a plot study, where real kale fed
urine was applied to N2O chambers and artificial urine was applied to the soil plots.
They also suggested this difference may be due to GLS hydrolysis products and
their absence in the artificial urine that was applied to the soil plots. Hoogendoorn
et al. (2016), however, reported higher EFs from urine of forage rape fed animals
compared to pasture fed animals. This indicates that there is still uncertainty as to
whether a reduction in N2O production occurs from brassica crops or the urine

derived during grazing for different soils.

The objective of this laboratory study was to determine whether there were lower
N20O emissions from urine derived from a predominantly kale diet than urine from
animals fed on a predominantly pasture diet. A secondary objective was to assess
whether there was a compounding effect of applying brassica fed urine to soil
collected from beneath growing brassica crops. We hypothesised that urine from
kale-fed animals and soil collected from beneath a kale crop would reduce
nitrification and N2O production relative to ryegrass fed urine and soil from beneath

pasture.

Materials and methods
Experimental set-up

A well-drained Ngakuru loam soil (Typic Orthic Allophanic soil; Hewitt, 1998) of
0-7.5 cm depth, from under both a mixed perennial ryegrass (Lolium perenne L.)
and white clover (Trifolium repens L.) pasture, and a kale (Brassica oleracea L.)
crop, was collected for an incubation study. The pasture and kale crop paddocks
were adjacent and both had been under permanent ryegrass/clover pasture for about
5 years. The kale crop had been sown into one paddock approximately 5 months
prior to soil collection. General soil properties for each soil are presented in Table
1. The collected soil was sieved (4 mm) and homogenised (pasture and crop soils
separately) and pre-incubated at 20 °C for 5 days in order to allow the effects of soil
disturbance to dissipate. Although there were slight differences in soil fertility
status of the two soils, no nutrient additions were made to the pasture soil in order

to avoid any priming of soil microbial activity.
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Table 1: General soil properties (0-75 mm) of the pasture and crop soils used.

Total Total Organic C:N Olsen Bulk Jgﬁ;ﬁ;
Soil type Nitrogen  Carbon Matter ) Phosphorus pH Density 9
% % % ratio ml-! cm® Capacity
0 0 0 Mg g g g soil
stotﬁre 0.9 9.6 165 10.7 58 63 082 1.43
(;roolf 1.04 108 186 10.4 82 59 063 1.75

Urine from lactating dairy cows fed on a predominantly pasture diet (ryegrass/white
clover mix; 14 kg DM day* plus maize silage 4 kg DM day™), and urine from non-
lactating dairy cows fed on a predominantly kale diet (14 kg DM day™* plus pasture
bailage 3 kg DM day™!) were collected. Both groups had been receiving this diet for
at least 10 days prior to urine collection. Urine was stored chilled for 48 hours prior
to use while awaiting analysis of N content.

Moist soil (140 g oven dry equivalent) was weighed into preserving jars (1 litre)
and amended with either distilled water (Nil N control) or one of the urine types.
Pasture urine was applied at a rate of 600 pg N g* soil and kale urine was applied
at 400 pug N g? soil in line with average urine patch N loading rates under the
different diets (Hoogendoorn et al., 2016; Selbie et al., 2015; van der Weerden et
al., 2017). A treatment where pasture urine was diluted with distilled water to match
the N content of the kale urine was also included. The soil moisture contents of the
jars were adjusted to 65% of water holding capacity. This resulted in slightly
different moisture (0.88 and 1.1 g H2O g* soil for the pasture and crop soils
respectively) contents between the two soil types. The jars were placed in a
randomised block format and incubated at 20 °C. Jars were covered in perforated
parafilm™ while being incubated to minimise evaporation loss and to allow for
normal gas exchange. Soil moisture content was monitored by weight and

maintained throughout the 60 day incubation period.

An additional duplicate set of soils and treatments was established to allow for
concurrent measurement of soil mineral N transformations. Moist soil (300 g oven
dry equivalent) was weighed into plastic bags and matching treatments applied. The
bags were stored as per the gas jars allowing for normal gas exchange.
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Gas flux measurement

Nitrous oxide production was measured 13 times over a 60 day period of incubation
(1,2, 3,6,8, 11, 14, 18, 22, 28, 35, 46 and 60 days following urine addition). By
this time N2O production from urine treatments had returned to the same level as
the control. Measurements were more frequent early in the incubation to capture
the initial flush following urine addition. Headspace N>O concentrations were
measured using a Trace Gas Analyser (TGA; Innova 1412i-2, Lumasense
Technologies, Denmark). Jars were sealed with gas tight lids containing ports for
attachment to the TGA and production was measured following 1 hour of
accumulation. Prior to entering the TGA, samples were drawn through a soda lime
filter to minimise interference by CO2 and the TGA corrected for interference from
water vapour and any remaining CO». Samples were drawn at To and Teo minutes
as preliminary work demonstrated that N2O accumulation was linear over this
period at this soil to headspace ratio. Hourly N2O fluxes were calculated for each
jar from the increase in headspace concentration. The hourly fluxes were integrated
to estimate total emission and urea derived emission and % of applied N emitted as
N20-N over the study period. % of applied N emitted as N.O-N was calculated as
follows:

% of applied N emitted as N,O

_ N,0 — N total (Urine) — N,0 — N total (Control) o
B Urine N applied

100

Carbon dioxide (CO2) fluxes were measured following 16 hour headspace
accumulation. Jars were sealed with gas tight lids containing a septum and CO>
samples (12 ml) were collected and stored in over-pressurised glass vials (6 ml).
CO. was analysed by infrared gas analysis (IRGA, LI-COR® LI7000). As with
N20, fluxes were calculated from the increase in headspace CO2 concentration over
the 16 hours.

N transformations

Soil samples were analysed 7 times throughout the study period (1, 3, 7, 14, 22, 28,

and 39 days following urine addition) for soil mineral N, pH and moisture. Soil pH
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was measured in water using a 1:2.5 ratio, and soil moisture was determined by
oven drying moist soil at 105°C for 24 hours. For soil ammonium-N (NH4"-N) and
nitrite (NO2™-N) + nitrate-N (NOz™-N), soil (3 g oven dry equivalent) was extracted
with 2M potassium chloride solution (KCI; 30 ml). Concentrations of NH4"-N and
NO2 + NOs-N in the KCI extracts were analysed colourmetrically using a scalar
SAN™ segmented flow analyser (Skalar Analytical B. V., The Netherlands)
(Blakemore et al., 1987).

