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Introduction generale

Contexte

Comme beaucoup de régions dans le monde, trés urbanisées et dotées d'une agriculture
intensive, le bassin de la Seine peine a restaurer la qualité de ses eaux de surface et
souterraines. Apres une réduction drastique des rejets ponctuels de phosphore et d’azote,
grace a une amélioration des traitements en stations d’épuration, I'azote essentiellement
d’origine diffuse reste largement en exces, ce qui pose des problemes environnementaux
multiples. Dans le bassin de la Seine, la contamination des aquiféres a conduit a la fermeture
de nombreux captages d’eau potable. Aux zones cétiéres, 1'eutrophisation, entrainant le
développement d’algues indésirables, est aussi une manifestation des exces de nutriments
issus de l'activité dans le bassin. Une volonté est désormais clairement affichée d’infléchir
I'activité agricole dans les espaces ruraux qui entourent la ville vers des formes d’agriculture
plus durables, utilisant moins d’intrants et donnant lieu a moins d’émissions de polluants
dans I'environnement. La protection des ressources en eau, mais aussi la qualité de I'air, et la
volonté de ressouder des liens plus étroits entre le milieu urbain et le milieu rural, sont des
motivations principales de cette politique.

L’agriculture biologique, grace a son cahier des charges rigoureux bannissant tout intrant
industriel, constitue un modeéle a explorer d'une telle agriculture durable, permettant
d’améliorer la qualité de 'eau, en termes de contamination nitrique et de réduction des
émissions du gaz a effet de serre qu’est 'oxyde nitreux (N20O).

Le cadre de I'étude est vaste et complexe. Il est complexe car le cycle de 'azote fait intervenir
de nombreux processus microbiens qui possédent leurs spécificités en termes de facteurs de
contrdle, mais dont il est parfois difficile d’en hiérarchiser le réle dans I’environnement.
L’étude est vaste car appréhender les fuites d’azote par l'agriculture biologique, nécessite
qu’on se réfere au modeéle agricole conventionnel majoritaire. En outre en prenant comme
domaine d’étude des exploitations commerciales, aux pratiques variées, des réponses variées
des fuites d’azote sont attendues. Deux types de fuite d’azote sont visés par I'étude, celles qui
atteignent les eaux de surface ou souterraines par lixiviation du nitrate (NO3°), mais aussi les
émissions de N;O. Enfin, et de fait, les approches méthodologiques sont nombreuses et les
plus directes ont été choisies.

Par ailleurs, si les fuites d’azote en agriculture conventionnelle ont fait 'objet de nombreux
travaux, celles de I'agriculture biologique sont bien moins connues, plus particuliérement en
France. C'est pour pallier ce manque de données qu'un réseau d’exploitations agricoles
instrumentées a été mis en place (réseau ABAC) dans le cadre de cette these.
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Le projet ABAC

L'objectif de durabilité des agrosystemes conduit assez naturellement a renforcer les
collaborations interdisciplinaires entre chercheurs agronomes et des autres disciplines. Mais
I'implication des agriculteurs eux-mémes dans les projets de recherche favorise aussi
grandement l'innovation, 'accompagnement et le partage des connaissances. C’est dans ce
contexte collaboratif que le projet ABAC (www.fire.upmec.fr/abac/) a été créé et financé par
la région Ile-de-France (DIM-Astrea) et '’Agence de 'Eau Seine Normandie (AESN), depuis fin
2012, en lien avec le theme « Agriculture » du programme PIREN-Seine. L’objectif de ce

réseau de mesures, est d’acquérir des données pour quantifier la lixiviation sous-racinaire de
I'azote dans les agrosystémes. Pour ce faire, dix-huit exploitations agricoles en agriculture
biologique (AB) et conventionnelle (AC) sont suivies dans différentes conditions
pédoclimatiques dans la région Ile-de-France et ses régions périphériques au sein du bassin
de la Seine. Compte tenu de l'importance des cultures céréalieres dans cet espace, les
exploitations de grandes cultures sont privilégiées. Ce grand panel de situations permet (i)
de répertorier les pratiques réalisées par les agriculteurs selon différents contextes
pédoclimatiques (ii) de quantifier leurs impacts sur la lixiviation azotée (iii) et de comparer
les performances des systémes étudiés.

Ce projet est fédérateur car il implique les agriculteurs de divers territoires en Ile-de-France
et alentour, I'’AESN, les Fédérations d’agriculteurs, les Chambres d’Agriculture, etc. 1l est
participatif car les agriculteurs sont, autant que possible, impliqués dans les opérations
d’échantillonnage et dans l'interprétation des résultats. Un comité de pilotage constitué de
différents organismes (AB Picardie, Agro-transfert, AESN, Arvalis, Bergerie de Villarceaux,
Chambres d’Agriculture de S&M, CNRS, Eau de Paris, Ferme expérimentale de Grignon,
FNAB, GAB IDF, INRA, Irstea, UPMC), et des agriculteurs concernés, s’est réuni chaque année,
afin de discuter des résultats et réorienter éventuellement le projet. D’ores et déja, ce projet
ABAC contribue donc a combler le déficit manifeste de données de référence concernant
I'agriculture biologique, et a interpréter ses effets environnementaux en termes de qualité de
I'eau.

Choix méthodologiques

Au cours de cette these, nous avons privilégié l'observation in situ par rapport a
I'expérimentation, ce qui lui confere une dimension intégrée, comprenant de 'agronomie et
de la biogéochimie. De plus, I'observation dans des exploitations agricoles appartenant a des
particuliers tient compte de la logique de divers acteurs, de leurs objectifs et de leurs
contraintes. La négociation et la mise en place progressive du réseau avec les acteurs locaux
nous a conduit a observer les pratiques des systémes de production et a vérifier si elles
étaient compatibles avec l'objectif a ne pas dépasser, dans l'eau infiltrée la norme de
potabilité de 50 mgNO3 11 (soit 11 mg N-NOs I1). De plus, afin d’évaluer I'impact d'un
systéme de culture sur les fuites azotées, nous avons choisi d’étudier les rotations culturales
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dans leur ensemble, pour prendre en compte les bilans d’azote successifs des différentes
cultures et périodes d’intercultures. Cette approche a été rendue possible par l'utilisation
d’outils classiques en agronomie (observation de terrain, enquétes en exploitation agricole,
suivis d’'un assolement moyen de I’exploitation, mesures des concentrations en nitrate dans
les bougies poreuses, analyse de profils en azote) et de données climatiques.

Objectifs et organisation des travaux

Si le bilan environnemental de I’AB par rapport a d’autres systémes de cultures ne fait pas de
doute en ce qui concerne la contamination par les résidus de pesticides ou la préservation de
la biodiversité, I'effet des pratiques biologiques sur les fuites d’azote vers les hydrosystemes
(NO3) et I'atmospheére (N20), reste encore trés controversé. L'objectif principal de cette
thése est de quantifier les fuites d’azote dans les exploitations biologiques et
conventionnelles du bassin de la Seine afin d’examiner si les changements de
pratiques et/ou de systemes agricoles peuvent conduite a améliorer la qualité de
I’eau. Cette étude est la premiere en France et représente un réel défi qui pose plusieurs
questions de recherche :

@) Comment peut-on quantifier les fuites azotées dans des exploitations
agricoles commerciales ?

(ii) Pour quelles stratégies opter pour documenter des rotations de 7 a 11 en AB
etde 2 a4 ans en AC au cours d’'une these de 3 ans ?

(iii) Quelles sont les performances agro-environnementales des exploitations AB
par rapport a d’autres systemes AC ?

(iv) Quel sont les facteurs environnementaux et les pratiques agricoles, qui
controlent simultanément les fuites d’azote dans I'atmospheére et les

hydrosystémes ?

Pour y répondre, ce manuscrit est organisé en trois parties :

Partie I. Dans un premier temps, nous présenterons un état des connaissances sur les fuites
d’azote dans les agrosystémes (Chapitre 1), comprenant une explication des différents
concepts (cascade de l'azote, agriculture biologique), des processus de lixiviation et
d’émissions de N,O ainsi que de leurs facteurs de régulation. Les outils de mesures directes
et indirectes des fuites d’azote seront présentés.

Dans un second temps, les caractéristiques majeures des bassins versants dans lesquels
s'inserent les exploitations agricoles seront exposées. Au vu de la diversité des exploitations
étudiées, une synthése de leurs caractéristiques majeures a été réalisée. De plus, 'ensemble
des dispositifs expérimentaux, des méthodes utilisées et des outils analytiques mis en ceuvre
seront présentés (Chapitre 2).
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Partie II. Cette deuxiéme partie est constituée de trois études réalisées (2 articles parus et
un a soumettre prochainement) a différentes échelles spatiales et temporelles (processus,
exploitation et bassin versant). Nous nous sommes intéressés dans un premier temps aux
fuites azotées a I’échelle d’'une exploitation agricole mixte (AB/AC) en mesurant la lixiviation
du NOs et les émissions de N,O sur I'ensemble des cultures d’'une rotation biologique (de 8
ans) et sur une rotation conventionnelle (de 3 ans) (Chapitre 3). En parallele, une
comparaison de mesures des émissions de N2O en chambres manuelles et automatiques a été
effectuée au cours d’'une période culturale sur deux parcelles (AB et AC).

De plus, afin de mieux comprendre les processus de régulation des émissions de N;O, des
expériences en conditions contrélées ont été réalisées sur les processus de nitrification et de
dénitrification pour une gamme de températures (5-45°C) (Chapitre 4). Le but de cette
expérience est de déterminer les températures optimales des processus et leur degré de
sensibilité. Enfin 'ensemble de ces résultats ainsi que d’autres études antérieures ont servi a
’élaboration d’'une synthése reconstituant la cascade de I'azote a I’échelle du bassin versant
de I'Orgeval (Chapitre 5). Cette quantification de la cascade de l'azote pourra servir a
élaborer des scénarios pour réduire les fuites d’azote dans l’environnement, comme des
modifications de pratiques agricoles a I’AB ou 'aménagement du paysage.

Partie III. Cette troisieme partie s’articule autour de deux articles, dont un publié et le
deuxiéme en préparation. A I'échelle de 'exploitation agricole, mais avec un échantillon plus
large, nous nous sommes intéressés a différents systemes biologiques et conventionnels du
bassin de la Seine. Ainsi en 2012-13, huit systemes agricoles ont été équipés de bougies
poreuses dans trois poles pédoclimatiques différents (Chapitre 6). Afin de prendre en
compte différents systémes agricoles dans un périmeétre plus large, en 2013-14, ce sont dix-
huit systémes de culture qui ont été suivis dans six pdles pédoclimatiques (Chapitre 7). Ce
réseau permet de prendre en compte un panel de pratiques agricoles réalisées en AB et AC
dans des contextes pédologiques variés du bassin de la Seine. Cela nous a donc conduits a
observer les pratiques réelles des agriculteurs et leurs conséquences au niveau de la
lixiviation des NOs ainsi que d’envisager les bonnes pratiques a mettre en place pour
concilier production agricole et qualité de I'eau.

Enfin, une conclusion générale visera a synthétiser les points importants de ces recherches
ainsi qu’a présenter les perspectives envisagées a la suite de cette these.
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1.1. La cascade de l’'azote

Le concept de «cascade de l'azote» décrit quantitativement et qualitativement le
phénomene de circulation et d’accumulation de 'azote dans la biosphere, I'hydrosphere et
I'atmosphére, en relation avec les apports par les activités humaines, ainsi que les risques
environnementaux liés a ces accumulations (Galloway et al. 2003; Billen et al. 2009a; Sutton
etal. 2011).

L’azote est en grande majorité sous forme gazeuse inerte (diazote, N;) dans 'atmosphére
(78%), essentiellement sous forme organique ou minérale dans le sol et les hydrosystémes.
Dans le cycle naturel, I'azote de la biosphere est réparti entre les micro-organismes, la
solution du sol et les plantes, de telle maniére que les surplus d’azote sont faibles. Toutefois
les activités anthropiques modifient profondément la circulation de l'azote au sein des
bassins versants (Figure 1-1). Les rejets ponctuels des villes et les pollutions diffuses, c’est-
a-dire produites sur I'ensemble des surfaces agricoles avec des intensités variables, sont
responsables des principaux apports d’azote dans I'atmosphere et les hydrosystemes (Billen
et al. 2009b). Si les rejets ponctuels urbains ont pu étre réduits a partir des années 1990
grace a 'amélioration des traitements en stations d’épuration (Billen et al. 2007b), les
pollutions diffuses ne peuvent pas étre traitées a posteriori.

Agrosysteme

r— Pollution atmosphérique, effet de serre et couche d’ozone

Systémes
.ngCOIes / i‘yde de I'azote
microbiologique

N,0

LZones humides N,0

Sol

Zone urbaine

Riviéres

Estuaire

Zone
NO; cotiére
/,_";_
Contamination des aquiféres Contamination des eaux de surface Eutrophisation cotiére

Figure 1-1. Schéma de la cascade de I'azote dans les bassins hydrographiques d’apres Billen et al.
(2013a)

Cette contamination nitrique génére des impacts sanitaires aux niveaux des aquiféres qui
dépassent fréquemment la norme de potabilité de 11 mg N 11 (ou 50 mg NO3 1'1), mais elle est
également nocive pour la biodiversité des eaux de surface, des lors qu’elle dépasse 2 mg N 1
(ou 10 mg NO3 I1). De plus, la contamination nitrique entrainée par les réseaux
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hydrographiques jusque dans les estuaires, engendre des blooms algaux et des déficits
importants d’oxygene (02) en été (Garnier et al. 2007). Ces phénomeénes d’eutrophisation et
d’anoxie des milieux affectent la vie des organismes marins et I’exploitation des produits de
la mer (Camargo et Alonso 2006; Diaz et Rosenberg 2008).

Les émissions de N0 sont produites en majorité par les activités agricoles (77.9%) (Johnson
et al. 2007). Ce gaz a effet de serre, dont le pouvoir de réchauffement global (PRG) est 310
fois supérieur a celui du CO., est de plus actuellement la premiere substance destructrice de
I'ozone stratosphérique (Cicerone 1987; Ravishankara et al. 2009). On distingue les
émissions directes, lorsqu’elles sont émises par les sols des parcelles agricoles, et les
émissions indirectes, lorsqu’elles sont émises dans certaines zones naturelles comme les
zones humides, les étangs et les nappes perchées (Vilain et al. 2010; Passy et al. 2012).
Toutefois les émissions directes sont prédominantes, et représentent au moins 50% des
émissions de N,O totales (Hertel et al. 2012; Jeuffroy et al. 2013). Par exemple, dans les
parcelles cultivées, les émissions directes sont de I'ordre 0.2-1.3 kg N-N;0 hat an? (Stehfest
et Bouwman 2006; Vilain et al. 2010), alors que les émissions indirectes sont estimées a
environ 0.02 kg N-N;0 ha! an'! (Garnier et al. 2009; Garnier et al. 2013).

Par ailleurs, la volatilisation d’'ammoniac (NH3) contribue a I'acidification des sols recevant
les retombées riches en ammonium (NH4*) et entraine des maladies broncho-pulmonaires en
association avec les particules en suspensions. En France, I'agriculture est responsable de
95% des émissions de ce gaz qui sont particulierement liées aux activités d’élevage
(batiments, épandage, prairies) (Misselbrook et al. 2000; Sanz-Cobena et al. 2008; Loubet et
al.2011).

Notre étude se situe a I'amont de la cascade de I'azote, au niveau des agrosystémes, définis
par un ou plusieurs systémes de cultures, différents types de sols, une topographie et un
climat (Meynard etal. 2001).

