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Introduction générale

Depuis sa création, la composition de I'atmospltrda Terre n'a cessé d’évoluer.
L’atmosphére primitive était composée d’eau, dexgtie de carbone (G et de diazote
(N2), mais il n’y avait pas de dioxygenedZahnle 2006). Vinrent ensuite les atmosphéres
primaire et secondaire, avec les mémes constitumais une évolution de leurs proportions.
Puis, apparurent les cyanobactéries qui en réalimnphotosynthése ont produit du
dioxygene. La présence d’oxygéne dans I'atmosphétenduit a la création de la couche
d'ozone dans la stratosphére. Le dernier évenemejdur dans I'atmosphére terrestre est
apparu il y a seulement 150 ans, avec la révolutidastrielle et la libération de gaz en
grandes quantités, notamment de,Cbn effet, depuis le début de cette nouvelle ke,
activités anthropiques s’'accélérent, avec a titexaimple, l'intensification de I'agriculture,
des activités industrielles, du transport, de lmsStation et de la production d’énergie et de

déchets.

De nos jours, plusieurs sujets environnementauxlégent des inquiétudes,
notamment du fait des changements dans la commosié I'atmosphere. Ainsi la destruction
de la couche d’ozone et le réchauffement climatiquemodifient notre environnement et les
conditions de vie sur Terre, sont directement li@ag émissions gazeuses anthropiques.
Parmi les gaz qui contribuent au changement clguatiou a la destruction de la couche

d’ozone, on peut citer le GOe méthane (Ch) et le protoxyde d’azote ¢O).

Des scientifiques du monde entier travaillent dtgogent a alerter la population et les
politiques sur ces problémes environnementaux dfm enrayer les conséquences. Des
conférences et conventions telles que Genéve (1¥i@hne (1985), Kyoto (1997), et les
différentes conférences des Parties (COP) sontdgdi ces thématiques. Les scientifiques

doivent travailler sur les processus a l'origines danissions de gaz a effet de serre pour
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développer des méthodes d’estimation de leurs énistes plus précises possibles ainsi que

pour mettre en place des stratégies d’atténuation.

Objectifs de la these

Concernant les émissions deNpar les sols, les études présentées dans fatlifté peuvent
se classer en 3 catégories:

- L’étude du déterminisme des émissions d® Mt des facteurs de contrdle qui
peuvent mener a des émissions (Breuer et al. 2D0@hie and Smith 2001; Kurganova and
de Gerenyu 2010; Stanford et al. 1975; Zhang &(4l6).

- Les méthodes de mesure diredtesitu, sur des surfaces variées (cultures, prairies,
foréts), pendant des périodes spécifiques, s’appwsa differents principes et équipements
de mesure (Beauchamp 1997; Desjardins et al. ZB&6hard et al. 2007; Phillips et al. 2007,
Stehfest and Bouwman 2006).

- La modélisation, a partir de données collectéeschamp ou au laboratoire,
combinant des éléments issus des mesures et déssétie déterminisme. Les modeles
peuvent avoir des applications prédictives ou didieation des sources (Gilhespy et al.

2014; Gu et al. 2016; Langensiepen et al. 200&yRihd Matson 2000; Wolf et al. 2012).

Ces 3 types d’études sont liés. L'objectif de kstha été de travailler sur chacune de
ces approches complémentaires, en étudiant I'éfféa température sur les émissions ¢@ N
(déterminisme), en mesurant les émissions & &l'aide de différentes méthodes (mesures)
mais aussi en développement des méthodes d’aitribdes flux, c’est-a-dire pour retrouver
les sources d’émissions, et ainsi reconstituerdaabilité spatiale des émissions deON

(modélisation).



Par ailleurs, le BD est produit & I'échelle microscopique mais sefetefse
manifestent a I'échelle globale. Le changementiée (Figure 1) peut s'appréhender de
facon graduelle. Les 3 approches d’étude propogémsent se développer aux difféerentes
échelles : (1) les études de déterminisme plusifspgament de la micro-échelle a I'échelle
du paysage, (2) les mesures de flusitu, plus spécifiquement de I'échelle de la parcelle e
du petit paysage et enfin a I'échelle globale,l&3)nodélisation parfois a micro-échelle mais

permettant surtout le changement d’échelle vetssetgionale, nationale et globale.

Up-scaling N,O emissions

Landscape

Microscopic

Figure 1: Différentes échelles dans lesquelles le@ peut étre étudié.



Nous avons combiné les expérimentations en labogates expérimentations sur le
terrain, et la modélisation pour progresser swulantification des flux de XD, a I'échelle de
la parcelle et du paysage. Les objectifs de naoteail étaient (i) de progresser sur le
déterminisme des émissions dgONet d’améliorer les outils de quantification iredite par les
modeles, avec un travail spécifique sur I'effelalgariation de température sur les émissions
de NO, pour étre intégré dans les modeles, (ii) de nessgr sur la réalisation de mesures
directes a I'échelle de la parcelle et du paysage¢ I'application de techniques de mesure
intégratives dans le temps et le développement dispositif de mesures intégratives dans le
temps et I'espace, et, (iii) de progresser darifibation des sources des émissions d® N
par le développement d'approches d’attribution tlex fa partir des données collectées

pendant la campagne de mesures.

Plusieurs questions scientifiques ont été levées Imifet des variations de
température sur les émissions d€Nsur la campagne de mesures, et sur le dévelapem

d’'une méthode d’attribution de flux.

Concernant I'effet de la température sur les emsstde NO :

- Est-ce que les émissions degNsont plus fortes lorsque la température augmenteours
du temps ?

- Qu’en est-il de la régulation par la températdte processus de dénitrification et plus
particulierement du processus de réduction gD R

- Est-ce que les modeles prennent correctemendrapte I'effet de la température ?

Concernant la campagne de mesures :
- Est-ce que les mesures faites a partir de 3 rdéthdifférentes et a différentes échelles
peuvent fournir des valeurs comparables ?

- Est-ce que la variabilité spatio-temporelle piuoe totalement couverte ?



- Quel type de culture et pratique culturale éragilis de NO ?

Concernant le développement d’une méthode d’attabule flux :

- Est-ce que les origines des flux dgON\peuvent étre retrouvées a partir de mesureseoed|
intégratives ?

- Quelle méthode serait la meilleure pour cela @nment estimer sa validité et ses
incertitudes ?

- Quelle est la variabilité spatiale des flux dg€ONsur un paysage d’un rayon de 1 km, occupé

par un mélange de cultures et de foréts ?

Les résultats de ce travail sont présentés enti@par

- La premiére partie est une synthese bibliogigumhidont le but est de rappeler les
problématiques environnementale et scientifiquecedravail, de décrire les émissions de
N2O, les processus impliqués ainsi que l'effet desdittons environnementales. De plus,
cette partie introduit les différentes méthodesjdantification pour évaluer les émissions de

N2O.

- La deuxieme partie présente le site expérimenfadrtir duquel du sol a été prélevé
pour une expérimentation en laboratoire et surdeqne campagne de mesures de 2 mois a

ete réalisée. Elle présente également des étuéesdantes realisées sur ce site expérimental.

- La troisieme partie porte sur une expérimentatm laboratoire sur I'effet du

changement journalier de température sur les émnisgle MO par un sol agricole.

- La quatrieme partie présente la campagne denegegui a eu lieu pendant 2 mois au

printemps 2015, avec 3 types de mesures réalidéshalle de la parcelle et du paysage, avec



I'utilisation de chambres automatiques, d’'une chamimanuelle, et d’'un systéeme d’eddy

covariance.

- La cinquiéme partie présente 2 approches diation de flux de BO, développées
a partir des résultats trouvés pendant la campagmeesures par les différentes méthodes, et

leur validation.

- Enfin, la derniére partie présente les conclusida cette these et les perspectives de

ce travail.



General introduction

Since the creation of Earth, its atmospheric contiposnever stopped to evolve. It
began with the primitive atmosphere made of wate0], carbon dioxide (Cg), dinitrogen
(N2) but no dioxygen (¢ (Zahnle 2006). There were then the primary ancbrsgary
atmospheres with the same constituents but witevartution of the proportion. After that,
came the first cyanobacteria which realized phottigsis and consequently produced
dioxygen. The presence of oxygen in the atmospleads to the creation of the ozone layer
in the stratosphere. The last big event in theestrial atmosphere occurred 150 years ago,
with the human industrial revolution and the lidema of huge amount of gases, especially
COQO.. Indeed, since the beginning of this new era, raptbgenic activities never stopped to
increase with for example the intensification of riagiture, industrial activities,

transportation, deforestation, production of enexgg waste.

Nowadays, several environmental subjects are ucmiecern, and many of them are
due to the change of the terrestrial atmosphededd, the ozone layer depletion and the
global warming, which are threatening our environtneur lives, are directly caused by the
anthropogenic emissions. Amongst gases which ¢orté&ithe most to the climate change and

the ozone layer depletion, there are;O@ethane (Ck), and nitrous oxide (§O).

Scientists all over the world are now working onrmag people and politics about
these environmental problems to limit consequencesferences and conventions such as in
Geneva (1979), Vienna (1985), Kyoto (1997), anddifferent COP (Conference Of Parties)
took place to discuss these matters and find soisitiResearch groups are asked to work on
the processes leading to greenhouse gas emissiodgvelop estimation methods with

uncertainties as low as possible and then propdtsgation strategies.



Objectives of this PhD

When talking about pO emissions by soils, 3 types of study are presentéhe literature:

- The study of the PO emissions determinism and the control factorchvican lead
or not to emissions (Breuer et al. 2002; Dobbie &midth 2001; Kurganova and de Gerenyu
2010; Stanford et al. 1975; Zhang et al. 2016).

- Direct O emission measurements on the field, on a spearBa (arable land,
grassland, forest), during a specific period. Thesasurements can be done using different
types of method (Beauchamp 1997; Desjardins &04l0; Flechard et al. 2007; Phillips et al.
2007; Stehfest and Bouwman 2006).

- Modeling, done from data collected on the fieldiro a laboratory and combining
both determinism and measurements. Models will thdow predicting NO emissions or
retrieving sources of emissions (Gilhespy et all20Gu et al. 2016; Langensiepen et al.

2008; Riley and Matson 2000; Wolf et al. 2012).

All of these types of study are linked. The aimtlw PhD was to develop specific
studies on each of these 3 complementary typestualying the effect of temperature opN
emissions (determinism), by measuringONemissions on several sites using different
methods (measurements), and at last, by devel@fhrx attribution methods, i.e. to retrieve
emission sources and then recreate the spatiabiigty of emissions at the landscape scale
(modeling).

N.O is produced at the microscale, but its effecesvasible at the global scale. The
up-scaling (Figure 1) is gradual. Each of the 3$/pf study proposed can be developed at
different scales: (1) determinism studies more ifigatly at the microscale to the landscape

scale, (2) field flux measurements more specifjcatlthe plot and landscape scale but also at



the global scale, (3) the modeling, sometimes anticroscale but allowing the up-scaling to

regional, national and global scales.

Up-scaling N,O emissions

Landscape
National

A
Aggregate

Microscopic

Figure 1: Different scale in which NO can be studied.

We combined laboratory experiments, field experiteemd modeling to progress on
the quantification of BD fluxes, at the plot and landscape scale. Thectges of our work
were (i) to progress on the determinism ofONemissions and to improve indirect
quantification tools with modeling, with a specifiwork about the effect of a varying
temperature on pO emissions to be integrated in models, (ii) tagpess on the realization of

direct measurements at the plot and landscape sdtethe application of integrative



measurement techniques over time and the develdpshartegrative measurement layout in
time and space, and, (iii) to progress on the soattributions of MO emissions with the
development of flux attribution approaches fromadabllected during a measurement

campaign.

Several scientific questions were raised aboutetifiect of temperature variations ornp\

emissions, the measurement campaign and the deveraf a flux attribution method.

Concerning the effect of temperature ofONemissions:

- Are NbO emissions higher when temperature increasestiove?

- What about the temperature regulation of thel @eaitrification processes and particularly
on the NO reduction process?

- Do NLO emission models correctly take into account flexeof temperature?

Concerning the measurement campaign:

- Can measurements made with 3 different methodsaadifferent scale provide comparable
values?

- Can the spatial and temporal variability be tgtabvered?

- Which type of crop and cultural practices emittieel most?

Concerning the development of a flux attributiortimogl:

- Can the origin of the O fluxes be retrieved from the integrated and locaeasurements?

- Which method would be the best for that, and howestimate its validity and its
uncertainty?

- What is the spatial variability of the,® flux over a 1 km radius landscape occupied by a

mix of croplands and forests?
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Results of this work are presented in 6 parts:

- The first part is a bibliographic synthesis whgsal is to remind the environmental
and scientific issues of this work, to describgONemissions, which processes are involved
and what are the effects of the environmental ptegseon them. Also it introduces the

different quantification methods to asses®Nmissions.

- The second part presents the experimental sierevboil has been sampled for a
laboratory experiment and where a 2-month measuren@npaign has been carried out. It

also presents previous studies performed on tlpsrerental site.

- The third part presents a laboratory experimaenthe effect of daily temperature

variations on MO emitted by arable soils.

- The fourth part presents the measurement campghanhas taken place during 2
months on the spring of 2015, with 3 types of meaments made at the plot and landscape

scale, using automatic chambers, a manual chambeér’n eddy covariance system.

- The fifth part presents 2 flux attribution apprhas of NO emissions, developed
from results found during the measurement camphigrhe different methods, and their

validation.

- Finally, the last part presents the conclusiohthis PhD and the overviews of this

work.
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Chapter 1: Bibliographic synthesis
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l. N,O impacts on the environment

1. N,O and the greenhouse effect

1.1. Greenhouse effect

The sun emits radiations due to its surface tenper@®f about 6000°K. These radiations
wavelength are comprised between 0.2 um (Ultravig@}/)) and 4 um (Infrared (IR)). The
mean solar flux reaching the high layers of thecessphere is currently equal to 342 W2m
Because of the Earth mean albedo (the reflectingepe around 30% of those radiations are
directly reflected by clouds, aerosols and the lEatrface. The remaining radiations are

either absorbed by the Earth-Atmosphere systeneais(krigure 2) (IPCC 2007) or reach the

space.
Reflected Solar Incoming 235 Outgoing
107\ Radiation 342 Solar Lo
107 Wm® Radiation Radiation
‘ 342 W 235 Wrrrs
Reflected by Clouds,
Aerosol and I
Atmospheric Emitted by ’ 40
Gases Abmosghers 165 Atmospheric
7 a0 [ | Window

Emitted by Clouds
Absorbed by #aﬂmunhnuu
&7 Atmosphaere . Gases
2 ;

Figure 2: Global energy gain and loss in the Eartlsystem (W m?) (IPCC 2007).
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Absorptivity

The radiative balance of the Earth-atmosphere syste ensured by the energy
exchange between the atmosphere, the Earth and.Spae Earth mean surface temperature
being 290 K, a part of the received energy is editts IR radiation. The remaining energy is
absorbed by the water vapor and the greenhouses gasethen are reemitted toward space
and the Earth surface (Figure 3). This reemissgatd to an increase of the Earth surface
temperature of 33°C. This is the greenhouse eff®thout this greenhouse effect, the mean

Earth surface temperature would be of -18°C instédde current +15°C.
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Wavelength (um)

Emission spectrum of the sun (5800 K)

———————— Emission spectrum of the Earth (290 K)

Figure 3: Emission spectrum intensity and wavelengtof the Sun and the Earth, and
absorption intensity and wavelength of the atmosphe and different gas (Henault and

Grossel 2011).
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A change in the intensity of the incoming solariaéidn, in the terrestrial albedo, or in
the capacity of the atmosphere to partially absbebterrestrial IR radiation, is a natural or
anthropogenic radiative forcing of the Earth systé@ims radiative forcing can be negative if
it leads to a decrease of the Earth surface andsginere temperatures, or positive if it leads
to an increase. Among the anthropogenic radiatoreirig, the anthropogenic emissions

leading to an increase of the greenhouse gases teadpositive forcing.

1.2. NO and other greenhouse gases

Some atmospheric constituents are defined as goesahgases because they absorb
IR radiations emitted by soil. The water vapor he ffirst gas responsible of the natural
greenhouse effect. Among the other gases, maninfwenced by anthropogenic activities.
According to the last report of the IPCC (2014pwerd 60% of the anthropogenic radiative
forcing comes from C® With an increase of 0.4% of its concentration year, CQ is one
of the main actors of the radiative forcing. Thstref the radiative forcing comes from other
gases such as methane (H nitrous oxide (NO), chlorofluorocarbon (CFC),
hydrochlorofluorocarbon (HCFC), carbon tetrafluer{CF) and other trace gases.

Several parameters are to be taken into accoumddess the environmental impact of
a greenhouse gas: the annual increase of its cwatien, its molar radiative power (capacity
to heat the atmosphere up), its lifetime in thec#phere, and its interaction with other gases.
Calculation of the global warming potential is awlication that takes these parameters into
account. The global warming potential is calculabgcevaluating the contribution of 1 kg of
a gas compared to the same quantity o, ©@r 100 years. For &, its global warming
potential is around 300 times higher than,Q®@CC 2014).

The current mean concentration of,ON in the atmosphere is 329 ppb
(https://www.esrl.noaa.gov/gmd/aggi/aggi.html) wath annual increase of 0.73 £ 0.03 ppb y

! over the last three decades (IPCC 2014). Its curatéon is uniform in the atmosphere at
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the global scale. It is a chemically unreactive g#@b a mean lifetime in the atmosphere of
about 120 years. Its long lifetime implies thatstir O emitted accumulates in the
atmosphere for decades and thus the major patieoNtO naturally or anthropogenically
emitted is still in the atmosphere. Secondly, efeve stop the NO emissions right away, it
will take more than a century to completely elimenthe anthropogenic . The increase of
N,O emissions since decades has an impact on theoemant. Indeed, this increase is one
of the causes for the increase of greenhouse d¢est @ the atmosphere, thus the climate
perturbation, mainly due to its very high global rmang potential. Currently, O is
estimated to contribute to 6.2% of the additionaleghouse effect at the global scale (IPCC,

2014).

2. N,O and the ozone layer depletion

2.1 Ozone layer depletion

The ozone layer depletion is a phenomenon obseswea the late 1970s. It is a decline
of the total amount of ozone in Earth's stratosphBwuring spring when temperatures are
really low in the stratosphere around polar regidasge holes in the ozone layer are
observed. The ozone layer depletion is caused figreit compounds emitted at the surface
and transported into the stratosphere by wind. dleesnpounds are mainly anthropogenic
(HCFC, CFC), or at least anthropogenic influenc@@x CH,, N,O).

CFCs and other contributory substances are refdoes ozone-depleting substances.
Since the ozone layer prevents most harmful UV Belengths (280-315 nm) of UV light
from passing through the Earth's atmosphere, obdeand projected decreases in ozone
generated worldwide concern, leading to adoptiorthef Montreal Protocol that bans the
production of CFCs, halons, and other ozone-demgethemicals such as carbon tetrachloride

and trichloroethane. It is demonstrated that aetyardf biological consequences such as
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increases in sunburn, skin cancer, cataract, dartag®#ants, and reduction of plankton
populations in the ocean's photic zone may resoith fthe increased of UV exposure due to

ozone depletion.

2.2. Mechanism of ozone layer depletion by

Ozone is produced in the stratosphere by photolyksidioxygen to give 2 oxygen (O)
atoms, followed by the reaction of an @olecule with an O atom. Inert in the troposphere,
N2O represents the main source of nitric oxides (N@the stratosphere, making it the first
gas responsible of the ozone layer depletion dimeg@rohibition of the CFC (Ravishankara et

al. 2009).

In the stratosphere, O is produced by the pho®lys; and Q, due to the light radiation

(ho):

Q+hv>20 Kty-1)

Os+hv>0+0G Eqg. (1.2)

NOy are produced by the reaction ofONwith an excited oxygen atom O*:

NO + O> 2 NO Eq.q1L

Then they react with ozone molecules:

NO+GQ > NO,+ O Eq. (1.4)
NO,+O> NO+ (O Eq. (1.5)
If we sum-up these reactions:
0+Q>20 Ed.q)
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|. Sources of NO

1. Anthropogenic impact on NO emissions

Nitrous oxide is naturally present in trace quaasditin the terrestrial atmosphere, but its

concentration increased since the industrializapenod with the same dynamic as £0O

(UNEP 2013) (Figure 4).
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Figure 4: Increase of the NO concentration in the atmosphere through the ageoflowing

the same dynamic as the C®one (UNEP 2013).

Human activities have amplified ;8 emissions, for example, by increasing the
amount of reactive nitrogen through the use of st fertilizers (Driscoll et al. 2003).
There are several existing,®™ sources, but agriculture appears by far to be niaén
anthropogenic BD emission source (Figure 5). 16.3 Tg NeNs assessed to be emitted each
year. A third comes from anthropogenic sources. Of%mhe NO anthropogenic emissions
are estimated to come from nitrogen present in ralrfertilizers and manure, and from other
agricultural sources (UNEP 2013). Other importamtheopogenic sources are industry and

fossil fuel combustion, biomass burning, aquacelamd wastewater.
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Natural Atmospheric
0.6 Tg N,O-N/yr

Biomass burning
A\ 0.7 Tg N,O-N/yr

Net Anthropogenic
5.3 Tg N,O-N/yr

| Industry and fossil
| fuel combustion
0.9 Tg N,O-N/yr

Wastewater
0.2 Tg N,O-N/yr

Ocean
0.2Tg N,O-N/yr

Solvent and other
product use

Aquaculture 0.05 Tg NLO-N/yr
0.05 Tg N,O-N/yr

Figure 5: Main N,O emission sources and their quantities emitted ifig N-N,O y*, and

the detail of anthropogenic NO sources (UNEP 2013).

Sources are numerous, but sinks are limited. Tim@ fhudget between sources and
sinks is positive and represents an accumulatioN,0f in the atmosphere. However, high
uncertainties remain on the estimation ofONemissions. That is why it is important to
improve the quantification of sources and sinkerher to define economic, agronomical and

political strategy to reduce,® emissions.
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2. Mechanisms and processes oh,® production.