Microbial community quantification

On day 14, the soil from the bags of all treatments (4 reps only) were also
subsampled for comparison of amoA gene abundance to determine if ammonia
oxidising bacteria (AOB) numbers were reduced in kale urine treatments relative to
the pasture urine treatments. Only AOB were enumerated as Di et al. (2009)
demonstrated that AOB as opposed to ammonia oxidising archaea (AOA) are
largely responsible for ammonia oxidation in pastoral soils and under high N loads.
Total soil genomic DNA was extracted using a Qiagen DNeasy® Powerlyzer®
Powersoil® (Germany) extraction kit according to the manufacturer’s instructions.
Soil samples were stored at -80 °C between collection and DNA extraction. The
PCR primer pair amoA1F/amoA2R was used to amplify regions of the bacterial
amoA gene (Rotthauwe et al., 1997). 16 ul reactions contained 1.5 ul DNA (diluted
1:10 to reduce potential PCR inhibition), 0.4 ul of each primer (10 uM
concentration), 8 pl SYBR®®™* Ex Taq™ (Takara, Japan), and 5.7 pl milli-Q
water. Real time gPCR analysis was performed on a Rotor-Gene™ 6000 (Corbett
Life Science, Australia). Raw data analysis was carried out using Rotor-GeneTM
6000 series software version 2.1. Melting curve analysis was performed following
each run to confirm PCR product specificity. Standard curves for gPCR analysis
was developed by cloning amoA gene amplicons into pPGEM® —T Easy vectors
(Promega, USA) and transforming TOP10 E. coli (Thermo Fisher, USA). Selected
clones were incubated overnight in Luria Broth liquid medium and the plasmid
DNA was subsequently extracted using a PureLink™ Quick Plasmid MiniPrep Kit
(Thermo Fisher, USA). Plasmid DNA concentration was measured on a
NanoDrop® ND-1000 spectrophotometer (NanoDrop Technologies, USA) and a

standard curve was subsequently generated by dilution series.
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Short term enzyme assays

In order to determine whether the different soils exhibited differences in their
potential for nitrification and denitrification prior to treatment application, a short

term nitrification enzyme assay and a denitrification enzyme assay were carried out.

The short term nitrification enzyme assay followed methodology from Schmidt and
Belser (1994). Moist soil (20 g) was weighed into 250 ml conical flasks. 0.5 mM
phosphate buffer solution (90 ml containing: 3.48 g 100 ml** 0.2M K2;HPO4 and
2.72 g 100 mI™* 0.2 M KH2PO4 and 0.25M (NH4)2SO4 solution (0.2 ml) were added.
Flasks were placed on an orbital shaker and 1M KCIOs3 solution (1 ml) was added.
After 5 minutes, a 5 ml aliquot was removed from the flask, placed into a test tube
containing 1% merthiolate solution (0.05 ml) to stop the reaction, and was
subsequently filtered through Whatman 42 filters. Four subsequent 5 ml aliquots
were removed at 60, 120, 180 and 340 minutes and the process repeated. This was
repeated 4 times for each soil. Nitrite (NO2-N) concentrations of the filtrates were
analysed colourmetrically using a scalar SAN*" segmented flow analyser (Skalar
Analytical B. V., The Netherlands).

The denitrification enzyme assay involved the anaerobic incubation of soil samples
in the presence of acetylene (C2H-) to prevent the conversion of N2O to N2 during
the denitrification process. The methodology was adapted from those of Smith and
Tiedje (1979) and Tiedje (1994). Moist soil (85 g oven dry equivalent) was weighed
into 1 litre preserving jars. KNOs solution (500 pg N g soil) and glucose solution
(105.98 ug C g soil) were added to create a slurry. The jars were sealed and made
anoxic by alternately flushing with nitrogen (N2) gas and evacuating 4 times.
Purified C2H, was added to achieve 10% concentration in the jar headspace. The
jars were placed on an orbital shaker and headspace samples (10 ml) were removed
at time points To, T30, Teo and Teo minutes and stored in pre-evacuated glass vials
(6 ml) with a rubber septum. N2O concentrations were analysed using a SRI 8610
automated gas chromatograph equipped with a ®*Ni-electron capture detector
(310°C), a HayesepD column (40-C) and N> as carrier gas. This was repeated 4

times for each soil.

Potential rates of nitrification and denitrification were calculated by linear
regression of accumulated NO2™ and N2O over time, respectively. Both NOz™ and

N20 production were linear with time (r? >0.9 in all cases).
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Statistical analysis

Daily NO flux data for different treatments was analysed using the mixed model
smoothing programme FLEXI (Upsdell, 1994), which allows for comparison of
multiple curves. One-way ANOVA was carried out on the total emissions, % of
applied N emitted as N2O-N, respiration, and microbial community data to

determine the significance of the difference between treatments.

Results
Nitrous oxide flux and total emissions

All treatments that received urine showed a high N2O flux immediately following
treatment addition, and a second smaller peak occurred 8 days following treatment
application. The peaks from urine applied to the crop soil were all higher than from
the corresponding treatments of the pasture soil (p < 0.05). The Nil N treatments
showed a small peak following treatment (water) addition in the crop soil only
(Figure 1).
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Figure 1: Daily nitrous oxide fluxes from incubated soils following addition of urine
from kale and pasture fed cows: a) pasture soil; b) kale crop soil. Error bars
represent the standard errors of the mean (n = 5).

Total N2.O emissions from the urine applied to kale cropped soils (range 3.65 — 9.8
ug N20-N g soil) were significantly higher (p < 0.05) than those applied to pasture
soils (range 0.56 — 7.59 ug N2O-N g soil™!) (Table 2). There was no difference
between emissions from the different urine types when applied to crop soil. Total
N20O emissions were significantly higher (p <0.05) from the higher N rate in both
urine types. Application of kale urine resulted in significantly higher total emissions

than pasture urine at the same N concentration when applied to pasture soil
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(Table 2). There was a general trend for % of applied N emitted as N2O-N to be
higher following application of kale urine relative to application of pasture urine.
However, this difference was only statistically significant (P < 0.05) when the

urines were applied to the pasture soil and at the rate of 400 pug N g* soil.

Table 2: Total N2O emissions and percent of applied N emitted as N.O-N from
incubated (60 days) pasture and kale crop soils following application of kale and
pasture derived urine. Least significant differences (LSDs) (p < 0.05) are presented.
Different letters in the same column denote a significant difference between
treatments.

