Diurnal variability of nitrous oxide
emissions from agricultural soils

Yuk Faat Wu

PhD

University of York

Environment and Geography

November 2021



Abstract

Nitrous oxide KO) is a potent greenhouse gas with a rising atmospheric concentration
largely due to the applications of nitrogen fertilisers globally. Development of mitigating
strategies requires accurate estimations ifO emissions, however, estimates dbO
emissiors are uncertain due to its variability in space and time. An area of highest
uncertainty is the diurnal variability of s®ibO fluxes due to challenges of higHiequent
measurements. This research aimed to (1) investigate the prevalence of diurrsddiltyri

of NoOflux from agricultural soils, (2) evaluate the efficacy ofgurnal sampling intervals

by comparisons with diurnal measurementd\aOflux, and (3) examine the environmental

and biological factors driving the diurnal variabilityNa© flux.

Through the systematic review of publishEgO flux data andield- and laboratorybased
experiments, this research showed diurnal variabilitiNgd flux is prevalent in agricultural
soils, often exhibiting high diurnal amplitudes (>100%). Afternoon peakiNg®flux was

the most common occurrence (~60% of the tinbel} its consistencyan beimpacted by
changing field conditions such as interruptiby rainfall. The review revealed that a single
daily flux measurements at 10:00 provided the best estimate of the daily mean value of

N2O emission (+2%), but with a risk of undg29%) or overestimations (+35%).

In field mesocosm experiments, diutiéO fluxes were collected with a novel automated
chamber system. The results of the first trial demonstrated thasimgledaily flux
measurements could adequately estimat&O emissions (+7%), whereas oraveek
basis measurements had large assoadilatbiases 46 ¢ +108%). Crucially, these
experiments revealed thatoil temperature showed little relationship with diurnad®iflux,
whereas evidence of photosynthetic parameters driving diurnal variability©ffNix were
found. The findings in the redionist laboratory experimentwhere fluctuations of soil
temperature and moisture were minimiseflirther suggest PARriven plant metabolism

is likely a driver of the diurnal variability of®l flux
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Chapter 1. General introduction

1. General introduction

Extensie use of fossil fuels and various anthropogenic activities sincedtheeitury have
led to exponential increases in the atmospheric concentratiohmultiple greenhouse
gases (GHs}, leading to the global warming crisis at presédassia edl., 2018)According
to the National Oceanic and Atmospheric AdministratitdOAA National Centers for
Environmental information)the annual temperature anomalie$ land and ocean surfaces
has reached +0.98C in 2020. Furthermorethe global atmospheric concentrations of
carban dioxide (Cg), methane (Ck and nitrous oxide (D) have reached 416 ppm, 1873
ppb and 333 ppin 2020(Global Monitoring Laboratoryyvith growth rates of 2.80.5 ppm
year!, 7.1+2.6 ppb yt and 0.85+0.17 ppb ¥t respectivelyDlugokencky et al., 2018)he
adveseimpacts of global warmingncludingsea level rise and extreme climate eveats
detrimentalto the socioeconomical and ecologicakll-being of the globelt is projected
roughly 10% of total economic value will be lost by 20%limate change is not alleviated
(Swiss Re Institute, 2021urthermore,global biodiversity is under threat of climate
change, as it is predicted up to 54% of speanay be lost due to climate chan@drban,

2015)
1.1 Nitrous oxide in the atmosphere

Nitrous oxide is a natural atmospheric trace gas, ydiag thegreatestglobal warming
potential and the longest lifetimemongthe three major GHGDespite its relatively low
atmospheric miig ratio, the global warming potential BgOis 298 times higher than that
of CQ over a 100 year time horizon with a lifetime of 114 ye@hkhalt et &, 2001; Ciais
et al., 2013) To date, MO contributes 0.17 + 0.03 W #to the global radiative forcing
(Myhre et al., 2013)Moreover, NoO also catalyses the destruoti of the stratospheric
ozone layer (Ravishankara, Danieand Portmann, 2009; Portmann, Daniel and
Ravishankara, 2012)vhich is vital for filtering incoming ultraviolet radiation originating
from the sun(Caldwell and Flint, 1994l is speculated that th@ngoing anthropogenic
emissiors of b O will hamper the recovery of the stratospheric ozone layer aiitibe the
most important ad largest ozonelepleting substance throughout the 2Ilcentury

(Ravishankara, Daniel and Portmann, 2009)
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Figurel.1l. Trend in the atmospheric concentration MO between 1800 and 2017, adapted fro@lobd
Monitoring Laboratory2019)

1.2 Nitrous oxide emissions froagriculturalsoils

The invention of the HabeBosch procesi the early 28 century, which converts the
atmospherically abundant dinitrogen {Nnto the plant availabldorm ammonia NH) at
industrial scaleshas transformed modern agriculture and boosted goopductionby four
timesvia Nenrichment in agricultural soil&ruber and Galloway, 2008; Kissel, 2014; Stein
and Klotz, 2016)rhewidespreadapplications of synthetic N fertilisexan agricultural soils
have subsequently perturbed thglobal N cycle and led to a cascade of effects such as
ecosystem acidificatiorand eutrophication (Gruber and Galloway, 2008However,
contribution to global soilN2O emissions remains one of the most adverse consequences
of N fertiliser applicationsHistoric recorddrom ice cores have shown a decreastrgnd

in the N stable isotope ratiq {°N) in the atmospheritN.O since 1940 (Figure 1.2park et

al., 2012)which indicatesncreasngN deposition onto soils, since théNratio in biogenic
N2O emitted from soils is lowe(Li and Wang, 2008; Felix and Elliott, 2013; Snider et al.,
2015 2 A G K | 02 dzi sphatitable |&ind sukaSes Beinlidiséd®or agricultural
purposes(Ellis et al., 2010)it is estimated8.3 + 2.5Tg N.O-N yr! are emitted from
agricultural soils globall{Shukla et al., 2019Althoughthe implementations of policies
and mitigation strategies have reduc&dO emissions from agricultural soits Europein
recent yeargPetrescu et al., 2020agriailture is still the main source ®:0. At present
agricultural soils still contribute tover 70% of theN>O emissiongn the UK(Defra, 2019;

Skiba et al., 2012)
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Figurel.2. Historic record of N stable isotope ratio () of atmospheric 120 indicating the increasing
contribution of atmospheric PO of soil origifadapted from Park et al. (2012))

1.3 Biological production of nitrous oxide in soils

Nitrogen (N)in soilsexists in various organic and inorganic forms, which are in a constant
state of transformation via various-cyclingprocesses. A portion of soilislbound in soll
organic matter (SOM), around ®16% of SOM is comprised of proteins, peptides and
amino acids(Stevenson and Cole, 199®roteins are usually depolymerised in soil by
microbial extracellular enzymégSchimel and Bennett, 20Q4¥hich then beome N forms

that are accessible to plants and soil microorganisms, such as oligopeptides and amino
acids(Farrell et al., 2013; Hill, Farrell and Jones, 204&)ino acids are prevalent in soil as
they account for 32% to 50% of soil organi€¢nwo and Tabatabai, 199&xcesse N
uptake is usually mineralised artien released bymicroorganisms in the form of
ammonium (NH"), a substratdor nitrification (Schimel and Bennet004)

The transformation of reactive nitrogen (Nr), includingsN¥H,*, nitrate (NGs), nitrite
(NQ), nitric oxide (NO), and\N.O, generally involve two major biological processes,
namely nitrification and denitrification(Stein and Klotz, 2016)Nitrification and
denitrification are primarily carried out by-8ycling archaea, drteria and fung{Pajares

and Bohannan, 2016; Hayatsu, Tago and Saito, 2Q@8estimated approximately 70% of
globalN.O emissions are contributed by microbial nitrification and denitrificat{Syakila

and Kroeze, 2011; Mrkonjic Fuka, Gesche Braker and Philippot,.28pa)t from

nitrification and denitrification, ther biological processes that affect the balance of Nr
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species inclde dissimilatory nitrate reduction to ammonium (DNRA) and anaerobic

ammonium oxidation (AnammoxFigure 1.3 presents an overview of timerconnected
pathways within the N cycle and the genmesponsiblefor the production of the catalytic
enzymeswhich bring about the Ncycling processedNaturally, the soil heycle is highly
complex and is regulated by various biological, physical and chemical factors, such as
microbial community composition, substrate availability, redox potential, mycorrhizal
associabns and pH(Van Groenigen et al., 2015hich could consequently affect
production and consumption of sdbO.

1.3.1 Nitrification

Although nitrification does not directly produé&O, they povide NQ andNGs substrates

for subsequent denitrification and nitrifier denitrificatiqiartens, 2005; Zh#Barker and
Steenwerth, 2018)Under aerobic condibns, nitrification contributes substantially té0
emissiongBremner and Blackmer, 197&ccounting for over 60% of ti&O emissions
(Liu et al., 2016; Uchida et al., 2013) has been It is widelgecognised that nitrification
can be autotrophic and heterotrophic depending on the types of nitrif(@e Boer and
Kowalchuk, 2001; Pedersen, Dunkin and Firestone, 1999; Zhang, Muller and Cai, 2015)
Autotrophic nitrification is generally driven by nitrifyingezhoautotrophs, which include
ammoniaoxidising bacteria (AOB), ammoruaidising archaea (AOA) and nitrite oxidising
bacteria (NOB); whereas heterotrophic nitrification is performed Hwgterotrophic
nitrifying bacteria or fung Although autotrophic nitritation is generally considered as the
principal nitrifiers in terrestrial ecosystem#&Jssiri and Lal, 2012jecent studies have
revealed that under acidic soil conditionsitrification is predominantly heterotrophic
(Pedesen, Dunkin and Firestone, 1999; Zhang et al., 200Hi¥ is also because AOB are
highly sensitive to acidity, ceasing growth below pH of 6&bre and Green, 2004} is also
worth noting that heterotrophic nitrification aa use both organic (e.g., amino acids) and
inorganic N (e.gNH:") substratefHonda et al., 1998; De Boer and Kowalchuk, 2001; Zhang
et al., 2014) giving rise to itdmportance in ecosystems featuring organic acidic soils.
Nitrification encompasses the processed\f oxidation(NH A NHOH/HNOA NG&)),

and NQ oxidation(NGQ'A NGr’), which are generally conducted under aerobic conditions
(Ussiri and LaR013) The first step of nitrificatioii.e., NH; oxidation) is often described as
the rate-limiting step of nitrification(Banning et al., 2015; LehtovirMorley, 2018; Shen

et al., 2012) It is carried out by twodistinctive groups of microorganisms, ammonRia

oxidising archaea and ammorixidising bacteria both capable of producindNHs
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monooxygenase encoded by tl@moA gene (LehtovirtaMorley, 2018) Little is known

about the taxonomy of AOA, except that they are members of an archaeal phylum
ThaumarchaeotdSchleper and Nicol, 2010; Zhalnina et al., 20d@mmon genera of AOB

in soils include generalitrosomonasand Nitrococcus(Holmes, Dang and Smith, 2019)
Studieshave found that AOA dominates in number in undisturbed neutral and acidic soils
(Huang et al., 2021; Leininger et al., 2006; Prosser and, I1@08, 2012)while AOB are
more abundant andreresponsible for ammonia oxidation in fertilised agricultural S@lis

et al., 2009; Meinhardt et al., 2018; Norton and Ouyang, 2019; Prosser and Nicol, 2012;
Prosser et al., 2020)

DuringNGy oxidation, NQ@ is directly converted to N©by nitrite oxidoreductase encoded

by the nxrBgene in NOB (e.g.Nitrobactel) (Vanparys et al., 2007; Pester et al., 2013)
Similar to NBoxidation, N@ oxidation is als@xygen O.) dependent; howeverunder Op-
limited conditions, N@ almost never accumulates to a level that is toxic to microorganisms
and plants, except in low pH conditio(®ollag and Henninger, 1978; Ussiri and Lal, 2012)
This is because NHxidation would beprohibited in the first placeand existent N@would

be corverted to NO via nitrifier denitrification imnaerobicenvironments.
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Figure1.3. Main Ncycling processes (coloured arrows) and reactive N species in terrestrial ecosystems.
Italicised terms represent thgenes encoding the responsible enzymes facilitating the steps in the processes
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(modified fromCaranto and Lancasté?017) Giles et al(2012) Hu Chen and HE&015) Kraft, Strous and
Tegetmeye2011) Stein(2011)

1.3.3 Nitrifier denitrification

The importance of nitrifier denitrification in 2 production has received increasing
recognition in recent years. Studies have demonstlate to 92% of totaN.O emissions
from soils are produced via nitrifier denitrification in the presence pfKool et al., 2010;
Kdoster et al., 2015; Opdyke, Ostrom andr@s, 2009; Zhu et al., 2013Yot to be confused
with coupled nitrificationrdenitrification, nitrifier denitrification isan alternative route
following NH oxidation carried out by Nkloxidiserswhich producesN.O and N (Figure
1.3), while coupled nitrificatiordenitrification refers to nitrification products (i.eNOG and
NGy) utilised by denitrifiers in conjunctiofwrage et al., 2001; Wragdonnig et al., 2018)

It is postulated thaAOBemploy nitrifier denitrification as a detoxification strategy to avoid
the buildup of NQ (Bouskill et al., 2012; Jung et al., 2Q14itrifier denitrification, NG

is first reduced to NO with NOreductase, which is commonly encoded by thekor nirS
genes. The NO is then reduced tgONin the presence of nitric oxide reductase, which is
encoded by thenorB gene (Sten, 2011) In soil systemsN.O emissions by itrifier
denitrificationhas been shown to increasdth decreasingd, concentration from 21% to
0.5%, but below which contribution from nitrifier denitrification is negligiiMérage et al.,
2005; Venterea, 2007; Zhu et al.,13&) Nitrifier denitrification is alsdavoured by C
limitation (Wrage et al., 2001; Wragdonnig et al., 2018)

1.3.4 Denitrification

Heterotrophic denitrification, generally referretd as denitrification, is an important -
yielding process in sollp to 35% of N@addition to soils could be lost to the atmosphere
as NO via heterotrophic denitrificatiorfTiedje, 1988)Heterotrophic denitrificationis a
sequentialprocess of the reduction of NQo N (see Figurd..3) catalysed by four types of
reductase, which includdGs reductase encoded by thearGgene, two mutually exclusive
NG reductase encoded by thenirSand nirk gene,NOreductase encoded by theorB
genes and\;0 reductase encoded by theosZgenes(Sharma et al., 2005; Enwall et, al.
2010; Ussiri and Lal, 2012)

A wide range of bacteria possesses the functional traiheferotrophic denitrification
Most of these bacteridbelongs tothe genera ofPseudomonasBacillus Thaueraand
ParacoccugAmbus and ZehmeisterBoltenstern, 2007; Mrkonjic Fuka, Gesche Braker and
Philippot, 2007)Certain genera of fungi have also been reported to be able to expiess
andnor genes(Maeda et al., 2015but they lack thenosZgene that allows the reduction
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of NbO to N (Hu, Chen and He, 2013)naerobic conditions are favourableheterotrophic

denitrification, which is when N©is used as a terminal electron acceptors in the formation
of adenosine tphosphate in place of but NQ' is less energetically enriched which makes
it less preferabléMaeda et al., 2015)Vaterfilled pore spaces often used as a proxy for
Oz partial pressure in soil by researchesnceN.O productiorhas been foundo positively
correlate logarithmically with increasing water-filled pore spacefrom 40% to 80%
(Schindlbacher, ZechmeistBoltenstern and ButterbacBahl, 2004; Bateman and Baggs,
2005; del Prado et al., 200&®)ther favourable conditions include high available C angt NO
content (Burton et al., 2008; Firestone and Davidson, 1989; Martens, 2005; Wang, 2008;
Weier et al., 1993)Thefinal stepof heterotrophic denitrification(N.O A Nz) does not
always occur unless under extremely amogonditions such as whemwater-filled pore
spacereaches above 90%hen et al., 2013¥kince thenosZgene is inhibited by exposure
to O, (Morley et al., 2008; Bergaust et al., 2018y ditionally, studies have shown that
despite thesubstantial transcription afiosZgeneunder acidic conditions (pH < 6,40
reductase expressed is ndanctional, indicatingow soil pHcan preventN.O reduction
(Hénault et al., 2019; Liu, Frostegard and Bakken, 2014)

1.3.5Dissimilatory nitrate reduction to ammonium

Dissimilatory nitrate reduction to ammoniuf®NRAIs a microbial process that competes
againstnitrifier denitrification and heterotrophic denitrificatiofor N substrates (i.e. NGz
and NQ), although the main product of DNRA isditki$tead.During DNRA,NGs"is first
reduced toNG; by NOs reductase encoded by theapAgene; then NGy is reduced to Nk
without any intermediateqPandey et al., 2020)The process of DNRAdarried out by
heterotrophic and anaerobic chemolithotrophic bacteliBrunet and Garci&il, 1996;
Dalsgaard and Bak, 1994; Silver, Herman and Firestone,, 20@lli} iknown to take place

in highly reduced conditions such as sedingBtonin, 1996; Tiedje et al., 1983k well as
terrestrial ecosystem@Minick et al., 2016; Muller et al., 2009; Sgouridis et al., 2011; Silver,
Herman and Firestone, 2001; Pandey et al., 2080¢it DNRAplays a significant rolas a
NGs” consumption process, its importanoé N retentionis often overlookedqvan den Berg
et al., 2016; Putz et al., 2018; Rutting et al., 208imilar toheterotrophic denitrification
DNRA islsofavouredby O, limitation (van den Berg et al., 2017; Rutting et al., 2011)
However DNRA is only dominant under highNCk and highNG /NGy ratio (Pandey et al.,
2020)
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1.3.6 Regulating factors of nitrous oxide production

The dynamics among -&ycling processes (e.gnitrification, nitrifier denitrification,
heterotrophicdenitrificationand DNRA) will determine the net productionconsumption

of NbO in soi and therefore theN>O flux. The rates of these processes are regulated by
essentially several factors, whitiioadly include the substrate availability of soil $vil
organic C contentsoil moisture,O, partial pressure soil temperatureand pH. The most
imperative regulating faor is soil N availability, especially NI and NH, as they are

the feedstock for hO-generatingmicrobial processegFirestone and Davidson, 1989)
Secondly, soil>; partial pressure is a major controlling factor for denitrification, as
denitrifiers would turn to useNGs, NGO and NO as electron acceptor for microbial
respiration wherO, becomes unavailablé / KSy | yR { iNRdzAX HAmoOT
Soil organic @n the other handlargelyaffectsheterotrophicdenitrificationand DNRA by
providing organic C for heterotrophic biomass assimilation, which in turn influences the
capacity ofheterotrophic denitrification and DNRAMyrold and Tiedje, 1985; Baggs,
Pihlatie and Cadisch, 2003tulies have also found positive relationship between soill
organic C content and ratio O production by heterotrophic nitrification in acidic soils
(Zhang et al., 2014; Zhang, Miller and Cai, 20Ibg positive effect of increasesbil
organic Con NO emission has been demonstrated in multiple studies using glucose
addition(Azam et al., 2002; Wang et al., 2005; Wu et al., 2017laas been reported that

soil organic @€ontentcorrelates with the abundance afrStype denitrifiers (Enwall et al.,
2010) Besidesthe addition ofsoil organic C (especially in labile forms) can stimulate soil
respiration(Cleveland et al., 2007; Jia et al., 2014; Wang et al., 20083h subsequently
consumes soiD; and creates aerobic conditions favourable to denitrification and nitrifier
denitrification in soilgUssiri and Lal, 2012)he quality of the soil organic C also shown to
affect the fate of N substrates in soil. A metaalysis byChen et al(2013)revealed that

the positive effect of BD emission from plant residue amendment demses with
increasing C/N ratio of the plant residue, owing to the increase in N immobilisation with at
high C/N ratios (i.e. > 45) as the ndenitrifying microbes compete N substrates against
nitrifiers and denitrifiers for C assimilation.

The effect okoilmoistureand soil physical propertigg.g.,bulk density and texturg can

also substantially influence-@artial pressurdan soils(ButterbachBahl et al., 2013)For
instance, soils with higher bulk densities and/or higtlasy contents have lower porosities,

which reduce the aeration in the soééd promote anaerobit>O production (Klefoth et
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al., 2014) Water-filled pore spaces commonly used as a proxy for J0illevel sincethe

they aregenerallynegatively correlatedMelling et al., 2014)Under high N conditions,
increass in waterfilled pore space ha been shown toexponentiallyenhanceN.O
emissiongSchindlbacher, ZechmeistBoltenstern and ButterbacBahl, 204; Smith et al.,
1998) owing to therestrictionof O diffusion from the atmosphere intthe soil, as well as
the stimulation of soitespirationwhich further depletes sofD; (Chen et al., 2017; Suseela
et al., 2012) Increases in waterfilled pore space may also prevent tlescape ofN.O
produced in soils, potentially contributing to the temporal variability O flux.
Production of MO viaheterotrophic denitrification(i.e. NOA NO) generally occurs when
water-filled pore spacexceeds 60%Davidson et al., 2000UJnder G-limited conditions
(0.5¢ 3.0%), MO production vianitrifier denitrification and heterotrophic denitification
can increase over 80 times compared to that at 21#6édDcentrationwhereasn complete
absence of @ heterotrophic denitrificationis the sole source of A (Zhu et al., 2013)
Pulse emissions ®.O were often observedollowing and duringainfall (Liu et al.2014;
Rowlings et al., 2015; van Haren et al., 2005; Waldo et al., 2@¥18jigation events
(Kostyanovsky et al., 2019; Scheer et al., 2012; Zhang et al., 2012b)

The controls of sbtemperature on soiN.O production primarily rely on its direct influence
on the kinetic reactions of thBbO-genic microbial processes and on the growth of the N
cycling microbial communitie@bdalla, Smith and Williams, 2011; Lésscet al., 2011,
Mosier, 1994) Soil temperature also controls the biological consumption ofGgogartial
pressure by governing the growth of aerobic heterotrophs, which indirectly affect®the
conditions favouing the processes dfitrification and denitrification(ButterbachBahl et
al., 2013; Hénault et al., 2012Vhile oth nitrification and denitrification have similar
temperature dependencie@Vang et al., 2021}the temperadure for the maximum rates of
nitrification and denitrification has been shown to vary by climatic reg{basand Denton,
2018) Theregulabry effects of soil temperature aine NoO/(N.O+ N) ratioare previously
observed(Abdalla, Smith and Williams, 2011; Dalal et al., 2003; Sun et al.,, 20iil3)
exponential decreases KO/(N2O + Nb) ratio with increasing soil temperatu®aag and
Vinther, 1996)Reportedly, the maximurhO flux occurs at 358C, beyond whic the N.O
flux starts to plumet due to increaséOreduction to N (Lai and Denton, 2018)

On the other hand,al pH can &ects the rate of nitrifications and denitrification by means
of inhibition of the expression of-8lycling genegSuzuki, Dular and Kwok, 1974; Kyveryga
et al., 2004; Liu et al., 2010; Huhe et al., 208)rrent knowledge on s@H reveals that
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low pH has a more apparent inhibitory effect ond\iidation by AOB and the last step of

denitrification (i.e, N.O A N). However, high nitrification rates have been observed in
acidic soils in many studieshichwas attributed to the @minance of acidolerant AOA

and heterotrophic nitrifiergIslam, Chen and White, 200hahg et al., 2012a; Hu, Xu and

He, 2014; Liu et al., 201@ften soils with low ptalsofeature highemM>O/(N.O+N) ratio
(Firestone, Firestone and Tiedje, 1980; vande&8 SNRSY S I f & wMmbpdpdT
which indicatedower N.O reduction \2OA N) rates This is largely due to the assembly

of the NOSan enzyme responsible for the reduction O, is inhibited in acidic soils
(Bergaust et al., 201®Bakken et al., 2012)
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1.4 Measurement methods for sdlfO emission

There exists a variety of methods that measure Ngid emissions, ranging from the small
scaled (< 1 A chamber techniques to the micrometeorological technologies for field
scded N2O flux measurements, each with their own advantages and drawbacks. While
many studies investigating sd\.O fluxes have been conducteelx situin laboratory
settings,in situfield-based measurements often incorporate effects of climatic factors and
better reflect the changing dynamics of siO flux in more realistic scenarios. Therefore,
the following subsections will primarily focus on the existing common technologres fo
field-based measurements of sd&ibO emissions.

1.4.1 Static chamber technique

The static closeghamber technique is a commonly practiced metliodsiri and Lal, 201,3)
normally manually, for measuring sd$O fluxes. It is also referred to as the neteady
state chamber techniquéCollier et al., 2014)The general procedures of the technique
involve the installation of a chamber onto a soil surface-tted with a basering over a
length of time (usually up to an hour), forming an-@éght enclosure (headspacend
trapping gases emitted from the soil surface for the duration. Air samples in the headspace
are collected at regular intervals-{® 15-minute) with a syringe and evacuated vials, which
are later analysed in the laboratory with gas chromatographybiaio the concentrations

of the trace gas species of interest at the points of collection. The changes in gas
concentration over the time of chamber placement are then used to calculate the gas flux.
Compared to other flux measurement techniques, the stathamber technique is
relatively low cost and easily deployed in different field conditions, which also allows for
multiple deployments in the field to account for spatial variability of soil gag@oXier et

al., 2014) Because of this, many researcherspboy this technique for its versatility and
suitability for small experimental plot¢de Klein et al., 2020)However, due to its
requirement for manual operation, flux measurements with the static chamber technique
are often made at low temporal frequencies (usually weekly to monthly, sometimes daily)
and rarely atsub-daily frequenciegCharteris et al., 2020; Ussiri and Lal, 2018)d
therefore produce estimations d¥>0 emission with larger uncertainties, since it may not
capture the temporal variability dfOflux.

1.4.2 Automated chamber technique

A similar approach to measuring sifO flux is the automated chamber technique, which

has gained popularity in recent yeg#&hao et al., 2018)Whilst the technique is not novel
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(Schitz et al.,, 1989; Bronson, Neue and Singh, 198rovements made in rapid

analytical technologies such as quantum cascade $48eummer et al., 2017and cavity
ring-down spectroscopy(Grinfelde et al.,, 2017)have made automated chamber
measurements more precise and roby&trace et al., 2020; Grinfelde et al., 2Q1S)milar

to the operating principle of the static chamber technique, the automated chamber
technique derive soil gas fluxes by continuously measuring the changes in gas
concentration within the chaber headspace over a programmed chamber closure time,
ranging from several minutes to an hour, with a linear or #iapar regression model
(Venterea et al., 2020While manual installation and maintenance are still required, this
technique allowslongterm monitoring of soilN2O fluxes at higHrequencies (several
measurements a day), addressing the diurnal variabilitil8 flux (Flessa et al., 2002;
Grace et al.,, 2020; Keane et al., 2018; Rowlings et al., 28dsljtionally, deployed
automated chambers can be multiplexed, allowingargimultaneous measurements of

N2O flux at different locations of a study area or of areas with different treatment
applications(Barton et al., 2008; Keane et al., 2018, 2019; Marsden et al., 2018; Scheer et
al., 2011; Schwenke et al., 201B)owever, the cost of an automated chamber system is
higher compared to that of static chambdfSrace et al., 2020)

1.4.3 Eddy covariance technique

The eddy covariance technique is micrometeorological method which provides near
continuous measurements of sditOflux over a large landscagessiri and Lal, 201.3)he
general basis of this technique relies on the simultaneous measurements of a trace gas
concentation and vertical wind speed of eddies over an averaging period, and
subsequently derive a net flux after the computation of the measured valdessen,
Skiba and Famulari, 2013; McMillen, 1988ke the automated chamber technique, the
eddy covariance thnique can provide higltrequency (sukdaily) realtime measurements

of N2Oflux (Liang et al., 2018; Lognoul et al., 2019; Shurpali et al., 2016; Scanlon and Kiely,
2003) However, uniform topography is an important prerequisite for accurate flux
measurements by the ety covariance techniquéCollier et al., 2014; Jones et al., 211
which exclude certain landscapes and ecosystems from this technique. Additionally, as net
N2O fluxes are computed by averagihO concentration changes over a large area since

it only provides averaged net fluxes at field scale (flux footprint varies from 250m to 3 km)

(Chu et al., 2021}his method overlooks the spatial heterogeneityNaOflux (Laville et al.,
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1999; Loescher et al., 2006; Waldo et al., 20H3) well as lacks the ability for discrete

measurements oN>Oflux from experimental plots.
1.5 Temporal variability of sd\,O emission

SoilN2O emissions are spatially and temporally variablelargeowing to the inherent
spatidemporal heterogeneiy of the N.O-generating microbialprocesses in soils
(ButterbachBahl et al., 2013; McDaniel et al., 201Which are driverby a variety of
interacting control including the aforementioned regulating fact(BsitterbachBahl and
Dannenmann, 2011 he spatiotemporal variability of sdbO flux exists in various scales
ranging frommicroscopic to regionalButterbachBahl et al., 2013; Chenu, Hassink and
Bloem, 2001; Foti et al., 2018; Nunanal., 2003; Saikawa et al., 2014; van den Heuvel et
al., 2009) and diurnal to interannualBlackmer, Robbins and Bremner, 1982; Féti et al.,
2018; Ito et al., 2018;H4lil et al., 2007; Smith et al., 2004; Williams, Ineson and Coward,
1999) The spatiotemporabariabilityof NoOflux, if unaddressed, can lead to highly certain
estimates ofN.O emissions and impedthe developments ofN.O mitigation strategies
(Hénault et al., 2012)Vhile understandingthe spatial variability ofN.O flux presents its
own challenges anduch variabilityis an important characteristiof N>O flux to consider,
the scope of this thesis is to uadstand the temporal variability df,Oflux, with a specific
focus on diurnal variabilityGiven current global and regional estimates f© emissions
are calculated per annum, thfellowingsubsections will review the intrannual variability

of NoO flux, namely the evenbased,seasonahlnd diurnalvariability of N2O flux.

1.5.1 Eventbased variability

Eventbased variations ifN>Oflux are usually related to climaatlyinduced scenadas such

as freezethaw anddroughtrewetting events of soil¢Barrat et al.; Bruij et al., 2009; Chen

et al., 1995; Ruser et al., 2006; Wagfeddle et al., 2017)as well as anthropogenic
agricultural activities such as N fertilisation and irrigatibaring the cycles of freezbaw
and droughtrewetting, N-Oregulating parametes (e.g.water-filled pore spaceO; partial
pressuresoil N andsoil organic @vailability)increasedrastically leading to stimulation of
N>O-genic microbial processeg®utterbach-Bahl and Dannenmann, 2011Additionally,
changes in wind speed may also contribute to the shenn temporal variability ofN.O
flux. Wind speedhas been shown to positively affelstO flux, owing to its control on the
dynamics ofjas diffusion ad advection in soiléRedeker, Bairdnd Teh, 2015; Zona et al.,

2013)
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Soils in regions of high latitudes and at high elevations are routinely frozen for during winter

seasons and may be subject to frequent fre¢zaw cycles which are also influenced by
the diurnal patterns of soil temperatui@vagnerRiddle et al., 2010Evidence fromtsidies
showthat NoO emitted during the freezéhaw cycles can account for up to the majority of
the total annual MO emission, although the percentages are highly variable depending on
the ecoystems(Chen et al., 2018; Katayanagi and Hatano, 2012; WeRielle et al.,
2017) ranging from 0% to 93¥Koga et al., 2004; Syvasalo et al., 20Ddyingthe freeze

thaw cycles,JK @ aA OF f t & | yR o0A2f23A0Fff& WwWt201SR
becomes availabl&o soil Ncycling microbeslue to microbial cell lysignd disruption of

soil aggregates upon ice crystal formati@ongreves et al., 2017; Groffman et al., 2009;
Schimel, Balser and Wallenstein, 2007; Wa¢Rieidle et al., 2017)This leads to ©
depletiondue to stimulated soil respiratiofiPatel et al., 2021gnd enhanced denitrification

in icesealed sojlthe entrapped MO is released upon thawir{eepe, Brumme and Beese,
2001; Risk, Snider and Weg-Riddle, 2013)

SoilN2O production in he droughtrewetting cycles follow different mechanisrm During

the prolonged dry periodgi.e., droughts) inorganic N accumulates in soil as a result of
reduced plant N uptake and microbial N immobilisatiParker and Schimel, 2011; Leitner
et al., 2017; Zhang et al., 201%¥)pon rewetting, the previously inaccessible N due to
limited hydrological ennectivity becomes available and the increaseater-filled pore
space(Harris et al., 2021; Gelfand et al., 201™)Ise emissions ™0 are often observed
following rainfall eventgBell et al., 2016; Geng et al., 2017; Li, Frolking and Frolking, 1992;
Liuetal, 2014 A YA T I NJ G2 QBiréh and.FieNd) F056fWekity@fisoils
rapidly enhances soimicrobial activity including denitrification and heterotrophic
respiration, along with the limited, conditions induced by increased soil moistuke©
production is greatly enhancg@orken and Matzner, 2009)

Nitrogen fertiliser applications on agricultural ecosystems are thain source of
anthropogenic contributions to the global atmospheric increaseNe® concentration
(Bouwman, Boumans and Batjes, 200R)Iseemissionf NoO following applicatios of N
fertilisers are commonly observed within several weeks in arable syqtemftset al., 2011;
Kostyanovsky et al., 2019; Signor, Cerri and Conant, 2Qt13) difficult topredict the
episodic emissions dfbO after N fertilisatiors since NO production is regulated by
microbiological processes that are controlled by numerous environmental factors

(ButterbachBahl et al., 2013)as well as the irrigation regiraéollowing fertilisation(\Wu
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et al.,, 2017c) The timing of N fertiliser applications als@an affect the N.O emissions

depending of the concurrent climate and N demand of the vegetatigeil et al., 2016)

For example, Thilakaratia et al.(2020)found significant redudbn in totalN>.O emissions
from fields that received fertilisations in spring than those that received fertilisation in
autumn. Split applications of fertilisers are sometimes advocated to redNiemissions

(Bell et al., 2016; Burton et al., 2008ut its effectiveness is in questig@adenas et al.,
2019; Snyder et al., 20Q9)

15.2 Seasonal variability

Observations of large seasonal variations in N20O flux from arable systems have been
reportedin a number ofstudiegChen et al., 2019; Choudhary, Akramkhanov and Saggar,
2002; Flessa, Ddrsch and Beese, 1995; Kavdir, Hellebrand and KernRzpasiedly, p

to 80% of the annual N20 evolution can occur in winter and spring months in temperate
regionswhere freezethaw cycles are featured in the two seas¢@$en et al., 2018; Flessa,
Dorsch and Beese, 1995; Teepe, Brumme and Beese, 2001; Regina et al., 2004; Syvasalo
al., 2004; WagneRiddle and Thurtell, 1998However, it is predicted that the freezbaw
patterns in temperate regions will alter ime future as global warmingrogresses and
higher frequency and intensity of rainfall will occur in growing seagéfenry, 2008;
Serquet et al., 2011; Griffis et al., 201®xiffis et al(2017) postulated that in a warming
and wetting climate, spring thaw will account fdess annual PO budget and
approximately half of the annual® budget will be evolved during earntyop growth
stages due to spring fertilisatipas studies havehown that over half of the annual.®
emission can be evolved during the summer monthsirduthe crop vegetative period
(Bremner, Robbins and Blackmer, 1980; Dhadli, Brar and Kingra, 2016).

