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Humankind
this thesis is dedicated to all your optimists

in the face of a great challenge

“Ka ora te whenua, ka ora te tangata.”

When the land is well, the people will be well

Maori proverb


https://www.tiwaiwaka.nz/

Abstract

Agricultural soils are the main contributor to global emissions of the potent
greenhouse gas nitrous oxide (N>O) to the atmosphere. Nitrous oxide can absorb and
transform radiative energy emitted from the sun to earth into heat. The ability of N,O
to absorb energy is part of the greenhouse effect and naturally contributes to habitable
temperature conditions for life on earth. Atmospheric concentrations of N,O have
never before increased as rapidly as observed since the onset of industrialisation. High
N>O concentrations enhance the greenhouse effect and, at present, add to a warming
atmosphere and a changing climate. A major pathway for N>O production is from soils
that receive large surpluses of reactive nitrogen, e.g., in the form of animal excreta or
fertiliser. Once available in the soil, microbes can access and transform this nitrogen
into different compounds: N2O, for example. The current contribution of agricultural
soils to global N>O emissions is about 60% but higher in New Zealand, where soils
are responsible for 94% of national N2O emissions. However, robust quantifications
are not straightforward and challenging for science to overcome. This thesis is sited at
the interface of this challenge and aimed at measuring the exchange of N2O over an
intensively grazed dairy pasture in New Zealand. The core of the work was based on
eddy covariance (EC), a technique that allows measuring the N>O exchange between
the soil and the atmosphere at ten times per second. Since EC measurements of N.O
over dairy grazed land are rare, main objectives of this work were: to 1) compare EC
to traditional measurement approaches, i.e. static chambers, 2) quantify annual N.O
emission budgets and 3) determine the effect of farm management including pasture
renewal on N>O emissions. The findings of this thesis show that EC provided a
realistic picture of the N>O exchange at paddock scales. This means EC data identified
cattle grazing, land history, farm management, soil moisture and temperature as the
main factors controlling N>O exchange throughout the year. Interestingly, using one
EC system for measurements across adjacent but differently managed paddocks also
allowed to compare the effect of different pasture management scenarios on N,O
emissions. This will help researchers to test different mitigation options more easily in
the future, ideally, to reduce N>O emissions and avoid further atmospheric warming.
This thesis advances our understanding of the N,O exchange process from intensively
grazed land as well as it shows how limited this knowledge still is. Micrometeorological
NO flux measurements will have to be used more frequently in the future to provide

researchers with answers in the face of a rapidly changing climate on earth.



Whakarapopoto

Ko nga oneone ahuwhenua te tino kaitapae ki nga tuhanga haurehu ao whanui o te
kati mahana kikino nei, ara, o te hauota-rua okai e whakaputaina ana ki te kohauhau.
He haurehu moroiti a-kohauhau te hauota-rua 6kai (N2O). A, e taea ana te miti me te
whakawhiti nga pungao hihi, e ahu mai ana i te ra ki te whenua, hei pokaka. Na te ahei
o te N2O ki te miti pungao 1 ahu mai ai te kat#’ mahana, a, na reira e taea nei te noho
heipu i tétahi titaranga mahanatanga pai mo te noho ora i te whenua. Heoi ano, kaore
ano 1 kitea pénetia te tere whanake o te kuka mai o te N>O 1 te kohauhau, n6 mai ano
1 te kunenga o te ahumahitanga. Na te nui o te kuka o te N,O i te kohauhau e
taperepere nei te kati mahana, a, 1 ténei wa, e apiti ana ki te mahana haeretanga o te
kohauhau me te rereké haeretanga o te ahuarangi. Ko tétahi huarahi tapua mo te
wathanga N»O, kei roto i nga oneone e nui nei te whai hauota hohe tuhene, hei tauira,
kei roto 1 nga tukuparatanga a nga kararehe, i nga hauota whakahaumako, i nga koiora
whakamau hauota ranei. Ka ahei ana énei i te oneone, ka taea te hauota e nga moroiti
oneone, a, ka panonihia hei puhui rereké: hei tauira, hei N>O. I ténei wa, ko te
tapaetanga o te oneone ahuwhenua ki nga tuhanga N>O o te ao whanui kei tona 60%.
Engari, he nui atu 1 Aotearoa, kei te 94% keé te tapaetanga o te oneone ahuwhenua ki
te tuhanga tahua N>O a-motu. Ahakoa te uekaha o te tatau, e uaua tonu ana, na te ahua

taurangi o te mokowa me te wahi i roto i te tukanga whakawhiti o te N,O.

I ténei tuhinga whakapae, ka inea te whakawhitinga o te N»O 1i tétahi pito whenua a-
ohu miraka e titongitia awaitia ana i Aotearoa, ma te whakamahi i te inenga matai
huarere iti i étahi tau maha, me étahi whakahaerenga pito whenua a-ohu miraka rereke.
Whakamahia ai te rautaki eddy convariance (EC), hei ine i te whakawhitinga N>O i te
whenua ki te kohauhau, i te tekau inenga a-hékona. I te mea, me uaua ké ka whakamahi
1 te rautaki EC hei ine i te N2O 1 tétahi pito whenua e titongitia awaitia ana, ko nga
whainga o te tuhinga whakapae nei he whakatata i: 1) nga tauritenga ine o te rautaki
EC me nga rautaki riterite ma te matakiki; 2) nga tahua tuhanga N,O a-tau, me; 3) nga
panga o nga whakahaerenga pamu 1 nga karawhitinga N,O. E ai ki 6 matou kitenga,
ma nga ingenga EC e whakaahua tuturu nga whakawhitinga N»>O i nga awhata patiki.
Ko nga ahuatanga pumau ko: nga whakaurunga hauota na te titongi a nga kararehe, te
hitori o te whenua, te whakahaerenga pamu, te makutanga o te oneone, me te
pamahanatanga o te oneone. Na te rautaki eddy covariance 1 ahei ai nga whakatauritenga
0 nga panga 1 waenganui 1 patiki e noho piritaha, ko tétahi patahi i whakahoutia, ko

tétahi i waiho me te tupu o te karache rai.
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Hei whakarapopoto ake, ko nga kitenga o ténei tuhinga whakapae hei tapaetanga, hei
whanaketanga ano hoki mo to tatou mohio ki nga tukanga whakawhiti N,O 1 nga
oneone mahi whenua. Ka mutu, hei whakaatu e whaiti tonu ana te puna matauranga.
E whakakihia ai énei wharua matauranga, me riterite ké atu te whakamahia o nga inenga
matai huarere iti karawhitinga N>O e nga kairangahau o ra nga e tu mai nei. Ma te
whakamahi i nga momo rautaki pénei i te EC, e uruparetia ai te wawe o nga rereke
haeretanga o te ahuarangi me te noho ora i te whenua. Ko te mariu, ma nga raraunga
me nga puna matauranga mo te ine haurehu kati mahana N,O, hei awhina te tangata

ki te whakamauru i te mahana haeretanga tonutanga o te kohauhau.



Zusammenfassung

Landwirtschaftlich genutzte Béden sind globale Hauptemittenten des klimawirksamen
Treibhausgases Distickstoffmonoxid (N»O), auch bekannt als Lachgas. In der
Atmosphire besitzt Lachgas die Fihigkeit, die kurzwellige Einstrahlung der Sonne zu
absorbieren und in Wirmeenergie umzuwandeln. Dieser Prozess wird als Treibhaus-
effekt bezeichnet und trigt auf natiirliche Weise zu einem ausgeglichenen Wirme-
haushalt auf der Erde bei. Seit der Industrialisierung hat sich die N>O-Konzentration
allerdings so stark erhoht, dass der Treibhauseffekt seitdem nicht mehr nur zu
ansteigenden Temperaturen in der Atmosphire fihrt, sondern auch den Wandel des
Weltklimas beschleunigt. Seinen Ursprung hat N,O tberall dort, wo Bdden reaktiven
Stickstoffverbindungen ausgesetzt sind, z.B. von Tierexkrementen oder Dingern. Den
Stickstoff dieser Eintrige konnen Kleinstlebewesen im Boden zu verschiedenen chem-
ischen Verbindungen umbauen: N,O, zum Beispiel. Derzeit tragen landwirtschaftlich
genutzte Béden so geschitzt zu 60% zum globalen N,O-Emissionsbudget bei. In
manchen Fillen, wie in Neuseeland (94%), liegt der Anteil héher. Eine Herausfor-
derung fur Wissenschaftler, Emissionsbudgets wie diese zu erstellen, ist derzeit die
Messung der Emissionen selbst. Die vorliegende Doktorarbeit war daher der Aufgabe
gewidmet, zu erforschen, wie sich der Austausch von N,O zwischen Boden und
Atmosphire besser erfassen lasst. Der Kern der Arbeit beruht auf der eddy covariance
(EC) Technik, einer meteorologischen Messmethode, welche zehn Messwerte pro
Sekunde generiert und dabei, je nach Windrichtung, bis zu einige Hektar Messfliche
abdecken kann. Wichtige Forschungsanliegen waren 1) EC mit traditionellen Ansétzen
(Messkammern) zu vergleichen, 2) Emissionsbudgets zu erstellen, und 3) den Einfluss
von Managementmal3nahmen (Weideumbruch) auf die N>O-Flisse des Bodens zu
untersuchen. Die Ergebnisse dieser Arbeit zeigen, dass EC-Messungen praktisch gut
geeignet waren, um die Interaktion verschiedener Faktoren (z.B. Bodenwassergehalt,
Stickstoffinput) auf den Fluss von N>O zu erfassen. Die EC-Technik erméglichte es
sogar, simultane Messungen auf angrenzenden, aber unterschiedlich gemanagten
Weiden durchzufithren und dabei das Analysegerit des Messsystems (einen Quantum-
kaskadenlaser) nicht nur fir EC, sondern auch fiir die Analyse von Proben aus
Kammermessungen zu verwenden. Eine robuste Quantifizierung von N,O-
Emissionen ist unabdingbar, um aussagekriftige Treibhausgasinventare berechnen

und die Wirkung von Malnahmen zur Schadstoffminderung erfassen zu kénnen.!

! Fine wissenschaftliche Zusammenfassung der Ergebnisse ist im Anhang zu finden (siche A1).
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Scientific Abstract

Agricultural soils are the main contributor to global emissions of the potent
greenhouse gas nitrous oxide (N>O). This applies in particular to soils under intensively
grazed land that receive large surpluses of reactive nitrogen (N;) in the form of animal
excreta, nitrogen fertiliser and/or biologically fixed nitrogen compounds. The
contribution of agricultural soils to global N>O emissions is estimated to be around
60% and is in some cases even higher, i.e. in New Zealand, where agricultural soils
contribute 94% to total N,O emissions. The exchange process of N,O from soil to the
atmosphere is controlled by a range of factors (e.g., soil microbial activity,
environmental conditions, and farm management) and highly variable in both space
and time. Measuring soil N>O fluxes has, therefore, remained challenging and
uncertainties associated with the measurement and quantification of N>O emissions
are generally high. However, robust quantifications are not only essential for
understanding the multitude of factors and processes that trigger N,O emission from
the soil but also to compute comprehensive inventories and to ultimately develop
effective mitigation strategies. Recent advances in gas analyser technology have now
overcome some of this uncertainty by allowing continuous N,O flux measurements,
e.g. eddy covariance (EC), at field scales. Despite this advance, knowledge about the
spatio-temporal dynamics of N,O emissions at field and farm scales has remained
rudimentary as micrometeorological N>O flux measurements have not yet been
determined for a range of different soil types, land uses, farm management practices
and mitigation scenarios. Uncertainty currently also exists about how results from
these micrometeorological measurements would link to traditional emission factor (EF)
approaches based on chamber measurements, and vice versa. Emission factors are the
foundation for most greenhouse gas inventories and yet aligning both measurement

techniques could be important as a field scale verification.

This study aimed at overcoming a few of the above knowledge-gaps by using EC
measurements of N>O fluxes from an intensively grazed dairy pasture in New Zealand.
Measurements were conducted on a commercially operating farm across multiple years
and under different pasture management scenarios. The pasture sward in the footprint
of the EC system initially comprised traditional perennial ryegrass (Lo/um perenne) and
white clover (Trifolinm repens). After one and a half year, one paddock of the EC
footprint underwent renovation (i.e. pasture renewal via chemical killing) before re-

establishing a diverse sward containing plantain (Plantago lanceolata) in addition to
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perennial ryegrass, white and red clover (I7ifolium pratense) species. At two points of
time, static chambers were installed to determine pasture N>O fluxes in conjunction
with the EC measurements, 1) to help understanding differences of methodology and
scale on resulting No>O fluxes, and 2) to develop a field-based approach allowing the
immediate injection of N,O samples derived from static chambers into the quantum

cascade laser absorption spectrometer (QCL) of the EC system.

Results showed that commonly used static chamber techniques might lead to
underestimations of annual N,O emissions. When using a site-specific EF approach,
annual N>O emissions were quantified at 3.82 kg N;O-N ha™ yr~' whereas cumulative
and gap-filled data from EC resulted in 7.30 kg N>O-N ha™ yr'. The difference
between the two budgets was explained by the EF approach not taking into account
the effect of additional factors such as supplementary feed, seasonal variability and
background N2O emissions. Eddy covariance data, in contrast, already included these
due to the micrometeorological nature, temporal frequency and continuity of the
method itself. In future, computing annual N>O emissions based on static chambers
and EFs will demand a more careful consideration that reaches beyond the effect of
individual treatments on resulting N>O emissions and the simple upscaling to annual

budgets.

The second objective of this work was to assess the effect of a no-till, direct-drill
pasture renewal technique paired with a rapid reseeding approach on N,O emissions
for the first 66 days after management intervention. Flux measurements were made in
a split-footprint across a control and renewal site using a single EC system. Results
demonstrated that pulsed N.O emissions from the renewed paddock were strikingly
short and limited to a two weeks’ window. The difference between N>O emissions
from the renewed and control paddock was 1.22 kg NoO-N ha™'; 93.4% of which were
emitted shortly after intervention. Rapid reseeding and establishment of the new sward,
therefore, were found a suitable mitigation strategy to likely prevent the prolonged loss
of N,O after pasture renewal. Besides, findings also showed that the chosen gap-filling
technique allowed for robust quantification of emission budgets and comparison of
treatment effects on two adjacent paddocks using a single EC system. Gap-filling of
micrometeorological N>O flux data has previously been a major constraint in
producing defensible greenhouse gas budgets, and when assessing the effect of N,O
mitigation strategies at paddock scales. As demonstrated in this thesis, using a suitable

gap-filling approach can realistically overcome this challenge.
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Thirdly, using static chamber measurements parallel to EC might, in some cases, be
very beneficial offering to complement N>O flux measurements at different scales
while isolating the effect of individual treatments. This thesis demonstrated that N,O
samples taken from static chambers can be analysed by the QCL absorption
spectrometer in the field alternatively to standard gas chromatography (GC) in the
laboratory. Quantum cascade lasers have previously been coupled to EC systems or
auto-chambers, but here we found that a QCL could be used equally well for the
analysis of N,O samples derived from static chambers. A comparison between the two
analytic methods (QCL and GC) showed that resulting N>O fluxes were for all intents
and purposes the same, i.e. equivalent. Using the QCL analyser for the above purpose
and near-concurrent to EC was highly cost-efficient and provided immediate data

outputs while avoiding further laboratory work.

Finally, to contextualise our contribution to the field of greenhouse gas research: This
thesis demonstrated and advanced our knowledge about how robust EC
measurements of N>O fluxes can be conducted in an intensively grazed farming
environment that receives high and dynamic inputs of N.. Findings served to 1) verify
site EC and EF emission budgets, 2) demonstrate that a single EC system can be used
to distinguish treatment effects on adjacent paddocks, and 3) invent a novel technique
that allowed immediate, field-based injections of chamber derived gas samples into the

QCL of the EC system.
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Preface

1096 days, 26 304 hours, and 1 578 240 minutes.

Dear reader, this is my attempt to quantify what has remained difficult to grasp — the
amount of time that the past three of my years comprised. Perhaps you might have
just concluded the same numbers, and I agree: Time is equitable. It does not distinguish
between a person’s gender, intelligence, origin or skin colour. Each one of us has been
provided with an equal budget — a lifetime — and the only, but important, difference is
how we decide to spend this time. With the decision made to write a doctoral thesis, I
invested the majority of days and hours of my most recent lifetime in one undertaking.
Results at hand, I now entertain the thought that this was time spent worthwhile. I
assume you, dear reader, might be eager to explore the research part of this thesis. But

before let me borrow a few minutes of your time — on a personal note.

Climate change research is a challenging and sometimes even precarious undertaking.
As scientists, we have to deal with findings that feel like a prophecy of doom. And the
overall trend seems clear: ice sheets are melting, weather extremes are increasing and
the global biodiversity is in decline. Researchers around the world strive to put climate
change into words and numbers. However, the extent to which climate phenomena
affect life on earth often remains difficult to comprehend — even for us. Atmospheric
warming is a rapidly proceeding real-time challenge. Its speed is intimidating, especially
when everyday life for others seems to spin on, just so, as if the hard facts did not exist.
It is complicated, of course: The impacts of a changing climate and environment have
not spread equally across the globe. Geographical discrepancies prevent individuals,
regions and countries from experiencing climate change the same and, consequently,

challenge united action against it.

Wandering on the path of climate science myself, I became familiar with the facts and
the further I went, the more I noticed that the impacts of climate and environmental
change are not only related but indispensably connected also to the level of equality of
human interaction and cohabitation. Climate change and gender equality, for example,
share a strong interconnection and the resulting consequences will be severe for human
development. Meaning that the impacts of a changing climate are likely to shift power
relations and gender rights throughout the world with women being disproportionately

more affected than men. To date, women are already confronted by greater limitations:
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access to education, knowledge, resources, their participation in policy development,
decision making, voice and accountability, ... Just recently, I discovered a thought-
provoking initiative: gender cc, a global network of organisations, experts and activists
that work for climate justice and gender rights. Information on the gender cc website
are plentiful and not only explain why climate change affects women differently than

men but also pointing out how this inequality and discrepancy can be overcome.

Dear reader, I like to encourage you — take a look and be inspired. There is hope and
yet no reason to loose optimism. The functional blindness that makes us fear to
‘change’ can be overcome. We have to realise that change is as powerful as it is painful
and ultimately inescapable. Moving towards a sustainable future will include stepping
back from luxurious, resource-inefficient lifestyle choices and policy decision making
— worldwide. We will have to let go and redefine our norms and habits in various, if
not all, areas of life. Probably, even our life philosophy! I often imagine what would
happen if humanity just realised its greater power for the good. If every single one of
us would contribute to this important realisation. I wished we would be encouraged
mote to use our skills, sense of fairness, creative, intellectual and financial resources to
empower sustainability and defeat (gender) injustice. And even if there was nothing
else to add, at least, to stay optimistic and be responsible, mindful and kind to the

world around us. Whatever we do and wherever we might go.
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Chapter One

Introduction

1.1 Nitrous oxide emissions and the climate change challenge

Livestock production and the application of nitrogen fertilisers are the main catalysts
of higher than natural nitrous oxide (N,O) emissions from agricultural soils (Galloway
et al., 2013). Nitrous oxide is a long-lived atmospheric trace gas that has a global
warming potential 265-298 times greater than carbon dioxide and efficiently promotes
radiative forcing but also depletes stratospheric ozone (Ravishankara et al., 2009; IPCC,
2013). For most of the Holocene, the atmospheric mixing ration of N,O was below
265 parts per billion (ppb) (Flickiger et al., 2002; MacFarling Meure et al., 2006). The
natural nitrogen cycle, i.e. the equilibrium between N2O production in soils and its
biochemical transformation to more inert nitrogen compounds in the atmosphere, has
only recently been altered by a surplus of reactive nitrogen (N) added to agricultural
land through anthropogenic activity (Kroeze et al., 1999; Syakila and Kroeze, 2011).
Since the onset of industrialisation, the increase in atmospheric N2O concentrations
has been persistent and at rates greater than the chemical removal of NO (MacFarling
Meure et al., 20006; Schilt et al., 2013). From 2009 onwards, Thompson et al. (2019)
found that the increase in global N,O emissions occurred at even faster rates than
initially estimated by the Intergovernmental Panel on Climate Change (IPCC). Overall,
global N>O emissions were projected to increase by 29% from 2000 to the year 2050
(Bouwman et al., 2013; Cai and Akiyama, 2016). The mean annual growth rate of the
atmospheric N>O mixing ratio is currently at 0.2—0.3% but might soon be exceeded
with N2O mixing ratios in future well beyond present-day 330 ppb (Signor and Cerri,
2013; WMO, 2018).

Limiting N>O emissions in future will, therefore, greatly depend on strategies to
prevent and optimise the addition of excess N, to agricultural soil, adoption of
appropriate land management strategies and the state of the soil itself. Presently, soils
are estimated to contribute 56—70% to global N>O emissions, particularly when utilised
for livestock agriculture (Forster et al., 2007; Syakila and Kroeze, 2011; Ussiri and
Rattan, 2012). Ruminants and other grazing animals require large amounts of feed but
only retain 10-25% of the original feed nitrogen with the remainder of this nitrogen

being excreted (Whitehead, 2000; Jones et al., 2017). Deposited in relatively small urine
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and dung patches, excreta nitrogen often exceeds plant demand and, thereby, becomes
a substrate for a wealth of microbial metabolic pathways that can produce (or consume)
N2O (Butterbach-Bahl et al., 2013; Luo et al., 2017). Whether net N>O production
occurs is defined by differences in the availability and distribution of N;, climate factors,
soil properties and the soil microbiome (Firestone and Davidson, 1989). Strongly
interlinked with each other, these factors form a heterogeneous environment in which
spatial and temporal variabilities make the quantification, understanding and mitigation
of N,O emissions challenging to determine (Voglmeier et al., 2019). Nitrous oxide
emission data from intensively managed and grazed land, therefore, still comprise the
highest uncertainty among all grassland types to date (Flechard et al., 2007; Gibbs,
2018b; van der Weerden et al, 2020). Measurements using static and automated
incubation chambers enforced the understanding of the N>O emission process at point
scales but continuous N>O flux (Fxo0) datasets beyond the chamber scale have yet
remained sparse (Fuchs et al., 2018; Liang et al., 2018; Voglmeier, 2018). However,
reliable long-term datasets will be crucial when quantifying greenhouse gas emissions
from pastoral high-flux ecosystems, not only to establish comprehensive emission
inventories, but also to enable mitigation strategies that decelerate and ultimately
prevent the radiative forcing effect of N2O on the global climate at present and in the

future (Kelliher et al., 2017).

1.2 Nitrous oxide emissions from New Zealand dairy pastures

Intensively managed, grazed pastures are of global importance for the exchange of
carbon dioxide (CO,), methane (CH4) and nitrous oxide (N.O) greenhouse gases
(Jones et al., 2017). Emissions of these gases are inherently interlinked with the
utilisation of grasslands to sustain most of the world’s grazing animal herd and to
satisfy the human demand for animal-based proteins, i.e. primarily milk and meat (de
Klein et al., 2010; Mottet et al., 2017). Managed grasslands cover 26% of the terrestrial
land surface globally and as non-native exotz grassland around 40% (or 10,675,261 ha)
of New Zealand (Suttie et al., 2005; MfE, 2012; FAO, 2020). The predominance of
exotic grassland in New Zealand originates from forest and land clearance in the early
days of European settlement history. Livestock farming in New Zealand is thus
pasture-based with beef and dairy cattle as well as most other animals (e.g., sheep, deer,
horses) grazing on outdoor paddocks year-round. The pasture sward is generally
dominated by perennial ryegrass (Lolium perenne) and white clover (Trifolium repens) to
promote biological nitrogen fixation and N2O emissions commonly range between 0.2

and 15.9 kg N2O-N ha™ yr™" (Luo et al., 20082; de Klein et al., 2010; Luo et al., 2017).
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For the past three decades, a large number of New Zealand case studies have identified
and discussed the effect of animal excreta, nitrogen fertiliser, environmental variables
and farm management strategies on N>O emissions creating knowledge for national
policies (Gibbs, 2018b; MfE, 2019, 2020). For instance, the New Zealand 1990-2017
greenhouse gas inventory distinguished N>O emissions from ruminant excreta
deposited onto pastoral soil into a urine and dung component equal to an emission
factor (EF) of 1% and 0.25%, respectively (Carran et al., 1995; Mueller et al., 1995; de
Klein et al., 2003; Luo et al., 2009). Note that these urine and dung EFs have been
amended in the latest version (1990-2018) of the New Zealand inventory to 0.98%
and 0.33% for N,O emissions from cattle urine depending on slope, and 0.12% for
cattle dung (MfE, 2020; van der Weerden et al., 2020). Better accounting for N,O
emissions from pastoral soils and understanding the underlying controls and drivers
led to the insight that N,O emissions in New Zealand are currently increasing
(Lassaletta et al, 2014). In 2018, for example, agricultural soils were a major
contributor of domestic N,O emissions with levels 56.7% (2,543 kt CO,-equivalent)
above 1990 and a contribution to national gross greenhouse gas emission of an

estimated 8.9% (7,026 kt COz-equivalent) (MfE, 2020).

Domestic research focuses on finding new approaches and mitigation strategies to this
enduring challenge, i.e. the country’s increasing N2O emissions. For instance, Gardiner
et al. (2016) reviewed possible effects of increasing the percentage of plantain (Plantago
lanceolata) in the cattle diet and the pasture sward likewise on mitigating urine derived
N2O emissions. First results suggested that plantain reduces urinary nitrogen excretion
and potentially also inhibits microbial nitrification in the soil (Bowatte et al., 2015;
Gardiner et al., 2018; Simon et al., 2019). However, whether findings like this or other
mitigation strategies will suit whole-farm systems is yet to be evaluated (de Klein et al.,
2010). Because often the scale of testing the effect of new mitigation strategies on NoO

emission has remained limited by methodological constraints.

At present, chambers are the most commonly used technique for determining the flux
of N,O with 95% of all field studies referring to this technique (Rochette and Bertrand,
2007; Rochette, 2011; Lammirato et al., 2018). Chambers are relatively easy to deploy,
cost-efficient and follow standardised guidelines but operate over areas less than 1 m?
and offer limited temporal coverage (Rochette and Eriksen-Hamel, 2008; Jones et al.,
2011; de Klein et al., 2015). However, the disconnect between point scale chamber
measurements and environmental processes that occur at farm system scales (~100 ha)

has only been overcome in the last decade promoted by the development of fast and
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tield-applicable N2O analysers. When coupled to micrometeorological eddy covariance
(EC), these “new” analysers provide continuous measurements of Fxzxo at paddock
scales (Rapson and Dacres, 2014; Rannik et al., 2015) and provide robust results e.g.,
based on continuous wave quantum cascade laser absorption spectrometry (QCL)
(Fuchs et al., 2018; Tallec et al., 2019; Cowan et al., 2020). Presently, there are three
QCL EC systems operating in New Zealand and the measurement data from one of

these three sites form a major component of this thesis.

To date, only a few studies have used QCL EC for flux measurements of N,O and this
might explain why our understanding of paddock scale to whole farm emission
processes has remained underdeveloped. Further research is needed to compare
micrometeorological measurements with the existing (chamber) techniques and the

role of these new approaches in the field of N2O research has to be discussed.

1.3 The Troughton farm research site

Data used for this thesis originate from greenhouse gas research conducted on
Troughton Farm (37.77°S, 175.8°E, 54 m a.s.l), a commercial dairy farm in the
Waikato region, North Island, Aotearoa New Zealand. The farm was located in the
Hauraki Plains, a graben filled with volcanic deposits and alluvial sediments of an
ancient river system (McLeod, 1992). Under a temperate-oceanic and moderate climate,
mean annual temperature and precipitation were 13.3°C and 1249 mm (1981-2010)
according to the nearest climate station 13 km to the south-west of the farm (NIWA,
2018). Extended dry periods occurred in late summer and early autumn, and frosts
only on a few days in winter (NIWA, 2018). Precipitation was generally received as
rainfall. Soils on the old alluvial surface were characterised by variations in
sedimentation and drainage, and often contained rhyolitic volcanic ash. Described by
New Zealand soil taxonomy, a Mottled Orthic Allophanic soil (Te Puninga silt loam)
was the dominant soil type of the study area with a clay content of up to 20% in the

topsoil and a mean soil organic carbon (SOC) content of 9% (Hewitt, 2010).

Troughton farm had been managed for dairy production for at least 80 years. The total
area of the farm was 207 ha (199 effective ha) with paddocks sized between 2.5 to
3.5 ha and rotationally grazed year-round (Rutledge et al., 2017a; Wall et al., 2020b).
Most of the pasture sward comprised a traditional mix of perennial ryegrass and white
clover. More recently, diverse swards (e.g., red clover, lucerne, sunflowers, chicory,
prairie grass), maize forage and plantain have been established on some paddocks of

the farm. In spring, when the dry matter (DM) production rate reached 70 kg DM
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ha™ d™' grazing rotation could be as short as 21 days, whereas in winter when DM
production was around 15-20 kg DM ha™ d™' grazing rotation could extend for up to
90 days (Pronger et al., 2016). Cattle received supplementary feed during times of lower
pasture production from imported and on-site sources that were mostly provided in
the form of hay, grass or maize silage either on a feed pad or on the paddocks before
or during grazing. The total number of cows decreased with time from 701 Jersey cows
in 2012 (3.5 cows ha™) to 437 cows in 2018 (2.2 cows ha™) (Wall et al., 2020b).
Greenhouse gas emissions had been monitored on the farm for multiple years using
different EC systems, one of which was also equipped with a QCL for measuring Fxzo
(Table 1-1). The QCL EC site system (Fluxnet code NZ-Tt3.) was established in

November 2016 and since then has provided this work with continuous Faoo

measurement data. The first year of Fxoo data was reported by Liang et al. (2018).

Table 1-1 Site-specific publications from research conducted at Troughton farm.

Author (year)

Title of publication

Pronger et al. (2016)

Spatling et al. (2016)

Rutledge et al. (2017a)
Rutledge et al. (2017b)

Liang et al. (2018)

Pronger et al. (2019)

Wall et al. (2019)
Liang et al. (2020)
Wall et al. (2020a)

Wall et al. (2020b)

Wecking et al. (2020a)

Wecking et al. (2020b)

Goodrich et al. (2021)

Pronger et al.
(unpublished)

Low spatial and inter-annual variability of evaporation from a
year-round intensively grazed temperate pasture system
Estimates of annual leaching losses of dissolved organic carbon
from pastures on Allophanic Soils grazed by dairy cattle,
Waikato, New Zealand

The carbon balance of temperate grasslands part I: The impact
of increased species diversity

The carbon balance of temperate grasslands part 1I: The impact
of pasture renewal via direct drilling

Nitrous oxide fluxes determined by continuous eddy covariance
measurements from intensively grazed pastures: Temporal
patterns and environmental controls

Toward optimisation of water use efficiency in dryland pastures
using catbon isotope discrimination as a tool to select plant
species mixtures

Carbon budget of an intensively grazed temperate grassland with
large quantities of imported supplemental feed

Modelling the effects of pasture renewal on the carbon balance
of grazed pastures
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Chapter 1 Introduction

1.4 Research objectives and outline

Despite an increasing number of studies using EC for the measurement of N,O
continuous datasets determined over multiple years for agricultural, but in particular
intensively grazed systems, have remained sparse. A comprehensive understanding of
the soil nitrogen cycle, soil flux dynamics at different temporal and spatial scales, and
superimposed impacts of day-to-day farm management decisions on the exchange of
NO in these systems are still lacking; both in the short- and long-term. At present,
greenhouse gas inventories and NoO mitigation strategies are affected by great

uncertainties, which make reliable assessments difficult.

This thesis used the EC technique to measure N,O fluxes (Fxz0) from an intensively
grazed grassland that received high inputs of reactive nitrogen. The aim was to quantify
the exchange of N,O across different spatio-temporal scales and, specifically, to

determine the effect of farm management on resulting Fxzo via the following objectives:

i.  To study the factors contributing to differences in paddock scale annual N,O
emission budgets, this thesis compared EC with static chamber measurements

and estimates derived from emission factors (EFs).

ii. To investigate the effect of farm management on paddock Froo, this thesis
compared N2O emissions of two adjacent paddocks, one of which underwent

pasture renewal (chemical spray, direct-drill). The other paddock was a control.

iii. To further explore the capability of QCL EC, this work tested whether a field-
based QCL analyser could be used for the injection and analysis of N.O

samples captured by chambers nearby the EC station.

A literature review was conducted to support the experimental approach of this work
and provide thorough background information (Chapter 2). To address the above
objectives, three field-based experiments were conducted in the time between 2017
and 2019. In the first part, EC and static chamber measurements were used to
determine and compare annual NoO emission budgets (Chapter 3). In March 2018,
one paddock of the EC footprint underwent pasture renewal. Eddy covariance
measurements were used to assess the effects of the renewal event on N,O exchange
(Chapter 4). In September 2019, a new method was tested to allow manual injections
of static chamber derived N,O samples into the QCL of the EC system (Chapter 5).
Opverall findings and implications were brought to conclusion at the end of this thesis

in Chapter 6 (Fig, 1-1).
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It is to note that Chapters 3, 4 and 5 were developed as independent manuscripts and
might include repetitions regarding the introduction, site details and methodological
descriptions. Format and style of Chapters 3 and Chapter 5 follow the guidelines of

the journals they have been published in, i.e.:

*  Chapter 3:

Wecking, A. R., Wall, A. M., Liang, L. L., Lindsey, S. B., Luo, J., Campbell, D. L,
and Schipper, L. A.: Reconciling annual nitrous oxide emissions of an intensively
grazed dairy pasture determined by eddy covariance and emission factors,
Agriculture, Ecosystems & Environment, 287, 1-14, 2020.

®  Chapter 4:

Results presented in Chapter 4 will be published in future work, which is aimed at
quantifying a multiple-year, full greenhouse gas budget for the EC research site at
Troughton farm. The data processing was based on the work from Goodrich et
al. (2021) and Wall et al. (2020).

= Chapter 5:

Wecking, A. R., Cave, V. M., Liang, L. L., Wall, A. M., Luo, J., Campbell, D. L,
and Schipper, L. A.: A novel injection technique: using a field-based quantum

cascade laser for the analysis of gas samples derived from static chambers, Atmos.
Meas. Tech. Discuss., 13, 5763-5777, 2020.

Paddock Scale Nitrous Oxide Emissions from
Intensively Grazed Pasture
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Figure 1-1 Structure of this PhD work with the thesis itself forming an open system (dashed
ellipse) right at the interface between research objectives and the broader field of greenhouse
gas research (real world). Introduction and literature review reach across the thesis boundary
by introducing the reader to the general problem (Chapter 1) and summarising the current
state of knowledge (Chapter 2) with respect to the research topic (headline). Chapter 3, 4 and
5 form the body of the thesis and investigate individual objectives based on how to measure
N20 in a real farm environment. Chapter findings are summarised and discussed at the end of
the thesis (Chapter 6) with implications reaching from the thesis scale back out to the research
field and eventually including real world applications (arrows).







Chapter Two

Literature Review

2.1 Nitrogen cycling in terrestrial grasslands

The discovery of nitrogen and its species dates to the 18" century. In 1744, Joseph
Priestley discovered N>O and ammonia (NHs) gas, just two years after Daniel
Rutherford had isolated the nitrogen element (Austin, 1788). However, the scientific
understanding of the soil nitrogen cycle and the overall importance of N2O emissions
concerning global climate change have taken another around 250 years to advance.
Even at present, understanding the biogeochemical complexity of nitrogen cycling in

soils still poses an intellectual challenge (Sylvia et al., 2005; Butterbach-Bahl et al., 2013).
2.1.1 Natural functioning

Nitrogen is a limiting resource in unperturbed terrestrial ecosystems, where the
bioavailability of plant accessible reactive nitrogen (N.) compounds is a factor that
controls net primary ecosystem production (Vitousek and Howarth, 1991). Most of
the nitrogen in the soil is bound to soil organic matter (SOM) and in the soil flora and
fauna. Bound in these complex organic forms, nitrogen is an essential building block
of e.g., amino acids, proteins, enzymes, antibiotics, chlorophyll, vitamins and metabolic
intermediates (Blume et al., 2009). The cycling of nitrogen through biosphere and
pedosphere, therefore, is considered one of the main biogeochemical cycles in

terrestrial ecosystems (Butterbach-Bahl et al., 2011).

The two processes that enable inert dinitrogen (N») from the atmosphere to enter the
terrestrial nitrogen cycle naturally are biological nitrogen fixation (BNF) and wet or dry
atmospheric nitrogen deposition (Galloway et al., 2003; Hertel et al., 2011; Vitousek et
al., 2013). Biological nitrogen fixation is promoted by specialised prokaryotes (e.g.,
symbiotic Rhizobinm bacteria in the root nodules of legume plants) that can catalyse the
conversion of atmospheric Nz to plant-accessible NHs. Nitrogen fixation rates from
symbiotic bacteria can be as high as 200 kg N ha™ yr'; or as low as 1-5 kg N ha™ yr™
when associated with heterotrophic nitrogen fixation during the decomposition of
SOM (Pihlatie, 2007; Butterbach-Bahl et al., 2011). An overview on nitrogen-fixing
symbioses and organisms is provided by Herridge et al. (2008) and furthermore, it has
to be considered that the nitrogen cycle can also be closely linked to other elemental

cycles e.g., the carbon, iron and manganese cycles (Kuypers et al., 2018).
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Per se, the terrestrial nitrogen cycle is coupled to a variety of different biochemical
processes in the plant-soil system that transform, mobilise or immobilise organic and
inorganic N, compounds (Fig. 2-1). The main drivers for these processes are litter
production from plants and the decomposition of SOM (Blume et al., 2009). Once
incorporated into the soil and bound to its reactive surfaces (e.g. SOM), soil nitrogen
can remain immobilised until subsequent mineralisation takes place. The residence
time of soil nitrogen in natural grasslands reaches from decades to centuries, which is
mainly due to slow SOM mineralisation. The potential of internal nitrogen retention
and the accumulation in grassland ecosystems is, consequently, generally high (Epstein
et al., 2001; Galloway et al., 2003). With time, some of the nitrogen bound to SOM
mineralises and transforms from large polymers back to bio-available organic
monomers, which are accessible to plants and microbes (Blume et al., 2009).
Alternatively, soil nitrogen can also remain in simple organic forms (such as amino
acids), particularly, when the SOM turnover is governed by accessibility, instead of
recalcitrance (Dungait et al., 2012). Soil microbes then mineralise these simple organic
monomers to form inorganic ammonium (NH4") or organic nitrogen (Now)
(Butterbach-Bahl et al., 2011). From there, NH4" and N, can be nitrified, i.e. oxidised,
to nitrate (NO5") (Stiieken et al., 2016). Any subsequent reduction via denitrifying
processes from NOs~ back to inert N, depends on the properties and redox-state of
the soil but generally includes the formation of gaseous intermediates, i.e. nitrogen
oxides and N,O, which are emitted to the atmosphere (Fenchel et al., 2012; Sttieken et
al., 2016). Other potential pathways that lead to N; losses from soils are plant uptake,

NH; volatilisation, leaching, soil erosion and fire (Galloway et al., 2003).
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Figure 2-1 Scheme of major ecosystem processes in the nitrogen cycle including some internal
retention pathways, shown are: plant processes (dashed lines), microbial processes (solid lines),
competitive processes between plants (orange dashed line) and microorganisms (orange solid
lines), hydrological transport pathways (long dotted-dashed blue lines) and soil organic matter
(SOM). Modified from Rennenberg et al. (2009) and Butterbach-Bahl et al. (2011).
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2.1.2 Anthropogenic modification

Agricultural ecosystems are extremes of high biomass production that require a
constant input of plant-available nitrogen to sustain productivity (Pihlatie, 2007). The
amount of N, added from anthropogenic sources to terrestrial and, in particular,
agricultural soils has increased since industrialisation from 15 Tg N yr in 1890 and
156 Tg N yr in 1990 to 210 Tg N yr' in the early 21" century (Galloway et al., 2004;
Fowler et al., 2013). With the invention of the Haber-Bosch process to synthesise NHj3
from atmospheric N, former boundaries of the natural nitrogen cycle have been
overcome (Haber, 2002). Using the Haber-Bosch process, inorganic nitrogen fertiliser
can be produced at large scale and, apart from its benefits for nourishing about half of
the global population, contributes to the omnipresence of excess N; in present-day

agroecosystems (Erisman et al., 2008; Erisman et al., 2013).