Total N2O emissions % of applied N Change relative

Treatment
(1g N2O-N gt soil) emitted as N20 to pasture urine*

Pasture soil + Nil N 0.56%

Pasture soil + Pasture 400N 4.20° 0.912

Pasture soil + Pasture 600N 6.25° 0.95%

Pasture soil + Kale 400N 6.12¢ 1.39 +53%
Pasture soil + Kale 600N 7.594 1.17% +23%
Crop soil + Nil N 3.65°

Crop soil + Pasture 400N 8.83¢ 1.29«

Crop soil + Kale 400N 9.8¢ 1.544 +19%
LSD (p < 0.05) 1.10 0.258

*Calculated as the percentage difference between kale urine % of applied N emitted

as N2O-N and pasture urine % of applied Urea-N emitted as N2O;

(1 kale urine 600N
pasture urine 600N

)><100

Soil respiration

Soil respiration increased sharply immediately following addition of urine to both
soil types. The Nil N treatments for both pasture and cropped soils had a smaller
peak in respiration 3 days after treatments were applied. In the pasture soil, soil
respiration in the urine treatments reduced to the level of the Nil N treatment by 7

days following treatment addition and remained at that level for the remainder of
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the study. In the kale cropped soil, however, soil respiration in the urine treatments
reduced to a level significantly lower than that of the Nil N treatment (p < 0.001)
and remained lower for the remainder of the study. Following the initial peak, soil
respiration was significantly higher (p < 0.001) in the cropped soil than in the

pasture soil (Figure 2).
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Figure 2: Soil respiration rates (CO2-C flux) from incubated soils following
application of kale and pasture fed urine: a) pasture soil, and b) kale crop soil. Error
bars represent the standard error of the mean (n =5).
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Mineral N transformations

Soil NH4*- N concentrations peaked immediately following urine addition in both
the pasture and crop soils. The 600N peaks were significantly higher (p <0.001)
than the 400N peaks, which were significantly higher than those from the Nil N rate
for both urine types. There was no difference in peak heights between the pasture
and crop soils or between urine types. Soil NH4*- N concentrations had reduced to
background levels by 14 days following addition of urine. There was no change in
soil NH4™ N concentrations in the Nil N treatments (Figure 3). Soil NO3z™-N
concentrations began to increase within 3 days following addition of urine in both
soils types. In the pasture soil, NOs™-N concentrations peaked at approximately 30
days following treatment addition. In the cropped soil, however, NO3z-N
concentrations were still increasing at the end of the study period and had reached
around 600 pg N g soil although only 400 pug N g soil equivalent was applied in
urine. The 600N peaks were significantly higher (p <0.001) than those from the
400N rate for both urine types, however, there was no difference between the urine
types. In the Nil N treatments, soil NO3™-N concentrations continually increased
over the study period under both soil types, reaching 139 and 293 pg N g soil for

the pasture and crop soils, respectively (Figure 3).
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Figure 3: Soil mineral N concentrations in incubated soils following application of
kale and pasture derived cow urine: a) pasture soil treatments, soil ammonium N
concentrations; b) kale crop soil treatments, soil ammonium-N concentrations; c)
pasture soil treatments, soil nitrate-N concentrations; and d) kale crop soil
treatments, soil ammonium-N concentrations. Error bars represent the least
significant differences (n = 5).

Microbial community

AmoA gene copy numbers increased following the addition of both urine types and
in both the pasture and crop soils (Figure 4). There was a trend for higher copy
numbers in the higher N treatments, however, this was not statistically significant.

There was no difference in copy numbers between urine or soil types.
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Figure 4: Ammonia oxidising bacteria amoA gene copy numbers as affected by
different urine types (pasture and kale fed at 2 rates) and soil type (pasture and crop)
on day 14 of the incubation. Error bars represent the standard error of the mean
(n=4).
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Enzyme Assays

There was no difference in the nitrification enzyme activity between the pasture and
kale crop soils prior to treatment application, with nitrification rates of 7.78 and
8.69 ng NO2 g soil hour?, respectively (Table 3). There was also no difference in
denitrification enzyme activity between the soils prior to treatment application.
Denitrification enzyme activities were 1.11 and 1.76 pg N2O g soil hour for the

pasture and kale crop soils, respectively (Table 3).

Table 3: Average nitrification and denitrification enzyme activity (+ SEM) of the
pasture and crop soils prior to treatment application. P values for the differences
between soils for the two assays are presented (n = 4).

Nitrification enzyme activity Denitrification enzyme activity
Soil type (ng NO2 gt soil hour?) (ug N20 gt soil hour™)
Pasture Soil 7.78 £2.17 1.11 £0.13
Crop Soil 8.69 +7.33 1.76 £0.17
p value 0.915 0.083
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Discussion
Effect of urine type

No difference was observed in peak N2O fluxes between the two urine types and
total N2O emissions were higher from the kale derived urine than the pasture urine.
This was in contrast to our hypothesis that N2O production would be lower from
kale derived urine because of BNI in brassicas. Percent of applied N emitted as
N20O-N was also higher from the kale derived urine than the pasture urine. This is
similar to that observed by Hoogendoorn et al. (2016) who measured higher
emission factors (EFz) from brassica (forage rape) urine than from pasture urine.
Percent of applied N emitted as N2O-N is used in the current study as a proxy for
an EFs. Although % of applied N emitted as N2O-N and EFs are calculated the same
way, an EFs is generally based on data collected from the field, and over a longer
period of time than was measured in this incubation study. EF3s are reported to be
unresponsive to urine-N concentration (de Klein et al., 2014), which was supported
by our data as there was no difference in the % of applied N emitted as N2O-N

between the different N rates of each urine type.

There was also no evidence to suggest that the kale derived urine reduced
nitrification relative to pasture derived urine as was hypothesised. There was no
difference observed between the urine types in the soil mineral N transformations
or the microbial community data. If nitrification (the conversion of NH4"-N to NO3
-N) was inhibited, we would have expected to see a reduction in soil NO3z™-N in the
brassica urine treatments, as well as fewer copies of the amoA gene relative to the
pasture urine treatments. Balvert et al. (2017) found different GLS hydrolysis
products had different effects on nitrification; some inhibited nitrification while
others did not. It is possible that kale does not contain sufficient concentration of
the parent GLS types that inhibit nitrification and so the hydrolysis products are not
effective in the urine. For example, forage rape contains higher concentrations
(following autolysis) than kale of phenylethyl isothiocyanate (PEITC) (Cole, 1976),
a hydrolysis product that Balvert et al. (2017) found to effectively inhibit
nitrification. This, however, does not explain the difference in results between the
Hoogendoorn et al. (2016) and the Luo et al. (2015b) trials as they both used urine

from animals fed on forage rape.
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Another possibility is that the amount of kale fed to the cows (approx. 82% of diet)
was not a high enough percentage of the diet to achieve an effective concentration
of GLS hydrolysis products in the urine. Urinary concentration of GLS hydrolysis
products was not measured in this study, however, if the lack of concentration of
GLS hydrolysis products was the reason there was no observed reduction in
nitrification or N2O production, using brassica crops to reduce N>O emissions
would not be feasible in farm systems.

The sharp and brief increase in soil respiration immediately following urine
application was expected and was likely due to the release of N and C following the
hydrolysis of urea (Ambus et al., 2007), as well as the increase in moisture content
that stimulated microbial activity (Borken et al., 2003). This also likely contributed
to the corresponding initial peak in N2O emissions as the N and C substrates would
initially drive N2O production via nitrification, and the increase in moisture content

would subsequently drive production via denitrification in anaerobic microsites.