15.3 Diurnal variability

Thediurnal variability oN>Oflux refers to the variations ibNOflux within a 24hour period.
Early observations of diurnal variations NaO flux were made decades adg@&lackmer,
Robbins and Bremner, 1982; Christensen, }988wever, the diurnal variability df.O

flux has only gained increased research attentiomecent yeargFrancis Clar and Anex,
2019; Keane et al., 2018, 2019; Lognoul et al., 2019; Shurpali et al., 2016; van der Weerden
Clough and Styles, 2013; Xu et al., 20lik¢ly because higfrequency flux measurement
technologies have become more availlbHowever, the diurnal variability df.0 flux is

often overlooked in current\>O flux measurement practice¢Charteris et al., 2020; De

Klein and Harvey, 2015%espite study findingshowingdiurnal variations ofN2O flux
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ranging between fiveto ten-fold in magnitudgChristensen, 1983; Dobbie and Smith, 2003;

Maljanen et al., 2002; Scheer et al., 2012; Shurpali et al., 2016; Williams, Ineson and Cowarc
1999) In addition, themechanisms behind the diurnal variabilityNgOflux are still poorly
understood. Typicallystudieswith observations of diurnal variations MpOflux attributed

the diurnal oscillation of soil temperature to the diurnal pattern efNluxes asN.Ofluxes

were often peaked in the afternoon, which coincide with the diurnal fluctuations of sail
temperature (Alves et al., 2012a; Blackmer, Robbins and Bremner, 1982; Livesley et al.,
2008; Maljanen et al., 2002; Metivier, Pattey and Grant, 2088)mentioned previously
(Section 1.3.6), increase in soil temperature can stimulate microbial activity inciNglirg
genic processes and microbial respiration. The increase in soil temperature during daytime
likely contributes to the diurnal variations BEO flux.

However, some studies found stronger positive relationships between ditvi@fluxes

and photosynthetic parameters such as solar radiatiofChristensen, 1983)
photosynthetically active radiatiofPAR; Keane et al., 2018)et ecosystem production
(Keane et al., 2018)nd gross primary productiofZzona et al., 2013Many studies that
postulated positive correlations between sod@fluxes and soil temperature did not take
photosynthetic parameterinto account, which coulttave exaggerate the effect of soil
temperature by considering the effect of photosynthetic parameters as part of the effect
of soil temperature Undoubtedly, the increase in temperature would influence thées

of NoO-genicprocessess they ardemperaturedependent, with a temperature sensitivity
(Quo) between 1.4 and 3.4McKenney, Shuttleworth and Findlay, 1980; Yao et al., 2010;
Phillips et al., 2015b)Yet givenits Quo values, it is unlikely that the temperature etfe
alone couldesult in a diurnal variation of 2D flux with fivefold or more of magnitude, as
observed in many studig@\lveset al., 2012a; Keane et al., 2017; Laville et al., 2017; van
der Weerden, Clough and Styles, 2013)

A theory posited by Christensen (1983) and Keane et al. (2018) suggests that plant
photosynthesis mayontribute to the diurnal variations oR.O flux via increasedoot
exudation of photosynthetically assimilated C during daytint&ince denitrifiers are
heterotrophic andconsumesoil organic @ generate energyexudation of photosynthate
Cwould promote denitrification rate. Besidespot exudation of liableCcanalso deplete

the G in the rhizospherevia enhanmgsoil respiration(de Vries et al., 2019ptudies have
provided demonstratedip to 40% ophotosyrthetically assimilatedCare exuded into the

rhizosphere(Canarini et al., 2019; Kuzyakov and Domanski, 200B)ch arerapidly
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respired within several hours of the photoper®dGavrichkova and Kuzyakov, 2010

Johnson et al., 2002; Kuzyakov and Cheng, 2001 research evidence supports the
theory that plantCinputscould also contribute to the diurnal variability H§O flux.
However,inconsistent diurnal patterns df.O flux have also been observenl literature.
Shurpali et al(2016)and Keane et a{2019)observed daily maxima of2® flux occurring

at night and oscillate asynchronously with the diurnal rhythm of RARas posited that
the long lagtime between the diurnal peaks of soil temperature/PAR and tho3¢0fflux
was due toN2O production being at lower soil depths, which increased the time taken for
N2O to reach the soil surfac€Smith et al., 1998)On the other hand, some studies
measured diurnalNO fluxes but did not find any distinct diurnal patternshfO flux (i.e.,
sinusoidal patterns with a daytime or nighine peak)Ball, Scott and Parker, 1999; Du, Lu
and Wang, 2006; Xu et al., 2018)hereas some studies presented contrasting evidence of
the diurnal patterns ®N2O flux only occurring during high or loWO emissions periods
(Francis Clar and Anex, 2019; Lognoul et al., 20b@)durnal patterns oN>Oflux arealso
susceptible to interruption of nowliurnal events such the increase in soil moisture caused
by rainfall(van der Weerden, Gligh and Styles, 2013)

Given thelarge magnitudes of diurnal variability HBO flux, failure to address the diurnal
variability ofN2O flux in flux measurement regimes could lead to increased uncertainty in
the estimates of total emissions adO budget (Shurpali et al., 2016)and could also
hamper the developments and assessmentslgd mitigation strategiesAlthoughstudies
have suggested once daily measurementNgd flux in midmorningcould captureN.O
fluxes close to the daily mean flsince it is thetime of dailyaverage soil temperature
(Alves et al., 2012&harteris et al., 2020; Smith and Dobbie, 20@i¢ seemlyirregular
and unpredictableoccurrences ofdiurnal pattern of N.O flux would undermine tlis
assumption.Furthermore, the mechanisms behind diurnal variabilityNe® flux are still
poorly-understood. Knowledgef how diurnal variations df,O flux respond to potential
environmental drivers arerucial to grasping a bettering understanding of the diurnal

variability ofN>O flux.
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1.6 Research aims

In this thesismultiple aspects pertinent to the diurnal variability ebil N>O flux were
explored. The broadesearchaims of this thesis are as follows:

To investigate the prevalence of diurnal variability @ONlux¢ Diurnalvariability of N.O
flux have been widely reported but few investigations on the prevalence of this
phenomenonwereconducted Besides, inconsistent diurnal patternsh\Oflux have been
reported across and within existing studiékderstanding the persistence and occurrence
frequency of different diurnal patterns dfl>Oflux is crucial for explaining the significance
of this phenomemwn.

To evaluate the efficacy of different ndiurnal sampling intervals (e.g., daily and weekly)
by comparisons with diurnaheasurements of D flux ¢ Conventionalmeasurement
practices for soiN.O flux do not account fothe diurnal variations itNO flux and assume
the flux measurements represent the averayegO flux between measurement intervals
Adequacy of differentN>O flux sampling intervalsas well as estimations by emission
factors,can be assessed with collected diurhaDflux data.

Toexamine the potential environmental and biological factors drittregdiurnal variability

of NbO fluxg Current literaturepositsthat diurnal variations itN>Oflux areprimarily driven

by soil temperatue, however, some limited research has also suggested that plant related
factors such a®ARdriven photosynthesis and associated gross primary productiag
direct processes that promote diurnal N20 variation. For exanipl@ltering the rates of
root exudation and C supply to microbial communitidewever, fewstudies have explored
their discrete effects on the diurnalynamicsof N.O flux (i.e., diurral amplitude, pattern
and peak timingylue to the strong diurnal coupling between the two variables under field

conditions
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1.7 Overview of chapters

Chapter 2 reviewd and analysd diurnalN.Oflux data extracted from published literature,
and providel evidence of common occurrences of diurnal patternsNaO flux (~60%
daytime peaking, ~20% nigtime peaking addressing research ainy, Which vary with soil
drainage property, watefilled pare space and land usBurther asessmergtin Chapter 2
alsoreveakdthat soil temperature only strongly correlates ¥R awditr diurnal N2O flux
a-third of the time, and singlelaily flux measurementsere best conducted ata.10:00
to avoid misestimtions of cumulativeN.O emission althoughthe estimationuncertainies
still persisedregardless of sampling time

Chapter 3 assesdehe diurnal variations ifN2O flux from fertilised, planted mesocosms
field conditions with the use ofin automated chamber systeto perform diurnalN>Oflux
measurementsNearcontinuousdiurnal N2O fluxes reveadd that estimating withthe 1%
emission factoro | S NH 2 dzI £ O Q kindeSestimatel cbriulativeNyOdemission by
more than half, and flux sampling intervals beyond once dailydunder- or overestimate
cumulativeN.O emissiors by-75% to +108% (addressing research ainC@psistent with
the findings in Chapter 2, diurn&bO fluxes in Chapter 3 exbited similar distributions of
diurnal patterns oN>Oflux with high diurnalamplitudes ofN>Oflux (> 100%)n 85% of the
measurement daygcorresponding toresearch aim 1)Further analyses in Chapter 3
reveakd that variance in diurnaN2O flux could be explained by soil moisture and gross
primary productivity, but not soil temperature nor PABatly addressing research aim,3)
prompting the experimental design in Chapter 4.

Using the preexisting experimental setip from Chapter 3Chaper 4 explored the effects
of soil warming and plant shadinan the diurnalamplitude and peak timingof N2O flux
with a factorial experiment desigfaddressing research aim. Plant shadingignificantly
reducedthe diurnal amplitude ofN>O flux but only when soil warming was not applied
concurrently Soil warming did not have any significant effect of the diurnal amplitude of
N2Oflux. However plant shading and soil warmitgought forward the most frequent flux
peak time from 16:0@ 19:59 to 12:0@; 15:59 Interesting,while the relationship between
diurnal amplitude oN.Oflux and daily cumulativeolar radiation was significantly positive,
the relationship between diurnal amplitude &0 flux andnet ecosystem production
(product of gross primary productionecosystem respiration) was significantly negative
Thesefindings hinted at the complegffects of the interactions between environmental
and biological factors on the diurnal dynamics\eO flux, which are not weilinderstood.
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Building on the basis of Chapter@hapter Sexplored the discrete effestof different PAR

levelson the diurnaldynamics ofN2O flux with a controlled laboratory seaip (addressing
research aim 3)Under stable soil temperature and moisture conditions withhtiir PAR
photoperiods daytimepeaking patternof N>O flux was more prevalent (7§ 84% of the
time) thanin the previous fielebased experiments (Chapter 3 and Hicreasng the PAR
levels led to a significant increase in the diurnal amplitude NyO flux when the daily
baseline fluxes (dailj.O flux minima) wereconsidered. On the other handeducing the
PAR leval shifted the peak timing from 16:0Q 19:59 to 12:00¢ 15:59, which was
consistent with the finding in Chapter 4. Chaptgrbvided empiricalevidence supporhg
the hypothesis that plant ntabolism independent of temperatureyasa driver of diurnal
variatiors ofN.O flux and contributed to the occurrence of daytime peakindNgd flux.
Chapter 6 provides a comprehensive discussiothe different aspectsn relation to the
diurnal varability of NoO flux, by integrating thefindings from the previous chapteend
literature. Chapter 6 also highlightee knowledge gaphat shouldbe addressed in future
researchto improve theunderstanding orthe complex mechanismdriving the diurnal

variability ofN>O flux.
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2. Diurnal variability in soil nitrous oxide emissions is a

widespread phenomenon
This chapter is published aé/u, Y-F.,Whitaker, J.Toet, S.Bradley, A.Davies, C. A.,

& McNamara, N. R2021).Diurnal variability in soil nitrous oxide emissions is a widespread
phenomenonGlobalChangeBiology 27,4950;4966.https://doi.org/10.1111/gcb.15791

2.1 Abstract

Manual measurements of nitrous oxide D) emissions with static chambers are
commonly practiced. However, they generally do not consider the diurnal variabiligOof N
flux, and little is known about the patterns addvers of such variability. We systematically
reviewed and analysed 286 diurnal datasets gDMuxes from published literature to: (i)
assess the prevalence and timing (day or night peaking) of diuagalfliNx patterns in
agricultural and forest soils(ii) examine the relationship between.® flux and soil
temperature with different diurnal patterns; (iii) identify whether naliurnal factors (i.e.

land management and soil properties) influence the occurrence of diurnal patterns; and (iv)
evaluate tke accuracy of estimating cumulative-l emissions with singl@aily flux
measurements.

Our synthesis demonstrates that diurnalONflux variability is a widespread phenomenon

in agricultural and forest soils. Of the 286 datasets analysed, ~80% exhibitedl NO
patterns, with ~60% peaking during the day and ~20% at night. Contrary to many published
observations, our analysis only found strong positive correlations (R > 0.7) betw&en N
flux and soil temperature in onthird of the datasets. Soil draage property, soil water

filled pore space (WFPS) level and land use were also found to potentially influence the
occurrence of certain diurnal patterns. Our work demonstrated that shagiéy flux
measurements at muinorning yielded daily emission estates with the smallest average
bias compared to measurements made at other times of day, however, it could still lead to
significant over or underestimation due to inconsistent diurnalo® patterns. This
inconsistency also reflects the inaccuracy ohgssoil temperature to predict time of daily
average MO flux. Future research should investigate the relationships betweénfhx

and other diurnal parameters such as photosynthetically active radiation (PAR) and root
exudation, along with the considation of the effects of soil moisture, drainage, and land
use on the diurnal patterns of  flux. The information could be incorporated inON

emission prediction models to improve accuracy.
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2.2 Introduction

Nitrous oxide (MO) is a greenhouse gas (GHwith a global warming potential 298 times
that of carbon dioxide (Cfpand a lifetime of over 110 yeatMyhre et al., 2013)The
atmospheric concentration of#0 has increased from 273 ppb in 1800 to 330 ppb in 2017
(European Environment Agency, 201@jth agriculture being one of the biggest
anthropogenic sources contributing 6070% of anthropogenic 40 emissions globally
(Cowan et al., 2019According to the Fifth Aessment by the Intergovernmental Panel on
Climate Change (IPCCjais et al., 2013ylobal annual estimates for.® emissions from
soils under natural vegetation and from agriculture are 6.6 ®3) Tg N yftand 4.1 (1.7
¢ 4.8) Tg N yt respectively equivalent to an uncertainty of +43.2% and +37.8%. There is
significant potential to mitigate these agriculturab®l emissions through improved land
managementWiniwarter et al., 2018)however, the assessment of mitigation strategies
requires accurate quantification of emissions which is currently lacking.
The temporal variability of soil X flux contributes significantly to the uncertainty of
emission estimategJungkunst et al., 2018; Lammirato et al., 20T he threetier system
introduced by the IPCC classifies methodological approaches based on the quantity of
information involved, where Tier 3 approaches consist of methods with the highest
analytical complexity including direct flux measurements emahplex model¢Bickel et al.,
2006; de Klein et al., 2006However, these approaches generally ignore shemin
temporal (i.e, diurnal) variability of MO flux(Giltrap, L and Saggar, 2010; Grace et al.,
2020) partly due to the computational challenges imposed by higher temporal resolutions,
as well as the lack of diurnak@® flux data to validate the model predictions. Current
guidance for measuring2® flux recommads that singledaily measurements are taken in
mid-morning (ca. 10:00 h), since it corresponds closely to the time of daily average soll
temperatureand thus should represent the daily average flux if temperature is the main
driver (Charteris et al., 2020; De Klein and Harvey, 2015; IAEA, 1992; Parkin and Venterea
2010) However, it has been shown that diurnal variability @©ONemissions isot solely
controlled by soil temperatur¢Keane et al., 2018, 201Shurpali et al., 2016thus mid
morning fluxes may not capture daily mean fluxes adequately. With exceptions such as
ECOSY@ etivier, Pattey and Gran009) processbased simulation models of soib®
emissions (e.g. ECOSSE, DNDC and DAYC&MNTal., 2003; Del Grosso et al., 2001; Smith
et al., 2010pre generally not configured to simulate diurnal variability g®Nlux, as they
take and produce daily averages of data inputs and outGithespy et al., 2014)n
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addition, the validation of mmdel outputs are generally limited to singdiily or weekly BO

flux measurementgBabu et al., 2006; Bell et al., 2012; Cai et al., 2003; Necpat®ia

2015)

Although manual BO flux measurements at stdaily frequencies are not commonly
practised due to high costs of labour and time, they have provided evidence of diurnal
variations in MO flux which have been shown to vary from fite ten-fold in magnitude
(Christensen, 1983; Dobbie and Smith, 2003; Maljanen et al., 2002; Scheer 2814;
Shurpali et al., 2016; Williams, Ineson and Coward, 1999addition, there has been
significant technological advances in automated chamber systems in recent years, enabling
reaktime, in-situ N2O flux measurements at stdnily frequencieBrummer et al., 2017,
Keane et al., 2019This has led to an increase in the availability of publisheetailip NO

data across a range of agricultural and forest soils, whichbeaexamined to assess the
prevalence and timing of peak® fluxes.

Regardless of manual or automated measurements, many studies reportirgpdiyloiata

have observed a daytime peak iBONfluxes, often attributed to the diurnal patterns in soil
temperature(Blackmer, Robbins and Bremner, 1982; Hosono et al., 2006; Liang et al., 2018;
Scheer et al., 2014; van der Weerden, Clough and Styles, 2013; Williams, Ineson anc
Coward, 1999)However, a number of studies have reported nijhte peaks of O flux,

that were out of phase with the timing of maximum soil temperat(®eheer et al., 2012;
Shurpali et al., 2016; Smithalt, 1998; Zona et al., 2013he temperature sensitivity (Q

of soil MO production measured in lab studies ranges from two to tl{tferistensen, 1983;
Denmead, 1979; van der Weerden, Clough and Styles, 204#3h is at odds with the
observed amplitudes in diurn&lO fluxes (e.g. over an order of magnitude feONluxes)

and the associated soil temperature ranges (< 10 °C) in various s{@ttigstensen, 1983;
Dobbie & Smith, 2003; Maljanen et al., 2002; Scheer et al., 2012; Shurpali et al., 2016;
Williams et al., 1999)Howeverthere has been veryrhited research on the drivers and
mechanisms underpinning diurnal variation iBQNfluxes, in part because the prevalence

of diurnal NO flux variability, as a widespread phenomenon in global soils, has not been
clearly demonstrated.

Quantifying the prevance and understanding the drivers of diurnalONflux variability
would enable improvements in R flux measurement strategies ancbON emission
estimation models, which are pivotal to the calculation of nationgD Nudgets and the

development and monitoring of J0 mitigation strategies. To our knowledge, no study has
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specifically addressed this challenge. We therefore conducted a systematic review and data

synthesis of peereviewed publications to address the following researakstions (RQ):
1. How common is diurnal variability in® flux in cropland, grassland and forest soils,

and do NO fluxes always follow the same pattern with a daytime peak?

2. Are soil NO fluxes strongly correlated with soil temperature regardless of ittne t

of peaking?

3. Are diurnal MO flux patterns strongly associated with particular rharnal factors

(e.g., soil abiotic properties and land use)?

4. Given that NO fluxes vary diurnally, how representative are sirgpgdy
measurements at minorning or ay other time for estimating cumulative

emissions?

2.3 Methods

We systematically identified peegeviewed publications that reported suthaily NO flux
measurements from agricultural (cropland and grassland) and forest soils, and extracted
N20O flux ad soil temperature data, dividing the data into individual datasets eh@4r
cycles. We first examined the prevalence of specific diurnal patterns,Of fiNix by
normalising the RO fluxes of each dataséHuang et al., 2014; Keane et al., 2028y
categorising the datasets into three pdefined diurnal patterns: datime peaking, night

time peaking and nowliurnal (RQ1). Since the basis of turrent recommended sampling
time for singledaily flux measurement relies orp® flux following the diurnal cycles of soil
temperature, we also investigated the degree of correlation betwee® Mux and soil
temperature by fitting a linear regressiomodel to each dataset and calculating the
correlation coefficient (RQ2). Then, we assigned the-gionnal factors such as soil pH,
bulk density, soil texture, N fertilisation, land use type, soil moisture and season of flux
measurements provided in thetdrature to the corresponding datasets and examined
whether diurnal patterns are associated with particular soil properties and/or management
characteristics. (RQ3). Lastly, we compared the daiy &mission estimates calculated
from singledaily measureents with those calculated from at least five sddily

measurements (RQ4).
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2.3.1 Literature search and inclusion criteria

A literature search was conducted on two major scientific literature databgséd So6 2 F
{OASYOS /2NB /2f{tO00X2¢yRIKYRKY{ @58 WNWOIK5 AN
August 2019 was selected as the-otit date, no literature searches were conducted after
which.

- ¢AGESY OWANBSYyK2dzaS 3IFraQ hw WbuhQ hw

WSYAaaAz2yQ hw WSYAaaA2yaQo
- AR ONF OO0Y WRAMNYIFIEQ hw WRASEQ hw WKAIK
WKAIK GSYLRNIEQ hw WKAIKEE& GSYLRNIEQ
- LY@ KSNBY WazAatQ hw Waz2aiataQ

A total of 314 journal articles (Web of Science: 215, ScienceDirect: 99) published between
1983 and 2019 wer&entified in the initial database search. Duplicate articles (n = 83)
were subsequently removed, and a set of inclusion criteria to select studies eligible for data
extraction. The inclusion criteria are listed as follows:

- N2O flux measurements were perfoed on cropland, grassland or forest soils;

- Five or more BD flux measurements were taken in everytidur cycle;

- The first and last measurement points of eachi®tir cycle were within 00:0Q
03:59 and 20:0Q 23:59, respectively.

This resulted in a copilation of 46 journal articles eligible for data extraction (detailed in
Supporting Information S1) and yielded 286 diurnal datasets 268 NMux. Of the 286
datasets, 160 contained soil temperatureq(®0 cm) data, 157 contained soil pH data, 115
contaned bulk density data, 175 contained soil texture data, 135 contained soil moisture
data and 261 contained data of season of flux measurements. Information on N fertilisation

and land use were provided in all articles.
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2.3.2 Data extraction and transforation

For each selected publication>® flux and soil temperature (if provided) data were
extracted from figures and converted into a numerical format using a data recovery tool
W9 y 3| dz3 S(MBcheH ét dl. A2D28)Rddtinuous time series graphs were first divided
into individual datasets per 2dour cycle (i.e. 00:0Q; 23:59) with NO flux data
a0 yRI NRABK R?hi PouraBd ninute were also converted to decimal units
(0.00¢ 23.99 h). Where datarere presented as 2ours graphs of average or standardised
N2O flux (i.e. deviations from daily meanaON\flux) over their measurement periods (e.g. 10
days), data from each graph was extracted as one dataset.

To investigate the diurnal patterns ob® flux, we followed the approach of Huang et al.
(2014)and Keane et al2018) who eliminated the magnitude differences between days
by normalising BD flux in every 24 hours (each dataset). Normalisgdl tux data (AOnorm)
were bound between 0.0 and 1.0 using the foliogzequation (Eq.2(1)):

VI P — 2.1)

where NOnorm tis the normalised PO flux at one point in time (t), 2 is the NO flux at
t, N2GOninis the minimum MO flux in a dataset, andx8axis the maximum BO flux in a

dataset.
2.3.3 Data analyses

2.33.1 Categorisation of diurnal patterns of NO flux

To determine the prevalence of different diurnal patterns eONlux (RQ1), datasets were
OFGSI2NRAASR | & WRAMSHALYSS | VYRR T YYURVHAF HKS
following characteristics:

- Daytime peaking: dO flux increases in daytime and decreases at Highe,
resembling a typical diurnal oscillation of soil temperature;

- Nighttime peaking: MO flux decreases in daytimend increases at nighime,
acting in contrast to a typical diurnal oscillation of soil temperature;

- Nondiurnal: NO flux fluctuates inconsistently or shows a continuous upward or
downward trend throughout the diurnal cycle.

We developed and used threeets of objective conditions, listed below, to categorise
datasets into diurnal patterns. Datasets that met all the conditions in a category were
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classified as such. To avoid incorrect categorisation ofchomal datasets from a single

occurrence of higler low flux during daytime or nigkitme, the conditions for daytime and
night-time peaking required the occurrence of the two highest fluxes and the two lowest
fluxes, respectively, to take place within the specified time ranges. Since daytime involves
morning and afternoon, we specified the daytime range to be 04;39:30 h to capture

both morning and afternoon peaking of ® flux, and subsequently defined two
adzo OF GSA2NARSA OGWY2NYyAy3a LISI1TAYyIQ YR WI 7T
category The third condition ensured that over 50% of the total daily emission occur in
daytime in daytime peaking datasets, and vice versa in fiigte¢ peaking datasets. Since

the hours between the first and last flux measurements in datasets were often las2th
hours, we adjusted the 50% threshold for each dataset using E). {¥e then calculated

the percentage of emission within three -hdur periods (04:0@ 16:00 h, 06:0@ 18:00 h

and 08:00; 20:00h). The percentages of emission were calculatediiglthg the emission
within those 12hour periods with the total emission of the dataset. The emission of each
12-hour period were computed using a trapezoidal integration function (in R package
WLINF OYF QU @

For the daytime peaking category, two subcategsrivere defined to identify morning
peaking and afternoon peaking ob® flux. The categorisation conditions for each diurnal
pattern are listed below:

- Daytime peaking:

1. Both the highest and second highesiONorm occur between 04:3@ 19:30
h;

2. The lowest MOnorm Occurs between 00:06 09:00 or 18:0@ 00:00 h;

3. The percentage of emission calculated within 04¢006:00 h or 08:0Q
20:00 h is greater than the adjusted threshold (E2R));

A If percentage of emissi calculated within 04:0Q 16:00 h exceeds
the threshold and the afternoon emission percentage, the dataset is

-

O2yaARSNBR a WY2NYAYy3I LISIF{Ay3aQ
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A If percentage of emission calculated within 08§)R0:00 h exceeds

the threshold and the morning emissionngentage, the dataset is
O2yAARSNBR a WIFGOGSNyz22y LIS {1AY:
- Nighttime peaking:
1. Both the lowest and the second lowestQdorm 0ccur between 04:3Q 19:30
h;
2. The highest BDnorm is between 00:0@ 09:00 h or 18:0@ 00:00 h;
3. The percentage of emission calated between 06:0@Q 18:00 h is smaller
than the calculated threshold.
- Nondiurnal:

1. Dataset is neither daytime peaking nor nighme peaking.

0 QQ0 50 TR & Q vTth (2.2)

To determine whether the types of diurnab® pattern are dependent on the magnitude
of NeO flux, datasets were categorised as high magiatfiuxes, where the maximun@
flux value wask100>g N.O-N m? h, or low magnitude fluxes, where the maximurnsN
flux value was < 108g NoO-N m? h* (Lognoul et al., 208); and the proportions of each

diurnal pattern within these categories was calculated.
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2.3.3.2 NeO flux and soil temperature

All statistical analyses of extracted data were performed in R ver3iérl (© The R
Foundation).The correlation between® flux and soil temperature in each diurnal pattern
6wvHO 61a SEIFIYAYSR o6& OFft Odz I G(RybEwedridS t S|
flux and soil temperature (§ 10 cm soil depth) in the avable data (r=160). Additional

soil temperature data points were generated by linearly interpolating the extracted soil
temperature data. An R value between\flux and interpolated soil temperature was
computed using the correlation function (in Rpack S W33 LJdzo NRUV & ¢ KS

grouped according to their diurnal pattern.

2.3.33 Non-diurnal factors and diurnal N 20 flux patterns

To examine whether diurnal® flux patterns are strongly associated with particularion
diurnal factors (RQ3¥oil pH, bulk density, soil texture, N fertilisation, land use type, soil
water-filled pore space (WFPS) and season of flux measurements data were used where
available (Supplemental Table 1). Since only one of the extracted studies provided diurnal
soil mosture data corresponding to its diurnab® flux data(Du et al., 2006)a pointby-

point diurnal relationship between soil moisture andONflux (one similar to the 2D
temperature relationship described in Section 2.3.2) could not be established and
investigated in our analys Given the data structures of soil moisture provided by most of
the studies (e.g. numerical indication of soil moisture ranges or soil moisture variations
over the entire measurement period), we could only assign datasets into different soll
WFPS leveDl 1§ SI2NRA Sa GCADS &5 b PprF FRogT 20 | O
provided soil volumetric moisture content or WFPS data. Volumetric moisture content data
were converted to WFPS levels using the bulk density value of the soil. Subsequently, the
assocation between WFPS level category and diurng Hux pattern was examined.

Datasets originating from the same study site were assigned the same factor values or
characteristics, unless specified otherwise. To investigate the association between diurnal
patterns and nordiurnal factors, we assumed that all datasets and their diurnal patterns
were independent from one another and plotted the distribution of numerical factors (i.e.
pH and bulk density) in each diurnal pattern category, or the relativauraqy of diurnal
patterns in categorical factors (i.e. soil texture, N fertilisation, land use, soil WFPS level and

season).
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For numeric factors, datasets of soil pH (n = 157) and bulk density (n = 115) were grouped

according to their diurnal pattern tagory. Boxplots showing the distribution of soil pH
and bulk density in soils exhibiting the three diurnal patterns were produced, and the
interquartile range and median of each category were extracted. The significant differences
in soil pH and bulk dertg among the daytime peaking, nigtime peaking and nowliurnal
categories were tested using the Kruskdallis test.

For categorical factors (i.e. soil texture, N fertilisation, land use, WFPS level and season),
datasets were first grouped according tioeir parameter category (Tabl2.1); then the
proportions of each diurnal pattern in each parameter category were quantified and
visualised in stacked bar charts. Only one dataset was collected during winter months, it
was therefore not included in thenalysis of seasonal effect on diurnalONflux patterns.

To reduce the number of soil texture groups and better visualise the effect of soil texture,
datasets were reclassified into three soil classes according to their drainage property from
the resultsof Groenendyk et a(2015) These were defined as follows:

- Well drained: sand, loamy sand and silt;
- Imperfectly drained: sandy clay loam, silty clay, silty clay loam, silty loam and sandy
loam;

- Poorly drained: clay, sandy clay, clay loam and peaty gley.
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Table2.1. Number of datasets with categorical parameters.

Season Land use
Spring Summer Autumn Cropland Grassland Forest
98 138 24 210 43 33
N fertilisation WFPS level
Fertilised Unfertilised H84.9% 3554.9% 55-74.9% X75%
258 28 27 45 57 6
Soil drainage class
Well drained Imperfectly drained Poorly drained
8 137 30

2.3.34 Calculation of biases of cumulative BD emissions with singledaily
measurement at different sampling times

Using asingle timepoint sampling at different times of day to estimate cumulative daily
emissions can significantly over underestimate cumulative emissions. To assess this bias,
we compared the cumulative ) emissions estimated by singlaily measuremen{G
N2Gsingld against those estimated by swlaily measurements (8:Osubdaily) (RQ4). Positive

and negative biases indicate ovand underestimations of XD emissions, respectively. As
singledaily flux measurements take place in the morning or aitem in standard practices,

five sampling times (08:00, 10:00, 12:00, 14:00 and 16:00 h) were selected for the bias
calculation. In each dataset,.® flux values at the five sampling times were linearly
interpolated from the sukdaily NO fluxes providedby the database. -GhOsingie Values at

the sampling times were calculated by multiplying the interpolate® Mux by 24, which

then returned a daily @O for each sampling time in each dataset. TH&Gsupdaily Value

was calculated with the provided>® fluxes using a trapezoidal integration function (in R
LI O1F3S WLINI OYI QU0 {AyOS (KS alYLiAy3d K2
last measurement in a day) in most datasets were less than 24, the A&y daily OF

each dataset was cagcted by dividing the calculatedNEOsubdaity by the hours between

the first and last measurement and then multiplying it by 24. For each dataset, the bias

between CN2Gsingle(at a sampling time) and-Osubdailywas calculated using Eq. 82

Z i 4 zZ
Z z

8¢} pTTLD (2.3)

In Eq. (2), bias: represents the bias of the singtiaily measurement at a certain sampling
time; GN2Gsingle,st represents the cumulative daily 28 emission calculated using
interpolated NO flux at a certain sampling time; andNZsusdaily represents the
cumulative ddy NbO emission calculated with the provided@flux measurements using

trapezoidal integration.
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The mean value, upper and lower confidence interval (Cl; 95%) of eagtfrbiasall the

datasets were generated using a nonparametric bootstrap functiog ( w LJ- O1 I 3 S

based on 1000 replications.