Afin de limiter la pollution diffuse dans 'environnement, Thieu et al. (2011) ont suggéré
qu’'une conversion intégrale du bassin de la Seine a I'AB permettrait de réduire
considérablement la contamination nitrique. Afin de tester cette hypothese, nous nous
sommes donc intéressés a travers la littérature, aux fondements, c.-a-d. aux pratiques
agricoles et aux performances agro-environnementales spécifiques des systémes biologiques
du nord de I'Europe.

1.2. Les systemes biologiques en Europe

Les systémes biologiques se différencient des systémes agricoles conventionnels par des
modalités techniques spécifiques décrites dans un cahier des charges européen.
Actuellement, la surface agricole utile (SAU) en AB de I'Union Européenne (UE) par rapport a
la SAU totale est de 6 %, dont I'Autriche, la Suéde, I'Estonie possédent les plus grandes
proportions avec 19.6%, 15.4% et 15.3% respectivement. Toutefois en termes de surfaces
sur 'ensemble du territoire agricole de I'UE, les surfaces dédiées a I'’AB sont les plus
importantes en Espagne (16%), Italie (12%), Allemagne (11%) et France (11%).
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1.2.1.  Cahier des charges de I'agriculture biologique

Le cahier des charges européen (Réglement CE N° 889/2008) définit 'AB comme un mode
de production agricole systémique reposant sur 'activité microbienne des sols, le recyclage
des déchets organiques et les cycles biologiques et biogéochimiques, en interdisant les
produits de synthese (engrais, pesticides, médicaments) et les organismes génétiquement
modifiés (OGM). En contrepartie, I’AB utilise des engrais organiques, une rotation diversifiée,
la sélection variétale, l'utilisation de couverts végétaux, le désherbage mécanique et
thermique (Barberi 2002). La réglementation européenne permet de n’utiliser que quelques
produits biocides d’origine naturelle, comme le sulfate de cuivre (ou bouillie bordelaise).
L’utilisation de ces produits est minimale en AB, seulement 10% des exploitants en utilisent,
particulierement en maraichage (Walz 1999).

En pratique, la définition générale de '’AB recouvre une grande diversité de pratiques, en
fonction notamment de la géographie, des pays et des régions (Meynard et al. 2001; Doré et
al. 2013).

Concernant la fertilisation organique, il n’existe pas de limitation pour les apports de
nutriments (N, P, K), bien qu'ils soient en général inférieurs a la limitation de la Directive
Nitrate de 170 kg N ha! an'! pour I’ensemble de I'exploitation, en zone vulnérable. L’origine
des produits organiques utilisés comme fertilisants n’est pas non plus spécifiquement
réglementée: les engrais peuvent provenir d’exploitations d’élevages biologiques ou
conventionnelles (fumier, compost, fientes, lisier), ainsi que de produits conventionnels
industriels, comme de la vinasse de betterave.

1.2.2.  Les performances agro-environnementales

De récentes méta-analyses ont mis en évidence les impacts particuliérement positifs de I’AB
sur la biodiversité de la flore et de la faune, I'activité microbiologique des sols et la réduction
des pesticides (Stolze et al. 2000), mais avec des controverses concernant la lixiviation du
NOs et des émissions de N,O (Mondelaers et al. 2009).

Pour notre étude, nous avons restreint les études réalisées sur les fuites d’azote dans les
systemes de grandes cultures en Europe.

Concernant la lixiviation du NOs, les publications scientifiques révelent une grande
variabilité des résultats, liée a la variabilité des systémes, aux méthodes utilisées ainsi qu’'a la
localisation des sites. Au final, il en résulte que dans les six études qui ont comparé la
lixiviation dans les systémes de grandes cultures, une seule étude mesure des performances
négatives pour I'AB. La moyenne de l'ensemble de ces études montre des fuites par
lixiviation en grande culture AB inférieures de 28% a celles observées en AC (Table 1-1).

En ce qui concerne les émissions de N;O des grandes cultures biologiques en Europe, six
publications scientifiques montrent la aussi une grande variabilité des résultats du fait des
conditions expérimentales variées (Table 1-2). D’apres l'ensemble de ces études, la
moyenne des émissions est inférieure de 21% dans les systémes AB par rapport aux
systemes AC.
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Table 1-1. Synthése des études réalisées sur la lixiviation dans les systemes biologiques et
conventionnels en grandes cultures dans I'Europe du Nord.

Références Localisation =~ Rapport AB/AC
Hansen et al, 2000 Danemark 0.56
Korsaeth et Eltun, 2000  Norvege 0.86
0.61
Kristensen et al, 1994 Danemark 1.22
Stopes et al, 2002 Royaume-Uni 0.88
Haas et al, 2002 Allemagne 0.46
Bergetal, 1999 Allemagne 0.46
0.43
0.37
0.30
Moyenne 0.62
ecart-type 0.29

Table 1-2. Synthése des études ayant réalisées des mesures d’émission de N20 parallelement sur des
systemes en AB et AC.

Références Localisation Rapport AB/AC
Syvasalo et al, 2006 Finlande 1.17
Haas et Wetterich, 2000  Allemagne 0.74
Stalenga et Kawalec, 2008 Pologne 0.34
Flessa et al, 2002 Allemagne 0.83
Olesen et al, 2006 Pays-Bas 0.48
Allemagne 0.64
Autriche 0.60
Petersen et al, 2006 Autriche 2.06
Danemark 0.73
Finlande 0.92
[talie 0.54
Royaume-Uni 0.42
Moyenne 0.79
ecart-type 0.46

De plus de récentes méta-analyses, au lieu d’exprimer les fuites d’azote dans
I'environnement par unité de surface (area-scaled losses), les ont exprimées par unité de
production (yield-scaled losses). Les rendements étant en général plus faibles en AB dans les
régions d’agriculture intensive (Allemagne, Danemark, Pays-Bas, France), notamment pour
les céréales (-20%) (Lotter 2003; de Ponti et al. 2012), ce mode d’expression des résultats a
tendance a pénaliser les performances de I’AB, tant pour la lixiviation des NO3- (Pacini et al.
2003; Korsaeth 2008; Tuomisto et al. 2012) que les émissions de N0 (Flessa et al. 2002;
Olesen et al. 2006; Skinner et al. 2014). Toutefois ces études scientifiques ont toutes été
réalisées dans des sites expérimentaux et non dans des exploitations agricoles
commerciales et les systéemes biologiques spécifiques du bassin de la Seine ne sont pas
représentés.
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Afin de mieux comprendre les différences mesurées dans les systémes en AB et AC, nous
allons nous intéresser aux processus et aux facteurs de régulation des fuites d’azote (NOs;,
N20) depuis les agrosystémes jusque dans les différents compartiments de I’environnement
(hydrosystéme, atmosphere).

1.3. Lalixiviation du nitrate dans I’hydrosysteme

1.3.1. Les mécanismes de la lixiviation

La lixiviation, aussi appelée par abus de langage lessivage, consiste a l'extraction de
molécules solubles par un solvant. Dans le sol, elle correspond au mouvement vertical de
I’eau mobile et de ses solutés a travers le profil du sol hors de portée des racines, jusqu’a la
nappe phréatique ou les drains. La majorité de I'azote lixivié est sous la forme de NOs;, tres
mobile et soluble dans I'’eau (357 g 11 a 25°C) alors que 'ammonium (NH4*) reste fixé par
adsorption sur les fractions argileuses du sol (Scherer 1993) et que le nitrite (NO2")est peu
abondant.

La lixiviation a I’échelle locale est due a la conjonction de plusieurs facteurs : la présence d'un
reliquat d’azote minéral a la sortie de I'automne, I'occurrence d’'un drainage, 1'absence
d’absorption par le systeme racinaire et I'absence de réduction de NOs  dans les couches
anoxiques (Sebillotte et Meynard, 1990; Addiscott et al. 1991; Hoffmann et Johnsson 1999).
Le transfert des ions NO3z- dans le sol est un phénomeéne de type convectif-dispersif. La
convection est due au déplacement de l'eau et la dispersion résulte a la fois de I'agitation
moléculaire au sein du liquide et de 'hétérogénéité des vitesses de transfert de 'eau dans
des pores de taille variable. Le déplacement du NO3- est non conservatif car généralement
associé a des processus de transformations biochimiques (dénitrification) au cours de la
cascade de I'azote (Lafolie et Neel 1997). La convection présente deux orientations variables
au cours du temps: ascendant quand les plantes se développent; descendant quand les
précipitations excédent I’évapotranspiration (Garnier et al. 2001). L’absorption de l'azote
par les plantes et la minéralisation du sol est variable au cours de I'année et selon les types
des cultures (Figure 1-2).
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Figure 1-2. Représentation temporelle de la minéralisation de la matiere organique (a), de
'assimilation de I'azote par une culture semée au printemps (b) et par une prairie (c) au Royaume-Uni
(Addiscott et al. 1991).
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D’'une maniere générale, la lixiviation se réalise a 'automne lorsque la pluviométrie est
importante, la minéralisation active et que le prélevement par les plantes est faible
(Macdonald et al. 1989 ; Machet et Mary 1990 ; Powlson et Addiscott 2005). Le cas des
prairies est un peu différent, du fait qu’elles sont pérennes et qu’elles puisent I'azote tout au
long de I'année, toutefois en cas de retournement, de coupes ou de paturage excessif par les
animaux, des risques de lixiviation existent également (Hennart et al. 2010).

1.3.2.  Les facteurs de régulation

1.3.2.1. Les facteurs environnementaux

Le climat

Les variations saisonnieres des précipitations et de la température sont des facteurs de
contrdles des bilans d’eau et par conséquent des fuites d’azote par lixiviation. Dans tous les
cas, plus les précipitations et les écoulements de surface sont importants, plus les
exportations d’azote sont fortes tant a I'échelle du groupement de parcelles (Tomer et al.
2003; Tiemeyer et al. 2006) qu'a celle des bassins versants (Thieu et al. 2009).

Ces facteurs climatiques impactent également le processus de minéralisation/organisation
au cours de l'année. Par exemple, en conditions controlées, une augmentation de
température de 10°C (de 25 a 35°C) double les quantités d’azote perdues par jour (Medina
etal. 2014).

Les conditions pédologiques
Les caractéristiques d'un sol déterminent son systeme poreux et par conséquent ses

mouvements d’eau, d’air et de nutriments. Les propriétés de rétention en eau des sols
varient en fonction de la profondeur du sol, de la texture (Bruand et al. 2004), de la teneur en
matiere organique (Franzluebbers 2002) et de la capacité d’échange cationique (Gaines et
Gaines 1994).

De nombreux auteurs s’accordent sur le fait que les quantités d’azote lixiviées dans les
limons sableux sont deux a trois fois supérieures a celles en limons argileux (Bergstrom et
Johansson 1991; Hansen et al. 2000; Beaudoin et al. 2005; Van Es et al. 2006). En conditions
controlées, une étude a montré que 63% de I'ajout de NO3- était lixivié dans un sol sableux,
contre 58% dans un sol limoneux sableux et 37% dans un limon sableux argileux (Gaines et
Gaines 1994).

1.3.2.2. Les pratiques agricoles

Les apports d’engrais
Les apports d’engrais minéraux sont connus pour augmenter les risques de lixiviation,

surtout lorsqu’ils dépassent le seuil des 160 kg N ha'l, ce qui engendre des concentrations
dans la solution du sol et dans les eaux de drainage au-dessus de la norme de potabilité de 11
mg N 11 (Figure 1-3) (Kristensen et al. 1994; Billen et al. 2007a; Evanylo et al. 2008).
Confortant les résultats ci-dessus, plusieurs tracages a I'isotope 15N ont montré que, en bilan
annuel pour un apport de 170 kg N ha! sur du blé au printemps, 45-65% de I'azote apporté
était fixé dans les parties aériennes de la plante, 20% retenu dans le sol (par les racines, les
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micro-organismes du sol et la matiére organique) et 5-35% perdu par lixiviation au-dela de
1m de profondeur (Recous et al. 1988; Macdonald et al. 1997; Sebilo et al. 2013), avec des
variations en fonction de l'activité microbienne des sols et de 'assimilation par les plantes
(Destain et al. 2010).

40 -

30 -

20 -

pratiques
traditionnelles

pratiques
raisonnées

Drainage NO; conc, mgN [

0 50 100 150 200 250
Fertilisation, kgN ha!

Figure 1-3. Synthése bibliographique reliant la fertilisation et les concentrations en NO3- dans les eaux
de drainage dans Billen et al. (2007a).

En revanche les engrais organiques réagissent au processus de lixiviation de maniere trés
différente selon leur ratio C/N. Plus le C/N est élevé, plus les quantités d’azote immobilisée
par organisation sous forme de biomasse de micro-organismes seront importantes,
qu'impliquera une moindre disponibilité immédiate de 1'azote pour la culture, mais aussi une
meilleure résistance a la lixiviation (Sullivan et al. 1991). Ainsi lors d’'une application de
fumier (C/N élevé), 8% se retrouve dans les plantes dans I'année de I'application, et 84-93%
dans le sol (Cheneby et al. 1994), ou sa minéralisation lente le rendra disponible pour les
cultures des années suivantes.

La fixation symbiotique des légumineuses.

La fixation d’azote biologique est réalisée par une symbiose dans les nodosités des
légumineuses et les bactéries du genre Rhizobium capables de réduire I'azote atmosphérique
(N2) en azote ammoniacal. Cette réaction fortement endothermique nécessite que la plante
fournisse les sucres et I'énergie issus de la photosynthese et bénéficie en retour des acides
aminés qui y sont produits. Cette relation est spécifique entre chaque plante-héte et une
espéce de rhizobium (Leclerc 2001).

En agriculture biologique, la fixation d’azote atmosphérique constitue le moyen le plus direct
et économique d’apporter de I'azote dans les systemes de cultures. L’ordre de grandeur de
'azote fixé par les 1égumineuses est de 400 kg N ha-an! pour la luzerne, de 250 kg N ha'! an-
1 pour le trefle violet, 150 kg N ha'! an! pour le pois et 100 kg N hal an'! pour les patures
avec légumineuse (Muller et al. 1993). Il est cependant plus rigoureux de calculer la fixation
symbiotique a partir de la production de la culture de 1égumineuse concernée. Anglade et al.
(soumis) ont proposé des formules pour calculer la fixation symbiotique des légumineuses a
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graines (Equation 1-1) et fourrageres (Equation 1-2), en fonction du rendement de récolte
exprimé en contenu azoté (yield-N).

Equation 1-1. Fixation symbiotique (kg N ha-! an-1) = FS *[0.71 * yield-N/NHI ] = 1.23* yield-N

Equation 1-2. Fixation symbiotique (kg N ha* an-1) = FS *[0.78 * yield-N/NHI ] =~ 1.47*yield-N

ou NHI représente le rapport de la fraction récoltée par rapport a la production aérienne
totale, et FS, le facteur de correction pour tenir compte de la production souterraine.

La totalité de I'azote fixé par une culture de légumineuse est potentiellement disponible pour
la culture suivante lorsqu’elle est enfouie en fin de saison. Si elle est récoltée, seule la fixation
correspondant aux parties souterraines et non récoltées est disponible. Dans les deux cas, la
minéralisation de I'azote organique fixé peut donner lieu a la lixiviation durant la période qui
suit la destruction de la légumineuse (Justes et al, 2001).