The majority of additional N in intensively used grassland soils originates from the
application of synthetic nitrogen fertiliser and excreta nitrogen from grazing animals
(Davidson, 2009; Paustian et al, 2016). In 2010, fertiliser application added
approximately 14-15 Tg N yr' to pastoral soils equal to 14-15% of the total global
nitrogen fertiliser budget (IFA, 2011). For the same year, the amount of N, from animal
excreta was estimated as large as, or even larger than, the total global consumption of
nitrogen fertiliser which for the given year was 103 Tg N yr™' (IFA, 2011; Saggar et al.,
2013). Key drivers for increased N; deposition in New Zealand’s pastoral soils (1990—
2018) were the growth of national dairy herd (86%) and increases in the application of
synthetic nitrogen fertiliser (673%), both of which were consistent with the global
trend (MfE, 2020). Earlier work from Parfitt et al. (2012) had confirmed this finding
and quantified the annual input of N, to New Zealand pasture soil as 689 Gg N in
1990 and 951 Gg N in 2010. The main sources for this increase in excess N, were
fertilisation and imported feed whereas total BNF from pasture legumes (40 kg N ha”
") decreased from 495 to 420 Gg N (Heggie and Savage, 2009; Parfitt et al., 2012).

The nitrogen cycle accelerates if stimulated by excess N, and, once stimulated, includes
the rapid cycling of nitrogen within, through and out of the plant-soil system (Paustian
et al., 2016). The supply of nitrogen in the soil can locally exceed plant demands and
this becomes particularly apparent in cow urine patches, where nitrogen loading rates
are equivalent to 500-700 kg N ha™' (but sometimes as high as 2000 kg N ha™) (Selbie
et al,, 2015). Soils, microorganisms and plants can experience nitrogen saturation when
exposed to high nitrogen loads and might fail to assimilate or retain nitrogen and

significant amounts of N, might be lost via nitrogen leaching and/or gaseous emissions
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(Saggar et al., 2011; Saggar et al., 2013; Cai and Akiyama, 2016). At the global scale,
Van Drecht et al. (2003) reported total nitrogen leaching losses from agroecosystems
to the groundwater of 55 Tg N yr™'. In contrast, gaseous losses of N,O, nitric oxide
(NO) and NH; were estimated 4.1 Tg NoO-N yr', 3.7 Tg NO-N yr ' and 30.4 Tg NH;-
N yr™; i.e. equivalent to respective contributions of 60%, 10% and 76% to their global

emission budgets (IPCC, 2013).

Agricultural practices can have substantial impacts on soil nitrogen cycling as these
practices define the amount of N, that is added to and ultimately lost from the soil
(Firestone and Davidson, 1989; de Klein et al., 2010; Rees et al., 2013). In pastoral
systems, anthropogenic modifications are most commonly associated with animal
grazing (e.g., animal species, grazing frequency, choice of forage) and the application
of nitrogen fertiliser (Henry and Eckard, 2009; Saggar et al., 2013). Management
practices may also include tillage during pasture renewal (Davies et al., 2001; Cowan et
al., 2016; Drewer et al., 2016), manure application (Amon et al., 2006; Sonthi, 2010) or
irrigation (Luo et al., 2008c); all of which contribute to the loss of soil N.. Also, it was
found that grazed pastures tend to experience higher nitrogen losses from leaching and
via gaseous emission than cut and ungrazed pastures, which is likely due to higher
additional inputs of N, through animal excreta (Jones et al., 2017). However, whether
a grassland acts as a net sink or source of nitrogen depends on the previous land use
and specific site characteristics such as underlying soil and climate conditions
(Firestone et al., 1980; Firestone and Davidson, 1989). For instance, Jones et al. (2017)
found that soil from permanent pasture stored up to 9.4 + 4.14 ¢ N m™ yr' across
seven years, whereas Schipper et al. (2007) reported that some soils from managed
grasslands in New Zealand were a net source of nitrogen with 9.1 ¢ N m™ yr™' lost
over 20 years. For the latter case, there was clear evidence that the sink strength of
New Zealand grassland soils was limited due to increased nitrogen saturation of SOM

and decreased net nitrogen immobilisation (Schipper et al., 2004; Schipper et al., 2014).

Changes in soil nitrogen stocks do not only depend on changes in nitrogen inputs and
outputs, but can also be tightly interlinked with the cycling and the availability of soil
organic carbon (SOC) (Schipper et al., 2004; Pifeiro et al., 2009). In grasslands, the
coupling between carbon (C) and nitrogen (N) cycles is strong with the rate and
strength at which the coupling occurs defined by the stoichiometry of soil-vegetation
C/N ratios; and by processes that contribute to ot vary this ratio (e.g. mineralisation-

immobilisation turnover) (Bol et al., 2011; Soussana and Lemaire, 2014).
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above-ground
plant N uptake

NO; leaching

O

DON leaching

Cattle urine Cattle dung

Figure 2-2 Fate of nitrogen losses from cattle urine and dung patches distinguished into a
leaching (blue), gaseous (orange) and plant uptake (green) component. DON stands for
dissolved organic nitrogen. The size of the circles, i.e. individual components, can be put into
petspective compared to the two large black circles that reference a patch nitrogen load of
1000 g. Figure adapted from Cai and Akiyama (2016).

Animal production in this regard uncouples the natural equilibrium between carbon
and nitrogen cycles in soils by releasing digestible carbon as CO, and CH4 gas
(respiration), and by returning N, at high concentrations to the soil (excreta) (Soussana
and Lemaire, 2014; Jones et al., 2017). This means that grassland soils that act as a
nitrogen source can sometimes outbalance the carbon sink strength of a pasture (Niu
etal., 2010; Jones et al., 2017; Zhou et al., 2017). Consequently, all carbon and nitrogen
import-export processes must be assessed first before identifying the true greenhouse
gas source-sink potential of an intensively managed grassland becomes possible. At
present, only a few studies have quantified combined carbon and nitrogen budgets for
intensively managed grasslands (Soussana et al., 2007; Ammann et al., 2009); and yet
research that determined the response of net ecosystem exchange and carbon
sequestration to nitrogen enrichment in grassland soils remained inconsistent: showing

positive (Xia et al., 2009) as well as no significant responses (Harpole et al., 2007).
2.2 Nitrous oxide

2.2.1 Atmospheric warming potential of nitrous oxide

Nitrous oxide is a linear molecule and next to N2 is the most abundant nitrogen species
in the atmosphere (Li et al., 2013b). The chemical formula N»O is referred to as nitrous
oxide or dinitrogen monoxide. Three fundamental vibrational modes, »7 (wave
number 1285 cm™, 7.78 um), »2 (2224 cm™, 4.50 pm), and »3 (589 cm™', 16.98 pum)
enable N>O molecules to absorb electromagnetic energy (Li et al., 2013b). The
atmospheric N>O concentration peaks in the mid-stratosphere, where N>O molecules

capture longwave radiation re-radiated from the earth’s surface with the effect of

13



Chapter 2 Literature Review

transforming electromagnetic energy to heat energy (Wayne, 2000; Schimel and
Holland, 2005; Portmann et al., 2012). Due to its ability to outlive chemical destruction
in the troposphere and lower stratosphere, N2O is commonly referred to as a long-
lived greenhouse gas (Wayne, 2000). The atmospheric lifetime of N»O, described as
the burden (in Tg) divided by the mean global sink (Tg yr') for a gas in steady-state
(Bolin and Rodhe, 1973; Ehhalt et al., 2001), is around 114 years before chemical break
down via photolysis takes place (Forster et al., 2007).

At around 30 km altitude, the chemical transformation of sutface-emitted N,O
strongly interacts with the depletion of ozone (Portmann et al., 2012). This process is
relatively efficient although only ~10% of N»O gas in the atmosphere is converted to
short-lived but reactive and ozone-depleting NOx species such as nitric oxide (NO)
and nitrogen dioxide (NO>) (Seinfeld, 2006; Ravishankara et al., 2009; Portmann et al.,
2012). As described in the early work from Crutzen (1970) and Johnston (1971), ozone
destruction is triggered by the catalytic potential of N>O and NOx. Without removal
mechanisms in the lower troposphere, N>O is transported to the stratosphere, where

it eventually reacts with excited oxygen O('D) atoms to form NO (Bolan et al., 2004):
N0 + O(1D) - 2NO (Eq. 2-1)

The presence of NO subsequently catalyses the destruction of ozone (O3):
NO 4+ 03 - NO; + 0,
0 + NOz > NO + 0; (Eq. 2-2)

Net: O + 03 - 20,

The overall ozone depletion potential (ODP) of N2O under current atmospheric
conditions is 0.017 with ODP defined as the relative capability of a unit mass of any
chemical released into the atmosphere to destroy ozone compared with
chlorofluorocarbons (Ravishankara et al., 2009). Similarly, the ODP of reactive NOy
is relatively high and one x (here NO, HO or Cl species) can remove 10°~10° ozone
molecules before any chemical transformation to less-reactive forms takes place (Lary,

1997; Portmann et al., 2012).

Furthermore, the increase of global NoO concentration has a strong impact on the
temperature in the stratosphere, where N2O molecules act as radiative agents capable
of emitting heat energy (0.17 £ 0.03 W m™) (Forster et al., 2007; Portmann et al., 2012;
Ming et al., 2016). Nitrous oxide, therefore, has been identified as a climate forcing
agent that disturbs the equilibrium between the amount of solar energy absorbed and

the amount of solar energy emitted to space from the earth’s surface or the atmosphere
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(Shine et al., 1990). The global warming potential (GWP)* of N,O over 100 years (i.e.
the radiative efficiency in W m™ ppb™) is ~265 times higher than that of CO,, and
together with the long atmospheric lifetime of the N>O molecule contributes to

atmospheric warming (Seinfeld, 2006; Forster et al., 2007; IPCC, 2013).

In 1998, the atmospheric concentration of N>,O was 314 ppb or, expressed as the
global burden, 1,510 Tg N yr~' (Ehhalt et al., 2001; Forster et al., 2007). In 2017, the
N>O mixing-ratio had reached 330 ppb with the increase being strongly linked to the
availability of excess N, in soils (WMO, 2018). Predictions exist that the human
demand for animal- and plant-based proteins in combination with population growth
are likely to increase in the future and, hence, are going to alter atmospheric NoO
concentrations even further (Ravishankara et al., 2009). Even if the most stringent
mitigation strategies were applied, N>O levels would be unlikely to decrease below
present-day levels and are far from pre-industrial 270 ppb (Section 2.5) (Ravishankara
et al., 2009; Li et al., 2013b). Based on the IPCC A1B-scenario, Nakicenovic and Swart
(2000) estimated the N>O mixing-ratio to reach 372 ppb by the end of the 21* century.

2.2.2 Main biochemical pathways of nitrous oxide production in soil

Autotrophic nitrification and heterotrophic denitrification are the key microbial
pathways of N, transformation in soil and contribute about 70% to the annual global
N2O emission budget (Tiedje, 1988; Butterbach-Bahl et al., 2013). Nitrification and
denitrification are predominantly performed by soil microbes to meet intrinsic energy
demands with N2>O being a by-product (nitrification) and intermediate (denitrification)
of these processes (Oenema et al., 1997; Burgin et al., 2011; Ussiri and Rattan, 2012).
Under aerobic conditions, nitrifying microbes oxidise NH; and NH," via the
intermediate nitrite (NO7") to nitrate (NO5"). In this oxidised state, NO;™ and NOs~
may subsequently be reduced, i.e. denitrified, under more anaerobic conditions in the
soil. The product of complete denitrification is inert No. However, the denitrification
process can be incomplete, then including the production of intermediate by-products.

One of which is N>O (Ussiri and Rattan, 2012).

The process of nitrification was first described by Schloesing and Muentz in 1877
(McCosh, 1984; Elmerich and Newton, 2007). Nine years later, in 1886, Gayon and
Dupetit discovered denitrification (Payne, 1986; Elmerich and Newton, 2007). An

overarching framework capturing the production and consumption of N>,O and NO

2 By IPCC (1990) definition, the GWP describes the ratio of the time-integrated radiative forcing from
an instantaneous release of 1 kg trace substance or gas relative to that of 1 kg reference gas, i.e. CO2

(Shine et al., 1990).
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by nitrification and denitrification within a conceptual model was published by
Firestone and Davidson (1989) and has been acknowledged as the ‘hole in the pipe
model’. However, recent research suggests that a range of other biotic and abiotic
pathways might also lead to the emission of N,O e.g., heterotrophic nitrification,
nitrifier denitrification, chemodenitrification, coupled nitrification-denitrification, co-
denitrification, and anaerobic NHj3 oxidation (anammox) (Conrad, 1996; Braker and
Conrad, 2011; Butterbach-Bahl et al., 2013) — apart from potential other yet still

undiscovered processes in the nitrogen-cycling network (Kuypers et al., 2018).

Irrespective of the underlying process, most nitrification and denitrification pathways
in soil lead to the net emission of NoO (Myrold, 2005). Only under certain conditions
denitrifier activity, and to some extent that of nitrifiers, stimulate the uptake of
atmospheric NoO (Casciotti and Ward, 2001; Schmidt et al., 2004). Soils are more likely
to act as a sink for N>,O when the soil mineral nitrogen is low and when high soil
moisture or other factors prevent microbial access to alternative oxygen (O2) sources
(N6mmik, 1956; Cicerone, 1989; Chapuis-Lardy et al., 2007; Philippot et al., 2009).
Individual negative N>O fluxes have been relatively frequently reported in the literature
(Neftel et al., 2010; Cowan et al., 2014b; Liang et al., 2018). However, the sink strength
of soils to consume N>O has not yet been fully examined and is often dismissed as
experimental noise (Verchot et al., 1999; Chapuis-Lardy et al., 2007). Syakila et al. (2010)
showed that the global uptake of N»O at the earth’s surface would not likely exceed
0.1 Tg N yr and this is very small compared with a global nitrogen surplus of 17 Tg
N yr' (Syakila and Kroeze, 2011; Ussiri and Rattan, 2012; Thompson et al., 2014).

2.2.2.1 Nitrification

Autotrophic nitrification in soils is a highly specialised process, particularly, when
compared with the wide range of potential pathways for denitrification (Butterbach-
Bahl et al., 2013). Under aerobic conditions, nitrification forms a two-step oxidation
comprising (1) ammonium oxidation (NH4" to NO7") and (2) nitrite oxidation (NO;

to NOs") (Signor and Cerri, 2013).
2 NH4t + 3 02 » 2 NO2- + 2 H20 + 4H* + energy (Eq. 2-3)
2 NO2- + Oz —» 2 NO3z- + energy (Eq. 2-4)

Ammonium and nitrite oxidation in soils generally occur at a water-filled pore space
(WEPS) of less than 60% as the optimum for chemoautotrophic bacteria of ‘Nitroso-
“and ‘Nitro- genera to perform nitrification strictly depends on the presence of free O,

(Davidson, 1991; Sylvia et al., 2005). Under natural conditions, 3 X 10° nitrifiers per
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gram soil are capable of processing 1 mg N d™' (Stevenson, 1982; Myrold, 2005). A
prerequisite for NH," oxidation at such rate is readily available N either in organic ot
inorganic form (Firestone and Davidson, 1989). Microbial mineralisation via
aminisation and ammonification can transform organic nitrogen (Nor) to inorganic
NH,". Mineralised NH,;" may be nitrified but, alternatively, can also be immobilised

on charged soil interfaces, up-taken by plants or volatilised as NH; (Bolan et al., 2004).

The gaseous release of NO and N;O is a by-product of NH," oxidation with emission
occurring mainly during the initial mineralisation of hydroxylamine (NH>OH). The
amount of N>O emitted via nitrification is generally of several magnitudes smaller than
the formation of NO;, and N,O contributions from nitrification sum up to totals less
than 1% of all NH," oxidised (Arp and Stein, 2003; Sylvia et al., 2005). Generally, the
emission of N,O during the nitrification process is triggered by nitrite reductase
enzymes. The activity of reductase enzymes increases under O; limiting conditions and
lower pH-values at which autotrophic NH," oxidisers use NO;™ as an electron acceptor
to conserve O, for the oxidation of NH," (Poth and Focht, 1985; Ussiri and Rattan,

2012).

The majority of energy produced during nitrification benefits the Calvin cycle of
microorganisms to metabolise CO; and adenosine triphosphate (ATP) (Ussiri and
Rattan, 2012). With 35 mol of NH," and 100 mol of NO;™ oxidised per one mol CO,
fixed, nitrification is a low-yield energy source even under optimum conditions and
within a suitable temperature range (2—40°C) (Wood, 1986). Due to the low energy
yield, large amounts of NO;™ are unlikely to accumulate in soils. Increases or decreases
in N>O production remain difficult to predict since O, partial pressure, NH;" and
NH;" concentrations, as well as soil pH-value, rarely reach equilibrium. Fluctuations
of these factors are common and control the spatio-temporal variability of N>O

production in soils (Tiedje, 1988; Firestone and Davidson, 1989).

Microbial nitrification consumes molecular O, and produces protons (H") acidifying
the soil. Ultimately, nitrification generates oxidised NOs~, which once it has become
available to denitrifier communities can be used for further microbial respiration
following the reduction pathway to N, (Erisman et al, 2007). Nitrification and
denitrification determine the overall form of N, cycling in the soil and both these
microbial processes are not only tightly interlinked but likewise capable of driving soil
N2O exchange dynamics whilst also controlling the absorption, utilisation and

dispersal of soil N, to the environment (Ussiri and Rattan, 2012).
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2.2.2.2 Denitrification

In contrast to nitrification, denitrification is conducted by a wide array of soil microbes
(Groffman et al., 2006; Groffman et al., 2009; Butterbach-Bahl et al., 2013). In soils,
0.1-5% of the total bacteria population can adapt its metabolism to facultative
anaerobic pathways (Tiedje, 1988; Henry et al, 2004; Burgin et al, 2011).
Denitrification is mediated mostly by heterotrophic microbes, and respective enzymes,
and describes a stepwise dissimilatory reduction of NOs~ to N, under anaerobic
conditions:

2NO3-+5H;+ 2H+—> N2+ 6 H,0 (Eq. 2-5)

Respiratory denitrifiers gain energy by coupling NOs™ reduction to electron transport
phosphorylation. The reduction reaction from NOs™ to N is accompanied by a change
in oxidation state from +5 to 0 (Firestone and Davidson, 1989; Zumft, 1997). Possible
secondary pathways in the denitrification process are e.g., assimilatory NOs™ reduction
and chemodenitrification but these will not be further described at this point (Sylvia et
al., 2005; Butterbach-Bahl et al., 2013). Simplified, N,O emissions can be a product of
various denitrification processes in soils, all of which are potent to release different

forms of N into the environment (Otte et al., 2019).

As determined in numerous field and laboratory studies (Groffman et al., 20006;
Seitzinger et al., 2006; Balaine et al., 2013; Ball, 2013), denitrification depends on the
availability of O, in the soil which is strongly linked to enzyme activity. The synthesis
of nitrate-, nitrite- and nitric oxide reductase enzymes is favoured only under increasing
anaerobic conditions with nitric oxide reductase (Nor) being the most sensitive to O»
(Sylvia et al., 2005). Heterotrophic denitrifiers use NO;™ as an alternative terminal
electron acceptor substituting O under anaerobic conditions, i.e. at a WEFPS greater
than 60% (Davidson, 1991; Ussiri and Rattan, 2012). At very high WEPS and very low
O partial pressure in the soil, denitrification may fully reduce NO5™ to terminal N»

(high N>O:N; ratio) (Seitzinger et al., 2006; Philippot et al., 2009; Fowler et al., 2013).

Denitrification is often favoured in anaerobic microsites where short-term changes in
soil conditions are common and may change for more than a 100-times within a few
days (Sylvia et al., 2005). In contrast to nitrification, NoO and NO are obligatory
intermediates in the denitrification process (Fig. 2-3) (Firestone and Davidson, 1989).
Under some soil conditions, N2O might even be the end product of an incomplete
denitrification process that transformed a greater proportion of soil NO;™ to N>O than

to N, gas (Cofman Anderson and Levine, 1986). Incomplete denitrification is
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particularly likely when the availability of oxidants exceeds the availability of reductants
(i.e. SOM) (Firestone and Davidson, 1989; Mosier et al., 1996; Ussiri and Rattan, 2012).
Global estimations suggest that about 124 Tg N yr™' are denitrified in terrestrial soil

equal to around 40% of the terrestrial nitrogen pool (Seitzinger et al., 2000).

2.2.3 Drivers and controls of nitrous oxide production in soil

Nitrification and denitrification processes are driven by a complex interplay of controls
reaching from cellular to environmental scales. Introduced by Tiedje (1988) and
Robertson (1989), drivers of N,O production that affect the immediate environment
of the bacterial cell are commonly referred to as ‘proximal’. Factors that are driven by
environmental regulators are termed ‘distal’. The cellular level of soil N>O production
is generally regulated by proximal controls: 1) the level of soil O, availability, 2) the
availability of N; substrate, and 3) the presence of electron donors, particularly SOM
(Robertson, 1989; Sylvia et al., 2005; Ussiri and Rattan, 2012). Distal controls are linked
to climate conditions, inherent soil properties and anthropogenic changes and often
determine the overall rate of soil NoO and NO production and consumption. Proximal
and distal factors are in a constant interplay with each other and thereby lead to highly
variable conditions in the soil and diverse spatio-temporal patterns of associated trace

gas emissions difficult to predict (Barnard et al., 2005; Butterbach-Bahl et al., 2011).

The regulatory effect of microbial and environmental drivers on nitrogen trace gas
production has been described in the ‘hole-in-the-pipe’ model by Firestone and
Davidson (1989). In this conceptual model, production and consumption of gaseous
N2O and NO are imagined as a ‘leaky pipe’ (Fig. 2-3). The trace gas production within
the pipe broadly depends on two levels of control: 1) the flow of N, through the pipes,
which is equal to the total rate of nitrification and denitrification, and 2) the size of the
holes, which relates to the proportion of trace gases released. The rate at which N,
flows through the pipes is controlled at the proximal scale and can be either low or
high; whilst distal drivers determine the portion (i.e. the size of the holes) at which

N2O and NO are finally emitted (Firestone and Davidson, 1989; Sylvia et al., 2005).

Despite the pioneering work of Firestone and Davidson (1989), understanding the
effect of environmental drivers and, in particular, anthropogenic modifications on
N>O emissions has remained challenging (Parkin, 1993; Groffman et al., 2009; Imer et
al., 2013). Linn and Doran (1984), for instance, found that fluctuations in WEPS had
a distinct effect on the activity of soil microbes and, therefore, were the most important

control for N>O emissions. When close to a WEPS of 60-80%, soil conditions support
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simultaneous nitrification and denitrification with both these processes leading to
higher yields in final N>O production (Ruser et al., 2006; Butterbach-Bahl et al., 2013).
An overall 74-86% of the variations in N2O/NO production and emission might be
explained by the variation of moisture, aeration and temperature in soil (Schindlbacher
et al., 2004). For instance, the release of NyO is favoured by temperatures at an

optimum of 37°C with Q1o-values ranging between 1.7-9.3 (Abdalla et al., 2009).

2] (1] +2] (1]
NO N,O NO N,O
44 48
[-3] 1] — 3] [+5] - [0}
I Nitrification Denitrification

Organic N

Figure 2-3 The microbial nitrogen cycle described and simplified by the ‘hole-in-the-pipe’
model based on the work from Firestone and Davidson (1989). Parentheses indicate the
oxidation state of nitrogen.

When decoupling the effects of different drivers and controls on N>O emission, it is
important to consider syntrophic linkages between different biogeochemical cycles in
soil, i.e. the nitrogen and carbon cycle, and the consequent effects of these linkages on
microbial interactions (Burgin et al., 2011; van Groenigen et al., 2011). Nitrogen
mineralisation rates can increase if carbon sources are not limited. Following
Gundersen et al. (2012), N,O emissions were negatively correlated at C/N-ratios > 30
but showed a positive correlation at C/N-ratios of ~11 when the coupling between
nitrogen and carbon cycles was tight (Gundersen et al., 2012). High SOM contents and
nitrogen mineralisation rates are likely to increase the rate of soil respiration and, thus,
include potential not only to enhance net ecosystem carbon exchange but also to

trigger the emission of N,O (Niu et al., 2010).

2.2.4 Nitrous oxide emissions from intensively grazed pastures

Intensively grazed pastures are agricultural systems with a wide range of environmental
and management conditions that can result in the emission of N>O. Interestingly, a
large proportion of total farm N,O emissions in grazing systems often occurs from
relatively small areas, i.e. hotspots (Groffman et al., 2009; Cai and Akiyama, 2016; Luo
et al., 2017). These hotspots can be located in areas where animals congregate (feeding
bins, water troughs and gateways), occur after additional irrigation or result from soil
compaction due to trampling and in the soil underneath excreta patches (Saarijarvi and

Virkajarvi, 2009; Aguirre-Villegas et al., 2017; Mumford et al., 2019).
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Ruminants are overall poor nitrogen converters, meaning that only 5-30% of ingested
nitrogen are uptaken by the animal and the remaining 70-95% are excreted in form of
urine and dung (Jarvis et al., 2001; Oenema et al., 2005). Nitrogen loads in animal urine
and dung patches, therefore, often exceed plant demands and are vulnerable to losses
via gaseous emissions and leaching (Selbie et al., 2015). Barrow and Lambourne (1962),
and Jarvis et al. (1995) found that the proportion of nitrogen in animal urine increased
with increasing nitrogen intake; while it remained relatively constant in dung. Selbie et
al. (2015), in turn, described ruminant urine patches as the “engine room” of nitrogen
cycling in intensively grazed pastoral systems but also laid out that high urinary

nitrogen loads might not necessarily result in high N>O emissions.

More generally, the magnitude of NoO emissions depends on the interplay between
prevailing soil microclimate, microbial activity, plant composition, biomass, and
excreta composition, which again is defined by animal type and feed intake. All these
factors can alter the spatial heterogeneity of soil respiration and, hence, cause impact
also on resulting N>O emissions (van der Weerden et al., 2011; Luo et al., 2015; Shi et
al., 2019). A meta-analysis by Lopez-Aizpun et al. (2019) showed that it was important
to account for differences in animal diet, gender and breed genetics when reporting
urine derived N>O emissions, in addition to urine composition and nitrogen loads. The
urine patch characteristics of different animal species have been thoroughly discussed
by Haynes and Williams (1993) and Selbie et al. (2015) where it was pointed out that
mean urinary nitrogen concentrations from sheep, goats or deer (1.4-17.8 g N L.™") are
not necessarily lower than those from dairy cattle (3.0-13.3 ¢ N L.7"). The similarity of
urinary nitrogen contents between different animal types might explain why excreta

EFs are often not further distinguished in national N,O inventories (Section 2.4.1).

Mean annual N>O emissions from intensively grazed pastoral soil in New Zealand were
quantified equivalent to 8 kg NoO-N ha™ yr' (de Klein et al., 20062). However, true
N>O emissions are likely to include a far greater range in dependence on the variability
of soil and site characteristics. Luo et al. (2017), for instance, found that N,O emissions
from a single cattle urine and dung application can be as high as 16.8 kg N,O-N ha™
yr and 5.57 kg N2O-N ha™ yr™', respectively (equivalents). Above that, Velthof and
Oenema (1995) demonstrated that N>O losses were 1.5-2.5 times greater from grazed
than from cut or harvested pasture, especially during the wet season, and annual N,O
emissions from pastoral soils in Ireland were higher from frequently (8.6-12.5 kg N,O-
N ha™ yr™') than less frequently (2.0—4.3 kg NoO-N ha™' yr) grazed sites (Rafique et

al., 2011). Farm management adds to the effect of site characteristics and climate
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variability on N>O emission and, therefore, has to be considered an equally important

control (Rees et al., 2013).
2.2.5 Emission management and mitigation potential

Estimates based on the IPCC A1B-scenario predict the global mean atmospheric N,O
concentration to reach 372 ppb at the end of the 21* century (Nakicenovic and Swart,
2000) with the agricultural sector already contributing 84% to global anthropogenic
N>O emissions (Smith et al., 2008). Agricultural greenhouse gas dynamics are complex
and to prevent further atmospheric warming stringent mitigation strategies for N>O
and other greenhouse gases are required (Cai et al., 2017a; Cai et al., 2017b). Strategies
to mitigate N>O emissions from pastoral land comprise two levels: 1) to manage the
sources of nitrogen uptake at the animal level, and 2) to control N>O production in

situ through soil and grazing management (Oenema et al., 1997; de Klein et al., 2010).

Referring to 1), livestock management can be achieved by improving feeding practices,
including dietary additives, and increasing animal productivity and nitrogen efficiency
per kilogram of animal product through breeding and genetic manipulation (Castillo
et al., 2001; Smith et al., 2008; Gregorini et al., 2010). Alternative pasture species such
as plantain (Plantago lanceolata) were recently shown to offer the potential to decrease
nitrogen concentration in dairy cow urine as well as to act as a biological denitrification
inhibitor in the soil (de Klein et al., 2010; Box et al., 2018; Gardiner et al., 2018). First
trials have demonstrated that cattle urinary nitrogen concentration decreased from
initial 54 ¢ N L' to 3.6 g N L ™" and 2.4 ¢ N L' when fed on a 0%, 50% or a 100%
plantain sward, respectively (Box et al., 2017). Moreover, plantain did not only act as a
diuretic lowering the amount of urinary nitrogen but increased urination volumes from
47 L d"' cow™ to 74 L. d' cow™ (dilution effect) (Box et al., 2017). Lower utinary
nitrogen contents were likely caused by secondary metabolites of the plantain plant
that acted as nitrification-inhibiting substances (NIS) in the rumen (Subbarao et al,,
2006). Once excreted to the soil, NIS were found to suppress the first step of NH;
oxidation, i.e. reducing the activity of ammonia (AMO) monooxygenase. Identified as
responsible for this inhibition were plantain-specific allelochemicals, mainly
polyphenol verbascosids and iridoid glycosides (aucubin and catapol) which

inactivated the AMO enzymatic reactions in the soil (Wichtl, 2004; Dietz et al., 2013).

Referring to 2), mitigation strategies addressed at soil and grazing management are
manifold and e.g., include managing the intensity and timing of grazing events (de

Klein et al., 2006b; Watson et al., 2007; van der Weerden et al., 2018), increasing
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pasture productivity and soil carbon storage (Allard et al., 2007; Johnson et al., 2007,
Whitehead et al., 2018), and advanced nutrient, fertiliser, and manure management
(Davidson, 2009; Glassey et al., 2013; Kim and Giltrap, 2017). A popular farm
management and mitigation strategy in New Zealand is controlled grazing, where cattle
spend time on stand-off pads during the wet season (van der Weerden et al., 2017a).
Removing animals from pasture areas can reduce treading damage, prevent leaching
and gaseous losses of N, and thus preserve soil conditions (de Klein et al., 2006b;
Simek, 2008; Luo et al., 2013b). However, negative side effects of stand-off pads can
be the accumulation of manure and cost-inefficiency, both of which might outweigh
the desired mitigation benefits. van der Weerden et al. (2017a) showed that controlled
grazing was beneficial on poorly drained soils where it contributed to reducing N>O

emissions, whereas the approach was not suitable on imperfectly-drained pasture.

Past research shows that there are promising strategies available for mitigating
greenhouse gas emissions from pastoral and agricultural land, but also that mitigation
potentials have not yet been fully realised (de Klein and Eckard, 2008; Smith et al.,
2008; Decock et al., 2015). Beukes et al. (2010) determined that appropriate measures
(e.g., animal genetics, reduction nitrogen fertilisation, grazing management) applied to
one dairy farm in the Waikato region, New Zealand, had the potential to decrease
greenhouse gas emissions from pasture-based systems by 27-32%. Future mitigation
should ideally be focused on finding combined strategies that avoid any offsetting
effect of the desired mitigation benefits and also help to improve the efficiency of
nitrogen cycling through the soil-plant-animal system while, at the same time,

preventing excess emissions (Schils et al., 2005; Stewart et al., 2009; Cai et al., 2017b).
2.3 Direct ways to quantify nitrous oxide emissions from soil

Despite the abundance of studies conducted on intensively grazed pastures, measuring
Frnoo has remained defined (and limited) by the strengths and weaknesses of the
associated measurement techniques. Rochette and Bertrand (2003) reported that more
than 95% of all published field data used chamber methods that were mostly based on
non-flow-through, non-steady-state designs. Alternative measurement approaches to
using these static chambers (or dynamic chambers) are micrometeorological methods.
Analytical techniques coupled to either chamber or micrometeorological equipment
are broadly distinguished into three groups: 1) chromatographic, 2) optical and 3)

amperometric (Rapson and Dacres, 2014).
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This PhD study used analytical techniques of group 1) point scale static chambers and
gas chromatography and group 2) micrometeorological eddy covariance (EC) coupled
to a continuous-wave quantum cascade laser absorption spectrometer (QCL). Both
methods were reviewed below. An introduction to alternative other approaches can be

found in Rapson and Dacres (2014) and Rannik et al. (2015).

2.3.1 Static chambers

The principle of static chamber measurements is to determine the flux of N>O, or any
other trace gas of interest, from the change in chamber headspace gas concentration
with time (Pumpanen et al., 2004). Using a syringe, air samples are taken periodically
from the chamber headspace, are injected into pre-evacuated septum-sealed glass
exetainers and stored until subsequent analysis commonly conducted in the laboratory.

The resulting N2O flux (Fehamber) in units mg NoO-N m™ h™' can then be calculated:

F __ AN;0 M
chamber — AT Vin

A

where ANO is the increase or decrease in headspace N>O concentration (ul. L") with
time, AT is the enclosute period (h); AN.O/AT is the slope from the regression
between N>O concentrations and measured time; M is the molar weight of N>O-N;
7m is the mol volume of the gas (I. mol™) at the headspace air temperature recorded
at each sampling occasion; ”is the headspace volume (m’); and A is the soil area (m?)

covered by the chamber base (van der Weerden et al., 2011).

Static chambers are easy to deploy, cost-efficient and provide valuable information for
comparisons between different treatments by following standardised guidelines
(Parkin and Venetera, 2010; de Klein et al., 2015; Pavelka et al., 2018; de Klein et al.,
2020). Results from static chamber measurements are most commonly used to derive
N2O emission factors (EFs) that are the foundation of national greenhouse gas
inventories, both in New Zealand and elsewhere (Section 2.4.1) (Rochette and
Bertrand, 2007; Rochette, 2011; MfE, 2019). However, due to the low spatial and
temporal resolution of chamber measurements, uncertainties of associated EFs can be
as high as 50% (Smith and Dobbie, 2001; Zheng et al., 2004; Flechard et al., 2007). In
2010, for instance, the New Zealand-specific uncertainty range of chamber derived EF

estimates was * 55.4% (Kelliher et al., 2017; M{E, 2018).

Further disadvantages associated with chamber measurements include the alteration
of the immediate soil environment after insertion of chambers or chamber collars into
the ground that eventually lead to a modification in the resulting fluxes (de Klein et al.,

2015). Likewise, pressure differences caused by removing air from the chamber
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headspace and overall insufficient mixing in the headspace can interfere with natural
gas diffusion (Rochette, 2011). This means that a higher gas concentration building up
in chamber headspace and the soil pores reduces the diffusive flux from the soil to the
surface and, thus, can result in non-linear gas concentration versus time data
(Hutchinson and Mosier, 1981; Livingston and Hutchinson, 1995; Parkin et al., 2012).
Consequently, the assumption of a linear increase or decrease (Eq. 2-6) in chamber gas
concentration is not always applicable and can lead to underestimations in the true
Frxoo before chamber deployment (Rochette and Bertrand, 2007; Venterea and Baker,
2008; Venterea, 2010). Misleading flux calculations are particularly apparent at close to
ambient N>O concentrations when sampling and analytical variability can result in
apparent positive or negative flux values, although the true N>O concentration in the
chamber headspace does not change with time (Parkin et al., 2012). Adjusting the
sampling rate and applying non-linear flux calculation methods have been suggested
to reduce the limitations of static chambers (Kroon et al., 2008; Levy et al., 2011; Htppi
et al., 2018).

Upscaling Fxoo from the microbial to field and landscape scales has become
increasingly important and so, perhaps, the most relevant drawback of static chambers
is their inability to adequately capture the spatio-temporal variation of these Fzo.
Chamber measurements determine Faoo typically over spatial areas much less than
1 m? and are often measured only once-daily (Rochette and Eriksen-Hamel, 2008;
Jones et al,, 2011). The continuous exchange of N.O between the soil and the
atmosphere may, therefore, not be consistently captured, particularly, from intensively
managed pastoral land where cattle urine and dung patches form spatially variable and
dynamic emission hotspots (Section 2.2.4) (Luo et al., 2017). However, N>O emissions
from these hotspots and, in some cases, hot moments that occur under favourable
environmental conditions might significantly contribute to total annual N>O budgets.
Using micrometeorological EC measurements, e.g. Liang et al. (2018), determined
distinctive seasonal and diurnal patterns of Fxxo with soil moisture and soil
temperature as dominant controls. Alternative approaches to static chambers, such as
EC, can help to integrate flux measurements across greater spatio-temporal scales and
understand the complicated ensemble of controlling factors on Fxxo in pastoral

systems (Fig. 2-4).

25



Chapter 2 Literature Review

(a) oo

Figure 2-4 Photos illustrate the two different methods used in this work: static chambers and
micrometeorological eddy covariance with (a) showing the experimental set-up of a static
chamber trial and (b) a close-up of an individual chamber; (c) shows the eddy covariance
system used with the quantum cascade laser housed in the white box, and a close-up of the
sample air inlet and sonic anemometer in (d).

2.3.2 Eddy covariance

Micrometeorological EC measurements determine gas exchange fluxes in the near-
surface atmosphere at scales relevant to the ecosystem and provide a near-continuous
data record under ideal conditions (Voglmeier, 2018). In the past three decades, EC
has been the most commonly used technique for measuring the gaseous exchange of
CO; and CH4 (Baldocchi, 2014) and, more recently, EC flux measurements of N.O
have become possible through technological advance and the availability of fast and
highly precise analysers (Nicolini et al., 2013; Eugster and Merbold, 2015; Nemitz et
al., 2018). This development might explain why the EC method for Fxoo measurements
is recelving increasing attention and its use has now become appealing to

environmental scientists for complementing traditional chamber methods (Table 2-1).

2.3.2.1 Basic concept, strengths and limitations

Eddy covariance measurements calculate the covariance between the turbulent upward
and downward movement of air (vertical wind speed) in the near-surface atmosphere

and a scalar concentration (gas) within those air parcels (eddies) (Baldocchi et al., 1988;
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Aubinet et al., 2012; Baldocchi, 2014). Eddy covariance measurements have to be
conducted fast and long enough to determine the average flux density of the gaseous
exchange between the soil-plant canopy and the atmosphere (Baldocchi, 2014).
Required are measurement frequencies of at least 10 Hz and averaging intervals of 30
minutes or longer (Loescher et al., 2006). Rapid measurements above the plant canopy
are generally achieved by mounting wind velocity and gas concentration sensors to a
tower located within the ecosystem. This includes the advantage of minimising
disturbances at the ground surface whilst also providing a direct measure of flux
densities across an area (i.e. footprint) of paddock to ecosystem scale (Schuepp et al.,
1990; Horst and Weil, 1994; Schmid, 1994). In practice, EC measurements are based
on a statistical analysis of the instantaneous vertical mass flux density I (commonly in
units nmol NoO m™ s7') expressed as the covariance between the fluctuation in gas
mixing ratio ¢ (¢ = p./ p. with p, being the density of dry air and p. the density of N,O)
and vertical wind velocity (»). (Baldocchi, 2003; Rapson and Dacres, 2014):
F=p,Xxwc (Eq. 2-7)

The overbar in the equations denotes time averages (as the instantaneous deviation
from the mean of the half-hourly values) and primes indicate fluctuations from the
mean (Aubinet et al., 2012). To yield F, the results from Eq. 2-7 have to be integrated
from the soil surface to EC tower height (Eugster and Merbold, 2015). Positive results
would then represent a net gas transfer (upward flux) from the soil to the atmosphere,
and negative F values show the reverse (Baldocchi, 2003). For a more comprehensive
description of the EC technique see e.g., Baldocchi (2003), Aubinet et al. (2012), and
Eugster and Merbold (2015).