2.1. NO emissions

N is transformed by chemical and biological processthe water-soil-atmosphere
system. In its natural cycle, N goes through tfRsempartments (Figure 6). N is present in
the soil in organic and inorganic forms. N can etibe cycle by different ways, e.g. by the
fixation of the atmospheric N by plants, or by Num with the use of fertilizers. Most of the
plants can use N only in nitric form (N-N®or ammonia form (N-Nif). Nitrates (NQ),
produced by nitrification or coming from the inpat fertilizer on arable soils, can be
assimilated by plants, immobilized by microorgarssiof leached in the drainage water or be
denitrified. Ammonia (NH') can be assimilated by plants, immobilized by wacganisms,
or be nitrified. In agriculture, plants need to @iis N to grow. However, when inputs
overpass plant needs, the extra N leads to loss¢shaive an impact on the environment.
Indeed, the extra N is lost as,® emissions in the atmosphere or nitrate leaching i
groundwater for example. 8 emissions from soils are the result of microlaetivities,
which have complex interactions with soil condigprclimatic conditions and land uses
(Skiba and Smith 2000; Weitz et al. 2001). The etgriof pedoclimatic contexts and
combinations of soil agricultural practices makeithmpacts on BO emissions difficult to
study in croplands (Henault et al. 2012). Moreoweth the increase in food demand and
environmental concerns, agriculture is currentlirfg new challenges (Matson 1997; Foley,
Crosson et al. 2011) which is requiring the dewvelept of more sustainable cropping

systems.
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Figure 6: Nitrogen cycle in soils (Robertson and Gyffman 2007).

N2O is emitted by different biotic processes. Nitdfiion and denitrification, which
are respectively aerobic and anaerobic processeghe@ main mechanism responsible for the
N2O production (Bateman and Baggs 2005). Braker aodr&l (2011), and Syakila and
Kroeze (2011) proposed that nitrification and défeation contribute roughly to 70% of the
global NO emissions. Indeed, the description of microbmaifitation and denitrification is a
simplification, because microbial pathways providenerous processes that produc®©N
(Figure 7) (Butterbach-Bahl et al. 2013). Moreovéiere are other abiotic processes
producing NO but they are generally limited and little studi@bbertson and Groffman

2007).
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Figure 7: Biotic and abiotic processes of YD (Butterbach-Bahl et al. 2013).

The intensity of the PO emissions by soils depends on the environmental
physicochemical conditions. Micro-organisms resgaas for the NO production are
sensitive to numerous parameters as the waterrgantsoil, the oxygen quantity, the carbon
and organic matter availability, the mineral nittagavailability, and of course the pH and the
temperature. These parameters influence the steuand the composition of the microbial
communities responsible of the nitrification ane tthenitrification, the energetic microbial

metabolisms (i.e aerobic respiration vs denitrifma), and these processes themselves.

24



2.2. Denitrification

The denitrification is an anaerobic microbial reafory process in which the oxygen
of nitrogen oxides N® and NQ are used as electron final acceptor.;N&hd NQ are
reduced to gaseous form: nitric oxide (NO), nitromgde (NO) and dinitrogen (B,
catalyzed by specific enzymes respectively nitrathuctase, nitrite reductase, nitrite oxide
reductase and nitrous oxide reductase. The chaotioa of denitrification can be written as
follows:

NO> NO, > NO > N,O > N, Eq. (1.7)

Denitrification capacity concern more than 60 typésnicroorganisms, but mainly
bacteria, of whiclPseudomonas appears to be the most important (Williams 1982hatural
soils, denitrifying bacteria are mainly heterotrimpln aerobic or anaerobic conditions.
Indeed, these microorganisms can respire usingtiigen in NQ', NO, or N,O, when the
level of G is low. Some organisms are also capable of progudb,O and NO by
denitrification in aerobic conditions (Colliver ar&tephenson 2000). The quantity ofON
emitted by denitrification depends on the dentdtfion reaction rate but also on the rate of
N2O reduction. This rate depends on soils and enwiesrial properties, such as oxygen
availability, organic matter content, gas diffusiguid, temperature, mineral nitrogen content
(Figure 8) (Robertson 1989). These parameters &avefluence on the activity of the 2 main
enzymes implicated on the production and consumptioN,O by denitrification in soils,

NOjs reductase and NOreductase (Dendooven and Anderson 1994, Letely £980).

25



Climate

v

Contrals on denitrification
Rainfall
Soil \ .
POTOS].W e Hzc}ftemp %‘ N03
Transpiration 0,
H,0/ tin:i? Respiration '
4
Sk \
\ SOM v .
\\_’ Aggregate h
Plant / Mineralogy/ ————* structure L
Disturbance =——— community pH D .
structure \ H,O/temp ——1€1 | Carbon ——-P D‘ﬂ
/ Plants 7
Soil type Excretion/

immobilization

Physical

disruption

H,O/temp o

W‘
Nitrification l\ —
3

F-"Ielnts7'-—’—-“v ‘

Mineralogy =———— AEC N,

F 3

Distal Level of reguiation Proximal

Figure 8: Major factors controlling denitrification (Robertson 1989).

2.3. Nitrification

The nitrification is an aerobic process, heterdtiopor autotrophic, leading to the

Hierarchy of importance

oxidation of ammonium (NJ) to nitrate (NQ). First the nitritation corresponding to the

oxidation of NH' to NO, catalyzed by ammoniac mono-oxygenase and hydnmigka

oxidoreductase enzymes. Secondly, the nitratatiorresponding to the oxidation of NQo

NOj, catalyzed by the nitrite oxidoreductase enzynte Ghain reaction of nitrification can

be written as follows:

NH> NH,OH & NO, > NO; Eq. (1.8)
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It is performed by autotrophic bacteria, for examplitrosomonas oxidize Nfto
nitrite and Nitrobacter oxidize nitrite to nitra(Bremner 1997). Autotrophic nitrification is
the main process in arable soils while heterotropitrification is the main process on acid
soils in subtropical forests (Zhang et al. 2011)trification also depends on soil and
environmental properties, such as febntent, oxygen availability, water content, pHdan

temperature (Figure 9) (Robertson 1989).
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Figure 9: Major factors controlling nitrification ( Robertson 1989).

2.4. Environmental factors influencing NO emissions

N.O emissions by soils generally present a high teaipand spatial variability
(Mathieu et al. 2006b). In the case of cultivatedss this variability will be even greater

since those environmental parameters are ofteredltey agricultural practices (eg tillage,
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fertilization, cover crops and pesticides) (SmithdaConen 2004; Vilain et al. 2010).
Robertson (1989) proposed that the factors th&tante the BO emissions depend on the
study scale. Indeed, control factors can be proxonalistal. Proximal factors are local and
control the NO production at the micro-scale. On the other haistal factors are non-local

and control MO production at a larger scale (Beauchamp 1997wBwan 1996; Mosier et al.

1996). Some factors appear to be favorable to ib@dss bacterial activity leading to,®

emissions.

2.4.1 Proximal factors

Stehfest and Bouwman (2006) compiled and analyzadgsssons data, and they
concluded that PO emissions will depend on the presence or absehamxygen. The
presence of oxygen is related to the water cordéthie environment. Indeed, the more the
soils are waterlogged, the less there is oxygeiladla (diffusion coefficient of @in water is
inferior to the one in air, (Rabot et al. 2014))dathmerefore denitrification as respiratory
process is privileged in comparison to aerobic irapn. However, when water content is
low, there is a lot of free space for gases, ardefore nitrification can prevail as a source of
N2O production due to the oxygen availability, in gmarison with denitrification. There is a
threshold for the WFPS at 60 %. Under this valeertitrification will be the main source of
N>O production, above this value it will be the defidgation (Linn and Doran 1984) (Figure
10). Thus, during rain events, there are genepbks of NO emissions from soils, as rain
led to the formation of favorable sites for ana@afenitrification processes. In temperate
climates, the annual highest emission peaks canwith the spring rains which arrive at the
same time that the use of fertilizers in cultivalad. Moreover, in a dry soil,/ emissions

can be very limited (Bateman and Baggs 2005).
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Figure 10: Major factors controlling nitrification (Henault et al. 2011)

Another factor that has an impact on the deniatfan regulation is the organic
carbon availability. The soil organic matter playslirect and indirect role on denitrification
as most of the denitrifying bacteria are heterdtroplt first plays the role of the electrons
donor during denitrification (Groffman et al. 2009Yloreover, organic matter globally
stimulates the bacterial activity and increases ahaerobic sites formation thanks to the
organisms respiration (Parkin 1987)xNfluxes increase with the organic carbon avaiigbil
(Harrison-Kirk et al. 2013).

Another factor on the nitrification/denitrificatioregulation is the mineral nitrogen
availability, as NH™ and NQ'. More important MO emissions are observed when nitrogen
fertilizers are added (Avrahami and Bohannan 26@&dir et al. 2008). Input of crop residue

can also stimulate microbial activity and lead g®Nemissions (Chen et al. 2013).
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pH regulates both nitrification and denitrificatioAs many microbial activities, the
ones that lead to the,@ emissions are sensitive to soil pH (Baath anceBrant 1994). Soill
pH favorable to bacterial activity are neutral bglgly basic (Chen et al. 2013; Simek and
Cooper 2002). Soil pH can be artificially maintain® a favorable value with liming to
reduce NO emissions.

Temperature positively affects the functioning atmbial communities (Avrahami
and Bohannan 2007; Pietikainen et al. 2005), afettaf NO emissions. There is a positive
correlation between the increase of temperaturethedncrease of )0 emissions, in the
range of temperature measured on the field (Smi#h 2003). Every microbial activity varies
with temperature, it is negligible under a thresht@imperature and increase until it reaches an
optimal temperature. There are optimal temperatimeboth nitrification and denitrification
processes and a threshold at 11°C was proposed téyfo® (1975) under which
denitrification rate sharply decrease. The denitrd activity increase with temperature
comprised between 4 and 37°C (Braker et al. 20X0)ewvthe nitrification decrease with the
decrease of the temperature from 20°C to 5°C (Rlustsal. 2002). However, microorganisms
are able to adapt to their environment, and scemains difficult to define a universal
temperature function (Farquharson and Baldock 20B8jthermore, it will be possible to
observe significant emissions ob®! in cold environments and during freezing and thgw

periods (Morkved et al. 2006; Teepe et al. 2001).

2.4.2 Distal factors

Landscapes represent an indirect controlling factorN;O emissions due to their
influence on the soil mineralogy, its texture amaicure, on the distribution of the water,
carbon and nitrogen content.

The soil use and the management practices hawe@act on the BD production.

Many studies measured,® emissions from the different types of soil used dound
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differences explained by the effect of the soil aséhumidity, carbon and N content (Abdalla
et al. 2009; Beauchamp 1997; Breuer et al. 200@nglret al. 2016). Management practices
(type and quantity of fertilization, tillage or pighing, straw removal, irrigation) have an
impact on NO emissions (Vermue et al. 2016). The applicatibmN dertilizer have to be
controlled, otherwise it can lead to huge amountNgd emissions. Van Groenigen et al
(2010), showed the impact of N surplus an®Mmissions (Figure 11).

Texture and soil structure define the porous systerefore the WFPS. The pore size,
connectivity and tortuosity are factors controllitite period of oxygen restriction and so
denitrification.

Seasonal variations of precipitations and tempegatontrol the water content via
inputs and evapotranspiration, and then control bamidity, and the carbon and N
availability (Groffman et al. 2000). Local changeprecipitation can trigger change oaON

emissions due to an increase of the soil waterecint
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Figure 11: Impact of N surplus on NO emissions (Van Groenigen et al. 2010).
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[1l. Quantification methods of N,O emissions

Despite the importance of,N as a gas responsible for the global warming hadrone
layer depletion, its budget at the global scalestif not well understood and not well
qguantified. The difficulty to quantify PO emissions comes from their high temporal and
spatial variability (Henault et al. 2012). Howeveeveral investigation methods have been
developed in order to study,® emissions by soils. Some have been developedcasumne
N>O emission in a laboratory, some others directlyhanfield. In a laboratory, measurements
are generally done in soil cylinder sampled onftakel and brought back to the laboratory
(Dobbie and Smith 2001; Kurganova and de Gerenyid2Bhang et al. 2016). In situ, the 2
main methods to quantify /) emissions are chambers and micrometeorologicéhads
(Flechard et al. 2007; Henault et al. 2012; Lavéteal. 2011; Molodovskaya et al. 2011;
Pattey et al. 2007). These 2 methods do not measiihe same spatial scale but they can be
used together and combined (Griffis et al. 2013]ddovskaya et al. 2011). Both methods
have their own advantages and disadvantages (Deh2@G8). Analyzer to quantify JO
emissions are generally gas chromatographs, caspsleum lasers (QCL) or Infra-Red

spectrometers.

1. Soil cylinder method

The soil cylinder method consists in taking soiingées on the field and to bring them
back to the laboratory. Samples can be destructurezhning that cylinders have been
recreated afterward with a mix of the soil samg&sang et al. 2016). This technique is
easier but it does not represent exactly the foeldditions. Cylinders can also be sampled
non-destructured (Dobbie and Smith 2001; Tiedjal.e1989). To do so, cylinders have to be
implanted directly on the field before brought backhe laboratory. This technique permits

to be in more realistic conditions respecting fle&lfsoil structure. Once in the laboratory, all
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kind of treatment can be applied to the samplesh si3 a change in temperature, water-filled
pore space, nitrate content, organic matter contamd pH, so that factors controlling®l
emissions can be studied. Soil cylinders are plamedlosed volumes (e.g. columns, jars)
with a lid placed at the top and gas samples &ent&rom it to be analyzed.,® emitted
from the soil cylinders accumulates on these vokinamd the increase of the,®l

concentration is measured. From this increase ®tgacentration, a flux can be calculated.

2. Chamber method

The chamber method consists on placing a box ogrinend in the field, enclosing a
given area, and to measure the accumulation oingase it. This method can be used for any
other gases such as €@r CH,. The flux is proportional to the rate of concetitna change
in the chamber over time. 2 kinds of chambers @distinguished:

(i) The closed system for which there is no airlaepment in the chamber volume

during measurements. The flux of gas is calculated

_ Vdeg
F, = Yo Eq. (1.9)

whereFy is the flux of gas at the surface (k¢fmi'), V is the volume of the head space’m
A is the surface area covered by the chambéb,(pg Is the gas concentration in the chamber
(kg m®), ¢is the time (s).

(i) The open system for which a constant air fisxmposed inside the chamber. The

flux of gas is calculated as:

(Pgo—Pg,i)
F, = —restet Eq. (1.10)

whereF is the flux of gas at the surface (k¢f ), v is the volume flow rate (8%, pyo is

the gas concentration in the air leaving the changkeg m®), Pgi 1S the gas concentration in

the air entering the chamber (kg®JmA is the suface area covered by the chamb&j.(m
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Closed system chambers are used more often thaypdresystem chambers because
they are easier to use and concentration change=saaier to detect (Denmead 2008).

Chambers can be manual meaning that measurement®@@ punctually (Clayton et
al. 1994; Henault et al. 1998; Laville et al. 1981sier et al. 1996). Chambers are placed on
pre-installed frames on the field and gas accuraslauring 30 min to 2 hours. Gases are
sampled through a septum with a syringe and platedvacuumed vials, then brought back
to the laboratory for analysis with a gas chromedtplj. Chambers always stay at the same
place and several spatial repetitions are needadul! chambers are the most used technique
to measure soil gas emissions. It is the simpledtcheapest chamber method but on the other
hand, manual chambers need someone to manipulate #md so it only can be used
punctually, therefore the temporal variability walbt be studied very thoroughly.

The fast-box technique is a manual chamber direxihynected to an analyzer on the
field (Flechard et al. 2007; Grossel et al. 201énsen et al. 2006). Measurements are done
for a couple of minutes. The advantages are pratigigthat measurements are done faster,
only one fast-box is needed to do all the measun&sneneasurements can be done anywhere
without any frame pre-installed on the ground, arahy sites can be sampled. However, this
technique needs an analyzer that can be reliabileeofield.

Chambers can also be automated, meaning that tleeplaced on the ground and
connected to an analyzer directly on the field, arelprogrammed to open and close (Breuer
et al. 2000; ButterbachBahl et al. 1997; Christans¢ al. 1996; Neftel et al. 2010).
Measurements are done automatically in a closetrsyand the whole system can run as
long as it is needed. The advantage is that ndoneeded to do the measurements and they
can be done all the time, during nights and weekesd that a temporal dynamic can really
be observed. On the other hand, once they aredlacea specific place, they cannot be

moved to another place, and so the spatial vamialsidnnot be studied. Furthermore, they
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need power to run and so they must be placed nealeztrical supplier or used with a
generator and the analyzer must be stable andaecut is the most expensive chamber
method.

Plants might need to be cut in certain case, if thamber cannot be perfectly
hermetic. This can lead to an alteration of theiremmnent and so biases measurements. The
size of the chamber is important. If the chambeods high, the gas emissions could not be
detected or misdetected due to a bad mix of thensitle the chamber. On the other hand, if
chambers are too small, environmental conditionshsas temperature, humidity, gas
concentration, inside the chamber can be impactetl laad to a biased measurement
(Hutchinson and Livingston 2001). Also chambersehimvbe well inserted on the soil to limit
lateral gas diffusion. The deployment time also &masmpact on the air and soil temperature
and on humidity inside the chamber. It also impgets leaks, with for consequence, errors on
flux estimation. That is why it is highly recommemdto avoid deployment time higher than
60 minutes (Parkin and Venterea 2010) and to paployment time lower than 40 minutes
(Rochette and Eriksen-Hamel 2008).

Fluxes obtained with the chamber method (automaed manual) are generally
associated with very large uncertainties becaushefvery small surface area investigated
coupled to underlying various artefacts leadingatteration of the natural concentration
gradient within the soil (Davidson et al. 2002) amzh-linear phenomena, chamber design

and flux calculations (Pihlatie et al. 2013).

3. Micrometeorological methods

Micrometeorological methods consist on estimatlogds from wind turbulence and from
gas concentrations from a mast or a tower locaieithe studied area. Micrometeorological
methods are the most appropriate for estimatingfigaes in situations representative of

ecosystems. It is assumed that fluxes are almostaot with height and that concentrations
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change vertically but not horizontally (Denmead @00 he flux measured at a heighis the
result of many sources upwind. The use of a micteaorelogical mast/tower provides
information on temporal variability over a wide spharea defined by the height of the
mast/tower (plot, landscape). Flux footprint is #rea “seen” by the instrument at the tower.
In other words, it is an area upwind from the tqveeich that fluxes generated in this area are
registered by the tower instruments. Another fregiyeused term, fetch, usually refers to the
distance from the tower to the maximal upwind dis&athat is contribution to the flux
measured by the tower. The fetch of the tower dépemainly on the height of the
mast/tower. It also depends on the roughness diglieand the thermal stability (Burba and
Anderson 2010).

These methods permit non-intrusive quantificatiérirace gases by not disturbing gas
exchange between the soil and the atmosphere,integrate fluxes over larger scale (plot,
landscape) and provide continuous measurementse$-labtained by micrometeorological
methods are dependent on wind conditions duringribasurement period. Therefore they are
wind-dependent and cannot be considered as absdlies. Also the installation of such
method requires a very high technical level amguise expensive (Henault et al. 2012). Gases
are analyzed by IR spectroscopy: Fourier transf&tspectroscopy (Hashmonay 2001), QCL
or tunable diode laser absorption spectroscopyKlem et al. 1999).

The eddy Covariance is the most direct method tasene vertical turbulent fluxes of gas
in the atmospheric boundary layer (Christensen. 4i986; Flechard et al. 2007; Laville et al.
1999; Molodovskaya et al. 2011). Flux is calculataesl the covariance between the
fluctuations (denoted by prime and equal to théamsineous value minus the mean value) of

gas densitydqin g m?) and vertical wind speedv(in m s'), and the dry mole fraction of the

gas in the airgin kg kg* of dry air) (Burba 2013).

F=p;ws' Eqg. (1.11)

36



This method requires state-of-the-art instrumergasuring generally at frequencies of 10
Hz. The vertical wind speed is measured with a 3-D sonic anemometer as wehesvind

direction.

IV. Modeling of N,O emissions

Estimations of direct PO emissions have really high uncertainties, becafigbeir
high spatial and temporal variability (Henault et2012). Therefore, direct measurements of
N.O emissions by soils are expensive, long and ditficThereby, elaboration and
development of predictive models of@ emissions is essential. Modeling of a process) su
as NO emissions, has for objective to describe andigiréde dynamic from mathematical
functions. Several types of models exist and dementhe complexity of the process and the
objective wanted. Models can be sorted following way they are made (stochastic, empiric,
mechanist) or the scale in which they work (labamgtplot, landscape, regional, global).

The goal is to estimate emissions for a higher rerméf sites using simpler
parameters such as temperature, humidity or nitroggntent instead of realizing direct
measurements. Several models have been developeddén to simplify its use, or to
integrate a new parameter compared to another m8dete are multiplicative models like
NLOSS (Riley and Matson 2000) or NOE (Henault et 2005). They use simple
mathematical formulas to express temperature,taiad water content effects to simulate
N.O fluxes. Formulas are calculated from field measents. There are also ecosystem
models such as DNDC (Li et al. 1992), DAYCENT (Bartet al. 2001) or CERES-EGC
(Gabrielle et al. 2006). They do not simulate ohYO emissions but the evolution of

numerous parameters in the environment.
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1. The IPCC approach

The IPCC approach (1997) has for objective to edg®mannual anthropic 49
emissions at the country scale. This approach dnttes emission factors (EF) which are
statistically evaluated from data collected onet#ht situations and which give the quantity

of NoO emitted for a quantity of nitrogen fertilizer ump EF are defined as:

NN, o0 fertilized—NN,0 not fertilized
FE = —222f 20n0tf Eq. (1.12)
Nfertilizer

with N n20 fertilizea the NO emissions of a fertilized plot (kg N ha™), N n20 not fertilizea the
N,O emissions of a non-fertilized plot (kg Nhg?), and Nreriizer the quantity of fertilizer
input (kg N h& y™). This approach makes the simple assumption hieaitrogen input is the

only regulation factor of anthropic,® emissions.

The current EF is 1% [0.3-3%] (IPCC 2006). DirectONemissions from arable soils are

calculated as:

A girect = [Fsn + Faw + Fcr + Fen] X ER Eq. (1.13)

with Fsy the total quantity of artificial fertilizer useétd N ha ¥*), Faw the nitrogen quantity
from manure used as fertilizer (kg N)y Fer the nitrogen quantity from crop residues which
go back to soils (kg N¥), Fen the nitrogen quantity coming from the crops wiitragen
fixation (kg N y%), and Ef = 0.01 kg N-NO kg* of N input2.