Implantation de cultures intermédiaires piéges a nitrate.
La mise en place de cultures intermédiaires piéges a nitrate (CIPAN) est 'une des mesures

principale adoptée par la Directive Nitrate en zones vulnérables, du fait de leur I'efficacité
sans équivoque (Justes et al. 2012). Toutefois cette efficacité est variable selon les conditions
climatiques et le développement de la plante. En effet, une CIPAN semée tard en automne
avec un faible développement ne prélévera pas plus de 10 kg N-1 ha', tandis qu'une CIPAN
semée tot apres les récoltes avec un bon développement pourra prélever entre 30-50 kg N1
hal et permettre de limiter les risques de fuites. De méme, l'incorporation a la fin de
I'automne ou au début du printemps, n'aura pas le méme impact sur la lixiviation. Un
retournement de prairie (raygrass, tréfle) intervenant au début de 'automne engendre 78 kg
N ha de lixiviation, comparé a 40 kg N ha! en fin d’'automne, ou 5 kg N ha! au début du
printemps (Francis et al. 1992).

Enfin, la minéralisation des CIPAN est en général assez lente, se réalise sur plusieurs années
et peut ainsi contribuer a la lixiviation au cours de années suivantes. Des études ont en effet
montré que les CIPAN pouvaient limiter les fuites azotés sur une année mais les augmenter
ensuite si leur apport d’azote n’est pas pris en compte dans le calcul de la fertilisation (Catt et
al. 1998; Constantin et al. 2011).
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1.4. Les émissions d’oxyde nitreux dans I'atmosphere

1.4.1. Les processus responsables des émissions

Les processus biologiques majeurs responsables des émissions de N0, sont la nitrification,
la dénitrification et la nitrification-dénitrifiante (Figure 1-4).

Nitrification N0
T Denitrification

N,O-reductase

>NQ; —NO, —NO —s N,O0 —> N,

Figure 1-4. Les processus biologiques principaux de la transformation de I'azote dans le sol. En noir,
les molécules en phase liquide et en gris, les molécules en phase gazeuse.

1.4.1.1. La nitrification

La nitrification est due a des bactéries oxydant NH.+ en NO; (nitritation, Equation 1-3) puis
en NOs3  (nitratation, Equation 1-4) en conditions aérobies. Les étapes successives de la
nitrification se font par I'intermédiaire de deux familles de bactéries autotrophes présentes
dans le sol : Nitrosomas pour la nitritation et Nitrobacter pour la nitratation.

Equation 1-3. 2 NH4* + 3 02 -> 2 NO2-+ H* + 2 H20 + ATP

Equation 1-4. 2 NOz + Oz -> 2 NO3- + ATP

1.4.1.2. La dénitrification

La dénitrification est un processus respiratoire microbien au cours duquel les oxydes d’azote
solubles (NOs ou NO:) sont transformés en composés gazeux : oxyde nitrique (NO), N.O
et/ou N, Elle fait intervenir de nombreuses especes bactériennes, majoritairement
hétérotrophes (dont celles du genre Pseudomonas) (dont I'activité est maximale, dans des
conditions d’anoxie, de présence de NO3" et d'une source de carbone assimilable). Les 2/3 de
la microflore réduisent les NO3~ en NOy, mais seulement un faible pourcentage semble
capable de réaliser toute la chaine de réactions (Hénault et Germon, 1995), ce qui explique
que la réaction s’arréte au stade NO ou N;O, avant d’atteindre le stade de N inerte. En
conditions controlées, les émissions lors de la dénitrification sont pres de 100 fois
supérieures a celles des émissions de nitrification (Vilain et al, 2010).
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1.4.1.3. La nitrification dénitrifiante

La nitrification dénitrifiante est une autre voie par laquelle les nitrites produits lors de la
nitritation sont transformés en NO, N,O et/ou N». Ce processus peut contribuer jusqu’a 30%
des émissions de N;0 en conditions d’anaérobie avec peu de carbone (C) disponible (Wrage
et al. 2001; Khalil et al. 2004; Kool et al. 2011).

1.4.2. Les facteurs de régulation

1.4.2.1. Les teneurs en oxygéne

La disponibilité en oxygene dans le sol est difficilement mesurable sur le terrain et est
généralement substituée par des mesures de taux de saturation en eau (appelé water-filled
pore space en anglais, WFPS). Le degré de saturation du sol en eau est déterminant, la
dénitrification disparaissant dans les sols dont le niveau d’humidité devient inférieur a 60-
70% de capacité de rétention (Nommik, 1956), tandis que pour les teneurs comprises entre
30-70% la nitrification serait prédominante (Firestone et al. 1980; Bateman et Baggs 2005).
Au-dela de 80% du taux de saturation en eau, le N2O est consommé et le N, deviendrait le
seul produit final de la réaction (Veldkamp et Keller 1997). Ainsi, il est fréquent d’observer
des pics d’émission de N0 lorsque les conditions des sols apparaissent favorables a la
dénitrification, notamment aprés des évenements d’épisode pluvieux (Dobbie et Smith
2001).

1.4.2.2. Les apports d’azote et de carbone

Plusieurs études suggerent que la biodisponibilité d’azote et de carbone ont un effet direct
d’accroissement des émissions de N0 (Firestone et al. 1980; Myrold and Tiedje 1985),
comme c’est le cas lors des apports de fertilisants organiques ou minéraux (Bouwman 1996;
Mosier et al. 1998; Bouwman et al. 2002). Ces études soulignent que l'intensification et le
développement de la fertilisation azotée sont générateurs d’émission de N0, tant pour les
apports d’engrais azotés minéraux (Laville et al. 1999; Dobbie et Smith 2001) qu’organiques
(Petersen 1999; Meng et al. 2005; Jones et al. 2007; Sanz-Cobena et al. 2012; Aguilera et al.
2013).

Hénault et al. (1998) ont montré que dans les sols fertilisés avec des engrais synthétiques, les
émissions de N,O sont linéairement liées aux apport d’azote (Equation 1-5). Cela revient a
admettre qu’en absence de fertilisation I'’émission de N0 est de 'ordre de 1.5 a 1.9 kg N ha-!
an’t, soit de 0.4 a 0.7% de I'azote apporté transformé en N,O. Toutefois, ces facteurs de
contrdle ne deviennent importants que lorsque les conditions d’humidité du sol sont
favorables a la dénitrification (Corre et al. 1996).

Equation 1-5. N-N20 (kg N ha't an1)=1.88 + 0.0042 N (kg N ha an-, fertilisants).

Concernant les apports organiques, les facteurs d’émission de N,O en fonction des apports
azotée varient de 0.1-0.4% (urée), 0.1-1.4% (NH4NO3) et 1.3-4.3% (eaux usées), 0.2-0.5%
(lisier), 0.5-2.6% (fiente de poules) (Sommer et al. 2004; Jones et al. 2007). Enfin, 'impact de
I'enfouissement des cultures intermédiaires piége a nitrate (CIPAN) sur les émissions de N0
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reste modeste, avec un supplément d’émissions de 0.11 kg N ha-! an-! dans I'année qui suit le
retournement (Bertuzzi et al, 2012).

1.4.2.3. La température et le pH

Une corrélation positive entre la température (T°C) du sol et les émissions de N,O a été
observée entre 5 et 20°C en conditions contrélées (Maag et Vinther 1996; Schaufler et al.
2010). Cette augmentation des émissions est a mettre en relation avec 'augmentation des
activités de nitrification et de dénitrification (Knowles 1982). Toutefois trés peu d’études ont
exploré une large gamme de températures afin de tester les conditions limites de ces
processus (Godde et Conrad 1999).

Sur le terrain, I'interaction entre la température et les émissions sont encore mal connues et
les conclusions divergent quant a la relation des émissions de N0 avec la température
(Barnard et al. 2005). En effet, une méta-analyse montre que I'impact d'une augmentation de
T (0.3-6.0°C) engendre une augmentation significative de la respiration du sol, de la
minéralisation de l'azote et du développement des plantes (Rustad et al. 2001). Cette
projection est en relation avec les modéles qui montrent que le réchauffement climatique
augmente la vitesse des réactions microbiennes du fait d'une plus grande disponibilité des
nutriments. D’autre part, une augmentation de 2°C sur une prairie a montré que les
émissions de N;O avaient tendance a décroitre du fait de l'acclimatation des micro-
organismes (Luo et al. 2001; Pendall et al. 2004).

Dans le cas d'une acidification (pH < 5), on observe un accroissement du ratio N,O/(N,O +
N2) du fait d'une modification des communautés bactériennes de la derniére étape de
dénitrification (Cuhel et al. 2010).

1.5. Les techniques de mesures des fuites d’azote

Les mesures de fuites azotées dans les parcelles agricoles ont fait I'objet de nombreuses
recherches méthodologiques. Nous mentionnerons ici les méthodes de mesures directes et
indirectes couramment utilisées, comme les bilans azotés, les facteurs d’émission, I'isotopie
(*5N) et les modéles de prédiction.

1.5.1. Les méthodes directes

1.5.1.1. La lixiviation du nitrate

Quatre méthodes principales permettent de mesurer la lixiviation dans les sols agricoles. En
partant des méthodes les plus locales a celles intégrant le plus de variabilité spatiale, ces
méthodes se basent sur les mesures des reliquats d’azote minéral et des concentrations en
bougies poreuses, le suivi de dispositifs lysimétriques ou de réseau de drainage.

Les reliquats azotés.
Les analyses de carottes de sol, réalisées en début de période de drainage, permettent de

mesurer conjointement I’humidité, la teneur en azote minéral et éventuellement la masse
volumique de sol. On peut alors calculer le stock d’azote minéral disponible pour la
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lixiviation. Des que la réserve en eau dans le sol est remplie, le modéle de Burns (Burns
1976) calcule, la fraction d’azote lessivé (%). Une étape de validation des résultats entre les
mesures de reliquats et dans les bougies poreuses peut toutefois étre nécessaire (Gaury,
1992).

Egalement, I'association des mesures de reliquats azotés réalisées a plusieurs reprises dans
I'année et d’'un modele simple de calcul peut permettre de convertir les données de stock en
flux (eau et azote), au moins en sol nu, par exemple via 'outil LIXIM (Mary et al. 1999). La
difficulté des reliquats de sol consiste dans la représentativité des échantillons analysés, qui
nécessite de répéter dans I'espace et dans le temps ces prélevements, destructifs et coliteux
en temps de travail (Hennart et al. 2009).

Les bougies poreuses.
La pose de bougies en céramique poreuse est la technique la plus classique pour des suivis

de longue durée en plein champ. Elles permettent de prélever in situ des concentrations de
facon non destructrice et répétée au cours du temps dans des parcelles agricoles. Elles
peuvent étre positionnées a la verticale, a '’horizontale ou avec un angle de 45° (Curley et al.
2010), a une profondeur d’environ 90 cm, en limite de zone racinaire (Lord et Shepherd
1993) ou a diverses profondeurs pour suivre l'évolution des teneurs des éléments
recherchés dans un profil de sol (Wagner 1962; Hansen et Harris 1975). Le nombre de
bougies installées varie de 2 a une douzaine.

Une bougie poreuse est formée d'une cupule cylindrique creuse, généralement collée a un
tube de PVC fermée hermétiquement par un bouchon par lequel passent un ou deux tubes.
La cupule est composée d'un matériau poreux, céramique en général, supposé inerte
chimiquement. L’extraction de la solution du sol s’effectue par application d’'une sous-
pression a l'intérieur de la bougie, qui permet 'aspiration a travers la céramique de 'eau
libre du sol. Méme si la quantité d’eau dépend de la sous-pression appliquée, Poss et al.
(1995) montre que les concentrations ne sont pas significativement différentes pour des
sous-pressions comprises entre -0.4 et -0.6 bar.

Les bougies poreuses horizontales et verticales n’ont pas montré de différences significatives
de concentrations pour des sols sans fissure (Bowman et al. 2002). Egalement, elles ont été
évaluées fiables pour les mesures des concentrations en NO3z- dans la solution du sol, avec
des résultats comparables dans des lysimetres (Webster et al. 1993). Les biais de mesures
peuvent étre réduits en réalisant plusieurs répétitions et en utilisant des intervalles courts
entre les prélevements et des durées de sous-pression constantes (Hansen et Harris 1975).
De plus, les bougies poreuses horizontales dont l'installation provoque une perturbation
importante du sol, impose une année de stabilisation avant le début des mesures.
L’installation des bougies nécessite un bon contact entre la bougie et le sol. Certains auteurs
utilisent de la bentonite pour limiter les fuites verticales. Les premiers prélevements ne
doivent pas étre pris en compte pour s’affranchir de la phase de stabilisation.

Plusieurs phénomenes peuvent intervenir au contact céramique-solution du sol. Des
libérations de calcium, magnésium et sodium par les parois poreuses ont été observées
(Grover et Lamborn 1970). Depuis les années 90, des travaux (lixiviation des pesticides
surtout) sont réalisées sur bougies poreuses en téflon (Maitre 1991). Ce matériau est inerte,
mais les constructeurs doivent effectuer un traitement pour le rendre hydrophile et créer
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une microporosité. Ces traitements engendrent une réactivité des bougies en téflon
(Prenat™, Timco™) par rapport aux solutions du sol encore plus importante que dans les
bougies en céramique (Creasey et Dreiss 1988; Maitre et al. 1991). Le ringage avant
I'installation permet toutefois de limiter les problemes de contaminations ioniques.

La profondeur a laquelle il convient de calculer la lixiviation est celle de la culture a
I'enracinement le plus profond, car I'azote qui a migré en profondeur peut étre ensuite
absorbé par les cultures suivantes (Thorup-Kristensen et al. 2003). La profondeur des
racines peut étre limitée par la roche meére (socle calcaire en Beauce) ou par le
développement de la plante en hiver. En période hivernale (Novembre a Avril), 80-100% des
racines d’un colza sont au-dessus de 90 cm de profondeur (Barraclough 1989).

Enfin, pour estimer la lixiviation du NOs, avec les concentrations dans l'eau des bougies, il
faut estimer les flux d’eau (volume d’eau percolée), soit par la loi de Darcy, a partir de
mesures in situ du gradient de charge (Vachaud et al. 1978), soit par un calcul de bilan
hydrique, a partir d'une estimation de tous les autres termes du bilan (pluviométrie,
évapotranspiration, variation de stock d’eau dans le sol et flux de ruissellement éventuel)
(Burns 1976).

Les lysimétres.
Les lysimeétres sont des dispositifs permettant d’étudier et de mesurer 1'évolution de l'eau

dans un sol. Le lysimetre simple se présente comme un cylindre en métal, béton ou plastique
ouvert en surface et rempli par le sol a tester. IIs constituent une méthode adaptée pour les
essais expérimentaux de long terme (Carter et Gregorich 2007), car leur installation
nécessite d'importants travaux. Les lysimétres récupérent 'eau d'un profil de sol lorsque
I’humidité du sol dépasse la capacité au champ.

Toutefois les lysimetres ne permettent pas d’estimer le drainage, car il existe des effets de
bordure et le recueil d’eau au potentiel matriciel nul conduit a le sous-estimer (Weihermuller
et al. 2007). Les lysimetres ouverts avec fibre de verre sont une version plus récente et
prometteuse. IIs permettent d’estimer le drainage si le nombre de répétitions est suffisant et
surtout si des eaux représentatives de celles qui percolent sont recueillies (Feaga et al.
2010).