Effect of soil type

Peak and total N2O emissions, from all urine treatments, were both higher from the
kale crop soil than from the pasture soil under all urine treatments. This difference
was potentially due to the lower pH and higher soil fertility status of the crop soil.
N0 production is known to be influenced by pH with emissions decreasing with
increasing pH (Saggar et al., 2013; Samad et al., 2016). The greater concentrations
of total N and C under the crop soil would lead to more available nutrients and thus
a greater abundance and activity of soil microbes. These factors combined would
be expected to increase N2O emissions. Soil Olsen P was also higher under the crop
soil. Soil P concentration is not in itself expected to directly alter N2O emissions,
however, Olsen P concentrations may be used as an indicator of soil fertility status
and Olsen P has been shown to be positively correlated with N2O emissions (Luo
et al., 2013a). The higher soil respiration from the kale crop soil also indicated

higher microbial activity in this soil.

However, despite higher N2O emissions from cropped soils, there were no
significant differences in the nitrification and denitrification activity measurements.

The rate of nitrification in soil has been shown to differ significantly depending on
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the plant species the soil is supporting (Lata et al., 2004; Osanai et al., 2012;
Subbarao et al., 2015). Specifically, Rumberger and Marschner (2003) showed that
some brassicas (in this case canola) released PEITC into the rhizosphere as root
growth was likely accompanied by cell destruction. Given that PEITC has been
demonstrated to be a strong inhibitor of nitrification, no observed difference
between nitrification activities in this study was somewhat surprising. It is possible
that the higher soil fertility of the crop soil, described above, resulted in higher

nitrification rates which masked any inhibitory effect.

Conclusion

Overall, this study found no evidence for a reduction in nitrification or N.O
emissions following the addition of kale urine to soil compared to that following
the addition of pasture urine. Contrary to our hypothesis, addition of kale urine to
soil tended to produce higher total N2O emissions than the addition of pasture urine.
Mineral N dynamics, microbial enzyme activity and community data indicated this
was not a result of a difference in nitrification or denitrification rate. Therefore, the
BNI capacity of any GLS hydrolysis products contained within the kale urine was
not sufficient to produce a reduction in N2O emissions. N2O emissions tended to be
higher from the cropped soil compared to the ryegrass/clover pasture soil which
was likely a result of the higher soil fertility of the crop soil. Further research is
required to assess whether soils on which brassica crops are grown contain
sufficient GLS hydrolysis products that might reduce nitrification rates.
Additionally, further exploration of whether these products are found in urine

derived from a wider range of brassicas also deserves attention.
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Chapter 6

Summary and Conclusions

6.1 Introduction

Nitrogen (N) is extremely important in agricultural systems to enhance production
of food required for the rapidly growing world population. However, due to its
mobility, a considerable amount of the N applied to agricultural systems is lost to
downstream ecosystems such as watersheds or the atmosphere (Galloway et al.,
2004; Robertson & Vitousek, 2009). Losses to the atmosphere include emissions of
the greenhouse gas nitrous oxide (N20). Nitrous oxide is of concern as it has a
global warming potential about 298 times that of carbon dioxide (Myhre et al., 2013)
and significantly depletes stratospheric ozone (Ravishankara et al., 2009).
Increasing atmospheric N2O concentrations threatens the sustainability of

agricultural systems so there is a need to mitigate agriculturally derived NO.

Inhibition of nitrification has been identified as an effective tool for mitigating N.O
emissions (IPCC, 2014), and the use of synthetic inhibitors for reducing emissions
has been widely researched (e.g. Barneze et al., 2015; Di & Cameron, 2011; Li et
al., 2014). However, the use of synthetic inhibitors in New Zealand agriculture was
temporarily halted in 2013, waiting for the establishment of standards by the Codex
Committee for Food. Consequently, alternative ‘biological’ inhibitors have been
investigated. Biological nitrification inhibitors (BNIs) are secondary metabolites
that are produced in, and are released to the soil by plants, and inhibit nitrification
(Subbarao et al., 2007).

Brassica forage crops are commonly used in New Zealand agricultural systems in
order to meet feed deficits during periods of low pasture growth. Brassica crops
also contain glucosinolates (GLS), whose hydrolysis products have been shown to
inhibit soil nitrification (Bending & Lincoln, 2000) and so have the potential to be
utilised as BNIs and reduce N2O emissions from agriculture. Therefore, research

presented in this thesis focused on developing understanding of the effectiveness of
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GLS hydrolysis products as nitrification inhibitors and their potential for reducing

N>O emissions.

This chapter describes the main findings of each objective, as well as the practical
considerations and limitations of using brassica forage crops for reducing N2O

emissions, and finishes with recommendations for future research.

6.2 Research summary and implications

6.2.1 Objective 1
The first objective of this thesis was:

To examine whether secondary metabolites from brassica forage crops (i.e.
glucosinolate and its hydrolysis products) have an inhibitory effect on soil

nitrification and N2O emissions when applied to soil with high N inputs.

This objective was addressed through both a laboratory incubation and a field plot
study. The laboratory incubation study showed that some GLS hydrolysis products
(phenylethyl isothiocyanate and 4-pen-1-yl isothiocyanate) reduced N2O emissions
when applied to soil amended with high concentrations of urea-N. Evidence from
the soil mineral N data and the microbial community data showed that there was
some inhibition of nitrification by these products which was the likely cause of the
reduction in N2O emissions. The inhibition of nitrification, however, was not
particularly strong and so where it occurred the impact appeared to be short lived.
There was no measured difference in the impact by the application of different rates,
suggesting that stronger inhibition might not be able to be achieved by applying a
higher concentration of GLS hydrolysis product. Therefore, multiple applications
of GLS hydrolysis products may be required to achieve significant inhibition of

nitrification and meaningful reductions in N2O production.

The mechanisms behind the inhibition of nitrification were not determined in this
study. The results, however, showed that GLS hydrolysis products with different
side chains (designated ‘R’) inhibited nitrification to varying degrees, e.g.

phenylethyl isothiocyanate reduced N>O emissions by about 50%, whereas 4-
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pentene nitrile increased N2O emissions. This suggests that it was not the functional
group (i.e. the isothiocyanate or nitrile group) but rather the R group of the parent
GLS that was partially responsible for the inhibition of nitrification. Only 3
hydrolysis products were examined in this study, and given the large number of
GLS present in brassica plants there are possibly multiple other hydrolysis products
that also inhibit nitrification. Practically, however, investigating all GLS hydrolysis
products in this manner is not easily achieved. Additionally, it is possible that some
GLS hydrolysis products could act synergistically when combined, as they may

inhibit different enzymatic pathways.

In contrast to the lab study, there was no inhibition of nitrification, or reduction of
N20O emissions measured in the field study. There were many environmental and
experimental factors that mean field efficacy may have been difficult to
demonstrate. In particular, GLS hydrolysis products as pure compounds are
extremely volatile and may have been partially lost following application.
Therefore, field application, and concentrations achieved, are likely highly
dependent on environmental conditions. However, dicyandiamide (DCD), which
was used as benchmark inhibitor, also did not inhibit N2O emissions in this field
study suggesting other environmental factors reduced the efficacy of the

nitrification inhibitors more generally.