2.4Results

2.4.1 Categorisation of diurnal patterns op®! flux

Out of the 286 datasets, 173 (60.5%), 55 (19.2%) and 58 (20.3%) were categorised a:
daytime peaking, nightime peaking and nowliurnal, repectively. Within the daytime
peaking datasets (n = 173), 34 (19.8%) were classified as morning peaking and 138 (80.2%
as afternoon peaking. Daytime, afternoon peaking emissions were therefore the most
commonly occurring diurnal pattern identified acradbstudies. In the high magnitude flux
datasets (n = 131), 52.7% were categorised as daytime peaking, 18.3% mggpeaking

and 29% as nediurnal; whereas in the low magnitude flux datasets (n = 155), 67.1% were
categorised as daytime peaking, 20%naght-time peaking and 12.9% as ndiurnal. The
magnitude of NO flux has little effect on the diurnal pattern op®! flux. Line plots of the
N2Onorm and categorisation description of all datasets are supplied in Supporting
Information S2.

2.4.2Relationship between:® flux and soil temperature

In datasets with soil temperature datatmc n0 X yn®ci’s KFIR LI2aAGA O
1.0) betweenN;O flux and soil temperature at&10cm depth (interpolated at pO flux
measurement times) and 19.4% had negative correlatioms(y  ¥02)v Onll§, 33.1% of

the 160 datasets showed strong positive correlations (i.e. R > 0.7). The interquartils range
of R values for daytime peaking, nigimhe peaking and nowliurnal categories were 0.441
0.82,-0.19¢ 0.15 and0.03¢ 0.67, respectively; whereas the median R values for the daytime
peaking, nightime peaking and noxliurnal categories were 0.650.06 and 0.32,
respectively Figure 21). This shows that daytime peaking datasets on average had stronger
correlations than noftiurnal datasets. However, the wide range of R values in the daytime
peaking category also implies that soil temperature is awisistently driving daytime 29

flux peaks. Additionally, nighime peaking datasets only had a slightly negative R value on
average which indicates little correlation exists betwee®Nlux and soil temperature in

night-time peaking datasets.
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Figure 2.1. Differences in the relationship between soil temperature angDNluxes in the three diurnal
pattern categories. Boxes and whiskers represent the median (bold line in box), upper and lower ¢foprtile
YR 62GG2Y 62E fAYS0Z YIFEAYdZY YR YAYAYdZYy 6i6G2L) |
(R) between BD flux and soil temperature (§ 10 cm depth, interpolated at the times of @ flux
measurement). Circles represent the R valuesdividual datasets.

2.4.3 Nondiurnal factors and diurnal patterns ob®8

Soil pH in available datasets (n = 157) ranged from 3.0 td=8&y6r€2a). The interquartile
ranges of pH for daytime peaking, nighihe peaking and nowliurnal categories were 5@

7.4, 5.9 8.6 and 5.9 8.0, respectively. The median pH for the daytime peaking, +igtet
peaking and nomliurnal categories were 5.9, 7.2 ard9, respectivelyNo significant
difference p=0.42) in soil pH was found among the diurnal pattern categories. However,
the majority of daytime peaking and nafiurnal datasets, 59.6% and 64.3%, respectively,
featured slightly acidic soils (i.e. pHm=0¢ 7.0), with their median pH being 5.9; whereas

a large portion (58.8%) of the nighitme peaking datasets featured slightly alkaline soil (i.e.
pH > 7.0) with a median of 7.2. The outliers in all three diurnal pattern categories (at pH =

3.0) were fran the same study conducted on a forest sbig(uire 22a).
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Figure2.2. Distributions of (a) soil pH (n = 157) and (b) bulk density (n = 115) in the three diurnal pattern
categories. Boxes and whiskergaj and (b) represent the median (bold line in box), upper and lower quartile
(top and bottom box line), maximum and minimum (top and bottom whisker) of soil pH and bulk density,
respectively. Circles in (a) and (b) represent the soil pH and bulk deakits of soils from each dataset.

Only 115 of the 286 datasets included bulk density data. The interquartile ranges of bulk
density for daytime peaking, nigitiitne peaking and nowliurnal categories were 0.92

1.21 g crré, 1.05¢ 1.35 g ¢ and 0.92¢ 1.24 g cn?, respectively Figure 22b). All three
categories had the same bulk density median of 1.16 . &0 significant differencep(=

0.68) in soil bulk density was detected among the diurnal pattern categories either. Among
the three soil drainageclasses, both well drained and imperfectly drained soils were
dominated by daytime peaking datasets, accounting for 62.5% and 60.6% of the
corresponding soil drainage class category, respectivElgufe 23a). This was in
agreement with the findings of gof 2 Ct { OF GS3I2NASazX aAyoOS
(n=27) and 35%4.9% (n = 45) both predominantly showed daytime peaking patterns,
accounting for over 70% in both WFPS level categories. Inversely, the majority of poorly
drained soils were categorised aighttime peaking datasets (66.7%). Yet only datasets
with WFPS level of 584.9% showed an increasing proportion of nijhte peaking

LI GGSNY O6o0cdy:203 gKSNBlFa (K2aS gAGK 2Ct {
peaking patterns (83.3%). HoweWEX G KS RFGFaStda A0GK 2Ct {
information on their soil texture, and hence did not necessarily belong to pabdined

soils.
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Datasets of fertilised soils (n = 258) shoveettend in diurnal pattern proportions similar

to all datasets (Section 3.1), with daytime peaking, nighe peaking and nowliurnal
datasets accounting for 58.9%, 20.5% and 20.5%, respectiigly¢ 24a).

However, datasets of unfertilised soils (128), exhibited a slightly different trend, with a
larger daytime peaking proportion (75.0%) and a smaller Higit peaking proportion
(7.1%). It should be noted that N fertilisation could have an autocorrelation with land use
as unfertilised soils corstied entirely of grassland (n = 14) and forest soils (n = 15). Cropland
and forest soils also exhibited proportions similar to the general ratio of 3:1:1 in diurnal
patterns Figure 24b). Cropland soils (n = 210) exhibited a slightly lower daytime peaking
proportion (55.2%) than forest soils (n = 33, 66.7%). Grassland soils (n = 43), on the other
hand, featured predominantly daytime peaking datasets (81.4%) with a much lower night
time peaking percentage (7.0%) compared to the other two land use typessélat
collected in spring (n = 98) and autumn (n = 24) had similar proportions of daytime (~50%),
nighttime peaking (~20%) and naturnal (~30%) datasets, whereas those collected

during summer months (n = 138) had a slightly larger proportion of daypeaking
datasets (62.3%) and a smaller proportion of fharnal datasets (16.7%lffigure 24c).
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Figure2.4. The relative frequency of diurnak® flux patterns in (a) N fertilised (n = 258) and unfeetilign
= 28) sails, in (b) cropland (n = 210), grassland (n = 43), forest soils (n = 33), and in (c) spring (n = 98), summ
(n =138) and autumn (n = 24).

2.4.4Calculation of estimation biases by singlaily measurements

The bootstrap resultsHigure 25) showed that timeof samplingsignificantly affected the
magnitude of overor underestimation (bia%o) of cumulative PO emissions calculated at
single timepoints (singledaily measurements). Cumulative@® emissions estimated from

a single timepoint (GN2Gsingd Wwere most similar to those estimated from sdhily
measurements (BhkOsubdaily) for the 10:00 h sampling time, illustrated by the small mean
bias value (+2.1%) and relatively small Cl (64.9%). In comparison, earlier and later sampling
times generated greater oveor underestimations with larger uncertainties ranging
between 79.5% and 118.8%. Sampling at 08:00 h resulted in a negative meanbta6%f
whereas sampling at 12:00, 14:00 and 16:00 h resulted in positive mean biase4%f 32.
47.7% and 58.8%, respectively.
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Figure2.5. The effects of sampling time (interpolated) on the bias-d&0single(%0) calculated againstNBOsub

daily from all datasets (n = 286); three annotated values are displayed above each sampling time. From top to
bottom, they represent the upper Cl, mean and lower ClI (i.e. the bootstrap results based on 1000 replications)
of percentage bias of-8;Csingle

2.5Discussion

Our data synthesis has demonstrated that diurnal variability 4@ Mux is a widespread
phenomenon, with daytime peaking dominating (~60%) across the reviewed land use types
(cropland, grassland, and forest). However, daytime peaking waouaotfin all datasets

with significant proportions of nightime peaking and noiwliurnal pattern also identified,
each accounting for ~20%. The relationship betwee® Nux and soil temperature was
also revealed to be variable in the analysis, which dodtri & GAGK YI ye@
ascription of soil temperature to diurnak® flux variations and hints that other diurnal or
non-diurnal factors may also act as drivers or dampeners of diurnal variability. We showed
that the relative occurrence of differerdtiurnal patterns was strongly influenced by the
drainage property of soil textural classes, with poorly drained soils featuring a majority of
nighttime peaking, and both well and imperfectly drained soils primarily exhibiting

daytime peaking.
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2.5.1 Daytme diurnal NO flux variability and the role of soil temperature

The current recommended approach to address diurnal variabilitg©ffNix is to measure
N0 flux at 10:00 h or michorning where daily mean soil temperature occurs, to capture
the daily mean NO flux (Charteris et al., 2020; de Klein & Harvey, 20Fmce past
literature has provided evidence supporting thaiONflux is controlled by soil temperature
(Alves et al., 2012a; Parkin, 2008; Smith and Dobbie, 208ig suldlaily data to estimate

the uncertainty introduced by singi@aily measurements revealed that the 10:00 h
recommended sampling timgharteris et al., 2020; de Klein & Harvey, 2015; IAEA, 1992;
Parkin & Venterea, 201@yould most likely capture the daily averageONflux compared

to other sampling times, since ostudy found diurnal D fluxes peaking in the afternoon
about half of the time (138 out of 286 datasets with a daytiafernoon peaking pattern).
However, due to the variability within the diurnal patterns ofN\flux, sampling at 10:00h
could still lea to significant overor underestimation Figure 25) when compared against
sub-daily measurements, which more accurately capture diurnal variations®@fiNx. This
might be due to the absence of strong positive correlations (R > 0.7) betwsg&fliskand

soil temperature in 70% of the datasets. These findings suggest that soil temperature may
not adequately represent diurnal variation i@l flux and imply that other diurnal
variables could contribute to driving diurnal variation isONflux.

A few gudies have also observed diurnal peaks @DNflux preceding those of soll
temperature (e.g. morning peaking ot® flux)(Akiyama and Tsuruta, 2003; Keane et al.,
2018; Peng et al., 201,9nd some reported a stronger relationship betweei®©Nlux and
parameters driving pbtosynthesis such as solar radiation and photosynthetically active
radiation (PAR)Christensen, 1983; Keane et al., 2018; Shurpali et al., 20i8hose
studies, plant inputs of labile organic C via root exudation driven by PAR were proposed as
regulators of diurnal variations in.0 flux(Keane et al., 2018; Keane et al., 2019; Shurpali
et al., 2016) The potential influence of PAR mediated through plant metabolism is also
supported by the study of Zona et §013) where gross primary productivity explained
73% of diurnal D variations in a growing season. However, Das €PR@ll2)observed
daytime peaks in dO flux with artifiGal PAR oscillations from bare soil in a temperature
controlled study, which they ascribed to soil surface warming resulting from the artificial
PAR lighting. Their results, however, do not disprove the effect of root exudation of labile
C on soil BD production, as both drivers could coincide in vegetated soil systems. Daytime

activities such as irrigation, fertilisation and grazing could also influence dius@aflixk
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pattern. We found two extracted studies (dataset n = 14) that performed daily iroigati

the morning with one irrigated with fertiliser solutioffFlessa et al., 2002; Hosono et al.,
2006) and two other studies (dataset n = 7) that measured diurn® RNux on actively
grazed pasture@VNang et al., 2005; Williams, Ineson and Coward, 1988§ could lead to
daytime peaking of pO flux that might not be caused byiktemperature or other
potential diurnal drivers, since the increase in soil WFPS and/or N substrates (nitrate and
ammonium) would promote denitrification and hence increasgONlux (Firestone &
Davidson, 1989)Seasonal events such as fre¢lzaw could also control to the occurrence

of daytime peaking of 2D flux. Peng et a{2019)observed morning peaking ob@® flux in

a temperate forest during a freezbaw period in spring, whereas afternoon peaking of
N2O flux was observed in summer. However, the relative importance of these potential
drivers to the diurnal ariability of NO flux could not be established in this study, as it
requires more comprehensive data collection of the mentioned drivers of diurnal
resolutions which are currently unavailable.

2.5.2 Nighttime NO flux diurnal variability and the rolef soil temperature

Although nighitime peaking of RO flux is uncommon (~20% of the datasets), its
occurrence also contradicts the assumption of temperature as a main predictor. In a study
that measured diurnal dO fluxes from a peaty gley solil, nigithe peaking of D flux was
attributed to NO being produced at depth, creating a time lag of several hours between
temperatureinduced increases in2® production at depth and emissions at the surface
(Smith et al., 1998 However, it is generally thought thab® production occurs mostly in
the top few centimetres of the soils, even in peat s@@®ldberg, Knorr and Gebeary 2008;
Shcherbak and Robertson, 2019; Toma et al., 2@drthermore, MO produced at depth

is likely consumed during upward diffusig@oldberg, Knorr and Gebauer, 2008an
Groenigen et al., 2005kspecially under wet conditions with prolonged residence time,
resulting in little emission of XD originated from deep subsurface s¢@®@oudn et al., 2006)

It is possible that nightime peaking of BO flux is a result of increased® consumption
during daytime. Soil oxygen {availability controls PO production (N@ N20) and MO
consumption (NOA N), with the latter becoming mre dominant when @is severely
limited (Castaldi, 2000; Knowles, 1982; McMillan et al., 2014; Morley et al., 2008;&chlit
et al., 2018) Increased ©@ consumption during daytime due to temperatuneduced
increases in soil respiration, coupled with the lack afsOpply in soils with restricted

airflow, could result in lower »D flux during the day. As increased sailo@Onsumption
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during daytime has den reported in various studigglamerlynck et al., January 12; Lu et

al., 2013; Tang et al., 2003%nd has bee shown to positively correlate with soil
temperature (Chuang, Lee and Che2004; Wang et al., 201@nd photosynthetic rate
(Neales and Daws, 1966)it is plausible that more XD in soils is consumed during the day
than at night. This theory could also explain the larger proportion of Hig peaking
emissions identified in poorly drained soilsdure 23a), as MO reduction could spass

N2O production during daytime in soils with limited air permeability. This hypothesis is also
supported by evidence that nighime peaking of BO flux as well as 30 uptake during
daytime have been observed in vegetated wetlands featuring higlegpeages of soil
WFPS and limited@vailability(WindhamMyers et al., 2018; Yu et al., 201&ditionally,
studies have found that plants exhibit highgrtake of soil nitrate and ammonium during
the day(Geller et al., 2002; Macduff and Bakken, 2003; Okuyama, Ozawa and Takagaki,
2015) which could also potentially contribute to the occurrence of nityimee peaking of

N20O flux due to the reduction in substrates for nitrification and denitrification during
daytime.

2.5.3 Biological pathway for diurnal dD flux amplification

Supported by several studi¢sangarica-uentes et al., 2018; Oburger et al., 2014; Ueno
and Ma, 2009; Wu et al., 2017b)e propose a biological pathway wherein the diurnal
rhythms of root exudation of photosynthates could amplify diurngDNluxes beyond what

can be explained by temperature alone. We suggest that root exudation during and after
the photoperiod promotes deniification activity, and hence increasesONproduction in
soils. Denitrification and nitrifier denitrification are two main microbial processes driven by
O limitation (Bollmann and Conrad, 1998; Khalil, Mary and Renault, 2004; Zhu et al., 2013)
that contribute to the majority of the MO production in soilgKool et al., 2010; Opdyke,
Ostrom and Ostrim, 2009; WragdMonnig et al., 2018 Reduced soil &xoncentration and
increased soil respiration during daytime have been reported previgisigne et al., 2019;
Shurpali et al., 2016; Zimmermann et al., 2008) is likely that during daytime,
photosynthetically assimilated C is translocated to the plant roots and exuded into the
rhizosphere, where potential denitrification activity is greafgtamonts et al., 2013)
Exuded C is then padly respired by heterotroph&dting, Burger and Edwards, 1998; Sun

et al., 2017) which subsequently depletes.@ the soil and drives denitrification and
nitrifier denitrification (Knowles, 1982; Wrage et al., 200%gveral of our included studies

have also shown diurnak® fluxes to closely follow ecosystem respiration rates filies
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measured by dark chamber@rumme and Beese, 1992; Flessa et al., 2002; Laville et al.,

2017; Maljanen et al., 2002; Savage, Phillips and Davidson,, 20dHljghting the positive
effects of ecosystem respiration ore@! flux. Root exudation can also directly fuelON
production (Azam et al., 2002; Burton et al., 2008; Henderson et al., 20490)most
denitrifiers and some nitrifiers are heterotrophic and would consume the labile C in the
exudate to gain energy. However, the exact effect of photosynthesis on the diurnal rhythm
of root exudation is only partially understood. Although isotdpleelling experiments have
reported rapid rhizosphere respiration of assimilated C (within two hours) upon plant
exposure to lightDilkes, Jones and Farrar, 2004; Gavrichkova and Kuzyakov,,\20i00)s

time lags from less than an hour to more than a day between photosynthesis and soll
respiration of assimilated C have been reporté€uzyakov and Gavrichkova, 2010)
Furthermore, soil temperature has been demonstrated to enhance -deoived C
exudation rates(Yin et al., 2013; Zhang et al., 2016ich could explain the positive
correlations betwea NO flux and soil temperature in some datasets. However, the
temperature effects on root exudation has been shown to vary among spécke [ S| NJ
1966) and the time lag between soil temperature and root exudation is still unexplored
thus far. Depending on the diurnal dynamié¢soil Q concentration, MO flux might exhibit

a daytime peaking or nightme peaking diurnal pattern. A field study in which nigime
peaking diurnal BD patterns were observed from a poorly drained grassland soil also
provided isotopic evidence sugsting a shift from nitrification in the early morning to
denitrification in the afternoon(Yamulki et al., 2001)his shift in soil iycling processes
concurs with the theory of increased root exudation of C during photoperiods promoting
denitrification. Nonetheless, a thorough understanding of the diurnal behaviour of root
exudation in different plant species idifferent soil conditions such as soil C and N
availability and pH, is crucial to the understanding of how plants influence the dynamics of
N2O production and consumption through root exudation with current knowledge on this
topic still limited(Kuzyakov and Gavrichkova, 201®)rthermore, little research has been
able to decouple PAR and kt@mperature to demonstrate the sole effect of PAR a®N

flux in vegetated soil systems.

2.5.4 Nondiurnal NbO flux variability and the role of soil temperature

In the case of nowiurnal patterns, nordiurnal datasets overall showed a wepésitive
correlation (0 < R < 0.7) betweenQ\flux and soil temperaturd={gure 21); this could be

explained by the immediate positive effect of N addition in some stugHeang et al., 2014;
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Kostyanovsky et al., 2019; Scheer et al., 2008experiments, fertilisation eventsten

took place in the morning, which resulted in a continuous increase-( flux in the
following hours(Kostyan@a 1 & Sid Ff ®X wamdpT ~AYS1=Z . NA
1998) The upward trend of D flux could coincide with soil temperature during daytime
but lasts through the evening and night, resulting in a slight positive correlation between
N2O flux and soil temperature. The rest of the ndiurnal datasets with no visible trend
was likely due to the disruption of the diurnai@® flux patterns caused by rainféBall et

al., 1999; Charteris et al., 2020; van der Weerden et al., 20th8as reported that soil XD
production declines substantially when soil WFPS reaches over 80% as denitrification shifts
to completion (i.e. NOA N.) due to soil anoxi@Congreves et al., 2017; Davidson, 1993;
Neill et al., 2005)As rainfall events do not have a diurnal rhythm and could obstract O
influx into the soil by increasing the percentage soil WFPS, they could subsequently change
the dynamics between soil2® production and consumption and therefore interrupt pre
existent diurnal patterns of 2D flux.

2.5.5 Nondiurnal factors and diurnivariability of NbO flux

The data synthesis reveals that the occurrence of specific diurnal patterngofiik may

also be influenced by nediurnal factors. Although no significant difference was found
among the pH values of diurnal pattern categor(Egyure 22a), the nighttime peaking
category exhibited a higher pH median value (pH = 7.2) than the daytime peaking and non
diurnal categories (pH = 5.9igure 22a). This agrees with the findingstéénault et al.
(2019)and?2 dzK S f (203@) whiich demonstrated increased:® reduction activities (i.e.

N2O consumption) by denitrifers in alkaline conditions. Soils with higher pH could possess
higher potentials for MO consumption and hence increased likelihoods of righe
peaking, owing to ioreased soil @depletion during daytime by increased soil respiration
(Makita et al., 2018; Tang et al., 200@hich subsequently leads to favourable conditions
for NoO reduction(Firestone and Davidson, 1989; Morley et al., 2008g boxplot results

of bulk density Figure 22b) indicated that bulk density has little association with the
occurrence ofdiurnal patterns, as we found similar median values and wide spreads of
interquartile ranges of bulk density among the diurnal pattern categories with no
significant difference between one another. Conversely, our findings of the proportion of
diurnal paterns in soil drainage classdésdqure 23a) and WFPS leveldure 23b) suggest

that soil gas diffusivity, which is regulated by both factors, could potentially determine the

occurrence of specific diurnal patterns. The proportion of daytime peakingeih and
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imperfectly drained soils was similar to that of the overall datasets (~60%); however, in

poorly drained soils, the majority of the datasets were niihte peaking (67%). Similarly,
proportions of daytime peaking datasets (~70%) were larger iis saoth relatively low
2Ct{ fS@Sta oA thatoimsdigwith WFAS levep of75% (47%).
Nighttime peaking datasets also accounted for a higher proportion in soils with WFPS level
of 5575% (37%) compared to in soils with lower WkRSIs. Conversely, a majority of
daytime peaking datasets (83%) and no nigiime peaking dataset were observed in soils
GAOGK 2Ct{ tS@OSt 2F x17pr®d® | 26SOSNE GKA& 2
avylftf ydzyoSNI 2T RI 0 Krg=S)) dhich driginkteddrani tivo studias {
where one raised its soil WFPS to 80% in the morning at the start of the flux measurements
(Kostyanovsky et al., 2019nd the other conducted flux measurements during a freeze
thaw period(Peng et al., 2019Both would have led to increased soil V&-Bnd thus pO

flux during daytimeWhile none of the extracted studies observed diurnal oscillation in soil
moisture (all measured ahore thanfive cm depth), a study have found that soil moisture
varies diurnallyslightly higher at nightime) at 1.5 cm depti{Reichman et al., 2013This

may contribute to the occurrence of nighitne peaking ofN2O flux. Our findings of the
increase in nightime peaking proportion in soils with reduced gas diffusivity support the
theory suggested in Section 4.2, where we highlighted the possibilitg@fddnsumption
overtaking NO production during daytime under limiting.@onditions. In this review,
poorly drained soils comprised soils with high clay or organic matter contecti¢68.2.3),
which have been shown to have lower total porosity and gas diffusivity than well and
imperfectly drained soil@Chamindu Deepagoda et al., 2011; Moldrup et al., 2Q0R@gwise,
increase in WFPS reduces gas diffusivity of ¢Gilamindu Bepagoda et al., 2011)
Multiple studies have demonstrated the effect of gas diffusivity a® Nlux, showing
increasing MO flux when gas diffusivity reduces from 0.03 to 0.005, and decreasitg N
flux when gas diffusivity goes below 0.0(alaine et al., 2016; Chamindu Deepagoda et
al., 2019,2020) Low gas diffusivity (< 0.005) can causg li@nitation in soil and
subsequently prompt nitrifiers and denitrifiers to shift from.®I production to
consumption(Balaine et al., 2016; Bollmann and Conrad, 1998; Sutka et al.,. 206

soil Q is less readily replenished in poorly drained soils and in soils with high WFPS,
localised soil anoxia, where® reduction overrides XD production, is likely to develop in
these soils during daytime when soil respiration rate incregkesine et al., 2017; Makita

et al., 2018; Tang, Baldocchi and Xu, 20B®wever, we have not found any study that
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examined the dects of soil texture on the diurnal dynamics of saikGncentration under

the same conditions (e.g. bulk density, volumetric water content and vegetation), which
leaves the relationship between soil texture and diurnaDNpatterns still unclear. In
addition, while the general regulatory effect of soil moisture and WFP S0rfiNx is weH
studied(Schindlbacher, ZechmeistBoltenstern and ButterbacBahl, 2004)there is still

little research focused on diurnal variations in soil moisture, along with its interactions with
other diurnal variables such as soil temperature andresipiration, leading to its effect on
diurnal NO fluxes. For example, Denmead et{2010)observed diurnal oscillations of soil
WFPS inverse to those of soil temperature, witichld dampen the temperature effect on
diurnal NO fluxes. Therefore, we suggest future research should collect diurnal data of soill
moisture or WFPS, soil temperature andONflux from soils of different textures and
drainage properties to investigatée interactive effects of soil physical factors on diurnal
N2O fluxes.

Nitrogen fertilisation is another nediurnal factor that was expected to have an effect on
diurnal NO patterns, since many studies reported daytime peaking diurnal patterns only
after the application of N fertiliser@ aville et al., 2017; Lognoul et al., 2019; Shurpali et al.,
2016; Skiba et al., 1996Yet, our findingsKigure 24a) show daytime peaking diurnal
patterns occur more often in unfertilised soils thanfertilised soils, indicating that high

soil N levels do not cause daytime peaking diurnal patterns. This is reiterated with the
higher percentages of daytime peaking in low magnitude flux datasets (67%) than in high
magnitude flux datasets (53%) (SectBi). Land use type has also been shown to govern
the diurnal patterns of BD flux. Higher proportions of daytime peaking emissions were
recorded in datasets with grassland (81%) and forest (67%) soils, compared to cropland
(55%) soilsKigure 24b). Very little literature has reported the direct relationship between
land use and the diurnal pattern of-@ flux. One study that was conducted on a field
consisting of two established land use systems (pasture and cropland) found greater gas
diffusivity n the pasture than in the croplan@reba et al., 2017)This suggests that land

use could indirectly influence the occurrence of diurngDNatterns through changing the

soil gaexchange dynamics. Future research should include similar experiments to test the
effects of land use on the diurnal patterns of\flux. Despite similar proportions of diurnal
N2O flux patterns being found among three seasdfigijre 24c), most of tie diurnal NO

flux datasets were collected during summer (n = 138) and spring (n = 98) months, with only

a small number of datasets collected in autumn (n = 24) and winter (n = 1) months. This
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may have resulted in a potential bias in the overall diurratgrns of NO flux, as those in

winter were not analysed due to the lack of data.
2.5.6 Potential bias of singlelaily measurements
As discussed in Section 4.2(Nflux does not always follow the diurnal oscillation of soil
temperature. Measuring NO flux at times of daily average soil temperature might not
capture the daily average-® flux and could lead to ovasr underestimation of daily fluxes.
Our analysisKigure 25) confirmed that 10:00 h was the optimal sampling time as it
resulted in the smallest magnitude of undeor overestimation. This agrees with the
recommended time of sampling suggested by several publications. However, there was still
a significant uncertainty (Cl ranged betweeé?®% and +35%) as the single tHpant
sampling failed to capture the inconsistent occurrence of diurnal variations@n fNx.
Most studies that suggested a recommended time of sampling based their extrapolations
on their subdaily NO flux measurement campaign(s) on a single field sitehkvbsually
exhibited a moreor-less consistent diurnal pattern ofo8 flux for the duration of the
campaign(s), which is often the duration of a sea&0inang et al., 2016; Reeves andiya
2015; Savage, Phillips and Davidson, 2014; van der Weerden, Clough and Styles, 2013
However, some studies have shown differences in the diurnal behavious@fflx at
different sites(Alves et al., 2012; Smith et,al998)and times of yeafShurpali et al., 2016;
Zona et al., 2013)Besides, studies have also provided different recommended times of
sampling. For instanc@arkin(2008)who measured BD emissions from a cropland found
sampling at 12:00 h would onbe 8% higher than the daily meanflux; whereagmith
and Dobbie(2001) measued NO emissions from two grassland sites and suggested
sampling to take place at 03:00, 11:00 and 19:00 h, as it produg@dlt representative
of the daily mean. This could be the result of varying diurnal patterns@fflNx in different
ecosysters which further underlines the potential uncertainty of singlaly NO flux
measurements. Hence, swuaily flux measurements should be employed when possible to
account for the diurnal variability of & flux and accurately measure cumulativeON
emissons.
2.6 Conclusion
Our work has, for the first time, conclusively demonstrated that diurnal variability,Of N
flux is a widespread phenomenon across agricultural and forest soils. Daytime peaking of
N2O flux was the most common diurnal pattern obsstybut it did not consistently occur
across soil drainage classes, soil WFPS levels, N fertilisation status, seasons and land u:
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types. This analysis has shown that simdgdy measurements produce emission

estimations with large uncertainties due toghnconsistency in diurnaloR flux patterns,

with soil temperature only partially explaining diurnal variations #©OMNlux. There is a
paucity of published data on diurnal variables (e.g. PAR, plant C inputs, soil moisture and N
substrates) which maynteract to influence diurnal pO fluxes, and this limits our
understanding of the drivers of diurnab® fluxes. The interactive effects of these variables,
as well as other nodiurnal factors (e.g. land use and soil drainage property), on diurnal
N2O flux variations need to be addressed in future research. At present, analyses of the
drivers of diurnal O flux variability are limited by the lack of diurnal data on soil inorganic

N content, soil labile C content and soil moisture. Collection andpiocation of such data

into analyses of diurnal @ flux in future research will help address this and better predict
the diurnal variability of D flux.

Without a comprehensive understanding of the drivers of diurngd Nuxes, our current
ability to accurately model and upscale diurnalNfluxes is limited. We do not know the
persistence and occurrence of diurnatONflux patterns over entire crop life cycles or
seasons. In addition, the significance of diurnal variability e® MNlux is still not
acknowledged or addressed in national and global GHG emission reporting, contributing to
N>O emission estimate uncertainties and hindering the development of mitigation
strategies. Nevertheless, recent developments in4te@ak monitoring of GHG fluxesakie
increased the availability of sedmily NO flux data. This will play a key role in improving
the accuracy of current model predictions ofdNemission through emergent research on

diurnal variability of MO flux.
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3. Field observations of diurnal variations in soil nitrous oxide

flux
3.1 Abstract

Nitrous oxide 0) is a potent greenhouwsgas largely emitted by soils. @D fluxes are
highly variable in time, over hourly, daily, and longer time scales. Failure to consider this
variability from diurnal cycles could contribute to uncertaintiefN#® emission estimates.

This study aime to observe and assess the importance of addressing diurnal variability of
N2O flux for total N.O emission calculation estimates, as well as examine the relationships
of diurnalN.Oflux with measured biotic and abiotic variables. The measured vasaidee

soil volumetric water content (VWC), soil temperature, photosynthetically active radiation
(PAR) and gross primary productivity (GPP). Bgil and CQ fluxes (subsequently
partitioned to GPP) from fieldituated fertilised mesocosms of forage rapggssica napus

L.) were measured at stdnily frequencies over 56 days.

A total of 84.58 mgN.O m? (equivalent of 2.2% of N input) was emitted over the
measurement period which was more than double the emission estimation using the
current default emission factor (1% of N input). Our analysis also revealed thataiige
measurements of PO flux at ca. 10:00 was the only measurement interval that would
produce an emission estimate with an acceptable bias (< +10%) compared te semi
continuous diurnal measurements (ca. 10 per day). Other measurement intervals that are
often utilised such as once every three days, weekly and fortnightly would risk umder
overestimation from-75% to +108%. High diurnal variationsN#O flux were observed
throughout the experiment, with more than 85% of the measurement days exhibiting >
100% of difference between daily minimum and maximum fluxes. A prevalence of daytime
peakirg diurnalN.O patterns was also observed, exhibiting in > 60% of the measurement
days.

Of the measured parameters, all but soil temperature significantly correlated (p < 0.05)
with the fourhourly averages of.O flux, with VWC showing the highest cdaton

6t SFNBR2yQa NIT' noHtTovX F2ft26SR 06& Dtt 01
Linear mixeekffects models revealed a large portion (> 50%) of the variandegn
transformed N>O flux (In(\2O flux)) were explained by dap-day variatons in flux
magnitude, possibly owing to the changes in N substrate content by multiple fertilisations.