However this method has an important uncertainty the purpose is to give a simple

method to estimate & emissions without experimentations.
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2. NOE

NOE for Nitrous Oxide Emission (Henault et al. 2P@% a model simulating ;D
emissions from both denitrification and nitrificati It's a semi-mechanistic model to predict
N>O emissions at the plot scale. Simulate@Mmissions is the sum of 2 fluxes simulated by
2 sub-models. These sub-models simulate both daation and nitrification from physico-
chemical parameters taken into account: sN€ontent, NH" content, WFPS and soil

temperature.
N>O emissions from denitrification are estimateda®v:
N3O0genit = Tmax Da Eqg. (1.14)

with

DA == DPFNFWFT Eq (115)

and max the capacity of the soil to reducg@N Dp the potential denitrification,\; Ry and F
functions taking into account respectively theaigrcontent, the water content, and the soil

temperature.

This model alsoconsiders thag®!from nitrification is proportional to the nitrdation
rate which depends on the hydric potentiglONemissions from nitrification are estimated as

follow:
N,0yit = z Ny, WFPS < 0.62
N,04it = Tmax Z Na WFPS> 0.62
with

N,=0, WFPS>0.38
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NA = NWNNH4NT! WFP&_ 062

and z the proportion of nitrified N emitted asON Nw, Nnua and N- functions taking into

account respectively the water content, the ammaoridéent and the soil temperature.

The basic principle of the NOE model is presentiggifé 12. Specific parametrization

at each studied site permit to simulate realidtixefls over different pedoclimatic contexts

(Gabrielle et al. 2006; Gu et al. 2016; Hergouadt'al. 2009).

WEPS < W, Setot
TRU
Dnly nitrification @ FA-SE
Fy.o =Nr
TRUE
nitrification + denit. Only denit.
Fyo =1 (Dr+Ne)| | Fy,o=7"Dr
Where:
Ne=2zy-N,(T)-N, (NH,)- N, (WFPS) D, =D, - F;(T)- F,(NO,)- F;, (WFPS)
Nitrification rate Denitrification rate

Figure 12: Basic principle of the NOE model (Grosdeet al. 2014).

3. Ecosystem models

Ecosystem models, such as DNDC (Li et al. 1992CBRES-EGC (Gabrielle et al.
2006), do not only simulate ® emissions but everything in the ecosystem. Tiheséels
need input data measured on the field and will $ienulate evolution of these parameters at

a daily time step. Input data are (i) physical qwibperties (depth, texture, density), (ii)
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chemical soil properties (pH, organic carbon andogen, total nitrogen), (iii) hydric soil
properties (hydraulic conductivity, field capacityilting point, retention curves, infiltration
rate), (iv) site characteristics (mean temperattiiermal amplitude, albedo, latitude), (v)
microbiological soil properties, (vi) meteorolodicariables (air temperature and humidity,
precipitation, wind speed), and (vii) agronomiciahtes (land use, tillage, type of fertilizer).
From these input data, several variables will beusated such as fluxes and concentrations of
nitrogen compound (N NGOy, N.O, NG5, Ny, the plant growth, the crop yield, the water
and nitrogen content as well as the temperatutbardifferent layers of the soil. There is a
specific module for each parameter and so feD Nmissions. This module is NOE for
CERES-EGC for example. DNDC was used in many casito simulate pD emissions by
arable soils and grasslands at the plot and lapdsezales (Brown et al. 2002; Desjardins et
al. 2010; Saggar et al. 2010), as well as CERESod3e et al. 2013; Langensiepen et al.

2008; Xiong et al. 2008) (Figure 13).
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Figure 13: Basic principle of the DNDC model (Smithet al. 2002).
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Chapter 2: The experimental site: description and previous studies

|. Experimental site description

The OS2 site (“Observatoire Spatialisé Orléanas Slels”) is the support of several
projects of the Soil Science Research Unit sinc@82@nd is mainly focused on the\
emissions. This 20 km?2 experimental site is repredive of crop sites dominated by cereals.
Cereal farms are polycultural. Data on agricultymalctices (fertilization, crop rotation, soil
tillage, straw treatment) are obtained since 20@& fannual agricultural surveys realized

with farmers.
1. Geographical situation

The OS2 site is located on the edge of the smaliralaregions of Beauce Chartraine
and Faux-Perche, near the Loir river source. O&cated 120 km southwest of Paris, at the
north of the city of llliers-Combray, in the Euredsir department, Center region, France
(Figure 14). 87% of the cultivated plots are tikaided (Figure 15). Creeks that run through
the site are mainly fed by agricultural drainaggenaCreeks are discharged entirely in the
Loir river. The creeks and the Loir river, are targry streams, which no longer flow in dry

periods.
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Figure 14: Localization of the OS2 site
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Figure 15: OS2 map representing the land use and ¢hpresence or not of drainage

2. Pedology and geology

The OS2 site mainly presents silty soils: degraldedsols (hydromorphic soils) that
are more or less deep and stony, and ColluviosadsFduviosols down the slope near the
creek and the Loir (Figure 16). These soils areasgntative of the soils in France. The soils
are silts, developed on a tertiary formation of @mpeable flint clay which can reach thirty

meters of thickness.
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~———Loir river
L__J Bureau et al. (in revision)
.._J' Grossel et al. (2016)

[ | Grossel etal. (2014)

; sovod)

i louetal (2012)
T ouetal 2011)

aY,

/> T ———«

Silty soil, deep of Beauce Chartraine

Silty-clay soil, deep, with deep temporary hydromorphy of Beauce Chartraine

Silty to silty-clay soil, deep, with shallow temporary hydromorphy of Beauce Chartraine

Silty to silty-clay soil, with big quantity of flint on clay with flint or “grison” (30to 50 cm)

Silty to silty-clay soil, with little quantity of flint on clay with flint or “grison” (60 cm)

Silty soil with shallow temporary hydromorphy on shallow clay with flint (60 to 80 cm) of Beauce Chartraine
Silty soil, with shallow big quantity of flint on clay with flint or “grison” (40 to 80 cm)

Silty colluvic soil, deep, with shallow temporary hydromorphy of secondary valley

Silty colluvic soil, shallow, with shallow temporary hydromorphy on clay with flint (50 cm)

Silty-clay soil, with deep groundwater semi-permanent, of Loir valley

Clay soil, with deep groundwater semi-permanent, of Loir valley

Silty soil, fragic, with shallow temporary hydromorphy

Silty soil, fragic, eroded, with shallow temporary hydromorphy

Silty-clay soil, eroded, with shallow temporary hydromorphy, on clay with flint or “grison” (60 to 90 cm)
Silty soil, with shallow temporary hydromorphy, on clay with flint or “grison” (70 to 100 cm)

Silty soil, with shallow temporary hydromorphy

Silty soil, eroded, with shallow temporary hydromorphy

Silty soil, deep and eroded, with shallow temporary hydromorphy, on clay with flint or “grison” (85 cm)

JILL L] | (BRI

Stony soil, on old alluvial deposit, of Loir valley

Figure 16: Types of soil in the OS2 site and locatation of the studies done in this site
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3. Topography

The highest point of the site is 214 m above seel lend the lowest is 168 m (Figure

17).

rivers altitude (m) [ ]1801-185 [ ] 200.1-205
B 165:3-170 [ | 185.1- 190 [ 205.1 - 210 A

B 170.1-175 [ | 190.1- 195 [ 210.1 - 215

1
E 175.1-180 [ 195.1 - 200 [ 215.1 - 220 —

Figure 17: Topography of the OS2 site

4. Climate

The site is under degraded oceanic climate withuahrainfall of 598 mm, an average
annual temperature of 10.6 ° C and an evapotratgpirpotential of 740 mnT.he long-term

monthly average rainfall shows a moderately unifdistribution throughout the year.
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5. Hydrology

Natural soils are rapidly clogged due to the impeahbie substratum. They require
proper artificial drainage to be cultivated. Thayclayer that is found in depth limits the
vertical transfers, so the transfers to the chhlkes (170 m of altitude) are negligible. The

Loir river and creeks are mainly fed by agricultudeainage waters.

6. Crop management

The site is in a region of cereal crops and offéxs meadow (Figure 18). The main
rotations encountered are rapeseed-wheat-wheatpeseed-wheat-barley, with nearly 50%
of the area seeded with wheat (Figure 18). The mmdation head is rapeseed with about 30%
of the surface. Winter barley is the third cerda tmost seeded with 15%. Most farmers
practice plowing and the straw is mostly buriedcept that in general there is no plowing
before seeding wheat following rapeseed. The @lgdimed regularly about every 5 years in

summer. Inputs of exogenous organic matter ardadguwapplied.
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Corn Fallow peas —Meadow

Rapeseed
28%

Figure 18: Crop management of the OS2 site, averaddrom 2009 to 2015

[I. N,O emission measurements

Both direct and indirect — water emitting®l due to the lixiviation of the soil NO-
N2O flux measurements were conducted since 2009 ¢ékres al. 2016; Grossel et al. 2014;
Gu et al. 2013; Gu et al. 2011),®l emissions were measured with the chamber method,
using non steady-state chambers designed and egersitdescribed in Rochette and Bertrand
(2008), or one fast-box at weekly to monthly tinbeps Measurementsere done on different
sites at different dates: (i) at shoulder and fope positions along three sloping sites from
late February to April 2009 and late February toyM810 (Gu et al. 2013; Gu et al. 2011),
(i) in a barley/wheat field on hydromorphous spit&@ March and April 2011 and March

2012 (Grossel et al. 2014), and (iii) on 4 diffgr@lots - 2 undrained plots and 2 drained
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plots — during 2 growing seasons, from seedingatwdst (November to July), in 2010-2011
and in 2012-2013 (Grossel et al. 2016). In all saske highest PO emissions were

measured during spring after fertilization.

The mean MO fluxes reported in Grossel al. (2016)were 71 pg of N-pD m2 h*
and were larger in the undrained plots than inditaened plots, in both growing seasons, with
pulse emissions comprised between 400 and 800 NgN¥O mi2 h! on undrained soils. In
Grosselet al. (2014), measured fluxes were comprised betweardQL&00 g of N-BD m?
h™. For drained soil cropped with wheat, lower pulsés,O in the range of 0-120g of N-

N,O m2 h*have been observed previously by &al. (2011)

Indirect NNO fluxes were also measured on the Loir streanmh wifloating chamber
connected to an analyzer (Grossel et al. 2016)rdadN,O emissions were estimated to
contribute to the total D emissions to 1.6%, with a mean value of 190 p§-0H,0 m* h™.
However this result needs more investigation ifiedént sites due to the complexity of the

measurement from non-permanent streams.

[1l. N ,O emissions determinism

Results of these measurement campaigns made oerediff sites on different
conditions enable to study the determinism gdNmissions.

First, a link was systematically observed betwe&ONemissions and well-known
local factors such as soil water and nitrogen aunté&/FPS influenced the effect of soil
inorganic N contents on A fluxes. Differences in D fluxes, between shoulder and foot-
slope, correlated linearly with differences in WEB@atial variations in Y0 emissions were
regulated by the influence of hydrological processa soil aeration intensity (Gu et al.
2011).
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Secondly, in drained soils, soil texture (clay dt sontent), pH and exchangeable
magnesium (Mg) related significantly (p < 0.05)NgO emission factors, i.e. ratio between
N.O fluxes and N added. Suggestions were made thatofl clay content decreased gas
diffusivity and promoted D reduction thereby controllingJ® emissions across the region,
and (2) the effects of soil pH and Mg oaQNemissions indirectly reflected the effect of soil
texture due to the interactions of soil proper@s et al. 2013). Thus, soil texture may partly
regulate the spatial variability of,R emissions in drained landscapes.

Last, the influence of distal factors such as topplgy has been studied. In @ual.,
(2011), landscape positions had a significant efb@cN,O fluxes with larger emission in the
foot-slope at only one of the 3 investigated drdisées. Topography did not affect®l
emissions mostly because the topographic effecsdrydrology were partly offset by tile-
drainage. To further investigate the influence dfifiaial drainage on BO emission,
measurements were made on drained and undrained (fBvossel et al., 2016). The
undrained soils showed significantly larger emigsithan drained soils during both dry and
wet years. The net effect of artificial drainageyniee a large decrease in the diregON
emissions.Drainage was the main factor explaining the spatadiability of the NO
emissions within the studied soils, and its effeets dominant over other permanent soll
variables.This strongly suggests that drainage must be takenaccount for MO emission

inventory.

V. Simulations

Simulations of MO emissions were also performed, using data celfeon the OS2
site. 2 approaches have been tested so far, usidtg &hd DNDC models. Grossel al.,
(2014) evaluated the possibility to simulatgONluxes at scales finer than the plot, because of

the very high variability at this scale, with hgiogs of emissions. The frequency distributions
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are asymmetrical and it is not taken into acconnmnhodels. Grosset al., (2014) used NOE
for their simulations. The model was tested deteistically in order to predict the flux
dynamic and to reproduce the high emission poirtien the denitrification part of the model
was tested stochastically to simulate the fluxritigtions. To do so, they used Monte Carlo
simulation and randomly generated input variablesfthe measured frequency distributions.
The deterministic prediction of flux dynamic progila good agreement with measurements
in 1 studied case out of 6. The denitrificationqass was considered to be the main source of
N2O in 5 cases out of 6. Moreover, the model accéptamulated frequency distributions in

4 cases out of 5. As a result, this study propdbkat simple process models like NOE, in
association with Monte Carlo simulations, can beduw improve simulation of the biased
frequency distributions of XD emissions. This study also provides valuable rim&dion

about the range of spatial variations isgONfluxes.

Gu et al., (2014) evaluated the possibility to simulate iter-plot variability at the
landscape scale using an ecosystem modelet@l., (2014) used the DNDC model and
modified non-linear empirical NOE model from datalected from a previous study (Gu et
al. 2013). Necessary modifications of the modetrmnoptimum crop production and both the
field capacity and wilting point were done for DNR& have a better agreement respectively
with crop biomass yields and soil water contentNI@E, multiple effects of varying soil
water and N contents on the fraction glONemitted through the denitrification process were
added. DNDC and NOE predicted with success, thkegsaand NO emissions and the pulses
of emission due to the addition of fertilizer, iihthe sites, during the experimental period but
they respectively overestimated the daily fluxesttoa sampling dates on average by 54 and

25 %.

Cumulative emissions were a bit overestimated byDDONand underestimated by

NOE, respectively by 4% and 15%. Differences betwi® 2 models assessments indicate
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that low frequency measurements led to uncertaintynodel validation, for daily and
cumulative emissions. Nevertheless, DNDC represeaterectly the effect of tile drainage
on soil hydrology, as suggested by the validationsoil water content with daily resolution.
Soil NH;" and NQ’ contents were overestimated by the model, mosty t incorrect N

partitioning when the solution of urea ammoniunmaté was applied.
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Chapter 3: Daily temperature variations effect on the soil N20 emissions

La synthése bibliographique (chapitre 1) a perneisasituer le contexte et I'étude et
de montrer que de nombreux parametres peuventeffies émissions de,N. L'étude du
déterminisme des émissions dgON\est une étape clé pour réaliser des changeméntsete
en permettant de développer des outils de quaatiic indirecte qui pourront étre utilisés
dans les modeles. Dans ce chapitre on s’intérasseeffets de la variation journaliere de
température sur les émissions. Ces expérimentabioinété réalisées a partir de sols issus du

site expérimental présenté chapitre 2.

Résumé

Une étude expérimentale a été conduite pour évi&ffat des variations journalieres
de température du sol sur les émissions ¢g@ par les sols. Des échantillons de sols non-
déstructurés ont été collectés sur un champ detljdacés a différentes températures : 4°C,
16°C, et a une température variant de 4°C a 16°CZm. Le but étant de recréer les
conditions de terrain. Les échantillons ont étécgdaen conditions anaérobies et |de
'acétylene a été ajouté dans la moitié des édiamipour bloquer la réduction duw® en

N, et ainsi étudier a la fois les émissions totales MJO et la dénitrification. Led

U7

concentrations en JO mesurées pour les échantillons avec acétylemnétas plus fortes

jS2

16°C, mais pour les échantillons sans acétyléerge,ctcentrations en ;0 étaient plug
élevées lorsque la température variait de 4 a 18°Q6°C, la réduction du D est plus
importante qu'a 4-16°C. Les résultats démontreimdortance de prendre en compte |les

variations journalieres de température du sol pesimodeles.

Mots-clés: Gaz a effet de serre, protoxyde d’'azftet de la température, dénitrification,oQ
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Abstract

An experimental study was conducted to assessfthet f daily soil temperatur

variations on MO emissions by soils. Non-destructured soil samplese collected from

[1°)

wheat field and placed at different temperatur€,4°%6°C, and at a temperature varying from

4°C to 16°C within 12 h. The aim was to recreagddficonditions. Samples were placed in

anaerobic conditions and acetylene was added froh#éhem to stop the D reduction intg

N and then study both totab®@ emissions and denitrification,@® concentrations measured

for samples with acetylene was higher at 16°C, foutsamples without acetylene,®

concentration was higher when temperature variethfd to 16°C. At 16°C, the J0

reduction is more important than at 4-16°C. Resd#monstrate the importance of taking

daily temperature variations into account in models

Keywords: greenhouse gas, nitrous oxide, tempera&ifiect, denitrification, ¢
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|. Introduction

Nitrous oxide is naturally present in trace quaeditin the terrestrial atmosphere, but
its concentration increased since the industriniingperiod by approximatively 15% (UNEP
2013). Human activities have amplified,®l emissions, for example, by increasing the
amount of reactive nitrogen in the biosphere thhotige use of synthetic fertilizers (Driscoll
et al. 2003). There are several existing anthropiagh,O sources, with agricultural soils
being the dominating D emission source. 77% of the@ anthropogenic emissions are
estimated to come from nitrogen present in mintemdilizers and manure and applied to soils,
and from other agricultural sources (UNEP 2013k irtrease of the global population leads
to an increase of food demands. To satisfy this aein the agricultural production is
expected to increase with a rise of the use of lifers (Galloway et al. 2008), and thus,
also with increasing M0 emissions. This greenhouse gas has a warmingtj@btef about
298 times the one of GQIPCC 2014), and it is also the most importantdrgas driving the
stratospheric ozone layer depletion (Ravishankaed 009). NO is estimated to contribute
to approximatively 8% of the global anthropogeniarming, with mean global temperature
being expected to rise between 1 and 4°C by 21BCQ{l 2007; IPCC 2014; Rustad et al.
2001). Reducing agricultural ;& emissions has thus become a key focus in national

mitigation strategies targeting the agriculturaitee

N>O is emitted by soils by different biotic procesddgrification and denitrification,
which are respectively aerobic and anaerobic psasgsare the main mechanism responsible
for the NO production (Butterbach-Bahl et al. 2013; Syakital Kroeze 2011). Moreover,
N>O can be consumed in soils, most likely by demtifon, so that the flux of XD observed
at the soil-atmosphere interface is the net reffuimultaneously occurring production and

consumption processes (Conrad 1996). Furthermerepig and anaerobic sites can exist in
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close vicinity in soils, so that the attribution bEO emissions to specific microbial of
physico-chemical source and sink processes renda#iinsult (Butterbach-Bahl et al. 2013).
Moreover, the contribution of the main source psscef denitrification to observed,®
emissions depends on environmental conditions (Matét al. 2006a) such as water content
and oxygen availability, soil nitrate, organic neattavailability, pH and temperature.
Temperature stimulates the metabolism and the ifumiog of microbial communities
(Avrahami and Bohannan 2007; Pietikainen et al5208nd, thus, stimulates organic matter
mineralization, and soil C and N cycling as e.qdlicated by increased rates otON
emissions or soil respiration (Luo et al. 2012). &sconsequence, a positive correlation
between the increase of temperature and the irem@akb,O emissions is often observed in
field studies (Smith et al 2003). There are optitehperatures for both nitrification and
denitrification processes and a threshold at 1143 wroposed by Stanford (1975) under
which rates of denitrification sharply decreasee Tptimum temperature for denitrification
was found to be around 37°C (Braker et al. 201030 Anitrification has been found to be
temperature sensitive (Breuer et al. 2002) ancttwehse with the decrease of the temperature
from 20°C to 5°C (Russell et al. 2002). Howevercnmorganisms are able to adapt to their
environment, and so it remains difficult to defiaeuniversal temperature function (Breuer
and Butterbach-Bahl 2005; Farquharson and BaldoGR8R Furthermore, significant
emissions of MO also occur during following soil freezing and whiag in response to
increased substrate availability, tight coupling afidative and reductive processes and
increased anaerobic soil conditions in such per(@@sBruijn et al. 2009; Morkved et al.

2006; Teepe et al. 2001).

The study of denitrification process alone can beedin anaerobic conditions to
promote denitrification over nitrification. Nevedless, as Ncannot be measured easily,

measurements of denitrification activity in soifsea relies on the use of high concentrations
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of acetylene (approximatively 10% in volume), iretheadspace of incubation vessels.
Acetylene blocks the }D reductase of the denitrification chain, so thia¢, end product of
denitrification is the more easily measurablgONand not N (Yoshinari et al. 1977).
However, several problems can appear with the tiseaiylene such as an underestimation
of the denitrification rates due to scavenging loé Wenitrification intermediate NO as
promoted by acetylene ang,3low diffusion of acetylene to sites of actuahiti&ication in
soils, or decomposition of acetylene degrading ofies (Butterbach-Bahl et al. 2013;
Groffman et al. 2006). However, at least the scgiveneffect can be avoided if the acetylene

blockage technique is used under anaerobic conditio

There are few publications that quantify the terapge impact on pO emissions.
They are either based on laboratory experimentblfizoand Smith 2001; Kurganova and de
Gerenyu 2010; Luo et al. 2013; Stanford et al. 19Zbang et al. 2016) or on field
measurements (Luo et al. 2013; Papen and ButteiBalbh1999). They showed that soi®l
emissions generally increase with increasing teatpegs, though a second strong optimum
can be found around 0°C due to the above mentidrere-thaw effects on soil ;0
production, and that this effect depends on sgtlie, soil organic carbon concentrations and
pH. However, previous studies were not all perfaraethe same temperature, at the same
percentage of total water content and they alsed d#fferent type of soils, but all were done
under static conditions with no temperature vasisi The change in emission rate is
characterized by the @ which is the emission rate at (T + 10°C) / enasgiate at T°C. In
this study, we propose to investigate the effea wvarying temperature on,@ emissions by
soils, and so, be closer to the real field condgidndeed, we measuregemissions in a
range of temperature that is common in April infdé& when fertilization occurs and®

emissions are high (Grossel et al. 2016; Gu e2@l3). No studies have been done in these
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realistic conditions so far. Q are important because they can be used. @ Bmissions

models such as NOE (Henault et al. 2005).