The volatility of GLS hydrolysis products does, however, highlight a practical
consideration for the potential adoption and application of GLS hydrolysis products
for reducing N2O emissions from agricultural systems ‘on farm’. Significant
thought would need to be given into how applying GLS hydrolysis compounds to
urine deposited onto soil might be achieved. Also, the cost and ability to obtain
GLS hydrolysis products are an additional limitation as they are expensive to
synthesise and there is currently no large scale, commercial production of these
compounds. Overall, this study tested and supported the concept that brassica
derived GLS hydrolysis products could act as potential BNIs and are worth

investigating further.

107



6.2.2 Objective 2
The second objective of the thesis was:

To determine the effects of incorporating brassica crop tissues into soil on

subsequent nitrification and nitrous oxide emissions under high N loadings.

This laboratory incubation study showed that incorporation of brassica tissues
reduced urea-derived N2O emissions, relative to the ryegrass treatment, when
incorporated into soil amended with high concentrations of urea-N. Evidence from
the soil mineral N data and the microbial community data, however, did not provide
any evidence that inhibition of nitrification was the cause of the reduction in urea-
derived N2O emissions. No difference was observed in soil mineral N
transformations or ammonia oxidising bacteria amo-A gene copy abundance
between brassica and ryegrass treatments. While the mechanism for reduced N,O
emissions from urea was not elucidated in this study, based on the different patterns
of N20O production, it was hypothesised that this reduction was related to the relative
availability of carbon (C) in the different tissues. Brassica tissues contain a large
quantity of soluble sugars, which rapidly degrade and become available for
microorganisms. Ryegrass tissues, on the other hand, contain more lignified fibre
which would degrade more slowly resulting in a delayed, and possibly sustained,
supply of labile C to the microbial pool.

Although incorporation of brassica tissues decreased N2O released from urea, this
study also showed that these tissues actually supported increased total N.O
emissions. This increase was presumably due to the labile C and N delivered by the
decomposition of the plant tissues providing substrates for increased nitrification
and denitrification. This increase would therefore need to be taken into
consideration when determining the feasibility of tissue incorporation as a tool for

mitigation of N2O emissions.

While this study suggested there may be scope to utilise brassicas as a N2O
management tool, the contribution of tissue trampled into soil or not utilised by
grazing animals has not been quantified. It is therefore not known whether this
source of brassica tissue would be sufficient to achieve the reductions in urea-

derived emissions observed in this study. Additionally, as the incorporation of
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tissues resulted in an increase in total N2O emissions, improving crop utilisation
and minimising wastage through trampling, is potentially a more effective means
of reducing N2O emissions from soils following grazing of brassica crops. However,
the level of reduction measured was significant, reducing the % of applied urea-N
emitted as N2O by up to 62%. This reduction may be sufficient to balance the
inevitably high urea derived N>O emissions resulting from the very high stocking
densities which occur during grazing of forage crops. If stocking density and crop
utilisation is similar between different forage crops, this could imply that brassica
crops may be a preferred option for minimising N2O emissions from the intensive

grazing of forage crops.

6.2.3 Objective 3
The third objective of this thesis was:

To determine whether urine from animals fed on a predominantly brassica diet
applied to soil resulted in lower N2O emissions than urine from animals fed on a

predominantly pasture diet.

This laboratory incubation study found no evidence for a reduction in nitrification
or N20 emissions following the addition of urine from a predominantly brassica fed
(in this case kale) diet, compared to that following addition of urine from a
predominantly pasture (ryegrass/clover) fed diet. In fact, NoO emissions following
addition of kale urine tended to be higher than following pasture urine, which was
in contrast to our hypothesis. The impetus for this work was from two studies that
had previously investigated this same question, but produced opposing results
(Hoogendoorn et al., 2016; Luo et al., 2015). Both of these previous studies had
been carried out in the field so this study was conducted in the laboratory under
controlled conditions to reduce environmental variables that may influence results.
Results from this current study were in line with that of Hoogendoorn et al. (2016)

who also reported higher N2O emissions from the brassica derived urine.

According to the mineral N data, the observed difference in N2O emissions was not

a result of a difference in nitrification rate. The amoA gene abundance data also
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showed ammonia oxidising bacteria were not inhibited by either urine type. This
was despite evidence that GLS hydrolysis products could be excreted in urine and
that they have been reported to reduce soil nitrification as corroborated by objective
1. These results suggest that any BNI capacity of the GLS hydrolysis products,
either does not carry through to urine, or was not in concentrations sufficiently high
enough to produce a difference in N2O emissions following application of that urine
to soil. Additionally, other urinary constituents might also differ as a result of the
two diets, and influence N2O production.

If, however, insufficient concentration of GLS hydrolysis products in the kale
derived urine was the reason for no observed reduction in nitrification rate or N2O
emissions, this mitigation method would likely not be viable on farm. In this study,
kale constituted over 80% of the feed provided to the subject cows. It would not be
feasible in commercial farm systems in NZ to provide more than this amount of

forage brassica in an animal’s diet.

A smaller, secondary objective of this study, investigated whether soils collected
from beneath a growing brassica crop exhibited any BNI activity that reduced N2O
emissions following addition of urine. As such, soils were collected from beneath
both a ryegrass/clover pasture, and an adjacent kale crop. Nitrification and
denitrification enzyme activities measured prior to urine application showed no
difference between the soils, however, N2O emissions were higher from the kale

cropped soil than the pasture soil.

The higher N2O emissions were likely a result of the higher fertility status of this
kale cropped soil. Ideally, the fertility of the two soils would have been the same
for this incubation, however, the decision was made not to add nutrients to the
pasture soil to avoid changing, or priming of, the native microbial community. As
such, the crop soil had greater concentrations of total N, total C, and Olsen P, all of
which would increase the nutrient status of the soil and may increase N2O
production. Additionally, the kale cropped soil had lower pH compared to that of
the pasture soil which would also result in higher N2O emissions from the cropped
soil. However, despite this discrepancy in soil fertility status of the two soils, no

difference in soil nitrification rate was observed. It is possible that GLS hydrolysis
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products present in the kale cropped soil did in fact reduce nitrification, but this was

masked by the higher fertility.

Due to the nature of this study, where only a single paired site was examined and
the difference in soil fertility, it was difficult to draw any conclusions as to whether
N cycling in soil growing brassica crops was decreased as a result of the presence
of GLS hydrolysis products. Multiple paired sites and equivalent soil fertility would

be required for further assessment.

6.3 Final conclusions
The overarching hypothesis of this thesis was:

Naturally occurring glucosinolate related compounds from brassica crops act as
biological nitrification inhibitors and can reduce nitrous oxide emissions from a

urine patch.