Le réseau de drainage.
Le drainage artificiel en évacuant les exces d’eau, réduit les phases d’engorgement et donc

d’anoxie des sols hydromorphes. Les parcelles drainées peuvent étre considérées dans des
travaux scientifiques comme des lysimétres géants (Arlot, 1999; Kladivko et al. 2004). Le
drainage artificiel a pour conséquence de redistribuer les termes du bilan hydrique, en
diminuant la part d’infiltration profonde au profit d'un écoulement plus superficiel. Une
hypothese souvent faite, est que le réseau de drainage capte la majorité des flux de
percolation (Henine et al. 2010).

Les fuites par drainage, importantes pour les ions NO3- et Caz* varient essentiellement avec la
pluviométrie (ampleur et répartition des précipitations), 'espéce cultivée, la nature du sol et
la profondeur des drains (Billy, 2008). Une précipitation atmosphérique lente et réguliére
survenant a la surface des parcelles produit tout d’abord un déplacement de la solution du
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sol, suivi progressivement du mélange d’eau et de phase liquide du sol. Il en résulte que les
eaux de drainage sont des solutions plus diluées que les solutions du sol. Selon les cas, le
rapport drainage/pluviométrie s’établit entre 20 et 50% (Tournebize et al. 2008).

1.5.1.2. Les émissions de protoxyde d’azote

En chambres d’accumulation des gaz.
L’accumulation passive du gaz dégagé sous des enceintes placées en surface du sol est la

méthode la plus fréquemment utilisée pour déterminer les émissions de gaz a effet de serre,
dont notamment le N,0. Cette méthode est décrite en détail dans Hutchinson et Livingston
(1993). Une chambre consiste en un cylindre ou un cube ouvert sur deux faces avec un
couvercle détachable au-dessus. La surface couverte est variable, de 0.01 a3 1 m?2 Cette
chambre est enfoncée dans le sol, et fermée hermétiquement pendant la durée de la mesure.
Le gaz émis (ou consommé) par le sol s’accumule a I'intérieur de la chambre et est analysé en
fonction du temps.

On distingue deux types de chambres: les systémes fermés pour lesquels il n’y a pas de
remplacement de I'air et les systémes ouverts pour lesquels on impose un flux d’air constant
a l'intérieur de la chambre (enceintes dynamiques). Dans les systémes fermés, les flux sont
calculés a partir de la cinétique d’augmentation de la concentration au cours du temps. Dans
les systemes ouverts, le flux est communément estimé a partir de 'écart de concentration
entre I'air entrant et sortant de la chambre (Reichman et Rolston 2002).

La chromatographie en phase gazeuse (CPG) couplée a un détecteur d’électrons (ECD) est la
méthode la plus couramment utilisée pour I'analyse de gaz et permet une mesure fine du
N;0. La principale caractéristique du détecteur ECD est sa grande sélectivité basée sur les
coefficients d’absorption électronique des différents composés qui traversent ce détecteur.
Les chambres au sol sont encore souvent utilisées dans une configuration manuelle, ce qui a
comme désavantage principal de ne permettre que des mesures ponctuelles dans le temps,
pas toujours suffisamment représentatives des fluctuations rapides des émissions.

De maniére a réduire le temps requis aux mesures sur le terrain et d’en affiner la résolution
temporelle, des chambres automatiques ont été développées d’abord en CPG (Conrad et al.
1983) puis avec le développement d’analyseurs par spectrométrie infrarouge (Bessou et al.
2010) ce qui permet la réalisation de mesures en semi-continu.

Les méthodes micro-météorologiques.
Les approches micro-météorologiques sont basées sur les mesures des mouvements de

masses d’air au-dessus des écosystemes et ont l'avantage par rapport aux chambres de
réaliser une intégration spatiale et temporelle des flux de N,O (Fowler et al. 2001). Les
capteurs montés sur des tours détectent les mouvements et le contenu en gaz de l'air au-
dessus et a l'intérieur de la canopée; l'intensité et la direction du flux peuvent étre
déterminés par les concentrations de gaz, les gradients et la turbulence.

Le développement des détecteurs a diode laser et a laser a cascade quantique a ainsi permis
le développement de ces méthodes et de leurs applications sur divers écosystémes terrestres
(Wang et al. 2013). Trois types de méthodes existent selon les échelles considérées. La
méthode « eddy covariance » releve de la mesure directe dans 'atmospheére de la vitesse du
vent vertical et de la concentration en N,0. Cette méthode permet I'étude a 'échelle de la
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parcelle et a souvent été utilisée en parallele des méthodes de chambres automatiques
(Laville et al. 1999), conduisant a des estimations comparables. La méthode par gradient de
flux permet de couvrir des parcelles agricoles. Cette méthode implique de réaliser des
mesures de la vitesse du vent, de la température et de la concentration en N;0. Cette
méthode est généralement associée a I'équipement d'une tour de mesure, dont la hauteur
définit la zone de couverture. Enfin la méthode « relaxed eddy accumulation » permet de
couvrir efficacement des zones agricoles de plusieurs km?, notamment a I'aide d’appareils de
mesures aéroportées (Pattey et al. 2007). Cette méthode bien qu’intégrant une échelle
spatiale importante sont encore souvent peu précises

1.5.2. Les méthodes indirectes

Plusieurs méthodes indirectes existent également pour la quantification des fuites d’azote,
comme par exemple les bilans azotés particulierement utiles pour la quantification de la
lixiviation, les équations de facteurs d’émissions de N,O lors des apports d’engrais, les
méthodes isotopiques (1°N) et les modeéles de prédictions.

1.5.2.1. Les bilans azotés

A l'échelle de la rotation, le bilan d’azote permet d’estimer les fuites d’azote par le solde des
apports d’azote au sol (engrais, produits résiduaires organiques, fixation symbiotique et le
dépot atmosphérique) et des exportations d’azote par la récolte et le paturage. Cette
méthode s’appuie sur 'hypothese d'un régime permanent, ou ce solde encore appelé surplus
ou balance azotée du sol est un bon indicateur du potentiel des fuites environnementales des
terres arables (Scoones et Toulmin 1998; Oenema et al. 2003; de Vries et al. 2011). Billen et
al. (2013a) ont montré que 75-100% du surplus calculé était perdu sous formes de NO3- dans
les zones sous-racinaires des parcelles conventionnelles (Figure 1-5). Toutefois les cultures
avec CIPAN et les prairies permanentes peuvent limiter la lixiviation en dessous d’un surplus
plafond de 60 a 120 kg N ha'! an! respectivement. Le surplus qui n’est pas lixivié peut étre
stocké dans le sol sous forme de matiere organique, ou émis dans I'atmosphere lors des
processus de dénitrification (N2, N20) et de volatilisation de I'ammoniac (Beek et al. 2003).
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Figure 1-5. Relation empirique observée entre le surplus et la lixiviation en dessous de la zone
racinaire dans les terres arables, avec ou sans CIPAN, et les prairies permanentes paturées (Billen et al.
2013a).

1.5.2.2. Les facteurs d’émission

Les lignes directrices de I'lPCC (2006) décrivent une méthodologie complete afin d’estimer
les émissions de N,O liées a l'agriculture a partir de facteurs d’émission. Concernant les
émissions directes provenant des sols, plusieurs études ont permis d’estimer a 0.9 % le
facteur d’émission lié a la fertilisation apportée (Bouwman 1996; Stehfest et Bouwman
2006). Le facteur d’émission (EF en %) fait référence a la différence de N,O émis entre une
parcelle fertilisée et une parcelle non fertilisée, par rapport a la quantité totale d’azote
apportée (Equation 1-6).

N20—-N (F)— N20-N (C)
N apporté

Equation 1-6. EF =

ou N20-N (F) et N2O-N (C) sont les émissions de N,O cumulées sur I'année (kg N ha'! an'1) sur
la période fertilisée (F) et le contrdle (C) non fertilisé, respectivement ; N apporté est la
quantité d’azote sous forme d’engrais appliquée pendant I’étude (kg N ha-! an!). Par défaut,
le pourcentage recommandé par I'IlPCC est de 1%, comprenant une certaine variabilité locale
(Lesschen et al. 2011). Toutefois pour les engrais organiques, n’ayant pas tous la méme
vitesse de minéralisation, il est préférable d’utiliser la quantité d’azote « disponible » plutét
qu’apporté, ce qui augmenterait I'estimation de EF par I'l[PCC (2006), sans sous-estimer leur
effet (Aguilera et al. 2013).

Les émissions indirectes associées a la volatilisation, au lessivage et a la consommation finale
des aliments doivent aussi étre estimées pour établir un bilan complet des fuites d’azote. Les
émissions indirectes dues au lessivage de l'azote, sont reconnues comme les plus
importantes. Ce facteur d’émission (EFs) correspond a 0.75% de I'azote apporté sous forme
d’engrais minéral et organique. Ces valeurs comprennent une grande incertitude tout au long
des étapes de cheminement de 1'azote dans les nappes, les rivieres jusqu’a I'estuaire et sont
parfois remises en cause (Vilain et al. 2012c).

1.5.2.3. Les méthodes isotopiques (1°N)

Pour mesurer les fuites d’azote dans 'environnement, la méthode isotopique consiste dans le
suivi du 15N, I'isotope lourd et stable de I'azote, qui peut étre utilisé au champ comme au
laboratoire.

Sur le terrain, il est possible, par la méthode du marquage isotopique de suivre 'apport d’'un
produit artificiellement enrichi en un isotope donné alors qu’il naturellement peu représenté
(Recous et al. 1988) ou par la méthode du tracage isotopique naturel de déterminer
I'abondance naturelle d'un isotope dans un compartiment donné comme une signature des
processus qui l'affectent, sachant que certains processus comme la volatilisation ou la
dénitrification sont fractionnants, c’est-a-dire qu’ils affectent proportionnellement plus
I'isotope léger 1N que l'isotope lourd 5N, enrichissant ainsi légerement le produit de départ
en ce dernier (Sebilo et al. 2003).
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Toutefois ces approches présentent plusieurs limites et en premier lieu elles nécessitent de
disposer d'un spectrometre de masse a haute sensibilité. Le marquage oblige en outre a
travailler avec une source d’azote exogéne dont il faut évaluer la dilution dans le pool de NOs-
du sol. Le colit du marqué >N et la nécessité de travailler avec un produit fortement marqué
conduisent a opérer sur des surfaces restreintes. Enfin, la nécessité de couvrir longuement le
sol pour quantifier les faibles flux limite fortement l'usage de la méthode en présence de
végétation (Hénault et al. 2012).

1.5.2.4. Les modéles de prédictions des fuites azotées

Plusieurs modeéles ont été développés afin de permettre une estimation des fuites d’azote
dans I'environement. Les modeéles ont pour objectif de calculer les flux ou les quantités
d’azote mis en jeu a partir de lois ou de relations préétablies par des approches mécanistes,
empiriques ou mixtes. Modéliser les processus implique nécessairement de simplifier et de
conceptualiser la multitude de processus physiques, chimiques et biologiques qui existent
dans la nature. Pour chaque modele, on s’attache donc en général a caractériser un
fonctionnement de fagon conceptuelle, en formalisant ou en utilisant des équations que I'on
peut paramétrer. Une fois développés et validés par des observations in situ, ces outils
permettent en explorant une multitude de contraintes, de limiter les campagnes de terrain.
Concernant la modélisation a I'échelle de la parcelle, les modele STICS (Brisson et al. 2003)
ou CERES-EGC (Jones et al. 1986) sont des modeles agronomiques qui permettent de définir
I'impact des pratiques culturales sur les fuites d’azote (N20O, NO3-). Ils prennent en compte la
croissance des plantes, le bilan d’eau dans les sols, et les cycles de I'azote et du carbone.
D’autres modéles dérivés des précédents, plus simples, calculent uniquement le transport
vertical de I'’eau et des nutriments dans le profil de sols, comme LEACHN (Jemison et al.
1994) ou LIXIM (Mary et al. 1999). Des modules ont été développés pour quantifier les
émissions de N0 (Frolking et al. 1998; Chen et al. 2008), comme NOE (Hénault et al. 2005),
NLOSS (Riley et Matson 2000), intégrés ou pas dans les modeéles agronomiques.

La majeure partie des modeles s’appliquent a I’échelle de la parcelle, mais certains modeles
permettent également d’aller au-dela de 'exploitation agricole (Olesen et al. 2002), jusqu’a
I’échelle régionale, comme SWAT (Bioteau et al. 2002) ou de 'Europe, comme CAPRI-DNDC
(Leip et al. 2008).

Toutefois le recours a la modélisation pour décrire des situations agricoles réelles (et non
expérimentales), souléve la question du nombre de parametres a prendre en compte par le
modele (Hansen et al. 2001; Meynard et al. 2003). En particulier, certaines cultures
spécifiques de 'AB (par exemple les 1égumineuses) ne sont pas encore paramétrées dans les
modeéles classiques, comme dans le modele STICS qui ne peut étre appliqué de fagon
satisfaisante que dans les systemes conventionnels (Beaudoin et al. 2008).
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Chapitre 2. Localisation des sites, materiels et methodes

2.1. Localisation et caractéristiques des sites d’études

L’ensemble de nos sites d’études sont situés au centre du bassin de la Seine, au niveau de la
région IDF et ses environs. Le bassin de la Seine fait 'objet de recherches approfondies
depuis 1989 avec la création du programme interdisciplinaire en environnement (PIREN-
Seine). Le bassin versant est une zone géographique privilégiée pour réaliser des études sur
les flux d’eau en relation avec les éléments biogénes issus des pratiques agricoles. Un bassin
versant est une aire délimitée par des lignes de partage des eaux (trés souvent ligne de
créte), a l'intérieur de laquelle toutes les eaux tombées alimentent un méme exutoire. Les
caractéristiques du bassin de la Seine et d’'un de ses sous bassin, le bassin de I'Orgeval vont
étre décrites ainsi que les exploitations agricoles qui ont été suivies.

2.1.1. Le bassin de la Seine

Le bassin de la Seine (78 600 km?), soit 12% du territoire national, concentre 25% de la
population francaise et est parcouru par 23 000 km de cours d’eau au travers desquels
s’écoulent chaque année 14 milliard de m3 d’eau. Les densités de population les plus
importantes sont rencontrées en aval, avec I'agglomération parisienne, qui comporte 60% de
la population du bassin (10.5 millions d’habitants en 2010), tandis que les activités agricoles
sont localisées majoritairement en amont, recouvrant 46% du bassin. Le réseau
hydrographique de la Seine comprend les affluents principaux de la Marne, I'Oise, 'Eure
outre la Seine amont. Le bassin de la Seine est sédimentaire, constitué de deux formations
calcaires jurassiques.

2.1.1.1. Le contexte climatique

La pluviométrie du bassin est due a un apport assez constant d’humidité par les vents
d’ouest issus de I'Océan Atlantique (climat océanique pluvial). Le bassin de la Seine posséde
une pluviométrie moyenne de 745 mm (1970-2004) comprenant un gradient de 620 mm
dans la Beauce jusqu’a 1100 dans le Morvan et sur les reliefs sud-est du bassin (Figure 2-1,
a). Les plateaux du centre du bassin sont moins arrosés car les vents d’ouest humides n'y
rencontrent pas d’obstacle ; les altitudes maximales ne dépassant pas les 200 m en région
IDF.
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Figure 2-1. Pluviométrie moyenne annuelle (a), ETP (b) et lame d’eau potentiellement infiltrée (c)
dans le bassin de la Seine (Viennot et al, 2011, Fascicule PIREN-Seine,
http://www.sisyphe.upmec.fr/piren/?q=webfm_send/817).
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L’évapotranspiration potentielle (ETP) moyenne annuelle est de 759 mm (1970-2004). Elle
varie entre 670 mm en région parisienne jusqu’a 750 mm en Seine Maritime (Figure 2-1, b).
L’ETP correspond a la quantité d’eau susceptible d’étre évaporée par une surface d’eau libre.
Dans la réalité, la quantité d’eau réellement évaporée (ETR) est donc inférieure a I'ETP. Sur
le bassin, elle est voisine de 600 mm.