Also, there are some limitations to the EC technique that must be considered when

analysing and interpreting flux data, i.e.:

= Using EC measurements requires a well-mixed, turbulent atmospheric regime and
does not account for fluxes under low turbulence conditions, at least not without
additional measurement efforts (Massman and Lee, 2002). The boundary of a well-
mixed atmosphere under stable conditions is commonly defined by applying a
threshold (the friction velocity, #+) to the data set (Goulden et al., 1996; Aubinet
et al.,, 1999). Fluxes below the #- threshold (e.g. 0.11 m s™) have to be excluded
from subsequent analysis, but the associated systematic underestimation of night-
time fluxes at less turbulent conditions is generally less pronounced for the
measurement of NoO than for CO, (Goulden et al., 1996; Liang et al., 2018;
Nemitz et al., 2018).
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= The EC technique for measuring Fxuo partially differs from approaches used for
CO,. Atmospheric NoO concentrations are of magnitudes smaller than CO, and,
therefore, are more affected by instrument noise and the choice of the analytic set-
up (Nemitz et al., 2018).

= (Closed-path gas analysers, such as quantum cascade lasers (QCL), require mains
power to operate and to transfer sample air drawn by a pump through long tubes
to the sensor (Cowan et al., 2020). Biasing might result from tube attenuation of
the signal or time lags up to tens of seconds between wind components and gas
concentrations measured by the analytic device, especially, when not corrected
(Leuning and Moncrieff, 1990; Liang et al., 2018; Nemitz et al., 2018).

= Most gas concentration analysers demand housing in a temperature-stable
environment or continuous cooling (Zahniser et al., 1995; Nelson et al., 2004).

= Eddy covariance measurements remain challenging in complex terrain and require
the measurement of additional environmental variables such as soil moisture
profiles, stocking density and other farm management data to allow for a process-
based understanding of the underlying exchange dynamics (Nemitz et al., 2018).

= Finally, EC measures the net Fanoo integrated over large areas and does not
differentiate between different source areas or treatments (urine, dung, fertiliser)
from where these Faoo ultimately originated (Molodovskaya et al, 2011;

Dumortier et al., 2019).

In contrast, EC measurements offer distinct advantages: (1) EC allows manipulative
experiments in different parts of the EC footprint (Wall et al., 2017; Baldocchi, 2019);
and (2) provides ongoing flux measurements, which can be very useful for long-term
climate observations (e.g. flux networks) (Baldocchi et al., 2001; Baldocchi, 2014
Eugster and Merbold, 2015). Voglmeier et al. (2019), for instance, showed that EC flux
measurements made during one grazing season were capable to distinguish the effect
of two different pasture management scenarios on N>O emissions. On the other hand,
Fuchs et al. (2020) applied four years of long-term Fxzo data measured by EC to
different process-based biogeochemical models with results compared to Swiss
greenhouse gas inventory data. Thus, if set-up wisely, EC can be a powerful tool for

the measurement of Fxoo (Baldocchi, 2019; Merbold et al., 2020).

2.3.2.2 Quantum cascade laser absorption spectrometry

Applying EC successfully depends on the use of fast-response analysers that deliver
measurements at sufficient temporal frequencies and are as well capable to operate
reliably in field environments. In recent years, the application of N>O analysers based

on spectroscopic techniques has become particularly prominent when coupled to EC,
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with tunable diode lasers (TDL) and QCL spectrometers as the main representatives
(Rannik et al., 2015). The TDL and some other analysers have been reviewed by e.g.,
Allan et al. (2006), Rannik et al. (2015) and Lebegue et al. (2016) but here the focus is
on introducing the basic principles of QCL as the preferred analytic technique for the

work of this thesis.

Quantum cascade lasers generate a spectrometric light source that efficiently operates
as a continuous wave over the mid-infrared spectrum (3.5 pm to 25 pm) (Faist et al.,
1995; Cutl et al., 2010). The light emission of a QCL is based on electron transition in
between quantum well levels and comprises high output radiation triggered by the
emission of multiple photons cascading through nanometre-thin layers of semi-
conductors (Cutl et al., 2010; Bidaux et al., 2016). The principles of QCL differ
fundamentally from other conventional semiconductor lasers. This means that with
QCL development, light emission has become independent of the material bandgap,
which had previously defined the emission wavelength of the laser, and now solely
depends on the layer properties of the semi-conductors chosen (Li et al., 2013b). Using
a QCL, therefore, allows the measurement of various absorption bands of many
different molecules (e.g., CO, CH,, NO, N,O, NH3) of atmospheric interest and can
be utilised also for isotope analysis (Li et al., 2013a; Li et al., 2013b; Chen et al., 2016).

Modern QCLs comprise a high sensitivity at ppb or even ppt (parts per trillion) levels
of trace gas concentration (Faist et al., 1994; Curl et al., 2010). This high sensitivity is
necessary when measuring trace gases, such as N>O, which occur only at very low
atmospheric concentrations (Curl et al., 2010). Operating a QCL at room temperature
without cryogenic cooling is one of the main advantages of the technique and enables
the application of QCL coupled to EC and/or chambers in field environments (Beck
et al., 2002; Joly et al., 2008; Li et al., 2012). Eugster et al. (2007), Kroon et al. (2007),
and Neftel et al. (2010) were among the first using QCL based EC systems in the field.
The development of the QCL technique itself reaches back to the eatly nineties (Faist
et al., 1994; Faist et al., 1995). Recent studies using QCL EC for campaign-based flux
measurements of N>,O were conducted on intensively grazed pasture (Liang et al., 2018)
and cropland (Lognoul et al., 2019; Tallec et al., 2019) and add to a growing pool of
research (see references in Brimmer et al. 2017). However, long-term Fnao
measurements using QCL EC across multiple years have remained scarce with Fnzo
measurements from intensively grazed pastures being no exception. Utilising the QCL
EC technique has only lately become a more commonly used routine (Table 2-1)

(Fuchs et al., 2018; Cowan et al., 2020; Merbold et al., 2020).
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2.3.2.3 Published nitrous oxide data from managed grasslands

The first studies reporting EC measured Fxzo from intensively managed grasslands
have confirmed that these fluxes are highly site-specific and greatly dependent on the
underlying management of the land (Neftel et al, 2010; Liang et al., 2018).
Management interventions such as tillage, fertilisation, grass cutting, and animal
grazing were often associated with a high variability in resulting Fxzo, particularly when

effects of these interventions overlapped (Fuchs et al., 2018; Merbold et al., 2020).

From the published studies, emission could be as low as < 1 kg N>O-N ha™ yr™'
(Hortnagl and Wohlfahrt, 2014) when measured on a managed hay meadow or as high
as 29 kg NoO-N ha™' yr' after restoration and fertilisation (Merbold et al., 2014). In
comparison, EC measured emissions from intensively grazed dairy pastures in New
Zealand were found to be 6.5 kg NoO-N ha™ yr' (Lidng et al., 2018). Grazing animals
were not always a strong predictor for increased emissions and, based on differences
in grazing intensity and overall farm practices, N2O emissions can be lower with
grazing, e.g. 1.5 kg N2O-N ha™' (nine months) from an extensively grazed Swiss pasture
(Voglmeier et al., 2019) or at least similar to N.O emissions from ungrazed but
intensively managed soils (Kroon et al., 2010a; Fuchs et al, 2018). However,
comparisons between Fnzo data collected from different sites using the EC technique
have remained difficult. Multi-annual flux measurements are extremely scarce even if
considering data from EC systems coupled to other fast-response analysers (e.g.
tunable diode lasers) or large scale measurements based on other techniques (e.g. flux

gradient), (Scanlon and Kiely, 2003; Phillips et al., 2007; Teh et al., 2011).

At present, EC data mainly originate from Europe and New Zealand and, as yet, these
datasets hardly allow for comparisons between daily, seasonal and annual N,O
emissions from different farm management systems. Another reason for the inability
of drawing thorough comparisons are persisting differences in measurement protocols,
data processing, gap-filling, and reporting procedures when using EC for Fnao
measurements (Goodrich et al., 2021). Some standardised guidelines were discussed
by Nemitz et al. (2018) and Giltrap et al. (2020), but more comprehensive work is
needed to enable robust comparisons. Eddy covariance measurements presented in
contribute to the understanding of N,O exchange from intensively grazed pastures
with results now allowing future comparisons to other northern and southern

hemisphere pastoral systems (Makowski, 2019).
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Table 2-1 Published studies using the eddy covariance technique coupled to a quantum cascade laser for the measurement of N>O from intensively managed grasslands.
The table distinguishes location, land use and management, duration of the research, average and range of measured N2O fluxes (Fxz0), best quality data after filtering, mean
annual air temperature (Temp.) and precipitation (Prec.). Suffix symbols are explained at the bottom of the table, T points at studies that included measurements of Fnzo
from cattle-grazed land. The table adds to the reviews published by Nicolini et al. (2013) and Nemitz et al. (2018).

Reference Location Land use/ Duration of study Fnzo min | max Best Temp. | Prec.
land management quality
data
total half-hourly
country [year, month, days] e NON | [amol NeONm2 | 4 | C1 | [mm]
ha-] s
Cowan et al., 2016 Scotland grassland, managed: 2012, APR-SEP, 175 2.1pr tilled 0.018.8 24|34 -- 1191pm
tilled, fertilised 1.7pr untilled
Cowan et al., 2020 United grassland, managed: 2012, APR-SEP, 175 0.6py urea <1.0|40.0 35 - 1191 pm
Kingdom sheep, urea ammonium 2016-18, APR-AUG, 632 0.8pm AN 754pm
nitrate (AN) fertilisation
Fuchs et al., 2018 Switzerland | grassland, managed: 2015, JAN-DEC, 365 4.1t control 24 10.3am | 1029aMm
different swards, fertilised, 1.9 ar clover 27
forage production and 2016, JAN-DEC, 366 6.3arcontrol | >0.2|0.7pm,G 22 9.7am | 1202am
harvested 3.8 at clover 22
2013-14, JAN-DEC, 365
preliminary measurements
Hoértnagl et al., 2014 & 2018 | Austria hay meadow, managed 2010-12, 22 months 0.7 1,6 -0.4]1.0¢ 39 531pm | 6.6pu
Kroon et al.,, 2007 Netherlands | grassland, managed: 2006, AUG-NOV, 74 1.9pr -3.6|14.3 87 10.3pm | 870pm
fertilised, harvesting
Kroon et al., 2010 Netherlands | grassland, managed: 20006, FEB, 7 2404t - 48 111 767
fertilised with manutre and | 2006-08, APR-OCT, 945 111 1087
artificial, harvesting 10.6 736
Liang et al., 2018 1 New grassland, managed: 2016-17, DEC-NOV, 365 | 6.5t -1.9]11.3 37 16.2pm | 1758pum
Zealand fertilised, cattle grazed
Merbold et al., 2014 Switzerland | grassland, managed: 2012, JAN-DEC, 366 291 At -170.0 - 9.56pm | 1023.5pnm

slurry, harvest, restoration
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Merbold et al., 2020 Switzerland | grassland, managed: 2012-2014 2-8-27.7at normal 4-8, higher | 62.07¢ 91am | 1151am
slurry, harvest, restoration after restoration
Neftel et al., 2007 Switzerland | grassland, managed: 2005, AUG-SEP, 61 - -0.9]1.2¢ - 9 1200aMm
fertilised, AN and slurry
application
Neftel et al., 2010 Switzetland | grassland, managed: 2008, JUN-SEP, 122 1.5p1, G -2.0]20.0¢ 42 9am 1200am
tillage, fertilised, forage
production and harvested
Rannik et al., 2015 Finland grassland, bioenergy: 2011, APR-NOV, 215 2.8 0.07]0.8pm 61.9 32am | 612am
Shurpali et al., 2016 reed canary grass, fertilised
Voglmeier et al., 2019 Switzetland | grassland, managed: 2016, MAR-NOV, 198 1.5p1 -1.5]28.8¢ 31|36 8.7am 1075am
fertilised, cattle grazed,
occasionally cut
Wecking et al., 2020 1 New grassland, managed: 2017-18, MAR-FEB, 365 7.3aT -1.0]15.0 49 14.3pm | 1875pm
Zealand fertilised, cattle grazed
Wolf et al., 2015 Switzetland | grassland, managed: 2013, MAY-SEP, 153 -- -1.015.0pm -- 9.1am 1151 am
(isotopic characterisation) cattle and sheep grazed,
mowing, slurry application
Legend:
G graphical extrapolation or calculation and unit conversion from known values
AM annual mean
AT annual cumulative total

PM period mean

PT period cumulative total

T studies on grazed grassland
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2.4 Indirect ways to quantify nitrous oxide emissions from soil

The upscaling of N>O emissions from direct flux measurements to regional, national
or even global scale estimates is useful for assessing the impact of changing farm
management practices, climate and policies on yields and overall greenhouse gas
emissions (Fuchs et al., 2020). Large scale estimates of N>O emissions are determined
either from ‘bottom-up’ inventories, with data commonly based on field measurements
(i.e. chamber techniques) and derived emission factors (EFs), or ‘top-down’ modelling
using atmospheric measurements and inversion models (Davidson and Kanter, 2014).
A quantification of NoO and other greenhouse gas emissions at the national scale is
compulsory for many countries to meet international climate conventions and to
develop robust mitigation strategies (Reay et al., 2012; Sutton et al., 2013). However,
estimates based on the above approaches often still include relatively high uncertainties
and therefore, can lead to confusion among policy decision makers and the general
public with regard to the ‘true’ contribution of livestock farming to global N,O

emissions and radiative forcing (Herrero et al., 2011; Reisinger and Clark, 2018).

2.4.1 Bottom-up national inventories

Bottom-up inventories are based on the quantification of the relationship between
known inputs of N; and the associated increase or decrease in NoO emissions, which
is commonly referred to by emission factors (EFs) (Kelliher et al., 2014b). Emission
factors are widely applied to quantify N>O emission budgets and build the foundation
for emission reporting at national and international scales (Reay et al., 2012). The
methodology of using EFs in national inventories was introduced by the IPCC and
broadly distinguishes three sub-categories: 1) Tier 1 universal EFs that can be
combined with country-specific activity data (if available); 2) Tier 2 EFs that are
derived from country-specific measurements and activity data; and 3) Tier 3 originating
from direct measurements and process-based models (IPCC, 2006a). For agricultural
soils, N>2O emissions and associated EFs are distinguished further into their source of
origin: L.e. direct emissions, emissions from animal waste management systems, and
indirect emissions from N; exported from agricultural land through e.g., volatilisation

or leaching (Nevison, 2000).

Most national and sub-national inventories employ Tier 1 and/or Tier 2 inventory
approaches for estimating agricultural N,O emissions whereas Tier 3 is rarely used
(Reay et al., 2012). Testing a Tier 3 approach, Fuchs et al. (2020) recently reported that

using a multi-model ensemble could reduce the error in estimated annual N,O

33



Chapter 2 Literature Review

emissions from a Swiss pasture by 41% compared to estimates derived from other
national IPCC methods. More generally, Reay et al. (2012) found that uncertainties
associated with estimated or modelled emissions were often related to insufficient
measurements while using an adequate data foundation, in contrast, resulted in

reasonably consistent estimates even at increasing scales (Del Grosso et al., 2008).

The IPCC Tier 1 and Tier 2 approaches for direct and indirect N,O emissions from
managed grassland soils differentiate five EFs that can be used either as default values
(i.e. brackets below, units describe the percentage contribution of soil or applied

nitrogen emitted as N>O) or need to be defined by country-specific data (IPCC, 2019):

* EF (1.0%) for N,O emitted from synthetic fertiliser application, organic
amendments, crop residues, and nitrogen mineralised due to the loss of SOC.

= EF; (1.6-9.5%) for N>O emitted from drained organic soils. The range of EF; is
wide depending on climate characteristics and vegetation zone (IPCC, 2013, 2014)

= EFspre (0.4%) and EFspreso (0.3%) for N>O emitted from animal urine and dung
deposited on pasture, range, and paddock land. Both EFs are distinguished by
animal type: cattle/poultry/pigs (EFsprp) and sheep/other animals (EF3preso).

= EF; (1.0%) for N,O indirectly emitted from volatilisation and re-deposition.

= EFs (1.1%) for N,O indirectly emitted from leaching and runoff.

The latest revision of IPCC inventory Tier 1 EFsprp for animal excreta nitrogen was
announced in May 2019 with default EF;prp that were not only lower than in previous
years (IPCC, 1996, 2006b) but disaggregated for wet (0.6%) and dry climates (0.2%)
(IPCC, 2019). However, most comparisons between Tier 1 and Tier 2 EFs found that
Tier 1 estimates were generally insufficient; while country-specific Tier 2 EFs allowed
national inventories to better account for the variability of controlling factors on N,O
emissions (Lesschen et al., 2011; Cai and Akiyama, 2016; Krol et al., 2016a). Chadwick
et al. (2018), for instance, reported a significantly lower combined EF;pre for urine and
dung from grazing cattle (< 25%) than provided by the 2006 IPCC default values.
Similarly, large site-specific differences between cattle urine (1.12%) and dung (0.16%)
ETF;pre were determined by Voglmeier et al. (2019), who proposed that including
ET;pre disaggregated by excreta type might be useful to advance the Swiss greenhouse

gas inventory.

The New Zealand greenhouse gas inventory for N>O emissions from agricultural soils
has adopted the differentiation of EF;pre, in fact not only by applying disaggregated
EFs for cattle urine and cattle dung but by favouring a combined approach of Tier 2

and Tier 1 default EFs (if country-specific data are not available) (Giltrap and Godfrey,
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2016; MfE, 2019). Since signing the Kyoto Protocol in 1997, New Zealand has
undertaken considerable efforts to define a country-specific emission profile for N,O
(de Klein et al., 2002; de Klein et al., 2003; Luo et al., 2007; van der Weerden et al.,
2011; Luo et al., 2013a; Giltrap et al., 2014; Kelliher et al., 2014a; Kelliher et al., 2017;
van der Weerden et al., 2020). Resulting from these research efforts, country-specific
EF;pre were estimated to be 1.0% for cattle urine (Carran et al., 1995; Muller et al.,
1995; de Klein et al., 2003), 0.25% for cattle dung (Luo et al., 2009) and an EF; of 0.59%

for urea fertiliser (van der Weerden et al., 2010).

Lately, Luo et al. (2019) and van der Weerden et al. (2020) recommended to further
distinguish these EFs by land topography and animal type with the refinements being
adopted in the most recent inventory (MfE, 2020)°. Based on the 1990-2018 version
of the New Zealand inventory, N,O from agricultural soils contributed 8.9% to overall
gross emissions (7,026.3 kt CO»-equivalents), 18.6% to agricultural emissions and 92.5%
to emissions from the agricultural soil category. This means that agricultural soils were
the major contributor of domestic N>O emissions in 2018 with emissions from animal
excreta alone increasing by 30.7% (897.4 kt CO;-equivalents) when compared with the
reference year, i.e. 1990 (MfE, 2020). Key drivers for this increase were the growth of
national dairy herd size and the accelerated application of synthetic nitrogen fertilisers,
both of which were consistent with global trends (MfE, 2019). However, the
uncertainty range of the above emission estimates was high, i.e. £ 55.3% (Kelliher et

al., 2017; MfE, 2020).

An additional drawback of national N,O inventories is that these do not currently
account for background N>O emissions (BNE); or only apply a single, but not
compulsory, default value of 1 kg NoO-N ha™ yr™' (Bouwman, 1996). Per se, BNE are
defined as positive Fxzo from soils that received no external nitrogen inputs and soil
management; but BNE are likely altered for agricultural and pastoral land (Bouwman,
1996; Kim et al,, 2012). In intensively managed soils, BNE can result from the
reactivation (i.e. mineralisation) of residual nitrogen accumulated in the soil after
grazing, fertilisation or biologically fixed in plant residues. Any subsequent
mineralisation of these residual nitrogen stocks can contribute to and result in BNE
higher than in natural or less disturbed systems (Neftel et al., 2007; Gu et al., 2009;
Aliyu et al., 2018). A meta-analysis by Kim et al. (2013) quantified global mean BNE

3 Note: Results presented in thesis chapter 3 were based on the 1990-2017 New Zealand inventory
guidelines. Revised EFsprp in the 1990-2018 version are 0.98% (EF3 prp-rrat) and 0.33% (EF3 pre-steEp)
both for direct N2O emissions from cattle urine, 0.12% (EF3punc), 1% (EF1), and 0.59% (EF.urea).
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for agricultural land at 1.52 kg N2O-N ha™ yr ' and, specifically, 1.8 kg No2O-N ha™ yr-
! for pastures. Testing different management scenarios on grazed pastures in Ireland,
Rafique et al. (2011) found that about 61% of total NoO emissions could be attributed
to BNE. Past research also indicated the effect of soil type (mineral vs. organic) on
BNE (Velthof and Oenema, 1997) alongside potential other influences e.g., sward
composition, nitrogen fertiliser inputs and overall farm management (Ledgard et al.,

2009; Fuchs et al., 2018).

2.4.2 Top-down global budgets

Based on atmospheric measurements and inversion models (Daniel et al., 2007; Syakila
and Kroeze, 2011; Prather et al, 2012), top-down techniques are widely used to
estimate greenhouse gas emissions at continental to global scales (Hirsch et al., 2000;
Huang et al., 2008; Thompson et al., 2014). The top-down approach is recognised as
an independent verification of bottom-up inventories and acknowledged by the IPCC
(IPCC, 2006a, 2019). When applied at very large scales, top-down approaches can
quantify reasonably realistic estimates of global emissions (Bergamaschi et al., 2014).
However, the comparability between top-down and bottom-up estimates remains

debated (Crutzen et al., 2008; Vuuren et al., 2011; Makowski, 2019).

Top-down EF for N>O from agricultural land can range between 0.02 (2%) and 0.05
(5%) kg NoO-N/kg N (Crutzen et al., 2008; Davidson, 2009; Smith et al., 2012).
Estimates based on global atmospheric inversion frameworks determined a global
N2O EF of 2.3% * 0.6% for the period 1998 to 2016 (Thompson et al., 2019). This
EF was noticeably larger than a global EF (1.375%) defined by IPCC Tier 1 approach,
suggesting that the relationship between N,O emissions and high nitrogen inputs
might be non-linear (Thompson et al, 2019). The non-linear response in this
relationship likely related to the sporadic nature of the N>O emission process and its
high spatio-temporal variability. Field studies previously showed that a nonlinearity
between N,O emissions and high inputs of nitrogen can occur, whereas EFs are based
on the assumption of a linear relationship (Rafique et al., 2011; Shcherbak et al., 2014).
As a result, EFs might underestimate the actual increases in global N,O emissions,
particularly when nitrogen surpluses are not constant but change with time. The extent
to which the discrepancy between top-down and bottom-up estimates might become
relevant at large scales is therefore currently unknown (Thompson et al., 2019). A
useful comparison of bottom-up and top-down global N>O budgets was provided by
Tian et al. (2016) and Tian et al. (2020) including a discussion about the strengths and

weaknesses of the two approaches.
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Finally, top-down estimates indicate that anthropogenic activities have doubled the
amount of N; available to the terrestrial biosphere since industrialisation, which led to
increasing emissions from 10-12 Tg N>O-N yr' before 1750 to ~17 Tg N>O-N yr™'
in the last decade (Syakila and Kroeze, 2011; Ussiri and Rattan, 2012; Thompson et al.,
2014). Following these top-down estimates, the change in the global N>O budget was
mainly associated with emissions from agricultural soils, i. e. 0.3-1.0 Tg N yr™" in 1850
compared to 3.9-5.3 Tg N yr' in 2010 (Syakila and Kroeze, 2011; Tian et al., 2019). In
contrast, the atmospheric sink-strength to remove surplus N,O via photolytic reactions
was determined 12.3 + 2.5 Tg N yr' indicating that global N>O emissions, at present,
clearly outbalance the former equilibrium state between emission and atmospheric

removal (Kroeze et al., 1999).
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Chapter Three

Reconciling Annual Nitrous Oxide Emissions of
an Intensively Grazed Dairy Pasture Determined

by Eddy Covariance and Emission Factors

3.1 Abstract

Estimates of regional and national nitrous oxide (N.O) emissions rely on emission
factors (EFs) commonly derived from measurements using static chambers. These
measurements can include high uncertainties and might obscure the quantification of
N>O fluxes (Fx20). Advances in micrometeorological eddy covariance technique (EC)
now allow direct measurements of Fxoo at the field scale. Here, we compared N,O
emissions calculated from site-specific EFs with Frxoo data derived from year-round
EC measurements on an intensively grazed dairy pasture in the Waikato region, NZ.
Annual N,O emissions of 7.30 kg N;O-N ha™ yr' determined using gap-filled EC flux
data were greater than N,O estimates of 3.82 kg N,O-N ha™ yr' based on site-specific
EFs for cattle urine (1.53%), cattle dung (0.24%) and urea fertiliser (0.16%). Likely
reasons for this difference were that the EF approach did not take into account the
seasonal variability of EFs, the effect of supplementary feed on cattle nitrogen (N)
excretion and background N,O emissions (BNE). Including calculated emissions from
supplementary feed N (0.92 kg N,O-N ha™ yr') and BNE (1.09 kg N2O-N ha™ yr™)
increased annual EF-based emissions to 5.83 kg N;O-N ha™' yr'. The site-specific EFs
were established in spring 2017 and may not have adequately represented summer,
winter and particularly autumn N>O emissions. The EF approach, therefore, did not
fully account for the seasonal variability of Fxzo as measured by EC but, if quantified,
could have led to further agreement between measurements. Using EC measurements
to complement static chambers and EIF approaches altered annual N>O emissions
estimates from intensively grazed pastoral land. Hence, we conclude that N>O budgets
derived from EFs need to better capture the effect of seasonal variability,

supplementary feed and BNE.
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3.2 Introduction

Nitrous oxide (N,O) is a long-lived atmospheric trace gas with a global warming
potential 265 times higher than carbon dioxide (CO») over a 100-year horizon (IPCC,
2013). Also, N>O has been considered the primary ozone-depleting substance in the
21" century (Ravishankara et al., 2009). The concentration of N,O in the atmosphere
has steadily increased from a pre-industrial level of 270 ppb in 1750 to 329 ppb in 2017
(WMO, 2017). Globally, anthropogenic activities add 210 Tg of reactive nitrogen (N)
per year to the terrestrial environment, promoting the emission of N,O (Galloway et
al., 2013). In pastoral agriculture, excess N, enters the soil mainly through the
application of synthetic N fertilisers and animal excreta. Both are important substrates
for soil microbes that produce N>O through either nitrification and/or denitrification
(Luo et al,, 2017). Soils under agricultural and pastoral land are considered the most
dominant anthropogenic source of N>O and have been estimated to contribute 3.8—
6.8 Tg N2O-N yr' to the total global N,O emission budget (i.e. 18.0 Tg N>O-N yr™)
(Kroeze et al., 1999; Aliyu et al., 2018). International climate conventions require the
reporting of national N2O emissions in annual budgets that depend on a reliable
quantification at large scale. However, the upscaling of N.O emissions to regional and
national scales or in other words, understanding the discrepancy between microbial-
driven N>O production in soils and measurements that capture the enormous range of
spatiotemporal conditions under which N,O is emitted, has remained challenging
(Butterbach-Bahl et al., 2013). At the national scale, N>O budgets commonly use
emission factors (EFs) to quantify the amount of gaseous N>O-N lost as a fraction of
N inputs excluding background N,O emissions (BNE) (De Klein et al., 2010; Kim et
al., 2013). National EFs can be either default values recommended by the IPCC or are
based on country-specific data (Giltrap and Godfrey, 2016). Research in New Zealand
advanced the use of EFs from default to country-specific disaggregated values that
distinguish different forms of N input, e.g., cattle urine and cattle dung, and were tested
under different management practices, climates and soils (Luo and Kelliher, 2014). In
2017, N2O emissions from the agricultural soil category contributed 10.6%
(8,566 kt CO»-equivalent) to the New Zealand gross emission profile. Agricultural soils
were the major contributor of domestic N>O emissions, with levels 28.1% (1,877 kt
COz-equivalent) above the year 1990 (MfE, 2019). Key drivers for increasing N>O
emissions in New Zealand since 1990 were the growth of national dairy herd size by
89.6% and the accelerated application of synthetic N fertilisers (650%), which are
consistent with global trends (MfE, 2019).
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To date, static chamber measurements are most commonly used to derive EFs for
N>O and determine national greenhouse gas inventories both in New Zealand and
elsewhere, with chamber making up more than 95% of all field N>,O flux (Fx20)
measurements (Rochette and Bertrand, 2008; Rochette, 2011; Lammirato et al., 2018).
Static chambers are relatively easy to deploy, cost-efficient and provide valuable
information for comparisons between different treatments by following standardised
guidelines (Velthof et al., 1996; Jones et al., 2007; De Klein et al., 2015). Nonetheless,
studies using static chambers measure Fxzo typically over a spatial area less than 1 m®
per chamber and offer limited coverage with time (Rochette and Eriksen-Hamel, 2008;
Jones et al., 2011). The continuous flux of soil N2O to the atmosphere, therefore, is
often not consistently captured, particularly in soils under highly intensified pastoral
land where cattle urine and dung patches form spatially variable and dynamic emission
hotspots (Luo et al., 2017). Chamber measurements also alter the soil environment
once installed into the ground, introducing additional uncertainties in measured Fxzo
(De Klein et al., 2015). Insufficient mixing in the chamber headspace, pressure
differences that interfere with natural gas diffusion, and the assumption of a linear
increase in headspace gas concentration during the sampling period are all potential
sources of error that can lead to uncertainties in chamber derived EF estimates
(Denmead, 2008; Christiansen et al., 2011; Chadwick et al., 2014). Due to the generally
low spatial and temporal resolution of chamber measurements, these uncertainties can
be as high as 50% (Smith and Dobbie, 2001; Zheng et al., 2004; Flechard et al., 2007).
In 2016, the country-specific uncertainty range of EF estimates in New Zealand was

+ 55.4% (Kelliher et al., 2017; MfE, 2018).

In the last two decades, eddy covariance (EC) has been the most commonly used
technique to quantify the gaseous exchange of CO; and methane (CH4) between soil
and the atmosphere at ecosystem scales (i.e. 0.1-1 km? (Wang et al., 2013b). Only
lately, measurements of N2O using EC systems have become possible through the
availability of fast and highly precise absorption spectrometers, such as continuous-
wave quantum cascade lasers (QCL). This new generation of laser absorption
spectrometers does not require liquid N cooling or frequent calibration, which
previously limited the long-term deployment of other N>O detectors (e.g. tunable
diode lasers) in outdoor environments (Cowan et al., 2014a, 2015). The number of
studies measuring Faxoo and indeed those of other N-species using QCL is currently
increasing (Nicolini et al., 2013; Nemitz et al., 2018). Individual studies have been

conducted e.g., over agricultural crops such as corn (Huang et al., 2014; Bureau et al.,
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2017), maize (Tallec et al., 2019), cotton (Wang et al., 2013b), drained peatland (Zoll
et al., 2016), managed grassland (Fuchs et al., 2018; Liang et al., 2018; Voglmeier et al.,
2019), and hay and fen meadows (Kroon et al., 2010; Hértnagl and Wohlfahrt, 2014).

In this study, we aimed to compare annual N>O emissions measured by EC to those
estimated by default EFs and those derived from site-specific EFs based on
measurements with static chambers. Due to resource constraints, we were only able to
determine site-specific EFs during one season. Other studies have initially investigated
the technical differences between the chamber and EC method (Jones et al., 2011;
Wang et al., 2013b; Lucas-Moffat et al., 2018), but to our knowledge, a point to field
scale comparison of NoO emissions from intensively grazed land has only been
conducted by Voglmeier et al. (2019) using a “fast-box” approach and QCL EC.
Objectives of our study were to, therefore, 1) determine site-specific EFs for cattle
urine, cattle dung and urea fertiliser; 2) calculate annual N>O emissions using EC QCL;
3) investigate differences between the two methods and compare results from EC with
emission estimates based on site-specific EFs for N,O aligned to New Zealand

greenhouse gas inventory methods.
3.3 Methods

3.3.1 Site and experiment description

This study was conducted on a commercially operating 199 ha dairy farm in the
Waikato region, North Island, Aotearoa New Zealand. The experimental site had been
under long-term dairy grazing for at least 80 years and was located on Troughton Farm,
3 km east of Waharoa (37.78 °S, 175.80 °E, 54 m a.s.l.). From 1981 to 2010, a climate
station 13 km to the south-west of the farm recorded mean annual temperature and
precipitation of 13.3°C and 1249 mm including occasional winter frosts (NIWA, 2015).
The field site covered three paddocks (P51, P53 and P54) in the north of the farm that
were relatively similar in size, previously described by Rutledge et al. (2017a) as
‘NewRye” (Fig. 3-1). The ‘NewRye’ site underwent pasture renewal in 2013.
Measurements made in autumn 2016 found the sward composition to be 65%
perennial ryegrass (Lolium perenne) and 16% white clover (Trifolium repens) with the
remainder comprising a mixture of herbs, weeds or bare ground (Rutledge et al., 2017a,
2017b). Drainage classes varied across soil types, all of which formed in rhyolitic and
andesitic volcanic ash and rhyolitic alluvium (McLeod, 1992). A Mottled Orthic
Allophanic soil (Te Puninga silt loam) was the dominant soil type containing a clay

content of up to 20% in the topsoil and a soil carbon content of 9.3% (Hewitt, 2010).
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The EC system monitoring Frxoo was located in the centre of P53 comprising a
footprint of about 6—8 ha which was equal to the combined area of P51, P53 and P54.
The prevailing wind direction varied throughout the year with a slight predominance
of westerlies. In addition to flux measurements, a suite of soil and meteorological data
had been continuously recorded since 2012. In this study, static chamber
measurements were conducted from 4 October 2017 to 6 January 2018. Chamber
plots were located to the west of the EC system in P54 (Fig. 3-1). Eddy covariance
measurements covered twelve months, 1 March 2017 to 28 February 2018. The EC
system operated continuously (except 5-30 July 2017 due to equipment failure) over
these twelve months. The day of treatment application to the chamber plots on 4
October 2017 was synchronised with cattle grazing on P54 to allow later comparison
between the chamber and EC fluxes measurements for the first 16 days after nitrogen

application to the chamber plots.

N |/ 80% N,O footprint
contour line _s=a

+»° Ys,
AN

-

chamber
trial area

Figure 3-1 Map showing paddock 51, 53 and 54 at Troughton farm with the eddy covariance
(EC) system (black square) located in the centre and the chamber trial (rectangle) to the west.
The dashed line indicates the 80% contour of the EC fetch.

3.3.2 Farm management

The farm was rotationally grazed throughout the year. In the 2017-2018 milking
season (June 2017 to May 2018) the farm was grazed by 478 Jersey cows with two
milking herds. The overall stocking density averaged 2.4 cows ha™' with cattle feeding
on paddocks ranging in size from 2.5 to 3.5 ha. Supplementary feed from both
imported and on-site sources was available year-round and was provided to the animals
either on the feed pad or the research paddocks prior to or during grazing. Additional
feed from outside the farm boundary accounted for 7% of cattle dry matter (DM)
intake including dried distiller grains, grass silage, maize silage, hay and straw bales.

Forage produced on-farm was provided in the form of pasture, grass silage and maize
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silage. From 1 March 2017 to 28 February 2018, each paddock under the EC footprint
experienced 14 grazing events equal to 11-13.5 grazing days. The instantaneous
stocking density averaged 89 cows ha™ but ranged from 65.7 cows ha™ to as high as
407 cows ha™ during short-term grazing of selective areas. Fertiliser was applied on
five occasions: on 9 March 2017 (22 kg N ha™), 29 April 2017 (9 kg N ha™), 12 June
2017 (3 kg N ha™), 3 August 2017 (3 kg N ha™) and 1 December 2017 (3 kg N ha™).
By using site-specific data of pasture and supplementary DM and N intake, the
calculated total Nload of cattle urine and dung was 284 kg N ha™ yr' and
140 kg N ha™ yr'', respectively. The farm management applied was considered typical

for the Waikato region, with day to day management decisions made by the farmer.

Table 3-1 Chronology of static chamber measurements to derive site-specific N2O EFs.

Date Activity
4-Sep-17 Fencing-off
15-Sep-17  Mowing
21-Sep-17 Implementation of chamber collars into the soil
28-Sep-17  Gas and soil sampling — day 0
2-Oct-17  Urtine collection at morning milking, 5-8 AM
3-Oct-17 Dung collection from P54
Mowing
4-Oct-17 Treatment application to chamber and soil plots
Gas and soil sampling — day 1
Grazing on P54
5-Oct-17  Gas and soil sampling — day 2
7-Oct-17  Gas and soil sampling — day 3
9-Oct-17  Gas and soil sampling — day 4
11-Oct-17  Gas and soil sampling — day 5
13-Oct-17  Gas and soil sampling — day 6
17-Oct-17  Gas and soil sampling — day 7
20-Oct-17  Gas and soil sampling — day 8
24-Oct-17  Gas and soil sampling — day 9
27-Oct-17  Gas and soil sampling — day 10
30-Oct-17 Gas and soil sampling — day 11
Mowing
2-Nov-17  Gas and soil sampling — day 12
9-Nov-17  Gas and soil sampling — day 13
15-Nov-17  Gas and soil sampling — day 14
21-Nov-17  Gas and soil sampling — day 15
Mowing
30-Nov-17  Gas and soil sampling — day 16
13-Dec-17  Gas and soil sampling — day 17
6-Jan-18  Gas and soil sampling — day 18
24-Jan-18 Trial finished
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3.3.3 Static chamber measurements
3.3.3.1 Flux measurement and calculation

The chamber trial for measuring Fxoo comprised a randomised block design where
urine, dung and urea fertiliser treatments were applied to circular plots, i.e. the chamber
base, and replicated five times. Adjacent to the circular chamber plots, a separate area
(1 m X 1 m) was established to collect soil samples for subsequent laboratory analyses
of soil moisture and soil mineral N contents. Chamber and associated soil plots
experienced the same treatment application, i.e. the N loading of the soil plots did not
differ from that applied to the chamber bases. Compared with the chamber bases,
however, soil plots received a mixture of real and artificial cow urine to the ratio of
1:2.28. The treatment application followed procedures described by Luo et al. (2008b).
All cattle excreta used in the chamber experiment originated from the study farm. Real
dairy cow urine was collected during morning milking whereas dairy cow dung was
collected from P54. Excreta were stored at 4°C overnight (Haynes and Williams, 1993)
and applied to the chamber plots at actual N loading rates of 540 kg N ha™' (urine) and
1,133 kg N ha™' (dung) on 4 October 2017. Urea fertiliser was applied at 50 kg N ha™
which compared well with the fertilisation practices of the farm. Control plots did not

receive any applied N or other additions.

Nitrous oxide flux measurements were made by using a standardised chamber
technique (De Klein et al., 2003, 2015). Gas sampling was carried out between 10 AM
and 12 PM (NZDT) to obtain representative Fxzo for each sampling occasion (van der
Weerden et al., 2013). Chamber sampling took place on 19 days during a three months
measurement period (Table 3-1). The trial area had been excluded from cattle grazing
one month prior to sampling. Bases for each chamber were inserted 50—100 mm into

the soil one week before treatment application.

During sampling, PVC lids were fitted to water-filled base channels to provide a gas-
tight seal over a 10 L. headspace volume. Gas samples were taken from the chamber
headspace during 60 min at four times to, tx, ts and te on all sampling days except
sampling days 16 and 17 (to and ts only). Headspace samples were extracted through
a sampling port by using a 50 mL plastic syringe (Terumo Corp., Tokyo, Japan) with
15 mL of each sample being injected into a pre-evacuated, septum-sealed, screw-
capped 5.6 mL glass vial (Exetainer, Labco Ltd., High Wycombe, UK). Glass vials
were over-pressurised to maintain sample integrity until the gas samples were analysed

for N2O concentration by automated gas chromatography (GC) at the National Centre
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for Nitrous Oxide Measurement, Lincoln University, NZ. Sample analysis was
performed with a SRI 8610 GC (SRI Instruments, Torrance, CA, USA) and a
Shimadzu GC-17a (Shimadzu Corp., Kyoto, Japan) equipped with a “Ni-electron
capture detector and oxygen-free N as the carrier gas at a detection limit of 0.1 ul. L™
(De Klein et al., 2003; Luo et al., 2008b). As linearity was confirmed, the houtly flux
in mg No2O-N m™ h™ (Fenamber) Was calculated using linear regression from the increase
in chamber headspace N2O concentration between time to and time teo (van der

Weerden et al., 2011):

F _ AN, O M
chamber AT

A

vm
where AN:O is the increase in headspace N>O concentration (ul. L.™') over time, AT
is the enclosure period (h); M is the molar weight of nitrogen in N>O; 7 is the molar
volume of gas (. mol™) at the sampling temperature recorded at each occasion; 7 is

the headspace volume (m’) and A is the area (m®) covered by the chamber base.