Overall, the hypothesis was partially supported in that some GLS hydrolysis
products inhibited soil nitrification and reduced N2O emissions following addition
to soil (Chapter 3). However, this observation was not consistent across all forms
of potential GLS hydrolysis product delivery to soil (Chapters 4 and 5). The BNI
activity displayed by GLS hydrolysis products was very weak and short lived.
Consequently, this BNI activity was not observed when GLS hydrolysis products
were applied by tissue incorporation, or by application of urine derived from cows

fed brassicas.

Additionally, this hypothesis was partially supported in that N2O emissions were
reduced in two of the studies conducted (Chapters 3 and 4). However, this could

not always be attributed to inhibition of nitrification (Chapter 4).
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The main conclusions of this thesis were:

1. Some GLS hydrolysis products showed BNI capacity and reduced N2O
emissions when applied to soil with a high concentration of urea-N. However,
this inhibition was weak and short-lived.

2. Brassica plant tissues reduced urea derived N2O emissions relative to ryegrass
tissues when incorporated into soil with a high concentration of urea-N,
however, the reduction in N2O emissions could not be attributed to inhibition
of nitrification by GLS hydrolysis products.

3. Incorporation of plant tissues into soil increased total N2O emissions likely

due to the provision of N and C substrates from the added plants.

4. The BNI capacity of GLS hydrolysis products was not carried through to the
urine of animals grazing brassica crops in sufficient quantity to reduce N2O

emissions when urine was applied to soil.

Research that has been conducted, on brassicas and GLS, to date is summarised in
Table 6.1. This, along with the literature review, highlight that very little research
has been carried out on the impact that brassicas, or their secondary metabolites,
have on N2O emissions. Additionally, most of the work investigating the influence
of brassicas and GLS on N cycling has been in low N environments which are

different to what would be expected in a grazing system.

Overall, my data and that from literature provides strong evidence that BNI activity
exists in brassicas. BNI activity has been observed in both high and low N
environments, and where inhibition of nitrification was recorded, it was also
generally supported by evidence of the specific inhibition of nitrifying bacteria.
However, the degree of inhibition appears to be low and there is little data on the

mechanism by which this inhibition might occur.
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Table 6.1: Summary of research involving brassica crops or GLS
products as they apply to each of the thesis objectives.

hydrolysis

PURE COMPOUNDS ADDED TO SOIL - Objective 1

Field/

Author Lab

Balvert et al. (2017) (Chapter 3)  Lab
Balvert et al. (2017) (Chapter 3)  Field
Bending and Lincoln (2000) Lab
Welsh et al. (1998) Field

N rate

(ug N g soil
or kg N ha?)

600
600
80

144

N form

Urea

Artificial urine
NH,SO,4
NH,SO,4

Process inhibited

Nitrification
None
Nitrification

Undefined N cycling

Nitrous oxide
reduced?

Yes

No

Not measured

Not measured

PLANT TISSUES INCORPORATED INTO SOIL - Objective 2

N rate*
Author Flizlg / (Mg N Zt-? soil N form Process inhibited Ni:ggﬂi;;(’;de
or kg N ha?)
Balvert et al. (Chapter 4) Lab 600 Urea Undefined N cycling  Yes
Brown and Morra (2009) Lab 40 Urea Nitrification Not measured
Reardon et al. (2013) Lab 0 Nitrification Not measured
Ryan et al. (2006) Lab 0 Undefined N cycling  Not measured
Snyder et al. (2010) Lab 0 Nitrification Not measured
Velthof et al. (2002) Lab 50 NOs None No
URINE ADDED TO SOIL - Objective 3
i N rate i i
Author Fll';lg / (ug N g* soil N form Process inhibited N'E;gﬂi:é(?'de
or kg N ha?)
Balvert et al. (Chapter 5) Lab 600 Urine None No
Luo et al. (2015) Field 155 & 441 Urine Undefined N cycling ~ Yes
Hoogendoorn et al. (2016) Field 150 & 300 Urine None No
ROOT EXUDATES IN SOIL - Objective 3b
. N rate . .
Author Flglg / (ug N g soil N form Process inhibited N':ggﬂi;é(;de
or kg N ha?)
Balvert et al. (Chapter 5) Lab 600 Urine None No
Kirkegaard et al. (1999) Field 20 ? Nitrification Not measured
O'Sullivan et al. (2016) Field ? NH;NO; Nitrification Not measured
Ryan et al. (2006) Field 25 ? Undefined N cycling  Not measured

*Additional to plant N
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Evidence for the ability of brassicas or GLS hydrolysis products to reduce N2O
emissions as a result of BNI activity is less certain. Objective 1 of this thesis is the
only study that has examined this question. Although the results were positive, this
needs to be repeated, and examined under different soil types and moisture regimes
before any final conclusions can be made. Objective 2 also showed a reduction in
N0 emissions following incorporation of brassica tissues, however, this could not
be attributed to BNI activity.

There has been little evidence that the BNI capacity of brassicas is carried through

to the urine derived from animals fed a brassica diet.

6.4 Future research

If brassica crops or GLS are to be recommended as a N.O mitigation strategy in
grazed agricultural systems, there are some key areas that require further research.
Avreas that have been highlighted as a result of this thesis are discussed below:

Plant extracts

As discussed in the first objective (section 6.2.1), there are many GLS contained
within each brassica plant and the degree of impact each hydrolysis product had on
nitrification appeared to be related to the parent GLS. Also, there is a potential for
synergistic effects of combining GLS hydrolysis products. Testing all potential
GLS hydrolysis products and combinations would require a significant investment
of time, thus, it is potentially more worthwhile to focus any further research on
whole plant extracts to establish which combinations are likely to naturally occur,

and which particular brassica plant shows the most promise for further investigation.

Quantification of crop utilisation and crop wastage following grazing

Incorporation of crop tissues was shown to reduce urea derived N2O emissions,
however, as outlined in objective 2 (section 6.2.2), the quantity of crop tissues left
behind following grazing by animals is unknown. Additionally, grazing of certain

brassicas would result in remaining stubble and dying roots which would also
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release GLS hydrolysis products. Therefore, research on both the amount of un-
utilised or trampled crop remaining, and the contribution of that to N>O emissions

IS required.

Root exudation of GLS hydrolysis products and crop-soil interactions

The comparison of pasture and cropped soils examined in Chapter 5 was based on
the research outlined in Table 6.1 where growing brassica crops have inhibited
either nitrification or another undefined pathway of the N cycle. However, this
thesis only examined a single paired site. Therefore, an in-depth comparison of
multiple paired brassica/pasture sites is required to understand whether the BNI
capacity of growing brassicas observed in the previous studies can also be found in
forage brassicas growing in NZ, and the impact that may have on N2O production.
Pasture and cropping soils examined should be of similar fertility status for a true
comparison as outlined in section 6.2.3., although this could be difficult on a
commercial farm, as crops require additional nutrients to achieve the required dry

matter and soils are generally fertilised at sowing.