Il en découle, que la lame d’eau potentiellement infiltrée dans les sols, est en moyenne de
154 mm par an sur le bassin, avec des valeurs inférieures a 100 mm en Beauce et supérieure
a 200 mm en Meuse et Cote d’Or (Figure 2-1, c) en relation avec la nature des sols (cf.
Figure 2-4). On constate que la lame d’eau est plus importante dans les régions a forte
pluviométrie, au socle calcaire et a forte activité agricole (sud est du bassin).

2.1.1.2. Un bassin majoritairement céréalier

Le bassin de la Seine se compose en 2000 de 52% de terres arables, 12% de prairies
permanentes, 24% de surfaces forestiéres, ainsi que 6% de surface urbanisée et 6% d’autres
occupations du sol. Il compte alors 15% des exploitations francaises et 23% de la SAU du
territoire national.

Le bassin de la Seine est dominé par des exploitations de grandes cultures, avec une taille
moyenne de 68 ha, contre 42 ha en moyenne nationale.

Les cultures majoritaires sont le blé, I'orge, le mais et le colza qui recouvrent plus de 60%
SAU pour quasiment 'ensemble des départements du bassin de la Seine (Agreste 2010). Le
blé tendre d’hiver représente parfois plus du tiers de l'assolement des exploitations. La
succession colza-blé-orge est trés répandue sur tout I'est du bassin de la Seine (classe 14 et
15, Figure 2-2). Au Nord de Paris, les betteraves et les pommes de terre alternent avec du
blé (classe 1 a 3, Figure 2-2).

: - i Légende
L Amiens =
¥ -::3 Ll | Charleville Mézidres Typologie des PRA (16 classes)
R OSSN Triplets de cultures majoritaires
i - 11
gic Hameph 'RD;?!EQE,;-:WFA '?-.; 1 N BBt (14%)-BtBBt - BPR-PBBL - 11)
s, hei M “1 2 I BetB (11%) —BPdtB— Pd BBt ~BPB - PBAL
3 2 3 BBtB (8%)—BPE—BMEB —PBBt —BBB —BCB
[t 4 I &5te (59%) - BtBO - BtBE — BBO —BBE
. 5 BBTB (4%)—BPB —PBO —LLB —PBBT —BtBO
et 6 BIBO (3%)— BBIB —BLINE — BPB —BMB
70 BPB (9%)-BMBE —BCB —BBtE —BLInB
8 I MM (11% )-BME — Légumes— BBtB —BBB
9 BME (6%)— MBM—BCE —MMM—CBO —MBO
10 BMB (6%)-BPE — BCB - BBtB —BBE —MBM —PBM
1" BCE (3%)-BMB —CBO —BPB 11
12 BCB (7%)—CBO —BTB —MMM-J1) —CBB
13 BCB {8%)—BPB —CBB —BBE —BMB —CBO —P8B
14 B 8O (12%)-BOO —0OC —11) ~BBO —BCE — CBB
EToWAL: 15 €BO (10%)- BCB - CBB - CBC

16 I Prtemp.i7%) - autres céréales— CBO— BCB— MBO

Figure 2-2. Typologie des petites régions agricoles (PRA) du bassin de la Seine en fonction des
principaux triplets de cultures observés entre 1992 et 2003. Abréviations : M = Mais, B = Bl¢, O = Orge,
T= Tournesol, L= Luzerne, ] = Jachere, Bt = betterave, C = Colza, Pdt = Pomme de terre, P = Pois, L = lin
textile dans le fascicule du PIREN-Seine Agriculture (Schottetal, 2011).
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La moyenne des doses d’engrais apportées est de 145 kg N ha'! d’azote minéral et ces doses
peuvent atteindre 170 kg N ha! pour le blé, le colza et le mais grain. Certaines cultures,
comme le mais fourrage et la betterave, recoivent des apports supplémentaires en engrais
organique. En ce qui concerne l'utilisation des pesticides, 'itinéraire technique des céréales
comporte en moyenne deux désherbants, trois fongicides, un insecticide et un régulateur de
croissance (Rolland et al. 2006).

Le rendement moyen national est de 78 q ha! I'un des plus élevés du monde, avec une
fertilisation minérale sur plus de 85% SAU de grandes cultures (Agreste, 2012). Le bassin
parisien produit 25 fois plus de céréales que Paris n’en consomme et les exporte, tant vers
des régions, qui se sont spécialisées dans I'élevage, que hors du territoire national (Billen
2009a). En revanche, les rendements moyens en AB sont de 40 q ha'! en blé, 37 q ha! en
triticale, 30 q ha'! en orge de printemps, 32 q ha'! en avoine, 63 q ha! en mais, 26-29 q ha!
en féverole, 21 q ha?! en pois, 105 q ha! en luzerne, 16 q ha! en colza et 22 q ha! en
tournesol (moyenne pluriannuelle 2005-2007, Agence Bio 2010). Le maintien d’'un
différentiel de prix élevé en faveur de I’AB (pres de 3 fois le prix conventionnel) ainsi que les
plus faibles dépenses en intrants compensent réguliérement la baisse de rendement
observée en AB, soit en général un prix autour de 300 € t1 en céréales et 200 € t1 en colza.

2.1.1.3. Les systemes biologiques en région Ile-de-France

Dés la fin des années 1990, face a 'émergence de la demande en céréales biologiques, des
exploitations sans élevage en France et en région IDF, se sont converties en AB (Allard et al.
2000). Ces exploitations bio sans élevage gardent beaucoup de points communs avec les
exploitations de grande culture conventionnelles caractérisées par de nombreuses
interventions culturales et la prédominance du blé (30% des assolements) (Lamine et Bellon
2009).

La région IDF est une région largement agricole avec 570 870 ha de SAU soit 50% de sa
surface), dont 94% en grandes cultures (Agreste, 2010). En 2013, les surfaces en AB
représentent 8 926 ha, soit 1.56% de la SAU francilienne et 3.7% des exploitations (GAB IDF,
2013). Les producteurs biologiques franciliens sont majoritairement des maraichers (45%)
suivis par les stricts céréaliers (30%). Toutefois en raison de la petite taille des exploitations
maraicheres (quelques ha), les grandes cultures biologiques occupent la majorité des
surfaces agricoles franciliennes, avec 84% de la SAU en AB. Les exploitations franciliennes
spécialisées en grandes cultures biologiques sont converties majoritairement (70%) en
totalité. Sinon, dans les exploitations mixtes (AB et AC), la part des surfaces consacrées a I'’AB
est en moyenne de 61% (Petit, 2013). Toutefois depuis novembre 2013, la mixité au sein
d’'une exploitation est possible seulement si les variétés biologiques et non biologiques sont
facilement distinguables (Article 11 modifié, CE n°834/2007). Quatre dérogations peuvent
étre appliquées pour les patures, les cultures pérennes, la production de semences ou pour
I'enseignement et la recherche. La mixité est percue comme un critere de risque, listé dans le
plan de controle cadre de I’AB, ce qui implique une plus grande fréquence des controles
inopinés ainsi que des analyses plus importante dans ce type d’exploitation.
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On distingue deux grands types de rotation dans la région, avec pour chacune, des variantes
liées a des contextes pédoclimatiques particuliers : des rotations longues (8 ans en moyenne)
reposant sur la luzerne, et des rotations courtes (4-6 ans) basées sur des légumineuses a
graines. Environ 50% des céréaliers bio franciliens pratiquent des rotations avec luzerne,
celle-ci étant surtout commercialisée (Programme RotAB, 2011). La rotation type avec
luzerne peut étre plus ou moins longue suivant les cas, avec éventuellement (cf culture entre.
parentheses) l'introduction de céréales secondaires: 2 a 3 ans de luzerne, blé, céréale
secondaire, (céréale secondaire ou oléagineux), légumineuse, blé, (céréale secondaire),
légumineuse, blé, (orge).

Les rotations sans luzerne sont pratiquées par I'autre moitié des céréaliers AB, qui pour des
raisons de commercialisation, d’équipement et/ou de type de sol, ne peuvent pas cultiver de
luzerne. La rotation type, alors basée sur l'introduction de légumineuses a graines (trefle,
féverolle, pois), est généralement conduite sur 6 ans, mais elle peut étre plus ou moins
longue suivant les cas (cf. culture entre parenthéses) : légumineuse, blé, céréales secondaires
ou oléagineux (tournesol, colza), légumineuse, blé, (céréale secondaire) (Programme RotAB,
2011).

En guise de précision, les cultures peuvent étre semées en tant que culture de printemps
associées a des cultures piéeges a nitrate (CIPAN) ou en tant que cultures d’hiver (Figure 2-3).

Cultures de printemps  Labour (Ferti*) Semis CIPAN Labour Semis Ferti Récolte
<>
Cultures d’hiver Labour (Ferti*) Semis Ferti Récolte
Sep Nov Jan Mar Jull Sep

Figure 2-3. Temporalité des principaux travaux dans les champs pour les cultures de printemps ou les
cultures d’hiver dans les systemes de grandes cultures du bassin de la Seine (France). Les abréviations
Ferti et Ferti* correspondent a la fertilisation minérale et organique respectivement.

2.1.2. Le réseau ABAC

Les exploitations agricoles que nous avons sélectionnées suivent quatre conditions :
i.  Elles sontlocalisées dans le bassin de la Seine (région IDF et périphérie)
ii. Les exploitants ont donné leur accord pour réaliser le suivi en azote de leurs
parcelles, et participent éventuellement aux prélévements
iii. La profondeur des sols est supérieure ou égale a 90 cm
iv. Lesrotations sont constituées principalement de grandes cultures céréaliéres

2.1.2.1. Localisation des exploitations

Le réseau ABAC a débuté avec I'année culturale 2012-13 dans huit systemes dans trois poles
pédologiques : (1) Seine & Marne (S&M), (2) Oise et (3) Yonne (Figure 2-4 a). Au total, huit
systémes de cultures ont été étudiés dont cinq en AB et trois en AC, ce qui correspond a 30
parcelles en AB et huit parcelles en AC du fait des rotations plus courtes en AC (cf. Chapitre
6).
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Figure 2-4. Carte lithologique du bassin de la Seine avec les exploitations agricoles équipées en 2012-
13 (gauche) et 2013-14 (droite).

En 2013-14, le réseau ABAC s’est agrandi avec un total dix-huit systémes de cultures qui ont
été suivies dans six podles pédoclimatiques différents: (1) En Brie (S&M)ou huit
exploitations ont été équipées, dont quatre systémes en AB et cinq en AC; (2) Sur le plateau
Picard (Oise) avec deux systemes en AB et deux en AC ; (3) Dans le pays d’Othe (Yonne),
entre la Champagne crayeuse et la Champagne humide, avec un systéme en AB et un systeme
en AC; (4) Dans le Vexin (Val d’Oise), dans un essai biologique; (5) Dans le Hurepoix
(Yvelines) dans une exploitation expérimentale en AC ; (6) En Beauce (Centre), un essai d'un
lycée agricole, équipé sur 3 parcelles en AB et une en AC (Figure 2-4 b). Soit un total de 49
parcelles AB et 30 en AC (cf. Chapitre 7). La présence conjointe de systemes AB et AC dans
chaque pole pédoclimatique permet de mieux appréhender I'impact des systémes AB dans
des conditions pédologiques et climatiques spécifiques.

2.1.2.2. Les systéemes de cultures du réseau ABAC

De maniere représentative de la région, les rotations étudiées en AB possedent des rotations
de 6-9 ans avec en téte de rotation, deux a trois années de luzerne, généralement exportée.

Pour rappel, la Directive Nitrate a caractérisé les engrais selon trois catégories: les
fertilisants de type I, sont ceux qui contiennent de l'azote organique a vitesse de
minéralisation lente et qui ont un rapport carbone sur azote supérieur a 8 (exemple : fumier
de bovins), aussi appelés amendements ; les fertilisants de type II qui contiennent de I'azote
organique a vitesse de minéralisation rapide et ont un rapport carbone sur azote inférieur ou
égal a 8 (exemple : lisier de bovins) ; et les fertilisants de type III qui sont les fertilisants
minéraux de synthése (ammonitrate, urée ou des mélanges).

Les rotations en agriculture biologiques
Contrairement a I'azote minéral, les quantités d’azote dans les engrais organiques varient

selon leurs types. Afin de pouvoir estimer les quantités d’azote apporté, des analyses ont été
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effectuées par la chambre d’Agriculture de Seine-et-Marne ou par les agriculteurs. Au total
six différents types d’engrais organiques ont été utilisés dans les exploitations étudiées,
comportant des teneurs en azote et des C/N spécifiques (Table 2-1). Les doses appliquées
en engrais organiques sont en moyenne de 33 + 6 kg N ha! an'%. En AB, le non-labour est tres
rare, car le labour permet de « nettoyer » les parcelles des adventices en I'absence de
traitement herbicide.

Certaines exploitations pour étre totalement autonomes n’utilisent que des légumineuses
comme apport d’azote.

Table 2-1. Quantité d’azote contenu dans les engrais organiques couramment utilisés dans le réseau
ABAC

Teneur enazote

. C/N Anné
dans matiére / €

Type d'engrais

organique brute ( g/kg) total d'analyse

vinasse de 17.0 8.1 2013
betterave
fiente de volaille 43.1 7.1 2012
fumier cheval 7.1 8.9 2004
fumier de bovin 7.3 16.7 2005
digestat de 131 118 2014
methanisation

Lisier de bovins 4.5 10.2 2013

Les rotations en agriculture conventionnelle
Les rotations AC sont plus courtes 2-5 ans avec une plus faible présence de 1égumineuse. La

proportion des cultures suivies dans le réseau ABAC (2013-14) est proche de celle que 'on
retrouve dans les différents départements du bassin de la Seine étudiés, soit 50% de
I'assolement est dédié a la culture du blé, 14% a I'orge/escourgeon, 18% au mais, 14% aux
oléagineux et 4% aux protéagineux (Figure 2-5).

100% -----—-
mblé

1 orge et escourgeon
50% = mais
1 oleagineux

= protéagineux

0%

o%° eﬁ‘“ﬂﬁ oo™ 6%‘;‘3’9

Figure 2-5. Proportion des cultures dans les six départements (Recensement Agreste 2012) et au sein
du réseau ABAC.
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La gestion des intercultures (variétés et durée d’implantation) varient selon les
exploitations. Les techniques culturales simplifiées (TCS) et le non-labour sont pratiqués
dans quelques exploitations. Les apports minéraux d’azote, effectués au printemps, dans les
exploitations sont en moyenne de 150 + 46 kg N hal an-1.

Toutes les caractéristiques physico-chimiques et hydrologiques des sols des exploitations AB
et AC sont synthétisées dans ’Annexe 3.

2.1.3. Le bassin de I'Orgeval

2.1.3.1. Contextes pédologique et climatique

Le bassin d’Orgeval est situé dans le bassin de la Seine, a 70km a I'Est de Paris, en S&M
(Figure 2-6). C’est un bassin de référence ou travaillent conjointement des équipes de
recherche (IRSTEA, UPMC, CNRS, INRA, etc.). Ce bassin versant d’une superficie de 104 km?
est occupé a 81% par des cultures, 7 % par des prairies permanentes, 11% par des foréts et
1% par des zones urbaines ou des routes.