3.3.3.2 Calculation of emission factors

The houtly Fepamber values from Eq. 3-1 were integrated over three months to quantify
the total amount of N>O-N emitted from each treatment. Subsequently, the
corresponding N>O EFs were calculated by dividing treatment-induced emissions by

the total amount of treatment N applied to each chamber:

N,O-N total (treatment) — N,O-N total (control) (Eq. 3_2)

EF = -
N applied (treatment)

where EF is the emission factor for NoO-N emitted in kg per kg N ha™ applied
(expressed as a percentage, i.e. EF * 100); N;O-N total (treatment) and N.O-N total (control)
are the cumulative N;O emissions from a specified treatment (kg N ha™) and the
control (kg N ha™); and N applied (treatment) refers to the initial amount of N applied

to each specified treatment (kg N ha™).

3.3.3.3 Upscaling of chamber treatment fluxes to paddock scale fluxes

A direct comparison between static chamber (Fehamber) and EC (Frc) flux measurements
was possible for the first 16 days of the chamber trial, as grazing of the experimental
paddocks (grazing event 8) occurred concurrently with the application of the chamber
treatments. To enable this comparison, the fluxes derived from static chamber
measurements needed to be upscaled to the paddock scale by taking into account the
area of urine and dung deposition in the grazed paddocks. Upscaled and area-weighted

chamber fluxes (Fjugomume) were calculated following:
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Fpad,chamber = AI‘eaurine X l:‘chamber,urine + (Eq- 3’3)
AI‘eadung X l:‘chamber,dung +
Arearemain X l:‘chamber,control

where Area,.,. was the proportion of the paddock covered by urine; Areau,, was the
proportion of the paddock covered by dung; and Aredum.., was the remaining
proportion of the paddock without urine or dung deposition (i.e. 7 — (Areau. +
Areagu)). As previously calculated (Eq. 3-1), Fuumenurines Foramberdung, a0 Foambercons Were the
individual, chamber derived N>O fluxes for urine and dung treatments and the control,

respectively. Area,, and Areas,, were quantitied using the generic equation:

Eventy X Herd size X Aredpqtchx X Grazing duration (Eq. 3_4)

Area, =
Areapaddock

where x relates to either urine or dung patches. Event, was the number of urine or dung
deposition events per cow specified for Jersey cows at 8.7 urinations and 10.9
defecations per grazing day (White et al., 2001); Herd size quantified the number of
cows grazing; Areap.., was the wetted surface area of each deposition event with 0.20
m?” for urine (Haynes and Williams, 1993) and 0.12 m” for dung (Wilkinson and Lowrey,
1973). Grazing duration described the time cattle spent on the paddock grazing (in days),
and Areay.aie Was the area of the paddocks grazed. Finally, to compare Fuoamer to Frc,
units were converted from mg N2O-N m™ h™' to nmol NoO m™ s7". Fertilisation effects
on Fyuaame Were not considered since the experimental paddocks did not receive N

fertiliser during the grazing event of interest.

3.3.4 Additional measurements at chamber site

On each day of chamber sampling, soil cores (75 mm depth, 25 mm diameter) were
taken from all soil plots to determine soil moisture and soil mineral nitrogen (Numin)
contents, i.e. NHy" and NOjs™. Soil samples were treplicated three times per plot and
sampling day. Field-moist soil samples were sieved to 4 mm and extracted in 0.5 M
K,SO; (ratio 1:5 of field-moist soil to K>SOy) for 1 h within the first 24 h post sampling.
Subsequently, soil solutions were filtered (Whatman No. 42 filter paper) and filtrates
were frozen until NH," and NO;™ analysis after Mulvaney (1996) was conducted using
a Skalar SAN++ segmented flow analyser (Skalar Analytical B.V., Breda, Netherlands).
Aliquots of all soil samples were dried at 105°C for 24 h to determine the soil’s
gravimetric water content (GWC). The site-specific bulk density of the soil measured
at the chamber site was 0.73 g cm~ and used to calculate the volumetric water content
of the soil (VWC). The soil particle density was 2.65 g cm™ (Danielson and Sutherland,
1986). The water-filled pore space (WEPS) of the soil was calculated by dividing VWC
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by total porosity (Linn and Doran, 1984). Further analysis included the measurement
of soil and air temperature in the chamber headspace at each sampling occasion.

Additionally, the N content of the pasture sward was analysed (Eurofins, NZ).

3.3.5 Emission budgeting

The estimation of total annual NoO emissions from chamber data was conducted in
two steps: 1) site-specific data of N retained in cattle feed, cattle milk and cattle excreta
were obtained either from direct measurements (biomass growth, feed and milk N
content) or indirectly calculated using a mass balance approach; 2) the N input data
were fed into equations based on the greenhouse gas inventory for N>O in New
Zealand (Gibbs, 2018). All calculations were based on the paddock area comprised in
the EC footprint (i.e. P51, P53, P54) and included the use of site-specific EFs to
quantify the total NoO emitted. Finally, results using site-specific EFs were compared
to emissions calculated from national EFs following the recommendations of the

IPCC (De Klein et al., 2006; Gibbs, 2018).

For each paddock, the amount of urine and dung excreted was defined as N.. and

calculated for each grazing event as:
Nexy = Ni — (Nppp + leg) (Eq. 3-5)

where N, is the total amount of N excreted (kg N) and N; the N intake (kg N)
calculated as the product of total DM intake (kg N) and feed N content of either
pasture sward or supplementary feed. I\, the amount of N secreted in milk (kg N),
was calculated as the product of daily milking yield (kg N) and N content of the milk.
Ny was the N retained in livestock weight gain (kg N), here assumed zero since the

weight of dairy cattle was expected to remain relatively constant for twelve months.

Following Luo and Kelliher (2014), the amount of N excreted (NN.) was further

partitioned into urine and dung components:

N, = (10.5 x =22 4 0.34) x N, (Eq. 3-6)

where N, is the amount of N excreted in urine (kg N) and Feedy the N content of feed
consumed by the animals expressed as a percentage of total DM intake from pasture
and supplementary feed. N, was the N excretion calculated from Eq. 3-5 in kg N per
grazing event. The N excretion in faeces (IN), i.e. dung, was derived from subtracting
N, from N... Subsequently, the final amount of direct N,O emitted (kg N,O) was

calculated from using the excreta data partitioned in N, and N following:
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N,O directy = g X N x EF (Eq. 3-7)

where N is the amount of N applied to the soil (kg N) in form of either urine (IN,),
dung (IN)) or urea fertiliser, EF is the emission factor described by site-specific or IPCC
default values for each of urine, dung or urea fertiliser in kg N>O-N per kg N applied,

and % is the molecular factor to convert kg N to kg N,O.

In contrast to the New Zealand N»O inventory guidelines, we accounted for the effect
of supplementary feed on cattle diet and cattle excretion in the above equations by
considering feed specific nitrogen intake data (Table 3-2). The inventory considers
supplementary feed intake only indirectly, i.e. by acknowledging the metabolic energy
requirements of dairy cattle, which are exclusively based on the intake of a pasture
ryegrass-clover diet (Gibbs, 2018).

Table 3-2 Averaged stocking densities and total dry matter (DM) and nitrogen (N) intake per
ha from pasture (P) and supplementary feed (S) for each grazing cycle across the EC footprint,
i.e. paddock 51, 53 and 54. Grazing of individual paddocks took place over multiple days. ‘S
N waste’ describes the amount of supplementary feed not ingested by cattle and, therefore,

excluded from subsequent calculations. All data provided below based on site and farm
specific measurements and records. The asterisk indicates the start of the static chamber trial.

i P S P S S
eg\f:rzr; start date end date St(fl)ecn;?ti DM DM
eaten eaten N eaten N eaten N waste
[no] [cows [kgha!] [kgha!] [kgha'!] [kgha'] [kgha']
ha']
1 1-Mar-17 4-Mar-17 78.3 1,378 499 41 17 -
2 26-Mar-17  30-Mar-17 80.1 1,138 225 41 6 -
3 17-Apr-17 19-Apr-17 78.0 957 249 35 4 -
4 19-May-17  21-May-17 73.7 796 582 29 11 0.3
5 27-Jun-17 5-Jul-17 61.0 1,460 1,018 53 19 0.6
6 13-Aug-17  17-Aug-17 109.2 903 773 33 18 0.3
7 8-Sep-17 12-Sep-17 78.0 882 525 32 11 -
*§ 2-Oct-17 4-Oct-17 76.0 958 346 35 7 -
9 23-Oct-17 25-Oct-17 82.6 1,023 349 37 6 -
10  15-Nov-17  17-Nov-17 65.2 796 204 29 2 -
11 7-Dec-17 9-Dec-17 73.5 1,389 224 50 3 -
12 30-Dec-17 1-Jan-18 87.8 967 296 35 5 -
13 15-Jan-18 17-Jan-18 58.4 702 464 25 8 0.5
14 19-Feb-18  21-Feb-18 112.7 2,358 826 85 19 -
15,466 6,579 559 134 1.6

In our study, the intake of supplementary forages was included in addition to pasture
and quantified in variable N7 (Eq. 3-5). Once N2O emissions were calculated for each
grazing event (n = 14), the sum was then used to obtain annual totals. All calculations
were adjusted to the actual time dairy cattle spent on the paddocks of interest (P51,

P53, P54) to avoid overestimation of N excretion or incorporation of N>O emissions
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that originated from faeces deposited on areas outside the experimental site.
Background N»O emissions (BNE) were measured at the untreated control sites of the
chamber trial and were upscaled to an annual total by multiplying the flux average of
3.0 g N:O-N ha™'d™' by 365 days. However, BNE determined at chamber control sites
were not directly comparable to those measured by EC. The EC footprint regularly
experienced new inputs of N, through cattle excretion and fertilisation, which likely
increased BNE, whereas chamber sites did not receive multiple N applications. Due
to resource constraints, site-specific EFs were only determined for the spring season

2017 with the term ‘season’ referring to calendar seasons of the Southern Hemisphere.

3.3.6 Eddy covariance flux measurement and data collection

A detailed description of the experimental set-up at Troughton farm site was provided
by Liang et al. (2018). In brief, the EC system comprised a 3D sonic anemometer
(CSAT3B; Campbell Scientific Instruments (CSI), Logan, UT, USA) and a continuous-
wave quantum cascade laser absorption spectrometer (CW-QCLAS; Aerodyne
Research Inc., Billerica, MA, USA). Measurements of atmospheric N,O, CH4 and
water vapour were made at 2 m height and 10 Hz frequency. The airflow from the
sampling inlet was controlled by a dry scroll vacuum pump (XIDS351, Edwards, West
Sussex, UK), run through a heated, 6.1 m long sampling line at a normal flow rate of
15 L. min™" into an insulated enclosure box. The QCL operated at a stable temperature
inside the enclosure of either 30°C in winter and 32°C in summertime = 0.1°C.
Routine maintenance of the EC system was conducted monthly, including standard
gas check-ups and replacement of the 0.45 um PTFE membrane filter (ThermoFisher
Scientific, NZ) positioned near the air inlet of the sampling line. Before further
processing, raw QCL data were automatically stored on the internal QCL computer.
To avoid time lags, data logger clocks and QCL times were synchronised every half
hour and aligned with a local network time protocol server (NTP, 1.nz.pool.ntp.org)
(Felber et al., 2015; Liang et al., 2018). Environmental parameters at the EC site were
measured by various sensors recording air temperature and relative humidity (HMP155;
Vaisala, Helsinki, Finland), wind velocity, soil temperature, soil VWC at 5 cm depth
(CR6 CSAT3B, CS107 and CS616; CSI, Logan, UT, USA) and rainfall (TB5;
Hydrological Services). Data loggers (CR3000 and CR1000; CSI, Logan, UT, USA)
kept a continuous record with data stored in 30-min intervals. The soil WEFPS was
calculated as previously described from VWC and soil porosity (Section 3.3.4) (Liang
et al., 2018).
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3.3.7 Processing of flux data

The 30-min ecosystem flux of NoO (Frc) was determined using the EC method
(Baldocchi et al., 1988; Eugster and Merbold, 2015). The processing of Frc data
followed standardised guidelines provided by Nemitz et al. (2018). Clock drifts
between wind components recorded from the CSAT3B and any N,O mixing ratio
measured by QCL were identified, and raw data of wind velocities and trace gas
concentrations were re-aligned before Frc calculation using MatLab R2017a (The
MathWorks Inc., Natick, MA, USA). The flux processing was executed in EddyPro
6.2.2 (LI-COR Inc., Lincoln, NE, USA), with raw data screened for spikes, drop-outs,
values above or below absolute limits, and insufficient amplitude resolution, skewness
and kurtosis, discontinuities, and steadiness of horizontal wind (Vickers and Mahtt,
1997). Block averaging was used to detrend the data, and time lags between the vertical
wind speed and N,O concentration were determined using covariance maximisation
with limits determined from the automated time lag optimisation routine within
EddyPro. Spectral corrections used the Moncrieff et al. (1997) fully analytical approach
for high-pass filtering, and the Fratini et al. (2012) in-situ/analytic method for low-
pass filtering. However, the raw N>O signal included considerable noise levels and,
thus, only 30-min Frc with high signal-to-noise ratios were used to determine cut-off
trequencies. Finally, spectral losses caused by instrument separation were corrected

following Horst and Lenschow (2009).

A four-step quality control protocol antedated the post-processing of the 30-min Frc
data: 1) out-of-range values greater than 20 nmol N;O m™ s™' and smaller than -1.0
nmol N:O m™ s™ were rejected (Neftel et al., 2010; Lidng et al., 2018); 2) a 0-1-2 flag
system following Mauder and Foken (2006) was used and only fluxes in the flag O (best
quality fluxes) and flag 1 (fluxes suitable for annual budgets) category were considered;
3) a u« threshold of 0.11 m s~ of the standard deviation of vertical wind speed was
applied to remove measurements under low turbulence conditions (Acevedo et al,,
2009; Hunt et al., 2016; Rutledge et al., 2017a); and 4) flux measurements during
periods of instrument maintenance were discarded as well as those sourced from the
lee side of the EC tower. After filtering, 49% of all 30-min Frc remained as best quality
data including 43 individual negative 30-min Frc. There was no strong reason for
rejecting these fluxes and, hence, negative Frc were retained in the data set (Chapuis-

Lardy et al., 2007; Cowan et al., 2014b).

The calculation of flux cumulative sums used gap-filled Frc data. Several gap-filling

methods were applied, and for gap-filling only, the data were separated into two
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subsets — (1) pulse Frc during emission events, and (2) Frc of lower magnitude in the
background of pulse emissions. Firstly, gaps in the pulse Frc subset were filled by linear
interpolation. Gap-filling of the background Frc data set was a several step process: (1)
linear interpolation was used for Frc where the gaps were three hours or less duration;
(i) gaps from greater two hours to three days were filled using mean diurnal variation
that comprised a standard window length of three days; (iii) during the long gap from
5 to 30 July 2017 (instrument failure) Frc were extrapolated from multiple linear
regression between Frc, soil temperature and WEPS (Taylor et al., 2017; Liang et al.,
2018); (iv), where possible remaining gaps were filled using daily means; and (v) any

remaining gaps utilised linear interpolation (Nemitz et al., 2018).
3.4 Results

3.4.1 Environmental conditions

The daily mean of the minimum and maximum air temperature ranged from 2.0°C to
23.5°C. The mean air temperature of 14.3°C during the measurement period was
higher than the 30-year annual average (13.3°C) measured at a nearby weather station

from 1981 to 2010 (NIWA, 2015).

The total precipitation was 1875 mm with nearly half of the amount (871 mm)
accumulating during autumn. Other seasons during the time of interest received
relatively equal amounts of rainfall ranging from 310 to 340 mm season™. The lowest
monthly cumulative rainfall was measured in December 2017 of just 13.7 mm.
However, the amount of annual rainfall received was overall 50% higher than the long-
term average (1249 mm yr™) (NIWA, 2015). Seasonal changes in precipitation
corresponded well with the WEFPS of the soil, which was particularly dynamic in
autumn (Fig. 3-2a). Chamber measurements took place in the seasonal transition from
moist spring to dry summer, 28 September 2017 to 6 January 2018. The mean daily air
temperature during this time increased from 11.5°C to 21°C whereas the soil WFPS

dropped from an initial > 80% to < 40%.

3.4.2 Chamber measurements
3.4.2.1 Soil variables

The application of urine, dung and urea fertiliser treatments to the soil had an
immediate effect on soil NH4" levels. Soil NH,4" for urine and fertiliser treatments
peaked on the day of treatment application at 317 kg NH4" ha™' and 45 kg NH," ha™',

respectively.
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Figure 3-2 Environmental data (panel a) and associated eddy covatriance N2O fluxes (Frc)
(panel b) measured from 1 March 2017 to 28 February 2018. Illustrated ate the soil
temperature in 5 cm depth (grey line), precipitation (black bars) and soil WEPS (dotted line).
Averaged 30-min values for positive Frc are depicted as white circles whereas negative Frc are
represented as grey circles. Arrows indicate the addition of N originating cither from cattle
grazing (dark arrows) or fertiliser application (white arrows). The frame overlapping panel (a)
and (b) highlights the time during which static chamber measurements were conducted.

Dung NH," generally remained lower reaching 9.6 kg NHs" ha™', 13 days after
application. Ammonium returned to background levels (4.1 kg NH4* ha™) on day 16
for dung and fertiliser treatments and day 29 after application of cattle urine. Soil NOj;
did not increase until 13 days after treatment application. However, a peak of NO;™ in
plots treated with urine occurred on 20 October (79.5 kg NOs™ ha™). Soil NOs™ stayed
elevated for up to two months after urine and dung application. Apart from an initial
increase of NH," on the day of application (45.3 kg NH4" ha™), urea fertiliser did not
noticeably affect soil NHs" and NO;™ which remained similar to control levels
averaging at 4.1 kg NH," ha™ and 2.5 kg NO; ha™. The soil WFPS was relatively
constant determined at values of around 80% or slightly below for the first two weeks

after treatment application.

On 20 October, the WFEFPS dropped initially to 70% before showing a short,
subsequent increase. Drier conditions led the WEPS of the soil to decrease at the end
of November 2017. The lowest WEPS of 23% and 34.4% for sites treated with urine
and dung, respectively, was measured in mid-December 2017 (Fig. 3-3b).

53



Chapter 3 Reconciling Annual Nitrous Oxide Emissions

3.0
25|

ol - ¢
15} |

10} i L) ¢
00 ko m: 808000 ...... o B8 88 ...... o JTTTTII o ST 1

o5 b | P A S S S S P A S S S I
100

“ b
80 | O %Q . 988 8@ i

O
60 - ° g

(a)

- control
urine
dung

- fertiliser

coenm

Eramoer[M@ N2O-N m?h™]

WFPS [%]

40 -

20 b g

350
0 ® ()
250 |- ]
200 | =
150 ‘-.-i_
100F ¢ u
s0f  m o
ol o =m@ROO 00O BOO O OO Q)

NH, [kg ha™']

100
80 | @ (d)
60 - ®

40 3 .

20 b . _O-Q' Eg"éﬂ. o
oo @0@0@38-0 038008 8 &

NO, [kg ha]

L J®]
o0
L_J¢)

Figure 3-3 Data received from measurements at static chamber and soil plots (4 October 2017
and 6 January 2018) for (a) flux N2O (Fchamber), (b) soil WEPS, (c) soil NH4* and (d) soil
NOs-. Results from measurements undertaken before treatment application on 29 September
2017 were included in the panels as a reference. Error bars illustrate the standard error of the
mean (SEM) across replicates. Symbols distinguish control (black square), urine (black circle),
dung (grey circle) and urea fertiliser (white circle) treatments.
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3.4.2.2 Nitrous oxide fluxes from static chambers

Fehamber determined by static chambers corresponded closely with soil moisture
conditions and the type of treatment applied. Maximum pulse Fehamber Were measured
on 27 October, 23 days after treatment application, from both urine (563.7 g N>O-N
ha™ d™") and dung (97.1 g N;O-N ha™ d™) plots. On this day, Feuambe: coincided with
elevated soil NOs™ but were also associated with a rain event of 31.6 mm which
triggered control sites to emit around four times more N>O than the mean background
N>O emissions (BNE) quantified at 3.0 g N2O-N ha™ d™'. Depending on underlying
environmental factors, Fenamber measured at the chamber control sites generally ranged
from 0.1-11.8 ¢ NO-N ha™' d™'. Urea fertilisation showed an immediate but very low
Fenamber tesponse of 16.3 ¢ N2O-N ha™' d™ five days after treatment application. With
the ongoing transformation from urine-N to readily available forms of NH;" and NOs",
urine plots emitted two further Fenamber pulses (7 and 17 October) before Fehamber
eventually returned to control levels. Cattle dung applied to the soil caused a delayed
response of positive Fenamber that decreased to initial levels at the end of the

measurement period (Fig. 3-3a).
3.4.2.3 Site-specific emission factors

Static chamber measurements with N application in spring 2017 resulted in site-
specific EFs of 1.53% £ 0.18 for urine (mean £ SEM), 0.24% = 0.10 for dung and
0.16% % 0.13 for urea fertiliser (Table 3-3). Daily Fepamber measured across replicates of

the same treatment were highly variable including a noticeable SEM (Fig. 3-3a).

Table 3-3 Total NoO-N emitted in kg per ha-! from static chambers over three months,
4 October 2017 to 6 January 2018. The arithmetic mean and standard etror of the mean (SEM)
are shown for each of the specified treatments and the control. Emission factors (EF) derived
from chamber measurements and associated SEM are provided at the bottom of the table.

N20 emitted in kg N ha-l
rep.  control urine dung fertiliser
1 0.26 9.91 1.84 0.43
2 0.31 11.00 3.79 0.56
3 0.43 5.90 1.37 0.29
4 0.25 6.71 0.92 0.33
5 0.17 9.36 6.98 0.23
mean 0.28 8.57 2.98 0.37
SEM 0.04 0.87 1.00 0.05
EF (%) - 1.53 0.24 0.16
EF SEM - 0.18 0.10 0.13

55



Chapter 3 Reconciling Annnal Nitrous Oxide Emissions

3.4.3 Eddy covariance measurements

Eddy covariance measurements showed a clear seasonal pattern. Distinct short-term
Frc pulses occurred mainly under warm and dry conditions coinciding with rainfall
after grazing in the summer months or over multiple days, i.e. in autumn and spring,
when the interplay of underlying soil conditions, WEPS and N, inputs favoured high
positive Frc (Fig. 3-2b). Pulse Frc often remained discrete from more regularly
occurring Frc of lower magnitude < 0.6 nmol NoO m™ s™' as defined by Liang et al.
(2018). The transition from Fgc pulses to Frc of lower magnitude was less
distinguishable in autumn and spring, and large pulses of Frc did not occur in the
winter season. Generally, the accumulative rate of Frc was around three times greater
in autumn (40.2 g N>O-N ha™' d™'), than in spring (15.0 g N2O-N ha™ d™) and the Fic
was lowest in winter when the soil was generally water-saturated with a WEFPS > 80%.
During these wet months, the cumulative Frc was 13.5 ¢ NoO-N ha™ d™' despite
consistent grazing and the associated input of N; throughout the year. The highest 30-
min average Frc were measured during the autumn season, reaching up to 15.0 nmol

2 57", There was, however, no observable increase in Frc after N fertilisation and

m
unlike Frc that appeared in bursts, Frc of lower magnitude occurred consistently
throughout the year accounting for 76% of total annual N,O emissions measured by
EC. Overall, annual nitrous oxide emissions detived from EC measurements totalled

7.3 kg NoO-N ha™' yr', negative Frc included.
3.4.4 Nitrous oxide budgets

Nitrous oxide fluxes and total N>O emissions (in kg N2O-N ha™) were calculated and
compared for three periods of time using site-specific as well as New Zealand default
EFs and flux data measured by EC. The selected periods included: 1) the first 16 days
(4 to 20 October 2017) after treatment application (T1) to the chamber plots, which
corresponded with one grazing in the EC footprint; 2) the period of chamber
measurements T> (4 October 2017 to 6 January 2018) that comprised five grazing
events (8—12) in the EC footprint; and 3) twelve months (T5) from 1 March 2017 to
28 February 2018. Comparisons made over T> and T3 also accounted for the effect of

supplementary feed and BNE on N>O emissions (Table 3-4).

During T, Fpadchamber Was directly comparable to Fre with both N>O fluxes measured
at the same time of the day, 10 AM—12 PM. Extrapolating Fehamber to the paddock scale
and subsequent comparison to EC became possible by choosing an area-weighted

approach resulting in Fpu chamber as described in Section 3.3.3.3.
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Table 3-4 Nitrous oxide budgets using site-specific EFs are depicted for each grazing event (1 to 14) and are distinguished by individual contributions from pasture intake
and excretion (P); supplementary feed intake and excretion (S), N fertiliser (F) and the combined sum of PSF+BNE. The dashed frame indicates the months during which
chamber measurements were conducted. Resulting emissions for each grazing event were quantified in kg N2O-N ha-!. Annual totals are provided at the bottom of the table
for both site-specific and default EFs and are compared with N>O emissions measured by EC at the right-hand side.

LS

P S F PSF + BNE EC
graz. start date end date utrine dung emission urine dung emission | fertiliser emission emission | emission
event Nex Nex N;0-N Nex Nex N:0-N N N;0-N N;0-N N;0-N

[kg ha] [kg ha] [kg ha] |kg ha] |kg ha'] [kg ha'] |kg ha] [kg ha-1] [kg ha-] [kg ha]

1 1-Mar-2017 4-Mar-2017 16.4 6.7 0.27 6.7 2.7 0.11 22.2 0.036 0.49 0.87
2 26-Mar-2017 ~ 30-Mar-2017 221 9.4 0.36 3.0 1.3 0.05 - - 0.49 0.72
3 17-Aptr-2017  19-Apr-2017 20.1 9.7 0.33 2.2 1.1 0.04 8.6 0.014 0.46 1.53
4 19-May-2017 ~ 21-May-2017 16.4 9.1 0.27 6.0 34 0.10 3.1 0.005 0.46 0.75
5 27-Jun-2017 5-Jul-2017 24.3 13.4 0.40 8.2 4.6 0.14 3.1 0.005 0.62 0.59
6 13-Aug-2017  17-Aug-2017 13.8 7.2 0.23 7.9 4.1 0.13 - - 0.44 0.18
7 8-Sep-2017  12-Sep-2017 13.9 7.1 0.23 5.5 2.9 0.09 - - 0.40 0.23
8 2-Oct-2017 4-Oct-2017 17.9 8.8 0.30 3.5 1.7 0.06 - - 0.43 0.26
9 23-Oct-2017  25-Oct-2017 14.5 7.2 0.24 2.4 1.2 0.04 - - 0.36 0.43
10 15-Nov-2017  17-Nov-2017 17.1 8.6 0.28 1.4 0.7 0.02 2.7 0.004 0.39 0.41
1 7-Dec-2017 9-Dec-2017 16.3 7.5 0.27 0.8 0.4 0.01 - - 0.36 0.23
12 30-Dec-2017 1-Jan-2018 12.0 5.8 0.20 1.8 0.9 0.03 - - 0.31 0.25
13 15-Jan-2018 17-Jan-2018 9.6 5.3 0.16 3.1 1.8 0.05 - - 0.29 0.52
14 19-Feb-2018  21-Feb-2018 13.7 6.4 0.22 3.0 1.4 0.05 - - 0.35 0.34
228.0 1121 3.76 55.6 28.2 0.92 39.8 0.06 5.83 7.30

*using N7 default EFs *2.56 *0.63 *0.23
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Figure 3-4 Comparison of Fpudchamber and Frc for the first 16 days after treatment application.
The date of treatment application (4 October 2017) to the chamber plots was timed to the
simultaneous input of excreta N through cattle grazing in the EC footprint. Quality-controlled
(filtered but no gap-filled) Frc depict 10 AM to 12 PM fluxes only, i.e. the time of the day
during which chamber measurements were conducted. Frc are distinguished into 10 AM to 12
PM means (black squares) and individual 30-min Fgc (white squates) within this time.
Fradchamber (grey circles) were unit-transformed and are illustrated as the sum of area-weighted
urine, dung and control fluxes. Fluxes from fertiliser treatments were excluded from this sum
since the EC footprint did not receive fertiliser N during the time of comparison.
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Figure 3-5 Comparison of NoO-N budgets in kg ha-! for each grazing event on paddock P51,
P53 and P54 calculated from site-specific EF estimates and EC measurements. Bars show EF-
based N2O estimates by taking into account the contribution of fertiliser (F, black), pasture
intake (P, diagonal pattern), supplementary feed intake (S, grey) and background N>O
emissions (BNE, white). The black squares present gap-filled N2O flux data measured by EC.
Panel (a) illustrates the sums of EF and EC budgets for each grazing event whereas panel (b)
shows cumulative sums for both budgets.

Overall, Fpad chamber and Frc responded similarly to underlying natural and anthropogenic
controls, i.e. the input of N, via grazing and the change of soil WFPS in particular.
Nonetheless, during T the upscaled Fpad chamber remained lower than Fre (Fig. 3-4). The
agreement between Fpdchamber and Fre did not become as apparent when using
calculated site-specific EFs over Ti, instead of the immediate Fpuchamber. In this case,

the EF-based budget of 0.43 kg N;O-N ha™' yr' (including supplementaty feed and
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BNE) was greater than that from EC measured as 0.26 kg N,O-N ha™' yr' (grazing
event 8, Table 3-4). It is noteworthy that the effect of fertilisation was excluded from
the above considerations since N fertiliser was not applied to the EC footprint for T.
Also, a detailed comparison expanding on differences or similarities of Fad,chamber and
Frc on a sub-daily to houtly basis was outside the scope of this study, as this would
have required chamber measurements of higher sampling frequency and spatial
replication (Nicolini et al., 2013; Wang et al., 2013a; Voglmeier et al., 2019). The closest
agreement in EF and EC derived N>O budgets was found for T». The use of site-
specific EFs applied to the intake and subsequent excretion of pasture N (P),
supplementary feed N (S) and BNE resulted in the emission of 1.28 kg N,O-N ha™,
0.16 kg N>O-N ha™ and 0.36 kg NoO-N ha™, respectively, whereas emissions from
urea fertiliser (F) remained negligible (Fig. 3-5). In comparison, measurements from
EC resulted in total T> emissions of 1.57 kg N2O-N ha™'. Accordingly, total emissions
measutred by EC were 13% below the EF T, budget of 1.81 kg N,O-N ha™ including
P, S, F, and BNE.

At the annual scale (T5), chamber derived EF estimates and EC measurements differed
by a factor of two when excluding the effect of supplements and BNE. Annual
emissions based on site-specific EFs applied to pasture intake and fertilisation only
scaled to 3.82 kg N;O-N ha™ yr™' whilst EC quantified annual N>O emissions at 7.30
kg N2O-N ha™ yr'. Emission estimates from EFs showed the greatest deviation from
the EC budget in autumn when the daily rate of Frcwas higher than in any other season.
Consequently, emissions based on site-specific EFs were around 45-75% lower for
grazing events 1 and 3 for instance than those quantified in the EC budget of 0.87 and
1.53 kg N2O-N ha™, respectively (Table 3-4). Seasonal patterns observed in the Frc
data did not necessarily match to EFs estimates, particularly not for grazing events in
late summer, autumn and winter (Fig. 3-5a). This was likely due to site-specific EFs

being established exclusively in spring 2017.

Accounting for supplementary feed and BNE in T increased the annual N>O budget
derived from site-specific EFs from 3.82 to 5.83 kg N;O-N ha" yr', including
emissions from N fertiliser (0.06 kg N2O-N ha™ yr™). Nitrous oxide emissions resulting
from cattle excretion of supplementary feed N contributed 0.92 kg N,O-N ha™ yr.
Considering BNE added a further 1.09 kg N;O-N ha™ yr' to the annual N>O budget
(Fig. 3-5b). Using New Zealand default EFs for cattle urine (1.00%), cattle dung
(0.25%) and wurea fertiliser (0.59%), instead of site-specific EFs, summed annual

emissions to 2.77 kg N;O-N ha™' yr' excluding S and BNE and 3.42 kg N,O-N ha™
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yr ' including these factors (Table 3-4). The calculated EF for NoO measured by EC
was 1.57%. Calculations for the EC derived EF took into account the cumulative sum
of 7.30 kg NoO-N ha™ yr™' emitted over T3 and the total N input of 463.61 kg N ha™

but excluded contributions from biologically fixed or other sources of residual soil N.

3.5 Discussion

Recent developments in the EC technique for measuring Fxpo provide an opportunity
to directly compare N,O estimates based on chamber measurements and associated
EFs with those from continuous micrometeorological datasets. Using both EF
calculations and EC quantification methods over one year resulted in a difference of
3.48 kg NoO-N ha™' yr™' in the total annual N>O budget of an intensively grazed New
Zealand dairy pasture. Following the site-specific EF approach, annual N>O emissions
were calculated as 3.82 kg NoO-N ha™' yr! compatred with 7.30 kg NoO-N ha ™' yr
measured by EC (Fig. 3-6). The difference between the two budgets reduced when
EFs accounted for supplementary feed intake and BNE. The remaining disparity was
likely related to not adequately accounting for seasonal variabilities and the two
different measurement techniques operating over different soils and at different spatio-

temporal scales (Molodovskaya et al., 2011; Kutsch et al., 2013; Wang et al., 2013a).
3.5.1 Seasonal variability

Annual N>O emissions in New Zealand are calculated using country-specific, default
EFs for cattle urine (1.00%), cattle dung (0.25%) and urea fertiliser (0.59%) that do
not change with season (Gibbs, 2018). However, most research has shown that N,O
fluxes are highly variable in space and time (Rowlings et al., 2015; Selbie et al., 2015;
Luo et al.,, 2017). Positive pulse fluxes of N.O depend on N; input after grazing or
fertilisation but also respond to seasonal variations in soil temperature and WEFPS
(Rowlings et al., 2015; Rabot et al., 2016). Similarly, we demonstrated that site-specific
spring EFs deviated from EC-based data particularly in autumn when the daily rate of
Fic (53.65 g NoO-N ha™ d™') was three to five times higher than in any other season.
This was also observed by Liang et al. (2018) who acknowledged that Frc at the same
site were much higher in autumn. In contrast, late summer and autumn emissions
based on EF estimates were 45—75% lower than suggested by EC, even when including
P, S, F and BNE (Table 3-4). Eddy covariance and EF N>O budgets agreed more
closely during spring and in early summer (i.e. grazing events 8—12) when EF derived

emissions exceeded the cumulative from EC by 15%.
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Figure 3-6 Breakdown of annual N>O budgets measured by EC and estimated by using site-
specific and New Zealand default EFs. Annual budgets calculated from using these EFs are
further distinguished into different variables that contributed to the emission of N2O in these
budgets. Variables are: cattle intake and excretion of ryegrass-clover pasture (P, diagonal
pattern), intake and excretion of supplementary feed (S, grey), N fertilisation (F, black) of the
soil and background N2O emissions (BNE, white).

Eddy covariance measurements at our site resulted in a clear seasonal pattern of Fgc
with a strong interrelationship between soil moisture and soil temperature (Fig. 3-2).
As previously shown by Liing et al. (2018), at a soil temperature of 25°C this
correlation was negative when < 70% WFPS and positive when > 70% WIEPS.
Elevated positive Fr.c were measured during times of high cumulative rainfall (871 mm)
in autumn 2017 when the soil WFPS fluctuated between 60—-80%, i.e. was in the zone
of optimal soil N2O production from microbial nitrification and denitrification
(Butterbach-Bahl et al., 2013; van der Weerden et al., 2014). The constant fluctuation
in the zone of ideal N,O production likely favoured soil nitrification at lower WEPS
and increased aerobic condition whereas denitrification seemed to have accelerated at
higher soil moisture contents (Firestone and Davidson, 1989; Selbie et al., 2015). Also,
a decrease in pasture and biomass growth along with reduced plant N uptake and
biological N fixation during the autumn months might have further promoted soil
N2O production (Ledgard et al., 1998; Cai and Akiyama, 2016). In winter, a relatively
high WEPS of > 80% constrained microbial nitrification thereby decreasing the
availability of NOj™ for soil denitrifiers (Liang et al., 2018). Consequently, winter Frc
rarely exceeded 1 nmol NoO m™ s with no pulse Frc observed after grazing. In
summer, Frc pulses only occurred after grazing and rainfall, i.e. when anaerobic
microsites allowed denitrifying microbes to utilise NO;5~ that had accumulated

previously under drier conditions.
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The seasonal pattern present in EC measurements was not well described when
applying site-specific EFs determined during spring to the input of N, in other seasons
(Fig. 3-5). This finding agrees with studies from Schaufler et al. (2010), van der
Weerden et al. (2017) and De Klein et al. (2003) who found the flux of N,O varied
seasonally depending on WFPS, soil temperature, soil type, livestock species and
farming system. Krol et al. (2016) showed that EFs calculated from urine application
across three Irish grassland sites with contrasting soil types were higher in autumn
(1.56%) than in summer (0.71%) or spring (0.67%). Also, Rafique et al. (2011)
demonstrated that application of N in eatly spring and autumn increased the emission
of N,O while De Klein et al. (2003) determined EFs for dairy cow urine ranged from
0.03-3.70% following a single urine application on different New Zealand pastures in
autumn. Generally, the seasonal variation of N>O fluxes was found to correlate with
variability in daily rainfall irrespective of measurement technique (Rowlings et al., 2015;
Uchida and Clough, 2015; Petrakis et al., 2017). Using spring-specific EFs for
calculating an annual N,O budget in our study resulted in relatively similar amounts of
N>O emitted across all seasons, with 0.96 kg NoO-N ha™' emitted in autumn, 0.90 kg
N>O-N ha™in winter, 1.05 kg N;O-N ha™ in spring and 0.85 kg NoO-N ha™ in summer,
excluding supplementary feed (S) and BNE (Fig. 3-5a). Therefore, we could not draw
firm conclusions on how and to what extent the use of different seasonal EFs would
have affected the annual N>O emission budget at our site; and whether the application
of urine, dung and urea fertiliser in other seasons than spring would have resulted in

larger or smaller EFs than described in the above studies (Chadwick et al., 2018).

3.5.2 Role of supplementary feed

Traditionally, dairy farming in New Zealand has been pasture-based with non-pasture
supplements comprising only a small percentage of the dairy cattle diet, e.g., 4% in
1990/1991 (MPI, 2016). In more recent years, the use of supplementary feed increased
triggered by intensified dairy production. On average, supplementary feed now makes
up to nearly 20% of the dairy cattle diet, with maize, silage, palm kernel extract and
winter crops used as common supplements (MPI, 2016; Ma et al., 2019). However, the
ETF approach for calculating NoO emissions in New Zealand has not yet directly
included cattle intake of supplementary feed N, its effect on excretion and likely N,O
emissions due to a lack of activity data. Current reporting only accounts for the intake
of supplementary feed by considering the animals’ metabolic energy requirements but
does not consider feed specific N excretion other than ryegrass-clover pasture (Gibbs,

2018). In other words, supplementary feed N is only indirectly included in the New
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Zealand inventory but classified as pasture and thus may eventually even overestimate
annual N>O emissions, particularly if the supplementary forage comprises a lower N
content than pasture. Closing the gap between N>O emissions estimated by site-
specific EFs and measured by EC, therefore, might require the estimation of N»,O

emissions attributable to supplementary feed.