The objective of this paper is to study the efte#fictemperature on both denitrification
and total NO emissions by soil, at a constant temperatureaarash increasing temperature,

and to compare their rates.

[l. Materials and methods

1. Site description

Soil samples were collected from the experimernital @S2 (“Observatoire Spatialisé
Orléanais des Sols”) located in the valley of LiniFaux Perche (48°23'N, 1°11’E, elevation
202 m above sea level), about 30 km southwest @frt€ds, France. The climate records
(1971-2000) in Chartres (28070001, 4°27’N, 1°3@[eyvation 155 m above sea level) show a
mean annual temperature of 10.6 °C, precipitatibB98 mm and potential evaporation of
740 mm. Monthly precipitation is evenly distributddoughout the year. The sampling field

was cultivated with wheat.

2. Soil sampling

36 non-destructured soil samples were collectedtten 19" of February 2015
following the sampling plan presented in Figure d8wing the constitution of 6 groups of
samples, each containing a sample from each sut§dotpling was done using 6.5 cm high
and 7 cm diameter stainless steel cylinders, reptisy a volume of 250 cinSoil samples
were collected from the surface after removal &f litter and aboveground layers. Samples

were then placed at 4°C.
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1,7,13, 2,8, 14, 3,9, 15,
19, 25, 31 20, 26, 32 21,27,33

|

<—3m —>

|

4,10, 16, 5,11, 17, 6,12, 18,
22,28, 34 23,29, 35 24, 20, 26

Figure 19: Sampling plan for the soil collection ofthe 36 cylinders on a wheat field.
Samples 1-6 and 7-12 were placed at 16°C, samples18 and 19-24 at an increasing

temperature from 4°C to 16°C, and samples 25-30 aril-36 at 4°C.

Cylinders of soils were placed in 750 tgiass jars (Figure 20). On the following day,
20 mL of a KNQ solution (0.02 M) was added to each sample to Isi@dield fertilization

(20 mg N kg of soil).

In order to define experimental conditions for cocithg our experiment, we used
monitored temperature dynamics of spring 2013 atetkperimental site where soil samples
were collected. A temperature variation from 4 63Q over a 12h-period was selected, as it
was observed on April 2013 at 5 cm deep (Figure @&lass jars were separated in three
groups. Twelve (2 groups of 6) of them were plaaetl6°C in an air-conditioned laboratory,
twelve of them at 4°C in a cold chamber, and twelf/¢hem also at 4°C in a cold chamber
before the experiment and then in a climatic chamiyeere temperature increased from 4°C
to 16°C within 12 hours (Figure 22).
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Figure 20: Cylinder of soil placed into a glass jas with inlet and outlet tube on the top.

Evolution of the soil temperaturein April 2013
25

0 ,  416°C

~ -

10 - Rfe L 4 | 3 &
1 4 ¢ ‘

Temperature (°C)

0 T T T T 1
01/04/2013 06/04/2013 11/04/2013 16/04/2013 21/04/2013 26/04/2013 01/05/2013

Date

Figure 21: Evolution of the soil temperature, in 5cm soil depth, in April 2015, on the

experimental site where samples were collected i®23.
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Temperature (°C)

18

8:00 20:00 8:00 20:00 8:00 20:00 8:00 20:00

Date (23/02/2015 to 26/02/2015)

Figure 22: Temporal variation of the incubation tenperature for the 4-16°C treatment.
The top and bottom line indicate the other treatmets, where temperatures were

maintained constant at either 4°C or 16°C.

4. Experiment

The experiment started 4 days after sampling. Géasswvere hermetically closed and
the headspace of the jars was flushed for 5 mwwittepure N to remove all of the pO and
O,. Following headspace ;Nflushing, 1 mL of Krypton (Kr) was added to eacmple.
Finally, in half of the jars of each group, 50 miLagetylene was injected in the headspace to
block the NO reductase, enzyme of denitrification under arf@ereconditions. At each
temperature, O production and total denitrification were measluire samples without and
with acetylene. For this, 20 mL of headspace gas sampled through a septum with a

syringe. The gas sample was injected into vacuugiass vials ¢ (Figure 23). In the

65



Chapter 3: Daily temperature variations effect on the soil N20 emissions

following, gas samples were taken every 2 hoursvietve hours during the four days of the

experiment.

5. NbO reduction ratio

Without acetylene, PO emissions are the result of the combination ah dg,0
production and BD reduction during denitrification. With acetylei¢;O reduction to N is
blocked and the measured emissions reflect total rates of denitrificatiogr, O + N,
forms. To calculate the ratio r of the reductionN3D into N, the following equation was

used:

N,O flux measured without acetylene N,O
= =2 = 2 Eq. (3.1)

N,0 flux measured with acetylene N,O0+ N,

The lower the ratio, the higher is the reductioMNgd to N in relation to NO production.

6. Gases analyzes and flux calculation

Gas samples were analyzed with a gas chromatogf@ih Thermo GC (ECD
detector, Ar/CH as vector gas, filled porapak Q column)) for thetedmination of MO
concentrations in the headspace gas samples (R2@WréA micro gas chromatograph (UGC
SRA GC (TCD detector, He as vector gas, porapakilary column for CQ, O, molecular
sieve)) was used for measuring concentrations 9f @D, and Kr. Determination of Kr
allowed to check for leaks of the incubation vessehile determination of £concentration
allowed us to ensure that incubation conditions ewéndeed anaerobic. From the

measurements of G@oncentrations, carbon (C) mineralization wasudated.

With the NO and CQ concentration measured in ppm, the volume of #greapd

cylinder, the pressure and the temperature, flox@&0 in g N-NO ha' d* were calculated.
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Flux values were averaged across the 6 treatmplntates. Variability of NO emission rates

are reported as standard errors.

Figure 23: Photo of a vacuumed vial used for gas s#ling and the gas chromatograph

where gases where analyzed.

7. Qo

Q10 were calculated for each day using samples athtCsamples at 16°C . 6were

calculated following this equation:

10
Quo = Hae€ (D) Eq. (3.2)
Ryoc

[N20]emitted,t

With R being the rate of the reaction ofNemission productioR = -

8. Auxiliary measurements

Treatment specific analysis of the soil nitrogenteats was realized at the end of the
experiment with 3 times 8 g of soil. The remaingwj samples were then weighted and dried

into the oven at 105°C for 24h to calculate thesttgnporosity and water-filled pore space.
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9. Statistical analysis

Statistical analyses were performed using XLSTAT® testing linearity of kinetics
(linear regression tests), correlations betweeivigctates and soil factors (ANOVA) and

mean comparisons (t-tests). Statistical signifiegfioc all tests was set at p < 0.05.

[1l. Results

1. Incubation condition characterization

Both Kr (0.1 %) and @concentration (5%) were constant over time, rengaihe

absence of leaks during incubations and partiadtaiéc conditions all along the experiment.

At the end of the 4 days of incubation, soil WFP&was high as expected (> 80 %).
Nevertheless, WFPS of soils incubated at 16°C virereendency lower than at the other

temperatures probably due to condensation of vedtitre wall of the glass vessels (Table 1).

16°C 4-16°C 4°C
Elux With acetylene 957,8 600,3 286,0
(@NNa &) | \vihout acetylend 63 93 46
WFPS (%) 83,4 84,9 87,5
Total mineral N (mg kg) 7,3 8,0 10,5
NOs (mg kgh) 3,7 4,8 7,2

Table 1: N;O mean fluxes over a 4-days incubation period. Watd-illed Pore Space
(WFPS), soil total mineral nitrogen and nitrates catent were measured at the end of the

experiment.
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Soil nitrate contents varied in the range of 3.@ &2 mg N-NQ@ kg™ of soil, and
were slightly lower in soils of the 16°C treatmastcompared to soils of the other treatments.
Moreover the soil N@ content was always lower in presence of acetyleniée the NH”
content was higher, suggesting that (i) nitrifioatiwas inhibited by the high acetylene
concentrations, and (ii) still some nitrificatiorctizity occurred under the micro-aerobic
conditions present in our experiments. WFPS arnldatail N were correlated (p value < 0.05)
but they were not correlated to the fluxes withwothout acetylene (Table 2). Final soil
nitrates contents were correlated to fluxes forghes acetylene treatments, but not for the

minus acetylene treatment.

N min tot NOs Flux with Flux without

Variables WFPS (%) (mgkg) (mg kg (ga’ger?gleg_(le) (galc\:lert])gfgtla)
WEFPS (%) 0 0.041 0.096 0.126 0.672
N min tot (mg kg") 0.041 0 0.056 0.085 0.712
NOs; (mg kg) 0.096 0.056 0 0.030 0.768

Flux with acetylene

(g N hat d) 0.126 0.085 0.030 0 0.798

Flux without acetylene

(g N hat d?) 0.672 0.712 0.768 0.798 0

Table 2: Correlation (p value) calculated between pD fluxes, Water-Filled Pore Space

(WFPS), total mineral nitrogen and nitrate content.
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2. CO;, production

For all treatments, the G@oncentration always increased linearly over thge 12-
hours incubation period, i.e., the hypothesis dheaar increase could not be rejected (p <
0.05). CO, production rates were higher at 16°C than at 4i€ 4 to 16°C incubations. In
presence of acetylene, @@roduction rates were going from 90 + 6 pg C>&@" of soil
(day 4) to 165 + 18 C-C£kg™ of soil (day 1) at 16°C, from 50 + 3 pg C-€&y* of soil (day
4) to 77 + 5 C-C@kg™ of soil (day 1) at 4-16°C and from 38 + 5 pg C-@* of soil (day
4) to 54 + 7 C-C@kg* of soil (day 1) at 4°C (Figure 24). Without acetyé addition, C®
production rates were going from 74 + 8 pg C-&§" of soil (day 4) to 143 + 29 C-Gxg*
of soil (day 1) at 16°C, from 53 + 5 C-G®Rqg™ of soil (day 4) to 88 + 13 C-Gkg" of soil
(day 1) at 4-16°C and from 49 + 4 C-g®&y" of soil (day 4) to 89 + 11 C-Gkg™ of soil
(day 1) at°4C. C@production decreased with the length of the expent, for samples with
and without acetylene, and for each temperaturgu(Ei 25). Whatever the day and

temperature incubation, acetylene did not affeet@ production rate.
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Figure 24: Evolution of the CG; production for samples placed at 16°C, 4-16°C and’C,

during 12h, day 1 to 4.
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CO, mean fluxes (kg C-CO, ha d?)
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Figure 25: CO, mean fluxes measured after 12h along the days, agged on 6 samples,

for each temperature and for each treatment.

3. NLO fluxes and part of NO emission during denitrification

N2O concentrations increased in all flasks over tht@e2 12-hours incubation periods
(Figure 26). Linear regressions of®lconcentration in flask over time were all sigrafnt (p
< 0.05). Nevertheless, a slight but significantede@tion in NO production was observed
after 8 hours of incubation (corresponding to 12WTying incubations with increasing

temperatures both in presence and absence of eetyl
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Figure 26: Evolution of the NNO production for samples placed at 16°C, 4-16°C and°C,

during 12h, day 1 to 4.
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Rates of denitrification (incubations with acety@rover the 12 hours incubation

period varied from 42 + 12 ng NI g* of soil (observed on day 4) to 81 + 14 ng MoNg*

of soil (observed on day 2) at 16°C, from 15 #3\tN,O ¢* of soil (observed on day 1) to

48 + 7 ng N-NO g of soil (observed on day 3) during incubation wititreasing

temperature from 4 to 16°C and from 6 + 2 ng bBBNj* of soil (observed on day 1) to 23 + 5

ng N-N,O g* of soil (observed on day 3) at 4°C (Table 3).

Mean NO flux
. D1 D2 D D4
(ng N-N,O g¢* of soil) 3
16°C 9+3 4+1 1+1 1+0
Without 4-16°C 5+1 11+3 6+2 241
CoH>
4°C 2+x1 3+x1 3%x1 2+x1
16°C 55+7 81+14 55+12 42 + 12
With CoH, 4-16°C 15+ 3 42 +7 48 + 7 43+ 6
4°C 6+2 17+ 4 23 %5 22 +5

Table 3: Mean NO fluxes in ng N-NO g of soil and their standard error, obtained for

the different temperature and acetylene treatmentgver a 4-days period.

N2O emissions (incubations without addition of acay) were varying from 1 + 0 ng

N-N,O g* of soil (observed on day 4) to 9 + 3 ng NENG" of soil (observed on day 1) at

16°C, from 2 + 1 ng N-BD g¢* of soil (observed on day 4) to 11 + 3 ng NMENG* of soil
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(observed on day 2) during incubation with increggemperature, and from 2 £ 1 ng NEN

g™ of soil (observed on day 1) to 3 + 1 ng NENG* of soil (observed on day 2) at 4°C.

Whatever the temperature of incubationONoroduction of soils with acetylene was
always higher as of soils without acetylene, derrating both the efficiency of the ;0
reduction during the experiment and of its inhdmti by acetylene. Surprisingly, .8
emissions at day 3 and 4 were not higher at 16a@ #t 4°C or 4-16°C while denitrification

rates were always higher at 16°C than at 4°C agigehithan at 4-16°C unless on day 4.

The mean BO production at each sampling time (0, 2, 4, 6,8,12 h) over the four
incubation days, calculated for each temperatukeals that MO emissions from soils
incubated under increasing temperature from 4 tdQ&vere higher as compared to soils
constantly incubated at 16°C (Figure 27). In caifradhe total denitrification and C
mineralization were the highest for soils incubaséédl6°C. While denitrification rates and
N2O production were either constant or slowly dedrepsver the 12 hours incubations at
constant temperatures, denitrification rates amd\s® production were increasing with time
in incubation with increasing temperature. It sldobk noted that an apparent acceleration
occurred after 8 hours of increasing temperatuvdsich corresponds to an incubation

temperature of 12°C.

The ratio of NO released to the headspace during denitrificatias dependent on the
incubation temperature (Figure 28). During tfieday of experiment and for the treatments 4
and 4-16°C, it was around 0.3, i.e., 30% of thealtdenitrification rate (BD + N,) was
emitted as BO. This value decreased to 0.1 for the 4°C treatraed to 0.05 for the 4-16°C
treatment after 4 days, i.e., the end of the erpammt. The MO production rate during
denitrification for the 16°C treatment was 0.17idgrthe first day of incubation and < 0.015

in the following days.
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Figure 27: Evolution of the NNO production for samples placed at different tempeature,

averaged on the four days, with and without the adition of acetylene.
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Figure 28: Evolution of the ratio of N,O emission to total denitrification for the different

temperature treatments.

4. Apparent Qo values (i.e. sensitivity of biological functionsa temperature)

Concerning C@ production, @, values were all around 2, (range: 1.49-2.38) Q
values for denitrification and /0 emissions were variable. For each treatmend,v@ues
decreased over time (Figure 29). For denitrifiagtihe Qo decreased steadily throughout the
4 incubation days, from 6.47 to 1.72. FaiNemissions, the fQdecreased from 3.80 on day

1to 0.34 on day 4.
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Figure 29: Qo calculated from N,O fluxes at 4 and 16°C for the plus acetylene
(denitrification) and the minus acetylene (NO emissions) treatments, over the 4-days

observation period.

V. Discussion

The originality of our experiment was to performil smcubations at varying
temperatures. These conditions were defined toelesyant with field conditions and were
associated with more classical conditions for labmies experiment, i.e. incubations at

constant temperature, framing the varying tempegatu

Results obtained for CQproduction are very classical: observed,@@duction rates
were quite low but comparable to observed rate€ afineralization in agricultural soils in
other studies (Buscot and Varma 2005). Thev@lue of respiration in our study was around
2, i.e., a value previously observed in other €sidiSong and Zhang 2009; Uvarov et al.

2006; Zhang et al. 2016). A;Qof 2 is also used to describe the temperatureonsgpof C
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mineralization in models such as CENTURY or DAYCENDel Grosso et al. 2001; Kelly et

al. 2000; Parton et al. 1998).

If the 0°C anomaly is excluded, which is linkex qoil freezing-thawing effects on
microbial processes, soil,N emissions are generally observed to increase testiperature
(Dobbie and Smith 2001; Kurganova and de GerenylORODobbie and Smith (2001),
Kurganova and de Gerenyu (2008), had observgd/&ues comprised between 1.2 and 50
for NoO emissions (Table 4) and models used for simga&th© emissions assume as well a
positive response of J production to increasing temperature (Heinen 2@U&ble 5). In
contrast, our experiments did not show thaONemissions for soils of the 16°C treatment
were higher as those of the 4°C treatment £ Fmissions observed for the treatment where
temperature increases from 4 to 16°C over a 12ioghein tendency and close to be
significantly different, soil NO emissions at 16°C were even lower as observethéoother
treatments. Recently Zhang et al. (2016) had disemved slightly higher soil JO emissions
at 8°C both in pine and meadow ecosystems in Gisnaompared to those measured at 18°C
or even at 28°C (only for the meadow soil). Accagly, they calculated £ values less than
1, which is different from those reported by othesearchers in a temperate forest ecosystem
(Bagherzadeh et al. 2008) and in a maize field §gSand Zhang 2009). Based on their
observations, Zhang et al. (2016) suggested tleagfflect of climate warming on,® would

differ across regions.
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Dobbie & Smith (2001)

Kurganova & de
Gerenyu (2010)

Zhang (2016)

This study (2017)

Process
studied

Type of soil

Cylinder of
soil

WEFPS

Temperature

Days

Gas sampling

Addition

Quo

Denitrification

non-intact

no data
5, 10, 15, 25,
35, 45 °C

2

after 2,4, 6, 8,
12, 24 and 48h

3 mg of glucose
in 20 mL of
water + 60 ppm
of NO3’

89 pour T <
11°C

2 pourT>11°C

N,O emissions

Arable and grassland

intact

63 and 88%

5,12 and 18 °C

11

after 2.5h and every
day at the same hour
during 4 days, then at
the 7th and the 11th

day

water+10g N.m™

Arable 5-12°C:50

Arable 12-18°C: 8,9

Grassland 5-12°C: 3,7

N,O emissions

Arable

non-intact
60, 75, 90%
5, 10, 15, 20, 25 °C

14

atday1l,2,4,7,10
and 12

80 mg N.kg* of
NH;NO3

WFPS 60% + 5-15°C
0 1.2
60% + 10-20°C: 2.2

60% + 15-25°C: 1.4

Grassland 12-18°C:2,3 75% +5-15°C: 2.8

75% +10-20°C: 4.2
75% +15-25°C: 3.4
90% + 5-15°C: 5.4
90% + 10-20°C: 20
90% + 15-25°C: 33

N,O emissions

Forest and
grassland

non-intact
no data
8,18 and 28°C

50

Every 24h

no data

8-18°C: 0,82-1.06

18-28°C: 0.91-
1.22

N,O emissions and
denitrification

Arable

intact
75-97%

4-16°C

Every 2 h during 12 h on
each day

20 mL of a KNO; solution
(0.02 M)

N,O emissions: 3.85-0.33

Denitrification: 6.47-1.72

Table 4: Different laboratory conditions and resuls on studies about the effect of

temperature on NO emissions and denitrification
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Qo Model
2.0 NUCM
2.0 LEACHMN
2.0 MATHILD
2.2 WANISIM
2.2 CREAMS-NT
23 LEACHM
3.0 SOILN
3.0 WAVE

2.1/89 NEMIS, STICS

Table 5: Q,0 used by different models simulating MO emissions (Heinen 2006).

Our study treatments with acetylene showed thatrdtie of NNO emission to total
denitrification was lower for the 16°C treatmenigmared to the 4°C or 4-16°C treatment.
This difference in the denitrification efficienayy formation of the end productk i favor of
N2O, might also explain that & emissions did not increase with temperature in ou
experiment. Indeed XD reduction appears less efficient at low tempeeatand varying
temperature than the first steps of denitrificat{omore sensitive at low temperature) which
leads to at least a stabilization and probably eredese of BO emissions with increasing

temperatures.

Incubations at increasing temperature reveal aelaation of the denitrification rates
at 12°C, which is consistent with observations t#n®rd et al. (1975) currently taken into

account in the NOE model (Henault et al., 2005).

The biodiversity of soil microorganisms able to sralize organic C has been found
to be much larger than the ones able to denitnifg eeduce MO (Philippot and Germon
2005). Large biodiversity is coupled to functiomatlundancy, which is expected to protect
essential soil functions, such as denitrificatiagainst environmental disturbances (Coleman
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et al. 2004). While a temperature sensitivity otmbial processes with a;6of 2 could be
admitted as the norm, we observed that the C nlinatian was not affected by the different
temperature treatments (constant 4°C or 16°C, b2 &-increase from 4 to 16°C), but that

denitrification and moreoverJ® reduction decreased with time.

This study also questions current approaches foulasting effects of temperature on
soil N;O emissions due to denitrification as our studydatks controls at 2 levels. First;Q
values observed for Gproduction were about constant over the 4 daysuofstudy, while
the Qp for denitrification rates declined from valueshagh as 6.47 at day 1 to finally reach
1.72 at day 4. Therefore, the current assumptiatemtrification models that the temperature
sensitivity of denitrification remains constant kvitme is too simplistic. Secondly, this study
also suggests that the temperature dependencidenitfrification varies for the different
enzymatic steps, i.e., as in our study, that timeptrature dependency of,®! production
markedly differs from that of the O reduction to N Finally, our experiment also confirmed

that NO reduction to Nis the final process determining sod@emissions.