A comparison of the models suggest the combination of VWC and GPP as fixed factors
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provided the best prediction of INeO flux), hinting at the potentl contribution of plant

productivity on diurnal variations iN2O flux, which has not been wetitudied at present.
Disassociating the diurnal coupling between soil temperature and GPP in future studies
may provide more direct evidence of the individe#flect of GPP on the diurnal dynamics

of N2O flux.
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3.2Introduction

Agriculture has been a major contributor to the rapid increase in atmosphé#raus oxide
(N20) concentrationssince the 1800due tothe extensiveapplicationsof both organicand
inorganicnitrogen (N) fertilisers on agricultural soils to boost crop and livestock yield.
About 58% of anthropogenic.l emissions are of agricultural origif&mith et al., 2007)
Excessive inputs of N in soils subsequently lead to an increas®iamissions through-N
cycling microbial processes such as nitrification and denitrificalibmIntergovernmental
Panel on Climate Change (IPCC) ifriith Assessment Report estimated the globaON
emissionsfrom soils under natural vegetation and from agriculture to be 6.6 ¢3930)
TgNyrtand 4.1 (1.% 4.8) TgN yr?, respectivelyCiais et al., 2013)

In the UK, oil seed ra@pBrassica napyss one of the common agricultural crops, wh
high N demand for growth and seed productigtegewald et al., 2016; Ruser et al., 2017)
As of 2020, a total 330,000 ha of land was used for oil seed rape cultivation in {(BEBRA,
2020) With a moderate fertilisation dosage N, oilseed rape receives approximately 120
kg N ha yr! (Weisler, Behrens and Horst, 200This converts to an annual N input of ~40
thousand tonnes in the UKvhich could contribute sigficantly to N.O emissiongDrewer

et al.,, 2012; Keane et al., 2018; Ruser et al., 20l7@ IPCC guidelines alsoggest to
estimate the annual PO emissions byultiplying the annual N inputs by an emission factor
of 1%6 | SNH 2 dzI £ O Q Kinc&tliis eiissibia fackonisvagiioximated based on field
measurements or derived from model predictions MfO emissions(Bouwman, 1996;
Snith, Bouwman and Braatz, 200@) only accounts for the temporal variability O flux

at the frequency in which the measurements or model validating dataset were made. Most
field measurements at present do not consider the diurnal variabilityp@fflux (Jungkunst

et al., 2018) With large uncertainties in the estimates NfO emissions, accuratél,O
emission inventories and the development of mitigation strategies is challefQorich et

al., 2020; Syakila and Kroeze, 2011)

Temporal variability of soil 40 flux, especially shoterm variations is considered a major
cause of the large uncertainties in®emission estimatg®el Grosso et al., 201 Jtudies
have uncovered strong dap-day variations imN>O flux (Barton et al., 2015; Lammirato et
al., 2018; Richter et al., 2012)vhich the IPCC Tier 3 approaches such as direct flux
measurements could potentially address if measurements were conducted on a daily basis.
However, most of the currenN>O flux measurements by manual static chambers were
performed at intervals ranging from once or twice per week to mdiarton et al., 2015;
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Drewer et al., 2012; Parkin, 2008; Reeves and Wang, 2015; Skiba et al., 1998; Williams

Ineson and Coward, 1999)otentialy missing the variations iN2O flux in-between(Ball,

Scott and Parker, 1999; Christensen, 1983; Dobbie and Smith, 2003; Scheer et al., 2012
Williams, Ineson and Coward, 1998) a metaanalysis bystehfest and Bouwmaf2006)

less than a third of the 464 included studies measu¥gdemissions on a daily or less than
daily basis, and about half of the measurements were conducted at weekly or more than
weekly frequencies. At this measurement resolution, even lessideration of the diurnal
variability of NO flux is made, despite some studies reporting over an order of magnitude
in diurnalN2O flux variations(Ball, Scott and Parker, 1999; Christensen, 1983; Dobbie and
Smith, 2003; Scheer et al., 2012; Williams, Ineson and Coward,. 13@99wn aalysis of
historic published data (Chapter 2) has shown that measuring-aftzy between 08:00

and 16:00 could result in a underestimation (down16%) or overestimation (up to 59%)

of daily cumulativé\.O emission(Wu et al., 2021)In recent years, quantum cascade laser
based technologies have been increasingly available, which ahlositu, reaktime
measurements of atmosphericA) concentrationgLebegue et al., 20168y coupling with

an automated chamber system (ACS), multipl® Hux measurements can be made within

24 hours, addressing the diurnal variations in.ON emissions. Alternatively,
micrometeorological methods such as the eddy covariance technique can be employed to
provide continuous bD flux measurements, however, operation of eddy flux towers and
processing of the collected data are more challenging compared to atemhchamber
measurements. Additionally, eddy covariance is most suitable for operation at the field
scale(di Marco et al., 2005)whilst ACSs can incorporate experimental treatments by
operating at the mesocosm/plots scale.

Regardless of the technique used, studies that measus€ifNixes from agricultural soils

at high sukdaily frequencies often observed a daytime peaking patten the diurnal
variations in MO emissions, characterised by low emissions in the early morning and peak
emissions in the afternoo(Blackmer, Robbins and Bremner, 1982; Christensen, 1983; Clar
and Anex, 2020; Keane et al., 2018; Scheer et al., 2014; van der Weerden, Clough and Style
2013; Williams, Ineson and Cowlarl999) This phenomenon is usually ascribed to the
fluctuation of soil temperature, as & flux is often positively correlated to soil
temperature(Blackmer, Robbins and Bremner, 1982; Hosono et al., 2006; Liahg21 8;
Scheer et al., 2014; van der Weerden, Clough and Styles, 2013; Williams, Ineson anc

Coward, 1999)Some studies, on the other hand, alluded to diurnal variations@ fiNix
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following the diurnal rhythms of photosynthetically active radiati#®AR), or a proxy of

which such as solar radiation and gross primary productivity (@Pt)stensen, 1983;
Keane et al., 2018; Shurpali et al., 2016; Zona et al., 20} of the studies that found
strong associations between photosynthetic parameters (e.g., PAR, solar radiation and GPF
suggested that diurnal variations N2O flux might be driven by the C inputs from plants as

a result of photosynthesiéChristensen, 1983; Keane et al., 2018; Shurpali et al., 2016)
Studies have found that plants exude up40% of photosyntheticallixed C into the
rhizosphere(Badri and Vivanco, 2009; Newman, 1985; Prescott et al., 20&0¢h are
released in variouforms of organic compounds such as sugars, amino acids, fatty acids
and phenolic compoundé 5 Sy yAas aAfft SN IyR | AN&sQEy>S H.
shows that oilseed raptransports 1% 19% of its photosyntheticalifixed C to the roots

and releases 3Q 34% of which into the rhizosphe(&hepherd and Davies, 1993hese
easily decomposableoot exudates aramportant energy sourcegor heterotrophic soil
microbes including the majority of denitiefs (Ai et al., 2020; Henry et al., 2008he
release of root exudates could also have secondary stimulating effect on denitrification by
depleting soilOG, in the rhizosphere upon aerobic respiration of root exudates by
heterotrophs(Hu, Chen and He, 201%) has been demonstrated thaip to 86% of the

root exudateswvere rapidly respired by soil microorganis(bslkes, Jones and Farrar, 2004;
Hutsch, Augustin and Merbach, 2002; Pausch et al., 20daydition, a review study by
Kuzyakov and Gavrichko{@010)found that the lag time between photosynthesis and soill
respiration of photosyntheticallixed C is < 12.5 hours in herbaceous plants. This suggests
that photosynthesis and the subsequent root exudation of labile C to soil microbes may
regulate the temporal dynamics 66O production in soils.

Nevertheless daytime peaking patterns df,O flux was not always observed in studies.
Several studies also reported nigiitne peaking oN.O flux that was out of sync with any
photosynthetic parameter and soil temperatu(geane et al., 2019; Shurpali et al., 2016;
Smith et al., 1998)On the other hand, several studies did not observe consistent diurnal
patterns ofN.O flux at all(Ball, Scott and Parker, 1999; Du, Lu and Wang, 2006; Huang et
al., 2014) The spread of daytime, nigtitne peaking and nowliurnal pattens ofN.O flux

was recently quantifietb be approximately 3:1:1 in a systematic review of 46 stu(liés

et al., 2021) This finding hints at the innate inconsistency in the diurnal patterns,of

flux, which is not welstudied as of now. One study attributed the inconsistency in diurnal

patterns ofN.O flux to the events of rainfalivan der Weerden, Cloughnd Styles, 2013)
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as the rise in soil moisture often stimulat®isO pulse emissions and overrides the effects

of diurnal variables.
1. Observe diurnal variations and patternshO flux,
2. Assess the importance of measuriNgD fluxes at subdaily frequencies (i.e., biases
in total N2O emissions using suttaily measurements vs once daily/every three
days/weekly/fortnightly measurements at 10:00), and
3. Explore the relationships between diwhN2O flux and other abiotic and biotic
variables, including soil volumetric water content (VWC), soil temperature, PAR and
GPP.
Based on the findings of overall diurnal patterns e©Nlux (~60% of daytime peaking) in
Chapter 2, it was hypothesisetiat daytime peaking of XD flux would be observed in
approximately 60% of the measurement dayased on literature findings mentioned
above(Barton et al., 2015; Parkin, 2008; van der Weerden, ClouglSaids, 2013and
sampling time recommendation&harteris et al., 2020; de Klein & Harvey, 2015; IAEA,
1992; Parkin & Venterea, 201®) was also hypothesised th&kO flux measurements at
10:00 once daily and every three days would yield biades+ 10% in cumulativéN.O
emissionwhen compared to that calculated with suaily NoO flux measurements
whereas those made at 10:00 weekly and fortnightly would resulinacceptable biases
of x+10% The < £ 10% range was defined as acceptable ibi8arton et al.(2015)
Furthermore, it was hypothesised th&t.O flux would exhibit significanand positive
relationships with soil VWC, soil temperature, PAR and GPP, with soil VWC having the
strongest relationship due to its control over s6d level (main driver of denitrification)
followed by soil temperature due to its positive effect on rolwal activity(denitrification
and nitrification)and PAR and GPP due to its poteniglulation on root exudation of labile
C (energy source for denitrification and heterotrophic respiration).
Toassess these hypotheses, sddily measurements df.Oflux were collected, along with
collection of soil VWC, temperature, PAR and @& flux (for GPP partition) data at sub
daily frequencies. Aield setup using an ACSSkyline2D, a similar system documented in
Keane et al. (2018)vas established. The mesocosm system was designed in a manner that
subsequent work could incorporate field manipulation of drivers of diuN& emissions
such as soil temperature and PAR (Chapte®d)seed rapeRrassica napuls.) was used in
the two field experiments (Chapter 4 and 5) as the study digpto its significant presence

as anagricultural cropand its potential contributiorio NoO emissionsn the UK
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3.3 Methods

3.3.1 Experimental design and site description

A mesocosm experiment was conducted between 26 Jul 2018 and 24 Sepat20is
Hazelrigg Field Station, Lancaster, BMQIM, 246QV). To observe diurnal variationsiaO

flux, flux measurements at sutnily frequencies (9 to 11 measurements per day) were
conducted with a setip comprising an ACS (Skyline2D, University of York, York, UK) over a
transect of 20 mesocosms, illustrated Higure 3.1. The ACS was equipped with a
transparent chambe(inner diameter = 40.€m, height = 62 cm, volume = 80,820 cin

A mobile laboratory housing a cavity ridgwn spectrometer (CRDS) (Picarro G2508,
Picarro Inc., Santa Clara, USA), was sat theivicinity of the transect. The CRDS analysed
and recorded the concentrations ob® in the gas stream from the chamber headspace at

a frequency of approximately 1 Hz. Two lines of polyethylene tubingABew y S~ Mk n €
RALFYSUOSNE o key, EolePainieS StJ NRaks| UK were connected between the
chamber and the CRDS through the chassis; one served as the gas stream inlet from the
chamber to the CRDS and the other as the outlet returning the gas stream from the CRDS
to the chamber.Fluxesof NoO and CQ and auxiliary data of VWC, soil temperature and
PAR were collected from 26 Jul to 23 Sep 2018.

Mesocosms were composed of a bottaimaining cylindrical plastic pot (inner diameter:

40 cm, height: 38 cm), and an acrylic collar attachetthéorim of the pot. Each mesocosm

was filled with an alkaline cropland soil (pH = 8.36) with a texture of fine silt that was
collected from a commercial farm in Lincolnshire, UK. A previous field experiment that
observed daytime diurnal patterns kO flux in-situ was conducted on this farm which
cultivated oil seed rapeBfassica napuk.) at the time(Keane et al., 2018)he soil was
homogenised by mixing before repacking into the mesocosms. Seeds of forage rape
(Brassicanapuys ® aLYGSNBIf¢s [ D {SSRaAxX [AyO2fys
Ten seedlings were transplanted to each mesocosm on 19 July 2018, which was one weel
prior to the start of the flux measurements. A soil temperature logg»BO Pendant@A

002-64, Onset Corporation, MA, USA) was placed at 10 cm soil depth andcalpgmated
volumetric moisture content (VWC) logger (Odyssey® Soil Moisture Logger, Dataflow

Systems Ltd., Christchurch, NZ) was inserted 10 cm into the soil in each mesocosm.
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Figure3.1. (a) Side and (b) top view illustration of the automated chamber system (ACS). The ACS consisted
of two 2.5 mtall trellises which were erected on both ends of the mesocosm transect (ca. 20 m apart), two
parallel ropes that were mounted and tensioned between the metal trellises, and a motorised, computer
controlled Skyline2D chassis that hoisted and dropped a clear cylindrical chamber. Directly above each
mesocosm, a magnet was placed in the rope to alfbesrecognition of the mesocosm locations by the
chassis. The green and red arrow indicate gas inlet (chamber to CRDS) and outlet (CRDS to chamber).
Mesocosms were sunken into the field soil to the depth where the mesocosm soil surface was level with the
field soil. To imitate the agricultural practice for forage rape farming, the mesocosms received three basal
applications of a mineral N fertiliser (i.e., ammonium nitrate (NH4NO3)) at the rates of 70, 70 and 100 kg N
ha-1 on 27 Jul, 22 Aug and 11 Sep 201& study site was amid a drought period (less than 0.2 mm of rainfalll
for over 15 consecutive days) at the beginning of the experiment, therefore, the mesocosms were irrigated
daily between 26 Jul to 8 Aug 2018 to prevent drodigliuced plant stress.

3.3.2 Measurements df,0 andCQ fluxes and environmental parameters

During the experimental period, a neteady state closed chamber measurement
sequence that included a chamber enclosure time of 240 seconds and a flushing time of
130 seconds for each easurement, was programmed to measure all 20 mesocosms in a
repeated cycle. The time for the completion of a cycle was approximately 2.25 hipgs.

the enclosure between the chamber and the mesocosm (Figure 3.2), a continuous
circulation of gas stream vgacreated between the chamber headspace and the CRDS. The
concentrations of BD in the headspace during a chamber enclosure were recorded by the
CRDS at approximately 1 Hz, generating a flux measureMerngas flux measurements
were made between 28July11:00 and 3t July 11:30 due to a disconnection of the inlet
gas line caused by strong winds. Readings of PAR under the chamber top were recorded a
one-minute intervals, whereas soil temperature (soil temperature) at 10 cm depth and

VWC at €10 cm depthwere recorded at fiveninute intervals.
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Figure3.2. (a) Photograph of a mesocosm during a +st@ady state closed chamber flux measurement
performed by Skyline2D and (b) a side view diagram of a mesoandithe Skyline chamber.

3.3.4 Data processing and statistical analyses

Data manipulation and visualisation were performed in RStudio (version 3.6.1, The R
Foundation).Statistical analyses were conducted using jamovi (version 2.0.0, The jamovi
project) wth its inbuilt statistical packages. Gas concentration readings.0fand CQ
during all chamber enclosures were converted NgO fluxes using a flux calculation

LI O1 I 3 S (Juradinskzietal., ROL5)arcontrol the data quality ®,0andCQ fluxes,
linear regressions df,Owith R < 0.1 and automatic da points inclusion < 70% for each
regression (indication of measurement disturbance) were considered zero flux, whereas
linear regressions oEQ with R < 0.7 and automatic data points inclusion < 70% were
considered as bad flux measurements and discdrdéhe times of the fluxes were
determined using the mean point of the regressions. Following tB(®, fluxes were
partitioned into ecosystem respiration and GPP using the method detailRéizhstein et

al. (2005)

Data of environmental parameters (i.e., VWC, PAR and soil temperature) were then
appended to the fluxes through linear interpolation. To account for the variabilityz@

fluxes between mescosmsN.Ofluxes were first binned into four hourly bins, which were
02:00 (00:0Q; 03:59), 06:00 (04:0Q 07:59), 10:00 (08:08 11:59), 14:00 (12:09 15:59),

18:00 (16:0Q; 19:59), and 22:00 (20:0023:59), and mean values bkO flux, VWC, soil
temperature and PAR and their 95% confidence intervals were calculated. These mean
values were used for data visualisation and statistical analyses. Diurnal variatigs@ in

flux were then determined by the difference between the daily minimum and maximum

mean N2O flux of four hourly bins (hereby referred to as me&hO fluxes), which was
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calculated as percentage increase by subtracting the maximum flux by the minimum flux,

followed by the dividing with the minimum flux and multiplying by 100%.

To quantify the diurnal patterns &>O flux during the experiment, meaN.O fluxes were

ALX A0 o0& AYRAGARdAzZrt RlI&a FyR SIOK Rtme g1 ¢
LIS AY IR dAMI ¥WIy dzaAy3d GKS RAdDNYIFE LI GaGS
et al. (2021). To fuher visualise to overall diurnal pattern &0 flux throughout the
experiment, mearN2O fluxes were first normalised following the method by Huang et al.
(2014) and Keane et al(2018) which removed the magnitude differences N3O flux
between dates and allowed the observation of diurnal dynamicl@i flux. Then, the
distributions of normalised.O fluxes of the fouthourly bins were plotted on a boxplot.

To compare the biases in cumulatiMgO emissions between sublaily measurements and
daily, every three days and weekly measurements, daily cumulsib@emissions of sub

daily measurements were first calculateging the mear\>O fluxes of four hourly bins

with trapezoidal integration(Keane et al., 2018followed by a summation for the daily
cumulative emissions to obtain a total emissions over the experimental period. The mean
N2O fluxes of the 10:00 fouhourly bins were multiplied by 24 for each day and summed
up to calculate the total emission estimated by sind&ly measurements. For
measirements of once every three days, weekly, and fortnightly, multiple starting day
scenarios were assumed (i.e., once every three days measurements would yield three total
emission estimation scenarios since the start day could be on day 1, 2 or 3, weekty w
yield seven scenarios and fortnightly would yield 14 scenarios). The daily cumNgiive
emissions estimated by singtiaily measurements were then taken at the respective
intervals of the scenarios and propagated to the anaasurement dates. Thadses in the

total N2O emissions between sublaily measurements and daily, once every three days,
weekly and fortnightly measurement scenarios were calculated using equation 2.3 in
Chapter 2.

To examine the relationships between diuriddO flux and abiotic and biotic variads,
O2NNBf A2y O2STTFAOASY G A 6t SINaxyatamedd &
VWC, soil temperature, PAR and GPP. Due to thennomality of the mearN.O fluxes

which could obscure the correlations, correlations with theNp@ flux) were also
investigated. Following this, three linear mixetfects models were developed individually

to assess the ability of soil temperature, PAR and GPP (as they showed considerable

collinearity), along with VWC, to explain the variances in meghfluxes. Tado so, the
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Akaike Information Criterion (AIC; an estimator of -ofisample prediction error and

thereby indicates goodness of fit of a model), margirtgpRrtion of variance explained by
fixed effects) and jwalues of the predictors of the three modelgre compared. In all three
linear mixedeffects models, date of measurements was set as the random factor, whilst
combinations of mean VWC and mean soil temperature, mean PAR or mean GPP were se
as the fixed factors in their respective model. Zero mBamR and GPP values (i.e., PAR and
GPP at night) were excluded from the models since they could not explain the variances in
night-time N2O fluxes. The use of linear mixedfects models was to account for the
repeated measures diO flux (i.e., multipledays of diurnalN>O flux measurements),
which were highly variable in magnitude, partly due to the N fertilisation events. To meet
the assumption requirement of linear mixedfects models (i.e., normality in model
residuals), IMO flux) was used insiad of meanN.O fluxes, and IMO flux) X3.0
(equivalent of 20>g m? h'* of meanN;O flux) were removed from the models to reduce
GKS a1Ss6ySaa G261 NRa t2¢ FtdzE Ol fdzSad ¢K
with the Kolmogoro¥Smirnov test To visualise the fixed effects of the model predictors
(i.e., mean VWC, soil temperature, PAR and GPP), observed valuas,0fflak) were
plotted against those of the predictors, followed by superimposing with the model

estimated values of INoOflux) at different levels of the predictors.
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3.4 Results

MeanN.O fluxes ranged betweef20.6 + 61.8>g (mean * standard errofj;O m2 h'* and

829.6 + 328.2g N.Om2h during the experiment (Figure 3.3a). Diurnal variations@

flux observed in the experiment ranged from 21.4% to 13831.5%, with 87.0% (n = 47) of
the measurement days exhibiting diurnal variation®p® flux > 100%. A total of 84.58gn

N.O m? (equivalent of 5.38 kg\,O-N ha?, or 2.2% of the total N inputs) were emitted
throughout the experiment. Soil VWC atl0 cm varied from 27.5 + 1.4% to 40.0 £ 1.7%
with no clear diurnal pattern after the daily irrigation period (26 July to 8 August) (Figure
3.3b); whereas soil temperature at 10 cm ranged from 7.4 £0.80 23.5 = 0.3C with
diurnal differences ranging between 0.7 and 8@ (Figure 3.3c). Daily maxima of PAR
measured under chamber top ranged between 0.076 + 0.010 nmvos! and 0.543 +
0.045 mmoim? s (Figure 3.3d), whereas that of GPP ranged between 2.08 + 0r#2hg

tand 4.89 + 0.46 g2 h'l (Figure 3.3e).

3.4.1 Biases in total cumulati¥eO emissions of measurement frequencies

The totalN>O emissions estimatedsing daily measurements at 10:00 resulted in a bias of
+6.9% (Table 3.1, complete data table in Appenilixhich was within the acceptable bias
defined byBarton et al(2015) whereas with measurements of every three days resulted
in biases betweerl.9% and +15.0% depending on the starting day. Weekly measurements
resulted in the largest and most variable biases ranging #812% to +108.3%, with none

of the days producing aestimate within the acceptable bias of within £ 10%. Similarly,
fortnightly measurements produced large variable biases ranging ff@ht% to +89.9%,
with only two of the starting day scenarios (scenario 6 and 7, Table 3.1) producing

acceptable biases (5% and9.1%).
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Figure3.3. Timeseries of (a) 40 flux, (b) soil volumetric content (VWC) a 00 cm, (c) soil temperature at 10 cm, (d) photosynthetically active radiation (PAR) under the chamber top and
(e) GPP during the experiment. Crosses and vertical lines represent the mean values and 95% confidence intervadaidy foims. Black aows indicate the fertilisation events.
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Table3.1. Total NO emissions over the experimental period estimated with measurement scenarios of
different intervals (single daily, onceey three days, weekly and fortnightly at 10:00) and their biases when
compared to the total DD emission estimated with sedaily measurements

Measurement frequency Total NO emission (mg PO n?) Bias (%)
Subdaily 84.58 NA
Single daily 90.41 +6.9
Every three days (scenario : 82.96 -1.9
Every three days (scenario : 89.44 +5.7
Every three days (scenario « 97.28 +15.0
Weekly (scenario 1) 53.55 -36.7
Weekly (scenario 2) 65.62 -22.4
Weekly (scenario 3) 45.53 -46.2
Weekly (scenario 4) 69.16 -18.2
Weekly (scenario 5) 176.15 +108.3
Weekly (scenario 6) 75.67 -10.5
Weekly (scenario 7) 123.16 +45.6
Fortnightly (scenario 1) 160.60 +89.9
Fortnightly (scenario 2) 152.85 +80.7
Fortnightly (scenario 3) 103.59 +22.5
Fortnightly (scenario 4) 68.63 -18.9
Fortnightly (scenario 5) 47.96 -43.3
Fortnightly (scenario 6) 90.93 +7.5
Fortnightly (scenario 7) 76.90 9.1
Fortnightly (scenario 8) 95.41 +12.8
Fortnightly (scenario 9) 54.94 -35.0
Fortnightly (scenario 10) 118.46 +40.1
Fortnightly (scenario 11) 36.74 -56.6
Fortnightly (scenario 12) 63.96 -24.4
Fortnightly (scenario 13) 21.47 -74.6
Fortnightly (scenario 14) 65.16 -23.0

3.4.2 Categorisation of diurnal patternsigfO flux and overall diurnal pattern df.O flux
during the measurement days

Mean N2O fluxes exhibited daytime peaking pattern in 33 out of 56 days of complete
measurements (61.1%) of flux measurements. Figure 3.4a shows an exarNp&floixes
oscillating along with PAR and soil temperature for three consecutive days. It should be
notedthat the majority of daytime peaking days occurred outside the daily irrigation period.
Nighttime peaking pattern was only exhibited in 5 days (9.3%) anddnamal pattern

were exhibited in 16 days (29.6%), as visualised in Figure 3.4b. The distisbofio
normalisedN2O fluxes in the four hourly bins further indicate an overall daytime peaking
pattern of N.O flux during the experiment (Figure 3.4c), with the 06:00 bin and the 14:00

bin having the lowest and highest distribution of normali$e® fluxes, respectively.
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Figure3.4. (a) Diurnal variations in mearp® flux (green crosses, solid line), PAR (orange triangles, dashed
line) and soil temperature (red circles, dotted line) measured betweeB8dp and 18 Sep 2018. (b) Pie chart
of the proportions of the three diurnal patterns (i.e., daytime peaking, nighé peaking, and nowliurnal)

of NbO flux; n indicates the number of days of whicloNluxes exhibited the respective diurnal patterrridg

the experiment. (c) Boxplot of normalised@ fluxes binned into six fodrourly bins indicating the overall
diurnal pattern of MO flux during the experiment

3.4.3 Correlation matrix and linear mixegffects model of meadO fluxes

The correlatbn matrix (Table 3.2, complete correlation matrix in Appendix 1) shows both
mean VWC and GPP significantly correlated with n&&flux (VWC: r = 0.273, p < 0.001;
GPP: r=0.130, p = 0.043) and\ug flux) (VWC: r = 0.264, p < 0.001; GPP: r = 0.249, p
nonamo® {YFEEE tSI NERah@@1) andl |grgefmdasSsi(>0.6) vé&dl ¢ S S
found in both meaN>Oflux and Inf\>O flux) with mean soil temperature, indicating weak
non-significant relationships. Mean PAR and GPP, on the other hand, both showed

significant positive correlations (r > 0.1, p < 0.05) with mEgDflux and In{N2O flux).
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Table3.2. Carelation matrix of mean pO flux of fourhourly bins and logransformed mean bD flux (In(NO
flux) against mean values of VWC, PAR and soil temperature ehdouly bins. Values in bold indicate
statistical significance.

MeanN.O flux IN(N2O flux)

t S NE 2yal0ed NJ o LI

IN(N20O flux) 0.766 (< 0.001) NA
vVWC 0.273(< 0.001) 0.264 (< 0.001)
Soil temperature 0.057 (0.296) -0.035 (0.535)
PAR 0.110 (0.043) 0.114 (0.042)
GPP 0.124(0.023) 0.146(0.009

The information of the thredéinear mixedeffect models is summarised in Table 3.3. Out of
the three models, the GPP model had the lowest AIC (i.e., the leasbf@atmple
prediction error) of 296.4, indicating the best goodness of fit of the model estimations to
the observed In{-O flux) values. The AIC of the PAR model (327.6) was higher than that of
the GPP model, whereas the soil temperature model had a comparatively much higher AIC
(429.6). The marginal’Ralues of the models were not substantially different. The PAR
model hadthe highest marginal /0.132), followed by the GPP model (0.122) and the soil
temperature model (0.112). Mean VWC was a significant predictor in all three models;
however, only GPP in the GPP model was also considered as a significant predictor anc
neither mean soil temperature or mean PAR was considered a significant predictor in their

respective model.

Figure 3.5a to 3.5d show the scatter plots of the observedbflux) against mean VWC,

soil temperature, PAR and GPP, respectively, along with nestishates of N0 flux)
predicted at different levels of the parameters. A clear positive trend betwedir@ux)

and mean VWC can be observed (Figure 3.5a), whereas the positive relationship between
In(N2O flux) and mean GPP appear more subduedufe 3.5d). Notably, the distribution

of the observed In{:O flux) against mean soil temperature (Figure 3.5b) is somewhat

vertically congregated around ZE.
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Table3.3. Summary of model information of the three linear mixeffiects models. The formulae for soil
temperature model, PAR model and GPP model are{Nix) ~ 1 + VWC + soil temperature + (1|Date),
IN(N:O flux) ~ 1 + VWC + PAR + (1|Date),0(Mux) ~ 1 + VWC + GPP + (1|Date), respectively. Values of
In(N:O flux), VWC, soil temperature, PAR and GPP are mean values -tfofaly bins. *: estimate and-p
value are only applicable to the predictor of the respective model.

Model information Soil temperature model PAR model GPP model
Model fit Restricted maximum likelihood
AlIC 429.6 327.6 296.4
Marginal R 0.112 0.132 0.122
Conditional R 0.759 0.766 0.784
Observations 249 183 170
Number of dates 56 54 54
Predictor Estimate (pvalue)
(Intercept) 4.218 (< 0.001) 4.244 (<0.001) 4.229 (<0.001)
VWC 0.1589 (< 0.001) 0.198 (< 0.001) 0.175 (< 0.001)
Soil temperature/PAR/GPP* 0.0382 (0.113) 0.339 (0.226) 0.0678 (0.009)
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Figure3.5. Scatter plots of the observddg-transformed mean BO fluxes (In(BD flux)) (green open circles)
against (a) mean VWC (of the GPP model), (b) mean soil temperature and (c) mean PAR and (d) mean GP
Coloured dots and ribbons in (a) to (c) represent the J0(Mux) values estimateby the liner mixeekffects

model at different levels of the predictors and the 95% confidence interval limits (blue = VWC, red = soil
temperature, orange = PAR, purple = GPP).
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3.5Discussion

This experiment tackled the challenges and limitations of sneiag diurnalN2O fluxes
present in approaches otherwiseith the use of an ACS. The implications of the
experimental results could provide a better understanding of the drivers of diurnal
variations inrN2Oflux. This experimental setp allowed futurenvestigations of diurnd\.O
fluxes under treatments of manipulated diurnal variables (e.g., light intensity and soil
temperature).

3.5.1Importanceof measuring diurnal variations iN2O flux

High diurnal variations imN2O flux were observed in this experiment, with differences
between the daily minimum and maximuhipO fluxes ranging up to 138 times and most
days (> 87%) exhibited over 100% of diurnal variations;influx. Using the meaN,O
fluxes at the 10:00 fouhourly bins yielded a bias of +6.9% in tdtaD emission over the

56 measurement days, which is within the acceptable range of elebned byBarton et

al. (2015) (x10%), who ats revealed decreasing regularity of flux measurements could
overestimated the total emission by up to 935%. This conforms the current guidance of
sampling N2O flux oncea-day in midmorning around 10:00 to produce the most
representative emission estimait (Charteris et al., @0), as well as agrees with the
findings of studies with similar assessmefarton et al., 2015; Wu et al., 202However,

the biases of totalN.O emission amplified with increased ranges of estimate as the
measurement intervals widened. In the measurement regime of once everg thags at
10:00, one out of three scenarios exhibited a bias of +15%, whereas weekly measurement
frequencies (at 10:00) produced > +10% biases in all seven scenarios, with- under
estimations as low agl6% and overestimations as high as +108%. Likewisaytl@f 14
scenarios of fortnightly measurement frequencies had > +10% bia&&% (o +90%). This
contrasts the indications by several studies that once every three days to weekly
measurement frequencies could produce estimations with acceptable efftosier et al.,
1998; Reeves and Wang, 2015; Smith and Dobbie, 2@i)findings also highlight the
extent of uncertainty entailed in estimatin.O emissions with flux measurements at
longer than daily (up to monthly) intervalsvhich are still commonly practiced folhO
emission reporting Drewer et al., 2012, 2017; Harris et al., 2017; Hénault et al., 2019;

Rochette, 2@1). However in the recent guidelines fak.O emission sampling methods,
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Charteris et al. (2020) also recommended varying the frequency of flux measurements
based on whether emission peaks are expected (e.g., rainfall and fertilisation events),
which may better capture the dayo-day and potentially diurnal variations iN.O
emissions.

Reporting of inaccuratdN.O emission estimates could further impede the accurate
calculation of the emission factor, since the current default emission factor of 1% suggested
by the IPCC was based on the summarieBdaywman(1996) who extracted\>O emission

data from past studies with measurement intervals ween three days to a month. Our
results of subdaily flux measurements however show that 2.2% of the applied N was
emitted asN20 in 56 days, highlighting the substantial shortfall of the recommended
emission factor of 1%.

The magnitude of the biases byfrequent measurements in this study was partially due to
the failure to capture the high magnitude, d&y-day variations iN>O flux, leading to
under- or overestimation of total emission by assumption of transient fluxes over extended
periods of time.Even with single daily flux measurements at 10:00, the risk of urater
overestimation still persists given the diurnal variability\NaO flux and the inconsistency

of diurnal N2O patterns. Wu et al. (2021) found single daily flux measurement at 10:00
although produced the smallest bias on average among other times of day, it still led to a
potential underestimation of-29% and overestimation of +35%. At present, diurnal
variability ofN2O flux is not considered in common prediction models such as DNDC and
DAYCENTCai et al., 2003; Del Grosso et al., 20d2)nanual measurementby static
chambers(Pavelka et al., 2018)The potential uncertainty ilN.O emission estimates
caused by the overlooking of diurnal variationg\e® flux could hinder the development

of mitigation strategies and land management practiflemmmirato et al., 2018; Venterea

et al., 2012)Additionally, collections of diurndkOflux data could provide information for

the improvement of existing procedmsed models.