Les conditions climatiques moyennes sur le bassin versant d’Orgeval correspondent a une
pluviométrie de 677 mm, une ETP de 782 mm et une température de 11°C (mesures sur 30
ans a Boissy-le-Chatel, 48°49'15"N 3°08'19"E). Les aquiferes de Brie et de Champigny sont
les aquiféres les plus proches de la surface. Le sol présente une texture limoneuse-argileuse,
avec des couches d’argile en profondeur qui lui confére un comportement hydromorphe.
Pour pallier a 'engorgement, des sols les parcelles cultivées sont drainées (90% de la SAU)
drainées a 90 cm de profondeur (Tournebize et al, 2011). Ce sol est un luvisol glossique
hydromorphe, selon la référence pédologique régionale de I'INRA-Orléans.

Figure 2-6. Localisation du bassin versant de I'Orgeval dans le bassin de la Seine.
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2.1.3.2. Les pratiques agricoles

Dans le bassin de 1'Orgeval, la polyculture-élevage a été remplacée par une production
intensive de céréales, avec comme cultures principales : blé, mais, betterave, féverole/pois
sur des exploitations de 133 ha en moyenne (Nicola etal, 2011).

En Seine-et-Marne, ’AB ne recouvre que 1.3% SAU et elle est largement tournée vers les
grandes cultures (86%), mais elle correspond a 50% de la SAU des conversions AB
franciliennes (INSEE - Agence Bio 2012).

Le site particulierement étudié est une exploitation agricole mixte (AB et AC) de grandes
cultures céréaliére de 280 ha, située proche du ru de Bourgogne, a Aulnoy (N 48° 50’ 49.888”
E 3°5°21.134”). Pour notre étude, nous avons choisi une exploitation agricole mixte (AB/AC)
a responsabilité limitée (EARL). Sur les 280 ha de cette exploitation, un quart de la surface
(70 ha) a été convertie en AB en 2009. La rotation en AB se réalise sur huit ans, et celle en AC
sur trois ans.

Nous avons équipé cing parcelles en AB et une en AC en bougies poreuses pour la mesure de
la lixiviation, et deux parcelles (AC et AB) en chambres d’accumulation manuelles et
automatiques pour quantifier les émissions de N;O, ainsi que deux autres parcelles en
chambres manuelles seulement. Nous avons installé sur I'exploitation deux stations météo
(Campbell) permettant d’enregistrer les données météorologiques, comprenant un
pluviometre, des capteurs de température et d’humidité (air et sol), ainsi que les radiations
solaires.

En équipant plusieurs parcelles de 'assolement simultanément, on peut suivre la rotation de
I'agriculteur en un temps plus court que la durée de la rotation. Ainsi au cours de ces trois
années de mesures, treize cultures en AB et cinq en AC ont été suivies concernant la
lixiviation et cinq cultures en AB et trois en AC pour les chambres d’accumulation de GES (cf.
Chapitre 3).

2.2. Matériels et méthode

2.2.1. Les propriétés physico-chimiques des sols

Quelques soient les investigations sur le terrain, (lors de la pose des bougies, des mesures en
chambres d’accumulation de gaz et des expériences en laboratoire) des triplicats de sol (30
g) sont utilisés pour déterminer '’humidité et la teneur en matiére organique du sol Les
échantillons sont placés a 105°C (48h) et 450°C (4h) respectivement et pesés a chaque étape.
Les concentrations en azote minéral du sol (NO3-, NO,-, NH4*) sont également déterminées
apres extraction au KCl, en placant 5 g de sol dans 20 ml de KCl (2 M) pendant 2 h sur une
table agitante. Les suspensions sont centrifugées pendant 10 min a 3000 tours par minute et
le surnageant est congelé a -18°C jusqu’a I'analyse avec un auto-analyseur (Quaatro, Bran &
Luebbe, ou Gallery, Thermofisher). Des mesures simultanées avec les deux appareils
montrent une pente et un coefficient de corrélation proche de 1.

Les concentrations d’azote dans les reliquats ont été mesurées en mg N 1! puis converties en
kg N ha! via la relation de Sterckeman and Ciesielski (1991) (Equation 2-1).
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1000+ V+M+h  BD<t
M= (1000-h) 10

Equation 2-1. N kg /ha sec = * Nmg/l
ou V est le volume d’extraction (20 ml); M, la masse de sol frais (5 g); h, 'humidité
massique ; BD, la densité apparente du sol ; t, 'épaisseur (cm)

Le taux de remplissage en eau des pores du sol (ou water filled pore-space en anglais, WFPS)
est une mesure utile pour appréhender 'influence de '’humidité sur les processus biologique
car il integre I'aération du sol et la disponibilité de I'’eau (Equation 2.2).

Equation 2-2 9WFPS = (XE5100

_ﬁ

avec h : 'humidité massique
BD : la densité apparente du sol
Dp : la densité des particules de 2.65g.cm-3.

Enfin 'ensemble des sols (sur les trois horizons) ont été lyophilisés pour déterminer la
granulométrie, le carbone organique, I'azote total et le rapport C/N. Ces analyses ont été
réalisées par le laboratoire analyses des sols d’Arras (LAS, INRA-Arras) (méthodologie en
Annexe 2). Un total de 120 échantillons a été analysé en 2012-13 et 148 échantillons
supplémentaires en 2013-14.

2.2.2. La lixiviation du nitrate

2.2.2.1. Protocole des bougies poreuses et analyse des concentrations

Nous avons retenu la méthode directe des bougies poreuses verticales pour estimer les fuites
d’azote dans l'eau infiltrée, car elles se mettent en place rapidement, a faible coflt
d’investissement (main d’ceuvre non comprise) et sans destruction des parcelles. En effet,
une pose a la verticale nous a permis de ne pas engager d’importants travaux de
terrassement dans les parcelles des agriculteurs, mais aussi d’effectuer des mesures peu
aprés leur installation sans destruction de la structure du sol. Toutefois, cette disposition
verticale impose le retrait des bougies avant le labour, ce qui rend difficile le suivi a long
terme.

Dans chaque parcelle, six bougies poreuses (3 mm de diameétre, 85 cm de long) ont été
installées a la tariére manuelle sur chaque terme de la rotation, soit un total de 234 bougies
installées en 2012-13 et 570 bougies en 2013-14. Le diametre de la tariére est égal a celui
des bougies, ce qui évite les infiltrations. Les bougies sont disposées en ligne, parallelement
au travail du sol, a3 un minimum de 14 m de la bordure du champ et en dessous de la surface
du sol (5 cm) pour ne pas géner le travail des agriculteurs. Les bougies sont préalablement
lavées avant d’étre installées dans les parcelles.

Le dispositif de bougies poreuses permet de récupérer I'eau sous la zone racinaire (soit une
profondeur de prélevements d’eau d’environ 90cm), grace a une dépression préalable (-800
mbar, pompe a vide électrique PAV 2000, SDEC) pendant une durée réguliére de 48h avant
les prélévements. L’eau sous-racinaire est ensuite récoltée a 'aide d’'un tube de prélevement

N

relié a un flacon de recueillement, lui-méme relié a la pompe a vide (Figure 2-7). Les
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prélévements sont effectués une fois par semaine des le début de la saison hydrologique puis
tous les quinze jours, selon les épisodes pluvieux et la saturation en eau du sol. Lorsque les
parcelles sont drainées, les sorties des drains des parcelles (90 cm) sont également prélevés
pendant la période de drainage (plan du systéme de drainage en Annexe 1).

Pompe de dépression

Tube de prélévement Atmosphére

L = Surface du sol

Flacon de prélévement

Sol
it Réservoir en PVC

Céramique poreuse

Figure 2-7. Schéma des instruments nécessaire pour le prélevement d’eau sous-racinaire dans une
bougie poreuse.

L’eau prélevée dans chaque bougie est congelée jusqu’a 'analyse des concentrations en azote
inorganique (NO3-, NO2-, NH4*) a l'auto analyseur. La méthode utilisée pour mesurer
I'ammonium est basée sur le réactif de I'indophénol bleu (Slawyk and Maclsaac 1972). Les
nitrites et les nitrates sont mesurés avec la méthode au sulphanilamide (Jones 1984). Les
nitrates sont déterminés apres réduction en nitrite. Le calcul des concentrations en nitrate
de I'eau de percolation a été pondéré en fonction des dates de préléevements sur la période
de mesures. Le premier prélévement dans les bougies en début de saison de drainage n’a pas
montré d’'anomalie par rapport aux suivants.

2.2.2.2. Calcul de la lixiviation par un modéle hydrique

En raison de la lourdeur des déterminations permettant de connaitre les propriétés de
rétention en eau, les réserves utiles ont été déterminées par des classes de pédotransfert
(Bruand et al. 1996 ; Wosten et al. 2001). En France, la fonction de pédotransfert établie dans
I'Aisne par Jamagne et al. (1977) est toujours utilisée. Toutefois, sur les sols du bassin
parisien, il a été montré que l'utilisation de celle-ci conduit a des biais d’estimation d’autant
plus grands que les textures sont argileuses (Bruand et al. 2002). La classe de pédotransfert
utilisée a donc été déterminée grace a la base de données SOLHYDRO 1.0, qui rassemble 320
horizons prélevés principalement dans le bassin de Paris (Bruand et al. 2004).

Les transferts hydriques des solutés débutent quand I'humidité est égale a la capacité au
champ, c’est-a-dire quand la réserve utile (RU) en eau du sol est remplie. La simulation de la
lame drainante (W;) a été réalisée via un modeéle réservoir une couche (90 cm). La
pluviométrie (P;) et 'évapotranspiration potentielle (ETP;) journalieres ont été mesurées par
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les stations météorologiques les plus proches. L’évapotranspiration maximale (ETM)
correspond a 'ETP multiplié par un coefficient cultural compris entre 0.5 et 1. Pour la
période hivernale, nous avons estimé un coefficient de 0.5 pour I'ensemble des parcelles
étudiées, afin de ne pas sous-estimer les flux d’eau percolée (Perrier et al. 1980; Allen 2000).
L’eau stockée journalierement dans le sol correspond a la différence entre les entrées d’eau
(Stock d’eaui.1, P;) et les flux sortants (ETM;, Wi.1) (Equation 2-3). La lame drainante (Wi)
correspond a l'excés d’eau qui ne peut pas étre retenu par la réserve utile du sol, avec un
coefficient de vitesse d’infiltration (k) compris entre 0.5 et 1 (Equation 2-4). Lorsque la
capacité au champ est atteinte (RUcc), la période de drainage commence avec un flux qui
dépend des épisodes pluvieux.

La lixiviation est calculée en multipliant les concentrations pondérées par les lames
drainantes entre deux prélevements (Equation 2-5).

Equation 2-3.Stock d’eau (i) = max (Stock eau i1 + P - ETM; - Wi_y; 0)
Equation 2-4.Lame drainante W; = max (k.*(Stock d’eau ; - RUcc) ; 0)
Equation 2-5.Q =Wi * SRC * 0.01

avec Q : flux d’azote (kg N ha1)

Wi : flux d’eau écoulée pendant la période considérée (mm)

SRC : concentrations pondérées dans les bougies poreuses (mg N I'1)
10-2: pour la conversion en kg N ha-!

2.2.3. Les émissions de protoxyde d’azote

2.2.3.1. Protocole des chambres d’accumulation de gaz

Les mesures de GES sont effectuées en utilisant la technique des chambres d’accumulation
statiques. Sur 'exploitation mixte, quatre séries de cinq chambres de base carrée (50 cm x 50
cm x 30 cm de hauteur) ont été implantées dans le sol a environ 15 cm, afin d’assurer
I'étanchéité tout au long du développement de la culture. La stratégie avait été de placer une
série de chambres manuelles sur les termes des rotations AB et AC, deux parcelles contigiies.
En mars 2013, des chambres automatiques ont également été installées sur ces mémes
parcelles, dans le cadre du réseau EFEMAIR-N;0 (financé par 'ADEME, coordonné par
laboratoire Agro-Impact de 'INRA-Laon).

Le principe des chambres d’accumulation est de fermer hermétiquement un volume au-
dessus d'une surface émettant ou consommant du gaz, de sorte que le gaz ne puisse pas
s’échapper. Les chambres sont donc fermées a 'aide d'un couvercle hermétique équipé d'un
septum permettant le prélévement du gaz apres accumulation. Lors des prélévements
manuels, quatre échantillons de gaz sont prélevés avec une seringue de 30ml dans chaque
chambre (0, 10, 20, 30 minutes apres fermeture, ou 0, 20, 40, 60 minutes lorsque le
développement de la culture nécessite la mise en place de rehausses) ; les échantillons sont
transférés dans un flacon préalablement mis sous vide de 12.5 ml (LabcoExetainer®)
(Figure 2-8, a). Ces prélevements sont effectués tous les quinze jours afin d’assurer un suivi
régulier et d’estimer au mieux les émissions gazeuses (Laville et al. 1999; Hénault et al. 2005;
Vilain et al. 2010). Les concentrations en N,O gazeux (mais aussi en CO; et CH4) sont
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mesurées a I'INRA de Grignon (collaboration avec Pierre Cellier et Céline Decugq, cf. 2.2.2.3).
Les émissions de N,O sont déterminées a partir de cinq réplicats par parcelle.

Depuis mars 2013, deux séries de trois chambres automatiques (70 cm x 70 cm x 22 cm de
hauteur) ont été installées sur les deux parcelles (AB et AC) afin de mesurer les flux de N,O et
CO; de maniére quasi-continue, soit 4 mesures de 20 min dans chaque chambre toutes les 6h
(0-2h; 6h-8h; 12-14h; 18h-20h). L’air passe a travers l'analyseur de CO; (LiCor 820: LiCor
Biosciences, Lincoln, NE USA) et de N;O (Thermo 46C: Thermo Electron, Saint Aubon,
France) avec des capteurs de sensibilité d’environ 0.5 ppm et 2 ppb respectivement (Oorts et
al. 2007) (Figure 2-8, b). A partir de juin 2013, les parties aériennes des cultures dépassant
la hauteur des chambres, sont régulierement coupées afin de permettre une fermeture
étanche des chambres. Les flux de CO; et de N,O sont calculés via un modele de régression
linéaire ou exponentielle.

(b)

Figure 2-8. Photos des prélevements de GES dans les chambres manuelles (a) et en chambres
automatique avec l'analyseur par spectrométrie infra-rouge.

2.2.3.2. Expériences en conditions contrélées

Afin de mesurer les émissions potentielles de N,O lors des transformations de nitrification et
dénitrification, des expériences en batch (en conditions controlées et répétables) sont
effectuées. Le principe est de mesurer les activités de nitrification et de dénitrification du sol
dans des conditions non limitantes, sur une période courte (quatre heures) (Figure 2-9, cf.
Chapitre 4).

Des volumes de sols de 400 ml sont prélevés sur les premiers 20 cm de profondeur. Ils sont
ensuite conservés au frais (4°C) jusqu’a l'incubation. Les sols sont homogénéisés avant
I'expérience en laboratoire. L'expérience des batchs est réalisée avec 5g de sédiments frais,
insérés dans un flacon de 100mlL, et le flacon fermé a I'aide d’un bouchon étanche muni d’'un
septum en caoutchouc afin d'y prélever un échantillon de gaz.

Pour I'étude de la dénitrification, on utilise une solution saturante de KNO3 a 60 mg N-KNOs
11, flushée au diazote gazeux (N:) afin de chasser l'oxygeéne dissous. Les flacons sont
également flushés au N; pendant 5 minutes avant l'introduction du sol. Les 5 ml de la
solution KNO3 sont alors injectés dans le flacon a travers le septum. On obtient ainsi un
milieu en anaérobie.