During our study, 29.3% of the cattle diet originated from supplementary feed rather
than from ryegrass-clover pasture. For the experimental area, an estimated total of 559
kg N ha™ yr~' was ingested from pasture and 132 kg N ha™ yr™' from supplements
resulting in a total N intake of 691 kg N ha™' yr™' (Table 3-2). Around 61.5% of this N
intake was subsequently excreted and eventually a proportion emitted as NO.
Supplements such as maize silage generally contain lower N contents than traditional
perennial ryegrass-white clover pasture. Expected to improve cattle N utilisation, the
intake of supplements likely leads to reductions in the excretion of urinary N while still
meeting the animals’ metabolic requirements (Luo et al., 2008c; Dijkstra et al., 2011;
Gregorini et al., 20106). In this study, maize silage, dried distiller grains, grass and hay
silage were the main supplements with measured N contents of 1.2%, 3.4%, 1.5% and
1.6%. In comparison, the mean pasture N content was 3.6%. Distinguishing diet-
specific N contents allowed us to quantify the amount of N excreted from pasture and
supplementary feed while also differentiating N>,O emissions into a supplementary feed
(0.92 kg N,O-N ha™ yr™") and a pasture component (3.76 kg N2O-N ha™' yr™) (Fig. 3-6).
We hypothesised that supplement intake would reduce excreta N loads and this was
confirmed when manipulating Eq. 3-6 by substituting feed-specific N contents (Feedx)
with pasture N (3.6%), i.e. resulting in feed related N>O emissions of 4.71 kg instead

of 4.68 kg NoO-N ha™ yr' (P + S, Table 3-4).
3.5.3 Background nitrous oxide emissions

The quantification of EFs following IPCC guidelines does not consider Fxzo from
untreated control sites, i.e. BNE (Kim et al., 2013; Aliyu et al., 2018). Instead, the use
of a single default value of approximately 1 kg N2O-N ha™ yr™' is suggested, but not
compulsory, for all non-natural, anthropogenically triggered BNE that occur alongside
direct Fxzo pulses caused by specified treatment application of e.g., urine, dung and
fertiliser (Bouwman, 1996). The literature defines background N,O emissions (BNE)
as positive Fxoo from soils that received no N fertiliser and soil management (e.g.,
Bouwman, 1996; Gu et al., 2009; Kim et al., 2012). For agricultural and pastoral land,
BNE might be altered by previous fertilisation, N fixation by clover, soil management

or other sources of N such as grazing and inflow during flooding that lead N to
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accumulate in the soil and BNE to subsequently increase (Bouwman, 1996; Neftel et
al., 2007; Gu et al., 2009; Aliyu et al., 2018). A recent meta-analysis by Kim et al. (2013)
quantified the global mean of BNE for agricultural land as 1.52 kg N,O-N ha™ yr
and, more specifically, as 1.8 kg N;O-N ha™' yr™' for pasture.

Measurements at our site highlighted the significance that Fxzo of lower magnitude can
play in annual N>O budgets apart from those fluxes that are emitted in pulses
associated with the input of N.. The mean Fember measured at our chamber control
sites (i.e. where there was no treatment applied) scaled up to 1.09 kg N;O-N ha™" yr™
and compared well with Bouwman (1996). Also, only 24% of the Frc measured by EC
appeared in short bursts (1-2 days) after grazing or management intervention and
subsequent rainfall; while 76% of Frc occurred at low magnitude continuously
throughout the year. These low magnitude Fxzo are not the same as BNE derived from
chamber measurements but contributed overall 5.4 kg NoO-N ha™ yr™' to the annual
EC budget. Recently discussed by Liang et al. (2018) and Voglmeier et al. (2019), EC
measurements are capable to continuously operate over space and time capturing the
full range of Fxzo no matter the sources of NoO emitted. In other words, EC
measurements already include the contribution of BNE to annual totals, which might
explain why fluxes of lower magnitude dominated the annual N>O budget rather than

flux pulses.

Furthermore, the relevance of low magnitude Frc identified in our study agrees with
the literature. For instance, Wang et al. (2013b) used chamber and TDL-EC
measurements on fertilised cotton fields in China, with 52% of the chamber and 59%
of the EC fluxes occurring during periods of low N,O emissions. Wang et al. (2013b)
determined that cumulative N>O emissions from EC were 44% higher than those
measured by static chambers and that Frxoo from EC were 147% higher during periods
of otherwise low N2O emissions. Chamber-based methods are prone to larger absolute
errors in the quantification of EFs and N balances than EC, particularly when used in
high N exchange regimes, such as intensively grazed pastures (Jones et al., 2011;
Brimmer et al., 2017). This, in turn, might mean chamber measurements tend to
underestimate Fxzo caused by the reactivation of residual N accumulated in the soil
after cattle grazing, fertilisation or biologically fixed in plant residues but not yet

mineralised (Huang et al., 2004; Miller et al., 2008; Gu et al., 2009).

In our study, we did not specifically determine how biologically fixed N contributed
to the emission of N.O. However, Fuchs et al. (2018) have shown that N,O emissions

from an unfertilised, up to 44% clover-containing pasture resulted in emissions of up
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to 3.8 kg N;O-N ha™ yr'. Findings included that biological N fixation (BNF) and
clover residual decomposition did not enhance N,O emissions, nonetheless,
contributed to annual N,O totals (Li et al., 2011). Hence, by only considering treatment
derived N,O emissions, current EF estimates may not accurately account for low
magnitude fluxes of N>O from agricultural land (Aliyu et al., 2018). In our study, we
recognised BNE as Froo of lower magnitude that can be promoted by soil compaction
through animal treading and trampling or may even result from the reactivation of
residual soil N over time (Voglmeier et al, 2019). Background N»O emissions
measured at the chamber control sites added 1.09 kg N2O-N ha™ yr™' to the EF derived
budget irrespective of seasonal effects; whereas EC already included the contribution
of low Frcin the annual total as well as across seasons (Fig. 3-5) (Section 3.5.1). Despite
our findings, BNE have remain disregarded in annual emission budgets and national
inventories that often do not account for BNE and its variation with climate and
multiple other factors associated with farm and soil management (Kim et al., 2013;

Aliyu et al., 2018).

3.5.4 Annual nitrous oxide budget

The annual N,O budget of this study was calculated using 1) an EF approach following
the New Zealand inventory guidelines for N2O, and 2) using gap-filled Fxoo data
measured by EC. The EF-based budget excluded the effect of seasonal variability but
included supplementary feed and BNE on total annual N>O emissions. Using site-
specific EFs that excluded the effect of the aforementioned factors, N,O emissions
upscaled to a total of 3.82 kg N2O-N ha™' yr™'. Including the effect of supplementary
feed (0.92 kg N2O-N ha™'yr™') and BNE (1.09 kg NoO-N ha™ yr') resulted in the
emission of 5.83 kg NO-N ha™ yr' (Fig. 3-6). Eddy covariance measurements
determined totals of 7.30 kg N>O-N ha™ yr' emitted over the same twelve-month
period. Both chamber derived EFs and EC budgets were within the commonly
reported range of N>O emissions from intensively grazed dairy pastures in New
Zealand ranging from 0.2-15.9 kg N;O-N ha™ yr™' (Luo et al., 20082; De Klein et al.,
2010; Luo et al., 2017) but were slightly below the global IPCC default value of 8 kg
N2O-N ha™yr for grazed pastoral land (De Klein et al., 2006). The lower annual N>O
emissions calculated from the EF approach also mirrored the results observed in the
first 16 days of the chamber experiment, where the alignment of grazing allowed for
comparison of Fpuchamber and Fre (Fig. 3-4). During this period, the upscaled Fpadchamber
were lower than Frc. This was, however, not unexpected due to three possible reasons.

Firstly, other studies (Moir et al., 2011; Selbie et al., 2015) reported urine patch sizes
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might be larger than the most commonly cited 0.20 m* (Haynes and Williams, 1993)
chosen here for Areapunx (Eq. 3-4). Had Areap.nx been greater than this value,
Fpadchamber Would have been closer to Fre. Secondly, excluding the chamber site from
N inputs one month prior to treatment application likely decreased the contribution
of BNE and thus lowered Fpudchamber Whereas the EC footprint continued to receive N
through grazing (one event). We, therefore, hypothesise that the lack of N; inputs
during the pre-treatment period of the chamber trial led to lower Fenamber measured at
the chamber control plots. Thirdly, the extent to which urine and dung patches
remained spatially heterogeneous across the experimental paddocks was not

determined.

Other studies have shown that areas, where cattle congregate, can form potential
emission hotspots e.g., close to water troughs, feeding bins, gateways and stock
campsites (Matthews et al.,, 2010; Luo et al., 2017). In our study, the experimental
paddocks were grazed only over short periods (< 24 h) with animals foraging and
excreting more or less evenly across the paddock area (Felber et al., 2015). The
heterogeneous distribution of excreta patches was, therefore, not considered a major
factor for explaining why annual emission estimate based on EF remained lower than
that suggested by EC. Site-specific EFs for direct N.O emissions from soil were
established at 1.53% for cattle urine, 0.24% for cattle dung and 0.16% for urea fertiliser.
For cattle urine, our EF was 50% higher than suggested by the New Zealand Tier 2
inventory (1.00%). The EF for cattle dung was similar to the default (0.25%) whereas
the EF for urea fertiliser was 27% lower than the inventory EF (0.59%) (MfE, 2019).

In comparison to EFs, EC measurements did not generally distinguish between
treatment effects on Frcbut integrated oo over space and time (Fig. 3-6) (Neftel et
al., 2010; Brummer et al., 2017; Fuchs et al., 2018). Hortnagl et al. (2018), for instance,
synthesised Frzo data from 14 grassland sites in Central Europe, one of which included
measurements of Fxzo using QCL-CW EC over an intensively managed, but only
extensively grazed, Swiss grassland. Over the course of different EC measurement
campaigns and years, Hortnagl et al. (2018) quantified annual N>O emissions of 5.22
kg N2O-N ha™ yr' (2010/2011), 7.89 kg NoO-N ha™ yr (2010/2011), and 2.55 kg
N2O-N ha™ yr (2013), which were also expressed as EFs (2.70%, 3.60%, and 1.10%).
This put into perspective, the EF calculated from EC measurements at our site (1.57%)
was within by Hortnagl et al. (2018) determined range. That the EC-EF at our
experimental site was at the lower end of this range remained interesting, particularly,

based on the repetitive and high inputs of N; that paddock soils received via grazing.
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3.6 Conclusion

The quantification of N>O fluxes (Fxzo0) from intensively grazed pastoral ecosystems
is challenged by highly variable inputs of N,, dynamic changes in environmental
conditions and variable farm management. Static chamber measurements and derived
EFs are established methods to measure and to calculate the emission of N,O
originating from these environments. However, EF-based estimates include a relatively
high uncertainty which often limits the ability to reliably quantify NoO emissions at
larger scales with sufficient temporal frequency. In this study, the cumulative sum of
gap-filled EC N;O flux data (7.30 kg N;O-N ha™ yr™') exceeded the N.O budget of
3.82 kg N2O-N ha™' yr' based on site-specific EFs. The difference between EC and
EF budgets decreased to 1.47 kg N2O-N ha™' yr™' when accounting for the intake of
supplementary feed (0.92 kg N;O-N ha™' yr') and BNE (1.09 kg N.O-N ha™ yr™).
Including these factors increased the EF-based emissions to 5.83 kg NoO-N ha™' yr".
Site-specific EFs established in spring were not adequate to fully reflect the seasonal
variability of Fxzo. Nonetheless, static chamber and EC fluxes matched considerably
well when compared on a sub-daily basis, i.e. during a 16-day period after treatment

application to the chamber trial.

In anticipation of ongoing climate change and increased atmospheric N,O
concentrations, the reliable quantification of annual N>,O emissions is crucial. The
intensification of agroecosystems and farm management strategies ask for a more
improved validation of the effect of additional factors, such as supplementary feed and
BNE, on the emission of N,O. To date, static chamber methods deliver treatment-
dependent Fxzo measurements at point scales whereas EC allows Fnoo measurements
under real-world conditions. By complementing static chamber methods, EC
measurements therefore facilitate to overcome the discrepancy between microbial-
driven N>O production in soils and the enormous range of spatio-temporal conditions
under which N>O is emitted. Eddy covariance offers a promising opportunity to add
to our current understanding of flux dynamics and also to advance the quantification

of N,O emissions in future.
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Chapter Four

The Effect of Pasture Renewal on Short-term

Nitrous Oxide Fluxes: an Eddy Covariance Study

4.1 Abstract

Pasture renewal is a common management practice used to enhance plant productivity
and yield in intensively grazed farm systems. However, pastures that undergo renewal
can have an increased risk of nutrient losses due to disruptions of the soil carbon and
nitrogen cycling. This study used eddy covariance (EC) measurements to determine
the effect of a no-till, direct-drill pasture renewal followed by rapid reseeding on
nitrous oxide (N>O) exchange for 66 days after management intervention in autumn.
Flux measurements were made using a single EC system coupled to a quantum cascade
laser absorption spectrometer (QCL) sited at the boundary of two adjacent paddocks,
P54, which was renewed, and P53, the control. Data processing involved an analysis
of source area contributions (footprint-splitting) and gap-filling of the measured N,O
fluxes (Fx20) using a machine learning tool. The approach provided robust Fxzo data
at high temporal resolution and accounted for the renewal effect on Fnxo more
comprehensively than using filtered but not gap-filled Froo. Pulses of Frnao on the
renewed P54 were strikingly short, i.e. limited to a two weeks’ window with individual
half-hourly Fxzo as high as 13.0 nmol N2O m™s™ 15 days after herbicide application
to P54 on 10 March 2018. The difference in total emissions between P54 (2.61 kg
N2O-N ha™) and P53 (1.39 kg N;O-N ha™) was 1.22 kg N;O-N ha™', 93.4% of which
arose in only 14 days of the overall 66-day measurement period. Cumulative N>O
emissions from P53 and P54 were similar for the remaining days when environmental
drivers controlled pasture N2O exchange (soil moisture and temperature) rather than
only after-effects from pasture renewal intervention (e.g., decreased plant nitrogen
uptake, enhanced soil organic matter mineralisation). Rapid reseeding seemed to have
prevented the prolonged loss of N,O after pasture renewal and our findings also
showed that the applied data processing approach allowed for the quantification of

treatment effects on Froo from two adjacent paddocks while using a single EC system.

69



Chapter 4 The Effect of Pasture Renewal

4.2 Introduction

Extensive grasslands and permanent pastures cover an estimated 26% of the global
terrestrial land surface area; which is more than twice the total area of croplands (FAO,
2020). Under intensive management, these grasslands can produce forage high in
biomass that provides energy, protein, and structural carbohydrates for feeding
livestock but yield and nutritive values often decline with time if not managed
appropriately (Hopkins et al., 1995; Kayser et al., 2018; Gawel and Grzelak, 2020).
Consequently, occasional renewal of the pasture sward is carried out to maintain and
improve productivity (Reinsch, 2014; Krol et al., 2016b). Pasture renewal (also termed:
reseeding, renovation, restoration) is an accepted practice for intensively managed
harvested and grazed temperate grasslands, where it is commonly conducted every five
to 15 years (Hopkins et al., 1990; Velthof et al., 2010; Thomas et al., 2014; Rutledge et
al., 2017b).

Grassland soils have relatively high soil organic carbon (SOC) contents due to plant
coverage year-round and the absence of repetitive disturbances as in cropping
agriculture (Conant et al., 2001; Tate et al., 2005; Johnston et al., 2009; Reinsch et al.,
2018a). Conversely, grassland soils can lose some of this SOC along with reactive
nitrogen (N,) after renewal-related disturbances because soil organic matter (SOM)
mineralisation rates accelerate and plant nitrogen uptake is temporarily limited (Davies
et al., 2001; Poeplau et al., 2011). In turn, the risk of N, leaching and N>O emissions
can increase (Whitehead et al., 1990; Shepherd et al., 2001; Dennis, 2009; Helfrich et
al., 2020). This is important not only since nitrogen is a limiting nutrient for agricultural
production but also because of its reactive forms (N,) contributing to environmental
pollution and atmospheric warming. Nitrous oxide, for instance, has a global warming
potential 265 times higher than carbon dioxide (CO2) over a 100-year time horizon
and is an ozone-depleting substance with a current atmospheric mixing ratio of 329
ppb (2017) compared to pre-industrial 270 ppb (1750) (Ravishankara et al., 2009;
Portmann et al., 2012; IPCC, 2013; WMO, 2017a).

Relatively high emissions of 29.1 kg N2O-N ha™' were observed by EC measurements
after ploughing of an intensively managed Swiss grassland with almost 15% of the total
nitrogen applied lost and emitted during the following six months (Merbold et al.,
2014). Other studies have noted similar effects on N>O emissions (Baggs et al., 2000,
Yamulki and Jarvis, 2002; Cowan et al., 2016) and also demonstrated that the available
inorganic nitrogen content in the topsoil increased considerably in the first year after

ploughing (100—400 kg N ha™) (Vertes et al., 2007; Necpalova et al., 2013; Mori, 2020).

70



The Effect of Pasture Renewal Chapter 4

The amount of N, available for the mineralisation and subsequent emission post-
renewal is controlled by nitrogen input rate and the amount of residual nitrogen
present in the soil before management intervention with sward age as the associated
indicator of the N, mineralisation potential (Whitehead et al., 1990; Davies et al., 2001;
Eriksen and Jensen, 2001). However, the interplay of the various controls on N>O
emissions and pasture renewal is not fully understood. Reinsch et al. (2018b) reported
average emissions of 8.35 kg N ha™ yr' from pastures in northern Germany after
mouldboard ploughing and slurry application (240 kg N ha™ yr™). In contrast, Velthof
et al. (2010) and MacDonald et al. (2011) showed that pasture renewal without
ploughing caused up to 2.5 kg N ha™ higher total N>O emissions than with ploughing,
particularly when coinciding with precipitation in spring, and resulted in overall lower
coverage of perennial ryegrass in the new pasture sward (60—84% versus 90%). More
generally, the effects of using no-till renewal (e.g., sward improvement, herbicide
application, reseeding via over- or undersowing) as a strategy to mitigate NO
emissions have remained inconclusive and in contrast to the well-understood effects
that soil moisture and temperature have on microbial nitrification and denitrification
(Firestone and Davidson, 1989; Vertes et al., 2007; Buchen et al., 2017). This means
that emissions of N»O resulting from pasture renewal are not always proportional to
the initial degree of soil disturbance and less invasive renewal techniques therefore
might not necessarily lead to reductions in N>O emissions (Kong et al., 2009; Velthof

et al., 2010; Kayser et al., 2018).

Most of our current understanding regarding the emission of N>O after management
intervention comes from short-term studies with the majority using chamber
techniques for N>O flux (Fax20) measurements (Krol et al., 2016b; Buchen, 2017,
Reinsch et al., 2018b). The lack of high temporal resolution in these datasets is one of
the main reasons for limited knowledge on the N>O exchange process during and after
renewal intervention and constrains the quantification of paddock to farm scale N,O
budgets (Merbold et al., 2014). Eddy covariance, coupled to a quantum cascade laser
(QCL), can overcome some of the drawbacks associated with chamber techniques (e.g.,
spatio-temporal discontinuity, alteration of the soil environment after installation,
biased flux calculation) (Rochette and Eriksen-Hamel, 2008; Jones et al., 2011), and
enables compilation of flux datasets with high temporal resolution (Jones et al., 2011;
Lammirato et al.,, 2018). Measurements using QCL EC over intensively managed
pastures have provided promising insights in recent years, which has helped to further

disentangle the spatio-temporal heterogeneity associated with the exchange of N,O
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from pastoral soils (Fuchs et al., 2018; Voglmeier et al., 2019; Wecking et al., 2020b).
For instance, Liang et al. (2018) was the first to use EC for Fxoo measurements at our
study site to document the dependence of pulse and background Fao on
environmental drivers and cattle grazing. To date, there are only a few other studies
that have used EC to measure Froo following pasture renewal (Merbold et al., 2014;
Cowan et al., 2016; Fuchs et al., 2018; Merbold et al., 2020), but none of these studies
was conducted on intensively grazed land. Another EC study by Lognoul et al. (2019)

determined the effects of topsoil disturbance on Frxoo under a sugar beet crop.

The challenge of using the EC technique in farming systems is that the expense of the
QCL analyser often precludes the deployment of multiple towers at the same site and
time (Goodrich et al., 2021). Therefore, in the absence of more than one EC system,
measurement of different treatment effects can only become possible when isolating
and assigning the Fxoo data to a specific source area in the EC footprint (footprint-
splitting) as demonstrated by Wall et al. (2020b) for carbon dioxide (CO») fluxes and
Merbold et al. (2020) for N>O. One disadvantage of footprint-splitting is that the data
coverage is reduced by more than half of the original full footprint time series,
depending on footprint contribution thresholds and wind direction (Wall et al., 2020b;
Goodrich et al., 2021). Procedures to fill the gaps in the resulting time series have
remained under debate and, as yet, are not standardised (Mishurov and Kiely, 2011,
Fuchs et al., 2018; Liang et al., 2018; Nemitz et al., 2018; Lognoul et al., 2019; Cowan
et al., 2020).

Our study aims to address these knowledge gaps by (1) quantifying Fxzo resulting from
pasture renewal using a no-till renewal technique including herbicide application and
direct-drilling; (2) discussing the effect of rapid reseeding as a mitigation strategy for
N2O emissions; and (3) using a split-footprint and associated gap-filling approach
developed by Wall et al. (2020b) and Goodrich et al. (2021) to allow a direct
comparison of Fxzo data from a renewed pasture with an adjacent intact control site

using a single EC system.

4.3 Methods

4.3.1 Site description and farm management

The experimental site was located on Troughton Farm, a 199 ha commercial dairy farm
3 km east of Waharoa (37.78 °S, 175.80 °E, 54 m a.s.l.) in the Waikato Region, North
Island, Aotearoa New Zealand. The site has a reasonably long history of EC flux
measurements of CO, (2012) which, since November 2016, also included N,O. The
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experimental site of this study was named New Rye’in previous work and described in
detail by Liang et al. (2018) and Rutledge et al. (2017b). In brief, the experimental site
had been under long-term grazing for at least 80 years with a climate station 13 km to
the south-west of the farm recording mean annual temperature and precipitation
(1981-2010) of 13.3°C and 1249 mm, respectively (NIWA, 2018). Soils formed in
rhyolitic and andesitic volcanic ash and rhyolitic alluvium. A Mottled Orthic
Allophanic soil was identified as the dominant soil type based on the New Zealand soil
taxonomy (Hewitt, 2010). In the June 2017 to May 2018 milking season, the farm was
rotationally grazed by 478 Jersey cows split into two milking herds. The overall
stocking density averaged 2.4 cows ha™ with cattle feeding on pasture and from
supplementary feed produced on-site and imported. The initial sward of the
experimental site was ryegrass-clover (Lolium perenne, Trifolinm repens) last renewed in
2013 (Rutledge et al., 2017b). With the most recent pasture renewal in 2018, two (P53,
P54) of the former three experimental paddocks (P51, P53, P54) were re-fenced on 5
March 2018 in an approximate east-west orientation (65°-245°) with the new fence
line parallel to the prevailing direction of the wind approaching from the south west
to west. The EC tower was located at the boundary of two paddocks to equally detect
Fxoo derived from either side of the footprint, i.e. from paddock P54 that had
undergone renewal (Fxzo r) and from the control P53 (Fxzo_c) that remained unaltered

and under normal management (Fig. 4-1).

N
P54
3.02 ha
P53
2.55 ha
100 m
— Fenceline O P54 footprint
M EC location O P53 footprint
full footprint

Figure 4-1 Layout of the eddy covariance (EC) flux measurement site. The full EC footprint
mainly comprised two experimental paddocks: P53 (control) and P54 (renewed) for which the
80% flux footprint contour lines are indicated in blue (P53) and orange (P54) as well as the
flux footprint as a whole (grey area). The EC tower (black square) was located at the boundary
of P53 and P54.
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4.3.2 DPasture renewal measures

Pasture renewal took place on 10 March 2018 with Weedmaster TS5440 (540 g L™
glyphosate) and Pulse penetrant (800 g L' organo-modified polydimethylsiloxane)
sprayed on paddock P54 to kill the existing ryegrass-clover sward. Direct-drilling of
seed was conducted on 14 March using a Duncan triple-disc seeder. Sowing rates of
the new seeds were: 7 kg ha™ plantain (Plantago lanceolata), 3 kg ha™' One50 AR37 and
3 kg ha™' Samson AR37 Perennial ryegrass (Lo/ium perenne), 2 kg ha™' Relish Red clover
(Trifolium pratense), and 1 kg ha™ Tribute white clover (Trifolium repens). A targeted
herbicide (Broadstar, 480 g I.”' bentazone) was applied post seedling emergence on 7
April to control the simultaneous germination of weeds in the new sward. The control
paddock P53 was grazed on 17 April whereas the renewed P54 experienced its first
grazing post-renewal on 15 May. Note, that both paddocks were also grazed on the
days (6—8 March) before spraying. To exclude any direct effects from cattle grazing on
immediate Fxoo measurements on the renewed paddock (P54), the start date of our
study was chosen to be 10 March and the end date 14 May 2018 (Fig. A2-1). However,
the choice of time period did not exclude that reactive nitrogen (N;) originating from
grazing prior to renewal might have accumulated in the soil and, subsequently, been
mineralised and eventually lost as N2O. Data for the days prior to renewal intervention

were illustrated for completeness in Figure 4-2 (6 March to 14 May 2018).

4.3.3 Eddy covariance measurements
4.3.3.1 Instrumentation

In brief, EC measurements consisted of a continuous-wave quantum cascade laser
absorption spectrometer (CW-QCLAS, Aerodyne Research Inc., Billerica, MA, USA)
and a 3-D sonic anemometer (mounted at 2 m height, orientated to 270°; CSAT3B,
Campbell Scientific Inc., CSI, Logan, UT, USA). Both instruments operated at 10 Hz
recording the dry mole fraction of the trace gases N.O and CH4 (QCL), and wind
variables (CSAT3B). A dry scroll vacuum pump (XIDS351, Edwards, West Sussex, UK)
directed the airflow from the sampling inlet into the QCL with the sample air being
drawn at a flow rate of 15 L. min™ through a heated, 6.1 m long insulated tube. The
QCL was housed in an insulated weatherproof enclosure ,where it operated at a stable
temperature of 28°C in winter and 32°C in the summertime, = 0.1°C. Monthly
maintenance of the EC system included replacement of the 0.45 um PTFE membrane
filter (ThermoFisher Scientific, NZ) attached to the air inlet of the sampling line and

standard gas check-ups. Raw data from the QCL were automatically stored on the
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internal QCL computer and an external hard drive. Data logger clocks and QCL times
were synchronised every half hour and aligned with a local network time protocol

server (NTP, 1.nz.pool.ntp.org). See details on the EC set-up in Liang et al. (2018).

Additional micrometeorological and soil measurements included air temperature,
relative humidity, rainfall and, at 5 cm depth, soil temperature and soil volumetric water
content (Wall et al., 2020b; Wecking et al., 2020b). The latter was used to calculate the
water-filled pore space of the soil (WFPS) (Liang et al., 2018; Wecking et al., 2020b).
All auxiliary measurements were conducted in a fenced-off enclosure around the EC
tower with results representing both paddocks. The net ecosystem productivity (NEP)
used for comparison made in the result section based on measurements of the net
ecosystem exchange (NEE) of CO, using a CO2/H,O gas analyser (L.I-7200, LI-COR);
see Wall et al. (2020b) and Pronger et al. (unpublished) for details regarding the
instrument set-up, footprint-splitting, gap-filling, and carbon balance calculations.
Following Woodwell and Whittaker (1968), NEP is the difference between gross
primary production and total ecosystem respiration, equal in magnitude but opposite

in sign to NEE.

4.3.3.2 Data processing

Resulting Fxzo data were processed following the standardised guidelines by Nemitz
et al. (2018) and as described by Wecking et al. (2020b). After filtering of 66 days (10
March to 15 May 2018) worth of half-hourly Frzo data (n = 3168), 52.6 % (n = 1665)
of these F'xoo remained at best quality flag 0 with no negative Fxzo determined. In the
following, filtered Fxzo that met the flag O quality control criterium were denoted by
Froo r (filtered, full-footprint), Faoo cr (control), and Faore (renewal) when

distinguished by source-area after footprint-splitting.
4.3.3.3 Split-footprint approach

Previous research at Troughton farm (Wall et al., 2020b; Goodrich et al., 2021) and
elsewhere (Fuchs et al., 2018) has shown that a split-footprint approach can be used
experimentally to study the effect of spatially different treatments but measured by
only a single EC system (Baldocchi, 2019). We utilised the analytical footprint model
of Kormann and Meixner (2001) and at first calculated the contribution (footprint
fraction) of the measured half-hourly Fxoo from each paddock of interest which
resulted in a data set of two times 1655 contribution values (i.e. one for each paddock).
In a second step, calculated footprint fractions from the investigated source areas (P53,

P54) were used in conjunction with a footprint fraction rejection threshold. The
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rejection threshold served as an additional selection criterion to determine whether
Froo_cr and Faoo_re were representatives of the measurement area. The rejection
threshold in this study was 70% for day time Fxzo_r (photosynthetic photon flux
density, PPFD > 20 umol m™ s™") and 60% for night time Fxoo_r (PPFD < 20 umol
m™ s7) based on Wall et al. (2020b). This means, half-hourly Fxzor were only
considered to have originated from either the renewal or the control site when at least
70% (or 60% at night) of the averaged half-hourly Fxoo_r originated from P53 (Fxeo_cr)
or P54 (Fxoo_rr). The rejection threshold of 70% during the day and 60% at night was
the best compromise between data quantity (lower rejection threshold) and certainty
of the source area (higher rejection threshold) (Wall et al.,, 2017). Increasing the
rejection threshold would have severely reduced the number of data available for gap-
filling whereas lowering the rejection threshold would have led to an unsatisfactory
certainty about Froo source areas. The chosen rejection thresholds provided the best
compromise and best-possible certainty that Fxoo were sourced from P53 and P54.

Other Froo from outside the paddock boundaries held only a small natural share.

4.3.3.4 Gap-filling

We used a recently developed gap-filling approach by Goodrich et al. (2021), which
was based on partial least squares (PLS) decomposition (Wold et al., 1987) rather than
other gap-filling techniques e.g., 30-day running medians (Merbold et al., 2020), linear
interpolation (Liang et al., 2018) and general additive models (Cowan et al., 2020).
Input variables for the training sets were derived from a suite of meteorological and
ancillary environmental data measured at the EC site. Additionally, cross-products
between these parameters and all possible combinations were computed including

running maximums and 30-day running medians calculated from filtered Fxzo_r data.

To estimate missing Fxoo values, PLS loadings were used as input to a k-nearest
neighbour (kNN) locally-weighted regression and a three-layer artificial neural network
(ANN) with error back-propagation. Both these algorithms were trained repetitively
(n = 50 runs) using different training sets for each run, ultimately, feeding into the PLS.
The kNN algorithm resulted in the lowest bias and best accounted for variance in the
observed validation data compared to ANN. The gap-filled fluxes (Fn20_c) presented
in the following sections originated from the kNN approach and, when distinguished
by source area, were denoted as Frnoo_co (control) and Froo_re (renewed). Finally, total
N2O emissions were derived from individual cumulative sums of gap-filled Frnoo_ca
and Fxzo_re, and converted to kg NoO-N ha™. Instead, filtered Fxoo_r, Frzo_cr and

Froo_rr were used when cumulative totals were not required.

76



The Effect of Pasture Renewal Chapter 4

4.4 Results

4.4.1 Environmental conditions

The pasture renewal was undertaken in the New Zealand (Southern Hemisphere)
autumn season, March to May 2018, and all 66 days of the study period lay within this
season. Half-hourly air temperatures ranged between 1.6°C and 24.6°C. The daily
mean air temperature across the measurement period was 15.2°C. Rainfall totalled 241
mm during the study period. More than half of this amount occurred in April, i.e.
during a few days in mid-April (54.5 mm) and at the end of the month (87.5 mm) (Fig.
4-2a). Precipitation occurred on 37 of 66 days. The first rain event (28.6 mm) was
received on the third day after herbicide application, 12 March. Consecutive rainfall
was recorded daily during the last 13 days of March, albeit of smaller magnitude <
10 mm, and on the last four days of the measurement period (33 mm). The mean
water-filled pore space (WEPS) of the soil was 71%, and the half-hourly maximum and
minimum WFPS were 91% and 62%, respectively (Fig. 4-2a). The wind direction

varied with a slight predominance (41.8%) from south to west (175-285°).
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Figure 4-2 Environmental variables, filtered half-hourly fluxes (Fno0), and net ecosystem
production (NEP) for the first 66 days after renewal. Panel (a) shows site precipitation (black
bars), soil water-filled pore space (WEPS, blue line), and soil temperature (grey line) both at
5 cm soil depth; (b) depicts filtered (green circles) Fnzo, arrows indicate farm management
interventions including grazing on P53 (orange) and P54 (blue); (c) presents the NEP of the
pasture sward at the renewed paddock P54 (turquoise circles) and the control P53 (light
turquoise circles).
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4.4.2 Net ecosystem productivity

On 10 March, the daily NEP was -1.0 ¢ C m™ for P53 (control) and -6.0 g C m™ for
P54 (renewal) implying that both paddocks were a source of CO, (Fig. 4-2). Both
paddocks had been grazed immediately prior (6—8 March) to herbicide application on
P54 and so the amount of available plant biomass in the EC footprint had already been
decreased. Negative values of daily NEP were measured from the beginning of the
measurement period for both paddocks comprising the first 27 consecutive days on
P53 and 49 days on P54, respectively. The difference in daily NEP between P53 and
P54 became most apparent from 10 March to 8 April, i.e. the time when the difference
between daily paddock NEP was consistently > -2.0 ¢ C m™d™". Within this period,
the greatest difference between P53 and P54 daily NEP (-6.2 ¢ C m™) was observed
on 21 March. This difference decreased slowly, but steadily, with time and was found
near-zero from 14 April to the end of the measurement period. On the same day (14
April), cattle grazing was recorded on P53, but this did not affect the difference in daily

NEP between P53 and P54 which remained at near-zero.
4.4.3 Nitrous oxide fluxes

The total number of measured half-hourly Fxoo was 3168, 52.6 % of which were in the
flag O category (high quality). After filtering and footprint-splitting, 10.8% (n = 342)
and 16.6% (n = 525) of these Fxoo_r remained at best quality for paddocks P53 and
P54, respectively. Large pulse fluxes on P54 were evident in both these Fxzo_r and the
Froo ¢ data retrieved from the gap-filling approach. After gap-filling, 6.5% of all
Froo_cc and 24.2% of all Fxoo_re were > 2.0 nmol NoO m™s™'. Furthermore, 5.7% of
all Fxzo_re were > 5.0 nmol NoO m™s™ while only less than 0.1% (n = 4) of all half-
houtly Froo_cc were identified as pulse fluxes of this magnitude (Table 4-1). The
greatest half-hourly Fxoo_r was 13.0 nmol N,O m~ s measured on P54 on 25 March,
the day with the greatest difference of daily mean Fxzo_c between the renewed and the

control paddock (i.e. 6.5 nmol N.O m™s™) (Fig. 4-3a).

The divergence of Fxzo_rc from Frxzo_cc became most apparent between 18 March and
1 April when the daily mean flux from P54 was consistently 1.5 nmol N.O m™s™
greater than on P53 and half-hourly Fxeo_re exceeded low magnitude fluxes by far.
Control Fxz0_cc remained at around low magnitude for most of this time (Fig. 4-3) and
pulsed fluxes before renewal intervention were only observed for the first six days after
grazing on P53 and in the days around 29 April following animal grazing in mid-April.

The latter grazing event caused mean daily Fxzo_ce to increase and exceed Froo_re on
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the subsequent days of measurements (except 9-11 May). At the end of the
measutement period, total N>O emissions were 2.61 kg N,O-N ha™ for P54 and 1.39
kg N2O-N ha™ for P53 (Fig. 4-4). More than half of the total N>O emissions from P54
occurred in March (1.59 kg NoO-N ha™), i.e. which was 1.14 kg N2O-N ha™' more than
emitted from P53 at the same time. In April and May, the difference in N>O emissions
between the control and the renewed paddock was near-equal and only slightly greater

for P54 in April (+0.07 kg N;O-N ha™) and P53 in May (+0.06 kg N2O-N ha™).

Further, it was found that Fxeo_r were interdependent on environmental drivers, i.e.
soil temperature but particularly rainfall and the associated subsequent increase in
WEPS (Fig. 4-5). The large pulsed Fxoo_rr observed on P54 in March were likely
favoured by small but consecutive rainfall events and a WEPS varying between 60—80%
that triggered, if not promoted, the transformation of soil N, to N>O. More generally,
the dependency between precipitation, variability of WEPS in the ideal zone of soil
N2O production, and occurring Fxzo appeared ubiquitous and was observed on both

paddocks across the 66-day measurement period (Fig. 4-2a).
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Figure 4-3 Half-hourly Fxpo distinguished in filtered (coloured circles) and gap-filled (grey
circles) data with (a) depicting filtered (Fx2o_rr) and gap-filled (Fxz2o_rc) fluxes at P54, and (b)
filtered (Fxzo_cr) and gap-filled (Fx20_cc) fluxes at P53. Panel (c) shows mean daily Fxoo_rc
(orange circles) and Fxzo_cc (blue circles). Arrows indicate grazing events and the dashed
vertical line refers to the date of spraying on P54, 10 March 2018.
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Figure 4-4 Cumulative sums of gap-filled Fxzo (kg N2O-N ha-1) for the 66-day study period.
Contributions are distinguished by paddock, i.e. P53 (control) and P54 (renewed). Circle size
and colour scheme change with flux magnitude (see scale at the right-hand side).
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Figure 4-5 Relationship between water-filled pore space (WEPS) of the soil, soil temperature
and filtered half-houtly N>O fluxes (Fxzo_r) distinguished by paddock. Panel (a) shows the
effect of soil water-filled pore space (WEPS) and soil temperature (colour bar) on Frxzo_r on
the renewed P54 and (b) depicts the same for the control, P53.
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Figure 4-6 Percentage contribution of filtered half-hourly N>O fluxes (Fnzo_r) from the
control (P53) and renewed paddock (P54). The contribution of each Fnoo_r is presented as a
percentage (%) value that indicates which Fxzo_r originated from P53 and which from P54.
Note that circle size and colour scheme change with flux magnitude. Circles above and to the
right of the dotted 60% contribution line show Fxzo_r that were attributable to either P53 or
P54. All other fluxes (i.e. those below the horizontal 60% line and to the left of the vertical
60% line) shared a contribution across the footprint area of both paddocks or originated partly
from outside the paddocks’ boundary. Panel (a) shows pulsed Fxzo_r 2 5 nmol NoO m=2 s,
panel (b) pulsed Fxzo_r 2 2 nmol N>2O m2 s-L, and panel (c) all measured best quality Fxzo_r.
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4.4.4 ‘'The renewal effect

To add further confidence to the gap-filling approach, we were interested in whether
a renewal effect would have also been observed if Fxoo 6 data had not been used and
the analysis had been solely based on filtered Fxoo_r and footprint-splitting. For this
purpose, we assorted all best quality Fxoo_r (n = 1665, flag 0) by their percentage
paddock contribution derived from the footprint-splitting analysis explained in Section
4.3.3.3 (Fig. 4-6). We then examined the number of individual half-houtly Fxzo_r from
each paddock that fell above or below an established 60% contribution threshold.
After applying this threshold, 387 half-hourly Frxoo r were assorted by their origin to
P53 and 623 Froo_r to the renewed site, P54 (Table 4-1). The remaining half-houtly
Froor (= 655) were not spatially assigned to one of the two paddocks sites, i.e.
shared a contribution across P53 and P54 or even originated from outside the

paddocks’ boundary.

Building on the findings from Section 4.4.3, we found that pulsed Fazo r often
remained discrete from more regularly occurring Faxoo r of lower magnitude. To
distinguish these pulsed Fxzo_r from Faoo r of lower magnitude, we classified all Fxoo_r
< 0.6 nmol N,O m™ s™" as background fluxes following Liang et al. (2018). Using this
differentiation, our results then showed that 15.5% and 1% from Fxzo_cr on P53 were
determined pulsed fluxes > 2 nmol N.O m™s™ (n = 60) and > 5 nmol N.O m™s™ (n
= 4), respectively (Fig. 4-6). In contrast, the contribution from pulsed Fxzo_rr observed
on P54 was higher, i.e. 26.2% for fluxes > 2 nmol N.O m™s™ (n = 163), and 7.9%
for those at a magnitude > 5 nmol N.O m™s™' (n = 49). Higher contribution of Fxzo_rr
indicated that the majority of pulsed Fxzo_r originated from P54, not P53. Plotting
Froo_r by flux magnitude and associated wind direction supported this finding with

high pulsed Fxzo_r similarly and predominately sourced from P54 (Fig. 4-7).