3.5.2Diurnal patterns ofN2O flux

Over the experimental period\-O fluxes exhibited daytime peaking diurnal patterns in
about 61% of the days. This agrees with the findings of Wu et al. (2021), where 286 days of
diurnal N2O flux data from 46 published studies were classified into three diurnal pattern

categories (e., daytime peaking, nightme peaking and nowliurnal) and found daytime
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peaking patterns in ~60% of the diurnal datasefbe similarity in the proportions of
daytime peaking patterns in this experiment and teasf the global dataset iVu et al.
(2021)(Chapter 2suggests that diurnal patterns of sBHOflux may not be spatially driven.
This is further supported by th&tudy by Alves et a{2012b) whichfound similar diurnal
patterns ofN.O flux (daytime peakingin two geographically distinct field sites (Edinburgh,
UK andSeropgdica Brazil) The poportions of nighitime peaking and nowliurnal patterns

in this experimentwere lower (~9%) and higher (~30%), respectively, than the reported
proportions of ~20% by Wu et al. (2021) (Chapter 2). This discrepancy could be explained
by the drainage propeyt of the study soil (fine silt). Silt is classified as an imperfectly
drained soil according t@&roenendyk et al(Groenendyk et al., 2015and imperfectly
drained soils were reported to have a lower proportion of nighte peaking patterns
(~13%) and a higher proportion of negiurnal patterns (~26%) in the results of the study
by Wu et al. (2021). Nediurnal events including fertilisation and rainfall have been shown
to obscure the daytime peaking patterns and give rise to-dmmnal patternsof N>O flux

in previous studiegClar and Anex, 2020; van der Weerden, Clough and Styles, 2013;
Kostyanovsky et al., 2019)his is owing to the rapid increases in soil N availability and,VW
which stimulate soiN>O production within hours and trigger pulse emissiongNe® (Ful?
etal., 2011; Geng et al., 201 Pulse emissions dbbOare episodic and have been observed
to last for more than 24 houréBall, Crichton and Horgan, 200&)d could override any
diurnal effect by PAR and soil tenrpture (van der Weerden, Clough and Styles, 2013)
Despite the inconsistency in diurnal patterns, daytime peaking pattermé©fflux were

still common occurrences during the experiment, with diurhaD fluxes most likely to
peak between 12:00 and 16:08s shown by the distribution of normalis®dO fluxes at

the 14:00 bin (over 50% at > 0.6) in Figure 3.4c.

3.5.3Potential drivers of diurnaN2O flux

The significant positive relationships of mdsfO flux and In{20 flux) with mean VWC in
the correldion matrix (Table 3.2) and linear mixeffects models (Table 3.3) indicate that
VWC is the dominant driver of diurnsbO fluxes out of the abiotic and biotic variables
measured. This agrees with the findings of various studies, where a strong pesitee

of soil moisture orN>Oflux is reported ButterbachBahl et al., 2013; Davidson and Verchot,

2000; Schindlbacher, Zechmeistoltenstern and ButterbacBahl, 2004) Soil VWC,
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which controls soil watefilled pore space, has been shown to govern soil aeration by
limiting gas diffusion from the atmosphere into the soil profile, and subsequently stimulate
N2O production in soils througlD, depletion (Balaine et al., 2013; van der Weerden,
Kelliher and Klein, 20123tudies have also shown thatenunder drier conditions (water

filled pore space at 3@ 70%) N.O production can still take place due to nitrifier
denitrification (Bracken et al., @21; van Haren et al., 2009)levertheless, diurnaN.O
fluxes showed a majority of daytime peaking patterns throughout the experiment, whereas
VWC only oscillated diurnally during the initial irrigation period (26 July to 8 August).
Therefore, VWC wasnlikely the predominant contributor of the occurrences of daytime
peaking ofN>O flux.

Contrary to the typical attribution of soil temperature as the main driver of diurnal
variations inN2O flux in a multitude of literaturgBlackmer, Robbins and Bremner, 1982;
Hosono et al., 2006; Liang et al., 2018; Scheer et al., 2014; van der Weerden, Kelliher anc
Klein,2012; Williams, Ineson and Coward, 199)ean soil temperature showed weak
correlations (r < 0.1) with meaxO flux and no significance (p > 0.05) wittNu@flux) in

the correlation matrix. Similarly, mean soil temperature was not considered a significant
predictor (p = 0.113) in its linear mixedfects model (i.e., soil temperature model), which
also showed the highest AIC and margindkc&mpared to the ther two models. This
indicates the model had the lowest goodness of fit to the observed data and explained the
least data variance. A congregation of observedd@(flux) at around 15C inthe fixed
effect plot (Figure 3.5b) further illustrates the kaof a strong relationship between diurnal
N2O flux and soil temperature. Although laboratory studies have demonstrated
production to have a temperature sensitivit@i) of around 2.qCastaldi, 2000; Phillipet

al., 2015a)which in theory should account for at least some part of the diurnal variations
in N2O flux, our results showed that the explanatory strength of soil temperature in this
experiment was not sufficient to be considered significé88tudes have shown that the
majority of NoO emissions (> 60%) originate from¢@®0 cm soil depti{Shcherbak and
Robertson, 2019; Toma et al., 2011; Zuo et al., 2008 observations of > 100% diurnal
variations inN2O flux in 87% of the measurement days with prevalent daytime peaking
patterns, where the diurnal differences in soil temperatatel0 cmnever exceeded 18C,

suggesthat diurnal variations ifN>O flux were not strongly controlled bgoil temperature
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at 10 cm or belowDiurnal variations in soil temperature near soil surface @ cm) or
other diurnal factors such as photosynthetic parameters might regulate the occurrence of
daytime peaking oN>O flux.

Compared to mean soil temperature, both mean PAR @PP showed more positive (r >
0.1) and significant relationships (p < 0.05) with mé&&o flux and In{2O flux) in the
correlation matrix. Both the PAR model and the GPP models had lower values of AIC (327.¢
and 296.4, respectively) and higher valwdsmarginal R(0.132 and 0.122, respectively)
than the soil temperature model, indicating a better model fiowever mean PAR was

not considered a significant predictor in its linear miedtects model, whereas mean GPP
was. This hints that GPP wasteosger driver of diurnalN2O fluxes than PAR and soil
temperature, possibly due to its influences on the microbigD production mechanisms

in soils.As hbile Gs more availablén the rhizosphere, the bacterial community therein is
typically copiotophic and fasgrowing(Dennis, Miller and Hirsch, 2010; Ridl et al., 2016;
Uksa et al., 2015A study by Okubo et af2016)showed thatBrassicaceaplants exude

on average 7.7 mgigroot of sugars despite being nanycorrhizal. Additionally,tsdies

have shown that the chemical compositions of the root exudates vary with plant species
6wW2ySaszx | 2R3IS yR YdzZ &l 1233 H,whichiightsihped Sy :
the structure of the microbial community in the rhizospheferexample,n oilseed rape

the bacterial community of its rhizosphere is dominated by XamthomonasRhizobium
Pseudomonasand Flavobacteriumgenera(de Campos et al., 2013\hich all contain
heterotrophic aerobic andor anaerobic denitrifying specie@bdelhamed et al., 2021;
Chéneby et al., 2000; Pigar et al., 2019)herefore soilN.Oproduction could likely follow

the diurnal rhythms of root exudation, which lags several hours behind photosynthesis in
herbaceous plant¢éBahn et al., 2009; Makita, Kosugi and Kamakura, 2@f4he oilseed

rape plants in this study.

However,while some studies found > 60% of the varianceli® flux were explained by
PAR or GPfKeane et al., 2018; Zona et al., 2Q18)this experiment, GPP along with VWC
only explained ~12% of the varianceNsOflux (Table 3.3)nstead, > 50% of the variances

in NoOflux were explained by dayo-day variations ifN2O flux magnitude, as indicated by

the differences between conditionaPRnd marginal Rin the three linear mixegffects

models (date was set as a random factor). This was likely caused by the changes in sail I
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substrate content from the multiple fertilisation events, which is a dominant driver of soil
N2O production (Firestone and Davidson, 198%®till, our results suggest th&PP could

play a role in regulating the diurnal variationsNBO flux, and the inclusion of GPP in
processeebased prediction models &0 emission such as DNDC and DayCent (GPP is not
included as an input component at presetel Grosso et al., 2012; Li et @006) could

help produce more accurate estimatiortdowever, more direct evidence of the positive
influences on plant productivity on diurnslbOflux is needed to justify the inclusion, which
will require dissociating photosynthetic parameters frother diurnal covariables such as
soil temperature that could also regulakeOflux. Effort to diminish diurnal fluctuations of

soil temperature from day and night cycles has been proven challenging, even in controlled
laboratory conditiongDas et al., 2012)Future studies could apply soil warming and/or
plant shading treatments in mesocosm experimentakgetsuch as one in this study to
deviate the diurnal amplitudes of soil temperature and PAR/GPP in order to sephmt

effects of both variables.
3.6 Conclusion

In this study, we investigated the importance of considering diurnal variatioNsQrflux

in N2O emission calculations and explored several potential drivers of didp@lflux.
Through the use of an &ammated chamber measurement system, large diurnal variations
in N2Oflux were observed. Our results show that sind&ly measurements at 10:00 could
estimate total N.O emission with an acceptable bias, but any measurement intervals
beyond oncea-day wil risk large overor underestimations owing to the large day-day
variations inN2O flux, which accounted for a large portion of temporal variancebl.

flux. Distinctive daytime peaking diurnal patterns\NaD flux were observed on most days

of the experiment, but variations in diurnal patterns were also observed. They were likely
caused by nowiurnal factors such as rainfall. Of the measured environmental variables,
VWC was the strongest driver d&O flux, followed by GPP and then PAR. However,
correlation matrix and linear mixeeffects model results showed no significant
relationship betweenN>O flux and soil temperature, contrasting typical literature
ascriptions. Further investigation of the separated effects of plant productivity and sail
temperature could help understand the underpinning mechanisms driving diurnal

variations inN>O flux.
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4. Effects of soil warming and plant shading on the diurnal

variability of nitrous oxide emissions
4.1 Abstract

Diurnal variations in soiitrous oxide (MO)flux have been shown to correlate with soll
temperature as well as other photosynthetic parametdnswever, the mechanistic basis

of their relationships has not been established. This study aimed to explore the effects of a
photosynthetic parameter (solar radiation) and soil temperature on the diurnal amplitude
and peak timing oN2O flux.

A field mesocosm experiment was conducted withlant shading and soil warming
treatments applied over a series of-day interventions along with the suldaily
measurements of\.O flux and subsidiaryvariables. The results showed that during
treatment periods, plat shading significantly reduced (p = 0.042) the diurnal amplitude of
N2O flux by 34%, whereas soil warming did not affect the diurnal amplituds>Offlux.
Daytime peaking of diurnal® fluxes was common (54% to 63%) but not consistent across
treatments. Under no plant shading and soil warming, the diurnal peakk@flux tended

to occur in late afternoon (16:06 19:59), accounting for 39% of the occurrences. Plant
shading altered the peak timing of diurf&lOflux by significantly reducing (15%gjusted
residuals =2.29) the diurnal peak occurrences in late afternoon (165009:59) and
significantly increasing (19%, adjusted residuals = 1.97) the diurnal peak occurrences at
night (20:00¢ 23:59). Further analyses revealed that daily cumuladinlar radiation had a
significant positive effect (p = 0.018), whilst daily cumulative net ecosystem production had
a significant negative effect §0.001) on the diurnal amplitude &f0 flux.

The findings of this experiment alluded to thgiurnal controls of plantnediated
metabolisms in soils on the diurnal amplitude and pattern e©MNlux, which might be
linked to photosynthesis. However, it is still unclear how soil biochemical properties (e.g.,
labile C and inorganic dbntent, soil @ concentration) change over diurnal courses and
how photosynthesigelated mechanisms lead to such changage daily cumulative solar
radiation and net ecosystem production (NEP) explained little of the variance in diurnal

amplitude ofN2Oflux.
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4.2 Introduction

Diurnal variability of nitrous oxideN¢O) flux from soils has been widely observed, with
some studies reporting diurnal variationsNaO flux of up to 16fold (Christensen, 1983;
Dobbie and Smith, 2003; Maljanen et al., 2002; Scheer et al., 2012; Shurpali et al., 2016;
Williams, Ineson and Coward, 1999his could imgde the accuracy oN>O emission
estimates if diurnal variability df>O flux is not considered. Past observations of diurnal
variations of NoO flux have mostly been attributed to the diurnal oscillation of soil
temperature due to the observations of @nsistent pattern of daytime peaking bbO

flux, which is concurrent with soil temperatu(@lackmer, Robbins and Bremner, 1982;
Scheer et al., 2012; van der Weerden, Clough and Styles, 2013; Williams, Ineson anc
Coward, 1999)This las subsequently led to the recommendation of taking shutglay
measurements oN>Oflux in midmorning (ca. 10:00 h) to obtain the daily aver&g® flux

rate, since it is also when soil temperature is at its daily average in most(€tsaseris et

al., 2020; De Klein and Harvey, 20F5)wever, the magnitude of diurnal sBHOemissions
(Christensen, 1983; Dobbie and Smith, 2003; Maljanen et al., 2002; Scheer et al., 2012;
Shurpali egal., 2016; Williams, Ineson and Coward, 1988gxceed what can be explained

by the expected temperature sensitivit@{) of 2¢ 4 for NO production(Ding, Sun and
Huang, 2019; Myrstener, Jonsson and Bergstrom, 2016; Phillips et al., 2015a; Vicca et al.
2009) suggesting other factors may also interact to drive the phenomenon. In addition,
some studies have observed nigithe peaking patterns oNO flux that is outof-phase

with soil temperaturg(Keane et al., 2019; Scheer et al., 2012; Shurpali et al., 2016; Zona et
al., 20B), which suggests other diurnal variables may govern the peaking timihgOof

flux. While some factors such as mineral nitrogen (N) availability and soil moisture have a
strong influence onN:O production these factors do not show diurnal trends
(Papastylianou, 1995; Roxy, Sumithranand and Renuka, ,2&idYherefore, are unlikely

to regulate the diurnal patterns &0 flux.

Some studies have instead suggested plant photosynthetic activity as a controlling factor
of the diurnal variability oN-O flux. Christenseif1983)observed daytime peaking 60

flux and found days with high diurnal variabilityNeO flux coincided with days with high
solar radiation. Keane et gR018)also found diurnal peaks d&O flux precedinghose of

soil temperature and a stronger coupling betwagsOflux and photosynthetic parameters

including photosynthetically active radiation (PAR) and net ecosystem production (NEP).
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Other studies have found positive correlations betwelRsO flux and goss primary

productivity (Shurpali et al., 2016; Zona et al., 201Bhese findings hint at the positive
effect of plant productivity oN.O flux. Plants have been shown to exude up to a third of
the daily photosynthetically fixed C in the form of root exudgi@adri and Vivanco, 2009;
Chabbi and Rumpel, 2009; Kaiser et al., 20d%lich could subseeently stimulateN.O
production in the rhizosphere by providing labile C soul@s=hn et al., 2009; Koo et al.,
2005; van Hees et al., 200®) heterotrophic respiration and denitrificatioAzam et al.,
2002; Wang et al., 20053s more than 60% of the totBbO emissions has been observed

to originate from the rhizospheréXing et al., 2021)Root exudation of C is often proxied

by microbial respiration in the rhizosphere due to the rapid rhizomicrobial respiration of
exuded GHill et al., 2007; Kuzyakov and Gavricl&@®010) While plants can exude up to
40% of their photosynthetically fixed C into the rhizosph@anarini et al., 2019; Kuzyako

and Domanski, 2000)he chemical compositions of root exudates are known to vary with
plant species which can subsequently impact the soil microbial communities including
those of nitrifiers and denitrifiergLi et al.,2017; RuizRueda, Hallin and Baferas, 2009;
Zhou et al., 2020)Glucosinolatesare a group organic compounds typically found in the
root exudates ofBrassicacea@lants, which have antifungal and antibacterial properties
(Aires et al., 2009; Mithen, Lewis and Fenwick, 1986; Tierens et al., 200Lhave been
suggested to explaiBrassicaceakJt | yiaQ Ayl oAt AGe& ( ARoBeRAN) |
and Anderson, 2001; Vierheilig et al., 2008)study by Bressef2009)found that root
exudation of glucosinolatesgiificantly impacted the structure and composition of the soil
fungal communities and two bacterial familiehaproteobacteriabind Rhizobiaceae

This might shift therhizomicrobial communities ofBrassicaceaeplants towards
glucosinolatedolerant fungal and bacterial species, such asfiXxihg Azorhizobium
caulinodas o D2 dz3K S | f &3 ™ ddT,bacteri@l/déntrifyingBakillus/ S
subtilis(Brabban and Edwards, 199&)d ectomycorrhizaldenitrifying Paxillus involutus
605NoNRgall Sa I MillEr, Bagysiand Jolindody YOR1S ReHd, Klallik and
Setliff, 2003)

Diurnal osillations of rhizosphere respiration was demonstrated in a pldbelling
experiment by Kuzyakov and Chef@®01) suggesting similar diurnal oscillations of root
exudation. This further alludes to the regulatory effects of plant productivity on the diurnal

variations ofN2O flux. However, the effects of plant pdactivity on diurnalN.O flux are
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still unclear. A close diurnal coupling between net primary production and soil N uptake

was demonstrated in a studfRiley, Zhu and Tang, 2018)hich suggests théiurnal
oscillation of plant productivity could instead dampen the diurnal amplitud&6 flux

due to the increased N uptake by plant roots during photoperiods and subsequently
reductions in N substrate availability fiNpO production. This is supporteby the study by
Schitzenmeister et a{2020) who demonstrated reduced cumulatiwO emissions and
diurnal amplitude oN>Oflux from planted mesocosms under light conditions compared to
dark conditions. On the other hand, experimental evidence has also brought the effects of
plant productvity on diurnalN2O flux into question. Das et a{2012)observed similar
diurnal patterns oN.Oflux in both grasgrown and bare soil, and suggested the potential
effects of PAR cycle leading to root exudation did not cause the diurnal variatidh® of
flux; instead, the observed diurnal variationdNfOflux were attributed to the fluctuations

of soil temperature cased by the heat from the light sources. At present, the effects of
photosynthesis on the diurnal variations and patterns of $&iD flux are still poorly
understood. Although recent studies have considered and investigated the relationship of
soilN2Oflux with PAR and NEReane et al., 2018; Shurpali et al., 2016; Zona et al., 2013)
direct evidence indicating the sole effects of photosynthetic parameters (e.g. PAR, solar
radiation, NEP, and etc.) on the diurnal amplitudes and peak timiNg@flux is still laking.

This is partly because photosynthetic parameters and soil temperature often covary on a
diurnal scale. Even in a controlled laboratory environment, decoupling photosynthetic
parameters and soil temperature remains a challe(iDas et al., 2012)

Building on the observations of diurnab® fluxes made in Chapter &is experiment
aimed to answer the research questions below:

1. Do plant shathg and soil warmingindividually or in combinationaffect the
magnitude and peak timing of diurnal variations #FONlux?

2. Can environmental and biological variables expldie magnitude of diurnal
variations inN2O flux?

It was hypothesised that mesocosms receiving soil warming would exhibit significant
increases in diurnal amplitudése., magnitude of diurnal variationsj N2O flux and daily
cumulativeN.O emissions, compared to those without soil warming, whereas mesocosms
receiving plant shading would exhibit significant reductions in diurnal amplitudés@®f

flux and daily cumulativé\.O emissions, compared to those without plant shadihg.
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addition, it was hypothesised that daily average soil VWC, daily averagerspgrature,

daily cumulative solar radiation and daily cumulative NEP would show significantly positive
relationships with diurnal amplitudes d£Ofluxin all mesocosms

To address the research questions and hypotheses above, the field mesocosm
experimental design in Chapter 3 was adapted and modified to test the contribution and
interaction of soil temperature and solar radiation on diurng}O flux. Different
magnitudes of diurnal variations in soil temperature and photosynthetic parameters were
creaed during treatment application periods, allowing the investigation of the separate
effects of soil temperature and photosynthetic parameters on the diurnal variations and
patterns of soilN2O flux. In this experiment, environmental variables includingl s
temperature and solar radiation and soil volumetric water content (VWC) were collected

at subdaily frequencies. Details of the experimental-sptareelaborated in Section 4.3.
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4.3 Methods

4.3.1 Experimental design and site description

To investigte the effects of plant shading and soil warming on diurnal I$gil fluxes, a
factorial experiment was conducted with 20 fiedduated mesocosms planted with forage
rape (Brassica napuk). Treatments of plant shading and soil warming were repeatedly
imposed on a campaign basis of 3 consecutive days during the expéritherexperiment
was conductedbetween 6 Aug and 25 Sept 2019, with seven periods of treatment
application, at Hazelrigg Field Station, Lancaster,348®, 246QV). Table 4.1 lists the
dates of events which took place during the experiment. MeasuresiefiN.O and CQ

fluxes were made with an automated chamber system.
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Table4.1. Chronological sequence of events of and before the experiment and their dates.

Events Dates
Mesocosm soil repacking 10 Jurng 14 Jun
Crop seeds sowing 10 Jul
Seedlings thinning 23 Jul
Start of experiment 6 Aug
First fertilisation 6 Aug
Treatment period 1 6 Augg 8 Aug
Treatment period 2 13 Augg 15 Aug
Second fertilisation 20 Aug
Treatment period 3 20 Augcg 22 Aug
Treatment period 4 24 Augc 26 Aug
Treatment period 5 31 Augg 2 Sept
Third fertilisation 2 Sept
Treatment period 6 5 Septg 7 Sept
Treatment period 7 13 Sepr; 15 Sept
End of experiment 25 Sept

The soil used in this experiment was from an arable field plantedBvaksica napushere
strong diurnal patterns dfl.Oflux were reported Keane et al., 2018) he soil had a texture

of fine silt with a bulk density (§ 10 cm depth) of 1.08 + 0.01 g €nfmean * standard
error) and pH of 8.36 £ 0.02 (mean + standard erféach mesocosm (of 20) comprised a
bottom-draining cylindrical pot (inner diameter: 40 cm, height: 38 amjl were sunken

into the ground of the grassland field on a transect alongbeth-south axisThe soilsed

was previously grown with forage rape and received a total of 240 kg*Nimanonium
nitrate (NHNQG;) in another mesocosm experiment conducted in 2018 (Chapter 3). The soll
was homogenised by mixing and repenckinto the pas two months prior to the start of

the experiment (1& 14 Jun).

One month prior to the experiment (10 Jul 2019), forage rape séBdsssica napuk.
GLYGSNIDIt ¢33 [ DwefeSdwiRia the njedogoshss fatya Fate pf approximately
20 seeds per msocosm Plantswere subsequently thinned to foumdividuals per
mesocosmat their leaf development stag€AHDB, 2021)o mimic the crop densityni
agricultural practicdLG Seeds, 2019)ver the duration of the experimer(6 Aug to 25
Sept 2019)the cr@ developed fronthe leaf development stage tthe stem elongation
stage(AHDB, 2021)
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4.3.2 Fertilisation and Treatment applications

Allmesocosms received three basal applications ofNNB at a rate of 100 kg N Heon 6

Aug, 19 Aug, and 2 Sept, as well as an application of phosphorus and potassium at a rate o
25 kg ha on 6 Aug with ammonium dihydrogen phosphate ¢N#PQ) and potassim
chloride (KCI), respectively, according to the recommended fertilisation practice for forage
rape (LG Seeds,(49)

During the experiment, intermittent treatments of soil warming and plant shading were
implemented to mesocosms over seven treatment periods, each period lasting for three
consecutive days (Table 4.1). Treatment periods were one to five days Bpeaks between
treatment applications were implemented tonit microbial acclimation to the increased soil
temperature(Bradford, 2013) The experimental setp during a treatment period is shown

in Figure 4.1. The mesocosms were divided into foesocosm group each receiving a
combination of soil warnmg and plant shading during the treatment periods; the coding of

the mesocosm groupand the respective treatments are listed in Table 4.2.

Soil warming cables in trsilwarming groups (W and SW) were switched on from 10:00 to
16:00 during treatment peods with the aim to increase soil temperature to > 20 in
daytime During the repacking of the mesocosms, soil warming cables (50W Soil Warming
Cable, BioGreen, Germany) were laid at 15 cm soil depth of the mesocosms of the saill
warming groups (W and SWShading cages (tegpen, 1.0 m (hx 0.6 m (I)x 0.6 m (w))

made from polyvinyl chloride poles and polyethylene shade mesh (50% Shade Netting, True
Products, UK) were installed around tplant shading groups (S and SW) over the duration

of eachtreatment period. Outside the treatment periods, no plant shadingat warming

was applied to the mesocosms.
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Skyline2D chassis
and chamber

Shading
cage

Weather
stations

Figured.1. Photograph of the experimental seip during treatment periods.

Table4.2. Mesocosm group codes and their corresponding plant shading and soil warming treatment during
the treatment periods in the experiment.

Mesocosm group codes Treatments
CTRL No plant shading or soil warmirge., control)
S Plant shading only
w Soil warming only
SW Plant shading and soil warming

4.3.3 Measurements bkO flux, CO» flux and other environmental variables

An automated chamber syster{Skyline2D, University of York, UK) equipped with a
transparent, closedlynamic (norsteady state) chamber was installed over the transect of
the mesocosms to measud>OandCQ fluxes from the mesocosms at diurnal frequencies.
The details of the satip and the principle of the automated chamber system are specified
in Chapter 3.3.1The automated chamber measured the mesocosms on a sequenced cycle
over the duration of the experiment. In a flux measurement, the chamber was hoisted down
and formed an enclage lasting for five minutes over the measured mesocosm. Readings of

N2O and C@concentration inside the chamber during a chamber closure were recorded at
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a frequency of ca. 1 Hay acavity ringdown spectrometer(Picarro G2508, Picarro Inc.,

Santa Clar, USA)and were later converted to flux rates during data processing. Soil
temperature and VWC were measured at 10 cm soil depth (TBI2SBéclima Digital, USA)

at one-minute intervals. Solar radiation was measured at-omaute intervals at 0.5 m abe
ground with a weather station (DWS Decagon Weather Station, Decagon Devices, USA
adjacent to the transect of the mesocosms. Solar radiation readings of shading treatment
were taken with another weather station of the same model within a shading cageré¢F

4.1). The two weather stations were assessed before the experiment to produce statistically
similar readings under the same weather conditions to avoid biasesolar radiation
readings between instruments.

4.3.4 Data processing and analyses

All daa processing, visualisation and statistical analyses were performed in R (version 3.6.1,
The R Foundation) and Microsoft Excel (version 2110, Microsoft 365). Raw data from the
cavity ringdown spectrometer were converted t&.O and CQ fluxes using a fli

OF t Odzt | G A2y [(Jrddihski 8t&l., 20 FPudiity GontiolyoN.® and CQ fluxes

was achieved by checking théwRlue and the proportion of data points used for the linear
regression fitting of each flux calculation. F&0O, fluxes with an Rvalue < 0.1 and a data
point proportion < 70% were considered as zero flux.&@y fluxes with an Rvalue < 0.7

and a data point proportion < 40% were discarded. Since the automated chamber system
was equipped with a clear chamber, the measu@® fluxes thus represent the net
ecosystem exchange rates of the mesocogaso et al., 2018Net ecosystem production
(NEP) rates were converted from measu@@ fluxes, since clear chamber measurements
were made. Daily cumulativd.O emissions, solar radiation, NEPeach mesocosm were
calculated using the trapezoidal function with their respective diurnal measurements over
every 24hour period. The magnitude of diurnal variations NBO flux was defined as
diurnal amplitude ofN2O flux, which was calculated by theubtraction of the daily
maximum N20 fluxes by the daily minimunN2O fluxes of the corresponding date and
mesocosm.

Addressing the first part of research question 1, linear mi%8H ¥ SOG Y2 RSt f
Fdzy OlA2y Ay w LI O] 3 SheWwyrginalSiged effécts &f thézdafyR  {
average VWC, plant shading, soil warming and the interaction between plant shading and

soil warming on the diurnal amplitudes &0 flux during treatment periods, with
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mesocosm set as the random effects and expenital day as the autocorrelated covariate

within each mesocosm. The inclusion of daily average VWC was to account for the variance
in diurnal amplitude oN>Oflux caused by betweedate variations in average VWC, which
were independent to treatments andutocorrelation ofexperimental day in the random
effects. To meet the assumption of linear mixeiflect modelling (i.e., normality in the
model residuals), the diurnal amplitudes 4O flux were first logtransformed (natural)
before modelling. To testthether the effects of treatments were consistent on the daily
cumulative NoO emissions, the same model formula was repeated but with- log
transformed daily cumulativBl,O emission as the dependent variable.

To examine the treatment effects on the peaking of diurnalN>O fluxes, diurnalN>.O

fluxes of each mesocosm during treatment periods were first binned intehourly bins

based on the timing of the fluxes to allow statistical comparisons. Thehourly bins
included 02:00 (00:09 03:59), 0600 (04:00¢ 07:59), 10:00 (08:0Q 11:59), 14:00 (12:00

¢ 15:59), 18:00 (16:0Q 19:59), and 22:00 (20:0€23:59). Then, diurnal,O fluxes were
averaged within each bin and normalised with the method stated in Chapter 2 (Equation
2.1), which remove thdifferences in flux magnitude among mesocosms and dates.
Boxplots of normalised\.O fluxes of the mesocosm groups were produced to visualise
their overall diurnal patterns. Next, the differences in peak timingNgd flux in the
mesocosm groups were assessed. This was achieved by counting the occurrences of dail
maxima ofN.Oflux ineach fourhourly bin and compiling the data into a contingency table,
followed by a chsquare test (CHISQ.TEST in Excel) of the observed values against the
expected values of peak occurrence. As a {husgt test, an expected frequency was
calculated for egry fourhourly bin in every treatment group (i.e., a cell in the contingency
table) using the total of each row and column of the contingency tégesti, 2002)An
adjusted residual (z score equivalent) in each meswoogoup in each fouhourly bin was

then calculated by the comparison between the observed and the expected frequency for
each cell. When the absolute value of the adjusted residual was > 1.96, it was considered
as statistically significariSharpe, 2019)

Linear mixeeeffects modelling was used to assess the effecesneironmental(VWC, soil
temperature and solar radiatiorgdnd biologica(NEPYariableson the diurnal amplitude of

N2O flux. The fixed effectterms of the model included daily average VWC, daily average

soil temperature, daily cumulative solar radiation and daily cumulative NEP, whereas the
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random effect terms were mesocosm and the autocorrelation of experimental day within

each mesocosnVariarce inflation factors (< 2.0) of the fixed effects terms were checked
to ensure fixed effects terms were not collinear before the inclusion into the model. To
understand the relative importance (effect size) of the fixed effects in the subsequent
model, ther partial eta squared (%) values were estimated with the F statistics of the fixed

effects terms.
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4.4 Results

The automated chamber system collected slaély N.O fluxes at frequencies of
approximately & 11 per day from each mesocosm during the experiment. Eight days (9
11, 13, 14, 2@; 22 Aug) of the flux data were lost due to instrumental failures in the
experiment. Throughout the experimen.O fluxes rangd from-0.66 to 1.68 mg\>O
m2h?, as shown in Figure 4.2a. HitypO fluxes (> 1.0 m N.O m? h'l) were observed
mostly after the second and third fertilisation event. High diurnal variabiliti-i fluxes

was also observed, as the diurnal amplitudes\gd flux were large and variable during
experiment, ranging from 10 to 8,349 m? h'l. Soil VW ranged between 16% and 48%
during the experiment, with no clear diurnal trends (Figure 4.2b). Treatment applications
effectively altered the diurnal amplitude of soil temperature and solar radiation during
treatment periods (Figure 4.2c and 4.2d). Duritrgatment periods, the warming
treatment increased the daily maxima of soil temperature in the W and SW group to 21.6
¢ 25.8°C (up to 50% increase), as opposed to those in the CTRL and S group which were
13.8¢ 21.9°C. The shading treatment, on the othleand, reduced the daily maxima of
solar radiation by 0.04 0.81 kW n¥ (up to 79% reduction) in the S and SW group. Outside
treatment periods, soil temperature and solar radiations between groups showed no
significant differences.