V. Conclusion

This study has clearly demonstrated that the teatpex and the temperature
variations significantly affect soil denitrificatip NO production and reduction by
denitrification. Surprisingly, at our highest in@atlon temperature of 16°C, soil .8
emissions were, in tendency, lower than for thatinents at 4°C or 4-16°C, while total
denitrification was however higher at higher tenapere. This observation appears to be due
to a relative lower ratio of D reduction to MO production at lower soil temperatures. It

remains unclear however, if this result can be gdized for other soils in the region or
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elsewhere, as such experimental approach, as edalizthis study, has not been realized
before. Our results suggest that a dynamic paraagtm of the temperature dependency of
the different enzymatic steps might be requiredetdistically simulate PO production and

emissions from soils.
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Apres avoir travaillé a I'échelle du cylindre dd dans le chapitre 3 sur I'effet de

la

température du sol sur les émissions d@,Net ce sur un sol préleve sur le site expérinienta

présenté au chapitre 2, nous allons maintenanemigisdes résultats de mesures dire

ctes

d’émissions de PO, réalisées sur le site dont était issu le satlthpitre 3. Dans ce chapitre,

le regard que nous allons porter sur les émisgiensbO se situe a I'échelle de la parcelle

mais également a celle du paysage. Ce regard semtéovers la mesure directe et

déterminisme multifactoriel.

Résumé

le

La variabilité spatiale des flux de protoxyde dz@\L,O) par les sols est large, quelle que

soit I'échelle d’étude, rendant tres importantesitecertitudes sur les émissions dgONoar

les sols. L'objectif de cette étude était d’estirtes flux de NO a I'échelle du paysage en

combinant les résultats de mesures faites a difféseéchelles. Pendant une campagne

mois (mi-mars a mi-mai 2015), les flux dgNont été mesurés sur une petite surface agr

de 2

cole

(~km?) (i) continuellement a I'échelle de la pakeedvec des chambres automatiques sur un

champ de blé, (ii) ponctuellement sur un groupd @earcelles incluant différents types

sols et cultures en utilisant une chambre mobifpdte fast-box), (3) continuellement

de

g)/

I'échelle du paysage avec eddy covariance enaniisn mat de 15 m en association avec 2

modeles d’advection-dispersion (les modéles FIDBScemann et Meixner) pour détermin

les empreintes des mesures d’eddy covariance. D& pds propriétés des sols ont g

mesureées sur tous les sites pour fournir une raedleompréhension des facteurs contré

la variabilité des flux de pD. Les flux de MO mesurés par les différentes méthodes
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montré un bon accord en terme de magnitude et dandigue temporelle, surtout lorsque
chambres automatiques étaient dans I'empreinteatudiaddy covariance. Les moyennes
émissions de PO ont été de 53 + 6 pug No® m? h! pour les chambres automatiques, 45

N-N,O m? h* pour le systéme d’eddy covariance et 37 + 9 JON1% h™ pour les mesure

es

des

+7

fast-box, lorsque l'on regarde uniguement les @&%$o ou les systemes de mesures

automatiques fonctionnaient. Les flux dgONmesurés par les chambres automatiques an
la fast-box étaient positivement corrélés a I'hutgidiu sol (p < 0.01), la teneur en eau (
0.01) et la teneur en nitrate du sol (p < 0.01)s lommbinaisons champs de cultl
intermédiaire — pois/mais émettaient plus d® Mue les champs de blé et de colza, et

plus que les foréts.

Mots-clés : gaz a effet de serre, mesure par clesnbddy covariance

d par
D <
Ire

bien

Abstract

The spatial variability of soil nitrous oxide {8) fluxes is large - regardless of the study s
- resulting in very large uncertainties in sofNemission assessments. The objectives of
study were to assess theNflux at the landscape scale by coupling the resafts
measurements performed at different scales andojgope a method for obtaining emiss

maps based on these results. During a 2-month eagmg@aid-March to mid-May 2015), XD

fluxes were measured in a small cropland area (-kijnéontinuously at the plot scale using

automatic chambers in a wheat field, (ii) punctpalh a group of 16 plots including differe
types of soils and crops using a mobile chambest-gax), and (iii) continuously at th

landscape scale by eddy covariance using a 15-ghthelast and 2 advection-dispers

cale

this

U7

on

nt

e

on

models (the FIDES and Kormann and Meixner modelsjldtermine the eddy covarianre
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measurement footprints. The soil properties werasueed at all sites to provide a bet
understanding of the factors controlling the vatigbof the N,O flux. The NO fluxes,
measured by the different methods, showed goodeagret in magnitude and tempo
dynamics, especially when the automatic chamberse e the eddy covariance ma
footprint. Overall, the mean measuregONemission was 53 + 6 pg No® nmi® h* for the
automatic chambers, 45 + 7 N® mi? h* for the eddy covariance system and 37 + 9 4O\
m? h?' for the fast-box, for periods when both automatieasurement systems we

functioning. The MO fluxes measured by the automatic chambers andagtedbox were

ter

ral

1St

re

positively correlated with soil humidity (p < 0.QMyater-filled pore space (p < 0.01) and

nitrate soil content (p < 0.05). Catch crop-pea eaith crop-corn fields emitted moreQ\

than wheat and rapeseed fields, and much morgdhests.

Keywords: greenhouse gas, chamber measuremenyscedariance
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|. Introduction

N2O has been the subject of concern due to its impaglobal warming and ozone
layer depletion (UNEP 2013). There are severg#D ISources, but agriculture is by far the
main anthropogenic XD emission source. Indeed, 77% of,ON emissions due to
anthropogenic activity are estimated to come fromemal and organic fertilizer application
to agricultural land and other agricultural sour@e8lEP 2013). Monitoring BbD emissions
from agricultural fields is a key step to bettenstaining NO sources and determining the
underlying processes driving emissions in ordetexeelop mitigation recommendations;N
is produced at the microscale mainly by microbiacesses, but the effects of its increased
atmospheric concentration are visible at the glalbale. NO emissions can be studied at the
aggregate, field, landscape, regional, national glodal scales. Regardless of the scale, the
very high spatial and temporal variability of®l emissions from soil make its quantification
difficult (Henault et al. 2012). Furthermore,®l emissions depend on numerous factors such
as crop type, fertilizer type, and N applicatioteraas well as soil properties, such as soil

organic carbon content, humidity, pH, and text@tekfest and Bouwman 2006).

Several measurement methods have been developadnitor NO emissions, with
increasing accuracy, providing flux estimates #fiedent scales. Chambers, which provide a
gas-tight enclosure of a certain soil surface amnddle measuring the changes in gas
concentrations in the chamber headspace, prowidesitimates at the plot scale. They can be
used to assess (i) the spatial variability gONluxes if they are mobile (Flechard et al. 2007,
Grossel et al. 2014) and (ii) the temporal varigbif they are static, i.e., remain at a fixed
position (Henault et al. 1998; Laville et al. 199Righ-frequency measurements can be
obtained using automatic chambers (ButterbachBaldl.e1997; Christensen et al. 1996;
Neftel et al. 2010). The use of a micrometeorolalgicast/tower - to estimate the fluxes from

meteorological conditions and gas concentratiofimsed either on eddy covariance (EC)
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(Christensen et al. 1996; Flechard et al. 2007jlleagt al. 1999; Molodovskaya et al. 2011),
relaxed eddy accumulation (Baker 2000; Mclnnes ldedman 2005), or the flux gradient
method (Desjardins et al. 2010; WagnerRiddle et18B7; Zhang et al. 2015) provides
information on the temporal variability over a wislgatial area, the so-called footprint, which
is defined mainly by the height of the mast (plahdscape and regional scale). Using aircraft
(Desjardins et al. 2010; Pattey et al. 2006) to suea NO in the atmosphere provides
information at an even larger scale (regional).SEhmethods have been used to measure the
biosphere-atmosphere exchange of trace gasesfferedi ecosystems, including grassland
(Clayton et al. 1994; Neftel et al. 2010; Smithakt 1994), forests (Breuer et al. 2000;
ButterbachBahl et al. 1997), wheat stubble (Chmnst@ et al. 1996), corn (Laville et al.
1999), cotton (Wang et al. 2013), and mixed figdldgsjardins et al. 2010; Flechard et al.
2007; Zhang et al. 2015), during different seasspsng (Clayton et al. 1994; Henault et al.
1998; Smith et al. 1994), summer (Christensen.e1396; Molodovskaya et al. 2011; Neftel
et al. 2010) and autumn (Laville et al. 1997), &rddifferent durations, ranging from 4 days

(Molodovskaya et al. 2011) to 4 years (Desjardired.€2010).

Each of the many methods used to measw®@ 8imissions from soils has specific
advantages and limitations (Denmead 2008). Theefiobtained by the chamber method are
generally associated with very large uncertainbesause (i) the very small surface area
covered by the chamber is not representative oétiosystem and (ii) the gas-tight closure of
the chamber affects natural gas diffusion gradieatsoss the soil-atmosphere-interface
(Davidson et al. 2002), which is a non-linear pheanon and should be considered when
calculating the flux (Pihlatie et al. 2013). Thendés obtained by micrometeorological
methods are dependent on the wind conditions dahi@gneasurement period, therefore, they
do not represent a static area over time. Morean@tometeorological flux measurements

are most suitable for flat terrain and provide oatyintegrated flux over a varying footprint
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area. Their installation, maintenance and datauewain require a very high technical level
and are expensive in terms of instrumentation arehsfic man-power (Henault et al. 2012).
Schematically, micrometeorological methods are ninest appropriate for estimating gas
fluxes in situations representative of ecosystenmslewchamber methods are the most

appropriate for comparing emissions related tceddffit agricultural practices.

For micrometeorological methods, the footprint adsgends on the measurement
height, so higher masts can be used to surveyedatidscapes. Nevertheless, these methods
rely on assumptions of horizontal homogeneity aad-advective conditions; data collected
in complex terrain are difficult to analyze and ttieices of sites are biased towards flat and
homogeneous areas (Novick et al. 2014). While stutiave addressed these problems for
ecosystem Cofluxes (Gockede et al. 2004), this has so farbeotione for MO fluxes. NO
fluxes are more difficult to measure due to atmesighconcentrations in the ppb range and
because the pulses of,® fluxes are often sporadic. Additionally, high salavariability
needs to be considered. Fertilized croplands haee Bhown to be important sources gON
emissions, but crop type, fertilization and fieldmagement across a landscape is mosaic,

challenging the assumption of the homogeneity ohtgasurements.

In addition to the EC measurements, footprint nieodan be used. Footprint models,
such as the Kormann and Meixner model (K&M) (Kormasnd Meixner 2001) and the
FIDES model (Loubet et al. 2010; Loubet et al. 2008ubet et al. 2001), calculate from the
wind speed and direction, the origin of the airxfkcoming. Thereby, the J® flux source
areas can be known. Furthermore, footprint moddlsallow a better comparison between

the different NO measurement methods.

During a NO emission measurements campaign, the objectives (#)eto know if

N.O fluxes measured with several methods coveringra¢\scales of the landscape are
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comparable, (ii) to see if the spatial and tempae@iability can be covered, and (iii) to

determine which type of crop emit the most.

[I. Materials and Methods
1. Experimental site

A campaign of MO emission measurements was performed from 16 MV20tb to 19
May 2015 at the OS2 (“Observatoire Spatialisé Oémdes Sols”) experimental site, located
120 km southwest of Paris. Previous experimentsducted on this site with manual
chambers since 2009 have showpONemission pulses following spring fertilization in
March-April (Grossel et al. 2016; Gu et al. 2013y @t al. 2011). The 30-years mean
temperature at this site is 10.6°C, while the maramual rain fall is 600 mm. A 15-m tall mast
was erected and emission measurements were foomsad area within a radius of 1 km
around this mast (Fig. 30).Within this area, dif@rtypes of crops and land uses are found:
wheat (21 fields, surface 112 ha, representing 29%he area), rapeseed (14 fields, 93 ha,
24%), winter barley (4 fields, 63 ha, 16%), catobpc— pea combination (1 field, 8 ha, 2%),
catch crop — corn combination (1 field, 18 ha, 5falpw (4 fields, 8 ha, 2%) and forest (5
forests, 87 ha, 22%). The wheat, rapeseed and mbaréey plots were fertilized during the
experiment. Generally on wheat fields, a fertili@atwas brought shortly before the campaign
begins (12 to 27 March, median amount 78 kg N, tiguid form) and a third one during the
campaign (25 April to 12 May, median amount 62 kgh&f, liquid or solid form). On
rapeseed fields, a fertilizer input was broughtieathan for wheat (7 to 25 March, median
amount 80 kg N hj liquid or solid form). Barley fields also receéva fertilizer input shortly
before the campaign (20 to 25 March, median am6@rkg N h&). Corn was seeded on the

13 April (in green manure freshly ground in thetplduring the campaign and received
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20 kg N h& at seeding and 100 kg N"han the 10 May. Last, the pea field was seeded on

the 10 March, also in a green manure freshly ground

® Mast Crops 2015 B con
¢  Automatic chambers Common wheat Winter barley
=  Fastbox site Winter rape - Peas

Site sampled with the fast-box - Fallow - Forest

Influence area (radius 1km)

Figure 30: Experimental site with the location of he EC mast, the automatic chambers

and the 16 fast-box sites.
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2. Experimental design

To assess both the spatial and temporal varialoftyN,O flux from the plot to
landscape scale, 3 measurement methods were apgledtaneously: (1) automatic
chambers placed on a wheat field next to the nfiastontinuous plot-scale measurements to
study the local temporal variability; (2) fast-bmeasurements inside a 1-km radius from the
mast at various plots to study the spatial varigbiand (3) a 15-m tall EC system to provide

continuous spatially integrated® fluxes at the landscape scale.

2.1. Automatic chamber measurements

8 automatic chambers were deployed in the plot teettie EC mast from 21 March to
12 May 2015. The chambers (50 cm x 50 cm x 15 ota] olume of 37.5 L) consisted of an
aluminum frame in which Plexiglas panels were fixechmes were inserted 2 cm deep into
the soil. Chambers were connected to a gas chrgnagtio equipped with an electron capture
detector (GC-ECD) placed in a truck (Figure 31)e MO concentrations were measured in 2
groups of 4 closed chambers. These 2 groups wedomay selected, and placed as far as
possible from the wheel traces.measurement cycle for the 2 groups took 2 hoB@snjin
for each chamber, 12 cycles per day). In case iof the chambers were opened and the
measurements were stopped to limit experimentadeliaotherwise, measurements were
performed continuously up to 12 times per day dkierentire observation period. The whole

system was described in a previous paper (ButtaBrd et al. 1997).
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[=

Figure 31: (a) One automatic chamber to measure J® emissions, (b) the gas
chromatograph measuring NO concentration in each chamber, (c) the truck conected

to the automatic chambers where measurements are e with the gas chromatograph

2.2. Fast-box measurements

Eight snap-shot campaigns were performed duringettpgerimental period using a
fast-box system coupled to a lab-built QCL (QuantGascade Laser) spectrometer called
SPIRIT (Guimbaud et al. 2011; Guimbaud et al. 20T6p fast-box was a 50 cm x 50 cm x
15 cm chamber pressed directly onto the soil sarfaithout the pre-installation of frames
(Figure 32). Soft rubber foam (5 cm wide) on tharober edges ensured tight sealing of the
chamber headspace, and any leakage was assessedlibg CQ analysis. The SPIRIT
analyzer was equipped with a QCL emitting at 4.5 formeasure the JO dry mixing ratio
(vmr) at 0.7 Hz. The spectrometer was placed iarate move among sites within the mast
footprint. Sixteen sampling locations were seledb@ded on their accessibility and their
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representativeness of soil occupation and soil typhe investigated area. We were able to
investigate 7 to 9 of the 16 sites per measurem@yt with 4 measurements per site. During
each of the 8 snap-shot campaigns, downwind sitese veystematically sampled and
incremented by other sites chosen to optimize tamber of measurements (distance,
accessibility). The fast-box sites and the typesrop in the mast footprint are presented in

Figure 30.

Figure 32: (a) the fast-box to measure YD emission, (b) the van with the SPIRIT inside

connected to the fast-box

2.3. Eddy covariance measurements

The EC system was placed on the top of the 15-hmast (Figure 33). Wind was
measured using a 3D ultrasonic anemometer (R3-80,UK). Air was sampled through a
40-m long (3/8 inch internal diameter) heated amilliated PFA tube at a flow rate of 55 L
min using a pump (SV-1010-B, Busch, Switzerland) whelesuring the turbulent flow
necessary to lower the tube low-path filtering ba NO signal. Air was analyzed using a

closed-path QCL spectrometer (Aerodyne Inc., USAgrating at 7.8 um, to provide
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simultaneous measurements of th®NCH, and HO dry vmr. Water vapor was not filtered,
but a correction for water vapor was applied toNh® measurements. Data were recorded at
10 Hz. Measurements were performed from 16 to 19cMand from 1 April to 19 May.

There was no measurement from 19 March to 1 Apiel i a QCL failure.

Figure 33: (a) The 15 meters mast, (b) The anemonestat the top of the mast and the

inlet of gas, (c) the quantum cascade laser specineter to measure NO concentration

2.4. Additional measurements

The automatic chamber system was complementedrbyet@ture (TC Direct, UK)
and humidity probes (TDR CS616, Campbell Scientiiilaced in the soil at depths of 5, 10
and 20 cm (3 replicates per depth) which measur@dlah time step, and by a pluviometer
(ARG100, Campbell Scientific). Furthermore, dureach fast-box snap-shot campaign, soil
temperature and soil humidity were measured wiphnode placed 10 cm deep in the soll, for
the sites investigated daily. Moreover, soil samplere collected from these sites at a depth
of 0-20 cm and brought to the laboratory to measnieral nitrogen (N), including both
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ammonium (NH") and nitrate (N@) by colorimetry after extraction in #0; 0.5M
according to Cataldo (1975) and pH using a glasstrelde in a soil suspension diluted in a
potassium chloride solution (1:5 ratio, NF ISO 1089n each site, 3 undisturbed soil cores
using 9 cm diameter cylinders (0.5 L) were take®\pril to measure bulk density in the 5-
15 cm layer, as a trade-off between available exymsrtal devices and representativeness of
the tilled layer. Soil samples were also takerhi; @-20 cm layer, dried at room temperature
and sieved at 2 mm mesh to analyze soil textutal totrogen and carbon content at LAS

(Soil Laboratory Analysis, France).
2.5. Flux calculation methods

For the automatic chambers, fluxes were calculdteth the linear change in 4
measurements of the chamber headspace gas cotiocestrarhe overall BD flux was
calculated every 2 hours as the mean value of thex&stimates based on the measurements
performed during each 2-hour cycle. The standarmar @vas calculated for each point value
from the 8 chambers. For the fast-box systeat) Mmissions were calculated based on the
increase in headspace during 4 min, assuming arlioe non-linear increase with the
Hutchinson and Mosier model as described by Pedé¢Psedersen et al. 2010). The emissions
from each location were estimated based on the mahre of the 4 flux measurements
performed on each sampling date. The standard wasralso calculated. Moreover, theON
emissions from each crop type were estimated aaubege of the fast-box measurements
for the specific crop during the whole period. Tinementum, heat and.N fluxes were
calculated by the EC method based on the maximwarizmce during 30-min intervals. The
state of the art EC methodology was used in Eddgpftware (EddyPro® Version 5, 2015,
Lincoln, NE. LI-COR). Briefly, first 2D-rotation waapplied on the wind components; then
de-spiking was applied. Spectral corrections fav-ftass and high-pass filtering effects were

applied according to Moncrieff's studies (Moncrieft al. 2005; Moncrieff et al. 1997).
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Moreover, a recursive running mean filter was agplon the raw PO signal to remove
artificial fluctuations due to temperature variatid hese fluctuations were due to offset drift
on the raw MO signal, probably caused by temperature variatiorthe analyzer box. The
time constant required for the filter (50 s) wagsed®ined using Allan variance analysis
(Mammarella et al. 2010). The lag time between M mixing ratio andw was
automatically adjusted in a 1.5-s window aroundelian value of 2.3 s. The total random
uncertainty was calculated according to Finkelseeud Sims (Finkelstein and Sims 2001).
The EC calculations also provided the wind directf@/D) and wind speed at mast height
u(z), as well as the friction velocity), sensible heat fluX{), Obukhov lengthl(), and the
standard deviation of the horizontal cross-wind porent of the wind velocitgy, which

were used by the footprint models.

2.6. Footprint defined by micrometeorological appraches

The contribution of each surface area (landscapmesit) to the pD flux measured
by the EC system is by definition the footprinttbis surface (Wilson, 1991). The footprint
was determined inside a 1 km radius around the atasll times by both the Kormann and
Meixner model (K&M) (Kormann and Meixner 2001) atiee FIDES (Loubet et al., 2010;
Loubet et al., 2009; Loubet et al., 2001) footprimddels, the latter being similar to the K&M
model, but with a parameterized lateral dispersiod a different way to include the reference
height. The input data of these models are magihheiield coordinates, WD, u*, lgy, as
well as the dynamic roughness lengglegtimated in neutral conditions using the defomitof

the logarithmic wind profile in the boundary lay&aimal and Finnigan, 1994):

i(z) = %m(%) Eq. (4.1)
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wherek is the Von Karman constant (k = 0.414) ahd the displacement height which, in a
simplified approach was assumed to be constanalfowind directions and equal to d =
0.0469 m. g theoretically depends on the land use (crop tge@opy height, forest and
presence of buildings). In our approachwas calculated from all th#(z) measurements
and averaged over four directions in order to sdpathe main forests area (at north and
southwest) from the main crop areas.

By definition of the footprint, the JO flux at the mast at timieF n20 mast t IS:

FN20mastt = Zizl(FNZO,i,t X Ai,t) Eq. (4.2)

Wherei is a landscape element,:As the footprint of this area at tinheand k20,1 is the NO

flux emitted from the given area.