GLS hydrolysis products in urine and other urinary constituents

There has been no detailed comparison of urines derived from animals fed on
pasture and forage brassicas. As discussed in objective 3 (section 6.2.3), along with
the presence of GLS hydrolysis products in brassica derived urine, other urinary
constituents might also differ as a result of the two diets. Further research is required
to elucidate the difference in urinary constituents between urine types and any
influence they may have on N2O production.

Potential fungicidal properties of GLS hydrolysis products

Some brassica crops and GLS hydrolysis products are used as fumigants to control
soil fungal pests in cropping systems. Nitrous oxide production by fungi was not
investigated in this study, however, there is the potential that GLS hydrolysis
products may inhibit both fungal and bacterial production of N2O. Although fungal
N2O production is considerably lower than that of prokaryotes, fungi may
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contribute significantly to N>O production due to the high biomass of fungi in soils
(Mothapo et al., 2013). Further research is required to understand the fungicidal
properties of GLS hydrolysis products and the effect this has on fungal N2O
production.

Agricultural systems modelling

The use of agricultural systems models (e.g. Overseer and APSIM) would be
required in order to determine whether forage brassicas and GLS hydrolysis
products may be utilised on farm to achieve a meaningful reduction in N2O
emissions. This would be particularly useful for assessing a wide variety of farm
systems, climatic conditions and soil types. Models (e.g. FARMAX at farm level,
or abatement curves at regional level) may also provide insight into the economic
viability of the use of forage brassicas as a N2O mitigation tool, particularly once
agriculture is included in the New Zealand greenhouse gas emissions trading
scheme. This would inform as to the value of continuing to investigate brassicas as
a potential N2O mitigation tool.
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Appendix A

Dietary Manipulation as a Tool for Mitigating

Nitrous Oxide Emissions

This document was published in the following edited book and is presented here
for reference:

Balvert, S., & Luo, J. (2017). Dietary manipulation as a tool for mitigating nitrous
oxide emissions. In J. Luo & Y. Li (Eds.), Greenhouse gas emissions and nitrogen
losses from grazed dairy and animal housing systems (pp. 61-70). New York, US:
NOVA Science publishers.
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DIETARY MANIPULATION AS A TOOL
FOR MITIGATING NITROUS
OXIDE EMISSIONS

Sheree Balvert” and Jiafa Luo
AgResearch, Hamilton, New Zealand

1. INTRODUCTION

Currently, for every 100 units of nitrogen (N) used in agriculture, only about 15 are
consumed as crop, dairy or meat products (Steinfeld et al., 2006; Robertson and Vitousek 2009).
This points to very low N use efficiency in most agricultural systems. In the dairy industry for
example, despite improved genetic potential of cows with high nutrient utilisation, the increased
external input of feed concentrates and use of fertiliser N have decreased N use efficiency in
these systems (Huhtanen et al., 2008). Increasing N use efficiency is a key strategy by which
the increasing food demand might be met without a corresponding increase in N losses and
nitrous oxide (N2O) emissions.

This chapter focuses on the use of dietary intervention or manipulation by incorporating
diverse forages or crops into animal based agriculture as an approach for increasing N use
efficiency. Dietary intervention is primarily aimed at either reducing the concentration and
amount of N in animal excreta, or changing the partitioning of N in urine and dung, while
preferably having no detrimental effect on productivity. This may include, but is not limited to,
using low N feed supplements to reduce the amount of N consumed and hence lower the amount
of surplus N being excreted, or specific dietary supplementation to encourage the partitioning
of N toward dung rather than urine. Additionally, forages may be selected for their potential to
inhibit soil N transformations by either the root exudation or urine-excretion of plant secondary
metabolites. Dietary intervention may not be feasible in many low input, pasture based
agricultural systems, however, in more intensive systems such as the New Zealand dairy
industry, particularly with the increasing use of animal feed pads and housing practices,
supplements are commonly imported and so dietary intervention is more practical.

2. URINE PATCHES AND NITROUS OXIDE

In order to understand the initiative to reduce excreta N, and urinary N in particular, it is
necessary to understand the N dynamics of the urine patch in grazing systems and how they
relate to NoO emissions. Grazing ruminants are poor utilisers of dietary N, with only 10-30%
of the N consumed being retained in body tissues and in products. The remainder is excreted in
urine or dung (e.g., Selbie et al., 2015). This is generally because plants require more N to grow
than ruminants require for protein synthesis (Haynes and Williams 1993) and so excess N is
consumed by the ruminant. There have been several studies that have demonstrated a strong
linear relationship between N intake and N excretion (e.g., Castillo et al., 2000; Kebreab et al.,
2001; Mulligan et al. 2004; Huhtanen et al., 2008) and in New Zealand about 80% of the total
N20 emissions come from urine and dung deposition.

Urine deposited onto grazed pastures is considered a hotspot for N2O production as urine
provides high localised concentrations of available N and carbon in soils. In New Zealand, the

“Corresponding author: Sheree Balvert, AgResearch, 10 Bisley Road, Private Bag 3123, Hamilton 3214, New
Zealand. Email: sheree.balvert@agresearch.co.nz.

121



average urine N loading rate is about 600 kg N ha™* for dairy cattle, and about 1000 kg N ha!
for sheep (Selbie et al., 2015). Additionally, other abiotic conditions found in the urine patch,
in particular soil water filled pore space, encourage anaerobic denitrification which is the main
N20 forming pathway.

3. REDUCING DIETARY N

Due to the strong relationship between N intake and N excretion, one of the simpler ways
to reduce N excreted (and hence N available as a substrate for N2O production) is to reduce the
N consumed in the diet through the use of diverse feeds. As N in pasture is generally in excess
of animal requirements, reducing N intake should presumably not reduce production. Care
however must be taken to ensure dietary N/protein is not reduced to a point where it is no longer
sufficient to meet the animal’s metabolic requirements.

Many studies have shown that reducing the N content in the diet through low N
supplements reduces total and urinary N excreted in ruminants (e.g., Edwards et al., 2014;
Huhtanen et al., 2008; Kebreab et al., 2001; Misselbrook et al., 2005; Mulligan et al. 2004 (and
references therein); Nielsen et al., 2003; Steinshamn et al., 2006). In a New Zealand example,
Luo et al., (2008) in a study on a pasture based dairy system, showed that using low N feed
supplements such as maize to reduce the amount of N consumed, significantly reduced the
amount of surplus N being excreted and showed an increase in milk production per unit of N
and thus overall N use efficiency. Additionally, Burke et al., (2008) carried out a study on an
Irish dairy system, which showed a reduction in both urinary and total N excretion, and no
effect on production, when supplementing the diet with low N citrus pulp.

4. N PARTITIONING — PROTEIN VS EXCRETA

The low level of utilisation of dietary N is largely a result of insufficient carbohydrate-
derived energy for conversion of the feed N to microbial N in the rumen. The surplus N is then
lost through the rumen wall as ammonia and subsequently excreted in urine following hepatic
conversion to urea N (Miller et al., 2001). It therefore suggests that increasing dietary soluble
carbohydrate content may increase utilisation of feed N in the rumen and thus reduce N
excretion.