Table 4-1 Number of N>O fluxes (Fxzo) differentiated by magnitude in the left-hand side
column of the table and distinguished into filtered (Fn2o_r) and gap-filled (mn20_G) data by
paddock contribution (P53, P54) on the right-hand side. Gap-filling substantially increased the
number of half-houtly Fxzo available for subsequent data analysis.

Fn2o Frn2o F Frn2o
nmol N2O m-2s-1 P53 P54 P53 P54

[0]  [%] [n] [%0] [o]  [%] [n]  [%]
Frnoo > 0 387 100.0 623 100.0 | 3168 100.0 3168 100.0
Frnoo > 2 60 155 163 26.6 206 6.5 768 242
Fnoo > 5 4 1.0 49 7.9 4 0.1 182 5.7
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Fizo [Nnmol m?s™]

Figure 4-7 Windrose showing the prevailing direction of the wind (orientation of the bars) in
the EC footprint and the percentage contribution of filtered half-houtly fluxes (Fx2o_r) (length
of the bars) associated with each wind direction. The magnitude of Fxzo_r in nmol N2O m-2
s~! is highlighted by the colour gradient of each bar and refers to the legend at the bottom.
The location of the renewed paddock is referenced by the dotted line, but not drawn to scale.

4.5 Discussion

4.5.1 Short-term effect of pasture renewal on nitrous oxide fluxes

Renewal alters the carbon and nitrogen cycling of pasture soils and can lead to nutrient
losses both in short- and long-term (Kayser et al., 2018). As shown by several studies,
losses of N, in the form of gaseous N,O are relatively short-lived with the majority
often occurring immediately in the first months after renewal intervention (Davies et
al., 2001; Mori and Hojito, 2007; Velthof et al., 2010; MacDonald et al., 2011; Cowan
et al,, 2016; Krol et al., 2016b; Buchen, 2017). At our site, the majority of pulsed Frao_r
were measured between 18 March and 1 April 2018 when cumulative Frao_g from the
renewed P54 exceeded those from the control site by 1.14 kg N;O-N ha™". This means
that 93.4% of the difference (1.22 kg N2O-N ha™) between P53 and P54 emissions
occurred in only two weeks of the overall 66-day study period (Fig. 4-4). For the
remaining 52 days, there was no distinct difference in paddock N>O emissions
determined apart from some Fxzo_c that were associated with grazing on P53, 17 April,
and coincided with rainfall. The short-term nature of the observed pulsed Fxao r
shortly after renewal intervention on P54 was somewhat surprising. Conducting EC
measurements in a high N, regime, we initially thought that the renewal effect would
have extended over greater temporal scales e.g., as caused by prolonged mineralisation

of soil N, and might not have been as distinct in magnitude due to potential
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superordinate effects of environmental drivers on the soil NoO exchange. Instead, the
immediate renewal effect on Fxuo_r from P54 appeared only temporary but included
relatively high half-hourly (max. 13.03 nmol N;O m™s™), daily mean Fxzo_xr (7.50 nmol
N>O m™s™") and cumulative emissions (1.59 kg NoO-N ha™ in March), especially, when
considering the use of a no-till renewal technique and the short two weeks’ period
within which these pulsed Fxoo_r occurred. Likewise using EC measurements, Cowan
et al. (20106) reported that tillage of a managed pasture in Scotland contributed an
additional 0.85 * 0.11 kg N>O-N ha™ to the emission budget of the first two months
post-renewal. Other research on grasslands based on chamber measurements has
shown that short-term losses of N>O can range between 0-3.30 kg N2O-N ha™ in the
first months after conversion (Davies et al., 2001; Skiba et al., 2002; Pinto et al., 2004;
Grandy and Robertson, 2006). Nitrous oxide emissions associated with pasture

renewal at our site were not as high as reported by some of these other studies.

Merbold et al. (2020), for instance, observed Fxzo peaks for almost seven continuous
months after ploughing conversion of a Swiss grassland with annual pasture N,O
emissions 13.5-times higher than in non-renewal years (chosen as the control). In
contrast, N>,O emissions on P54 were only 1.8-times higher than those of control P53,
which was likely related to the initial, but very short-termed nature, of the emission
pulse. The difference in magnitude compared well with findings from Velthof et al.
(2010), who showed that pasture renewal increased N>O emissions by a factor of 1.8—
3.0 when compared to an undisturbed control. However, unlike Velthof et al. (2010)
we did not further determine the effect of different renewal techniques on N,O
emissions and opposing to Merbold et al. (2020), our study was limited to 66 days. The
increase in N>O emissions can be, but is not always, associated with increasing sward
and soil disturbance, ie. the conversion technique chosen (Buchen et al, 2017,

Helfrich et al., 2020).

From pasture renewal events conducted on the same research site in previous years,
we know that chemical killing and direct drilling, instead of ploughing, did not result
in lower daily rates of respiratory CO; losses (Rutledge et al., 2017b). Since the
grassland carbon and nitrogen cycles are closely interlinked, the same might have been
the case for NoO, meaning that a change of pasture renewal technique would not have
led to any major difference in the amount of N>O lost. Nonetheless, it might have
been likely that choosing a different renewal technique could have led to different
responses in sward re-establishment and long-term yields (Powell et al., 2007; Kayser

et al., 2018; Gawel and Grzelak, 2020).
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4.5.2 Potential drivers of nitrous oxide emissions

Emissions of N>O after grassland renewal have been acknowledged to be driven by
the increase in net soil nitrogen mineralisation due to the accelerated decomposition
of plant litter (Reinsch et al., 2018b; Helfrich et al., 2020). Although changes in soil
mineralised nitrogen (Nmin) Were not measured at our site, we believe that this effect
contributed to the observed pulsed Froo_r on P54. Firstly, after the death of the old
sward there was little to no nitrogen uptake by plants and, secondly, net mineralisation
of plant residues and SOM were possibly enhanced providing readily-available N, to
microbes in the topsoil (Grandy and Robertson, 2006; Velthof et al., 2010; Kayser et
al., 2018). Buchen et al. (2017), for instance, found that the amount of N, in the upper
0—-30 cm of a pasture soil increased by 48% for the first two months after herbicide

application and direct-drilling.

Similar findings were reported by Davies et al. (2001), Vertes et al. (2007), and Velthof
et al. (2010) — showing that using a no-till conversion technique led to the
decomposition and mineralisation of plant residues and roots almost entirely on the
soil surface and in the upper topsoil (Groffman, 1985; Helfrich et al., 2020). An
immediate protection and complete incorporation of freshly formed particulate
organic matter into new soil aggregates, as observed in tilled soils, was, therefore, more
unlikely at our site (Tisdall and Oades, 1982; Balesdent et al., 2000). Instead, the net
mineralisation of nitrogen might have been predominantly triggered by the
decomposition of sward litter and the availability of labile organic carbon, which soil

microbes could have accessed and used as an energy source (Reinsch et al., 2018b).

Also, the observed pulsed Fx2o r might not have only been caused by accelerated
decomposition rates but were likely associated with an increased general availability of
N: in the renewed paddock. Reactive soil nitrogen could have easily accumulated in
the soil during previous grazing events prior to intervention and, thus, might have still
been present for its subsequent reactivation and mineralisation following renewal-
related soil disturbances. Between 18 March and 1 April, the rate of daily Fxao rc
increased to a maximum of 91.3 g NoO-N ha™' d™' and was likely related to a combined
contributions of the before-mentioned factors, particularly when compared with the

control site (15.1 g NoO-N ha™ d™).

Based on research conducted in the previous autumn season (2017), we knew that the
daily rate of Fxzo at our site can be three to five times higher in autumn than in any

other season (Liang et al., 2018; Wecking et al., 2020b). In autumn, soil temperature
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and WFPS tend to fluctuate around the optimal zone of soil N,O production and
favour the simultaneous occurrence of microbial nitrification and denitrification in the
soil, ultimately, leading to N>O losses (Firestone and Davidson, 1989; Coyne, 2018;
Liu et al., 2018). We anticipated that fluctuations in natural drivers would add to the
observed pulse Fxoo_r on P54, particulatly, in the presence of readily available Ny
The overarching effect of natural drivers and their high variability also helped explain
why pulsed Faxoore were mainly observed around the ideal zone of soil N,O
production, i.e. a WEFPS of 62-91% and higher soil temperatures (Fig. 4-5). Regarding
temperature, the transformation of denitrified-nitrogen towards N>O could have been
promoted by accelerated enzymatic activity which is sensitive to temperature changes
(Phillips et al., 2014; Liu et al, 2018). Mori and Hojito (2007) found that the
temperature in the upper centimetres of a pasture soil after renewal was 2.7-3.0°C
higher than at control sites due to higher inputs of solar radiation and, simultaneously,

less insulation by plants.

Finally, understanding the effect of environmental drivers in relation to management
interventions on the ever-changing pattern of soil Fxzo can be highly beneficial to plan
management interventions and mitigation actions accordingly. Liang et al. (2018), for
instance, showed that the contribution of Fxzo pulses to total annual N>,O emissions
at our site in the year before renewal intervention was around 40% of the total 6.5 kg
N2O-N ha™' emitted. Currently, the significance of short-term N,O pulse emissions
for annual greenhouse gas budgets remains debated (Necpalova et al., 2013; Krol et al.,
2016b; Buchen, 2017; Merbold et al., 2020). However, accounting for the effect of
these pulsed Froo in farm emission budgets, even if short-term, might be urgently
needed to identify potential off-setting mechanisms between the soil carbon and

nitrogen cycle and, ultimately, to establish robust greenhouse gas accounting.
g Y > Ys gr g g

4.5.3 Rapid reseeding as a potential mitigation strategy

The rapid establishment of a new pasture sward is crucial to counterbalance the
vulnerability of the soil to nutrient losses via leaching and gaseous emission by quickly
reinforcing plant N, uptake and carbon inputs via rhizodeposition (Necpalova et al.,
2013; Reinsch, 2014; Krol et al., 2016b). In this study, we were interested whether
shortening the time between conversion and seedling establishment would also
decrease the impact of renewal intervention on these losses, i.e. could mitigate the
renewal effect on NoO emissions. At our farm site, this was previously demonstrated
for the loss of SOC by Rutledge et al. (2017b) who found that the soil returned to
being a carbon sink within 51-78 days after herbicide application and direct-drilling.
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Based on this knowledge, the gap between herbicide application and direct-drilling was
held intentionally short (four days) with seedling emergence first observed on day 13
after spraying (22 March 2018). However, when comparing the date of seedling
emergence on P54 with pulse Fxoo g, it became apparent that these were coinciding
and seedling emergence did not initially prevent large Foo_r. Pulse Frnoo r eased 21
days after herbicide application (1 April) when the photosynthetic activity of the young
sward improved and the difference in daily NEP between P53 and P54 started to
decrease. A second Froo_r pulse of similar magnitude was not observed on P54 apart
from some higher than background Fxzo r (> 0.6 nmol N>;O m™s™) occurring in
response to occasional rain events throughout April and May (Fig. 4-2a). These Fxoo_r
were likely caused by the short-term increase in soil moisture and the availability of
NOs™ fuelling microbial denitrification, but were still far from the magnitude of pulsed
Froo_r observed during the first weeks after renewal intervention in March (Bouwman,
1996; Kim et al., 2013; Wecking et al., 2020b). Also, as control Fxoo_c from P53 showed
a similar response to increases in WEFPS, later pulsed Fxoo r on P54 appeared to be
predominantly driven by environmental factors rather than after-effects of the renewal

intervention (Wallenstein et al., 2006; Butterbach-Bahl et al., 2013; Liang et al., 2018).

Considering the short-term nature of this study, it was not clear if and how direct-
drilling and rapid reseeding affected pasture productivity in the longer-term or to what
degree it might have resulted in the loss of SOC. From Pronger et al. (unpublished)
we know there might have been trade-offs between reducing nutrient losses by
choosing a no-till approach and increasing disturbance such as ploughing. Some
literature suggested that ploughing can increase the productivity of a new sward in the
long-term with emerging seedlings benefiting from an excess release of nutrients after
intervention (De Vliegher and Carlier, 2007; Reinsch et al., 2018b). In contrast, using
no-till approaches might prevent access of the new sward to nitrogen released after
renewal, hinder seedling emergence by leaving plant litter on the soil surface and favour
emerging weeds (Helfrich et al., 2020). The latter effect was observed on P54, where
the emergence of weeds concurrent with seedling germination and required an
additional herbicide application on 7 April. Ideally, a no-till renewal technique should
aim for a good establishment and long-lasting performance of the new sward (Davies

et al.,, 2001; Thom et al., 2011; Reinsch, 2014; Pronger et al., unpublished).

4.5.4 Evaluation of footprint-splitting and associated gap-filling

In this study, we used a single EC system to allow for the direct comparison of Fnzo

from adjacent, but differently managed, paddocks. This approach eliminated the spatial
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separation between renewed and control paddocks and decreased the likelihood of
differences in soil and site characteristics that influence Fnzo. Helfrich et al. (2020) and
others (Buchen et al., 2017; Reinsch et al., 2018b) showed that differences between
sites can have a much greater influence on N>O emissions than differences between
individual treatments depending on soil type, site management, and overall
environmental conditions. Other advantages of the approach were: 1) the reduction of
equipment costs; and 2) the avoidance of mixed signals (i.e. individual half-hours with
Froo contributions across multiple paddocks), which is important for the performance
and robustness of Fxoo measurements in intensively grazed systems (Wall et al., 2020b;
Pronger et al., unpublished). However, it has to be considered that using a split-
footprint approach decreases the data availability for each treatment/paddock (Cowan
et al., 2016; Fuchs et al., 2018). This also applied to our study, where only 10.8% (P53)
and 16.6% (P54) of all measured Faoo_r remained at best quality after filtering and
footprint-splitting. Having said this, we re-designed the paddock layout before renewal
intervention to avoid additional biases in Fxoo data caused by the dependence of the
flux footprint on the prevailing wind direction (Kormann and Meixner, 2001). A visual
examination of half-hourly Fxzo e and Fazo_cr showed that P54 and P53 footprints
received a consistent flux contribution throughout the 66-day study period and any
biasing from a disproportionate number and lengths of gaps, as reported by Cowan et

al. (2016), was unlikely (Fig. 4-3).

Furthermore, the data coverage of Fxzo_rr and Froo_cr after filtering and footprint-
splitting was still far greater than could have been achieved by static chambers (Krol
et al., 2016b; Buchen et al., 2017; Reinsch et al., 2018b). Chamber measurements are
usually conducted at once-daily to weekly or bi-weekly intervals to capture the best
representative average of daily Fxzo but generally do not approach the temporal
resolution of micrometeorological techniques (and the “when”) necessary to identify
short-term management effects on Froo, unless automated (Rochette and Eriksen-
Hamel, 2008; Jones et al., 2011). In our study, we demonstrated that using filtered
Fxoo rr and Faoo cr would have been sufficient to determine that there was a short-

term effect of pasture renewal on P54 (Fig. 4-6, Sec. 4.4.4).

However, the renewal effect became more apparent and better quantifiable when
including the additional resolution of gap-filled Fxoo_rc and Fxzo_ce. Distinguishing
these Fxoo on a paddock and treatment basis resulted in a total difference between P54

and P53 N, O emissions of 1.22 kg NoO-N ha™' (Fig. 4-4). Previously, Wall et al. (2020b)

suggested that reporting of cumulative flux data by individual paddocks rather than
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aggregating across multiple fields can be very beneficial (even if all paddocks were
under the same treatment). Our findings confirm that using the gap-filling approach
by Goodrich et al. (2021) was able to distinguish management-induced differences in
short-term Faoo at paddock scales. Finally, using robust footprint-splitting and gap-
filling will be of great relevance when evaluating the effect of any given mitigation
strategy on N,O emissions from adjacent paddocks in the future (Goodrich et al.,
2021). This applies, in particular, to rotationally grazed dairy pastures, where the
measurement of greenhouse gas emissions is challenged by day-to-day farm

management (Wall et al., 2020b).

4.6 Conclusion

In this study, we used a single QCL EC system measuring across two adjacent
paddocks to determine the short-term effect of pasture renewal on Fno in an
intensively grazed dairy pasture. We found that Fxoo from the renewed paddock (P54)
occurred in a distinct pulse from day eight after herbicide application onwards,
however, weakened with increasing photosynthetic activity of the growing sward only
21 days after renewal intervention. The difference in paddock N>O emissions for this
short period was 1.14 kg N2O-N ha™, i.e. equal to 93.4% of the total relative difference
between the two paddocks within the 66-day study period. Utilising a rapid reseeding
technique enabled seedling emergence eight days after sowing and likely contributed
to mitigate the loss of N>O in the longer term. However, the renewal effect on P54
was not only defined by anthropogenic disturbances made to the soil system via
herbicide application and direct-drilling but also strongly controlled by environmental
drivers, particularly WEPS. The effect of environmental drivers on Fnao was persistent

throughout the study period.

Overall, our findings showed that using footprint-splitting and advanced gap-filling
allowed for the comparison of treatment effects on the soil N2O exchange of adjacent
paddocks using a single EC system. Previously, gap-filling micrometeorological Fxzo
data has been a major constraint in producing defensible N>O emission budgets at
paddock scales and here we could highlight that applying a gap-filling approach based
on machine learning tools can overcome this challenge, particularly, if preconditions,
such as site selection and experimental design, are carefully considered. Gap-filled Fnzo
datasets will help quantify greenhouse gas budgets in the future that include accounting
for the effect of not only environmental drivers but also for trade-offs between
different farm management/mitigation strategies and the associated nutrient loss from

pastoral soil.
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Chapter Five

A Novel Injection Technique: Using a Field-
based Quantum Cascade Laser for the Analysis

of Gas Samples Derived from Static Chambers

5.1 Abstract

The development of fast-response analysers for the measurement of nitrous oxide
(N20) has resulted in exciting opportunities for new experimental techniques beyond
commonly used static chambers and gas chromatography (GC) analysis. For example,
quantum cascade laser absorption spectrometers (QCL) are now being used with eddy
covariance (EC) or automated chambers. However, using a field-based QCL EC
system to also quantify N>O concentrations in gas samples taken from static chambers
has not yet been explored. Gas samples from static chambers are often analysed by
GC, a method that requires labour and time-consuming procedures off-site. Here, we
developed a novel field-based injection technique that allowed the use of a single QCL
for 1) micrometeorological EC, and 2) immediate manual injection of headspace
samples taken from static chambers. To test this approach across a range of low to
high N>O concentrations and fluxes, we applied ammonium nitrate (AN) at 0, 300,
600 and 900 kg N ha™" (AN, ANsw, ANew, ANow) to plots on a pasture soil. After
analysis, calculated N,O fluxes from QCL (Fn2o qcr) were compared with fluxes
determined by a standard method, ie. here laboratory-based GC (Fxuo_cc).
Subsequently, the comparability of QCL and GC data was tested using orthogonal
regression, Bland Altman and bioequivalence statistics. For AN treated plots, mean
cumulative NoO emissions across the seven-day campaign were 0.97 (ANso), 1.26
(ANgoo) and 2.00 (ANoog) kg NoO-N ha™ for Fxzo_qcr, and 0.99 (ANsw), 1.31 (ANoo)
and 2.03 (ANoo) kg N2O-N ha—1 for Fxzo_ce. These Fxoo_qar and Fxeo_ce were highly
correlated (r = 0.996, n = 81) based on orthogonal regression, in agreement following
the Bland Altman approach (i.e. within £ 1.96 standard deviations of the mean
difference) and shown to be for all intents and purposes the same (i.e. equivalent). The
Frnoo_qan and Froo_ce derived under near-zero flux conditions (ANo) were weakly

correlated (r = 0.306, n = 27) and not found to agree or to be equivalent.
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This was likely caused by the calculation of small, but apparent positive and negative,
Fxzo when in fact the actual flux was below the detection limit of static chambers. Our
study demonstrated 1) that the capability of using one QCL to measure N,O at
different scales, including manual injections, offers a great potential to advance field
measurements of N>O (and other greenhouse gases) in the future; and 2) that suitable
statistics have to be adopted when formally assessing the agreement and difference

(not only the correlation) between two methods of measurement.

5.2 Introduction

Accurate measurements of nitrous oxide (N,O) emissions from agricultural land are
crucial to quantify the contribution of the gas’s radiative forcing to climate warming
(Thompson et al., 2019). Nitrous oxide is a long-lived greenhouse gas with a global
warming potential 265-times higher than that of carbon dioxide (CO») over 100 years
and is the largest contributor to the depletion of stratospheric ozone (Ravishankara et
al., 2009; IPCC, 2013). Agricultural activities on intensively managed soils that receive
high inputs of reactive nitrogen (N), mostly in the form of animal excreta and nitrogen
fertiliser, are the main source of anthropogenic N.O emissions (Reay et al., 2012).
Reactive nitrogen facilitates microbial nitrification and denitrification in the soil with
N2O being an intermediate of these processes (Firestone and Davidson, 1989;
Butterbach-Bahl et al., 2013). The production of N,O in soils is controlled by a
multitude of environmental and anthropogenic factors e.g., soil moisture, nitrogen
input, and overall farm management, which often result in highly variable Fnzo
(Flechard et al., 2007; Erisman et al., 2013; Rees et al., 2013). Adequate and precise
flux measurements have, therefore, remained challenging (Rapson and Dacres, 2014;

Cowan et al., 2020).

To date, the common method for measuring fluxes of NoO (Fxz0) are closed, non-
steady-state ‘static chambers’ (Lundegard, 1927; Hutchinson and Mosier, 1981); a
method used for more than 95% of all field studies (Rochette and Eriksen-Hamel,
2008; Rochette, 2011; Lammirato et al., 2018). Static chambers are relatively cost-
efficient and easy to deploy in the field (Velthof et al., 1996; de Klein et al., 2015). Gas
samples are extracted from the chamber headspace during an up to 60-minute
enclosure and injected into pre-evacuated glass vials (Rochette and Bertrand, 2003;
Luo et al., 2007; van der Weerden et al., 2011). Subsequent analysis of the gas samples
is commonly conducted off-site, using gas chromatography (GC) (Luo et al., 2008a;
Parkin and Venterea, 2010). However, measurements using static chambers are

discontinuous and labour-intensive with uncertainties in Fnoo caused by alterations
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made to the soil environment after installation, pressure differences in the chamber
headspace during sampling and the assumption of a linear increase/decrease in gas
concentration with time (Denmead, 2008; Christiansen et al., 2011; Chadwick et al.,
2014). Through time, different guidelines have been proposed to advance the
standardisation of static chamber techniques (Rochette, 2011; de Klein et al., 2015;
Pavelka et al., 2018); but essentially the basic method has remained unchanged for
decades (Hutchinson and Mosier, 1981; Chadwick et al., 2014).

Alternative approaches to the static chamber method include the use of (semi-)
automated chambers and micrometeorological techniques that allow Fxeo
measurements at higher temporal frequency and resolution (Baldocchi, 2014; Rapson
and Dacres, 2014; Pavelka et al., 2018). Recent developments in the technology of fast-
response analysers have enabled e.g., tunable diode laser absorption spectrometers,
Fourier transform infrared spectrometers, and in particular continuous-wave quantum
cascade laser absorption spectrometers (QCL) to be coupled to automated chambers
(Cowan et al., 2014; Savage et al., 2014; Brummer et al., 2017) or eddy covariance (EC)
systems (Nicolini et al., 2013; Nemitz et al., 2018). Despite these recent advances in
analyser technology, our understanding of the micro and macro scale processes that
lead to the emission of N>O has yet remained limited. While chamber measurements
help to examine the interaction between soil processes and Fxzo at point scale (Luo et
al., 2017), EC promotes the understanding of diurnal, seasonal and annual Fxoo
dynamics at field to ecosystem levels (Liang et al., 2018; Cowan et al., 2020). Some
studies have aligned chamber and EC measurements to determine the full range of
processes that drive Fxzo dynamics across these different scales, but still these studies
relied on the use of more than one analyser for measuring Fxoo (Jones et al., 2011;

Tallec et al., 2019; Wecking et al., 2020a).

In this study, we tested whether a single field-deployed QCL could be used for manual
injections of gas samples taken from static chambers to allow near-concurrent
measurements of chamber NxO samples alongside continuous EC. Field
measurements using a QCL for both these purposes have, to our knowledge, not yet
been conducted. Our objective was to examine whether chamber Fnzo determined by
field-based QCL (Fxz0_qcr) were equivalent to Fao derived from laboratory GC
(Fx2o_6c). An important component of this comparison was to demonstrate that
manual injections into the QCL offer a robust method for the use in field
environments. Our analysis, therefore, reached beyond the sole comparison of two

analytic devices (QCL and GC) and also discussed the method real-world application.

93



Chapter 5 A Nowvel Injection Technique

Evidence of concept was provided by statistical tests to assess if the injection method
would result in Fxzo_qer. equivalent to Fxeo_ce, these included: 1) orthogonal regression,

2) Bland Altman, and 3) bioequivalence analyses.
5.3 Methods

5.3.1 Study site

This study was conducted at Troughton Farm, a commercially operating 199 ha dairy
farm in the Waikato region, 3 km east of Wahatroa (37.78°S, 175.80°E, 54 m a.s.L),
North Island, Aotearoa New Zealand. The farm had been under long-term grazing for
at least 80 years with micrometeorological measurements using a QCL EC system
made since November 2016 (Liang et al., 2018; Wecking et al., 2020a). Mean annual
temperature and precipitation, recorded at a climate station 13 km to the south-west
of the farm (1981-2010), were 13.3°C and 1249 mm, respectively INIWA, 2018). The
experimental site comprised three paddocks (P51, P53, P54) in the north of the farm
with each sized about 2.8 ha. Soils were formed in rhyolitic and andesitic volcanic ash
and rhyolitic alluvium. The dominant soil type based on the New Zealand soil
taxonomy was a Mottled Orthic Allophanic soil (Te Puninga silt loam) (Hewitt, 2010).
Plots used for the static chamber measurement of this study were located on P53
around 50 m to the south-west of the EC system. The physical distance between
chamber plots and EC tower ensured that the EC footprint did not experience cross-

contamination from any chamber Frxoo (Wall et al., 2020a).

5.3.2 Experiment design

One intensive field campaign was conducted between 10 and 16 September 2019. The
campaign’s primary purposes were to 1) manually collect gas samples from static
chambers comprising potentially low to high N.O concentrations (Cxz20); 2) analyse
these samples on-site using QCL and off-site using GC; 3) quantify and compare
resulting Cxzo and Fxzo. A thorough description of the QCL operating in EC mode
has been provided by Liang et al. (2018) and Wecking et al. (2020a).

5.3.2.1 Static chamber measurements

The static chamber trial comprised a randomised block design of circular treatment
and control plots each of which included three teplicates per treatment/control.
Ammonium nitrate (AN) fertiliser was used as a treatment and applied at different
rates to ensure production of a wide range of low to high Cnzo in the chamber

headspace for subsequent measurements. The three application rates were 300 (AN3q),
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600 (ANgw) and 900 kg N ha™" (ANu), while the control plots (ANy) did not receive
any AN. The rates of AN applied were to match nitrogen loading commonly found in
cattle excreta patches, which is the main source of N,O in grazed pastures (Selbie et
al., 2015). Separate areas adjacent to the twelve chamber plots were established to
collect soil samples for laboratory analyses of soil moisture and soil mineral nitrogen
(Nmin). Soil moisture and water-filled pore space (WFPS) were analysed and calculated
using the methods described in Wecking et al. (20202). Soil Ny, was derived from
field-moist soil samples extracted in 2M KClI (Mulvaney, 1996) and measured
colourimetrically using a Skalar SAN++ flow analyser (Skalar Analytical B. V., Breda,
Netherlands). Both, NH4* and NOs", were expressed in units kg ha™ using a site-
specific soil dry bulk density of 0.73 g cm™ (Wecking et al., 2020a).

Chamber measurements were made on the day of treatment application and
throughout the following six days with chamber gas samples collected on nine
occasions (Table A3-1). The sampling followed a standardised chamber technique (de
Klein et al., 2003; Luo et al., 2008b; de Klein et al., 2015) and was carried out daily at
10 AM (NZDT) (van der Weerden et al., 2013). Additional sampling was also

conducted at noon on 12 and 15 September.

Before sampling, PVC lids were fitted to water-filled base channels that provided a
gas-tight seal over the 10 L. headspace of each chamber. Gas samples were taken from
this headspace during a 45 min enclosure period at four times — to, tis, tso and tss — per
chamber (Pavelka et al., 2018). A sampling port served to extract air from the chamber
headspace by using a 60 mL plastic syringe (Terumo Corp., Tokyo, Japan). After
flushing the syringe three times with air from the chamber headspace, the following
procedure was applied to ensure that GC and QCL analyses would receive identical
headspace samples: 1) after flushing, 60 mlL of sample air was extracted from the
chamber headspace; 2) 10 mL of the sample was discarded to flush the syringe needle;
3) 15 mL was transferred into a pre-evacuated, septum-sealed, screw-capped 5.6 mL
glass vial (Exetainer, Labco Ltd., High Wycombe, UK); 4) the syringe needle was
flushed again by discarding a further 10 mL; 5) a second pre-evacuated glass vial was
over-pressurised with 15 mlL, and the remainder discarded. The procedure was
repeated for each sample resulting in a total of 2 X 432 samples, i.e. two replicated
sample batches for subsequent GC (1 X 432 samples) and QCL (1 X 432 samples)

analyses. All samples remained in the septum-sealed Exetainers until analysis.
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5.3.2.2 Laboratory gas chromatography

Gas chromatography was conducted on the first sample batch at the New Zealand
National Centre for Nitrous Oxide Measurements (NZ-NCNM) at Lincoln University,
New Zealand. Automated analysis (GX-271 Liquid Handler, Gilson Inc., Middleton,
WI) was performed using a SRI 8610 GC (SRI Instruments, Torrance, CA, USA) and
a Shimadzu GC-17a (Shimadzu Corp., Kyoto, Japan) equipped with a “Ni-electron
capture detector. The analysis followed standard procedures described in detail by de
Klein et al. (2015). Oxygen-free, ultra-high purity nitrogen (N») was used as the carrier
gas (mobile phase) at a flow rate of 0.4 I. min™'". The measurement frequency was set
to 1 Hz. Sample Exetainers experienced a storage time of up to two weeks before
analysis which was due to transportation from the field site to the laboratory. The run

time during GC analysis was about eight minutes per sample.

5.3.2.3 Field quantum cascade laser absorption spectrometry

The second batch of N2O samples was collectively analysed on the day after the last
chamber sampling, 17 September, by manual injection into a continuous-wave
quantum cascade laser absorption spectrometer (CW-QCLAS, Aerodyne Research
Inc., Billerica, MA, USA). Briefly, QCL uses infrared (IR) light energy which is passed
through a 0.5 L. multiple pass absorption cell with a pathlength of 76 m. Inside the cell,
N2O absorbs IR light energy which then is quantified as equivalent to the

compositional N>,O concentration of the gas sample measured (Nelson et al., 2004).

For the purpose of our analysis, we switched the QCL from its continuous
measurement (EC) mode to an ‘injection mode’. The injection mode conversion took
less than 30 minutes: a stainless steel three-way valve (Swagelok, Solon, OH, USA)
mounted to the air inlet of the QCL allowed re-direction of the airflow from the
primary inlet tube of the EC system into a second, 1 m long Bev-A-line tube (4 mm
internal diameter). At its end, the tube was connected to a pressure regulator and a
bottle of oxygen-free, industrial-grade N> carrier gas (BOC Ltd., NZ). Two stainless
steel, T-junction connectors (Swagelok, Solon, OH, USA) were fitted to the sample
tube allowing the overflow of excess carrier gas through a 0.45 um PTFE membrane
filter (ThermoUFisher, Scientific, NZ) and sample injection through a septum-sealed
port (Fig. 5-1). A dry scroll vacuum pump (XDS351, Edwards, West Sussex, UK) was
used for both EC measurements and manual injections to continuously draw either air

or carrier gas through the QCL sample cell.
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Figure 5-1 Schematic illustration of how to use a field-based QCL for EC measurements and
manual injections. (1) shows the main components of the QCL EC system; (2) provides an
example of a static chamber from which N2O samples were taken and stored in (3) pre-
evacuated glass vials. Once the set-up for manual injections (4) was assembled and the QCL
air-inlet (5) adjusted from drawing ambient air through the EC sample line (inlet 1) to drawing
air via the injection tube (inlet 2), the QCL was readily set-up for receiving injections of N2O
samples and associated standards through the injection port. The data output (6) was
immediately allowing processing and data evaluation on the day of chamber sampling.

Once the injection line had been established, the flow rate was reduced from an initial
15 L. min™" used for EC to 1 L. min™' for manual injections based on Savage et al. (2014),
Lebegue et al. (2016) and Brimmer et al. (2017). The reduction in flow was monitored
using a RMA-SSV flow meter (Dwyer Instruments, PTY. Ltd., Michigan City, IN, USA)
while setting the inlet control valve of the QCL to 2 Volt (using the TDLWintel
software command) before manually adjusting inlet and outlet control valves of the
QCL device further until the desired flow rate was achieved. Prior to sample injection,
a minimum lag time of ten minutes was applied to let temperature and pressure of the
QCL and its temperature-controlled enclosure box return to steady-state, i.e. 35 £ 0.5

Torr, 33.5°C laser temperature, and a QCL enclosure box temperature of 30 = 0.1°C.

Standards of certified N2O concentration (range 0.2 to 100 ppm) were injected before,
during and after each sample run and complemented QCL analysis (Table A3-2). Ten
out of the twelve N>O standards were provided by the NZ-NCNM (except 0.321 and
0.401 ppm) and, therefore, identical to those used for GC. The QCL measurements

were made at 10 Hz frequency with 1 mL of sample air extracted from each sample
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Exetainer and manually injected into the flow of N carrier gas by using a 1 mL glass
syringe (SGE International PTY Ltd., VIC, Australia). The glass syringe was flushed
with N gas after each injection to avoid cross-contamination of samples and N,O
standards. The selection of syringe type, flow rate and the usage of N,O standards
were based on preliminary tests conducted in advance of the actual field campaign.
Finally, it was important to keep a chronological record of the injected sample

sequence to allow for re-identification of samples in the raw output data of the QCL.

5.3.3 Data processing

GC and QCL analyses resulted in the output of peak area data from the injected NoO
standards and chamber derived N,O samples (Fig. A3-1). Data processing, therefore,
first had to determine the relationship between peak area and (known) NO
concentration (Cxz0) of the injected standards. To compute the final but initially
unknown Cyzo of chamber N>O samples, peak area data from N,O standards were
fitted to linear and quadratic (second-order-polynomial) models (van der Laan et al.,
2009; de Klein et al., 2015). de Klein et al. (2015) recommended the use of quadratic
curves models as the standard curve for Cnzo standards measured by GC analysis.
However, we found that both linear and quadratic models adequately fitted Cnoo
standards derived from QCL. Using a linear fit ultimately resulted in, on average, 3%
smaller Fxoo_qar. (range -0.5 to -4.3%) than using a quadratic model. Nonetheless, since
the quadratic fit suited lower Cxz0 better than a linear fit, quadratic models were applied
to represent the standard curves from injected standards of known Cxzo (Fig. A3-2).
The quadratic model used to calculate final Cxz0 was based on a selection of standards
fitted to the expected minimum and maximum range of real sample Cnz0, which in our
study ranged between 0.3—10 ppm (Fig. A3-1, Table A3-2). Output data from GC were
processed in PeakSimple software (SRI Instruments, Torrance, CA, USA) and Excel
(Microsoft Corp. Redmond, WA, USA). MatlLab R2017a scripting (MathWorks Inc.,
Natick, MA, USA) served the processing of data derived from the QCL.

5.3.4 Flux calculation

The Frzo in mg N;O-N m™ hr™' was calculated for both data streams, GC (Fxzo_cc, n
= 108) and QCL (Fx20_qcr, n = 108), by applying a linear regression function to the
increase in chamber headspace Cxzo between time t) and tss following Eq. (5-1) (van

der Weerden et al., 2011):

M0 M Y (Eq. 5-1)

F, and F, = —
N20_GC N20_QCL T vm
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where ZIN;O is the increase in headspace Cxzo (WL N2O L' (ppmv)) with time; AT is
the enclosure period (in hours); M is the molar weight of nitrogen (44 ¢ mol™) in N,O;
Im is the molar volume of gas (I. mol™) at the mean air temperature recorded at each
sampling occasion; 1”is the chamber headspace volume (m?); and A is the area covered
by the chamber base, here 0.0415 m®. All Fxoo were converted to units of nmol N>O
m™ s to allow for comparability between GC and QCL outputs. The integration of
Froo_ce (n = 84) and Faoo_qa (n = 84) measured at 10 AM sampling was used to
quantify the proportion of applied nitrogen emitted as N>O (Exz0) across the seven

day trial in units kg N2O-N ha™ based on Luo et al. (2007) and Wecking et al. (2020a).

5.3.5 Statistical analyses

The statistical analysis for Cxoo data (Cnoo_ce and Croo_qcr, €ach n = 432) and resulting
Fxzo (Fxzo_ce and Frzo_qcr, each n = 108) was conducted in Genstat® (Version 19,
VSN International, Hemel Hempstead, UK). After testing for normality using a
Shapiro-Wilk test and homogeneity of variance by examining residual and fitted values,
we applied three different statistical approaches to compare GC with QCL data: 1)

orthogonal regression, 2) Bland Altman and 3) bioequivalence statistics.

Orthogonal regression analysis used standardised Cnzo and Fnzo following Eq. (5-2):

standardised Cy,o and Fy,o = (x—mean) (Eq. 5-2)

standard deviation

The core of this orthogonal regression was a principal component analysis which, in
contrast to ordinary least square regression, allowed for measurements errors in the
response and the predictor variable by minimising the squared residuals in a vertical
and horizontal direction. While orthogonal regression returned a Pearson correlation
coefficient r that provided information about the strength of the linear relationship
between GC and QCL data, we found that r did not include any prediction about the
level of agreement between the two methods (Bland and Altman, 1986; Giavarina,
2015). The degree to which GC and QCL data would agree was, for that reason,
determined by using Bland Altman statistics that quantified the bias (i.e. the mean
difference) and the limits of agreement between the two methods. The limits of
agreement were calculated from the mean and the standard deviation (SD) of the
difference between GC and QCL data. We defined that 95% of all data points had to
be within £ 1.96 SD of the mean difference (Giavarina, 2015). The Bland Altman
analysis was conducted for individual Froo as well as for mean Froo across replicates

of the same treatment.
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Still, testing for correlation and agreement did not determine whether GC and QCL
data would effectively and for practical purposes be the same (termed ‘equivalent’).
We, therefore, used bioequivalence statistics to assess the biological and analytical
relevance of the difference between the two methods. The first part of this analysis
comprised a one-way analysis of variance (ANOVA) for Fxzo which was subset by
treatment (ANo, ANso, ANgoo, ANooo) and analytical device (GC, QCL). Results from
this ANOVA determined the 90% confidence intervals (CI) of the mean difference
between Fxzo_qcr and Froo_ce. In bioequivalence statistics, the 90% CI (at a standard
power level of 80%) is generally preferred instead of using a 95% CI that often serves
to establish a statistical difference between two methods or treatments rather than
proving no difference. An important component of the analysis was to also define the
equivalence range, i.e. the maximum acceptable difference, between the new (QCL)
and the standard method (GC). Bioequivalence statistics acknowledge that two
methods will never be exactly the same. Defining an acceptable equivalence range is,
thus, an important precondition and might in some cases be even provided by a
regulatory authority. Originating from pharmaceutical research (Bland and Altman,
1986; Giavarina, 2015; Patterson and Jones, 2006; Rani and Pargal, 2004), the concept
of bioequivalence has not broadly been applied in environmental sciences. Therefore,
an acceptable equivalence range for N,O data based on the use of different analysers
and methods has yet to be defined. We determined that the maximum acceptable
difference of Fxzo_qar had to be as small as possible and within = 5% of the mean
difference of the standard method (Fx2o_cc). The null hypothesis (Fxoo_qcr 1s different
from Fxzo_cc) was rejected when the 90% CI of the difference (Frxoo_qci-Frzo_cc) was
entirely within the predefined equivalence range at a significance level of 5%.
Following the same principles, we conducted a bioequivalence analysis for Cxao_qcr.

and CNzoch.
5.4 Results and discussion

5.4.1 Environmental conditions and soil variables

Daily mean air temperatures during the seven-day chamber campaign ranged from 8.3
to 12.8°C. The WEPS of the soil within the chambers and associated plots did not fall
below 73.9% with a mean of 79.5%. The cumulative rainfall in September 2019 was
119 mm of which only 2 mm occurred during the seven days of the campaign. As
expected, soil NH;" and NOs™ levels increased with increasing application of AN
fertiliser. The highest values of N measured at ANoy plots were 265 kg NH;" ha™
and 268 kg NOs™ ha™. The mean background levels of soil NHs" and NO;™ were
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around 2 kg ha™'. At the end of the campaign, soil NHy" levels for all treatments had
decreased by less than half while the amount of soil NO;™ remained similar to the initial

level measured on the day of treatment application (Table A3-3).