2.7. Statistics

Statistical analyses based on regression techniqoeselations and tests of
hypotheses were performed using XLSTAT® and MATLAB&NOVA and the Newman-
Keuls post-hoc test (were used for the fast-boxsaiddata to test the null hypothesis that the
type of crop or land use did not affect sogNemissions. The Newman-Keuls was chosen as
post-hoc test because even if it is less conseejaiti appears more powerful than pairwise
comparisons and Tukey’s range test. It is largalgduin soil science (Martin-Laurent et al.
2001; Ouedraogo et al. 2001; Ruser et al. 2006)edr regressions were performed for the
soil N;O emissions against each of the ancillary varial$estistical significance for all tests

was set at p < 0.05.
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[1l. Results

1. N,O flux measurements during the campaign
1.1. NoO fluxes detected by the automatic chambers

Several pulses of XD emissions were measured by the automatic chanibignsre
34). During the first days of the experiment (MagtH-24™), the NO emissions were equal
to 21 pg N-NO m2 h'. N,O emissions pulses were observed on 25, 27 and @&gh
reaching followed by the highest pulse, reaching #§ N-NO mi2 h* on 30 March and an
additional pulse on 4 April. After this period oigh emission, the PO emissions decreased
asymptotically to reach the initial level. At theedinning of May, the PO emissions
increased for 4 days. Some diurnal fluctuationsewarserved throughout the experimental
period. The total emissions measured on this plangd the experiment (53 days) were 909 +

103 g N-NO ha', which was extrapolated to 8.0 + 0.9 kg MNfor the 8.8 ha field.

Regarding the measured ancillary variables, th@ fluxes measured by the automatic

chambers were correlated with soil moisture (pG4Pand soil temperature (p < 0.01).
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Figure 34: Top: N,O fluxes (ug N-NO m2 h) measured by the EC system, the
automatic chambers and the fast-box. Middle: dailyprecipitations during the campaign.

Bottom: wind direction measured by the EC system..

1.2. NO fluxes and fast-box measurements

The fluxes measured by the fast-box method are showig. 35. NO accumulation
into chambers were non-linear in about 30% of c@ssfying the use of the HM model
(Pederseret al., 2010; Bruimmeet al., 2017). The mean fluxes measured during each-snap
shot campaign ranged from 2 + 2 to 101 + 19 pug-0f® m* h*. A maximum was observed
on 8 April with 295 + 69 pg of N-pO mi? h, which is consistent with the automatic

chamber observations. The maxima for the diffecenps varied by date (Table 6). Following
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the emissions peaks at the beginning of April, ftbres decreased towards the end of the

measuring period.

. 33t7ugm?h
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11+3 pgm2ht?

fid
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) § 2 i 127 ) ‘- v 2 y v
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Figure 35: N,O fluxes (numbers in pg N-NO m2 h'') measured by the fast-box on the

different sites during the 8 days of measurementsThe mean value for each day is

recorded. Red arrows show the prevailing wind diretton, with the size of the arrow

proportional to wind speed.
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Mean flux £ standard erroMax flux + standard error Type of crop with

Date (ug of N-NeO m2h'Y) (ug of N-NeO m2hY)  the highest flux

23 March 258 137 £ 43 Catch crop - pea
2 April 101 £19 270+ 40 Catch crop - pea
8 April 81 + 20 295 + 69 Wheat

15 April 16+£5 44 + 13 Catch crop - pea
16 April 33+7 124 + 22 Wheat

23 April 11+3 31+9 Wheat

27 April 27+8 132 +41 Wheat

28 April 212 5+4 Rapeseed

Table 6: Fluxes measured with the fast-box on everneasurement day, with the mean

flux, the maximum flux and the type of crop where he maximum flux was measured.

Regarding the measured ancillary variables, th® Nuxes measured with the fast-
box were correlated with soil moisture (p < 0.04xter-filled pore space (WFPS) (p < 0.01)

and NQ' soil content (p < 0.05).

1.3. NO fluxes detected by the eddy covariance method artkde associated footprint

defined by micrometeorological approaches

EC measurements showedNemissions throughout the experimental periodufféig
34). A high NO emission pulse of 291 pg Ne® niz h* was reached on 3 April. After this
pulse, the mean fluxes decreased from 10 to 25.Apn 26 April, a smaller pulse of R
emissions was observed, with emissions increasinghé following days until 3 May,

followed by a couple of days with emission puls&ébe apparent total D emissions
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measured from the arable soils inside the 1-kmusdootprint (389.29 ha) during the

experimental period (48.6 days) were estimate®4t+133 kg of N-NO.

1.4. Comparison of NO fluxes obtained by the different techniques

Table 7 presents the mean and standard error afltial fluxes measured with the
different techniques considering either all theadat only periods when all the data were
measured simultaneously. The means vary from 37at@. + 8 ug of N-BMO mi? h™. While
all the values are of the same order of magnittlte yariability is consistent with the well-
known spatial and temporal variability. The combio@a of the different measurement
techniques reveals that the wheat field invest@jateing the automatic chambers emitted

higher fluxes than most of the fields within theestigated area.

Mean Standard error
(ug N-N,Om?h™)  (ugN-N,Om?h?)

All data 45.7 7.5
Eddy covariance

mast Only when both automatic systems

o 45.2 7.5
were measuring simultaneously

All data 71.5 8.1

Automatic chambers ]
Only when both automatic systems

. . 53.0 6.0
were measuring simultaneously

Fast-box All data 37.0 6.2

Table 7: Mean and standard error of global fluxes neasured with different techniques

considering either all data or only periods when aldata were measured simultaneously.
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2. Footprints

As the main wind directions during the experinaémeriod were north (April) and
south (May), the forest on the north and the fiaeldsctly south of the EC mast, where the
automatic chambers were placed, were the mainibatdrs to the footprint of the EC flux
measurements during the campaign (Figure 36). Badkprint models predicted a larger
contribution of the fields near the EC mast thatds further away. FIDES assessed a larger
contribution of the fields in the south — north redor, leading to a larger contribution of
fields cultivated with wheat, rapeseed, and winbarley. In contrast, K&M included
contributions of fluxes from the western part ok texperimental site in its footprint
prediction, leading to a larger contribution ofdi€ cultivated with catch crop-pea, catch crop-
corn, fallow and forest. Moreover, FIDES assumddrger contribution of the wheat plot to

the total NO flux, i.e., where the automatic chambers wereqaathan the K&M model.

Nevertheless, the plot contributions to the footpriobtained with both
micrometeorological models were significantly ctated (p < 0.001), (Figure 37). Neither
model attributed any contribution (even a very weahtribution) of fluxes from the wheat
field during the first days of the experiment te tiotal observed EC-measuredNflux as
the wind was blowing from other directions. Thistta led to the very low contribution of
this plot to the signal observed at the top of B mast, although high J® fluxes were
measured during this period by the automatic charsys&tem. In contrast, during the second
part of the experiment, the magnitude of fluxesitaited to the wheat plot were consistent

with those observed by the chambers.
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Figure 36: On the left: contribution of each crop b the total footprint of the eddy
covariance flux during the campaign, obtained by usg the Kormann and Meixner
footprint model. On the right: the same information obtained using the FIDES footprint

model. The 2 circles show the 1-km radius around theddy covariance mast.

Log of the contribution calculated by
K&M (%)

Log of the contribution calculated by FIDES (%)

Figure 37: Contributions of the fields in the 1-kmradius of the total footprint calculated
using K&M as a function of those calculated by usig FIDES, together with the 1:1 line,
during the whole campaign. The level of correlatiorbetween the 2 models gives p values
less than 0.0001.
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V. Discussion

1. Comparisons between methods
In this study, we compiled a database of continublg® fluxes using different

measurement techniques at different scales. Thdtsesbtained directly by the EC system
and the fast-box located inside the footprint wggaerally consistent with low values on 15,
16, 24 and 28 April. On 2 April, both high and Iealues from the fast-box revealed strong
spatial variability, and the emission values frdme mast were included in this variability.
Nevertheless, the fast-box results were all lowerghs high values were observed by the
mast on 8 and 27 April. This means that the ovesaditial variability was not completely
covered by the fast-box system and that there wirer NO sources inside the footprint at
these times. Fast-box measurements are snapshitusex for a given time and location, so

“hot moments” might have been missed and “coldspmtuld have been surveyed.

The EC fluxes had the same dynamics as those @usép the automatic chambers
when both systems were working and when the autormbtimbers were upwind from the
mast. There was an increase in the flux at thenoégy of April, followed by an asymptotic
decrease and steady values, with a significantepatsthe end of the month and at the
beginning of May. These pulses can be explainethéyanaerobic soil conditions following
precipitation events that occurred immediately bethe emission pulses were observed. The
highest emission pulse observed by the automatmblers on 4 April was not detected by
the EC system because the wind blew from the n@iitjure 34) and the chambers, located
south of the mast, were not in the mast footprinthes time. Nevertheless, during periods
when the wind came from the south, the resultshef mast and the chambers were in

agreement, with background emissions and smalkpwisth similar values for both systems.
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Similar results were observed over a carrot andheatvstubble field, with similar values

measured by both systems with dependence on wimdis(€nsen et al. 1996).

For the automatic chambers, the gaps in th@ &missions measurements were caused
by the interruption of BD measurements due to the detection of precipitafibe field was
fertilized on the 24 March, followed by a rain even 29 March, triggering a high emission
pulse on 30 March. XD pulse emissions showed a delay of several haudays following
rain events. The mean value of the total campaibgrtHe automatic chamber (71 pug of N-
N,O mz h!) was almost twice as high as the mean value asdiom the fast-box (37 pg of
N-N,O m2 h') and the EC system (42.5 pg of NONm2 h%). This can be explained by the
fact that for the automatic chambers, only onetlonawas measured, whereas for the fast-
box, the mean value was measured across differeps ¢e.g., wheat, rapeseed, forest) and
locations, and for the EC system an integrated nvalre was obtained from different fields

and crops in the footprint.

2. Spatial variability inside the 1-km radius area

N.O emissions were very dependent on the locationygelof crop. Such variability
was observed by Hargreaves (1996) when comparud® fNixes measured over an arable
cropland with an EC system at a height of 5 m farat, wheat stubble, potatoes, spinach,
onions and wheat and by Molodovskaya (2011), whopayed measurements with an EC
system at 3.5 m for corn and alfalfa fields. Onrage, rapeseed and wheat showed the same
order of magnitude of }0 emissions, forest and winter barley appearedrtid wery small
amounts of NO and the catch crop-pea and corn combination ednitiore than wheat and
rapeseed. Differences between these emissions inelue to the different types of saill,
agricultural practices, soil properties, or a camaltion of these factors. The results obtained

for winter barley were probably biased by the daieshe measurements, which were all
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performed during periods of low emissions. Regaydhe high NO emissions by the catch
crop — pea plot, the pea had just been seededthankigh emissions were probably due to
catch crop decomposition, although the mineral Nteat measured in soil was not especially
high. An increase in D emissions of approximatively 0.1 kg N*hg' globally has been
attributed to catch crop (Pellerin et al. 2015)] aar results were probably influenced by a
corresponding event. Correlation tests indicatedndlaence of soil humidity, WFPS and
NOs; soil content on the O flux. High soil humidity and WFPS are favorable t
denitrification (Butterbach-Bahl et al. 2013). Theesence of oxygen decreases with water
content (Rabot et al. 2014); therefore, denitrifaa is favored. The N© soil content also
favors denitrification, potentially favoring both,;Nand NO production (Firestone and

Davidson 1989).

V. Conclusion

N,O fluxes measured using several methods coveriifgyeint scales of the landscape
gave consistent results. The mean measup€i flixes were 42.5 + 7 pg N mi2 h' for
the EC mast and 37 + 9 pg NI iz hi* for the fast-box over a similar area, while theame
N2O flux measured by the automatic chambers overtdiZed wheat field was 71 £ 8 N ug
N-N,O m2 h. The NO fluxes measured by the automatic chambers anéagtdox were
positively correlated with soil humidity (p < 0.QWater-filled pore space (p < 0.01) and
nitrate soil content (p < 0.05). Catch crop-pea eaith crop-corn fields emitted moreQ\

than wheat and rapeseed fields, and much morgdhests.
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Dans ce chapitre, nous allons spécifiquement titavaur le changement d’échelles
entre celle de la parcelle et celle du paysagecalgri Les résultats des mesures présentées
dans le chapitre 4 vont étre utilisés pour tentepigciser les sources des émissions g2 N
En effet, les mesures d’eddy covariance vont érahbinées avec les mesures de fast-box
pour attribuer des flux deJ® a une parcelle spécifique en suivant le prindipee approche
top-down. Les mesures réalisées avec les chambtematiques vont quant a elles nous

servir a valider la méthode d’attribution de flux.

Résumeé

La variabilité spatiale des flux de protoxyde d&z@\LO) est large, quelque soit I'échelle
d’étude, rendant tres importantes les incertitiglgdes estimations des émissions de gar
les sols. Les objectifs de cette étude étaienttidies les flux de NO a I'échelle du paysage
en couplant les résultats de mesures effectuéafféaedtes échelles et de proposer une

méthode pour cartographier les émissions gé basées sur ces résultats. Pour faire la carte
des émissions de,® sur la surface totale, nous avons évalué 2 méthdthattribution des
flux permettant d’estimer les flux de,@ de chaque champ sur la période totale. |Ces
méthodes ont utilisé un modéle de footprint comlaméc les mesures fast-box sur chague
type de culture, pour déterminer la contributionctieque champ au flux mesuré par le mat
d’eddy covariance. Deux modeles de footprint ot émparés (les modeles FIDES]| et

Kormann et Meixner) et 2 hypothéses sur la dépasaldes émissions de,® par rapport a
la distribution des cultures et sur la teneur dmaté du sol ont été testées. Les chambres

automatiques ont été utilisées pour évaluer lehodés d’attribution. Sur toute la surface et

pendant la période expérimentale de 2 mois, lesdiNO ont variés de 0.18 a 0.44 kg N-
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N,O ha' mois® selon la surface. La plus simple méthode d’attiisuties flux, prenant e

compte seulement l'utilisation des terres, a modé&d®onnes similarités avec les mesures

champs fournies par les chambres automatiques (B%-de différence). Cette étude

=

aux

démontre le potentiel de cette méthodologie a sgpitér la variabilité spatiale des émissipns

de NO a I'échelle du paysage et de réduire les incelgs dans son évaluation.

Mots-clés : gaz a effet de serre, mesures par demnlkeddy Covariance, méthode

d’attribution des flux, effet de l'utilisation désrres

Abstract

The spatial variability of soil nitrous oxide £{8) fluxes is large - regardless of the study scale

- resulting in very large uncertainties in sofNemission assessments. The objectives of

study were to assess® fluxes at the landscape scale by coupling resiilteeasurements

performed at different scales and to propose a odetb retrieve emission maps based
these results. To map the®l emissions of the entire area, 2 flux attributoathods were
evaluated which allowed estimating theONflux of each field during the whole period. The
methods used a footprint model in combination vi@st-box measurements over each ¢
type to determine the contribution of each fieldhe flux measured at the eddy covaria
mast. Two footprint models were compared (the FIDB&I the Kormann and Meixn
models) and 2 hypotheses on the dependency,@fawissions on crop distribution and s
nitrate contents were tested. Automatic chamberse wsed to evaluate the attributi

methods. Over the whole area during the 2-montlerx@ntal period, the XD flux varied

this

on

2Se

rop

nce

from 0.18 to 0.44 kg N-pO ha' month'! depending on the attribution method and footp‘rint
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modeé. The simplest flux attribution method, taking otdynd use into account, showed very
good agreement with the field measurements provigeithe automated chambers (10%-13%
difference on the mean flux). Our study demonssrétte potential of flux attribution methods
for catching spatial variability of soil J emission at the landscape scale and redycing

uncertainties in its evaluation.

Keywords: greenhouse gas, chamber measuremeniscedariance, flux attribution method,

land use effect

I. Introduction

In order to quantify BO emissions at the landscape scale, combining EC
measurements with chamber measurements has beenprseful as it provides additional
information on spatial variability as well as tlegrtporal variability of fluxes for defined plots
(Eugster and Merbold 2015). 2 types of approach ewerently available to link
micrometeorological measurements with chamber nmeasents. The first is the bottom-up
approach, which involves: (i) direct measurementtha soil surface and (ii)) a method for
extrapolating local results to larger scales ofetiand space, using basic extrapolation or
ecosystem models such as Landscape-DNDC (Haas2218) or CERES-NOE (Gabirielle
et al. 2006)). The second is the top-down approaghich involves (i) integrative
micrometeorological measurements and (ii) atmosptemsport modeling. At the landscape
scale, the Kormann and Meixner model (K&M) (Kormamd Meixner 2001) and the FIDES
model (Loubet et al. 2010; Loubet et al. 2009; Letudt al. 2001) calculate the contribution of
fields to the total footprint involved in J flux detection dependent on meteorological

conditions. Although relevant, this information issufficient for describing the spatial
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variability of N,O emissions. Understanding this spatial variabilfgspecially at the

landscape scale) remains a key concern for mitigatoil NO emissions.

In this study, several scientific issues were &) Can the origin of the JO fluxes
be retrieved from the integrated and local measangs? (2) What is the integratedONflux
and the spatial variability of this flux over a trkradius landscape occupied by a mix of
croplands and forests? Finally, (3) which methodilde the best, and how can its validity

and uncertainty be estimated?

[l. Materials and Methods

Methods were developed to estimate the contributiomach field to the EC flux and
to map the spatial variability of the soib® flux for the entire study area. These methods are
referred to as the flux attribution methods, which based on the combined results of the EC
flux measurements and footprint analysis in comsitilen of the spatial information provided

by the fast-box flux measurements.

Two attribution methods were tested. The first osed the land useéu) - defined
here as either forest or crop type (wheat, rapedmatey, catch crop — corn, catch crop — pea)
- as the main factor controlling.® emissions(U method), and the second used both the

land use and soil nitrate (N concentrationsNCLU method).

1. Flux attribution method for characterizing the goatial variability of N ,O emissions:

assuming only land use is affecting the JO emissions U method)

This first method is based on the basic assumgtan only the type of land use

affects the soil BD emissions (Freibauer and Kaltschmitt 2003). Hyigothesis means that
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the NO flux of a given land uséu at a given timet (Fnzouutr) IS homogeneous in the

landscape. It is useful to determine the rati@

Xpyp = 2ol Eq. (5.1)

FNZO,wheat,t

Wheat was chosen as the reference crop becauseeited the largest area of the landscape.
Here, kpout is the mean pO flux measured for land use at timet. Combining Eq. (4.2)
and Eq. (5.1) and considering the sum over eadh Use instead of the sum over each crop

leads to:

Fnz20mastt = Fnzowneat,t Zlu(alu,t X Ai,t) Eq. (5.2)

Further assuming that the variationogf ; with time is small (§;,, . ~{o,)), leads to:

FNZO,mast,t = FNZO,Wheat,t Zlu((alu) X Alu,t) Eq- (53)

This enables the determination of the dynamics@MNO flux in the reference crop (wheat):

F mast,
Fnz2o,wheatt = % E(5.4)

Finally, the NO flux in each land usel can be estimated at each titrees:
F mast,
Frnzo,mt = () X Fyzowheat,e = () X #@ Eqg. (5.5)

o)yt Was calculated on each dai@nd averaged over the 8 fast-box sampling datealtwoilate
the average(ay,). Moreover, data were taken only when at least 56f%he footprint
calculated by both the FIDES and K&M models washimitthe 1-km radius. We supposed
that NO was emitted homogenously between the 1-km raahdsbeyond. The standard error

seq, Was also calculated. The overall uncertaintyFab,,,, was calculated by error

propagation, accounting for the uncertainty of B@ measurement&y;0 mastt) €Stimated
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as the total random uncertainty and the uncertantfo,) estimated with the standard error

(Sea )
x
S€FN20,ut _ SCa S€FN20,mastt S€a
tue o oy | SPnoomaste |y Fawp Eqg. (5.6)
F ( ) F u {(ary) u,
N20,lut Ay N20,mast,t Ay

2. Assuming land use and soil nitrate content areotely affecting the NO emissions

(NCLU method)

The NO fluxes from denitrification are commonly descdbeéby empirical
multiplicative models based on soil variables (Héha&t al. 2005; Schmidt et al. 2000).
Applying such a model over the landscape with ciyge i and further considering that
denitrification is dominant, in line with previowdudies in the same region (Grossel et al.,

2016), leads to the daily,® flux defined as:

Fn2omastt = 2o |[Ziinw([NO3Tie X NF;p X A ()] Eq. (5.7)

where i is the index for each field afdO3]; ; is the soil N@ content of field at time t.

Introducing the assumption thiF; , is only a function of land ude leads to

FNZO,mast,t = Zlu [NFt,lu Zi in lu([NOS_]i,t X Ai,t)] Eq- ()3-8

Again, taking wheat as the reference land use,efiealthe ratio based on normalized fluxes:

Bry = wo-l2odnt Eq. (5.9)

NFNZO,wheat,t

We can demonstrate thag,, . is constant (see supplementary material) and ingtithat
NF¢ 1 = {Bu) " NF¢ wheqe and thatNF, .. Can be taken out of the summing operator

(constant) leads to:

FN20,mast,t
- _ mast Eqg. (5.10
t,wheat i [(ﬁzu>2iinm([Noz_]i.tXAi,r)] q. ( )
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Noticing thatFy,0,i+ = Biui)rer - NFtrer - [NO3 ]t the flux in each crop can be calculated

as:

FNZOmastt -
F, i = X — X [NO5|; Eqg. (5.11
v20.it = (Bu) o [(Blu)Ziinlu([NO's_]i,tXAi,t)] [NO3]i¢ g. ( )

[NO3]; . is mainly driven by the fertilization date and amband is different for each field
It was calculated from the [N background in each plot and from the [N®@esulting from

fertilization, taking into account the decreas@N@3] over time as:
[N03_]i,t = [NO;] background,i + Nogfert,i * [1 - fl(t - tfert,i)] Eq- (5-12)

wheref; is an empirical function fitted to field measurenss increasing from 0 &t tie; t0 1
attend, fi(t—trere)=1 fOrt <treq Ort >teng For each plot, the exact date and amount ofifsti
were recorded. An input of 0.5 kg haf NO; was estimated for each kghaf N input as

the main fertilizer applied was ammonium nitrate%&N-NH," and 50% N-N@).

(Bn.) was calculated from the fast-box measurement8, sampling dates W|th— The

twheat

same hypothesis of homogeneity beyond the 1-kmusadpplied for theLU attribution
method was applied here. The standard ewsqy, was also calculated. The overall
uncertainty onfy,, ;. Was calculated by error propagation, accountimghfe uncertainty on
the EC measurementB(as; total random uncertainty) and the uncertainty(@ip (seg,,=

standard error).