Miller et al., (2001) and Moorby et al., (2006) showed that the addition of ‘high sugar
grasses’, or grass varieties with a high content of water soluble carbohydrate, to the diet
increased milk production in dairy cows through more efficient utilisation of the feed N in the
rumen. They also measured a reduction in total excreted N and urinary N. Additionally, Lee et
al., (2002) found reduced ammonia-N concentrations in the rumen of steers fed high sugar
grasses compared with steers offered the control perennial ryegrass variety, which translated
through to reduced urine N excretion. These results are supported by others (e.g., Castillo et al.,
2000; Broderick 2003; Steinshamn et al., 2006) who have reported improved N utilisation and
reduced excretal N following supplementation of high energy feeds to cattle.
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5. N PARTITIONING — DUNG VS URINE

Although the relationship between N intake and N excreted is linear for both dung and
urine, the line is much steeper for urine than for dung (e.g., Dijkstra et al., 2013), indicating that
urine is the main removal pathway for excess dietary N. N2O emissions from dung deposits are
considerably lower than from urine patches as the N transformation processes are much slower
in dung, and it has been found that the emission factor (percentage of applied N emitted as N.O-
N) for dung is significantly lower than that of urinary N (van der Weerden et al, 2011). It is
therefore likely that encouraging excess dietary N to be excreted in dung rather than urine would
result in an overall reduction of N2O emissions.

Supplementation of diet with condensed tannins, for example, has been shown to result in
a greater partitioning of excreta N in dung rather than urine. Condensed tannins bind with
proteins in the rumen, slowing protein degradation and leading to decreased ruminal NH3
concentration and subsequently decreased urinary N excretion, without affecting production
(Carulla et al., 2005; Misselbrook et al., 2005).

6. PLANT SECONDARY METABOLITES

There is extensive evidence to show that plant tissues contain a wide variety of chemical
compounds which are not involved in primary metabolism. These compounds, termed
‘secondary metabolites’, vary according to family and species and play a variety of roles in
protecting plants from a range of stresses (e.g., predation and competition, Bennett and
Wallsgrove 1994; Erickson et al., 2000) including through suppression or inhibition of soil N
transformation processes. Inhibitors of soil N processes, such as urease and nitrification
inhibitors, have the potential to reduce N2O emissions from animal excreta deposited to land
(Dell et al., 2014; Li et al., 2014). Urease inhibitors retard the hydrolysis of urea to NH4*
whereas nitrification inhibitors retard the conversion of NH4* to NO3™. These both prolong the
length of time taken for applied N (e.g., excreta or fertiliser N) to be converted to NOs™ thereby
allowing for more uptake by plants and improving N use efficiency (Amberger 1989). This
results in less available NO3™ for both direct N2O emissions and indirect emissions following
leaching.

The suppression of nitrification has been observed to occur naturally in some ecosystems
where certain plant species release organic molecules from their roots that suppress the function
and growth of nitrifying bacteria (Subbarao et al., 2007). This process is termed biological
nitrification inhibition (BNI). It has been hypothesised that BNI has evolved as part of some
plants’ adaptation mechanisms to conserve and use N efficiently in systems that are naturally
limited in mineral N (Al-Ansari & Abdulkareem 2014; Subbarao et al., 2007) and appears to
be stimulated by high NH4* concentration in the soil (Subbarao et al., 2015). BNI has the
potential to improve agronomic nutrient use efficiency and, as a result, reduce both leached and
gaseous N loss from agricultural systems. A field study carried out over two years in China,
showed higher vegetable yield and nutrient use efficiency for crops co-planted with known
biological nitrification inhibiting plants, as well as a reduction in N2O emissions (Zhang et al.,
2015). Several BNIs have been isolated from root exudates and plant tissues and BNIs that
belong to many different chemical classes have been identified (Gopalakrishnan et al., 2007;
Subbarao et al., 2013).

Additionally, residues of plant tissues are also known to release allelo-chemicals that
inhibit nitrification in soil (Bremner and McCarty 1993). As these chemicals are released during
destruction or decomposition of the plant, it is thought they are a defence mechanism against
herbivores, pests or pathogens, but also inhibit nitrification (Bending and Lincoln 2000; Bennett
and Wallsgrove 1994). Some examples of plants where tissue residues or extracts of tissues
inhibit nitrification include neem, karanj, plantain, sorghum and brassica species (Luo
unpublished data; Prasad and Power 1995; Zhang et al., 2015).
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Incorporating plant tissues into soil may inhibit nitrification in cropping systems, however,
this approach is less suitable for grazing systems where pastures are generally only renewed
every 5-10 years so there is little opportunity to incorporate plant material. Also, N substrate
supplied in the excreta of grazing animals is the main driver of nitrification in these systems.
Therefore, rather than incorporating plant residues, it may be possible to deliver BNI
compounds to the soil through the grazing animal. Grazers eliminate unprocessed plant
material, and presumably secondary metabolites, in excreta (dung and urine). One advantage
of this approach is that the inhibitor is delivered with the main N source for N2O production.
For example, Ledgard et al., (2008) and Welten et al., (2013) showed that urine patches could
be individually targeted with a synthetic nitrification inhibitor (in this instance dicyandiamide)
by orally administering the inhibitor to grazing animals that was subsequently excreted in the
urine. Itis possible that this method could also be used for administering plant derived inhibitors
to urine patches. Luo et al., (2015) recently reported reduced N2O emissions from urine patches
derived from animals fed a brassica crop compared to urine from animals fed on perennial
pasture. The N content of urine from brassica fed animals is lower than that of ryegrass fed
animals and so lower N20 emissions would be expected, however, they also reported reduced
emission factors which accounts for the differences in N loading. One possible explanation for
this reduction is that brassica-derived compounds may be delivered to the soil in the urine and
nitrification may subsequently be inhibited in the urine patch. There is an array of potential
BNIs that could possibly be utilised for reducing N2O production in agricultural systems. In
New Zealand systems, fodder crops that are known to have BNI potential include: leafy turnips,
bulb turnips, swedes, kale, forage rape and plantain (de Ruiter et al., 2009). However, there is
little research that has examined the potential for these feeds to reduce nitrification and N2O
emissions in practice.

CONCLUSION

This chapter outlines the potential for using dietary manipulation as a tool for mitigating
N2O emissions, and indeed improving N use efficiency in general, from intensive animal
agricultural systems.

Most of the approaches are aimed at reducing N excreted in the urine patch and associated
N>O formed under patch conditions. A number of studies have already been carried out in this
area and much is known about which feed characteristics can be used to achieve this. It is
however, important to ensure that animal metabolic requirements are always met.

Other approaches focus on inhibiting soil N transformation processes through the use of
plant secondary metabolites. Although there are studies that confirm the presence and potential
of such compounds, their effectiveness via a feed manipulation route requires further testing.
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