4.4.1 Treatment eff¢s of soil warming and plant shading on diurnal amplitudil.@d flux

and daily cumulativé\>,O emission

The information of the linear mixeeffects models (Table 4.3) indicated that, during the
treatment periods, only plant shading significantly redudbd logtransformed diurnal
amplitude ofN2Oflux by an estimated marginal mean of 0.42:¢= 2.032, p = 0.042) but

not the daily cumulativéN>O emission (Figure 4.3). This equated to a mean reduction of
34.3% in the actual diurnal amplitude BBO flux after the exponential conversion. Soil
warming and the interaction between plant shading and soil warming did not result in
significant effects on the diurnal amplitude O flux during the treatment periods (Table
4.3). Neither plant shading, soil warming nor the interaction between plant shading and
soil warming had any significant effects (p > 0.05) on the daily cumulst®emission

(Table 4.3). The details of the mddeformation are provided in Appendix II.
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Figure4.2. Timeseries of (a) 40 flux, (b) soil volumetric content (VWC), (c) soil temperature and (d) solar radiation over the duration of the exp®&oteand vertical lines in @

represent the mean values and 95% confidence intervals oftfourly bins. Mesocosm groups in¢aare indicated by different colours, whereas in (d) mesocosm groups without shading

(CTRL, W) and with shading (S, SW) are represented by orange and blue, respectively. Black arrows indicate the farghsstibighyellow bands indicate treatment application
periods. Dates with missing points and broken lines in (a) to (c) indicate dates with instrument failure.
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Table4.3. Model information of the four linear mixedffects models examining the treatment effects of plant
shading, soil warming and the interaction between on thetlagsformed diurnal amplitude d¥,Oflux and
daily cumulativeN.Oemission, during and outside treatment periods. The syntaxes of thedmicelels were:
Ime(fixed = In(diurnal amplitude &&Oflux) or In(daily cumulativBl,Oemission) ~ daily average VWC + plant
shading + soil warming + plant shading:soil warming, random = ~1|mescosm, correlaoARL(form =
~experimental daymesocosnz  YSG K2R ' WYw9al[ Q0 ®

Logtransformed diurnal amplitude of MO flux during treatment peods

Observations 290
Marginal R/ Conditional R 0.081/0.081
Predictors Estimate DF denDF F p-value
(Intercept) 4.07 1 269 7082 <0.001
Daily average VWC 0.05 1 269 8.732  <0.001
Plant shading -0.42 1 16 2.032 0.042
Soil warming 0.06 1 16 4.015 0.762
Plant shading:Soil warming 0.44 1 16 2.708 0.119
Log-transformeddaily cumulativeN,O emissionduring treatment periods
Observations 285
Marginal R/ Conditional R 0.103/0.103
Predictors Estimate DF denDF F p-value
(Intercept) 5.70 1 264 12052 <0.001
Daily average VWC 0.07 1 264 18.030 <0.001
Plant shading -0.36 1 16 0.506 0.100
Soil warming -0.01 1 16 2.373 0.958
Plant shading:Soil warming 0.48 1 16 2.780 0.115
b
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Figured.3. Estimated marginal means and 95% confidence intervals of (@glagformed diurnal amplitude
of NoOflux and (b) logransformed daily cumulativébO emission of the four mesocosm groups (CTRL, S, W
and SW) during treatent periods.
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4.4.2 Treatment effects of soil warming and plant shading on peak timing of diial

flux

All mesocosm groups showed primarily diurnal daytimeNgD flux during treatment
periods, with the diurnal peaks &£0 flux predominantly in the fouhourly bins of 18:00

(i.e., 16:00; 19:59) in the CTRL (38.5%) and the SW group (28.1%) and 14:00 (i.ec, 12:00
15:59) in the S (29.2%) and the W group (32.3%ur€ 4.4, Table 4.4). Each mesocosm
exhibited a single daily flux peak on most of the days during treatment periods, but the
timing of the flux peak varied between days, which contributed to the seemingly secondary
diurnal peak in the overall diurnal patins (e.g., CTRL group at the 06:00 bin, Figure 4.4a).
The chisquare test of the diurnal peak frequencies indicated there were significant
differences (p = 0.005) between the observed frequencies the expected frequencies
(calculated from the contingendgble) of diurnal peaks in some of the treatment groups
and some of the fouhourly bins. The results of the adjusted residuals (Table 4.4) showed
that the CTRL group exhibited significantly higher diurnal peak frequency at the 18:00 bin
(38.5%, adjustedessidual = 2.81) than the expected peak frequency, whereas the S group
exhibited significantly lower frequencies at the 06:00 bin (4.2%, adjusted residRald

and the 18:00 bin (15.3%, adjusted residu&2.29), and a significantly higher frequency at
the 22:00 bin (adjusted residual = 1.97) than the expected peak frequencies. The SW group
also exhibited a significantly higher frequency (than expected) of diurnal peaks at the 10:00
bin (16.9%, adjusted residual = 2.50). On the other hand, diurnal fpeqiencies of the

W group were not significantly different to the expected frequencies at altfawurly bins.
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Figure4.4. (a) Overall diurnal patterns of0Oflux of the mesocosm groups and (b) pertage of diurnaN,O
flux peak frequency of the fothourly bins during treatment periods.

Table4.4. Contingency table for the clsiquare test (p = 0.005) of independence of peak frequency of diurnal
N2O flux of the mesocosm groups at the six fdwurly bins. Values of expected frequency were calculated
from the row total and column total of the contingency table. Absolute values of adjusted residuals are bolded
when >1.96, which denotes statistical sifipance between observed and expected frequency with a cell.

Four Mesocosm groups Total
hourly bins CTRL S W SW frequency
02:00 Observed frequency 11 16 7 11 45

Frequency percentagt 16.9% 22.2% 10.8% 17.5%
Expected frequency 11.0 12.2 11.0 10.7

Adjusted residual -0.01 1.39 -1.54 0.12

06:00 Observed frequency 8 3 11 8 30
Frequency percentage 12.3% 4.2% 16.9% 12.3%
Expected frequency 7.4 8.2 7.4 7.1
Adjusted residual 0.29 -2.24 1.64 0.40

10:00 Observed frequency 4 7 3 11 25
Frequency percentagte 6.2% 9.7% 4.6% 16.9%
Expected frequency 6.1 6.8 6.1 5.9
Adjusted residual -1.04 0.10 -1.53 2.50

14:00 Observed frequency 12 21 21 10 64

Frequency percentage 18.5% 29.2% 32.3% 15.4%
Expected frequency 15.7 17.4 15.7 15.2
Adjusted residual -1.23 1.17 1.77 -1.76

18:00 Observed frequency 25 11 13 18 67
Frequency percentage 38.5% 153% 20.0% 27.7%
Expected frequency 16.4 18.2 16.4 15.9

Adjusted residual 2.81 -2.29 -1.13 0.69

22:00 Observed frequency 5 14 10 5 34
Frequency percentage 7.7% 19.4% 15.4% 7.7%
Expectedrequency 8.3 9.2 8.3 8.1
Adjusted residual -1.43 1.97 0.71 -1.33

Total frequency 65 72 65 63 265
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4.4.3 Effects of environmental and biological variables on the diurnal amplitud€dfux

All environmental and biological variables (daily average VWC, daily average soil
temperature, daily cumulative solar radiation and daily cumulative NEP) adisant
effects (p < 0.05) on the diurnal amplitude MO flux (Table 4.5). The effects of daily
average VWC (estimate = 0.0524s= 8.722, p = 0.002) and daily cumulative solar radiation
(estimate = 0.10,1z66= 3.265, p = 0.018) were significgnpositive (Figure 4.5b and 4.5d),
whereas those of daily average soil temperature (estimaf@ 67, kr266= 0.907, p = 0.026)
and daily cumulative NEP (estimateG=02, k266 = 11.50, p = 0.001) were significantly
negative (Figure 4.5c and 4.5e). Guaratively, daily cumulative NEP had the largest effect
size (?=0.04), followed by daily average VWGC,?E0.03), daily cumulative solar
radiation (,2=0.01) and daily average soil temperature,A(=0.003). However, the
explanative power of the mas was low to begin with (marginaP R 0.09, conditional
R=0.132)
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Table4.5. Model information of the linear mixedffects model investigating the fixed effects of daily average
VWC, daily average soil temperature, daily cumulative solar radiation, and daily cumulative NEP on the log
transformed diurnal amplitude of /D flux dumg the treatment periods. The syntax of the mixed model was:
Ime(fixed = In(diurnal amplitude of-® flux) ~ daily average VWC + daily average soil temperature + daily
cumulative solar radiation + daily cumulative NEP, random = ~1|mescosm, correlatamR1¢form =

JSELISNAYSYy(dlf RIFIépYySaz202ayY0s YSiGK2R T

Yw9al[ QU o

Logtransformed diurnal amplitude of MO flux throughout the experiment

Observations 290

Marginal R/ Conditional R 0.090/0.132

Predictors Estimate DF den DF F p-value "2
(Intercept) 4.81 1 266 4831 <0.001 -
Daily average VWC 0.05 1 266 8.722 0.002 0.03
Daily average soil temperature -0.07 1 266 0.907 0.026 0.003
Daily cumulative solar radiatior 0.10 1 266 3.265 0.018 0.01
Daily cumulative NEP -0.02 1 266 11.50 0.001 0.04
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Figure4.5. (a) Scatter plot of the observed lgansformed diurnal amplitude of A flux against that
predicted by the linear mixedffects model, the black solid line indicates thvee-to-one ratio. (be) Marginal

fixed effects plots of (b) daily average VWC, (c) daily average soil temperature, (d) daily cumulative solar
radiation, and (e) daily cumulative NEP on thettagpsformed diurnal amplitude of 40 flux. Coloured lines
andribbons in (be) indicate the marginal effects and its 95% confidence intervals of the respective fixed
effects terms in the model, whereas dots indicate the observedramgsformed diurnal amplitudes of @

flux against the fixegffects terms.
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4 5Diussion

In this experiment, the two commonly attributed diurnal environmental covariables of
diurnal variations iM\2O flux (i.e., soil temperature and solar radiation) were dissociated
by plant shading and soil warming treatments. Plant shading aloneceztithe diurnal
amplitude ofN2O flux, but not the daily cumulativél,O flux, whereas both soil warming
and the combined treatment of plant shading and soil warming did not affect the diurnal
amplitude ofN.Oflux and the daily cumulativig>O flux.

All mesocosm groups exhibited overall daytime peaking patterns of normahNs@dliux
(Figure 4.4a), which were in line with the findings in Chapter 2 and 3, where normalised
N2O fluxes were found to peak in daytime most of the time (~60%). The ovewamhali
patterns of each mesocosm group also largely resembled their distribution of diurnal flux
peak frequencies at the fotlourly bins (Figure 4.4b). While the majority of diurnal peaks
of NoO flux occurred in daytime at the 14:00 and 18:00 ftnaurly bins, diurnal peaks of

N2O flux still occurred at nightime up to 17% of the time (using CTRL group as reference
in Table 4.4). The occurrence of nigime peaking oN>O flux were also observed in past
studies(Keane et al., 2019; Shurpali et al., 2016; Smith et al., 19883h attributed it to
several potential causeincluding increased rates NfO reduction N2O A N) facilitated

by increased supply of roaterived C to denitrifiers during daytim@eane et al., 2019;
Shurpali et al 2016) andN.O production being deeper in the soil, leading to longer time
taken forN.Oto escape from the so{Emith et al., 1998 Alternatively, rainfall events (nen
diurnal) could also trigger the sheigérm burst ofN2Oflux at anytime of day and interrupt
any existing diurnigpatterns ofN>Oflux (van der Weerden, Clough and Styles, 2013)

4.5.1 Treatment effects on diurnal amplitud&igd flux and daily cumulativél,O emission
During treatment periods, plant shading on average reduced the diurnal amplitudglof

flux bymore than a third (estimate .42, k16= 2.032, p = 0.042; Figure 4.3a, Table 4.3).
It was likely that the impositions of plant shading suppressed the diurnal amplitudgOof

flux during treatment periods. Current understanding of the mechanismsnidethe
effects of plant shading oN.O emission is still lacking due to the limited literature on the
topic. Only one study thus far has provided experimental evidence of significant reduction
in the diurnal amplitude dN>Oflux and daily cumulativBlOemission from soils cultivated
with shaded soybean plants compared to those with 1stiaded soybean plan{¥ang and

Cai, 2006)The inhibitive effects of plant shading on the diurnal amplitudsGiflux were
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attributed to the reduction in soil respirain caused by reduced root exudation rates. It

has been demonstrated that the absence of light substantially dampened the diurnal
amplitudes of rootderivedCQ efflux, which was mainly driven by root exudation of labile

C (Kuzyakov and Cheng001) Since heterotrophic denitrification is the major process
responsible foN.O production in soil§{McLain and Martens, 2006joot exudation of
photosyntheticallyfixed C could fuel heterotrophic denitrifiers and govern g€
production in the rhizospheréKuzyakov and Chgn2001; Kuzyakov and Gavrichkova,
2010; Yin et al., 2013n hotspot for denitrifying activitySmith and Tiedje, 1979t is
claimed that up to40%of the photosynthetically fixed C can be released as root exudates
(Badri and Vivanco, 2009; Chabbi and Rumpel, 2009; Gafgaltga et al., 2018;
Guyonnet et al., 2018; Kaiser et al., 2015; Shepherd and Davies, B8juction in
photosynthesis by plant shading could lower the quantity of photosynthate C exntted

the rhizosphere, and subsequently reduce 94O flux. While direct evidence of this
mechanismhas not be reported in literaturepbservations in studies provide rational
evidence suggesting the possibility of such mechanfsstudy by Ma et a(2020)showed

that under increased GPP, the magnitude and diurnal amplitude of soil respiration rate also
increased, which could bsequent lead to an increase in the magnitude and diurnal
amplitude of denitrification.A study by Dechassaand Schenk(2004) also observed
significant increases in root exudation rate of orgaamions by cabbage plantBrassica
oleraceg during photoperiods, with extremely low exudation rates of citrate, malate and
succinateduring darkness. This supports the reducing effect of plant shading on the diurnal
amplitude ofN2O flux observed in thigxperiment.It is found that ectomycorrhizal fungi
such asPaxillus involutusan receive up to 25% of the primary productivity of their host
plants as symbiontéHobbie, 2006)and further provide exuded 0 bacterial denitrifiers
within the mycorrhizosphere stbsequently stimulating N.O production (Prendergast
Miller, Baggs and Johnson, 20118 study ha shown that, whileroot exudates of
Brassicaceaeplants, namely glucosinolates, are antimicrobidhe metabolites of
glucosinolatexan stimulate the hyphal growth of the denitrifying ectomycorrhizal fungus
Paxillus involutugZeng, Mallik ath Setliff, 2003)

However,in this experimenplant shading did not result in any significant difference in the
daily cumulativeN.O emission (albeit p = 0.100). This suggests plant shading affected the

diurnal dynamics of soNbOflux a larger extat but less so the quantity of N denitrified on
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a daily timespan. Daily cumulatiO emissions were more likely governed by soil VWC
(p <0.001, Table 4.3), which regulates seit@tent(Balaine et al., 2013and potentially

the N substrate availality in the soil(Burton et al., 2008; Ruser et al., 2001)

On the contrary, soil warming did not have any significant effect on the diurnal amplitude
of N2O flux (estimate = 0.06,16 = 4.015, p = 0.762) or daily cumulatieO emission
(estimate = 2.373, 1fs = -0.01, p = 0.958), despite expectations based aommon
ascription of diurnal variations iMN2O flux to soil temperature in various literature
(Blackmer, Robbins and Bremner, 1982; Hosono et al., 2006; Liang et al., 2018; Scheer €
al., 2014; van der Weerden, Clougihd Styles, 2013; Williams, Ineson and Coward, 1999)
This finding indicates diurnal fluctuations in soil temperature in this study contributes little
to the diurnal amplitude oN.O flux, despite findings in other studies suggest otherwise
(Alves et al., 2012a; Blackmer, Robbins and Bremner, 1982; Scheer et al., Titd4)
collinearity betweerphotosynthetic parameters (e.g., PAR and solar radiation) could have
led to the attributions of diurnal variations O flux to the soil temperature since many
historical studies did not consider the relationship betweéi® flux and photosynthetic
parameters(Alves et al., 2012a; Flessa et al., 2002; Laville et al., 2017; Lognoul et al., 2019)
Interestingly, significant reduction in the diurnal amplitudeNa© flux was not observed in

the SW group (Figure 4.3a), which suggests the reducing effects of plant shading was
somehow negated by soil warming, given soil warming alone did not stimulate higher
diurnal amplitude oN.Oflux. It is unclear how soil warmimgevents the changes in plant
metabolisms belowground brought about by reduced photosynthesis. Investigating the
diurnal variations in labile C content in planted soils subjected to plant shading and soill
warming might reveal more information.

4.5.2 Treament effects on peak timing of diurt\abD flux

In the CTRL group, the normalisBlO fluxes peaked most frequently (38.5% of the
measurements) between 16:00 and 20:00 (ftnarurly 18:00 bin. This indicated the diurnal
peaks ofN>O flux lagged behindddar radiation by a few hours (solar radiation usually
peaked around midlay) under natural environmental conditions. This time lag may be
explained by the time spent on the translocation and exudation of photosynthetifiadig

C from plant roots, givethe assimilation of C by photosynthesis and microbial respiration
of exuded C are both rapid procesg&sizyakov and Gavrichkova, 2Q1ultiple studies

have found the time lag between photosynthesis and soil efflux of photosynthate C to
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range between one to 12 hours in agricultural crqislkes, Jones and Farrar, 2004;

Gavrichkova and Kuzyakov, 2010; Kuzyakov and Cheng, 2001; Kuzyakov and Domansk
2002; Xu et al., 2008However, the most common peaking timing of diurNaO flux in

the CTRL group (18:00 bin) in this experiment was later by a few hours than thegeaki
timing of diurnalN2Oflux found in Chapter 3 (in the 14:00 bin) and in another similar study
with Brassic napu€l2:00¢ 14:00)(Keane etl., 2018) This may be caused by the different
climatic scenarios between this experiment and the experiment in Chapter 3, as rainfall
events were more frequent during this experiment. Yue e{2018)showed the diurnal
peaks of soil respiration shifted from 13:00 to 17:00 after rainfall events, which could
explain the occurrences of diurnpgéaks ofN.O flux being in 16:0@Q 19:59 in this study.
Compared to the expected frequencies of diurNaD peaks of each founourly bin, plant
shading significantly reduced the diurnal peak frequency at the 18:00 bin (adjusted residual
=-2.29) and at the 06:00 bin (adjusted residual224) but significantly increased the
diurnal peak frequency at the 22:0fin (adjusted residual = 1.97) in the S group, and
significantly increased the diurnal peak frequency at the 10:00 bin (adjusted residual = 2.50)
in the SW group. Current understanding on the effects of plant shading on the diurnal
patterns ofN2O flux as well as root exudation is limited. Two studies have demonstrated
under dark conditions, the diurnal peak of root exudation was substantially dampened
(Reichman and Parker, 2007; Zhao et al., 202h¥reas in the study by Bahn et &009)
shading was shown to delay the diurnal peak of rdetived C respiration by several hours.
This might explain the ineased variability of peak timing 6£0 flux via influencing the
diurnal rhythm of root exudation of C. The increased diurnal peak frequency at the 22:00
bin may also be attributed to increased root respiration at night which might have
outweighed the efécts of daytime peaking root exudation pattern in the shaded
mesocosms, since root respiration also consumes®a@ihd in turn driveN.O production.
Increases in root respiration rates at nigfithe have been observed in several studies

et al., 2010, 2011; Maki et al., 2018)In the study by Li et al. (2011), nighhe peaking

of root respiration was observed separately from daytime peaking of soil microbial
respiration, which was largely driven by root exudation and decomposition of C. This
further suggets other components of rhizosphere respiration (e.g., root respiration) could

contribute to the diurnal variability df,O flux.
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The W group exhibited the highest frequency of diurnal peaks (32.3%) at the 14:00 bin

instead of the 18:00 bin (Figure 4.4l)beit the frequencies of diurnal peaks at all four
hourly bins are statistically similar to the expected frequencies. The shifting of the diurnal
peaks might be the result of soil warming between 10:00 and 16:00 prompting higher
microbial activity inclushg denitrification(Phillips et al., 2015a; Lloydhé Taylor, 1994,
Winkler, Cherry and Schlesinger, 1986jhe 14:00 bin (12:0Q 15:59) than at the 18:00

bin (16:00¢ 19:59). It should also be noted that soil warming did not significantly increase
the diurnal amplitude oN,Oflux, indicatingthedzl yG A G& 2F RSYAUGNRTFA
for microbes such as inorganic N and labile C may not have been enhanced by soil warming
This was substantiated in a study which found no effect by daytime soil warming on the soil
CQ efflux (Xia et al., 2009)

4.5.3 Effects of environmental and biological variables on diurnal amplituble®flux

All the investigated environmental and biological variables (i.e., daily average VWC, daily
average soil temperature, daily cumulative solar radiation and daily tathae NEP) were
found to have significant effects (0.008p »0.026) on the diurnal amplitude &0 flux

(Table 4.5). However, the fixed effects variables in linear metitts model explained

only a small proportion of the variance in the diurnal@itude of N;Oflux (marginal R=

0.09), which suggests a large proportion of the variance were caused by other factors
outside these variables. Other factors such as the changes in the soil N substrate content
could have contributed to the variancestime diurnal amplitude ofN.O flux. During the
experiment, high diurnal fluctuations dbOflux were often observed after the fertilisation
events (Figure 4.2a), which would not have been explained by the investigated variables.
The positive marginal aftts of daily average VWC on the diurnal amplitud&ad flux
(estimate = 0.05, p 0.002, p?> = 0.03, Figure 4.5b) were in agreement with the findings of
various studiegDobbie and Smith, 2003; van Haren et al., 2005; Wang andQD8&, dssiri

and Lal, 2013)where soilN>O flux was found to increase with VWC or water filled pore
space. It has been demonstrated in studies that soil moisture restiicssipply from the
atmosphere into the soi(Balaine et al.,, 2013nd increases the number of anaerobic
microsites favourable for denitrificatiorfSchindlbacher, ZechmeistdBoltenstern and
ButterbachBahl, 2004) Microbial activity in general is also enhanced by increased soil
moisture (Or et al., 2007)The increase in daily average VWC could in turn amplify the

extent of diurnal variations of solNkO flux, as other soiD,-consuming variables (e.g.,
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microbial respiration of plaréxuded C and root respiration) olate diurnally(Makita et

al., 2018)

On the contrary, daily average soil temperature had a negative marginal effect on the
diurnal amplitude ofN2O flux in this experiment (estimate .07, Figue 4.5c). However,
although the effect was significant (p = 0.026), it was substantially smaller than the other
investigated variables g2 = 0.003) by comparison. This finding was consistent with the lack
of significant effects of soil warming on the diaframplitude oN>Oflux shown previously
(Table 4.3) but contrasted the positive correlation between diumNgD flux and soill
temperature found in historical studig®lackmer, Robbins and Bremner, 1982; Scheer et
al., 2014, Skiba et al., 2013)he lack of a strong effect of soil temperature on the diurnal
amplitude ofN2O flux may be de to other factors such as the aforementioned changing
soil N content caused by fertilisation which could have overridden the diurnal effects of soil
temperature(Francis Clar and Anex, 2010n the contrary, the effect of daily cumulative
solar radiation on the diurnal amplitude NPOflux were significantly positive but its effect
size was also relatively small (estimate = 0.10, p = 0.018,0.01, Figure 4.5d). It has also
been showrthat solar radiation positively regulates the quantity of root exudates via the
control of photosynthetic assimilation of @echassa and Schenk, 2004; Nakayama and
Tateno, 2018) The increase in quity of root exudates could also amplifies the diurnal
peaks of root exudation and subsequently diurnal amplitude.

Conversely, daily cumulative NEP had a significant negative effect (estima@2=p =
0.001, Figure 4.5e) on the diurnal amplitudeNafO flux with the largest effect sizé £ =

0.04) of all the variables. This confounds the positive effect of daily cumulative solar
radiation discussed previously, as it was expected that daily cumulative NEP would be
positively correlated with daily cuatative solar radiation and thus resulting in a positive
effect. However, further examination revealed no significant correlations between the two
variables (Appendix I). This might be because NEPrieghkof gross primary productivity
minus ecosystm respiration(Krschbaum et al., 2001}he latter is positively affected by
gross primary productivity due to increased exudation of photosyntHeted C and the
subsequent priming effect of soil organic(Belal and Sauerbeck, 1986; Kuzyakov and
Cheng, 2001; Larsen et al., 200€pnsequently, daily cumulative solar radiation may not
representdaily cumulative NEP. The lower/more negative NEP suggests higher ecosystem

respiration, which is a key indicator for soil microbial activigidsillips and Nickerson, 2015)
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including denitrification(Braker, Schwarz and Conrad, 2010; Phillips et al., 2Cdridh)

heterotrophic respiration(Carey et al., 2016; Peterjohn et al., 199%e former microbial
process directly contributes tdl.O production in soil (Firestone and Davidson, 1989)
whereas the latter indirectly promotes denitrifying activity by creatingHli@iting
conditions in soil¢ButterbachBahl et al., 2013; Khalil, Mary and Renault, 20B4psystem
respiration has been shown toscillate diurnally and is modulated by photosynthesis
(Larsen et al., 2007; Tang, Baldocchi and Xu, 2008ltiple studies have found strong
diurnal couplings between soiN>O flux and ecosystem respiratiofiKeane et a).2019;
Yzadhelryz2gaie S It dX HnawmdTwhiechAcdulletplain tNé 6 S
negative effect of daily cumulative NEP on the diurnal amplitud€:6fflux (Figure 4.5e).
Whilst NEP could be partitioned into ecosystem respiration and gmosgry production

by proxy a temperature response functigeane et al., 2019; Reichstein et al., 2005)
was not applicable in this experiment due to the soil warming treatment causing abnormal

diurnal fluctuations of soil temperature.
4.6 Conclusion

This study investigatedhe effects of plant shading and soil warming on the diurnal
dynamics oN.Oflux. Plant shading significantly reduced the diurnal amplitud&.Qfflux,

as well as altered the peak frequencies of diurNgD flux by significantly increasing the
occurrences of diurnal peak at night (20©23:59) and significantly reducing those in late
afternoon (16:00; 19:59). These findings indicated plantediated effects brought about

by photosynthetic activity could potentially regulate diuri&O flux. Soil warming had
little effects on the diurnal amplitude df.Oflux, which was further supported by the very
weak negative effects (albeit significant)ddily average soil temperature on the diurnal
amplitude ofN2O flux. However, soil warming counteracted the reducing effect of plant
shading on the diurnal amplitude d&0 flux, suggesting the effects of soil warming might
be circumstantial. Daily cunhative NEP had the strongest negative effect on the diurnal
amplitudeN2Oflux, which suggests diurnal amplitudeNyO flux may be positively affected
by ecosystem respiration.

The results of this experiment suggest that the diurnal amplituddb@i flux was partly
influenced by photosynthetic parameters, possibly via their diurnal controls on root
exudation of photosynthate C and/or the subsequent effects of diurnal variations in root

derived C content on soil respiration rate and seit@centratian. On the other hand, soil
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temperature did not show regulatory effects on the diurnal amplitudéNgd flux under

the field mesocosm conditions and crop species in this experiment. The field conditions
also entailed temporal variability of other nahurnal drivers ofN>O flux such as soil
moisture, which could override the diurnal effects of photosynthetic parameters. To study
the effects of photosynthetic activity on diurnilbO fluxes would require minimising the
diurnal variations of other factors (@, soil moisture and temperature) in a controlled

environment.
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5. Plant-mediated effects of photosynthetically active radiation
on diurnal variations in soil nitrous oxide flux
5.1 Abstract

It is known that nitrous oxide @) fluxes from soil exhibit high temporal variability,
especially on a diurnal scal@iurnal variations in BD flux haveoften been associated with

the diurnal fluctuations of soil temperature but photosynthetic parameters such as
photosynthetically actie radiation (PARpay alsaegulate diurnal variations inJ9 flux.

This study assessed the discrete effects of PAR on diurnal€bifli under controlled
conditions which minimised fluctuations in soil temperature and soil moisture. Fifteen
fertilised grassland mesocosms were established in a contr@lagperature environment

with a 12hour photoperiod. Mesocosms were split into thrieeatment groups (High PAR,
Medium PAR and Low PAR) and underwent three experimental periods (in chronological
order: pre-treatment at Medium PAR, 5 days, treatmenPAR groups 7 days and post
treatment ¢ 5 daysat Medium PAR Diurnal NO fluxes were measured bgemt
continuously to assedhe effects of PAR on thdiurnal dynamics (patterns, peak timing,
andamplitude) of NO flux.

The results showed that when variations in temperature and soil moisture were minimised,
daytime peaking patterns df.O flux were still prevalent across all PAR treatments and
experimental periods. Compared to field observations, dinvegnal patterns ofN>O flux in

this experiment were more consistent. Reducing PAR level shifted the flux peak timing from
late afternoon to early afternoon, while exposure to high PAR level significantly increased
the diurnal amplitude of\>O flux. Furher analysis revealed a significant positive, albeit
weak, relationship between cumulative net ecosystem production (NEP) during the
photoperiod and standardised diurnal amplitudeNdOflux (p = 0.004, adjustec?R 0.029).

This experiment providegmpirical evidence to support the hypothesis that plant
metabolism independent of temperatures a driver of diurnal variatianofN>O flux and
contributes to the occurrence of daytime peakind\aOflux. Future research investigating

the variations in il biochemical properties in response to the diurnal rhythm of
photosynthesis could provide revealing information on the mechanisms behind diurnal

variability ofN.O flux.
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5.2Introduction

Decades of extensive nitrogen (N) inputs irdgricultural soils have contributed to
increases in the atmospheric concentration of nitrous oxiNglj, a potent greenhouse

gas and a catalyst for the destruction of stratospheric oz@iais et al., 2013; Reay et al.,
2012) Two biological processes, nitrification and denitrification, govern the majority@f
production in soil{Smith, 2017)by converting soil inorganic N directly and indirectly to
N0 via chains of biological reactiofBarnard, Leadley and Hungate, 2005; Butterbach
Bahl et al., 2013)The two processes are performed mainly by soil microbes and are
regulated by environmental conditions such asl soiygen Q) status and temperature
(Firestone and Davidson, 198@dditionally, both processes are fuelled by organic carbon
(C) content, as most denitrifiers and somérifiers are heterotrophs(Castignetti and
Hollocher, 1984; Liu et al., 2019; Zhang, Miiller and Cai, 2015)

Accurate estimations o$oil N.O emissions are vital to the calculation of nation&lO
inventories and the development of mitigation strategies. However, due to the high
spatiotemporal variability of solN.O flux, current emission estimation methods such as
manual chamber masurements and procedmsed prediction models produce estimates
with high uncertainty(Lammirato et al., 2018; Stehfest and Bouwman, 2088t of the
uncertainty is contributed by the diurnal variabilityl¢fO flux, which common manu&.O

flux sampling practices and prediction models do not addrg8ses et al., 2012a;
Necpalova et al., 2015; Shurpali et al., 2016; van der Weerden, Kelliher and Klein, 2012)
Literature have reported high diurnal variations in solfO flux, reaching a diurnal
difference up to ten times between the daily minimum and maximum ¢kristensen,
1983; Dobbie and Smith, 2003; Keane et al., 2018; Maljanen et al., 2002; Scheer et al., 2012
Shurpali et al., 2016)Understanding the drivers of diurnal variations NaO flux is
imperative, as it will helpmprove current estimation method®r soilN2O emissions such

as procesdased models and direct measurement regimes.

Additionally, difference in land management systemay result in preferential diurnal
patterns ofN.Oflux. In Chapter 2, daytime peakj patterns ofN2O flux were found more
commonly in grassland ecosystems (81%) than arable ecosystems (55%). Compared tc
arable ecosystems, permanent grassland ecosystems were found to have higher
denitrifying bacteria abundance and denitrifying enzymenaiyt(Hirsch et al., 2017; Miller

et al., 2009)indicating the microbial communities under permanent grassetd bemore
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efficient indenitrification and N>O production Studies found that grassland species such

as Poa pratensisand Lolium perenneexude high amounts of organic acids (el-,
acetylglucosaminesuccinate, serine, glycine, et(ietz et al., 2020; Paynel, J Murray and
Bernard Cliquet, 2001yvhich have stimulatory effects on microbial deritation(Maurer

et al., 2021) Thissuggestshigher denitrification capabiiies of grassland ecostems. In
addition, dudies have shown that two bacterial phyla Alphaproteobacteria and
Verrucomicrobia(largely Chthoniobacter flavis are more dominant in permanent
grassland soilxompared to arable soilg-lorian et al., 2021; Hirsch et al., 2017; Karimi et
al., 2aL8). Both phylacontainspecies capable afenitrification(Barta et al., 2017; Cua and
Stein, 2014; Coyotzi et al., 2017; Heylen et al., 2007; Wang et &F)). 20

DiurnalN-Ofluxes are often reported to follow a daytime peaking pattern featuring diurnal
peaks in the afternoon, which are typically attributed to the diurnal oscillation of soil
temperature (Blackmer, Robbins and Bremner, 1982; Hosono et al., 2006; Scheer et al.,
2014; Skiba and Smith, 2000; van der Weerden, Clough and 2§15, Williams, Ineson

and Coward, 1999)However, several studies have observed stronger relationships
between diurnaN.Ofluxes and photosynthetic parameters (e.g., photosynthetically active
radiation (PAR), solar radiation and net ecosystem production (NEP)) and suggested plant
photosynthetic activity could drive diurnBbO fluxes via root exudation of photosynthate
C(Christensen, 1983; Keane et al., 2018; Shurpali et al., 2016; Zona et al. 2pd8)ious
laboratory experiment by Das et gR012)investigated the effects of PAR on diurnal
variations inN2O flux. The authors refuted the theory that PAR has a diurnal effect on soil
N2Oflux via stimulatiorof root exudation as they found daytime peaking\aD flux from

both planted and unplanted soils and postulated the diurnal fluctuations of soil
temperature caused by the heat from the grow lights were the cause of the diurnal
variations inN2O flux. Havever, this conclusion is potentially inaccurate and misleading,
since their findings only showed that the diurnal variationdN#® flux from the planted

soils could be driven by both PAR and soil temperature, whereas soil temperature was the
only diurnd driver of NoO flux from the unplanted soils. Often soil temperature is
autocorrelated with PAR or solar radiation, meaning it could obscure the potential diurnal
effects of photosynthetic activity on solN:O flux if it was the only diurnal variable
considered. In fact, many field studies of planted ecosystems have reported a temperature

sensitivity Qo) of soilN2Oproduction of over thre€Akiyama and Tsuruta, 2002; Blackmer,
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Robbins and Bremner, 1982; Dobbie and Smith, 2003; Parkin and Kaspar,v208&gas

laboratory studies of unplanted soils found that tkgo of soil N2O production was only
about two(Castaldi, 2000; Phillips et al., 2015E)is mismatch in th@.0of NoO production
between planted ad unplanted systems suggests the need to investigate the effects of
photosynthetic activity on diurnal variations MO flux without the confounding effects of
soil temperature. The ubiquity of a diurnal pattern O flux is uncertain. While many
studies have consistently observed daytime peaking (in the afternoon) of didis@dluxes

in planted ecosystems under field conditio(®kiyama and Tsuruta, 2002; Christensen,
1983; Hosono et al., 2006; Keane et al., 2018; Smith et al., ,1988) have observed
consistent nightime peaking of diurnaN.O fluxes(Keane et al., 2019; Scheer et al., 2012;
Shurpali et al., 206), whereas others did not observe any diurnal pattefBall, Scott and
Parker, 1999; Yao et al., 2009he consistency of diurnal patterns O flux appears
context specifickFrancis Clar and Ané2019)reported the daytime peakig of diurnalN.O
fluxes only occurred during low emissions periods (defined as days\a@iluxes>X o @ n
mg m? h in the study)and no diurnal patterns were exhibited during high emissions
periods after N fertilisation. However, the opposite obseroas were reported by
(Lognoul et al., 2019)ndicating that diurnal patterns &.Oflux are independent from soil

N levels. Some studies instead observed interruptibmiarnal N2O patterns by rainfall
events (Reeves and Wang, 2015; van der Weerden, Clough and Styles, 20i3)
postulated the reduction in soil Btatus triggered pulse fluxes BEOwhich overrode the
diurnal NoO patterns regardless of the time of day.