5.4.2 Comparing GC and QCL derived data
5.4.2.1 Magnitude and general variability

Measurements resulted in a wide range of Fxuo but followed the same temporal and
treatment-dependent patterns for both Fnxzo_cec and Froo_qc. The magnitude of
individual fluxes was between -0.10 and 22.24 nmol N,O m™ s~ for Fxzo_ e and -0.07
and 22.81 nmol N;O m™ s for Fxzo_qcr- The mean Froo (n = 27) from chamber plots
that received the highest application rate of AN fertiliser (ANoog) was 13.22 nmol N,O
m~ s + 1.47 (& standard error of the mean, SEM) for Fxzo_gc and 13.27 nmol N,O
m~ s + 1.43 for Fxao_qcr- Similarly, the ANgoo treatment had a mean Fazo of 8.51
nmol N,O m™ s + 0.98 (Fxz20_6c) and 8.33 nmol NoO m™ s™ + 0.9 (Fxzo_qcr)- The
mean Froo for ANsp was 6.61 nmol N;O m™ s £ 0.78 (Fxzo_cc) and 6.48 nmol N>O
m~ s + 0.69 (Fxao_qcr). At control plots, Fxoo were close to zero (Fig. 5-2, Table
A3-3). We found that treatment Fxzo increased from a near-zero background flux to

> 8.5 nmol N,O m™ s on the second day of the campaign.
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Figure 5-2 Fluxes of nitrous oxide (F'nz0) determined from (a) gas chromatography (Fxzo_cc)
and (b) quantum cascade laser absorption spectrometry (Fnzo_qcr). Symbols depict mean Fazo
and marker shading displays the rate of ammonium nitrate (AN) applied: ANy (black squares),
ANse (datk grey diamonds), ANgowo (light grey upside-down triangles) and ANogp (white
triangles). Error bars illustrate the standard error of the mean (SEM) across the three replicates
of the same treatment. Note that flux measurements on 12 and 15 September were conducted
twice daily (10 AM and 12 PM) and that the time scale on the x-axis, therefore, is discrete. Soil
water-filled pore space (WEFPS) and mineral nitrogen (Nmin) contents associated with flux
measurements are provided in the supplementary material, Table A3-3.
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From then, ANsw fluxes gradually decreased with time whereas Frxoo at ANgoo and
ANy plots remained relatively elevated until the last day of the trial (Fig. 5-2). These
temporal trends aligned with findings from Cowan et al. (2020) who observed N.O
emissions to peak within seven days after urea and AN fertiliser application and found
that Fxoo returned to background levels after two or three weeks. Similarly, short-term
responses of Fxoo to AN application were determined by others e.g., Bouwman et al.
(2002), Jones et al. (2007), and Cardenas et al. (2019). However, for our study, AN
treatment effects on Fxzo were of secondary interest. Different rates of AN fertiliser
were only applied to result in a wide range of Cxoo and Fxzo and, thereby, allow to

compare GC and QCL.
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Figure 5-3 Orthogonal regression analysis of standardised N2O concentrations (Cnz0) and
fluxes (Fn20). Data were distinguished by their analytic source of origin, i.e. GC (Cnz2o_cc,
Frx20_6c) and QCL (Cx20_qcr, Frzo_qcr). The regression analysis included all Cxo in (a) but
only those Cn2o measured at control sites (ANo) in panel (c). The orthogonal regression
analysis was repeated for standardised Fxzo with (b) showing all Fxzo_ce and Fxoo_qcr, and (d)
depicting the orthogonal regression for ANy fluxes only. Ordinary least squares (dotted light
grey line) resulted from the regression of Y on X; inverse least squares from the regression of
Xon'Y (long dotted dark grey line). The major axis (black line) based on orthogonal regression
of Y and X using a principal component analysis. Here, the squared residuals perpendicular to
the line are minimised. Note, for illustration, axes in panel (c) and (d) have different scales.
Table A3-4 in the supplements provides further results.
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Figure 5-4 Bland Altman plots showing the difference between the GC and QCL method
expressed as the percentage difference of the standard method A (Fx2o_cc) and the new
method B (Fxz20_qcr) on the y-axis [((A-B)/mean)x 100] versus the mean of A and B on the
x-axis. The limits of agreement are represented by continuous lines at £1.96 standard deviation
(SD) of the percentage difference. The inset (panel b) illustrates the same data but excludes
Fneo_ce and Faoo_qcr. from control (ANo) sites. The percentage mean difference (bias)
between Fxoo_ce and Freo_qcr, i.e. method A and B, is indicated by the gap between the
dashed line (line of equality, which is not at zero) and an imaginary line parallel to the dashed
line at y = 0. This figure is based on individual Fxoo (all treatment replicates). Results for mean
Fneo across replicates of the same treatment are provided in the supplements, see Table A3-5.

5.4.2.2 AN treatment flux and concentration data

The correlation between calculated Fxzo_ce and Fazo_qar and between Coo_ce and
Cnzo_qcr across all treatments was high with an r value of 0.996 resulting from
orthogonal regression (Fig. 5-3a, b). For both cases, major axis, ordinary and inverse
least squares were nearly identical to a 1:1 line. All three regression models could
therefore be used similarly well to predict the strength of the linear relationship
between Fxzo_ce and Frxzo_qcr. and Cyzo_ce and Czo_qer, respectively (Table A3-4). The
results of the orthogonal regression analysis suggested that QCL delivered equivalent
data to the GC method. The Bland Altman statistic quantified a percentage difference
between the two methods for Fxao (i.e. Fnz2o_ce and Faoo_qar. treatment means) of not
smaller than -11.2% and not greater than +9.2% (Table A3-5). The percentage
difference between individual Fxzo_ce and Fxzo_qcr (not treatment means) was slightly
greater but in only less than 3% of all cases exceeded +10% and -15%. This was likely
due to the higher variability of Fxoo between individual replicates of the same treatment
than across calculated means. For both cases, = 95% of all data points were well within
the pre-defined limits of agreement & 1.96 SD (Fig. 5-4b). The overall mean difference
(bias) between Fxoo_ce and Froo_oar was 0.1 nmol NoO m™ s™. However, this small
bias might be practically irrelevant when compared with the overall detection limit of

static chambers and other method-associated uncertainties. Neftel et al. (2007)
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~ s and

quantified the detection limit of static chambers to be 0.23 nmol N.O m
Parkin et al. (2012) reported 0.03 nmol N.O m™ s™'. In contrast, Flechard et al. (2007)

and others (e.g., Rochette and Eriksen-Hamel, 2008, Jones et al., 2011) showed that

b

the uncertainty of integrated chamber Fxoo can be as high as 50% at the annual scale.

5.4.2.3 Control flux and concentration data

In contrast to the strong comparability of GC and QCL data at AN treatment sites,
Froo_ce and Faoo_qar. measured at control plots (ANg) were only pootly correlated (r =
0.3064) (Fig. 5-3 c). The model-fit of the major axis, ordinary and inverse least squares
indicated that the regression of Fxzo_ce on Fxeo_qcr (and vice versa) was not identical,
ie. differed in the minimisation of squared residuals in a vertical and horizontal
direction. Likewise, this also applied to Cnzo_cc and Croo_qcr. (Fig. 5-3d). Mean Freo
ranged from a minimum of -0.05 to 2 maximum of only 0.21 nmol N,O m™ s™' (Table
A3-3). Consequently, Bland Altman statistics determined only small quantitative
differences between Frzo_ce and Fxzo_qcr. When computing the percentage difference
between these Froo_ce and Faoo_qcr, we found near-zero Faoo from ANy plots were
less consistent in relative terms than treatment Fxoo (Fig. 5-4). However, these

inconsistencies were generally small and did not appear of great biological interest.

More generally, QCL analysis resulted in slightly higher Cxz0 than GC, which explains
why the calculated Fxzo_qcr. at AN plots were higher than Fxzo_ce. However, whether
this finding was related to the potentially higher sensitivity of the QCL device or due
to other variations in the sampling procedures was not resolved. Instead, we found
that the disagreement between the GC and QCL method was likely related to ambient
N2O concentrations in the chamber headspace that remained between 300-400 ppb
and showed a non-linear response with time, regardless of which analytic device was
used. This might have resulted in the calculation of very small but apparent positive
and negative Fxzo, when in fact the actual flux was zero (Type I error as defined by
Parkin et al. (2012)). The integration of Cxzo with time to calculate Fxzo, therefore,
likely included this error; rather than being caused by uncertainties associated with the
measurement procedures or choice of analytic device (Kroon et al., 2008). The
deviation between the control site (ANy) and treatment Fxoo (ANso0, ANgoo, ANooo) has
to be taken into account when evaluating the above results and mathematical principles.
Furthermorte, since static chamber measurements often include near-ambient Cxzo,
and likewise fluxes equal or near-zero, Fxoo from control plots were kept in the

manuscript for completeness.
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5.4.2.4 Cumulative nitrous oxide emissions

Cumulative N>O emissions across the seven-day campaign were quantified slightly
greater for the GC (Exzo_cc) than the QCL (Exzo_qcr) method. The mean difference
between Enzo_ceand Exzo_qc for the control (ANg) and each treatment, ANso, ANeoo
and ANy, was -0.011, +0.0023, +0.050 and +0.028 kg N ha', respectively. This was

a difference of less than 4% in total N,O emissions during deployment (Fig. 5-5).
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Figure 5-5 Cumulative N>O emissions from each treatment (ANsoo, ANgoo, ANooo) and the
control (ANp) in kg N2O-N ha-! at the end of the campaign. Data are distinguished into GC
(black bars) and QCL (grey bars) budgets. Error bars quantify the standard error of the mean
(SEM). The absolute difference in kg N2O-N ha-! between the two budgets (GC-QCL) is
highlighted by the number on the top of each bat-couple.

5.4.3 Measurement performance of QCL analysis

The measurement precision of QCL and, particularly, GC have been generally well-
reviewed (Rapson and Dacres, 2014; de Klein et al., 2015; Lebegue et al., 2016). Gas
chromatographs can be as precise as < 0.5 ppb (van der Laan et al., 2009; Rapson and
Dacres, 2014) while the precision of a QCL is about 0.3 ppb for measurements made
at 10 Hz, and 0.05 ppb for 1 Hz; but in some cases might be even higher (~1 ppt)
(Curl et al., 2010; Rapson and Dacres, 2014; Savage et al., 2014). Zellweger et al. (2019),
for instance, used laboratory QCL for the calibration of N»O reference standards to
inform the internationally accepted calibration scale of the Global Atmosphere Watch
Programme of the World Meteorological Organisation. Similarly, Rosenstock et al.
(2013) verified the accuracy and precision of different photoacoustic spectrometers
based on laboratory QCL. However, the analytic precision can also depend on factors
other than the technical performance of the analyser itself. Rannik et al. (2015)
indicated that the performance (and thus the precision of Froo) of an analyser to

measure gas samples from static chambers is likely more limited by the precision of
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the chamber system than by errors related to the analysis or post-processing of the
data. Imprecisions might be caused by several factors e.g., chamber type and dimension,
experimental set-up, deployment time and preferred sampling method, all of which
can affect the overall flux detection limit. In contrast, the sources of uncertainty in our
study were most likely related to 1) insufficient evacuation of Exetainers leading to the
sporadic dilution of gas samples and N»O standards; and 2) variation of 1 mL sample
volumes when injected into the QCL. In practice, these might not have always been
equal to 1 mL and, thus, could have resulted in slight variations of output peak area.
In agreement with our observations, de Klein et al. (2015) found that half the
uncertainty of static chamber measurements could be explained by the variability of
the sample volume in the Exetainers. The inclusion of a fixed volume sample loop

might help to reduce this source of error in the future.

The QCL analysis of our study was conducted in a temperature- and pressure-
controlled environment, where variations in these parameters were unlikely, and the
variation in temperature expected to be less than 0.02 ppb °C™ (Lebegue et al., 2016).
Nonetheless, we recommend a constant baseline flow of Ny carrier gas at constant
pressure (slightly higher than ambient) and temperature for manual injections made
into the QCL device to avoid uncertainty affecting output peak areas. Depending on
the QCL EC system, an initial lag time of 10 to 30 min before injections might be
required to assemble the operational set-up (Section 5.3.2.3) and ensure sufficient
stabilisation of pressure and temperature in the QCL sample cell. Given a flow rate of
1 L min™, rapid injections into the QCL should become possible shortly afterwards
with a delay between single injections of 1 mL sample volumes of not more than 5 to
8 sec. Sample concentrations of the same volume but at NoO concentrations > 20 ppm
required a longer delay time between individual injections (> 20 sec) to ensure
sufficient flushing of the QCL sample cell and avoid cross-contamination (Fig. A3-1).
The identification of suitable delay times was straight forward in our case and could
be easily accessed in real-time by visually examining the peak progression in
TDLWintel. When observing the peak progression, for instance, it became noticeable
that the injection of blanks (N carrier gas) did not result in any changes in baseline
flow. However, we did not determine the extent to which spontaneous but small
variations in the flow rate of Ny carrier gas would have affected our resulting output
peak areas. Further uncertainties might have been associated with processing and
curve-fitting procedures applied to the raw dataset in Matlab, and likely resulted in

small underestimations of true output peak areas.

106



A Novel Injection Technique Chapter 5

5.4.4 QCL injections
5.4.4.1 The concept of bioequivalence

Using the Pearson correlation coefficient and the coefficient of determination for
comparing two or more quantitative methods is a generally preferred approach in the
field of N»>O research. Comparisons of different methods for N>O analysis made in
the literature most commonly used orthogonal (Jones et al., 2011) and linear regression
(Cowan et al., 2014; Bruimmer et al,, 2017; Tallec et al., 2019), Students t-tests
(Christiansen et al., 2015) or were based on raw data (Savage et al., 2014). However,
correlation studies as such have limitations when assessing the comparability between
two methods since a correlation analysis only identifies the relationship between two
variables, not the difference (Giavarina, 2015). Bland Altman and bioequivalence
statistics overcome this limitation by assessing the degree of agreement between

methods.

An important aspect of statistical hypothesis testing is that the null hypothesis is never
accepted. But failure to reject the null hypothesis is not the same as proving no
difference. A bioequivalence analysis allows the statistical assessment of whether two
methods (e.g., measurement devices, drug treatment) are effectively the same. Central
to a bioequivalence analysis is the “equivalence range” that defines the size of the
acceptable difference for which the values are similar enough to be considered
equivalent. This becomes important when considering that even with the most precise
analytical design and the most tightly controlled experimental conditions, e.g., Fx20_cc
and Fxzo_qc. will never be exactly the same (Rani and Pargal, 2004). However, if the
difference is sufficiently small for ‘practical purposes’, Fxzo_ce and Frzo_qar. can be
considered effectively the same. Here, accepted evidence of bioequivalence for
Frx2o_qar was that the 90% confidence interval of the difference Froo_qcr-Faeo_ce
(corresponding to a test with size 0.05) was within a = 5% difference of Fxoo_ce. The
equivalence range will vary depending on the objective of the research or guidelines
provided by a regulatory authority but commonly does not exceed * 20% (Westlake,
1988; Rani and Pargal, 2004; Ring et al., 2019). In our study, a small equivalence range
of £ 5% was preferred to test the difference between Froo_qcr. and Frzo_ge since such
recommendations did not exist. And given this precondition, our results showed that
Froo_ce and Froo_qan from ANsw, ANgo and ANog plots provided evidence of
bioequivalence. The 90% confidence intervals of the difference (Fn2o_ce-Froo_qcr)
were quantified 0.127 (ANsu), 0.185 (ANgoo) and -0.043 (ANogy) nmol N.O m™ s and
well within the pre-defined equivalence range of * 5% (Fig. 5-6, Table A3-0).
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Figure 5-6 Bioequivalence analysis for N2O concentrations (Cn20) in (a-d) and NoO fluxes
(Fnzo) in (e) with GC defined as the standard method. Cnzo and Fazo based on QCL analysis
were considered bioequivalent when the 90% confidence interval (CI) of the difference
between QCL and GC (x-axis) was within the predefined * 5% bioequivalence range of the
difference of the standard method. The bioequivalence analysis was distinguished for Cnzo by
sampling interval (to, tis, t30, tss) and treatment with panel (a) showing results for control sites
(ANp) and panels (b), (c) and (d) for ANse, ANgoo and ANogo treatment sites. Similatly, a
bioequivalence analysis was conducted for Fnoo in panel (¢) and distinguished by AN
application rate on the y-axis (Table A3-6).
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At control sites (ANp), Fnoo_cc and Fao_qen did not provide evidence for
bioequivalence. However, the failure to establish equivalence for AN sites was due to
the overall limitation of the static chamber method to provide ‘real’ Fxo, rather than
based on a failure of the statistical principle (Section 5.4.2.3). On the contrary, when
tested for Cnoo instead of Froo, equivalence was confirmed for to and ti5 but did not
apply to tz and tss (Fig. 5-6a). Again, failure to establish equivalence was likely related
to limitations of the static chamber method which, in this case, were indicated by the
lower boundary of the 90% CI remaining outside the predefined equivalence ranges.
Another possible reason for not accepting equivalence for GC and QCL derived data
at ANy sites could have been the maximum acceptable difference between the two
methods itself. We defined (Section 5.3.5) that this difference had to be within + 5%
of the mean difference of the standard method (i.e. GC). It has to be taken into
consideration that the accepted evidence of bioequivalence would have led to different
results if the percentage mean difference had been set to, for instance, + 10%.
Accepting a greater mean difference between the two methods would have
consequently resulted in evidencing bioequivalence for Cxzo_cec and Cxzo_qcr even at
ambient concentrations. More generally, we found that negative values of the 90% CI
of the difference indicated that the difference between the two methods (QCL-GC)
resulted in higher Cyxoo_ce and Faoo_ce. Positive values, instead, showed that the
difference QCL-GC led Cxz0_qcr. and Froo_qcr values to be greater than those from
Cx2o_cc and Fxeo_ge. But in either case, the overall difference between the two methods

did not exceed * 0.1 ppm for Cnzo and + 0.38 nmol N.O m™ s for Fxeo (Fig. 5-6¢).

To the best of our knowledge, bioequivalence has not broadly been applied in the
greenhouse gas literature to identify and to discuss the range at which a difference in
Frnoo_ce and Fxzo_qar could be considered relevant when using different analytical
methods. However, defining the magnitude of Fxzo (here in nmol N,O m™ s7') at
which a unit difference would become relevant is important when using different
methods to quantify, compare and, ultimately, upscale N,O emissions. We, thus,
recommend bioequivalence or other statistical approaches (e.g. Bland Altman) for

more formally assessing the agreement between two methods in the future.

5.4.4.2 Strengths and weaknesses

The employment of a QCL analyser proposes an alternative approach for the injection
of N,O samples taken from static chambers, particularly as Froo_qcr. were generally

equivalent to Fxzo_ce.
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Table 5-1 The GC and QCL methods in comparison: Details provided in the table relate to
in this study and information provided were not generalised. NZD = New Zealand dollars.

GC QCL
Capital cost per device (NZD) 40,000 160,000
Labour effort for preparation and data
processing of 100 samples (hours) 2t03 <1
Transport of samples required not required
Storage of samples required optional
Analysis location lab-based tield-based
Analysis time (days) multiple days immediate
Analysis cost per sample (NZD) 3.5 <0.5
Possible injections (per hour) 7.5 ~200
Lag time between injections (sec) 480 <10
Injection procedure manual/automated  manual
Injection of N2O standards required required
Injection volume per sample (mL) 6 1
Carrier gas N: N:
Flow rate (I. min-T) 0.4 1
Data output post-analysis immediate

Using a QCL for manual injections can be conducted without much disruption to
other measurements (e.g., EC or automated chambers) and, therefore, helps justify the
initially higher capital and general running costs involved with operating a QCL device.
Additional labour effort and time associated with sample storage and transport
necessary for laboratory GC do not necessarily apply for field-based injections into a
QCL. Once established, a QCL system has relatively low maintenance and offers a
straightforward application for manual injections in addition to EC or other
measurement tasks. In our study, the assembly of the injection set-up required little
equipment and was installed within 30 min. This allowed for a rapid analysis after
chamber sampling without greatly interfering with other measurements, i.e. EC, that
were offline during the time of injection into the QCL. To collectively inject a great
number of samples turned out to be highly beneficial to minimise the downtime of the
EC measurements, in our case, and also helped to reduce other interferences made to
the QCL. For instance, we were able to inject a total of around 700, 1 mL samples (432
samples, 268 standards) within four hours (Table 5-1). Prior to QCL analysis, these
samples had been kept in septum-sealed Exetainers that can store gas samples for up

to 28 days at any temperature between -10 and 25°C (Faust and Liebig, 2018).

We acknowledge that a sporadic dilution of our samples might still have occurred due
to storage in and potentially insufficient evacuation of Exetainers which, in turn, might

have affected GC and QCL analyses (de Klein et al., 2015). Despite this potential
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source of uncertainty, storing N»>O samples in Exetainers enabled repeated injections
and allowed to postpone the analysis if EC measurements were of higher importance
or if the weather conditions (e.g. precipitation) were unsuitable. Similar to GC, QCL
injections required consumables (N> carrier gas, N,O standards) but, in contrast, time

and costs associated with laboratory work were substantially less (Table 5-1).

5.5 Conclusion

Previously, QCL had been used either in conjunction with EC or coupled to automated
chambers. Here, we showed that one QCL device could be used as a practical tool for
the analysis of static chamber derived N,O samples without major disruption to these
other measurement tasks. We found treatment NoO concentrations (Cnoo_qcr) and
fluxes (Fnoo_qcr) from QCL agreed with results based on laboratory GC (Cxzo_cc,
Froo_ce). The percentage difference between treatment Fxoo_ce and Froo_oct was not
smaller than -11.2% and not greater than +9.2% with a mean difference between the
two of only 0.1 nmol N;O m™ s™. A deviation between the GC and QCL methods
was determined only for close to zero Fazo at control plots where Fxzo_ce and Faoo_qer
values were found outside the predefined equivalence range. However, this was likely
due to the calculation of very small but apparent positive and negative Frnoo (when in
fact the actual flux was zero), rather than due to uncertainties caused by a weakness of
the GC or QCL analysis. Equivalence was evidenced for all other Froo_ce and Fzo_qcr.

and confirmed that GC and QCL data were for practical purposes the same.

We found that using Bland Altman and bioequivalence statistics in addition to
regression analysis served the comparison of GC and QCL particularly well. Yet, these
two statistical approaches have not broadly been used in the field of greenhouse gas
research to compare different analytical methods or to discuss the magnitude at which
a difference in Frxoo would become relevant. Since correlation studies identify the
relationship between two methods but not the difference, we recommend that
bioequivalence or other suitable statistical approaches are used for more formally
assessing the agreement between two methods. Finally, QCL offers great potential to
interlink different methods of gas measurements across different temporal and spatial
scales. In the future, this capability might not only be important for rapid field analysis
of N,O samples but equally also applies to the measurement of other gas species (e.g.,

CO,, CHy) and gas isotopomers of interest.
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Chapter Six

Synthesis and Conclusion

Agriculture has been the dominating human activity in the Anthropocene and its effect
on the terrestrial biosphere has been modifying important planetary processes with
time (Lal, 2020). At present, these modifications are becoming increasingly more
apparent whether as alterations to the cycling of soil carbon and nitrogen,
environmental degradation or atmospheric warming. Agriculture contributes about
10-12% to current global greenhouse gas emissions (CO,, CHs, N>O) and most of
these emissions result from livestock farming (Reisinger and Clark, 2018). Past
research has made us aware that grassland soils are a major source of N,O (Galloway
et al., 2004; Fowler et al., 2013). However, a full understanding of the complexity of
drivers and processes causing emissions of nitrous oxide from pastoral land has

remained challenging (Butterbach-Bahl et al., 2013).

The main goal of this thesis was to add to the understanding of how N2O is exchanged
from pastoral soils that received high inputs of reactive nitrogen (N;), primarily in the
form of cattle excreta. Eddy covariance measurements formed the core of this work
and were used to quantify annual emission budgets and compare to measurements
from traditional static chambers (Chapter 3). The effect of farm management (business
as usual versus renewal) was discussed in Chapter 4, where N>O fluxes (Fnz2o0) from
adjacent, but differently managed, paddocks were measured using a single EC system
and processed by footprint-splitting and gap-filling techniques. Findings of Chapter 5
showed that the QCL analyser of the EC system also suited the manual injection of
N2O samples taken from static chambers. The following synthesis overviews the key
findings of this thesis (Section 6.1). A broader discussion (Sections 6.2), including
recommendations for future research, and some additional concluding remarks are

provided at the end (Section 6.3).
6.1 Key findings

6.1.1 Overview of Chapter 3

The first thesis objective, addressed in Chapter 3 and published as Wecking et al.
(2020b), was to reconcile and compare annual N,O emission budgets based on two
different measurement approaches. The exchange of NoO was measured by 1) static

chambers (three months), and 2) micrometeorological EC (one year).
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Both these measurements were conducted at the same research site with annual
emissions derived from site-specific EFs and the summation of half-hourly Fxzo from

EC. Key findings of this comparison were:

*  Annual N;O emissions from EC (7.30 kg N2O-N ha™ yr™') were greater than
estimates (3.82 kg NoO-N ha™ yr™") based on site-specific EFs obtained for
cattle urine (1.53%), cattle dung (0.24%), and urea fertiliser (0.16%).

® This difference was likely because the EF approach used EFs values that did
not take into account possible seasonal variations, the effect of supplementary
feed on urinary nitrogen contents and background N,O emissions (BNE).

= Hstimating the contribution of these additional sources to the EF budget
resulted in 0.92 kg N>O-N ha™ yr' from supplementary feed and 1.09
kg N2O-N ha™' yr' from BNE. It was suggested that the effect of seasonal
variabilities partly contributed to the still remaining difference of 1.47 kg N,O-

N ha™ yr' between the two budgets.

Comparing two annual emission budgets based on site-specific NoO measurements
allowed this thesis to evaluate the strengths and weaknesses of EF and the EC
approach. Emission factors are commonly derived from point scale measurements
using static chambers (de Klein et al., 2020), whereas EC is based on measuring Fnzo
continuously at paddock scales and high temporal frequency (Nemitz et al., 2018).
However, studies comparing EF and EC annual N>O emission budgets are rare (if they
exist at all), despite most present-day greenhouse gas inventories being founded on the
use of EFs (Chadwick et al., 2018; IPCC, 2019; Voglmeier et al., 2019). In the light of
this contradiction, our findings of Chapter 3 indicated that EFs did not seem to
sufficiently account for the heterogeneity of processes driving the paddock scale
exchange of N;O. Using EFs resulted in estimated 3.48 kg NO-N ha™ yr' (47.7%)
lower annual emissions than determined by EC. This difference between the EF and
EC budget was surprisingly distinct, particularly, when compared with the reported
range of N>O emissions (0.2-15.9 kg NoO-N ha™ yr™') from intensively grazed pastures
in New Zealand (Luo et al., 2008a; de Klein et al., 2010; Luo et al., 2017).

Overall, it was found that the difference in annual N>O budgets was likely due to EF
estimates and EC measurements accounting differently for seasonal variations, the role
of supplementary feed intake on cattle nitrogen excretion and BNE. The seasonal
pattern present in the EC measurements e.g., the inherent interdependence between
WEPS and Fxzo, was not well-described by site-specific EFs (Shang et al., 2020).

Instead, it appeared that chamber Frxoo were only directly comparable to their EC
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counterparts when measured at the same time and upscaled based on an area-weighted
approach. The EF approach did not include that supplementary feed made up nearly
29.3% of the dairy cattle diet on-site in the year of measurement and, more generally,
20% in New Zealand (MPI, 2016; Ma et al., 2019). Supplements, such as maize silage,
contain lower nitrogen contents than traditional perennial ryegrass-white clover
pasture. Supplement intake can, therefore, reduce the excretion of urinary nitrogen but,
on the other hand, includes the potential to also add to total nitrogen loads on farm
(particularly when important from outside the farm boundary) (Luo et al.,, 2008c;

Dijkstra et al., 2011; Gregorini et al., 2016).

A final factor leading to differences between the EF and EC emission budget were
BNE; or rather that EFs only accounted for treatment effects but no other emissions
that might have occurred continuously at low magnitude in the background of N,O
pulses. The literature has acknowledged BNE from agricultural land as a low and, more
of less, constant positive Froo resulting from the mineralisation and cycling of residual
soil N; in response to soil management (Bouwman, 1996; Neftel et al., 2007; Aliyu et
al., 2018). Owur findings showed that 76% of Fxxo measured by EC occurred
continuously at low magnitude throughout the year; while only 24% appeared in short
bursts after grazing or management intervention and subsequent rainfall. Conversely,
BNE are not commonly considered in EF derived estimates, which seems to conflict
the potential significance of these low magnitude Fxzo in annual N.O budgets

quantified for grassland and agricultural soils (Kim et al., 2013; Aliyu et al., 2018).

The differences between EF estimates and EC measurements on the upscaling of N.O
emissions should, therefore, be thoroughly considered when quantifying NoO budgets
in the future. Particular attention is warranted for the inclusion of seasonal EFs along

with the additional consideration of supplementary feed intake and the effect of BNE.

6.1.2 Overview of Chapter 4

The second thesis objective, as addressed in Chapter 4, was to investigate the effect of
pasture renewal on Froo. Measurements were made across two adjacent, but differently
managed, paddocks using a single EC system. Paddock 54 (P54) underwent pasture
renewal using a no-till, direct-drill approach paired with rapid reseeding while the other
paddock (P53) remained as a control under a ryegrass-white clover sward. The data

analysis involved footprint-splitting and a new gap-filling approach. Key findings were:

® The total difference between P54 and P53 emissions during a 66-day period
was 1.22 kg N,O-N ha™'; 93.4% of which were emitted in only two weeks.
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* Reseeding four days after herbicide application to P54 led to the rapid
establishment of a new pasture sward. Pulsed Fxxo subsided 21 days after
herbicide application likely promoted by the increasing capacity for nitrogen
uptake and photosynthetic strength of the emerging sward.

® The effect of renewal measured on P54 was apparent in both filtered and gap-
filled flux data. Gap-filling supported a full quantification of the renewal effect
and, therefore, allowed for a more defensible comparison of treatment effects

on adjacent, but differently managed, paddocks than filtered Fxzo would have.

Highlighted by the findings of Chapter 4, pasture renewal on P54 led to distinct but
short-term effects on Faxoo. We know from previous research that pulsed Fuoo after
pasture renewal are often temporary with the majority of Fnoo accumulating
immediately in the first days and months after intervention (Mori and Hojito, 2007,
Velthof et al., 2010; MacDonald et al., 2011; Cowan et al., 2016; Krol et al., 2016b;
Buchen, 2017). However, the degree to which the short-term nature of these renewal-
related Fxzo needs to be accounted for in annual N>O budgets and farm greenhouse
gas balances has not yet been fully evaluated (Necpalova et al., 2013; Krol et al., 2016b;
Buchen, 2017; Merbold et al., 2020).

However, the integration of these pulsed Fxzo, even if short-lived, into annual records
could be very beneficial for NoO budgeting and robustly accounting for potential
trade-off between soil nitrogen (N2O) and carbon (CO,, CH4) losses. Our findings
suggested that Faoo resulting from short-term management interventions should be
included in full greenhouse gas accounting and IPCC Tier 2 and 3 datasets. Similarly,
important for determining reliable and cost-efficient NoO budgets will be the
application of suitable data processing techniques. We used a single EC system to allow
for the comparison of Fxzo from adjacent paddocks with our data processing based
on utilising footprint-splitting and new gap-filling techniques. This approach enabled
us to reduce the spatial separation between renewed and control paddocks and, in turn,
minimised differences in soil and site characteristics that would also regulate Fxzo.
Previous research has shown that differences between sites can have a much greater
influence on N,O emissions than differences between individual treatments depending
on soil type, site management, and overall environmental conditions (Buchen et al.,

2017; Reinsch et al., 2018b; Helfrich et al., 2020).

Hence, using a single EC system, coupled to robust footprint-splitting and gap-filling,
will be very useful for evaluating the effect of farm management, including testing of

different mitigation strategies, on N,O emissions from adjacent paddocks in the future
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(Goodrich et al., 2021). The approach applies particularly to rotationally grazed
pastures, where greenhouse gas emissions vary with time, environmental conditions

(e.g. precipitation) and day-to-day farm management decisions (Wall et al., 2020b).

6.1.3 Overview of Chapter 5

The third thesis objective, addressed in Chapter 5 and also presented as Wecking et al.
(20202), was to explore the ability of a quantum cascade laser (QCL) absorption
spectrometer coupled to an EC system to analyse NoO samples taken from static
chambers. A novel injection technique was developed and the performance of the
technique tested under field conditions by injecting samples of low to high N,O
concentration into the QCL device. Results from the QCL analysis were compared
with measurements using gas chromatography (GC), which were conducted in an
accredited laboratory of the New Zealand National Centre for Nitrous Oxide

Measurements (NZ-NCNM). Key findings were:

=  Sample N>O concentrations (Cnz20) and calculated Fxzo from QCL analysis
were equivalent to results from GC, i.e. for all intends and purposes the same.

®  Missing equivalence between QCL and GC data was determined only for near-
zero Cx2o and Frxoo and was likely caused by the calculation of small but
apparent positive and negative Fxoo when in fact the actual flux was zero.

* Bland Altman and bioequivalence analyses were a valuable statistical tool in
addition to orthogonal regression and not only determined the correlation
between QCL and GC data but allowed to formally assess method agreement.

® Manual injections into the QCL were conducted at a rate of around 170

samples per hour and only included a short downtime of EC measurements.

The development of fast-response analysers for the measurement of N,O has resulted
in exciting opportunities for new experimental techniques beyond commonly used
static chambers and GC analysis (Rannik et al., 2015; Brimmer et al., 2017; Zellweger
et al., 2019). We showed that a fast-response analyser (QCL) for measuring N>O can
be used not only in its EC mode or connected to auto-chambers but also for the
analysis of N,O samples taken from static chambers via manual injection. Results from
these manual injections compared well with results from laboratory GC, i.e. meaning
that QCL analysis provided equivalent data while avoiding additional labour effort and
time associated with sample storage and transport necessary for GC. The QCL analysis,
therefore, provided an alternative and overall very practicable approach for rapidly

analysing N>O samples in the field. A strength of the technique was that it did not
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greatly interfere with other measurements that were offline during the time of sample
analysis. Storing N>O samples in septum-sealed Exetainers enabled sample injection at
suitable times e.g., postponing analysis if EC measurements were of higher importance.
The use of a single QCL analyser thereby enabled the cost-efficient analysis of N,O

samples from static chambers alongside and near-concurrent to EC.

Opverall, it was demonstrated that suitable statistical methods have to be adopted when
formally assessing the agreement and difference (not only the correlation) between two
quantitative methods of measurement, in this case, QCL and GC. Previous
comparisons made in the literature commonly based on orthogonal (Jones et al., 2011)
and linear regression (Cowan et al., 2014a; Brimmer et al., 2017; Tallec et al., 2019),
Students t-tests (Christiansen et al., 2015) or raw data (Savage et al., 2014); but to assess
the comparability of a standard and a new method, agreement and bioequivalence

statistics are recommended in addition to these other approaches.

6.2 Broader implications

The work presented in this thesis highlights the suitability of the EC technique for the
measurement of Fxzo at paddock scales. The need for more comprehensive
measurements matching these larger scales was emphasised in the literature review
(Chapter 2) where it became clear that most of our current understanding of the soil
N2O exchange process is based on the use of point scale static chambers (Rochette
and FEriksen-Hamel, 2008; Rochette, 2011). Building on the need for Fxuo
measurements at larger than point scales, the results of Chapter 3 and Chapter 4
revealed how EC can be used under real farm conditions (Fuchs et al., 2018; Liang et
al., 2018). We further showed (Chapter 5) how utilising a single QCL EC system for
the injection of chamber N>O samples can become possible near concurrent to EC.
This thesis shall now be concluded by discussing the broader implications of the above

findings. Recommendations for future research are suggested at the end of this section.

6.2.1 The impact of heterogeneity on measured nitrous oxide fluxes

Measurements to date are struggling to precisely represent the spatio-temporal
heterogeneity of N>O emissions from soil (Butterbach-Bahl et al., 2013). A primary
reason for the variable nature of the soil N2O exchange is that the microbial production
of N2O mostly occurs within small discrete volumes of soil that can undergo rapid
physical and chemical changes (Kravchenko et al., 2017). The production of N>O via
denitrification accelerates under increased soil moisture and available NO3~, whereas

only a slight shift in these conditions can favour nitrification, instead (Firestone and

118



Synthesis and Conclusion Chapter 6

Davidson, 1989). Also, it is likely that microbial nitrification and denitrification occur
simultaneously in different microsites of the same pedon (Kool et al, 2011;
Butterbach-Bahl et al., 2013; Smith et al., 2018). This means, firstly, that Fx2o are
episodic in dependence on e.g., changes in soil moisture and, secondly, implies that
measurements do not always describe these variations realistically. The smaller or
larger the scale of a given measurement, the smaller or greater will be the spatio-
temporal variability of measured Fxzo. Measurements using static chambers, for
instance, are based on area points of generally much less than 1 m* from where Fxzo
and derived EFs are upscaled to hectares or even feed into national inventories
(Rochette and Eriksen-Hamel, 2008). In New Zealand, for instance, static chambers
commonly cover an area of 0.0415 m”. The variability between individual chambers of
the same treatment and underlying soil conditions can lead to large coefficients of
variation in resulting mean Fxoo e.g., 13-57% (Yamulki et al., 1995), 60—81% (Khalil
et al,, 2007) and 8-108% (Chadwick et al., 2014), where the scale of the actual
measurement (area points) deviated from the desired output (upscaled Faoo to

represent N>O emissions at the field scale).

The discrepancy between scales was explicitly discussed in our comparison of static
chamber derived EF and EC annual N;O emission budgets (Chapter 3). Findings
showed that annual emissions from EC (7.30 kg N;O-N ha™' yr') were greater than
EF estimates (3.82 kg N2O-N ha™ yr). The difference (3.48 kg N.O-N ha™ yr™')
between these two budgets exemplified how the spatio-temporal scale of a
measurement technique and its ability to represent that scale can affect the desired
output data (Chadwick et al., 2018; Aliyu et al., 2019; Voglmeier et al., 2019; de Klein
et al.; van der Weerden et al., 2020). In our study, the EF approach did not fully account
for the complexity of processes that drive pasture N.O exchange and this was mainly
due to not including the effect of seasonal variability and pulse emission drivers e.g,,
WEPS (Liang et al., 2018), the effect of supplementary feed intake on cattle nitrogen
excretion (Selbie et al., 2015; Gibbs, 2018a) and BNE (Bouwman, 1996) —among other
factors or even potentially cumulative effects. Our findings therefore stressed the
importance of aligning field research as best as possible with measurement techniques
suitable to represent the heterogeneity of the underlying N>O exchange (Cowan et al.,

2015; Shi et al., 2019; Shang et al., 2020).