S€Fi _ Sep; SeFmastt eg; S[NO3 it
e =0 T o Zl( A [NO3ie + seg, (o = Aue Eq. (5.13)

Spatial and temporal dependencies on errors wereamsidered as their characterization is

beyond the scope of this study.
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3. Evaluation of the validity of the 2 flux attribution methods

As the fluxes measured with the automatic chamben® not used to estimate the spatial
distribution of the MO fluxes, these data could be used to validatecaigulation for a
specific plot using a top-down approach. ThHe and NCLU flux attribution methods were
used to calculate plot-specific.® fluxes. Furthermore, the uncertainties wereutated for
each value of BD flux obtained using the flux attribution method3nly values whose
uncertainties were lower than the calculated fl#&F(F|<1) were considered, as done in a
previous study (Mammarella et al. 2010) to removeeliable fluxes with very large
uncertainty, that were mostly large ones. The tht#® emitted from each plot in the 1-km
radius area during the entire campaign was cakxdilathe retrieved flux was compared to
measurements on the field in which the automatemdsers were placed. This wheat field
was considered representative of every wheat iitetde area because despite the well-known
spatial variability of NO fluxes, similar flux dynamics have been observed to 8 replicate
sites over 2 years in this site in previous studi®s et al. 2014; Gu et al. 2011) . The
precision of the model was tested by calculatirey ¢befficient of determination?Rand its

accuracy by considering the root mean square anothe relative root mean square error.

Last, we investigated the effect of the hypothedisut emissions outside the 1-km
radius area. We used a bottom-up approach usindZE@nd replaced the N flux Fnoo
with the previously calculated flux. If 100% of ti@otprint was within the radius, we will

find again the results obtained with the and theNCLU approaches.

4. Statistics

ANOVA and the Newman-Keuls test were used for thst-box and soil data to test

the null hypothesis that the type of crop or lard did not affect soil }D emissions.
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[ll. Results
1. N;O fluxes and fast-box measurements

ANOVA statistical analyses followed by the Neuwniéedls test revealed a
significant effect of crop/land use on sod®emissions, leading to the following groups: (1)
catch crop - pea combination (A), (2) wheat, catobp - corn combination and rapeseed

(AB), (3) forest and winter barley (B) (Table 8).
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Crop Wheat Rapeseed Forest Barley Catch crop - Catch crop
(reference) - corn - pea
Number of n 15 15 8 2 3 5
measurements
Mean 53.19% 17.07"® 570® 093%® 26.05% 94.21 4
Standard | o oo 2139  6.88  0.00 9.22 111.42
error
N,O fluxes ]
(ug N-N,O m2hY) min -2,08 1.78 042  0.93 15.95 8,64
median 16.29 7.99 322 094 28.19 44.30
max 295.15 8460 21.24 0.94 34.01 270.19
a, Ratios 1.00 1.00 0.04 0.04 1.00 3.8
Crop Wheat Rapeseed Forest Barley Catch crop Catch crop
(reference) - corn - pea
Number of n 19 20 8 2 3 5
measurements
Mean 7.3148 3.88%% 258% 165% 7559”% 448"
Standard 8.17 351 110 0.48 1.50 1.78
error
[N-NO3] )
(me ke)) min 1.00 0.28 131 131 5.97 2.02
median 4.78 2.38 2.67 1.65 7.89 5.45
max 35.49 11.78 464  1.99 8.93 6.00
B Ratios 1.00 1.00 018 0.18 1.00 2.11

Table 8: (a) NO fluxes measured by manual chambers. Thax;,) ratios are the ratios of

the flux of the given land use to the flux of theaference crop (wheat). A, AB and B are

the different groups determined statistically. (b)Nitrate concentration in each land use

type. The(B;,) ratios are the ratios of the NO emission factors of the given land use to

the emission factor of the reference crop (wheatp, AB and B are the different groups

determined statistically.

124



Chapter 5: Development of flux attribution methods for mapping N20 emissions by agricultural soils

2. Spatial variability of NoO emissions defined by the attribution methods

2.1. Definition of the NG function

The observations of a significant effect of theetygf crop/land use and soil NO
content on soil PO emissions support our assumptions underlying Litleand NCLU
approaches. The,, and p, ratios were calculated for the three groups ddfifrem the
Newman-Keuls test (Table 8). The BQrontent was estimated for each plot from the
equation obtained from the slope of NGQconsumption derived from the soil NO

measurements (Fig. 38).
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Figure 38: Soil nitrate content (0-20 cm depth) foall sampling date as a function of time
following fertilization. The content is normalized by the nitrate content on the day of
fertilization. The equation and the line show the dinction used to account for nitrate

consumption over time.
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2.2. Evaluation of the attribution methods

The performance of the attribution methods waseteat the plot scale using the data
collected by the automatic chambers. The simulatabtained via theU attribution methods
were fairly consistent with the automatic chambgraimics (Fig. 39), except for the first high
pulse. However the values are always the same ofdeagnitude, and the mean values over
the whole period were almost identical. However, tlee NCLU attribution methods, the
model over-estimated the fluxes on this plot, witigh emission pulses throughout the
campaign (Fig. 39). The mean values on this plat #re total NO emitted during the
campaign were calculated for each method (Tabl&r9LU values were almost the same as
those measured by the automatic chambers, whilevdahees were higher for thRCLU
approach. Nevertheless, the best model precision etdained with theNCLU method
combined to the K&M footprint model (R0.50). The RMSE is of the same order of

magnitude than the mean flux for both approachke.rRMSE ranged from 0.63 to 0.77.
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Figure 39: Comparison of the daily averaged BO flux (ug N-N,O m2 d?) estimated on
the wheat field where the automatic chambers werelaced, and the FIDES and K&M

footprint models coupled with theLU and NCLU attribution approaches.
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LU attribution method

NCLU attribution method

Auto chambers K&M FIDES K&M FIDES
R? - 0.19 0.26 0.50 0.25
RMSE (ug m2h) - 52.6 49.1 58.3 59.5
rRMSE - 0.67 0.63 0.74 0.77
Mean flux (ugm?h?)  54.4+6.2 59.9 +30.3 61.7+33.8 89.8 +22.5 77.4+21.6
Total N,O emitted (kg) 4.7 +£0.5 52+26 53+29 7.8+19 6.7+1.9

Table 9: Comparison of the NO flux measured by the automatic chambers and theU

and NCLU attribution methods on the wheat field where the atomatic chambers were

installed throughout the campaign.

2.3. Spatial variability of N,O emissions

The apparent pO emissions recorded by the EC system amounted3fiok@jN-N,O

ha' month' throughout the experimental period, and total einis were estimated at 0.30

and 0.29 kg N-BO ha' month using theLU flux attribution approach combined with FIDES

and K&M, respectively, and 0.39 and 0.44 NeNkg ha month! using theNCLU flux

attribution approach combined with FIDES and K&Mspectively. The PO emissions

estimated using the attribution methods at thedeayle scale were consistently higher for the
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NCLU approach than those calculated from the resultairsdd by the EC system alone,
which partially cover the total area of 1-km radi@n the other hand, theU approach

produces very similar results (Table 10).

The bottom-up approach results gave total emissdris18, 0.19, 0.23 and 0.29 kg
ha' month* N for LU + FIDES,LU + KM, NCLU + FIDES andNCLU + KM respectively,
corresponding to 58% to 65% of the fluxes calcuatsing theeU andNCLU flux attribution

approaches. Therefore, 58% to 65% of th® Muxes were from the 1-km radius area.

The emission maps of the entire landscape, estifaben theLU and NCLU flux
attribution techniques combined with the footpnmodels, show a clear pattern with crop
cultivations as the main driver of,8 emissions (Fig. 40). The catch crop - pea and cor
combinations, wheat, and rapeseed fields domirthie@missions, while very low emissions
were attributed to forests, winter barley and falliields. Correlation tests showed that the 2

flux attribution approaches were correlated (Tddle
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Top-down
EC system LU + FIDES LU + K&M NCLU + FIDES NCLU + K&M
Mean flux
(g N-N.O i? %) 42.7 41.3 40.1 53.9 59.8
Mean NO flux
(kg ha month?) 0.31 0.30 0.29 0.39 0.44
Total N,O emitted
during the campaign 193.6 187.3 182.0 244.4 271.1
(kg)
Bottom-up
EC system LU + FIDES LU + K&M NCLU + FIDES NCLU + K&M
Mean NO flux
(g N-N,O mi2 h) 42.7 25.2 26.5 31.7 39.2
Mean NO flux
(kg ha month?) 0.31 0.18 0.19 0.23 0.29
Total NbO emitted
during the campaign 193.6 114.3 120.1 143.9 177.7

(kg)

Table 10: Comparison of the NO flux measured by the EC system throughout the

campaign with the NO flux calculated at the mast location using bothdp-down and

bottom-up methods, with theLU and NCLU attribution methods using either the FIDES

or Kormann and Meixner (K&M) footprint models over a 1-km radius area.
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Figure 40: Averaged NO emission maps (g N-bD h™) over the whole campaign using

the LU and NCLU flux attribution approach. The LU method assumes equal D for

each land use, whereas th&lCLU method assumes an equal emission factor for each

land use. The 2 methods are constrained by the eddgvariance method.
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Variables LU+ FIDES LU+ K&M NCLU + FIDES ~ NCLU + K&M

LU + FIDES 1 1,000 0,831 0,835

LU + K&M 1,000 1 0,831 0,835
NCLU + FIDES 0,831 0,831 1 0,999
NCLU + K&M 0,835 0,835 0,999 1

Table 11: Correlation matrix of NoO emissions calculated over the whole area usingeth

flux attribution methods.

V. Discussion

1. Methods to assess the spatial variability

The main novelty of this study is the definitionchfferent methods for estimating and
mapping soil NO emissions at the landscape scale from a singh@dsl NO emission
dynamics measured by an EC system. Combinatiordifieirent measurement methods to
estimate NO emissions have been deployed previously, inctudomambers and EC
measurements in combination with both top-down lawitbm-up approaches using the use of
footprint models (Griffis et al. 2013; Molodovskagaal. 2011). None of these studies used
measurements at this spatial scale with a 15-m prasbnsidered continuous observations
over a 2-month period. The results obtained with tbp-down approach resulted i
emissions in the same range of magnitude as tfedxwissions measured by the EC system.

Both methods and both footprints models resultedimnilar model precision and accuracy
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when comparing to the flux dynamics observed wittomatic chambers in one field (Table
9). The best precision was obtained with the K&Mdmloand theNCLU approach (R=0.50)
probably because the first pulse is better repredwath this approach; however, considering
the mean flux over the campaign in this field, the flux attribution approach produced
results closer to the measured results than thiobee 8ICLU approach. This can probably be
explained by the pulse at mid-April simulated by MCLU approach when no pulse was
actually measured. Simulation of® fluxes by more complex models such as semi-eagbiri
ones or crop models often result in moderataml RMSE on the same order than mean flux
or larger (e.g. Gu et al., 2014; Gabrielle et 2006). This outlines the present difficulty to
obtain good prediction of JD fluxes; in this view, the present results arestattory and

both attribution approaches can be considered rasstent.

Automatic chambers measurements were added tadbecpl to propose a validation
method for the flux attribution approaches. Thailtssobtained by theU approach were, in
term of mean value, closer to the measured valhas those obtained with theCLU
approach (Fig. 39 and Table 9). Consequently, tithtian of the N@ function in theLU
flux attribution approach does not significantlyprave the model, probably because the
empirical NQ' function is not sufficiently accurate. Indeed, sigpposed that all the added
NO;3; was fully available one day after input, althoug®s is actually consumed by other
processes such as plant uptake or leaching, amomsideration was taken about the time of
diffusion and the type of input (liquid or solidrfn). On the other hand, tiéCLU method
was able to predict the absence of emission puldkeathird fertilization (11 May) when
denitrification was limited despite large N@ontent because of soil dryness. This is also the
reason why there was no correlation betwee® missions and NOon the field with

automatic chambers.

133



Chapter 5: Development of flux attribution methods for mapping N20 emissions by agricultural soils

2. Integrated fluxes and spatial variability over he 1-km radius area
2.1. Levels of NO emissions

The share of pD emissions from the N added to the fertilized zodering the
fertilization period resulted in direct emissiorctiars between 0.24 and 0.37%. These values
are high in relation to the duration of the expenity and if projected to an entire year, could
be higher than the general IPC@MNestimation of 1% [0.3-3%] (IPCC 2006),®l emission
observations in this area, typical of intensivei@gdture in France, should therefore be
monitored across entire years. The difference neylze due to the period of the experiment
because the weeks following spring fertilizatiomemlly present the highest emissions, and
previous studies have shown that higfONpulse emissions occur in April (Grossel et al.
2016; Gu et al. 2011; Henault et al. 1998). The mtade of the NO fluxes reported for the
wheat plots in this study are in general agreemetit previous work, e.g., Grossel al.
(2016) (mean: 71 pg of N4 mz h', pulse emissions: 400-800 pg of NONm2 h?,
undrained soils). For drained soil cropped with athéower pulses of YO in the range of 0-
120 ug of N-NO miz h! have been observed previously (Gu et al. 2011) thfetostudy in
France measuring & emissions from wheat and rapeseed plots repddddization-
induced pulse emissions in the range of 2 to 29NiNpO m2 htin April (Henaultet al.,

1998).

2.2 Spatial variability of N,O emissions

The spatial variability predicted by the develo@gxproach is expected to mirror the
basic hypotheses about the chosen footprint moddl @osen control factors for the
attribution method (U or NCLU). The 2 emission maps generated by lthe model are
similar in terms of quantity and spatial distrilmurti The same observation is valid for the

NCLU model. Hence, it does not matter whether the K&MFIDES footprint model is used.
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On the other hand, the useldd andNCLU led to different results on total emission, witle t

LU model producing results similar to the direct nieasents by EC and slightly larger
results by theNCLU model (Table 10). In theU method, the area covered by wheat/rapeseed
(53% of the total area) emitted 72% of the totalssimons; the forest/winter barley (40% of

the total area) emitted 2% and the catch crop fcpaa(7% of the total area) emitted 26%.

2.3. Uncertainties of the methods and perspectives

The quality and uncertainty of the emission mapietd depend on the design and
schedule of the measurements with the fast-boxesystalthough they are fairly small overall.
For example, BD emissions by winter barley crops (representing 18 the surface) were
probably underestimated in the proposed emissiop im@cause PO emissions were
measured only twice for this type of crop and ailying the second part of the experiment
when NO emissions were generally low. As fast-box measergs are labor consuming and
depend on physical accessibility, a trade-off mé¢ defined between commitment and
emission map quality before each measurement cgmpdlevertheless, the range of
uncertainties obtained by our simulations remams ¢compared to the range of uncertainties
obtained by applying the IPCC method: the configeintéerval on the emission factor covers
one order of magnitude (see previous paragraphgreals the uncertainty calculated here on
the predictions represents approximatively 50% h&f total emissions and the difference
between the proposed attribution methods for thel temissions of the area is
approximatively a factor 2. Thus, th&) andNCLU attribution methods may be interesting
tools to improve the quantification of J emissions by a mixed crop/forest area while

attributing the contribution of each land area.

The proposed flux attribution methods are basetherknown effect of soil crop/land

use and N@ content on soil BD emission. The methods proposed here are intetodbd
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generic and should be tested in different areas longer periods of time. Our hypothesis of
controlling NNO emission by soil crop/land use and soil N©ontent was statistically
validated. Our results with ttédCLU method indicate that the relationship between NG}
contents and PO fluxes should be revisited, with an experimentahpaign developed until
the harvest. Including longer periods may enablddt®rmine a temporal variability of the
parametersa and 3 (i.e. different crop dynamics in response to ctim&onditions). The
NCLU model may be improved by keeping an empirical sasp of soil N@ (without
representing the underlying processes of consumjptonsidering different functions for
different crops, different fertilizer types andfdifent plant stages. More data would be needed
for testing this. A better predictor of soib® flux may also be the soil excess total inorganic
N rather than N@ (Van Groenigen et al. 2010). Last, a more genapiproach could be
developed by improving theU and NCLU flux attribution approaches using mechanistic
models (e.g. Landscape-DNDC (Haas et al. 2013)ERES-NOE (Gabrielle et al. 2006)) or
based on the soil water and soil temperature dycsi@nd a mechanistic modeling of the
NO3; dynamics, i.e. with consideration of the undelyiorocesses of consumption, rather
than the simple empirical function used in thisdgtuNevertheless the present objective was
to provide a first approach based on simple emgdifimctions. Moreover, even with full crop
or ecosystems models, it is still challenging tedict the dynamics of N9 consumption in
the upper soil layer (e.g. a case study with DNDGu et al., 2014 and with CERES-EGC in

Gabrielle et al., 2006, in the same region of Fednc

This campaign lasted only 2 months. Without measerds covering an entire year,
our results cannot be scaled to annual flux, ehenigh the likely key period of high,®
emissions associated with fertilization was assks$e view of present results, future
campaigns may benefit of a more frequent fast-tamping to help refining thex or 3

parameters. Such an approach could be appliedferatdit situations, with an adaptation of
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factors to local conditions and scales. Applicatam other sites would probably need an
assessment of local factors controlling the spagaiability of ;O emissions. For example,
in the case of hydromorphous areas in footslopessuggest to introduce simulation units

based on both elevation and fields, using a digi@fation model.

The application of flux attribution method is bedoghmore feasible as the employed
instrumentation is becoming more common, with @i@xpected to drop in the future
(Eugster and Merbold 2015). As EC systems for nooimigg N,O emissions are becoming an
integral part of the ICOS network (Integrated Carlidbservation System), which aims at
guantify greenhouse gas fluxes over longer timeogdsrfor various ecosystem types, the

developed approach for flux attribution is liketyliecome interesting for other groups.

V. Conclusion

During this study, 2 flux attribution methods wem@posed to determine the spatial
and temporal variability of )0 emissions, one based on land ud¢)(@nd the other based on
both land use and NOcontent NCLU). This study has demonstrated the capability ef th
proposed flux attribution method to determine bibign spatial and temporal variability of the
N2O flux over a 1-km radius landscape. Some encongagisults were obtained: taking into
account the fertilization withNCLU approach resulted in a better simulation of flyramics
with the K&M model, but also over-estimated meanxflcompared to the automatic
chambers. On the other hand, theg method showed close agreement with the results
obtained by the automatic chamber method (10% réifiee on the mean flux). Therefore
these method were applied on the whole site reguiti original maps of pbO emissions at

the landscape scale. Our results suggest that forihre use of the fast-box method for flux

137



Chapter 5: Development of flux attribution methods for mapping N20 emissions by agricultural soils

monitoring, the spatial variability of the,® flux should be evaluated carefully. This would

enable targeting measuring points that are reptatbes of a wider area.
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|. Conclusions

1. Objectifs

Le changement climatique et la destruction de lecke d’ozone stratosphérique sont
actuellement 2 des problemes écologiques majeursplls fréquemment discutés.
L’augmentation de la concentration des gaz a eféeserre dans la stratosphere en est la
principale cause (IPCC 2014). Parmi ces gaz,.f@ 8kt particulierement important car il est
le ™ gaz responsable du réchauffement climatique £ lgaz responsable de la destruction
de la couche d'ozone. L'agriculture est la print@paource anthropique des émissions de
N0, di a l'utilisation de fertilisants azotés. Awee des derniéres décennies, de nombreuses
études ont tenté de déterminé quantitativementezt @ne précision croissante, les différentes
sources de PD. Les fortes incertitudes liées aux sources d’simis, font que le YD reste

un probleme actuel.

Les objectifs de notre travail étaient (i) de pesgper sur le déterminisme des
émissions de PD et d’améliorer les outils de quantification iradite par les modéles, avec un
travail spécifique sur I'effet de la variation dertpérature sur les émissions d®Npour étre
intégré dans les modeles, (ii) de progresser sufrdisation de mesures directes a I'échelle de
la parcelle et du paysage, avec l'application adri@ues de mesures intégratives dans le
temps et le développement d’'un dispositif de mesimggratives dans le temps et I'espace,
et, (iii) de progresser dans lattribution des sesr des émissions de,® par le
développement d’approches d’attribution de fluxadtip des données collectées pendant la

campagne de mesures.
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Pour atteindre nos objectifs, une expérimentationladoratoire a été réalisée sur
I'effet de la variation journaliere de températwar les émissions de,®. De plus, une
campagne de mesure sur le terrain a eu lieu ateprps 2015, avec différentes techniques de
mesures, a I'échelle de la parcelle et du paygams, mesures les émissions dgOiNet pour
développer 2 méthodes d’attribution de flux a I'éltdh du paysage. Nous avons également

essayé de répondre aux questions scientifiques\smg par cette thése.

2. Effet de la variation de température sur les émssions de NO

Plusieurs questions scientifiques ont été souleséedeffet de la variation de température

sur les émissions de,N:

- Est-ce que les émissions de(Nsont plus fortes lorsque la température augmenteours
du temps ?

- Qu’en est-il de la régulation par la températdte processus de dénitrification et plus
particulierement du processus de réduction gD R

- Est-ce que les modeles prennent correctemerdrapte I'effet de la température ?

L’étude expérimentale a été conduite pour évalleffet des variations journalieres de
température sur les émissions dgONpar les sols. Les émissions totales d® Nt la
dénitrification ont été étudiées. Les resultats wmaent que la température affectait les
processus impliqués dans les émissions gi@ phr les sols cultiveés en condition anaérobie.
La dénitrification et la réduction du,® étaient plus élevées a 16°C qu'a 4°C et a 4-16°C
mais, plus étonnamment, pas les émissions @ Bn comparaison avec la minéralisation du
CQO,, cette étude révele le controle tres complexeémeissions de pO par la température
avec des reponses différentes pour les processpsodaction et de réduction, qui varient

egalement avec la température. Les incubationssfaitune température changeante, plus en
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adéquation avec les conditions de terrain, sugyépgnne paramétrisation dynamique des

modéles doit étre étudiée pour mieux prendre emtiteffet de la température.

3. Mesures des émissions de® a I'echelle de la parcelle et du paysage avec &thodes

différentes

Plusieurs guestions scientifiques ont été souleséeta campagne de mesures des émissions

de NO:

- Est-ce que les mesures faites a partir de 3 rdéthdifférentes et a différentes échelles
peuvent fournir des valeurs comparables ?

- Est-ce que la variabilité spatio-temporelle p&uoe totalement couverte ?

- Quel type de culture émet le plus dgON?