As substantiated by the findings of Chapter 2 to 4, diurnal variabiliti)6f flux is a
common phenomenon but the underlying mechanisms are unknown. What remains
unclear is, whether PA&iven plant metabolism contributes to the occurrence and
magnitudeof diurnalN2O variations independently of temperatur@he following research
guestions weregroposed

1. Does a regular photoperiod induce consistent daytime peaking.0fflux when
variations in soil temperature and moisture are minimised?

2. Does the leel of PAR regulate daily cumulativeONemissions and the diurnal
amplitude ofN2Oflux?

3. Is the diurnal amplitude df>O flux influenced by plant productivity in response to
PAR?

119



Chapter 5. Plant-mediated effects of photosynthetically active radiation on diurnal variations
in soil nitrous oxide flux
It was hypothesised that consistent daytime peaking 20Nlux would be bserved under

a regular photoperiod with minimised temporal variations in soil temperature and moisture.
Additionally, it was hypothesised that daily cumulativ@ON emissions and diurnal
amplitude of NeO flux would increase along with increasing levelBAR, which would be
explained by increased daily cumulative NEP brought about by increased PAR levels.
To address the research questions and hypotheadaboratory experiment was devised
where planted soil cores were exposed to different levels of Pifder controlled
environment conditions which minimised variations in soil temperature and moisture to
decouple the impacts of temperature and plant metabolisthe experimental setp is

detailed in Section 5.3.

120



Chapter 5. Plant-mediated effects of photosynthetically active radiation on diurnal variations
in soil nitrous oxide flux

5.3 Method

5.3.1 Soil description and p&rimental design

For this experiment, 15 soil cores were collected and exposed to three levels of PAR (n=5)
under controlled environmental conditions amO fluxes were monitored before, during

and after PAR treatments. The study soil was taken from an agriculturallagrdss
(dominant speciesAgrostis stoloniferaand Poa triviali$ in Preston, UK (B8 M Qny ®p €
2nTQuMp®dpé 20Pd ¢KS FASEtR KIR 0SSy dzaSR ¥F
fertilisation of 81 kg Ma?, 24 kg $iat and 3,000 gallons actef cattle slurry. The texture

of the soil was sandy clay loam, with a bulk density of 1.00%asrd a g of 7.14. The soil

had an initial ammonium (N#) and nitrate (N®@) concentration of 6.8 + 0.2gg!and 5.0

+ 0.3>g g?, respectively. The total C and N content of the soil was 2.08% and 0.21%,
respectively.

The fifteen cores of intact vegetated tambwere collected with cut PVC pipes @@ outer
diameter, 19 cm inner diameter and 15 cm height) on 6 Jun 2021. To prevent gas and liquid
exchange through the bottom of the mesocosms during the experiment, the soil cores were
transferred into another seof bottom-sealed PVC pipes of the same dimensions prior to
the experiment.

The laboratory experiment was conducted between 12 Jun and 29 Jun 2021. Prior to the
start of the experiment, vegetation in the mesocosms was cut to 5 cm above the soil surface
t2 YAYAO (GKS FIN¥Y¥Qa aiatlriaS LINPRdAzOGAZ2Y LINT
application of 70 kg Ma’ of ammonium nitrate and received 500 ml of deionised water
before the start of the experiment. The 15 mesocosms were randomly dividedhrde
treatment groups, namely, High PAR (715 £8®I m? s?), Medium PAR (415 + 6nol

m2s?t) and Low PAR (132 280l m?s?). The five replicate mesocosms in each treatment
group were situated in a thresided cubicle under a grow light with adjustable light
intensities (300W Daylight LED Grow Light, Maxibright, UK). The grow lights were placed
50 cm above the vegetation suda and were switched on and off at 6:00 and 18:00,
providing a 1zhour daily photoperiod. To minimise the diurnal fluctuations of soil
temperature, all mesocosm chambers and the air mixing chamber were housed in a room
with a controlled temperature of 20.8 1.0°C. Additionally, mesocosms in each treatment

block were immersed in a water bath (12 cm height), which acted as a heat sink.
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A soil temperature sensom(n 1 m ¢ K EREOSAGenbdy) and soil moisture sensor

(Analog Capacitive Soil Moisture Sen<DFRobot Gravity, China) were installed at 5 cm
and 0¢ 6 cm soil depth of each mesocosm, respectively, and wired through the chamber
wall to their respective data loggers (Arduino Uno, Arduino, Italy). Soil temperature and
volumetric water content (VWQGwvere recorded at ‘minute intervals. A sergontinuous
greenhouse gas monitoring system was developed for this experiment. Briefly, clear acrylic
flow-through chambers (20 cm outer diameter, 19.4 cm inner diameter, 20 cm height) were
placed over the vedation and sealed onto each mesocosm for the duration of the
experiment. The inlets of the flothrough chambers were connected to an air mixing
chamber via plyethylenetubing (1/4 inch outer diameter, 1/8 inch inner diamet@eA-

Line Transfer Tubinglhermoplastic Processebic, USA), whereas the outlets were
connected to a 1&hannel rotary valve with water traps and flow meters in between. The
external vacuum pump and the cavity ridgwn spectrometer (CRDS) (G2508, Picarro Inc.,
USA) pump continuolys pulled gas from the inlet of the air mixing chamber, through the
flow-through chambers, water traps and mechanical flow meters (gas flow rate set to
approximately 100 mimin?) to the 16channel rotary valve. The air mixing chamber had
one inlet (conneted to a PVC tube to the outside) and 16 outlets (one to the rotary valve
and 15 to the flowthrough chambers). The rotary valve was sequenced to direct gas flow
from one chamber for eight minutes to the CRDS and the rest to the external vacuum pump
in a bop. Figure 5.1 illustrates the sap of flowthrough system in the experiment. During

the experiment, the CRDS measured and recorded\d@and CQ gas concentrations (at
approximately 1 Hz frequencies) from the mesocosm chambers in each PAR treatment
groupin sequence, which was followed by a measurement of the atmospheric air from the

air mixing chamber, and then to the next treatment block.
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Figure5.1. Diagram of the steadgtate flowthrough (opendynamic) chamber system chamber system
developed for this experiment. Fifteen mesocosms were connected to the mixing chamber and to the 16
channel rotary valve via gas inlet and outlet, respectively. The sixteenth gas line of the mixing chamber
(orange) vas connected directly to the rotary valve. Gas lines to the rotary valve were reduced to
approximately 100 ml mihby flow restrictors. The rotary valve directed one gas line to the CRDS analyser at
a time for 8 minutes and the rest to the vacuum pump (exhaust), before switching to the next gas line.

T |

(b)

Figure5.2. Photogaphs of (a) the experimental sep during the treatment period, (b) a cubicle containing
five replicate mesocosms of a treatment group, and (c) the gas line connections to the rotary valve, flow
meters and CRDS.
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5.3.2 Experimental procedures

The expeiment was divided into three time periods: the preatment period (5 days),
treatment period (7 days) and posteatment period (5 days). The design of a pre
treatment and posttreatment period was first to allow mesocosms to acclimatise to the
laboratory conditions and then to observe any carreder effects of treatments,
respectively. During the preatment period, all three treatment groups received a
medium PAR level during photoperiods, equivalent to a PAR flux of 415mdlén? s at

the vegetation surface. During the treatment period, the High PAR group received a higher
PAR level of 715 + 3%nolm?s?, and the Low PAR group a lower PAR level of 13shiob

m? s, whereas the PAR level in the Medium PAR group remained unchanged plwsthe
treatment period, all three groups had their PAR levels reverted back to the medium PAR
level. At the end of the experiment, aboveground biomass as a measure of productivity was
harvested from all mesocosms, dried in the oven at XD%or 48 hoursand weighed. Soll
samples were collected from the 5 cm topsoil for soil ammonium and nitrate
concentrations and total C and N analyses. Soil ammonium and nitrate concentrations were
determined using colorimetric method®inguet, Sassano and Johnson, 2@ii) 0.5 M
potassium sulphate extracts of fresh soil samples. A dry combustialyser (TruSpec CN,
LECO Corporation, Michigan, USA) was used to determine the total C and N content of the
soil samplegWright and Bailey, 2001)

5.3.3 Data processing and statistical analyses

All data processing, visualisation and statistical analyses \wertormed in RStudio
(version 3.6.1, The R FoundatioRdrN.OandCQ flux computations, a mean value NfO

and CQ concentration was calculated for every measurement using the intermediate 6
minutes of gas concentration readings, which were then eot®d to gas flux with

equation 5.1(McGinn, 2008)
O — O 0 (5.1)

WhereFis theN.Oor CQ flux (gm? s?), f is the flow rate to the mesocosm chambers®(m
s1), Asoilis the soil area (A), Gut is the concentration oN>O or CQ in the outflow (i.e., gas
flow from the mesocosm chamber, g3nand G is the concentration oN.O or CQ in the
inflow (i.e., the previous measurement of gas flow from the air mixing chamber) gAs

a measure oflata quality controlN.O and CQ fluxes falling between the detection limits
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of the CRDS were considered as zero fluxes. The detection limits are>g9rizh™ and

+ 0.365 mgn2 h'' for N,Oand CQ fluxes, respectively.

Daily cumulative N.O emissions and diurnal amplitudes a0 flux (actual and
standardised, defined below) of each mesocosm were first calculated to test the effects of
the differences in PAR level on the magnitude of daily cumul&i@emission and @irnal
amplitude of N2O flux. Daily cumulativéN2O emissions were calculated by trapezoidal
integration of measured diurnaN2O fluxes over every 2our cycle. Actual diurnal
amplitudes ofN>O flux were calculated by subtraction of the daily maximhip® fluxes by

the corresponding daily minimurN2O fluxes. Since large differences (up to an order of
magnitude) in the magnitude MO fluxes were observed between mesocosms within and
between treatment groups, despite the randomisation of the mesocoantsbeing under
similar environmental conditions (i.e., during the greatment period), the diurnal
amplitudes of NoO flux were further standardised to allow appropriatedgaled
comparisons relative to the magnitude of the minimum flux. Similar apgres were used

in past studies(Lognoul et al., 2019; Reeves and Wang, 2015; Reeves et al., 2016)
Standardised diurnal amplitude &0 flux (%) were calculated by dividing the actual
diurnal amplitudegN.Oflux by their daily minimunN>Ofluxes, which were assumed as the
daily baselines d#>Oflux. Linear mixegffects models were used to investigate the effects

of PAR levels, experimeaiit periods and the interaction between PAR levels and
experimental periods (as fixed effects terms) on the daily cumuldtp@ emission and
actual diurnal amplitude oN2O flux, with mesocosm as the random effect term and
experimental day as an autocetated variable within the random effect of mesocosm. For
standardised diurnal amplitude %O flux, a linear regression model was used since the
effects of mesocosm and day of experiment were removed through standardisation. Since
linear mixedeffects model and linear regression model assume normality of model
residuals, logransformed (natural)of daily cumulativeN.O emissions and actual and
standardised diurnal amplitudes dbO flux were used as the model dependent variables
instead. To test the significant differences between treatment groups within each
treatment period and between treatnm@ periods within each treatment group, Tukey
pairwise comparisons (estimated marginals means for the linear rmeffedts models,

means for the linear regression model) were performed as-+hosttests.
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The effects of plant productivity on the diurnal ahtpde of N.O flux were examined with

both the logtransformed actual and standardised diurnal amplitudedNgd flux. Due to

the experimental design resulting limited variations in soil temperature, it was inapplicable
to partition gross primary produstity and ecosystem respiration from net ecosystem
exchange ofCQ (Reichstein et al., 2005)Therefore, cumulative NEP during the
photoperiod (06:00¢ 12:00) of daily cyes were calculated and assumed as the daily
cumulative measurements of plant productivity. A linear meeéigécts model and a linear
regression model was used for the actual and standardised diurnal amplitudgOdfux,
respectively. Cumulative NEP thg photoperiod was used as the only explanatory variable
in both models, with the linear mixeeffects model having the same random effect terms
defined previously.

To inspect the diurnal patterns of each PAR treatment group during the three experimental
periods, diurnaN2Ofluxes of all the mesocosms were first normalised, which removed the
effects of magnitude differences MO flux between mesocosms and between dates. The
normalisation method used is described in Chapter 2.2. Normalig€2l fluxes were
plotted separately by treatment groups and experimental perioddoaally estimated
scatterplot smoothindLOESS; span = 0.6) curve was superimposed onto the scatterplot for
each group.

To assess the consistency of peak timing of diuhi® fluxes, the peak times of all
mesocosms were quantified by binning the dabO flux maxima (i.e., normalised,O =

1.0) into six fowhourly bins accordingly. The fotiourly bins were defined as 02:00 (00:00

¢ 03:59), 06:00 (04:0Q 07:59), 10:00 (08:0§ 11:59), 14:00 (12:08 15:59), 18:00 (16:00

¢ 19:59), and 22:00 (20:0023:59). The frequencies of diurnal peaks in each-faurly

bin were then counted by treatment group and summarised into percentages.

Soil ammonium and nitrate concentration, tot@and N and aboveground biomass of all
mesocosms after the experiment were compared by treatment groups usingvage

analysis of variance (ANOVA).
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5.4 Results

5.4.1N20 fluxes, soil and plant properties

Over the whole experiment, the Low PAR group emitted the highest total amouxgCf
(214.3 £ 97.9ngm?, mean * 95% confidence intervals (Cl)), followed by the Medium PAR
(133.0 + 77.5 mgn?) and the High PAR group (33.8 = m@m™2). All three treatment
groups showed gradual increases of three times or more in daily cumubgityemissions

from the pre-treatment period to the postreatment period (Table 5.1, Figure 5.3a). Similar
increasing trends were also found in the actual diurnal amplitud@$Offlux of the three
groups, with the differences between the pteeatment and the postreatment period

being approximately two to three times (Table 5.1).

However, when standardised, the Low PAR group showed a decrease in diurnal amplitude
throughout the three periods (98.6% + 69.1% to 34.1 + 11.5%), whereas the Medium PAR
group had similar standarsed diurnal amplitude di>O flux in the pretreatment (58.0%

+ 10.4%) and treatment period (52.9% + 11.8%), and an increase in thérguistent

period (79.6% * 66.2%, Table 5.1). The High PAR group on the other hand, showed ar
increase in standardisediurnal amplitude of\2O flux from the pretreatment (54.3% =+
10.5%) to the treatment period (84.4% * 16.2%), which reduced in thetpzment

period (47.7% + 12.5%). Detailed analyses of the treatment effects on daily cumdiadive
emission and dimal amplitude ofN\.Oflux are reported in Section 5.4.3.

In addition, large variances in the magnitudéNeOflux (up to an order of magnitude) were
observed consistently in two of mesocosms in the Medium and High PAR group (Table 5.1),
which started fom the pretreatment period (Detailed statistics supplied in Appendix III).
This consequently led to the comparatively larger means and confidence intervals of the
daily cumulativeN>O emissions and actual diurnal amplitudesNefO flux in the Medium

PAR and Low PAR group.
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Table5.1. Means and 95% confidence intervals of the daily cumulatia@ éhmissions (mg #), actual $g
m2)and standardised diurnal amplitude of®flux (%) of the Low PARedium PAR and High PAR group in
the pretreatment, treatment and postreatment period. For the préreatment and postreatment periods,

the number of observations of each group was 25; for the treatment period, the number of observations was
35.

. . — o050 >
Treatment groups Daily cumulative O emission (mean + 95% @b <)

Pretreatment Treatment Posttreatment
Low PAR 4,15+0.93 14.19+£5.30 19.03+5.84
Medium PAR 1.68+0.70 8.51+3.90 13.02 £ 6.00
High PAR 1.08£0.20 1.69+0.31 3.40+0.73
Treatment groups Actual diurnal amplitude of 2D flux (mean + 95% G m?)

Pretreatment Treatment Posttreatment
Low PAR 99.2+59.5 146.0 £52.5 218.0+77.0
Medium PAR 36.3+17.7 103.0+£38.1 110.0+41.0
High PAR 19.4+3.8 48.4 + 13.1 498+ 12.5
Treatment groups Standardised diurnal amplitude of® flux (mean + 95% Ch)

Pretreatment Treatment Posttreatment
Low PAR 98.6 £ 69.1 43.8 +10.1 34.1+115
Medium PAR 58.0+10.4 52.9+11.8 79.6 + 66.2
High PAR 54.3+10.5 84.4+16.2 47.7+12.5

The experimental seip was designed to minimise fluctuations in soil temperature. This
was successful with diurnal fluctuations in soil temperature at 5 cm soil depth bding +
and = 0.3°C, in the High PAR and Low PAR group in the treatment periqukatagely
(Figure 5.3c). Soil VWC remained stable with no diurnal fluctuations during the experiment,
ranging between 49.5% and 52.5% among mesocosms (FigureTogad)soil C and N, soil
NH;* andNGs and aboveground biomass analysed at the end of the experiment were not

significantly different between PAR treatmerficable 52).
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Table5.2. Soil ammoniumNH,™*), nitrate (NOs), total soil C and N and erdried (at 105 °C) aboveground

biomass (mean + 95% confidence intervals; n = 5) of PAR treatments at the end of the experiment.
Treatment _ ' mean * ;tandard error
group Soil NH* Soil N@ Soil total C  Soil total N Apoveground

(>9 99 (>9 99 (%) (%) biomass (g)

High PAR 73.4+243 74.4+107 535+079 053+£0.08 552+0.38
Medium PAR 68.3+16.4 80.2+26.7 465+053 045+£0.05 5.62+0.54
Low PAR 81.0+£51.1 67.1+188 449+0.72 043+0.07 481+1.00
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Figureb.3. Time series of actual (BpOflux, (b) net ecosystem production (NEP), (c) soil temperature (soil
temperature) at 5 cm°C) and (d) soil volumetric content (VWC) at ® cm of the three treatment grqus
(high PAR orange circle, medium PARjreen square, low PAfblue triangle) over the experimental periods
(pre-treatment ¢ light blue shade, dashed line; treatmenyellow shade, solid line; posteatment ¢ purple
shade, dotted line). The arrow iimgites the time of the fertilisation of 70 kghé* of ammonium nitrate.
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Figure5.4. The time series of,O flux of the High PAR treatment group on appropriate scaling. Light blue
dashed line box represents the ptieeatment period, yellow solid line box represents the treatment period,
and purple dotted line box represents the pdstatment period.

5.4.2 Diunal patterns and peak timing BpO flux

To evaluate the consistency of diurnal patterndNe® flux, N-O flux data were normalised

and then plotted, followed by the binning of the times of daiyO flux maxima (Section
5.3.3). Throughout all three periods, diurfsdO fluxes of the three groups exhibited a
daytime peaking pattern with the majority of petiknes between 10:00 and 18:00 (Figure
5.5a, 5.5c and 5.5e). Binning of the peak flux times revealed that the majority of the diurnal
peaks in the 14:00 bin was constituted by the High PAR group fro#fttgaement to post
treatment period and the Low PARogp in the treatment and postreatment period,
whereas the majority of those in the 18:00 bin comprised the Medium PAR group in all
three periods (Figure 5.5b, 5.5d and 5.5f). The High PAR group predominantly exhibited its
diurnal peaks in the 14:00 bi@8.0¢ 65.7% out of 100%) in all three periods, with the
highest percentage of occurrence frequency during the treatment period at 65.7% (Figure
5.5d). The Medium PAR group primarily exhibited its diurnal peaks at the 18:00 birg (44.1
84.0% out of 100%yith the highest percentage of occurrence frequency also during the
treatment period at 84.0% (Figure 5.5d). On the other hand, the Low PAR group initially
exhibited the highest frequency of its diurnal peaks in the 18:00 bin (38u1@%f 100%),
which shited to the 14:00 bin in the treatment (42.9%) and pastatment period (56.1%).
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period, (c) treatment period, and (e) peseatment period. The total percentage of each group in each
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5.4.3 Treatment effects on daily cumulatis® emission and diurnal amplitude KO flux

To compae the effects of PAR level ataily cumulativeN>O emissions and the diurnal
amplitude ofN2O flux (actual and standardised), kigainsformed data between groups
were compared for thehree periods as well as between the three periods within each
group In the daily cumulativé\.O emission and actual diurnal amplitude O flux, no
significant difference was found among the Low PAR, Medium PAR and High PAR group i
all three periods (p > 0.05, Figure 5.6a and 5.6b). In the standardised dannpétude of

N20 flux, the only significant differences were found in the treatment period, where the
High PAR group showed significantly higher standardised diurnal amplitudgOaiux

than the Medium PAR (estimate = 0.652, p = 0.011) and the LowgPAR (estimate =
0.852, p < 0.001, Figure 5.6c).

Over theexperimentalperiods, only the Medium PAR group exhibited a significant increase
in the daily cumulativeN>.O emission between the prreatment and posttreatment
period (estimate = 0.571, p =023, Figure 5.6a). In terms of actual diurnal amplitude of
N2Oflux, the Low PAR group showed a significant increase between tHegartinent and
posttreatment period (estimate = 0.947, p = 0.014, Figure 5.6b), the Medium PAR group
showed significant icreases between the prgeatment and treatment period (estimate =
0.776, p = 0.022, Figure 5.6b) and between thetpeatment and posttreatment period
(estimate = 1.192, p0.001, Figure 5.6b), whereas the High PAR group only showed a
significant incrase between the préreatment and treatment period (estimate = 0.713, p

= 0.050, Figure 5.6b). Conversely, the standardised diurnal amplitdh©diux of the Low

PAR group decreased significantly from the-peatment to the posttreatment period
(estimate =-0.684, p = 0.042, Figure 5.6c). No significant differences in standardised diurnal
amplitude ofN2O flux were found between the periods in the Medium PAR group (Figure
5.6c), whereas in the High PAR group, the standardised diurnal amplitubigOoflux
increased nossignificantly from the prdreatment to the treatment period (estimate =
0.531, p = 0.161) and then decreased significantly from the treatment to the- post
treatment period (estimate =0.820, p = 0.002, Figure 5.6c). Detailed resafithe model

summaries and the pairwise comparisons are supplied in the Appendix IlI.
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Figure5.6. Estimated means (dots) and 95% confidence intervals (error bars) -tfaligformed (a) daily
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standardised diurnal amplitude of® flux, and (c) daily cumulative®lemission of the treatment groups in

the pretreatment, treatment andposttreatment period. Differences in the lowercase letters above error
bars denote significant differences between treatment groups with a treatment period, whereas differences
in the uppercase letters above error bars denote significant differences legtreatment periods within a
treatment group.

5.4.4 Effect of cumulative net ecosystem production (NEP) during photoperiod on diurnal
amplitude ofN2O flux

Linear mixeekffects modelling and linear regression modelling were used to examine the
effect of cumulative NEP during photoperiod (06:@0 18:00) on the actual and
standardised diurnal amplitude oN>O flux, respectively (Section 5.3.3). Table 5.3
summarises the results of the two models. While cumulative NEP during photoperiod had
no significant gkct on the actual diurnal amplitude d&Oflux (estimate = 0.11, p = 0.576,
Figure 5.7a), it had a significant positive effect on the standardised diurnal amplitude of
N2O flux (estimate=0.41, p = 0.004, Figure 5.7b). However, cumulative NEP during
photoperiod explained little in both models (margin&l-R0.001 in the linear mixeeffects
model and adjustedR= 0.029 in the linear regression model). Details of model results are

supplied in Appendix 1.
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Table5.3. Summary of the linear mixeeiffects model for the logransformed actual diurnal amplitude of
N2Oflux: Ime(fixed = In(actual diurnal amplitude MO flux) ~ cumulative NEP during photoperiod, random

= ~1|mesocosm, correlation = corAR1(fofm RI @ pyYS&a2024aY0xX YSUiK2R I Ww9a
model for the logtransformed standardised diurnal amplitude &£O flux: Im(In(standardised diurnal
amplitude ofNOflux) ~ cumulative NEP during photoperiod).

Linearmixed-effects model: logransformed actual diurnal amplitude ob@ flux

Predictors Estimates 95%confidenceintervals p-value
(Intercept) 3.78 3.32¢4.24 <0.001
Qumulative NEP during photoperiod 0.11 -0.27¢0.48 0.576
Random effects
Residual variance ) 0.87
Between subject varianceof) ¢ Mesocosm 0.55
Intraclass correlation coefficientGQ 0.39
Number of mesocosm (n) 15
Observations 255
Marginal R/ Conditional R 0.001 0.390
Linear regression modeétig-transformed standardised diurnal amplitude ofONflux
Predictors Estimates 95%confidenceintervals p-value
(Intercept) -0.86 -0.96¢-0.76 <0.001
Qumulative NEP during photoperiod 0.41 0.13¢ 0.68 0.004
Observations 255
R/ adjustedR? 0.033 0.029
(a) . | (b)
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Figure 5.7. Scatterplots of the (a) letansformed actual diurnal amplitude df,O flux and (b) log
transformed standardised diurnal amplitude RO flux against cumulative NEP during photoperiods; data
from all three treatment periods are presented. Blue, green and orange dots represent the observations from
the Low PAR, Medium PARdaHigh PAR group, respectively. The pink line and ribbon in (a) represent the
marginal fixed effects and 95% confidence intervals, respectively, of cumulatR@urig photoperiods on
log-transformed actual diurnal amplitude d£Oflux in the linear nxed-effects model; and the pink line and
ribbon in (b) represent the linear regression curve and 95% confidence intervals, respectively, of cumulative
NEP during photoperiods on logransformed standardised diurnal amplitude d&O flux in the linear
regression model.
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5.5Discussion

In the experiment, the discrete effects of PAR on diubg fluxes were investigated by
minimising variations in VW@3.0% throughout the experiment with no diurnal oscillation)
and soil temperatee (< £1.5C in a diurnal course), two environmental variables that
would vary substantially more in field conditions and have been attributed to the
occurrence(Blackmer, Robbins and Bremner, 1982; Scheer et al., 2014; Williams, Ineson
and Coward, 1999nd interruption(van der Weerden, Clough and Styles, 2@E3)iurnal
patterns of N2O flux, respectively. This study provides eande that exposure to PAR
(regardless of intensity) of plassioil mesocosms during regular photoperiods led to
daytime peaking of diurn@>Ofluxes, even when soil temperature and moisture were held
constant. Discussion in Section 5.5.1 focuses on thalteeaddressing research question 1,
and discussion in Section 5.5.2 focuses on the results addressing research question 2 anc
3.

5.5.1 Diurnal pattern and peak timing N$O flux

Clear and consistent daytime peaking diurnal pattern®d flux were olserved in this
experiment (Figure 5.5) regardless of the PAR levels and the experimental periods. This
confirmed Q1, that a regular photoperiod induces a consistent daytime peakigpdiux.

While small ranges of diurnal oscillation in soil temperatyrersisted during the
experiment (a maximum of £ 1°€ diurnal difference), they were not sufficient to cause
the extent of diurnal variations 2O flux observed in this experiment, considering the
temperature sensitivity Qi) of soilN2.O productionis approximately 2.@Castaldi, 2000;
Phillips et al., 2015ajsiven the minimal variations in the VWC and soil temperature in this
experiment, the results of the diurnal patterns BBO flux (Figure 5.5a, 5.5¢c and 5.5e)
provide empirical evidence that the diurnal variations in PAR levels (i.e., during and outside
photoperiods) largely drove the occurrences of daytime peaking of dilMp@lfluxes,
which also support the postulations of photosynthetic productivity driving the diurnal
variations inN2O flux in multiples studie¢Christensen, 1983; Keane et al., 2018; Shurpali
et al., 2016; Zona et al., 201Zompared to the findings of diurnal patternshO flux in
Chapter 3 and 4, and other fielthsed studies where inconsistenuchal patterns ofN>O

flux were observedBall, Scott and Parker, 1999; van der Weerden, Clough and Styles,
2013) the daytime peaking patterns &0 flux in this experiment were more consistent

and prevalent, occurring very regularly over the majority, with daytime flux peaks (&¢0:00
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18:00 bins) accounting for @&84% of the total occurrences of diurnal peaks in all three

periods. This was in agreement with the consistent daytime peakingiofalN.O patterns
observed in previous studies with planted soil cores under controlled temperéias et
al., 2012; Williams, Ineson and Coward, 199Bhe increased consistency of daytime
peaking ofN2O flux compared to field studies, ag likely due to the removal of climatic
factors such as rainfall events, which cause stemin changes in the soil VWC and
subsequently interrupting diurnal patterns dkO flux by stimulating soiN>O production
(van der Weerden, Clough and Styles, 2013; Zhang et al.,. Z0# plant species in this
experiment (dominantly Agrostis stolonifera and Poa triviali$ could offer another

explanation to thancreased consistency daytime peaking patterns d4.O flux observed

arable plants (e.g., maize and wheat) which were found to have a lag time of approximately
six hours(Gavrichkova and Kuzyakov, 2010; Kuzyakov and Cheng,. d004)might
constitute to the occurrencef daytime peaking patterns df.O flux often observed in
grassland ecosystems (Chapter &gditionally, grassland plants were found to exude
higher contents of organic acigBietz et al., 2020; Paynel, J Murray and Bernard Cliquet,
2001) which also have a stronger stimubay effect on denitrification an®>O production

than sugargMaurer et al., 2021)

All PAR treatment groups predomin&niexhibited daytime peaking &0 flux with the
majority of the diurnal peak fluxes falling between 12©05:59 or 16:0Q; 19:59, which

were consistent with the findings in Chapter 3 and 4, as well as existing s{iédiase et

al., 2018; Francis Clar and Anex, 2019; van der Weerden, Clough and Style$]@0&8kgr,
there was a notable difference in the peak timing NyO flux between the High PAR
(majority at the 14:00 bin), the Medium PAR (majority at the 18:00 bin) and the Low PAR
(majority at the 18:00 bin) groups during the greatment periods (Figure 5.5b). It was
unlikely that the different peak timing was caused by PAR levels since the same level of PAF
was imposed at the prereatment period. The discrepancy in peak timing might be due to
the different time lags between the onset of photoperiod (at 06:00 in this experiment) and

root exudation of photosynthate C, which has been shown to range betweenminelve
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hours in grass specigPomanski et al., 2001; Kua§ov and Cheng, 2001; Kuzyakov and

Domanski, 2002)Additionally, the occurrences of diurnal peaks at the 14:00 bin in the High
PAR group increased by 14% from the-peatment period (Figure 5.5b) to the treatment
period (Figure 5.5d) and then decreagisby 18% in the podteatment period (Figure 5.5f),
implying the increase in PAR level during the treatment period prompted a more consistent
peak time of diurnaN.Ofluxes but the effect was transient. However, the reduction in PAR
level in the Low PR group during the treatment period shifted the majority of the diurnal
flux peaks from the 18:00 bin (32%, Figure 5.5b) to the 14:00 bin (43%, Figure 5.5d) and
carried over to the postreatment period (56%, Figure 5.5f), which suggests reduced
photosyntresis brought forward the timing of diurnal peaks by several hours. This finding
is also consistent with the results in Chapter 4 (Figure 4.4b) where plant shading had similar
effects on the peak timing ®>Oflux. The findings of the effects of PAR levels manipulation
on the diurnal patterns and peak timing O flux are novel that have not been observed

in other studies so far. It is possible that the changes in PAR level somehow affected plant
belowgrourd metabolisms and root exudation behaviour over the diurnal courses
(Kuzyakov and K&ng, 2001) leading to the shifting in peak timing of diurnsdO flux.
Nonetheless, knowledge on the effects of PAR level on the diurnal pattern of root
exudation and subsequently that dbO flux is still limited and conclusive evidence of the
diurnal variations of soil biochemical conditions in response of different level of
photosynthesis are required to tease out the underlying mechanisms.