Pour I'étude de la nitrification, on ajoutera 5 ml d'une solution de NH4Cl a 40mg N-NH4Cl
oxygénée a l'aide d’'un bulleur (~20% d’03).
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Figure 2-9. Schéma descriptif de mesure du potentiel de dénitrification. Pour la nitrification, le
principe est le méme, les seuls différences sont: I'étape de flush a l'air, et la solution de KNO3 qui est
remplacée par une solution (5 ml) de NH4Cl.

Pour chacun des processus d’un sol, 15 flacons sont ainsi préparés (5 temps : 0, 1h, 2h, 3h, 4h
x 3 réplicats par temps) ; les flacons sont alors disposés sur une table agitante a 'obscurité
(enroulés dans une feuille d’aluminium) pour éviter la photosynthese. A chaque temps
d’incubation, 3 flacons sont retirés de la table agitante pour les prélévements. Aprés un
prélevement de30 ml du gaz a I'aide d’une seringue, injectés dans des tubes étanches jusqu’a
I'analyse du N»O (cf. ci-dessus 2.2.2), les suspensions de sols sont centrifugées pendant 10
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minutes a 3000 rpm et le surnageant récupéré. Les surnageants sont conservés a -20°C
jusqu’a I'analyse des formes dissoutes de 'azote (NH4*, NO3-, NO;) a 'auto-analyseur.

2.2.3.3. Analyse de la phase gazeuse (Nz0)

Le chromatographe en phase gazeuse (INRA-AgroParitech a Grignon) permettant d’analyser
les gaz (N20, CO; et CH4) est un Varian (3800) couplé a un détecteur a capture d’électrons
(ECD) et d'un détecteur d’ionisation a flamme (FID). Les concentrations CO;, CHs sont
ensuite calculées en comparant les aires des pics obtenus avec leurs étalons respectifs
(Table 2-2). Les flux de GES sont déterminés a partir des valeurs des pentes des régressions
linéaires réalisées sur les mesures des cinq chambres manuelles ou celles des trois chambres
automatiques.

Table 2-2. Concentrations des quatre étalons des gaz analysés

gaz CH, (ppm) CO, (ppm) N,O (ppb)

A 0,997 202 289
B 2,013 997 501
C 2,999 2000 651
D 3,977 2962 805

Toutes ces méthodes maintenant décrites, vont permettre de quantifier l'impact des
agrosystemes sur les fuites d’azote dans I'environnement. Afin de conserver les articles dans
leurs intégralités, les méthodes spécifiques de chaque chapitre ont été gardées en I'état.
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Partie 11.

Les fuites d’azote a différentes échelles
spatiales et temporelles
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Partie Il. Les fuites d’azote a differentes echelles spatiales et temporelles

Plusieurs facteurs régissent les fuites d’azote tant a I’échelle microscopique (activités des
microorganismes), macroscopique (itinéraires techniques) que régionale (climats,
transferts). Dans cette seconde partie, on s’intéressera aux fuites d’azote a 1'échelle de la
parcelle et de I'exploitation sur trois années, puis a 'échelle du processus sur quelques
heures et enfin a I'échelle du bassin versant pour plusieurs années hydrologiques.

Tout d’abord a I’échelle d’'une exploitation mixte (AB/AC), nous étudions les fuites d’azote au
cours d’'un cycle de rotation culturale reconstitué, ce qui permet de prendre en compte
I'impact des itinéraires techniques ainsi que celui des précédents culturaux. Les fuites
d’azote dans les systémes agricoles biologiques sont particuliérement complexes a étudier
car leurs pratiques impliquent des reports d’azote d’'une année sur l'autre, en raison des
rotations longues, de 7 a 9 ans. La rotation (temporelle) dans cette exploitation ne
correspond pas a I'assolement annuel (spatial). En conséquence, un suivi pluriannuel a été
nécessaire pour reconstituer I'ensemble de la rotation. Le suivi de cette exploitation mixte
nous a également permis de tester différentes approches méthodologiques pour la
quantification des émissions de N,O (chambres automatiques et manuelles), la lixiviation du
NOs- (drains, bougies) et les flux d’eau (observés, calculés) (Chapitre 3).

Les mesures in situ se prétent parfois mal a I'étude analytique de certains facteurs de
régulation. Cela nous a conduit a la mise en ceuvre d'une méthodologie en laboratoire
permettant d’effectuer un traitement sur un lot d’échantillon (batch en anglais) en conditions
controlées. En particulier, nous avons testé |'effet de la température (un facteur de régulation
difficile a isoler lors des observations in situ) sur les processus de dénitrification, nitrification
et leurs émissions de N;0 associées. Les potentiels de nitrification et de dénitrification sont
également des outils utiles pour comparer la prédominance des processus (nitrification,

dénitrification) selon les contextes. Les échantillons de sols ont été prélevés a quatre
reprises sur 'une des parcelles de I'exploitation mixte précédemment étudiée (Chapitre4).

Enfin, 'ensemble de ces mesures réalisées sur le terrain (bougies, piézometre, drains,
chambres d’accumulation de gaz) ont permis de reconstituer le bilan des transferts d’azote
contribuant a la cascade de I'azote, a I'échelle du petit bassin versant de I'Orgeval ou se situe
I'exploitation agricole mixte. De plus, les chroniques de concentrations nitriques a I’exutoire
du bassin ont été simulées grace a la mise en ceuvre du modele Sénéque-RiverStrahler. Des
scénarios de réduction des concentrations nitriques des eaux de surface sont aussi testés
(Chapitre 5).
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3.1. Abstract

Agricultural activities can lead to nitrogen losses in the environment, particularly nitrate
(NO37) leaching and nitrous oxide (N,0) emissions. This study aims to measure N losses from
organic farming (OF) and conventional farming (CF) arable cropping systems, both adopted
in a single farm, located on the same drained loamy soil in the Seine basin, in the North of
France. Leaching was measured with ceramic cups and N;O emissions with automatic and
manual chambers over the 2011-2014 period.

Manual chambers showed the same trend as automatic chambers but underestimated small
variations and overestimated peak emissions. On average, N,O emissions were lower in OF
(0.65 kg N ha'! yr1) than in CF fields (0.91 kg N ha! yr1). The mean amount of N leached was
14.6 kg N ha'! yr! in the OF system during the 8-year rotation (alfalfa 1, alfalfa 2, wheat,
green bean, wheat, faba bean, wheat, flax) and 19.5 kg N ha! yr! in the CF system for a 3-
year CF rotation (legume, wheat, wheat), corresponding to 11% and 14% of total N inputs,
respectively. Leached N and N,O expressed per unit of protein-N harvested were slightly
higher in CF (0.12 g NO3-N g1 N and 5.6 mg N;0-N g N, respectively) than in OF systems
(0.11 g NO3-N g N and 4.8 mg N,0-N g1 N, respectively). These results show the lower
environmental impact of organic farming practices compared to CF practices but show
further margins of progress in both systems (types, date and amount of fertilisers, legume
management and catch-crops).
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3.2. Introduction

Nitrogen (N) is necessary to plant growth, but when in excess its impacts negatively affect
the environment, namely through nitrate (NOs-) leaching and nitrous oxide (N20) emissions.
Agricultural activity is recognised as significantly contributing to diffuse-source
contamination in groundwater (Ledoux et al. 2007) and N»O emissions from agriculture are
estimated to account for more than 75% of total global anthropogenic emissions (Isermann
1994; Stehfest and Bouwman 2006).

Organic farming (OF) is often considered as a credible alternative system for preventing
environment contamination from pesticides and enhancing biodiversity (Pelosi et al. 2009;
Henneron et al. 2014). However, concerning its impact on NO3-leaching and N0 emissions,
the situation is not that straightforward, and meta-analyses on this subject do not lead to an
unequivocal conclusion (Mondelaers et al. 2009).

With regard to studies on NOjz  leached in arable crops in northern Europe, using field
measurements by means of porous ceramic cups (Berg et al. 1999; Stopes et al. 2002),
drainage perimeters (Korsaeth and Eltun 2000) or soil mineral nitrogen (SMN) (Haas et al.
2002), 45% less leaching was observed in OF than in CF. However, (Kristensen et al. 1994)
showed 103% more SMN in OF fields than in CF fields, mainly due to regular application of
manure. Concerning N,O emissions, a meta-analysis based on 16 publications showed that
arable crops in OF led to higher N,O emissions (3.22 kg N20-N ha! y-1) than in CF (2.97 kg
N20-N ha'l y1), in contrast to grassland where OF shows a lower impact (Skinner et al.
2014). However, a long-term study (12 years) in an experimental station and a 1-year survey
in 20 commercial OF systems both led to the conclusion that N,O emissions in OF were 60%
lower than in CF systems (Stalenga and Kawalec 2008). This high level of heterogeneity
between studies originates from the differences in the pedo-climatic context, farming
systems, experimental research methods, the time period and the scope of the
measurements time and units of the results. For example, considering area-scaled or yield-
scaled expression does not lead to the same conclusion: while area-scaled leaching and N,0
emissions were generally lower in OFs than in CFs, the reverse is often true for yield-scaled
values (Flessa et al. 2002; Olesen et al. 2006; Tuomisto and Helenius 2008; Korsaeth
2008). Although all these results were based on experimental data from the North of Europe,
no study from the North of France has yet been published on these issues.

Therefore, to complete the data concerning OF impacts on N losses, we instrumented a
commercial farm, chosen because it cultivates both OF and CF fields, in order to determine
the main factors of N losses in the two systems. The measurements lasted 2-3 years, in order
to take into account most of the crops from the OF and CF rotations. Leaching was calculated
based on ceramic cup data. For N;O emissions, we used both manual and automatic
chambers. Nitrogen losses (leaching and emissions) were expressed per area (area-scaled)
as well as per amount of protein-N in the harvest (yield-scale).

44



Chapitre 3. Nitrous oxide emissions and nitrate leaching in a mixed farm

3.3. Materials and methods

3.3.1. Experimental site and design

The arable crop farm studied is located in Aulnoy (N 48° 50’ 49.888" E 3°5'21.134") and one-
third of its surface has been converted to OF (Figure 3-1).

[5] Manual chambers
3 Automatic chambers
...... Ceramic cups
X Weather station and soil sensors

i..: Drained sub-catchment delineation
® with measurement at outlets (A, B)

0.14 km

Figure 3-1. Location of experimental equipment in the five organic (OF) and two conventional farming
(CF) fields. The sub-catchments of two equipped drain collectors (A + B) are also indicated.

The climate is semi-oceanic, with a local mean annual precipitation of about 680 mm and a
mean ambient temperature of 4°C in winter and 19°C in summer. Most of the farm is covered
by a quaternary loess deposit (up to 10 m thick). This upper layer is enriched in-depth in
limestone and the lower layer is enriched in clay (around 1 m deep, with a low permeability),
causing a shallow water table and waterlogged soil in winter, due to the low soil
permeability. As a consequence, all the fields studied are artificially drained 90 cm deep by
PCV perforated pipes with 12-m spacing.

In conventional farming (CF), two fields (CF1 and CF2) were monitored; they were cropped
with sugar beet, wheat, grain legumes (faba beans or peas) with CC. Mineral fertilisers were
fractioned into three applications in spring for a total amount between 130 and 200 kg N ha-!
calcium ammonium nitrate (CAN 27%) and urea ammonium nitrate (UAN) solution
(composition: 25% NH4*, 25% NO3 and 50% CO(NHz)2) (Table 3-1).

Five OF fields were studied from 2 to 3 years, in order to cover the whole rotation. The OF
rotation generally includes eight successive crops: alfalfa 1, alfalfa 2, wheat/rye, green bean,
wheat/spelt, faba beans, wheat, flax with catch crops (CC). The organic fertilisers, applied in
fall (September), are sugar beet vinasse (60 kg N ha'l, C/N = 8) and/or horse manure
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(around 25 kg N ha'l, C/N = 25). All the farm’s OF fields were studied (OF1, OF2, OF3, OF4,
OF5) in order to represent all the crops of the OF rotation during the 3 years studied. Cereal
straw was generally buried and alfalfa was cut three times a year, and either exported (OF4)
or buried (OF5) (Table 3-2).

We assumed that monitoring several plots during the same period (instead of only one field
for a longer period) allowed us to calculate the agricultural balance representing a full crop
rotation for both OF and CF.

Meteorological data were recorded on site by weather stations equipped with a rain gauge.
Soil data were recorded by soil temperature and volumetric moisture sensors (CS215, all
equipment from Campbell Scientific Ltd, Shepshed, UK). Both time domain reflectometry
(TDR) and temperature sensors were set 20 cm deep. Moisture (from TDR) and temperature
were automatically measured at hourly intervals. A relationship between isolated volumetric
water contents and corresponding TDR values was used to obtain continuous volumetric
content.

Table 3-1. Agricultural management of the two conventional fields studied (CF1, CF2), for the previous
year (in italic) and during the measurement years. In bold, the crops measured for NO3- leaching and
with (*) for N20 emission.

Field Management 2010-2011 2011-2012 2012-2013 2013-2014
CF1 crops sugar-beet wheat* faba bean* wheat*
seeding - harvest dates 25/03-15/10 25/10 - 20/07 15/03 - 22/08 dbt oct
catch crops Mustard mix-seeds**
seeding - harvest dates 20/08-03/12 01/08- 05/01
CAN: 58; 22/02
Fertilisation type UAN,CAN: 150, UAN:57N; 24/03 CAN: 58; 25/02
keN.ha: d dd '30/04 ’ UAI;I' 18 '10/04 vinasse: 60; 01/09 UAN: 110; 25/03
(rates, kgN.ha™"; dates, dd/mm) 1 48; UAN: 35; 30/04
UAN: 15; 04/05
Tillage (dates) 10/01_
crop residues exported buried buried buried
Yield (t.ha™) 9.7 9.11 5.4 8
CF2 crops wheat peas wheat wheat
seeding - harvest dates 25/10- 20/07 20/06-25/09 20/10- 20/07 25/10- 25/07
Fertilisation type CAN: 58; 25/02 UAN: CAN: 58 25/02; UAN:  CAN: 5825/02
tes, kgN.ha™; dates, dd/ 110; 25/03 UAN: 35;  UAN, CAN: 130; 01/05 '116_ 2 /0’3 " UAN: 110; 25/03
(rates, kgN-ha"; dates, dd/mm) 30/04 ' UAN: 35; 30/04
Tillage (dates) 15/12
crop residues buried exported buried buried
Yield (t.ha®) 9.7 25 9.2 8.1

Mixed-seeds**: 60% Vetch, 15% Clover, 15% Phacelia, 10% Mustard.
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Table 3-2. Agricultural management of the five organic fields for the previous year (in italic) and

during the years measurements were taken. In bold, the crops measured for NO3- leaching and with (*)

for N20 emission.