Les objectifs de cette campagne étaient d’évakiflux de NO a I'échelle du paysage en
combinant les résultats des mesures réaliséefaedifes eéchelles. De par leurs fréquences et
leurs propres caractéristiques, ces meéthodes amntifdifférentes informations sur les flux de
N>O and sur leurs variabilités spatio-temporellest Banséquent, ce fut intéressant de
pouvoir utiliser ces méthodes ensemble et de coenpes résultats. Les résultats ont montré
gue les différentes techniques mesurant a difféserdchelles pouvaient étre utilisées
simultanément pour mesurer les flux dgONet que ces valeurs obtenues étaient comparables
lorsque les mesures étaient faites en méme tenagstésultats ont montré un bon accord en
termes d’amplitude et de dynamiques temporelles. shsteme EC et les chambres
automatiques fonctionnaient en permanence, couMantariabilité temporelle du site.
Cependant, les chambres automatiques couvraietgnsent la variabilité temporelle d’'un
champ de blé, et le systeme EC d’'une surface querdfait de la force et de la direction du

vent. La variabilité spatiale a été couverte parrgesures fast-box réalisées sur 16 sites
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différents. Cependant, en comparant ces résult&s eeux du systéme EC, on a remarqué
gue la variabilité spatiale n'a pas été parfaitenmuverte. Pendant cette campagne de 2
mois, la parcelle piege a nitrates — pois et pagérates — mais ont été les cultures les plus
émettrices de pO. Ensuite vint les parcelles de blé et de colzanén les foréts avec les plus

faibles flux de NO émis.

Les flux de NO, mesurés par les chambres automatiques et tadasetaient positivement
corrélés a I'humidité du sol (p < 0.01), la tenewreau (p < 0.01), et la teneur du sol en
nitrate ((p < 0.05). Cependant, la températuretipas apparue comme un facteur de contréle
des émissions de;MN. A la vue des résultats obtenus lors de I'expénitaition en laboratoire
sur l'effet de la température sur les émission®ge, ce n'est pas surprenant car la relation
entre émissions de N et température n’était pas linéaire. D’autresiésusont nécessaires

pour tester la cohérence entre le terrain et eggpérimentation en laboratoire.

4. Développement de méthodes d’attribution de flupour cartographier les émissions de

N>O par les sols agricoles

Plusieurs questions scientifiques ont été soulewaes le développement de méthode

d’attribution des flux

- Est-ce que les origines des flux dgON\peuvent étre retrouvées a partir de mesureseoed|
intégratives ?

- Quelle méthode serait la meilleure pour cela enment estimer sa validité et ses
incertitudes ?

- Quelle est la variabilité spatiale des flux dgONsur un paysage d’un rayon de 1 km, occupé

par un mélange de cultures et de foréts ?
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Au cours de cette étude, les données provenara cdenipagne de mesures (mesures de fast-
box et d’EC) ont été utilisées pour développer 2haddes d’attribution de flux pour trouver
I'origine des flux de MO. Les 2 méthodes d’attribution de flux proposaidatretrouver la
variabilité spatiale et temporelle des émissiondNgle sur un paysage d’'un rayon de 1 km,
'une basée sur l'utilisation du sdl{), I'autre basée sur a la fois I'utilisation du sblde la
teneur en N@ du sol \NCLU). Pour tester la validité de ces méthodes d’aitidm de flux,

les résultats trouvés pour le champ de blé ourédtpiacées les chambres automatiques, ont
été comparés directement avec les mesures des w@wmmbtomatiques. Des résultats
encourageants ont été trouvés, notamment pour tlaoohe® LU, montrant un tres bon accord
avec les mesures obtenues avec les chambres aigioesafl 0% de différence). Finalement,
des cartes originales ont été créées, représdataatiabilité spatiale des flux de;® sur un

paysage de 1 km de rayon occupé par un mélangerds tultivées et de foréts.

Cette étude démontre le potentiel de cette métbgdobour représenter la variabilité
spatiale a I'échelle du paysage et pour réduirenlastitudes sur les émissions dglN\oar les
sols a I'échelle du paysage. La méthode d’attrdsute fluxLU semble plus adaptée lorsque
les pratiques agricoles sont similaires a I'échédllepaysage alors que la méthddeLU

semble plus adaptée lorsque les pratiques agrisolgsdifférentes

5. Conclusions générales

D’un point de vue scientifique, cette recherchéligppe répond a une problématique
écologique sur les causes et mécanismes respomsdhlechangement climatique, en

apportant des données complémentaires sur lesiénsisie NO sur notre territoire.
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Des études ont été développées a différentes éshelk I'échelle du cylindre pour
'expérimentation sur la température, a I'échelle la parcelle et du paysage pour la
campagne de mesures et la méthode d’attributiorflalesConcernant I'expérimentation en
laboratoire, I'originalité de cette expérimentatiaent du fait qu’elle a été réalisée avec des
températures d’incubations changeantes au courgenhps. Ces conditions étaient en
adéquation avec les conditions de terrain et oétafisociées avec des conditions plus
classiques pour des expérimentations en laboratogtte expérimentation a permis d’obtenir
des informations sur le comportement des émisgiensant une augmentation journaliere de
température. Aucune étude n’avait été menée datellde conditions. En ce qui concerne la
campagne de mesure et le développement des méttiadkebution de flux, la nouveauté a
été d'utiliser simultanément 3 types de méthodesiesures et de les combiner pour créer des
cartes originales représentant la variabilité spaties flux de pD sur une surface de 1 km

de rayon, occupée par un mélange de terres cudtatéee foréts.

II. Perspectives

Concernant I'expérimentation sur la températureseilait intéressant de valider ces
résultats en refaisant la méme expérimentation pltexd’échantillons, et aussi pendant un
temps plus important et ainsi vérifier que les dyimpues observées pendant notre
expérimentation se prolongent dans le temps. Piogire@core plus proche des conditions de
terrains, la méme expérimentation devrait étregéaj avec cette fois ci une température qui
diminue au cours du temps et qui représenteraetmnde partie de la journée. Ainsi, une
dynamique journaliere de température serait rept@dentierement. De plus, cette

expérimentation pourrait également étre realisée des sols provenant de différents climats.
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De plus, cette étude révele des points d’amélimmatians la modélisation des flux de
N,O. En effet, les modeles prennent l'effet de la gérature en compte mais cet effet
n'évolue pas au cours du temps. Il serait doncressant d'appliquer une fonction de
température qui varie au cours du temps dans lele® pour voir si les simulations sont
plus proches des mesures réelles. Par ailleurs, amns vu que les émissions d®Metaient
plus importantes pour une température qui augmetefii du temps que pour une
température plus élevée et constante. Cette diiféredue a une plus forte réduction ciON
en N a la température la plus élevée, doit égalemeatpitise en compte dans les modeles.
Un paramétrage dynamique de la dépendance a laétatape des différentes étapes

enzymatiques pourrait étre nécessaire pour ledaiimos NO.

En ce qui concerne la campagne de mesures, lesodestid’attribution de flux
développées a partir des mesures réelles ont mesgréésultats encourageants. De nouvelles
campagnes de mesures, comme celle présentée d@nthese, devraient étre réalisées, sur la
méme période, avec plus de mesures fast-box quieodonnées d’entrée pour les méthodes
d’attribution des flux. Plus il y aura de mesungsis les attributions de flux seront précises et
nous verrons alors si ces méthodes peuvent éfieméat appliquées. Par ailleurs, avec plus
de mesures fast-box et avec une meilleure disperdas sites de mesures, la variabilité
spatiale sera mieux couverte, tout comme les direstdu vent et les types de sols et de
cultures. Cependant, les mesures de fast-box demahbhdaucoup de temps. Elles demandent
beaucoup de personnels techniques, du fait des neombsites et répétitions, de la
combinaison avec la maintenance des 2 systemesatiqoies fonctionnant en méme temps,
les prélevements de sols, et le traitement etlaf/ses en laboratoire des échantillons de sol.
Cependant, le protocole que nous avons développégioétre appliqué dans des situations
différentes, e.g., a travers I'Europe, pour dévedrpdes modeles générique d’attribution de

flux. Apres le développement et la validation dethndes d’attribution de flux, les réseaux
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de mesures de 9, qui utilisent déja des mats/tours d’eddy covaréa pourraient utiliser ces
méthodes pour mieux évaluer les émissions ge #lans un écosystéme étudié. De plus, ces
méthodes pourraient étre développées et appliquagasévaluer les autres émissions de gaz

tel que le CH.

Les cultures de pois et de mais ont été les 2 tgipesultures qui ont le plus émis
durant la campagne de mesures. Ces 2 culturesentivne culture de piége a nitrates cela
explique sirement ces larges flux. Pendant leuog@érde croissance, les cultures de piége a
nitrates avait consommé tout le p@u sol. Lorsque les pailles ont été enfouies, leur
décomposition a probablement entrainé des émissier§0, qu’elles aient été directes ou
indirectes. Pour le mais, un faible apport delfsatit a été appliqué apres le semis, mais rien
pour le pois, mais ces 2 cultures ont émis de $agteantités de XD. Les cultures de piege a
nitrates doivent étre étudiées, tout comme les mgaaes impliqués dans la dégradation des

pailles, qui meéne visiblement a de fortes émissambbO.

Initialement, nous avions également prévu au cdarsette these, de faire tourner les
modeles DNDC et CERES-NOE, a partir des donnéda dampagne de mesures, mais nous
n‘avons pas eu le temps. Néanmoins, I'ensembleederésultats pourra étre utilisé pour le
développement de modeles de fonctionnement desysteases. lls vont contribuer a
guantifier les émissions de,® aux échelles adaptées pour les inventaires ettlaggies

d’atténuation.
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Conclusions and Overviews

|. Conclusions

1. Objectives

Climatic change and stratospheric ozone layer tieplare currently two of the major
ecological problems the most frequently discussHte increase of the greenhouse gas
concentrations in the atmosphere is the main cdBS€¥C 2014). Amongst these gasegONs
particularly important because it is th€ gas responsible for the global warming and now the
1%' gas responsible for the stratospheric ozone depletAgriculture is the main
anthropogenic source of.88 emissions, due to the use of N fertilizers. Qherlast decades,
various studies have attempted to determine gadéimgty and with increasing precision the
different sources of YD. The high uncertainties linked to the sourcesmissions make that

the NbO concern remains a current problem.

The objectives of our work were (i) to progresstio@ determinism of pO emissions
and to improve indirect quantification tools withodeling with a specific work about the
effect of a varying temperature on@ emissions to be integrated in models, (ii) togpess
on the realization of direct measurements at tbe qoid landscape scale with the application
of integrative measurement techniques over time #Hral development of integrative
measurement layout in time and space and (iire@mess on the source attributions gON
emissions with the development of flux attributiapproaches from data collected during a

measurement campaign.

To do so, a laboratory experiment has been caromtd on the effect of daily
temperature variations on,® emissions. Furthermore, a measurement campaidjmedireld
has taken place in spring 2015, using differentsueanment techniques at both the plot and
landscape scale, to measurgONemissions, and to develop flux attribution methad the

landscape scale. Furthermore, we tried to answs&s\eral scientific questions raised.
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2. Effect of the temperature variations on NO emissions

Several scientific questions were raised aboutetifiect of temperature variations ornp\
emissions:

- Are NbO emissions higher when temperature increasestiove?

- What about denitrification and.® reduction processes?

- Do N,O emission models correctly take into account ffeceof temperature?

The experimental study was conducted to assessffina of daily temperature variations on
N>O emissions by soils. Both totab® emissions and denitrification were studied. Rssul
showed that the temperature affected processetved/in NbO emissions by arable soils in
anaerobic conditions. Both denitrification angO\reduction were higher at 16°C than at 4°C
and 4-16°C, but surprisingly not,@ emissions. In comparison with @ineralization, this
study reveals the very complex control ofQONemission by temperature with different
responses for the production and reduction prosgesseo varying over time. Incubations
made at changing temperature, relevant to fieldditimms, suggest that a dynamic
parametrization of models need to be investigatetietter take into account the effect of

temperature.

3. NbO emission measurements at the plot and landscapeate, using 3 different methods

Several scientific questions were raised abouttbasurement campaign:

- Can measurements made with 3 different methodsaardifferent scale provide
comparable values?

- Can the spatial and temporal variability be tgtabvered?

- Which type of crop emitted the most®P?

152



Conclusions and Overviews

The objectives of this study were to asses® Nuxes at the landscape scale by
coupling results of measurements performed atreiffiescales. Due to their frequencies and
their specific characteristics, these methods pexvidifferent information on JD fluxes and
their spatial and temporal variability. It was ti#re very interesting to be able to use these
methods together and then to cross-check the seddisults showed that the different
techniques measuring at different scale could leel ggmultaneously to measurgONfluxes
and that values obtained were comparable when mgnai the same time. Results showed
good agreement in magnitude and temporal dynamt the EC system and the automatic
chambers were running continuously, covering timeptaral variability of the site. However
the automatic chambers covered only the temponahhility of a wheat field, and the EC
system of an area depending of the wind directiwh strength. The spatial variability was
covered by the fast-box with measurements made @rmifferent sites. However, when
comparing both results from the fast-box and the r&&3t, the spatial variability does not
seem to have been perfectly covered. During theo@timcampaign, the catch crop-pea and
the catch crop-corn fields were the crops emittedhighest amount of . Then came the

wheat and rapeseed fields, and finally the forett the lowest NO emitted.

The NO fluxes measured by the automatic chambers anfhsirdox were positively
correlated with soil humidity (p < 0.01), watenddl pore space (p < 0.01) and nitrate soil
content (p < 0.05). However, temperature did ngeeap as a control factor o, emissions.

In view of the results obtained during the labonatexperiment dealing with the effect of sall
temperature on fO emissions, it is not surprising as the relatietween NO emissions and
temperature was not linear. Further investigatiares required to test consistencies between

field and this specific laboratory experiment.
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4. Development of flux attribution methods for mappng N.O emissions by agricultural

soils

Several scientific questions were raised aboutéwelopment of a flux attribution method:
- Can the origin of the MO fluxes be retrieved from the integrated and local
measurements?
- Which method would be the best for that, and hovestimate its validity and its
uncertainty?
- What is the spatial variability of the,® flux over a 1 km radius landscape occupied

by a mix of croplands and forests?

During this study, data from the measurement cagmpéiast-box and EC measurements)
were used to develop 2 flux attribution methoddirtd the origin of the MO fluxes. The 2
flux attribution methods proposed to retrieve begatial and temporal variability of ,®
emissions over a 1-km radius landscape, one baséhd usel(U) and the other one based
on both land use and NOcontent NCLU). To test the validity of these flux attribution
methods, results found for the wheat field whereewdaced the automatic chambers were
compared directly with the automatic chamber measents. Some encouraging results were
obtained, especially with tHdJ method, showing a close agreement with the resblined
with the automatic chamber method (10% differen&@)ally, original maps were created,
showing the spatial variability of the,@ fluxes over a 1 km radius landscape occupied by a

mix of croplands and forests.

This study demonstrates the potential of this nudlegy to represent spatial
variability at the landscape scale and to reduceemainties on soil p0 emission at the

landscape scale. THdJ flux attribution method seems more appropriate rwagricultural
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practices are similar at the landscape scale vi@kU flux attribution method seems more

appropriate when differ markedly across the langsca

5. General conclusions

From a scientific point of view, this applied resgastudy answers to an ecological
problematic on causes and mechanisms responsibléhéoclimatic change, by bringing

complementary data on,® emissions in our territory.

Studies were developed at different scales, from gbil cylinder scale for the
temperature experiment, to the plot and landscapke $or the measurement campaign and
the flux attribution method. Regarding the tempam®texperiment, the originality of our
experiment was to perform soil incubations at vwagyiemperatures. These conditions were
defined to be relevant with field conditions andreveassociated with more classical
conditions for laboratories experiment. This expemt made it possible to obtain
information on the behavior of emissions duringadydincrease in temperature. No studies
have been done on such conditions before. Congethm measurement campaign and the
flux attribution methods, the novelty was to usedianeously 3 types of measurements
methods and to combine them to create original msipswving the spatial variability of the

N,O fluxes over a 1-km radius landscape occupied fmyxeof croplands and forests.

Il. Overviews

Concerning the temperature experiment, it wouldirderesting to validate these
results by doing this experiment again with momagias, and also during a longer time to see

if dynamics observed during our experiment will tione. To get closer to the real conditions
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again, the same experiment with a decreasing teatyer representing the second part of the
day should be done. An entire daily temperatureadyn would then be reproduced.

Moreover, this experiment could also be realizetth\woils coming from different climate.

Also, this study reveals points of improvementhe tmodeling of MO flux. Indeed,
models take the temperature effect into accounttoateffect does not evolve over time. It
would be interesting to apply a temperature fumctiarying over time on models and see if it
fits better with the real measurements. Moreover saw that BD emissions were higher for
an increasing temperature than for a constant highe. This difference, due to a higheiON
reduction into N at a higher temperature, should also be takenantmunt in models. A
dynamic parametrization of the temperature depenydef the different enzymatic steps

might be required for pO simulations.

Regarding the measurement campaign, the flux atiob methods developed from
field measurements show encouraging results. Neasorement campaigns like this one
should be carried out, over the same period withenfast-box measurements which are input
data for the flux attribution methods. The highke humber of measurements, the more
precise the flux attributions will be and we wiltesif these methods can really be applied.
Moreover, with more fast-box measurements and witketter dispersion of the measurement
sites, the spatial variability will be better cosér as well as the wind directions, types of soll
and culture. However, fast-box measurements are-tiomsuming. It needs many people due
to the number of repetition and the number of saes combined with the maintenance of the
2 automatic systems running at the same time, tilesampling, and the treatment and
analyses in the laboratory of the soil samples.adéeless, the protocol we have developed
could be applied in different situations, e.g.oasrEurope, to develop generic flux attribution
models. After development and validation of thexfaitribution methods, J0 measurement

networks, which already use EC mast/tower, coultlthese methods to better evaluat©N

156



emissions in the studied ecosystem. Furthermoesetimethods could be developed and

applied to evaluate other gas emissions such as CH

Pea and corn were the 2 crops which emitted thet Ig® during the campaign,
although they were not really developed. Thesedb< followed a catch crop and this
probably explains large fluxes. During their growiperiod, catch crops have consumed all
the soil NQ'. When straws were buried, their decomposition gbbpinduced, either directly
or indirectly, NO emissions. For the corn, a little amount of hedgr was added after
seeding, for pea nothing was added, but both emitteye amount of pO. So catch crops
need to be investigated as well as the mechanisuwdved in the soil straw degradation,

which obviously leads to highJ® emissions.

Initially, we planned to make DNDC and CERES-NOEdels run with data from the
campaign but we ran out of time. Nevertheless,tlatise results are now available for
developing ecosystem models. Both these ecosysterdels and the methodologies hereby
proposed for upscaling & emissions will help in soil §)O emission quantification at large

scales, relevant to the inventories and mitigasimategies.
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Jordan BUREAU

Emissions de protoxyde d’azote par les sols agrias : effet des dynamiques de température;
mesures a I'échelle de la parcelle et du paysage

Les sols agricoles sont la principale source duggaffet de serre JD. Ces émissions sont caractérisées par| ur
variabilité spatiale et temporelle considérable,goe rend trés difficile leur quantification. LUBOLS étudie
depuis 2008 les émissions deNdans une zone agricole du Centre de la Fran&ziffjuement, nous avons
étudié au laboratoire I'effet de la températurecs émissions et développé une méthode permgdéstination
des émissions de,® a I'échelle du paysage. De facon surprenantes awans observé que les émissions ge N
n‘augmentent pas systématiquement avec la températindicateur Qo est apparu, pour les émissions d©N
variable avec le temps. L'utilisation de I'acétyemhibiteur de la réduction de,®, a révélé que les processus
biologiques de production et de consommation gieé iépondent differemment a la température. Less3amis de
N-O mesurées au champ a l'aide de différentes teabsiqnt permis d’obtenir des résultats cohérents; des
moyennes de 43 pug N»® ni? h* pour la méthode par eddy covariance, 37 pg.®-M? h™ pour la méthode d
fast-box et 71 ug N-}0 m? h* pour la méthode des chambres automatiques suléufertilisé. Des méthodes
d’attribution des flux ont été développées pouredéiner de facon exhaustive les variations spatiae
temporelles des émissions de,ONavec élaboration de cartes originales d’émissini'®chelle du paysage.
L’ensemble de ces résultats pourra étre utilisér geudéveloppement de modeles de fonctionnement| d
écosystemes. lls vont contribuer & quantifier lagséions de BD aux échelles adaptées pour les inventaires ét |
stratégies d’atténuation.

Mots clés : NO, sols agricoles, changement d’échelle, effebderhpérature, chambres, eddy covariance

(4%

Nitrous oxide emissions by agricultural soils: e#fct of temperature dynamics; up-scaling
measurements from the plot to the landscape

The greenhouse gas® is mainly emitted by soils. Soil emissions ararelterized by considerable spatial anc
temporal variabilities that make their quantificativery difficult. While soil NO emissions are studied on gn
agricultural area in the Central France by the UR.S since 2008, we specifically studied in the lalbory the
effect of temperature on these emissions and aseldped a method for upscaling@lemissions from the plot
to the landscape scales. SurprisinglyDNemissions were observed not to increase with eeatpre. @, values,
describing NO emission sensitivity to temperature, were obskteechange over time. The use of acetyleng fo
inhibiting NoO reduction has revealed that the biological preegsinvolved in the O production and its
consumption respond differently to temperature atamns. NO fluxes measured in the field using severa
methods covering different scales of the landsgmye consistent results. The mean measup€dl fixes were
43 pg N-NO mi® i for the eddy covariance mast, 37 pg BN h* for the fast-box over a similar area, while
it was 71 pug N-BO mi® bt by the automatic chambers over a fertilized wifiedd. Flux attribution methods were
developed to determine both the spatial and tenhparability of the NO flux over a 1-km landscape, resulting
in original maps of BO emissions at the landscape scale. All thesetsesauld be further used for developing
ecosystem models. Both these ecosystems modelshanchethodologies hereby proposed for upscalip@ N
emissions will help in soil pO emission quantification at large scales, relevarthe inventories and mitigatign
strategies.

Key-words : NO, agriculture soils, up-scaling, temperature effelskambers, eddy covariance
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