5.5.2 Effects of PAR level and cumulative NEP during photoperiod on diurnal amplitude of
N20 flux

Althougha decreasing trend in daily cumulatiieO emissions and diurnal amplitude of

N2O flux were observed increasing PAR levels (Table 5.1), there was no significant
differences between the treatment groups when mesocosm variances were accounted for
as randan effects in the linear mixedffects models (Figure 5.6a and 5.6b). This indicates
individual mesocosms that were innately higsO-emitting were responsible for the high
mean daily cumulativé>O emissions and mean actual diurnal amplitudesNg®D flux in

the Low PAR and Medium PAR group (see Appéehdax N>O fluxes from all mesocosms),
rather than the treatment effects of PAR level, as the divergend&@flux magnitude
among the groups also started in the preatment period (Figure 5.3a).h& lack of

significant differences in the daily cumulatideOemission (Figure 5.6a) and actual diurnal
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amplitude ofN2O flux (Figure 5.6b) among the treatment groups during the treatment

period also indicate PAR levels did not regulate the two aspé®NsO flux. However, since
some mesocosms in the Medium PAR and Low PAR group were erpbing to 10fold
higher in magnitude before the treatment period, comparisons based on actual diurnal
amplitude of N2O flux (daily maximum flux minus daily nmmum flux) might be biased
towards high emitting mesocosms due to their high baseline fluxes. Therefore,
standardised diurnal amplitude 6O flux (actual diurnal amplitude M-Oflux divided by
daily minimum flux) was also assessed. The results ingeeded a significant increase in
standardised diurnal amplitude ®&Oflux in the High PAR group against the Medium PAR
(estimate = 0.652, p = 0.011) and Low PAR (estimate = 0.852, p < 0.001) group during the
treatment period (Figure 5.6c), which disags with the finding on the actual diurnal
amplitude of N2O flux. This disagreement might be due to the High PAR group having
comparatively low baselindN>O fluxes in against the other two groups but similar
magnitudes of diurnal increase O flux during the treatment period. Nonetheless,
taking baselind\Ofluxes into account, similarly with normalisiNgO fluxes(Keane et al.,
2018) are commonly performed in studiélsognoukt al., 2019; Reeves et al., 2016; Reeves
and Wang, 2015 reflect the effects of any treatments on the diurnal amplitudeNaO

flux. Increased diurnal amplitude ®&O flux with increasing photosynthetic parameter
(solar radiation) has been obse&d before and was attributed to the increased root
exudation of photosynthate C fuelling denitrificatig@hristensen, 1983However, the
results of this experiment suggestishstimulating effect of increased PAR was transient, as
no significant differences in the standardised diurnal amplituddNgD flux were found
between treatment groups in the posteatment period (Figure 5.6c).

Consistent with the findings in Figuregb.and 5.6¢, cumulative NEP during photoperiod
showed no significant effect on the actual diurnal amplituddNg® flux (p = 0.576, Table
5.3, Figure 5.7a) but a significant positive effect on the standardised diurnal amplitude of
N2O flux (estimate = @1, p = 0.004, Table 5.3, Figure 5.7b). This indicates that the
magnitude of diurnal variations ih2O flux was partially regulated by photosynthetic
activity and agrees with findings of a positive relationship between diu@lflux and
photosynthetic parameters in previous studieg€Christensen, 1983; Keane et al., 2018;
Shurpali et al., 2016; Zona et al., 201Bhe mechanisms behind the positive control of

photosynthess on diurnal variations iMN.O flux likely involved the rhythmic diurnal
138



Chapter 5. Plant-mediated effects of photosynthetically active radiation on diurnal variations
in soil nitrous oxide flux
variations in root exudation of labile @urray et al., 2004)which could provide energy

source to soil heterotrophs including denitrifying bacteria and some nitrifying bacteria
(Tiedje, 1983; Tortoso and Hutchinson, 19%3) well as enhance s@b consumption via
heterotrophic respiration(Canarini et al.2019; Mencuccini and Holtta, 2010vhich
further stimulate denitrification. It has been demonstrated that the quantity of root
exudates varies positively with photosynthetic activifuzyakov and Cheng, 200tjith

up to a third of photosyntheticallfixed C being released as root exudat@siyonnet et al.,
2018; Jones, Hodge and Kuzyakov, 2004; Jones, Nguyen and FinlayARO@Pyvith the
diurnal oscillating pattern of root exudation, it is plausible that photosynthetic proditgtiv
could in part drive the diurnal amplitude dkO flux.

Nonetheless, although the relationship between the cumulative NEP during photoperiod
and the standardised diurnal amplitude fOflu was positive and significant, it was weak
as the adjusted Rof the linear regression model was 0.029 (Table 5.3). Much of the
variance in the standardised diurnal amplitude O flux might have been due to the
different soil biochemical conditions among the mesocosms as wellexghe experiment,
which were mt regulated by NEP. As indicated by the large differencebshb@ flux
magnitude among mesocosms in response to N fertilisation (Figure 5.3a and Appendix III)
under similar environmental conditions (in preatment period), the soil microbial
communitiesamong the mesocosms might have been largely different despite having
collected and randomised the soil cores from the same fietdnklin and Mills, 200:3)vith
some more adapted to heterotrophic-&y/cling leading to different diurnal dynamica\dO
production in response to C deposition by plariGiles, Daniell and Baggs, 2Q1IH)
addition, the quantity and quality of exudate C might vary over the experinfleodw
Gaume et al., 2017; Micallef et al., 2008ith different levels of variations among the
mesocosms as plant composition weret identical among mesocosms, which could also
contribute to the unexplained variance in the diurnal amplitudeNaO flux. The large
unexplained variance in the diurnal amplitudeNdO flux also highlights the complexity of
the diurnal variations inhlte biochemical components (e.g., labile C, inorganic N@nd
content) in soils, especially in the rhizosphere where most of the microbial activities take
place and it is most influenced by plant metabolisitendes, @rbeva and Raaijmakers,

2013) which remains unexplored at present.
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5.6 Conclusion

In this study, the discrete effects of PAR on the diurnal dynamigs®fiux were explored
under tightly controlled environmental conditions. This was necessargldsbservations

of diurnal patterns of BD flux have been inconsistent; and due to changing environmental
conditions (PAR, soil temperature, moisture), the drivers of this phenomenon have not
been fully elucidated. The results of this study provided agsick evidence indicating
diurnal rhythm of PAR is a driver of diurnal variationd\p® flux independent of soil
temperature and moisture. However, the PARven plantsoil biological mechanisms
behind the diurnal variations of\.O flux are still unclar. This is because current
understanding on the complex transitory changes in soil biochemical properties (e.g., soll
O, status, labile C content, soil inorganic N conteri;ygling gene expression, etc.) over
the diurnal course is still lacking. In atiloln, we possess little knowledge at present on how
PAR affects photosynthesis and its subsequent interactions with such biochemical
properties influencingN.O-producing microbial processes including nitrification and
denitrification and leading to varietns inN2Oflux. Investigating root exudation behaviour
and diurnal changes in the soil biochemical conditions, especially in the rhizosphere, in
response to plant photosynthesis may provide critical information to understanding the

mechanisms driving dinal variations in solN>O flux.
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6. General discussion

6.1 Summary of aims and objectives

Failure to address the diurnal variability ofQNflux in flux measurement regimes can
contribute to the large uncertainties in the cumulativeNemission estimatedammirato

et al., 2018; Shurpali et al., 201&urrently, the uncertainty of 0 emission estimates sits

at £ 37% in the UKCommittee on @mate Change, 2017)et, while evidence of diurnal
variability of NO flux have been rising, it is still rarely considered in standard flux
measurement regimes. Furthermore, little is known about the characteristics and driving

mechanisms of this pm®omenon.

This thesis aimed to (ipvestigate the prevalence of diurnal variability ofONflux, (2)
evaluate the efficacy of different nediurnal sampling intervals, and (3) examine the
potential environmental and biological factors driving the diumatiability of NO flux.
Through the systematic review of relevant published literature (Chapter 2) and diett
laboratory-based experiments with suthaily NO flux measurements and manipulations of
environmental factors (Chapters 3, 4 and 5), défg@raspects of the research aims were
achieved. Along with knowledge from existing studies, key findings of the previous chapters
are compiled and discussed below to synthesis insights into the diurnal variabiliDof N

flux and its research implications

6.2 Prevalence of diurnal variability ofoNflux

The findings throughout Chapters 2 to 5 highlight that the diurnal variability,Of fiNix is

a pervasive phenomenon with distinctive diurnal patterns. Through the synthesis of data
extracted from pulished studies with subaily measurements of 4D flux, Chapter 2
showed that daytime peaking of2@ flux is a dominant diurnal pattern in general across
different terrestrial ecosystems (cropland, grassland and forest), occurring at ~60% of the
time, whereas nighttime peaking and nowliurnal patterns of MO flux each accounted for
~20% of the occurrences (Section 2.3.1, Chapter 2). In line with this finding, daytime
peaking of MO flux was also observed on ~60% of the measurement days in the fidst fiel
mesocosm experiment (Figure 3.4b, Chapter 3), which was conducted without artificial

manipulations of environmental variables.
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Throughout the experiments of Chapters 3 to 5, diurnal peaksOffNix mostly occurred

in the afternoon (12:0@ 19:59), wich aligns with the findings in Chapter 2 and most of
the current studiegAkiyama, Tsuma and Watanabe, 2000; Hosono et al., 2006; Flessa et
al., 2002; Lognoul et al., 2019; Savage, Phillips and Davidson, 2014; van der Weerden
Clough and Styles, 2018jth a few exceptiongBrumme and Beese, 1992; Keane et al.,
2019; Peng et al., 2019\fternoon peaking of D flux is often attributed to the diurnal
oscillations of soil temperature in many studi@dves et al., 2012b; Blackmer, Robbins and
Bremner, 1982; Scheer et al., 2014; van der Weerden, Clough and Styles, 2013; Williams
Ineson and Coward, 1999However, some studies observed stronger relationship of
diurnal NO flux with photosynthetically active radian (PAR) and solar radiation instead,

and posited that PARriven plant metabolic belowground C allocation was the drivers of
diurnal patterns of MO flux(Christensen, 1983eane et al., 2018; Shurpali et al., 2016;
Zona et al., 2013)In Chapters 4 and 5 reduced PAR and solar radiation levels were
demonstrated to shift the peak timing of2@ flux from late afternoon (16:0€ 19:59) to

early afternoon (12:0@Q 15:59), inplying that PARIriven plant metabolism can determine

the peak timing of BD flux. As current research has not yet investigated the diurnal effects
of reduced photosynthesis on the peak timing of diurngDMux, little is known about the
mechanisms behd this phenomenonKuzyakov and Cheli{@001)observed asynchronous
diurnal rhythms of soil respation of root-derived C from planted soil in prolonged dark
periods, which could offer an explanation to the peak time shift gd Mux caused by

reduced photosynthesis.

While common, daytime peaking ofz2® flux does not occur consistently under diel
conditions, which may be attributed to the interruption by ndiurnal events such as
rainfall and fertilisation. Prolonged periods (lasting over one day) of high é¥nissions
from recently fertilised soils have been observed in studies followingalhefentgFrancis
Clar and Anex, 2019; Laville et al., 199%jis is due to the increase in soil moisture during
and after rainéll events leading reduce soil aeration, which subsequently stimulates
microbial denitrification (ButterbachBahl et al., 2013; Cardenas et al., 201The
observations of increased frequency of daytime peaking.6f flux in Chapter 5 (7684%

of the occurrences, Section 5.5.1), where tenmgddtuctuations of soil moisture kept at
nearconstant in a controlled environment, provide empirical evidence supporting the

interruptive effect of rainfall events on diurnal patterns ofONflux.
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It should also be noted that daytime peaking eONluxis not always the dominant diurnal

pattern. Chapter 2 revealed that niglime peaking of BO flux was exhibited more
commonly in poorly drained soils, accounting for 67% of the occurrences (Figure 2.3a,
Chapter 2). This hints at the controls of soil gicgl properties such as porosity and gas
diffusivity over the diurnal patterns ofA flux. Since poorglrained soils have lower levels
of gas diffusivity than well drained and imperfectly drained s@tlgikawa and Miyazaki,
2005) which restricts the © supply from the atmosphere into the soil upon, O
consumption by plant roots and microbial aerobic respiratipeepagoda et al., 2011}

is possible that in pooridrained soils, during daytime when microbial iaty is higher
(Nakadai et al., 2002; Parkin and Kaspar, 20@8plised anoxic sites are created where
produced NO are furher reduced into N by complete denitrification (Figure 1.3,
Chapterl), resulting in lower pO flux during daytime. In the field study by Keane et al.
(2019) nighttime peaking of BO flux with NO uptake during daytime were consistently
observed from a poorbkgrained soil (fine silt over clay), even under dry conditions. This
supports the hypothesis proposed above, sine®hNptake can only be the result of,@

consumption overtaking 20 production.

6.3 Implications of diurnal variability obQN flux on current measurement

practices

High diurnal amplitudes of4® flux were observed throughout Chapter 3 to 5. For example,
87% of the measurement days in Chapter 3 exhibited diurnal amplitude@ffiNx of
>100% (Section 3.4, Chapter 3). As mentioned previously, diurnal pattern®dfux can

be irregular under field conditions, which could impact the accuracy of cumel&O
emissions estimated with singliaily flux measurements. Current guidelines recommend
taking NO flux measurements at midmorning (ca. 10:00) to capture the daily me@n N
flux (Charteris et al., 2020; de Klein & Harvey, 2015; IAEA, 1992; Ravidnterea, 2010)
based on theassumption that MO flux follows soil temperature over the diurnal courses
(Alves et al., 2012b; Parkin, 2008; Smith antbe 2001) While the findings in Chapter
2 agree that measuring2® fluxes at 10:00 would produce the leasbhount of estimation
bias (a mean of +2%, Figure 2.5, Chapter 2), the error range is still high (beR9eeand
+35%). This highlights the potential fallacy in assumin® Rux would follow soll
temperature diurnally. Chapter 2 showed that diurnalMluxes only strongly correlate (R

> 0.7) with soil temperature about ortlird of the time (Section 2.4.2, Chapter 2). The lack
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of a significant relationship between soil temperature and diurngD NMux in the field

campaign of Chapter 3 (Tables 3.2 &18, Chapter 3) further undermines the importance
of soil temperature in the regulation of diurnal variations efONflux. Furthermore, some
studies observed diurnal® fluxes preceding before soil temperature and peaking in late
morning (Akiyama and Tsuruta, 2003; Keane et 2018; Peng et al., 2019)hich could

result in overestimations of 0 emissions if flux measurements are made at 10:00.

At present, suldaily flux measurements are still not considered standard practice for
estimating cumulative PO emissions. Moreover, estimates of®l emissions using weekly

to monthly NO flux measurements are still commonly reported in stud@ewer et al.,
HAMHY HAMTT | FNNRAR&E Si Ff ®Z HAawmT TTo dsSedsEh2 dzl f
adequacy of flux measurement frequencies, Barton e{2015)defined the acceptable
bias for cumulative PO emission estimates as within +10% of those calculated from diurnal
N2O fluxes. Using the diurnab® flux data of Chapter 3, only singlaily measurements at
10:00 were foundadequate in estimating cumulative>® emissions (+7%, Table 3.1,
Chapter 3); any sampling frequencies beyond shagiéy would risk under or
overestimations 46%¢ +108% with weekly measurementZ5%c¢ +90% with fortnightly
measurements). Owing to ¢éhlarge dayto-day variations in pD flux, failure to capture the
ephemeral episodes of highy® emissions (e.g., after rainfall or fertilisation events) would
lead to underestimations. Likewise, ghlling with high NO fluxes would result in
overestmations. It should also be noted that the cumulativgONemissions calculated with
diurnal NO fluxes amounted to an equivalent of 2.2% of the total N input in the span of 56
days (Section 3.4, Chapter 3), which substantially exceeded the emissior(éaxctoal NO
emission = 1% of total N input) recommended by the Intergovernmental Panel on Climate
Change (IPC®)!I S NH 2 dz £ O Q Khis$nay bk hedabise theraurdeint IPCC emission
factor was estimated based on the data compiled in Bouwr(lE806) which largely
comprised of MO flux data collected at weekly to monthly basis. Adoptia@ Nux data of

high temporal resolutions (ideally stdtaily) to estimate cumulatived® emissions can help

improve the accuracy of 20 emission factor.
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6.4 Relationships of diurnal.® flux with environmental and biological

parameters

An ongoing area of research redag the diurnal variability of XD flux has been the
identifying and understanding the drivers behind this phenomenon. Typically, diurnal
variations of MO flux (daytime peaking) are attributed to soil temperature in a number of
studies(Alves et al., 2012b; Blackmer, Robbins and Bremner, 1982; Livesley et al., 2008;
van der Weerden, Clough and Styles, 20Mile only a few studies found stronger
relationships between diurnal 2 flux and photosynthetic parameters (e.g., PAR, solar
radiation, net ecosystem production (NEP) and gross primary productivity (GPP))
(Christensen, 1983; Keane et al., 2018urgali et al., 2016; Zona et al., 2013)hile
microbial denitrification is a temperature dependent process withiad®around two to

three (Christensen, 1983; Denmead et al., 1979; van der Weerden et al., 2d1i8h could
contribute to the diurnal variations of 20 flux as soil temperature fluctuates over the
diurnal cycles, the magnitudes of diurnal variations (i.e., diurnal amplitudesyoflt are

often observed to overshoot the expected diurnal amplitudes based on diurnal fluctuations
of soil temperature(Christensen, 1983; Dobbie & Smith, 2003; Maljanen et al., 2002;
Scheer et al., 2012; Shurpali et al., 2016; Williams et al., 199@) analysis of historical
published data in Chapter 2 found the relationship between diurngd Rux and soil
temperature was only strong (R > 0.7) in 33% of the datasets (Section 2.4.2, Chapter 2). The
findings of Chapter 3 and 4 also indicated the lack of a strong relationship between diurnal
N2O flux and soil temperature (p = 0.113, Table 3.3, Figure 3.5b, Chapter 3), as well as
between diurnal amplitude of D flux and daily average soil temperature (p.628,' ;> =

0.003, Table 4.5, Chapter 4). Furthermore, if diurnal variations@fflux are largely driven

by soil temperature, daytime soil warming should have resulted in increased diurnal
amplitudes of MO flux, yet in Chapter 4 soil warming was fduie have no significant
effects on the diurnal amplitudes obQ flux (p = 0.762, Table 4.3, Chapter 4). The body of
evidence in this thesis suggests the relationship between soil temperature and diufal N
flux is not as strong as some literature pasted to be, or that other environmental or
biological variables might be overriding the effects of diurnal fluctuations of soil

temperature.
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On the other hand, studies that observed stronger relationship between diurs@lflux

and photosynthetic peameters such as PAR proposed that by PAR could mediate the root
exudation of photosynthate {Christensen, 1983; Keane et al., 2Q01&hich in turn
enhances microbial denitrification by directly providing labile C sources to denitrifiers
(Ussiri and Lal, 2013nd indirectly depleting soil Qhrough stimulation of heterotrophic
respiration (Farquharson and Baldock, 2008Evidence of increased microbial
denitrification in the afternoon also supports this hypothestrom et al., 2010; Yamulki

et al., 2001) While PARIriven diurnal changes of soil biochemical properties (e.g., labile C
content in root exudates) were not measured in the experimental chaptetkisfthesis,

the relationship between diurnal D flux and photosynthetic parameters were examined
throughout Chapters 3 to 5. In Chapter 3, GPP was found to have a significantly positive
relationship with diurnal BD flux (p = 0.009, Table 3.3, FigGr&d); whereas Chapter 4
demonstrated plant shading reduced the diurnal amplitude e©Nlux by 34%, which
alluded to the regulatory effect of PAR on diurnal amplitude 4 Nux. However, Chapter

4 also presented seemingly conflicting evidence, asréationship between the diurnal
amplitude of NO flux and daily cumulative solar radiation was significantly positive (p =
0.018,' ,>=0.01, Table 4.5, Figure 4.5d, Chapter 4) but was significantly negative with daily
cumulative NEP (p = 0.0012 = Q04, Table 4.5, Figure 4.5e, Chapter 4). Since NEP is the
result of GPP minus ecosystem respiratiidirschbaum et al., 2001jhe latter often
reflects soil microbial activityPhillips and Nickerson, 2018hd can be stimulated by
increased C substrates (e.g., root exudation of photosynthate C and itat@dtpriming
effect) (Luo and Zhou, 2006Yhe negative relationship wittiaily cumulative NEP might

hint that the diurnal amplitude of dO flux was positively affected by daily cumulative
ecosystem respiration rather than daily cumulative GPP. Chapter 5 also provided empirical
evidence supporting the positive effect of phoyoghetic parameters on the diurnal®

flux. When fluctuations of soil temperature and moisture were minimised, increased PAR

level was shown to heighten the diurnal amplitude @ONflux (Figure 5.6¢, Chapter 5).

As expected, soil volumetric water cemt (VWC) was found to positively regulate diurnal
N2O flux (p < 0.001, Figure 3.5a, Chapter 3), as well as its amplitude (p = 0.002, Figure 4.5k
Chapter 4). As previously discussed, increasing soil moisture can enhance denitrification by
limiting replenshment of soil @from the atmosphere, which would lead to increasegON

production (ButterbachBahl et al., 2013; Schindlb&8WNE %S OKY SA & (i S NJt.
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. dz 0 S ND | OK im additioh, Tecentsstaudies have also found that by increasing soil

moisture, priming of MO could be triggered as the decomposition of soil organic matter
releases additional N into the-tycle which are rapidly denitrifieRomanPerez and
HernandezRamirez, 2021; Thilakarathna and HernanBamirez, 2021)However, since

soil VWC did not show distinctive diurnal patterns in the experiments of this thesis, it was
not likely to cause daytime peaking offlux; rather, the nordiurnal fluctuations of VWC

caused by rainfall events interrupted the diurnal patterns gDMlux.

6.5 Future work

As the results in this thesis indicate that diurnal amplitude and daytime peakingofl ik
were contributed PARIriven plant belowground metabolism, the overarching question
here is:how do diurnal rhythms of plant metabolism affect diurnal variations of s@l N

flux?

Firstly, understanding the diurnal patterns of root exudation of plant primary metabolites
(e.g., sigars and amino acids), and their responses to different PAR intensities, could
provide useful insight into how microbial denitrification might be regulated over the diurnal
courses, as well as address the phenomenon of shifting diurp@l iNix peak time
potentially caused by plant metabolism. It has been shown that over 60%CQEMitted

from planted soil originates from the rhizosphef¥ing et al., 2021)however, current
research has yet tonvestigate the diurnal variations in the biochemical compositions

within the rhizosphere, which limits deeper understanding of the topic.

Secondly, as microbial denitrification is driven by seiliBitation, monitoring the diurnal
variations in soil @concentration could help answer part of the question, as root exudation
of photosynthate C could drive diurnal variations in sailc€ncentration via transient
stimulation of heterotrophic respiradn. While studies involving diurnal monitoring of O
concentration in flooded ecosystems such as wetland and paddy field are abundant
(Jargensen, Struwe and Elberling, 2012; Nikolausz et al., 2008; Zhao et a].y262title
research on the diurnal variations of sod l&as been conducted on nefftooded cropland

and grassland soils. This could be coupled with diurnal flux measuremelGE6 from

soil under plants pulstabelled with'3GCQ to trace the lag time between photosynthesis
and the arrival and respiration of photosynthate C in the rhizospf@réfiths et al., 2004;

Kuzyakov and Cheng, 200Thirdly, the diurnal dynamics of denitrification and nitrification
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could also be explored by measurements of tAeN sitepreference of diurnal pO fluxes

after the application ot°N-labelled N substratéBracken et al., 2021; @sm et al., 2010)

By teasing out the underpinning mechanisms involved in the diurnal variabilityQpfltik,

a holistic understanding of this phenomenon can be established. This can then improve
N2O flux sampling strategies and accuracy of cuningaltbO emission estimates. Besides,
novel mitigation strategies may be developed on basis of new knowledge on the diurnal
variability of NO flux. For example, Keane et @019)observed net MO uptake during
daytime inMiscanthugplantations. Understanding the causes of daytim®Niptake could

provide potential MO sinks in agriculture.
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6.6 Conclusion

This thesis providestrong evidence that diurnal variability of® flux is prevalent in
agricultural soils, with daytime peaking offlux being a common occurrence. However,
under field conditions, diurnal patterns of 8 flux can be inconsistent owing to
interruptions by rainfall events. Due to this inconsistency, sHugldy measurements of
N20 flux can still produce uncertain estimates efONemission. If necessary, singlaily
measurements of pO flux should be conducted in midmorning at 10:00. Apart fromnailur
variability, NO flux also exhibited large dag-day variations, making cumulative:®l
emissions estimates based on flux measurements beyond satagiiewould result in highly

uncertain estimates.

The results from this research also challengetyiecal viewpoint that diurnal fluctuations

of soil temperature are the driving factor of diurnal variations #¥Nux. Little relationship

was found between diurnal 20 flux and soil temperature, and increasing the diurnal
amplitude of soil temperatw via soil warming did not increase that ofONflux with
significance. Instead, evidence from the laboratory experiment (Chapter 5) indicated that
PARdriven plant metabolism caused diurnal variations e©ONlux with highly consistent

daytime peaking atterns.

However, knowledge of the underlying mechanisms is still not-&dtablished and would
require further investigations of the diurnal changes in soil biochemical properties, such as
substrate availability of labile C and inorganic N and sotibb@centration, to elucidate the
PARdriven diurnal variability of pO flux. A better understanding of the drivers of diurnal
variability of NO flux could potentially improve strategies for estimating cumulatiy® N

emissions and XD budget calculation by reducing the uncertainty of current methods.
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World Map of Képpen—Geiger Climate Classification  Main Precipitation  Temperature
updated with CRU TS 2.1 temperature and VASClimO v1.1 precipitation data 1951 to 2000 A: equatorial W: desert h: hot arid F: polar frost
B: arid S: steppe k: cold arid T: polar tundra
C: warm temperate f: fully humid a: hot summer
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brackets) in Chapter 2. Coloured line and boxes indicate locations oéstadd their climate classifications, respectively.
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Table Al Details of nordiurnal factors of each reviewed study in Chapter 2; extracteddiomal factors include soil pH, bulk density (BD), texture, measurement seasogeni (N)
fertilisation, location of study site and théppenGeiger climate classification of the study site.

Reference

Akiyama et
al. (2000)
Akiyama and
Tsuruta
(2002)
Akiyama and
Tsuruta
(2003a)
Akiyama and
Tsuruta
(2003b)
Alves et
al.(2012)
Ball et al.
(1999)
Brumme and
Beese (1992)
Brummer et
al. (2017)*

Christensen
(1983)

Number
of
datasets
10

10

58

16

Soil
pH

5.9

5.9

5.9

5.9

54

NA

NA

5.3

SoilBD
(gem®)

0.9

0.9

0.9

0.9

1.3
1.2
NA

NA

NA

Soil texture

NA

NA

NA

NA

sandy
loam
NA

sandy loam

(Roskilde), silty

sand

(Braunschweig

)

sandy loam

Soil WFPS

35-54.9%

35-54.9%

35-54.9%

35-54.9%

NA

NA

NA

NA

NA

Season

summer

summer

summer

summer

autumn

spring

summer

spring
(Roskilde),
winter
(Braunschweig

)

summer

N fert.

fertilised

fertilised

fertilised

fertilised

fertilised

fertilised

fertilised

fertilised

fertilised

Landuse

cropland

cropland

cropland

cropland

grassland
cropland
forest

cropland,
grassland

grassland

Location KOppen

-Geiger
Tsukuba, Japan Cfb
Tsukuba, Japan Cfb
Tsukuba, Japan Cfb
Tsukuba, Japan Cfb
Seropédica, Brazil Aw
Edinburgh, UK Cfb
Solling, Germany Cfb
Braunschweig, Germany Cfb

(2)/Roskilde, Denmark (1)

Lyngby, Denmark Cfb
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Das et al.
(2012)
Denmead et
al. (2010)*
Du et al.
(2006)

Flessa et al.
(2002)

Hosono et al.

(2006)
Huang et al.
(2014)
Keane et al.
(2018)
Kostyanovsk
y et al.
(2019)

Laville et al.
(1997)*
Laville et al.
(2011)*
Laville et al.
(2017)*

Liu et al.
(2010)

10

NA

69

5.9

6.5

NA

NA

5.9

8.3

7.7

1.3

NA

NA

1.2

NA

NA

1.3

1.2

NA

1.3

1.3

1.2

silt loam
clay loam

sandy loam

silt loam
NA

silt loam
NA

NA

loam
silt loam
silty clay

silty clay loam

35-54.9%

55-74.9%

<=34.9%

(graph 1, 2,
4), 3555%

(graph 3)
NA

NA
<=34.9%
55-74.9%
<=34.9%

(dry),
>=75%
(wet)
5574.9%
3554.9%
55-74.9%

NA

NA

spring
summer,

autumn

NA
spring
spring,

summer

spring

summer

autumn
spring
summer

NA

fertilised

fertilised

unfertilise

d

fertilised

fertilised

fertilised

fertilised

fertilised

fertilised

fertilised

fertilised

fertilised

grassland
cropland

grassland

grassland
cropland
cropland
cropland

cropland

cropland
cropland
cropland

cropland

Christchurch, New Zealanc

Northern New South Wales

Australia
Xilin, China

Scheyern, Germany
Nagoya, Japan
Nolensville, TN, USA
Lincolnshire, UK

Moro, OR, USA

Pisa, Italy
Burgundy, France
Grignon, France

Shanxi, China

Cfb

Cfa

BSk

Cfb

Cfb

Cfa

Cfb

Csb

Csa

Cfb

Cfb

Dwa
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Liu et al.
(2014)*

Loftfield et
al. (1992)

Lognoul et
al. (2019)*

Machado et
al. (2019)
Maljanen et
al. (2002)*

Peng et al.
(2019)
Reeves and
Wang
(2015)*

Reeves et al.

(2016)*

13

NA

NA

NA

NA

NA

5.9

NA

NA

NA

NA

NA

NA

0.9

NA

NA

NA

NA

NA

silt loam

NA

NA

NA

clay loam

loamy sand

(site 1), sandy

clay (site 2),
silty clay (site
3)

<=34.9%
(cotton year
1-2, wheat
maize year
1-2),35
55% (wheat
maize year
3)
NA

5574.9%
(spring), 35
54.9%
(summer)
NA

NA

>=75%
(spring)
NA

NA

NA

summer
spring,

summer
spring

summer
spring,

summer
NA

summer

fertilised

unfertilise
d
fertilised

fertilised

fertilised,
unfertilise
d
unfertilise
d
fertilised

fertilised

cropland Shanxi, China

forest Solling, Germany
cropland Uccle, Belgium
cropland Elora, Ontario, Canada
cropland, SavonlinnaFinland
grassland,

forest

forest Turpan, China
cropland Warwick, Queensland,

Australia

cropland Ingham/Mackay/Bundaberg

Queensland, Australia

Dwa

Cfb

Cfb

Dfb

Dfb

BWk

Cfa

Cfa
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Savage et al.

(2014)*
Scheer etl.
(2008)
Scheer et al.
(2012)
Scheer et al.
(2013)*
Scheer et al.
(2014)
Shurpali et
al. (2016)*

Simek et al.
(2010)
Skiba et al.
(1996)
Smith et al.
(1995)
Smith et al.
(1998)

5.7
6.5
7.2
7.2
7.4

5.8

7.3
NA
NA

5.7
(sand

loam),
3.7

(peaty

gley)

NA

15

NA

NA

NA

11

NA

NA

NA

NA

silt loam
sandy loam
clay
clay
sandy loam

clay loam

sandy loam

sandy clay
loam
sandy loam

sandy loam,
peaty gley

55-74.9%
55-74.9%
55-74.9%
55-74.9%
5574.9%
55-74.9%
(spring),35
54.9%
(summer)
NA
NA
NA

NA

spring
summer
summer
summer

summer
spring,
summer
spring
summer
summer

summer

fertilised

fertilised

fertilised

fertilised

fertilised

fertilised

fertilised

fertilised

fertilised

fertilised

cropland
cropland
cropland
cropland
cropland

cropland

grassland
cropland
grassland

cropland,
forest

Mandan, ND, USA
Urgench, Uzbekistan

Toowoomba, Queensland,
Australia
Darling Downs, Queenslant
Australia
Gatton, Queensland,
Australia
Maaninka, Finland

Borov4, Czech Republic
East Lothian, UK
Edinburgh, UK

Midlothian/Northumberlan
d, UK

Dfb

BWk

Cfa

Cfa

Cfa

Dfb

Cfb

Cfb

Cfb

Cfb
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van der 4 5.8 1 silt loam 5574.9% spring fertilised
Weerden et

al. (2013)

Wang et al. 8 6.6 NA NA <=34.9% summer unfertilise
(2005) d
Williams et 3 8.6 NA NA NA spring fertilised
al. (1999)

Yang et al. 6 NA NA NA <=34.9% summer unfertilise
(2018) d
Yao et al. 14 8 1.2 sandy loam 55-74.9% autumn fertilised
(2009)

Yeboah et al. 6 8.4 1.2 sandy loam NA spring fertilised
(2018)

Zona et al. 5 NA NA sandy 55-74.9% summer, fertilised
(2013)* autumn

* = study presented diurnal course(s) of averageONfluxover a period of measurement days
NA = data not available

grassland

grassland
grassland
forest
cropland
cropland

cropland

Mosgiel, New Zealand

Xilin, China
Grangeover-Sands, UK
Hainan, China
Jiangdu, China
Dingxi, China

Lochristi, Belgium

Cfb

BSk

Cfb

Aw

Cfb

BSk

Cfb

156



Appendix Il
Appendix Il

Daily and total cumulative J® emissions:
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