Advances in analyser technology made in the last decade now allow the use of
micrometeorological techniques to measure Fxzo at ecosystem scales (Wilkerson et al.,

2019; Cowan et al., 2020; Merbold et al., 2020). One of these new analysers (QCL) was
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used in this thesis with findings not only adding to a relatively small pool of literature
but demonstrating the great ability of QCL EC to operate under realistic management
conditions in the field (Jones et al., 2011; Wang et al., 2013a; Lucas-Moffat et al., 2018).
An important contribution in this regard was made by developing a novel injection
technique (Chapter 5), which allows using QCL for the analysis of chamber N,O
samples via manual injections and near-concurrent to EC. This ability of QCL
analysers is of great interest for researchers because it offers to interlink point and
paddock scale measurements, i.e. chambers and EC. Simultaneously utilising a QCL
for both these purposes can provide data for understanding microbial processes (at
point/chamber scales) and paddock Fxzo required for upscaling (Butterbach-Bahl et
al., 2013). We recommend that studies aimed at measuring Fxoo consider and account
for the impact of spatial and temporal heterogeneity on measured Froo. This can be
done by seclecting measurement techniques that suit the overall intention of the

research objectives (Fig. 6-1).
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Figure 6-1 Drivers and processes of soil Fnoo across different temporal and spatial scales. The
colour range (blue to orange) indicates the current level of understanding. Boxes (No. 1-4)
show different techniques commonly used for measuring the soil N2O exchange. Boxes No.
2 and 3 (in bold) distinguish the two measurement approaches (chambers and EC) used in this
thesis. The figure was adapted and modified from Butterbach-Bahl et al. (2013).
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6.2.2 The impact of farm management on nitrous oxide exchange

A major effect of grazing is the decoupling of the soil carbon and nitrogen cycles,
where carbon is respired to the atmosphere (CO,, CHy4) while N is returned to the soil,
mostly in form of animal excreta, and eventually emitted as NoO (Soussana and
Lemaire, 2014; Pereira et al., 2018). Farm management practices can influence the
magnitude of these (carbon and nitrogen) losses and, thus, dictate the associated
environmental consequences (Aguirre-Villegas et al., 2017). In rotationally grazed
systems, for instance, grazing intensity and time between grazing events control sward
recovery after plant defoliation. This means that decisions regarding grazing intensity
will also define the response of the plant-soil system after grazing (Lestienne et al.,
20006; Pereira et al., 2018). Management practices, therefore, are likely to act as
anthropogenic drivers of the soil N>,O exchange in addition to natural controls e.g.,
rainfall. The interdependence of anthropogenic N; inputs and Fxzo has been well
established (Luo et al., 1999; Miiller et al., 2004; Shi et al., 2019) but, to date, not been

fully investigated at larger than point scales.

The paddock scale EC measurements presented in this thesis showed a clear pattern
of half-hourly Fxpo in response to animal grazing and the control of humans and
environmental factors. Pulses of Fxoo generally occurred in response to changes in
WEPS during and after grazing and, particularly, in autumn when the WEPS varied
around the optimal zone of soil N2O production (60-80%). It was found that pulsed
Froo often remained discrete from regularly occurring Froo of lower magnitude, i.e. =
0.6 nmol N,O-N m™ s (Lidng et al, 2018), and, interestingly, these low Fxzo
contributed an overall 76% to annual N,O emission (Chapter 3). Low Faxoo were
recognised as continuous fluxes that likely resulted from soil compaction through
animal treading and the mineralisation of N, bound to SOM and might as well have
been a consequence of repeated inputs of N, to the soil due to farm management and

land-use history.

Our data also showed that low Fxz2o made a substantial contribution to annual paddock
N>O emissions. However, the importance of low Fxzo occurring in the background of
flux pulses was not acknowledged in the EF-based budget which was based on
treatment effects only and did not per se consider any Fxzo of low magnitude or BNE
(Bouwman, 1996; Kim et al., 2013; Aliyu et al., 2018). We suggested, therefore, that
the quantification of annual N>O budgets would benefit from including BNE and
other factors (seasonal variations, animal diet) to realistically account for the effect of

farm management on paddock N,O exchange.
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Day-to-day management decisions can have a major influence on the emission of N,O
but quantifying the effect of these short-term interventions has remained difficult in
practice, particularly, when using static chambers (Fuchs et al., 2018; Ammann et al.,
2020; De Rosa et al., 2020). We demonstrated in Chapter 4 that determining the effect
of farm management, i.e. direct-drill pasture renewal, can be measured when using EC.
Our findings showed that 93.4% of the difference in N>O emissions between a
renewed (P54) and a control (P53) site was emitted in bursts within a two weeks’ period
of the first 21 days after renewal intervention. Data processing and derived results were
based on an advanced footprint-splitting (Wall et al., 2020b) and gap-filling (Goodrich
et al., 2021) approach. To our knowledge, this approach had not been used by others
before and, thus, is a major advance on existing approaches for comparing Fxoo from
different management strategies (Fuchs et al., 2018; Liang et al., 2018; Nemitz et al.,
2018; Lognoul et al., 2019; Cowan et al., 2020). Our approach enables researchers to
now evaluate farm management effects on N>O emissions more robustly and

particularly in rotationally grazed systems where Froo are notoriously variable.
. i udi
6.3 Recommendations and concluding remarks

The investigations presented in this thesis illustrated the potential of technological
advances to contribute to the measurement of Fxuo from intensively grazed dairy
pastures. Overall, it was recommended to increase the number of multi-year N>O
studies to enable further comparisons between existing datasets and Fxzo data resulting
from some of these new technologies (Voglmeier et al., 2019; Merbold et al., 2020;
Shang et al., 2020; van der Weerden et al., 2020). An increasing number of studies and
comparisons could then be used to help refine present and future N>O inventories and
potentially also influence the behaviour of farmers, stakeholders, and policymakers
towards sustainability (R66s et al., 2017; Berners-Lee et al,, 2018). The findings of this
work support the view that science and technology have advanced to a point where
the practical implementation of knowledge about soil N2O exchange processes into
applied farm management strategies should be eagerly pursued (Jantke et al., 2020

Kanter et al., 2020; Ogle et al., 2020).

Working in the field of greenhouse gas research for the past years, I experienced first-
hand how some of the advancing state of knowledge was implemented. Emission
factors, for instance, have become more refined in the New Zealand national N,O
inventory (Section 2.4.1) (MfE, 2020; van der Weerden et al., 2020). And, at the thesis
scale, I demonstrated myself how to improve and use the QCL EC technique for

continuous Fxoo measurements on intensively grazed land (Liang et al., 2018; Wall et
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al., 2020b; Goodrich et al., 2021). However, this thesis would not have been possible
without the willing cooperation of the farm owners, who recorded essential farm
management data and were highly interested in whether my findings could be applied
in practice. Based on this experience, I believe that further research should strive to
include precise farm management data as well as consider the farmers’ knowledge,
perspective, and attitude towards greenhouse gas emissions and sustainability (Jantke
et al., 2020). My work highlighted that accounting for N>O emissions from agricultural
land has to reach beyond looking into single drivers and individual EFs alone. Much
further work is needed to evaluate the interactive response of multiple factors and
controls on soil N,O exchange (Luo et al., 2008d; Zhu et al., 2016; Li et al., 2020). For
the days yet to come, we have to bear in mind that a major remaining question (and
challenge alike) will always be to evaluate whether the level of our understanding and
technological advance will be used to a degree sufficient enough to keep pace with a

rapidly changing climate?

In light of the findings of this thesis, I recommend future research to address some of

the following points:

= Continuation of the measurements at Troughton farm to add to the long-term
record of site-specific Fxoo. The current dataset comprises about four years
(2016—-2020) with selected parts being presented in this thesis (Liang et al., 2018;
Goodrich et al., 2021). Since EC measurements beyond the five-year scale are
rare, both in New Zealand and elsewhere (Ammann et al., 2020; Cowan et al.,
2020; Merbold et al., 2020), Fxzo data from Troughton farm are of great value
for the research community, particularly, for the development of process-based

models (Fuchs et al., 2020).

® The number of EC studies from intensively managed grasslands is increasing,
but measurements from intensively grazed pastures, except for Liang et al.
(2018), are underrepresented. Therefore, building up the numbers of high-
frequency measurements on these lands would be very beneficial to examine
how differences between sites, inter-annual variabilities, and farm management

would affect soil N,O exchange.

* Increasing the number of micrometeorological Fxzo measurements could be
achieved by coupling suitable N>O analysers (e.g., QCL) to existing flux towers
or greenhouse gas observation systems as provided by global flux measurement

initiatives (e.g. the Integrated Carbon Observation System, ICOS). Combining
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Froo with the measurement of other greenhouse gases (CO», CH4) would foster
the understanding of linkages between soil carbon and nitrogen cycles, and also
help to account for the effect of trade-offs on greenhouse gas balances,
especially, when evaluating mitigation practices. Future flux measurements
would ideally be complemented by measurements of soil nutrient stocks to

disentangle fluxes and flows of the nutrient (carbon, nitrogen) cycling network.

* An interesting area of research are manipulative studies to observe the effect
of extreme events on N>O emissions (Li et al.,, 2020). These could include
chamber and/or micrometeorological methods to examine and model how a
change in plant community, species diversity or weather severity would affect
the soil NoO exchange. Changes to the frequency and magnitude of extreme
events are likely consequences of climate change and, therefore, understanding
their impacts on soil functioning will be important (Jentsch et al., 2007; Reyer
et al., 2013). Likewise, testing the effect of diverse swards on N>O emissions
might be useful to develop sustainable management practices and greenhouse

gas mitigation strategies (Box et al., 2017; Gardiner et al., 2018).*

To conclude, this thesis used the EC technique to measure Fxoo from an intensively
grazed dairy pasture in New Zealand that received high inputs of excreta nitrogen.
Findings emphasised the ability of EC measurement to provide an alternative approach
to traditional static chambers and, thereby, added to an advancing but yet still confined
pool of research. Long-term, high frequency measurements of N>O from intensively
grazed pastures are rare and, as such, EC measurements from New Zealand grasslands
have much to contribute to the global understanding of how the exchange of N,O

from intensively farmed land works.

4 We are aware that the content of this thesis was focused on the production side of the food system.
However, the above recommendations do not intend to prioritise research efforts regarding this side.
Amendments on the consumption side, e.g. reducing food waste, consumer behaviour and rebalancing
the human diet, will be equally important for creating a sustainable future (R66s et al., 2017).
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A1l - Scientific abstract in German

Vom Menschen genutzte Béden sind Emittenten klimawirksamer Treibhausgase. Je
nach Nutzung kann ein Boden dabei groBe Mengen an Kohlenstoffdioxid (CO,),
Methan (CH,4) und Distickstoffmonoxid (N>O), umgangssprachlich auch bekannt als
Lachgas, ausstoflen. Auf N>O bezogen, trifft dies insbesondere zu, wenn sich der
Boden unter intensiv bewirtschaftetem und beweidetem Land befindet und damit

einhergehend oft hohen Mengen an reaktiven Stickstoffverbindungen ausgesetzt ist.

Reaktiver Stickstoff gelangt meist in Form von Tierexkrementen und/oder Dingern
in den Boden, kann aber auch biologisch aus atmosphirischen Quellen dort fixiert
werden. Geschitzt tragen agrarwirtschaftlich genutzte Béden derzeit zu etwa 60% zum
globalen N,O-Emissionsbudget bei. In manchen Fillen liegt der Anteil allerdings
wesentlich hoher, so z.B. in Neuseeland, wo N>O von Weidebdden 94% des
nationalen N>O-Emissionsbudgets ausmacht. Der Emissionsprozess von N2O aus
dem Boden in die Atmosphire wird von einer Vielfalt von Faktoren kontrolliert
(mikrobielle Aktivitait, Umweltbedingungen, Bodenmanagement etc.) und ist zeitlich
wie raumlich dullerst variabel, was die Quantifizierung des daraus emittierten N,O
erschwert. Eine zuverlissige Quantifizierung jedoch ist unersetzlich, nicht nur, um
Riickschliisse auf biogeochemische Prozessgefiige zu ziehen, sondern auch, um
aussagekriftige Treibhausgasinventare berechnen und die Wirkung von Mal3nahmen
zur  Schadstoffminderung ermessen zu koénnen. Die Entwicklung neuer
Analyseinstrumente und -methoden ermdglicht es seit ungefihr einem Jahrzehnt,

kontinuierliche Messungen von N,O-Fliissen auf Feldebene durchzufithren.

Die Messungen sind mikrometeorologischer Natur und bieten den Vorteil, die raum-
zeitliche Variabilitit von N>O-Emissionen genauer zu erfassen. Die Anwendung dieser
Methoden, z.B. mikrometeorologische eddy covariance (EC) Messungen, ist derzeit
allerdings auf ausgewihlte Bodentypen, Landnutzungen, Agrarmanagement- und
Mitigationsszenarien beschrankt. Auch ist weitestgehend unklar, ob und inwiefern sich
die Ergebnisse von EC-Messungen mit traditionellen Ansitzen wie Kammer-
messungen und Emissionsfaktoren (EF) vergleichen lassen oder wie die Ergebnisse

der neuen Messansatze auf der Inventarebene verwendet werden konnen.
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Das Ziel dieser Studie war folglich, einige der bestehenden Wissenslicken in der
Anwendung von EC aufzuarbeiten, sowie mehrjihrige EC-Messungen auf einer
intensiv beweideten Farm durchzufithren. Flussmessungen wurden dabei zunichst auf
drei Weiden iiber dem natiirlichen Grass-Klee-Bestand durchgefihrt, bevor ein Teil
der Messfliche erneuert und anschlieBend mit Spitzwegerich (Plantago lanceolata),
ausdauerndem Weidegras (Lo/ium perenne), weilem und rotem Klee (Trzfolium pratense)
bepflanzt wurde. Die EC-Messungen wurden durch Messkampagnen unter der
Verwendung sogenannter Kammern (static chambers) erginzt, um (1) die
Unterschiedlichkeit beider Messmethoden zu quantifizieren und (2) eine neue Analyse-
methode zu entwickeln, welche eine direkte Injektion der Kammerproben in den

Quantumkaskadenlaser (QCL) des EC-Systems erlauben wiirde.

Die Ergebnisse des Vergleichs (1) zeigten, dass die Verwendung von Messkammern
und feldspezifischen EF zu einer deutlichen Unterbewertung der jihrlichen N>O-
Emissionen fihrte. Wihrend EF kumulierte Jahresemissionen von 3.82 kg NoO-N ha~
" yr! quantifizierten, bezifferte EC eine Summe von 7.30 kg N;O-N ha™ yr™'. Die
Differenz der Budgets konnte auf Abweichungen im EF-Ansatz zuriickgefiihrt werden,
welcher weder Unterschiede in der Futtergrundlage der Kiihe, noch saisonale
Variabilitit oder Hintergrundemissionen miteinschloss. Es zeigte sich, dass die von
diesen Faktoren gesteuerten N,O-Emissionen ausschlieSlich in den EC-Daten
enthalten waren und dass dem EF-basierten Emissionsbudget daher durchaus kritisch
zu begegnen war. Die Verwendung von EF zur Erstellung von Emissionsbudgets wird
kiinftig einer Betrachtung bediirfen, die weit tiber das vereinfachte Hochskalieren von

raumlich begrenzten Messpunkten auf die nationale Ebene hinausreicht.

Ein weiteres Anliegen dieser Studie war es, zu untersuchen, wie sich eine Erneuerung
der Weidefliche auf die direkten N,O-Fliisse aus dem Boden auswirken wirde. Dazu
wurden die N,O-Flisse der erneuerten Weidefliche mit denen einer Kontrollfliche
verglichen. Die Erfassung der Gasfliisse basierte dabei auf den simultanen Messungen
eines einzelnen EC-Systems (in einem sogenannten split-footprinf) und wurde durch
Anwendung einer neuen Technik zum SchlieSen vorhandener Datenliicken (gap-filling)
ermoglicht, welche eine robuste Quantifizierung des Erneuerungseffektes erlaubte.
Die Differenz zwischen den N,O-Emissionen von der erneuerten und der
unverinderten Weidefliche lag bei 1.2 kg NoO-N ha™'. Emissionsstoe traten lediglich
innerhalb eines sehr begrenzten Zeitraums von 14 Tagen nach Weideumbruch auf
(93.4% der Gesamtdifferenz) und wurden von der sich rasch einstellenden Photo-

syntheseleistung des Jungpflanzenwachstums limitiert. Insgesamt zeigte sich, dass
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langanhaltende Nihrstoffverluste durch die Emission von N>O-Stickstoff abgemildert
werden kénnen, wenn die zeitliche Verzégerung zwischen Weideumbruch und Einsaat
der Samen moglichst kurz gehalten wird. Fur eine aussagekriftige Quantifizierung
verschiedener Mitigationsstrategien und die finale Berechnung von N>O-Budgets ist
zudem zu empfehlen, diese mit geeigneten Methoden (footprint-splitting, gap-filling)
zu unterfittern. Erst dann wird eine Bewertung von N,O-Flissen und den damit

assoziierten Treibhausgasemissionen méoglich.

Wie in dem letzten Forschungskapitel dieser Arbeit (2) deutlich wird, bot die
Verwendung eines QCL-basierten EC-Systems auch den Vorteil, Gasproben aus
Kammermessungen annihernd simultan zu den Messungen des EC-Systems zu
analysieren. Um dies zu ermdglichen, wurde eine neue Injektionstechnik entwickelt,
welche sich die Analysestirke und Schnelligkeit des QCL zu Nutzen gemacht hat und
es erlaubte, die N,O-Konzentration der Kammerproben mittels Absorptions-
spektrometrie direkt im Gelinde zu bestimmen. Ein Vergleich der vom QCL
analysierten N>O-Konzentrationen und -Fliisse mit den Ergebnissen identischer
Proben aus gaschromatographischen Analysen im Labor ergab keinen signifikanten
Unterschied. Entscheidende Vorteile der neuentwickelten Injektionstechnik waren
ithre Analyseschnelligkeit und praktische Anwendung im Gelande, insbesondere aber
auch das Vermdgen, die Leistungsfahigkeit des QCLs optimal auszunutzen und so
differenzierte Aussagen tber N;O-Flisse auf verschiedenen raumlichen (und
zeitlichen) Skalenebenen treffen zu koénnen. Die Ergebnisse komplementieren den
eigentlichen, auf die EC-Technik ausgelegten Fokus dieser Doktorarbeit,
verdeutlichen sie doch, dass Messkammern ihre Daseinsberechtigung haben,
beispielsweise um die Wirkung von Einzelfaktoren auf den N,O-Fluss bewerten zu
konnen. Je nach Forschungsziel, kann eine Kopplung von Kammermessungen mit

EC-QCL auf der Feldebene sehr vorteilhaft sein.
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A2 - Supplementary material from Chapter 4

(a) 10-Mar-2018

| P54
P53 0 renewal
control

P53
control

Figure A2-1 Webcam photography of the EC site with time during and after pasture renewal:
(a) herbicide application on P54, 10-Mar-2018; (b) direct drilling of new seed into the soil, 14-
Mar-2018; (c) bare died-off pasture, 20-Mar; (d), (¢) seedling emergence in early April; (f)
grazing of the control paddock P53, 17-Apr; (g) and (h) on-going sward establishment on the
renewal site till 14-May, one day before P54 experienced the first post-renewal grazing.
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A3 — Supplementary material from Chapter 5
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Figure A3-1 Example of QCL output data depicting how a one half-hourly peak progression
sequence looked like. Panel (a) shows the full sequence for injected N2O samples and standards
in a given half-hour from 11-11:30 AM, 17 September 2020. Panel (b) captures three individual
peaks from within this period (1) (blue rectangle). Single measurement points are depicted by
blue dots with the black line showing an interpolated curvature. Orange bars underneath
individual peaks in panel (a) distinguish injected N2O standards of known from N>O samples
of unknown concentration; (2) identifies 1 ppm and 5 ppm standards injected after every 12
samples, here serving as a running control; (3) shows an example of an injected standard line
of known N2O concentration (range: 0.2—10 ppm); and (4) illustrates the lag time that was
required to ensure sufficient flushing of the QCL sample cell after injecting a sample or
standard (here 10 ppm) of higher N>O concentration. The QCL output unit is millivolt.
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N,O calculated [ppm]

N,O calculated [ppm]

QCL peak area [mV]

Figure A3-2 Tests conducted prior to the main study showing the calculated normal linear
relationship between output peak area and N2O concentration (Cnzo) for different scenarios
and ranges of N>O standards injected: (a) from 0.2-10 ppm and (b) from 0.2-0.5 ppm; (c)
demonstrates the effect of flow rate in I min-! on the slope of the associated regression lines,
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Table A3-1 Chronology of expetimental activities.

Date Activity
15-Aug-19 Trial site fenced off

Preliminary injections:

testing different syringe types
20-Aug-19 Installation of chamber collars
30-Aug-19 Preliminary injections into QCL:

testing different flow rates
10-Sep-19 Treatment application to chamber

and soil plots

Gas and soil sampling — run 1
11-Sep-19 Gas and soil sampling —run 2
12-Sep-19 Gas and soil sampling —run 3 & 4
13-Sep-19 Gas and soil sampling —run 5
14-Sep-19 Gas and soil sampling —run 6
15-Sep-19 Gas and soil sampling —run 7 & 8
16-Sep-19 Gas and soil sampling —run 9
17-Sep-19 Sample injection into QCL

Table A3-2 Certified N2O standards used in this study and associated uncertainty levels.
Standards printed in bolt fond were used in quadratic curve models to calculate final N>O

concentration of the samples taken from static chambers.

N2O  Uncertainty  Background Company
[UL L] [alpha/beta] (gas) (name)
[ppmv] [%]
0.200 +0.01 Nitrogen BOC Ltd.
0.321 +0.1-0.9% Cryogenic  Praxair, Inc.
UltraPure Air
0.3252 +0.01 Air NIWA
0.401 +0.1-0.9% Cryogenic  Praxair, Inc.
UltraPure Air
0.500 +0.01 Nitrogen BOC Ltd.
1.00 +0.01 Nitrogen BOC Ltd.
2.00 +0.02 Nitrogen BOC Ltd.
5.00 +0.1 Nitrogen BOC Ltd.
10.00 +0.2 Nitrogen BOC Ltd.
20.00 +0.2 Nitrogen BOC Ltd.
50.00 +1.0 Nitrogen BOC Ltd.
100.00 +1.0 Nitrogen BOC Ltd.
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Table A3-3 This table presents the measured values of nitrous oxide fluxes (Fxz0) analysed
by GC and QCL, soil water-filled pore space (WEPS), soil ammonium (NH4*) and nitrate
(NOs") content of the control (ANy) and across the different treatments of ammonium-nitrate
(AN300, ANeoo, ANooo). The associated standard error of the mean (SEM) is provided at the
right-hand side of each control/treatment column.

GC nitrous oxide flux [Fnzo_cc innmol N;O m=2s71]

date ANo SEM ANspw SEM ANgo SEM  ANgyw SEM
10-Sep-2019 0.04 0.05 356 1.20 195 0.19 249  0.52
11-Sep-2019 0.13 0.04 9.93 1.97 9.63 344 1488 3.55
12-Sep-2019* 0.06 0.05 8.67 1.73 8.02 292 1587 3.96
12-Sep-2019* 0.06 0.01 8.42 2.62 8.19 3.23 1487 3.15
13-Sep-2019 -0.05 0.03 6.43 3.00 1157 368 1516 3.76
14-Sep-2019 0.03 0.01 746 219 10.71 343 1671 246
15-Sep-2019* 0.02 0.03 503 080 1021 284 1485 3.58
15-Sep-2019* 0.03 0.03 6.92 1.57 998 296 1388 275
16-Sep-2019 0.02 0.04 3.06 1.33 6.37 245 1029 1.67
QCL nitrous oxide flux [Fnzo oci in nmol N;O m2 5]
10-Sep-2019 0.00 0.03 3.65 1.18 217 0.9 274 0.60
11-Sep-2019 0.21 0.05 9.40 1.83 8.88 314 1357 3.04
12-Sep-2019* 0.14 0.07 8.19 1.60 7.94 292 1517 371
12-Sep-2019* 0.06 0.02 8.02 247 8.04 3.11 1546 3.57
13-Sep-2019 0.09 0.08 6.25 277 1091 333 15.09 4.05
14-Sep-2019 0.03 0.02 7.30 210 10.66 324 1722 271
15-Sep-2019* 0.17 0.01 5.30 0.86 9.46 242 1481 3.65
15-Sep-2019* 0.18 0.03 6.95 133 1027 289 1436 269
16-Sep-2019 0.06 0.01 3.28 1.63 6.63 251 1097 1.99
Water filled pore space of the soil [%]
10-Sep-2019 79.43 048 78.66 1.82 78.06 140 8230 235
11-Sep-2019 8164 059 8497 168 80.16 053 8213 1.79
12-Sep-2019 82.18 112 80.63 123 79.35 1.05 79.20 1.00
13-Sep-2019 79.62 095 79.72 187 76.62 2.08 7813 176
14-Sep-2019 79.43 056 80.60 2.00 78.37 174 7778 1.19
15-Sep-2019 79.79 050 8170 265 77.17 149 76.81 0.37
16-Sep-2019 7792 106 8105 198 73.93 1.60 7741 1.80
Soil ammonium [kg NH4* ha™]
10-Sep-2019 182 050 8173 520 89.36 272 264.63 17.19
11-Sep-2019 081 011 5226 718 14151 11.08 233.63 33.62
12-Sep-2019 215 057 4461 652 109.37 6.77 213.76 3.41
13-Sep-2019 221 033 36.88 6.75 12448 9.36 194.76 18.88
14-Sep-2019 371 009 2031 507 59.88 6.05 188.70 18.05
15-Sep-2019 184 0.64 958 099 78.98 1230 155.84 18.49
16-Sep-2019 180 029 1321 323 3850 4.59 124.38 7.64
Soil nitrate [kg NO3™ ha?]
10-Sep-2019 299 037 8367 387 10495 133 267.77 15.17
11-Sep-2019 246 0.18 69.08 6.54 14995 8.62 248.89 33.69
12-Sep-2019 229 0.07 7941 657 14252 8.61 230.94 7.36
13-Sep-2019 164 020 8221 792 149.85 6.25 23240 13.77
14-Sep-2019 184 035 7337 1271 11420 8.41 237.77 8.96
15-Sep-2019 247 031 7891 151 16260 872 23151 16.94
16-Sep-2019 185 022 9249 16.22 13438 7.60 211.88 18.92

* flux measurements conducted twice daily at 10 AM and 12 PM
SEM = standard error of the mean
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Table A3-4 Results from the linear functional relationship analysis (orthogonal regression).
Columns labelled Cn2o show the results of the regression analysis when using standardised
N2O concentrations. Columns labelled Frzo provide results based on standardised N2O fluxes.
Part of the regression analysis was to characterise both data streams by treatment and control,
i.e. first including all data (ANo, AN300, ANgoo, ANooo) in the analysis and then, separately, only
the control (ANy).

Cn2o Cnz2o Fn2o Fn2o

all AN ANg only all AN AN only
Number of observations 432 108 108 27
Response mean -0.003164 0.3272  -0.004008 0.3776
Explanatory mean 0.003164 -0.3272 0.004008 -0.3776
Response variance 0.9811 1.238 0.9860 1.139
Explanatory variance 1.021 0.5551 1.023 0.6029
r? value 0.9928 0.1753 0.9922 0.0939
r value 0.9964 0.4187 0.9961 0.3064
Angle between Y on X 0.2068 42.32 0.2229 54.59
and XonY
Major eigenvalue 1.999 1.384 2.005 1.241
Minor eigenvalue 0.003606 0.4096 0.003901 0.5017
Bootstrap resampling 200 200 200 200
Ordinary least squares:
Constant -0.006253 0.532  -0.007926 0.537
Standard error 0.003914 0.1038 0.007861 0.26
Lower -0.01331 0.3101 -0.02204 -0.02
Upper 0.001710 0.734 0.006998 1.030
Slope 0.9766 0.625 0.9778 0.421
Inverse least squares:
Constant -0.006276 1.49  -0.007957 2.072
Standard error 0.003902 0.6585 0.007902 82.46
Lower -0.01369 0.9211 -0.02246 -44.95
Upper 0.001786 3.478 0.007118 18.732
Slope 0.9837 3.567 0.9854 4.486
Major axis:
Constant -0.006264 1.108 -0.007941 1.326
Standard error 0.003904 0.44 0.007872 40.17
Lower -0.01349 0.7105 -0.02217 -19.84
Upper 0.001610 2.484 0.006920 9.937
Slope 0.9801 2.387 0.9815 2.511
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Table A3-5 Bland-Altman analysis for FN2()_G(; and FNz()_Q(;L distinguished by treatment in
units nmol m-2 s-1, if not specified otherwise. This table provides a summary based on mean
Fneo_ce and Fxoo_qcr across replicates of the same treatment. Figure 5-4, instead, illustrates
the results of individual Fn2o_ce and Frzo_qcr (not depicted in the below table) for each
replicate and each treatment as the percentage mean difference between the two methods, i.e.

GC (A) and QCL (B).

Sampling Treatment GC(A) QCL (B) Mean | Difference Difference (%)
[No] [kgNha'] Fneoocc  Fnoooc  (A+B)/2 (A-B) ((A-B)/mean)*100
1 0 0.04 0.00 0.02 0.04 182.48
1 300 3.56 3.65 3.61 -0.09 -2.59
1 600 1.95 2.17 2.06 -0.23 -11.11
1 900 2.49 2.74 2.61 -0.24 -9.24
2 0 0.13 0.21 0.17 -0.08 -44.70
2 300 9.93 9.40 9.67 0.53 5.51
2 600 9.63 8.88 9.26 0.75 8.11
2 900 14.88 13.57 14.22 1.31 9.20
3 0 0.06 0.14 0.10 -0.08 -78.52
3 300 8.67 8.19 8.43 0.48 5.69
3 600 8.02 7.94 7.98 0.08 0.98
3 900 15.87 15.17 15.52 0.70 4.51
4 0 0.06 0.06 0.06 0.00 1.93
4 300 8.42 8.02 8.22 0.39 4.79
4 600 8.19 8.04 8.11 0.15 1.82
4 900 14.87 15.46 15.16 -0.59 -3.89
5 0 -0.05 0.09 0.02 -0.14 -595.36
5 300 6.43 6.25 6.34 0.18 2.88
5 600 11.57 10.91 11.24 0.66 5.88
5 900 15.16 15.09 15.13 0.07 0.49
6 0 0.03 0.03 0.03 0.00 4.14
6 300 7.46 7.30 7.38 0.16 2.19
6 600 10.71 10.66 10.68 0.05 0.47
6 900 16.71 17.22 16.96 -0.51 -3.02
7 0 0.02 0.17 0.09 -0.15 -157.04
7 300 5.03 5.30 5.17 -0.27 -5.22
7 600 10.21 9.46 9.84 0.75 7.67
7 900 14.85 14.81 14.83 0.03 0.22
8 0 0.03 0.18 0.10 -0.15 -149.70
8 300 6.92 6.95 6.94 -0.02 -0.34
8 600 9.98 10.27 10.13 -0.29 -2.86
8 900 13.88 14.36 14.12 -0.48 -3.39
9 0 0.02 0.06 0.04 -0.04 -105.26
9 300 3.06 3.28 3.17 -0.22 -6.86
9 600 6.37 6.63 6.50 -0.26 -4.02
9 900 10.29 10.97 10.63 -0.68 -6.39
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Table A3-6 Bioequivalence analysis for N2O concentrations (Cnzo) and associated fluxes (Fxz2o in bottom panel of the table). Cxz2o_qcr and Fxzo_qcr wete considered
bioequivalent when the 90% confidence interval of the difference was completely within the predefined * 5% bioequivalence range of difference to Cn2o_cc and Fnxoo_ce
(corresponding to a test with size 0.05). rep. = replicates, d.f = degrees of freedom, s.e.d = standard error of the difference, LSD = least significant difference

Time/ Mean Standard error of the LSD 90% confidence interval Bioequivalence range
Treatment difference of the mean
Cnz2o 6c Cn20 qcL difference GC GC QCL QCL
AN, [ppm]| [ppm] rep. d.f. s.e.d se.d.| (QCL-GC) lower wuppet| lower wupper lower upper
t0 0.333 0.332 27 26 0.0027[ 0.0046 0.000 -0.005 0.004{ -0.017 0.017 -0.017 0.017
t15 0.333 0.342 27 26 0.0028 0.0048 0.009 0.004 0.013| -0.017 0.017 -0.017 0.017
t30 0.335 0.352 27 26 0.0029( 0.0049 0.016  0.012  0.021f -0.017 0.017 -0.018 0.018
t45 0.340 0.354 27 26 0.0027[ 0.0046 0.014  0.009  0.019[ -0.017 0.017 -0.018 0.018
AN
t0 0.333 0.336 27 26 0.0028 0.0048 0.003 -0.002 0.007[ -0.017 0.017 -0.017 0.017
t15 0.822 0.821 27 26 0.1090[ 0.0186 -0.001  -0.020  0.017] -0.041 0.041 -0.041 0.041
t30 1.341 1.327 27 26 0.0168 0.0286 -0.014  -0.042  0.015] -0.067  0.067 -0.066  0.066
t45 1.831 1.804 27 26 0.0192 0.0327 -0.026  -0.059  0.007) -0.092  0.092 -0.090  0.090
ANo
t0 0.336 0.335 27 26 0.0023[ 0.0042 -0.001 -0.005  0.003] -0.017 0.017 -0.017 0.017
t15 0.912 0.912 27 26 0.0160[ 0.0273 0.000 -0.027  0.027[ -0.046 0.046 -0.046  0.046
t30 1.563 1.550 27 26 0.0242( 0.0412 -0.013  -0.054  0.028] -0.078 0.078 -0.078  0.078
t45 2.143 2.104 27 26 0.0250[ 0.0427 -0.039  -0.082  0.004| -0.107 0.107 -0.105 0.105
ANy
t0 0.338 0.337 27 26 0.0028 0.0319 -0.001  -0.005  0.004{ -0.017 0.017 -0.017 0.017
t15 1.285 1.268 27 26 0.0136[ 0.1380 -0.017 -0.041  0.006] -0.064 0.064 -0.063  0.063
t30 2.338 2.294 27 26 0.0325[ 0.1959 -0.044 -0.100 0.012] -0.117 0.117 -0.115 0.115
t45 3.370 3.379 27 26 0.3900[ 0.2850 0.009 -0.058  0.076[ -0.169  0.169 -0.169  0.169
Treatment| Fyy0 cc Fnzo qcL
[nmol N,O m ™ s™']
AN, 0.039 0.105 27 26 0.0187[ 0.0319 0.066  0.034  0.098[ -0.002 0.002 -0.005 0.005
ANjy 6.610 6.483 27 26 0.0809( 0.1380 -0.127  -0.265 0.011] -0.331 0.331 -0.324 0.324
ANggo 8.514 8.329 27 26 0.1149( 0.1959 -0.185 -0.381  0.011] -0.426 0.426 -0.416 0.416
ANyg 13.222 13.265 27 26 0.1671] 0.2850 0.043 -0.242 0328 -0.661 0.661 -0.663  0.663







Curriculum Vitae

Personal Details

Name Anne Roswitha Wecking
Date of birth  24™ December 1990
Nationality =~ German

5] @ Do

Education

2017 — 2020  University of Waikato, Hamilton, New Zealand
Doctoral studies, School of Science and Engineering,
Thesis: Paddock scale nitrous oxide emissions from grazed pastures:

quantification and mitigation

2014 —2017  Leibniz University Hanover, Germany
Master of Science in Soil Science and Landscape Science

Thesis: Managing forest ecosystems in Mongolia — the crucial role of soil

2013 —2014  University of Salford, United Kingdom
Abroad studies focused on glacial and fluvial systems, student under the

European Community Action Scheme for the Mobility of University Students

2010 — 2014  Leibniz University Hanover, Germany
Bachelor of Science in Physical Geography and LLandscape Science
Thesis: Pedogenesis and pedodynamics on anthropogenically built sediment bodies —

exerplified on coal mining waste heap Haniel

2010 — 2013  Institut zur Forderung publizistischen Nachwuchses, Munich, Germany

Journalistic apprenticeship, print and broadcasting media

2001 — 2010  St. Ursula Gymnasium Dorsten, Germany

Secondary education

List of Publications

Wecking, A.R., Wall, A.M., Liang, L..L.., Lindsey, S.B., Luo, J., Campbell, D.I., Schipper, L..A., 2020.
Reconciling annual nitrous oxide emissions of an intensively grazed dairy pasture determined by

eddy covariance and emission factors. Agric. Ecosyst. Environ. 287, 1-14.

Wecking, A.R., Cave, V.M., Liang, L.I.., Wall, A.M., Luo, J., Campbell, D.I., Schipper, L.A., 2020.
A novel injection technique: using a field-based quantum cascade laser for the analysis of gas

samples derived from static chambers. Atmos. Meas. Tech. 13, 5763-5777.

173


https://www.linkedin.com/in/anne-w-411184194/
https://a721165.wixsite.com/weckinganne
https://www.researchgate.net/profile/Anne_Wecking

Goodrich, J.P., Wall, A.M., Campbell, D.I., Fletcher, D., Wecking, A.R., Schipper, L.A., 2021.
Improved gap filling approach and uncertainty estimation for eddy covariance N»O fluxes. Agric.
For. Meteorol. 297, 108280, 1-9.

Conference Talks (selected)

Wecking, A.R., Wall, A.M., Liang, L..L.., Lindsey, S.B., Luo, J., Campbell, D.I., Schipper, L.A., 2019.
A never ending story? What continuous measurements of nitrous oxide emissions in the
Waikato tell us. WaiBoP Soils Biennial Conference, Hamilton, New Zealand, 29/11/2019.

Wecking, A.R., Wall, A.M., Liang, L..L.., Lindsey, S.B., Luo, J., Campbell, D L., Schipper, L.A., 2019.
Bottom-up meets top-down: Quantification of direct N>O emissions from intensively grazed
pasture measured by static chambers and eddy covariance. MPI Agriculture Greenhouse Gas
Inventory Conference, Palmerston North, New Zealand, 11/04/2019.

Wecking, A.R., Wall, A.M., Liang, L..L.., Lindsey, S.B., Luo, J., Campbell, D L., Schipper, L.A., 2018.
Bottom-up or top-down? Paddock-scale nitrous oxide budgets using static chamber and eddy
covariance data. “Diverse Soils — Productive Landscapes” NZSSS Soil Science Conference,
Napier, New Zealand, 03—06/12/2018.

Wecking, A.R., Wall, A.M., Liang, L..L.., Lindsey, S.B., Luo, J., Campbell, D.I., Schipper, L..A., 2018.
Eddy covariance measurements of N,O emissions under intensive grazing before, during and
after pasture renewal. International Conference on Agricultural GHG Emissions and Food

Security — Connecting reseatrch to policy and practice, Betlin, Germany, 10-13/09/2018.
Wecking, A.R., Wall, A.M., Liang, L..L.., Lindsey, S.B., Luo, J., Campbell, D.I., Schipper, L..A., 2018.

From points to paddocks: measuring N,O fluxes by static chambers and eddy covariance. MPI
Agticulture Greenhouse Gas Inventory Conference, Wellington, New Zealand, 21-22/03/2018.

Wecking, A.R., Wall, A.M., Liang, I..L.., Lindsey, S.B., Luo, J., Campbell, D.I., Schipper, L..A., 2017.
Across scales: Employment of a quantum cascade laser to detect static chamber derived N.O
emissions. WaiBoP Soils Biennial Conference, Hamilton, New Zealand, 05/12/2017.

Conference Posters

Wecking, A.R., Guggenberger, G., 2018. Managing forest ecosystems in Mongolia: the crucial role
of soil. “Diverse Soils — Productive Landscapes” NZSSS Soil Science Conference, Napier, New
Zealand, 03—06/12/2018.

Wecking, A.R., Mackay, A., Manderson, A. K., Dominati, E., Palmer, A. S., Parfitt, R. L., 2018.
Anthropedogenesis — the future of land development?. “Soil Science for Future Generations”
NZSSS Soil Science Conference, Hamilton, New Zealand, 01-04/12/2014.

Conference Convening

Lowe, D., Wecking, A. R., 2019. WaiBoP Soils Biennial Conference 2019. Hamilton, New Zealand,
29/11/2019.

174



The End

Die Erkenntnis der Stunde:

Bodenkundler schauen sich schon zu Lebzeiten die
Radieschen von unten an.
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