Field Management 2010-2011 2011-2012 2012-2013 2013-2014
OF1 crops triticale faba bean* wheat* alfalfa*
seeding - harvest dates 01/10-20/07 01/03 -22/08 20/10- 30/08 21/08 - 04/09
catch crops Mustard 3 cuts exported
seeding - harvest dates 25/07 - 22/11 (5/05; 16/06; 02/08)
Fertilisation type: : 25; 01/08
P vinasse: 50; 05/09 manure /
rates (kgN.ha™); dates (dd/mm) vinasse: 56; 01/09
Tillage, harrows and hoe (dates) 15/02-15/03 15/12 15/02-15/03
crop residues buried buried buried exported
Yield (t.ha™) 7.1 4.1 3.8 9
OF2 crops alfalfa 2 wheat/rye green bean* wheat/spelt
seeding - harvest dates - 04/09 20/10-20/07 20/06-25/09 15/10- 25/07
catch crops mix-seeds**
seeding - harvest dates 2cuts burried 01/08- 10/12
Fertilisation type (01/05-01/07) +
yf exported (01/08) vinasse: 50; 30/09
(rates, kgN.ha™; dates, dd/mm)
Tillage, harrows and hoe (dates) 15/02-15/03 01/07-01/08 15/03_
crop residues exported buried buried buried
Yield (t.ha™) 7.2 3.4 1.5 4.5
OF3 crops wheat alfalfa alfalfa* wheat
3cuts: 3cuts:
seeding - harvest dates 15/10- 25/07 25/10- 15/07
& /10-25/ 15/05, 15/08, 30/10  15/05, 15/08, 30/10 /10-15/
Fertilisation type
(rates, kgN.ha™; dates, dd/mm)
Tillage, harrows and hoe (dates) 20/03_
crop residues buried exported exported buried
Yield (t.ha®) 55 9.8 12 6.5
OF 4 crops faba beans wheat flax green bean
seeding - harvest dates 25/02 - 20/08 15/10-30/07 28/03-20/08 22/06 -
catch crops mix-seeds** flax, aot, clover
seeding - harvest dates 01/08- 21/11 01/09-15/03
Fertilisation type bones powder :
4 vinasse: 50; 01/09 vinasse: 60; 01/09
(rates, kgN.ha™; dates, dd/mm) 90; 20/05
Tillage, harrows and hoe (dates) 10/01_13/04 15/02-15/03
crop residues buried buried exported buried
Yield (t.ha) 55 55 5.6 n.d
OF5 crops wheat alfalfa alfalfa wheat
3cuts: 3 cuts: 15/05,

seeding - harves dates

Fertilisation type
(rates, kgN.ha™; dates, dd/mm)
Tillage, harrows and hoe (dates)

crop residues

Yield (t.ha)

15/10- 25/07

buried

57

15/05, 15/08, 30/10

buried

9.8

15/08, 30/10

buried

12

25/10- 15/07

20/03_
buried

6.5

Mixed-seeds**: 60% Vetch, 15% Clover, 15% Phacelia, 10% Mustard.
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3.3.2. Soil measurements

Soil was sampled at a 0- to 20-cm depth using a hand-auger, for each gas emission
measurement. Triplicate samples of soil were weighed (30 g) to determine moisture and soil
organic carbon (SOC) in the laboratory. Soil samples were heated at 105°C (48 h) for the
former, and calcined at 450°C (4 h) for the latter, and re-weighed after each step. Soil mineral
N stocks were determined after KCl extraction, with 5 g of fresh soil in 20 ml of KCl (2 M) for
2 h on a shaking table. The suspensions were centrifuged for 10 min at 3000 rpm and the
supernatant was frozen at -18°C until analysis in the autoanalyzer (Quaatro, Bran &
Luebbe).

The water-filled pore space (WFPS) is currently used to compare the level of anoxia in
different soils, which is one of the main factors controlling N,O emissions (Groffman and
Tiedje 1991). The WFPS is determined by the following equation (Equation 3-1).

Equation 3-1.

wrps = —Y__ 100
~ 1-(BD/PD)
where Hv, the volumetric soil moisture, BD is soil bulk density and PD is soil particle density
(2.65 g cm™3).

3.3.3. Soil solution measurement

For the 3 years, N losses below 90 cm deep were measured during the leaching period
(December to March) with vertical ceramic cups. During this period, we assumed that the
roots were within the 0- to 90-cm-deep soil horizon, so that the soil solution concentration
90 cm deep represents the sub-root concentration, a term that will be used throughout this
paper. A total of seven fields were equipped with vertical ceramic cup devices (SDEC, France,
SPS @ 31 mm, 85 cm long), implemented with a manual auger of the same diameter, with the
head placed 5 cm below the ground surface. The ceramic cups (six per plot) were arranged
on a line parallel to the tillage direction at a minimum of 14 m from the edge of the field, in
order to avoid any side effect. Water was sampled over 4 months, with an average of 10
sampling dates. After 48 h of vacuum setting (-0.8 bar), samples were taken weekly at the
beginning of the rainy hydrological season and fortnightly for the rest of the period. We
assumed that most of the NO3- loss occurred during this period, in relation to the rainfall
distribution during the year and the plant uptake in spring.

All soils studied are subsurface-drained, with one collector outlet (A) equipped for discharge
measurement and one collector outlet (B) where water samples were taken in 2013-2014 in
order to compare nitrate concentrations in the drain (7.9 ha) and in ceramic cups from the
two organic fields (OF3, OF4) (cf. Figure 3-1).

The flow in the drain pipe (A) collects 33 ha of an area including OF1, OF4, CF1 and fields
not studied here; its discharge was measured during the 3-year period. The water level
measurement devices (SE-200 OTT and Druck PDCR1830 sensors) were installed in 90° V-
notch sections situated on the main drain pipe A. Discharge gauges were used to relate water
levels to flow rates by means of rating curves with a 15-min time step. We assume that the
drained flow covering 33 ha is representative (in terms of specific flow expressed in mm) of
all the monitored plots (OF and CF).
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The soil solution taken from each ceramic cup was frozen until analysis of N concentrations
using an autoanalyser Quaatro (Bran & Luebbe). Nitrite (NO2") and ammonium (NH4*) were
measured using the sulphanilamide method (Jones 1984) and NOsz  concentrations were
determined after NO, reduction. It was verified that deep freezing the samples does not alter
the concentration.

3.3.4. Nitrous oxide emissions

N0 flux was measured fortnightly from October 2011 to June 2014 in OF1 and CF1 and from
October 2012 to June 2013 in OF2 and OF3, using the closed manual chamber technique
(Hutchinson and Livingston 1993). For the gas flux measurement, a series of five aluminum
chambers (open base, 50 cm x 50 cm) were inserted into the soil to a depth of 15 cm and left
throughout the cropping cycle. Sampling was done in the morning, around 11 a.m. Chambers
were removed only during field operations such as harvest or tillage. When vegetation was
taller than the height of the chambers, 50-cm extensions were added. Each chamber was
therefore hermetically closed with a lid, equipped with a small septum to allow gas sampling
after accumulation, and maintained with two clips per side. A strip of adhesive Neoprene
rubber foam, 25 mm wide x 5 mm thick, was stuck on its back to ensure airtightness.

Four gas samples were taken from each chamber headspace (0, 10, 20 and 30 min after
closure or 0, 30, 60 and 90 min when the extensions were used) with a 30-ml Terumo®
syringe and transferred to a 12.5-ml pre-evacuated glass vial (Labco Exetainer®) for
transport back to the laboratory. According to the four measurement times, accumulation
kinetics were considered to be significant when the correlation coefficient was higher than
0.95. Nitrous oxide fluxes were calculated as the slope of the linear regression between the
N20 concentrations and the measurement period and converted into g N;O-N hal d-.
Cumulative fluxes were calculated assuming a constant flux rate beginning with the date of
each gas sampling until the next gas sampling.

Also, N20 emissions were measured continuously using the automated chamber method
described in (Bessou et al. 2010). Since March 2013 onwards, two series of three automatic
chambers (70 cm x 70 cm x 20 cm) were installed in the two fields (OF1, CF1), in order to
measure N,0 emissions as a quasi-continuous flow. Every 6 h, N,O emissions were measured
in each chamber for 20 min (at 0, 6, 12 and 18 h GMT). Nitrous oxide was determined with a
correlation wheel infrared analyser, with sensitivity around 2 ppb (Thermo 46i: Thermo
Electron, Megatec France). Recorded data were then stored on a data logger CR 1000
(Campbell Scientific). Nitrous oxide fluxes were calculated as the slope of the linear
regression between the N0 concentrations and the 20-min measurement period and
converted into g N2O-N ha-! d-1; cumulative fluxes were also calculated.

3.3.5. Calculations

3.3.5.1.  Statistical analysis

All the statistical analyses were performed using R 3.0.3. Anova tests were determined for
soil texture and nutrient. The Student test (¢-test) was used to compare means for N losses
between the two systems. Significance was accepted at a 5% level of probability.
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3.3.5.2.  Percolating water flux

We used a simple water balance modeling a single-layer reservoir in order to calculate the
daily water percolation (Wi, mm d-!) during the sampling period. The soil water content at
field capacity (WHCgc, mm) over 0-90 cm was defined using a pedotransfer function (Bruand
et al. 2004). The daily water storage (WSi) was calculated using the daily precipitation (R;,
mm) and the reference evapotranspiration (ETP;, mm) multiplied by a crop coefficient (k1)
(Morizet et al. 1984), set at 0.5 during the winter period (Perrier et al. 1980; Allen 2000).
The model operates at a daily time step to calculate the water storage (WS; mm d1)
(Equation 3-2). Once WS; reaches the field capacity (WHCkc), the excess water is percolating
at a first-order rate (Equation 3-3) with a velocity coefficient (k;), calibrated on the basis of
the comparison with observed drain flows.

Equation 3-2. WS; = max (WSi.1+Ri-ki*ETP; -Wi.1; 0)
Equation 3-3. Wi = max (k2 * (WS;-WHCkc); 0)

The N leached flow was calculated between each collection date by multiplying the average
concentration by the amount of percolated water. Leaching was measured for a 6-month
sampling period, from December to May, and is assumed to represent the total leaching of
the year, given that vegetation uptake and evaporation prevent leaching during the rest of
the year.

3.3.5.3. Biological nitrogen fixation

The calculation of total N inputs takes into account exogenous inputs, via the application of
organic and mineral fertilisers and biological nitrogen fixation (BNF) by legumes. The
amount and N content of fertilisers (organic and mineral) and the straw management
(buried or exported) were documented for each field. Biological nitrogen fixation (BNF) was
calculated as a linear function of N accumulated in shoot (Ny) and the amount of fixed N
derived from the atmosphere, using regression coefficients (ccult; Bcult) depending on
species (Anglade et al. submitted), i.e. for six legume species commonly grown in Northern
Europe, namely faba bean, field pea, lentil, alfalfa, and white and red clover. In order to take
into account below-ground contributions (BGN), comprising N associated with roots,
nodules and rhizodeposition via exudates and decaying root cells and hyphae, we applied a
multiplicative factor (BG) derived from a literature survey, amounting to 1.3 and 1.7,
respectively, for grain and forage legumes (Equation 3-4).

Equation 3-4. BNF = BG * [acult * Ny + Bcult]

Then net N input by BNF (net BNF) available for the next crop was obtained by subtracting N
harvested in grain or in herbage from the estimated total N input (including BGN) derived
from N fixation.
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3.4. Results

3.4.1. Climate, soil and hydrologic conditions

During the three cultivation periods studied (2011-2014), cumulative rainfall was 661,698
and 764 mm. The mean daily air temperature ranged from 6°C (min) to 15°C (max), with the
extreme temperature down to =10 °C in February 2012 and January 2013 and up to 37°C in
August 2012. Daily soil temperatures (-20 cm) never decreased below 0°C or exceeded 20°C.
The mean WHCgc was 180 mm. The Wi calculated in 2011-2012, 2012-2013 and 2013-2014
were 72.2, 220.6 and 218.6 mm, respectively, in coherence with the flow measured in the
drain pipe of 51.8, 174.1 and 130.2 mm, which accounts for only a fraction (60-80%
depending on the year) of the total infiltrated water flux.

Different velocity coefficients (kz) were tested for the calculation of Wi and the value of 0.5
day-! provides the best correlation (R? = 0.65) between Wi and drain flow between each
sampling date.

All soils have a silty loam texture. The main characterisitics of these soils are presented in
Table 3-3. The physical and chemical components of each soil layer (clay, SOC, total N
contents and C/N) were not significantly different (P-values > 5%) between fields. In each
field, the silt content decreased as depth increased, whereas clay and sand contents
increased. Soil organic carbon and total N decreased significantly with depth (P-values =
0.0004*** and 0.00019***, resp.).

Table 3-3. Soil characteristics of the seven fields investigated at three depths: texture (clay, silt, sand),
organic carbon (C), total nitrogen (N), soil organic carbon (SOC) and the C/N ratio.

Depth Clay Silt Sand SocC N total C/N
<2um 2/20 um 20/50 um  50/200 um 200/2000 pm

units cm gka?  gkg?  gkg?  gkg™ gkg™ gkg?  gkg™
OF1 0-30 258 303 388 42 9 9.84 1.03 9.53
pH=7.02 30-60 280 306 373 36 5 5.90 0.66 8.95
60-90 288 329 335 41 7 2.06 0.29 7.05
OF2 0-30 190 262 343 96 57 15.70 1.58 9.97
pH=6.41 30-60 188 273 318 93 45 6.53 0.68 9.62
60-90 210 278 311 85 44 5.09 0.55 9.20
OF3 0-30 166 291 395 58 19 11.00 1.11 9.92
pH=7.04 30-60 214 295 401 44 16 5.53 0.64 8.59
60-90 271 298 383 32 12 2.91 0.40 7.36
OF4 0-30 232 274 466 115 36 9.03 0.93 9.76
pH=7.10 30-60 270 219 431 148 45 3.75 0.39 9.52
60-90 251 309 387 98 31 6.29 0.70 9.05
OF5 0-30 223 268 353 111 45 15.70 1.49 10.50
pH=6.76 30-60 256 250 360 97 37 8.75 0.87 10.10
60-90 336 207 282 120 55 4.90 0.50 9.85
CF1 0-30 247 264 362 84 43 10.20 1.05 9.70
pH=7.28 30-60 251 209 250 150 140 1.09 0.16 6.78
60-90 240 218 321 98 123 4.45 0.47 9.59
CF2 0-30 168 274 448 101 9 11.10 1.09 10.20
pH=6.57 30-60 163 287 432 105 13 6.28 0.67 9.40
60-90 195 313 368 113 11 6.74 0.74 9.10
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3.4.2. N20 emissions with manual and continuous sampling

3.4.2.1. Comparing manual and automatic chambers

Measurements with manual chambers captured the highest peak of N,O emissions; however,
automatic chambers revealed a “fine structure” of emissions (short-lived peaks) between
high emission peaks (Figure 3-2). As a result, manual chambers did not take into account all
small background variations in cumulative emissions. The manual and automatic chambers
were compared at the same time for CF1 and OF1 by selecting the 19 dates corresponding to
the manual chambers among the continuous measurements. The results show that
instantaneous N;0 fluxes were lower in manual chambers than in automatic chambers
(-16% for CF1 and -75% for OF1).

The most interesting comparison concerns the integrated fluxes (using trapezoidal
integration) in manual chambers (with 19 measurements) and automatic chambers (four
measurements per day over 349 days). Manual chambers overestimated N,O cumulative
fluxes in CF1 (+62%) due to the integration over time of high transient N;O peaks, as
revealed with automatic chambers (Table 3-4). In contrast, manual chambers
underestimated N;O0 cumulative flux in OF1 (-77%), because all small N,O emissions were
not sampled, revealing that small background emissions cannot be neglected. It is also
notable that the standard deviations were approximately three times lower in automatic
than in manual chamber measurements. This is mainly due to the high frequency of
measurements in automatic chamber that advantageously compensate the smaller number
of replicates in automatic chambers (3 vs 5).

As a whole, N;0 emissions rapidly following fertilisation application accounted for 30% of
the annual crop emissions with automatic chambers, lower than the 50% found with manual
chambers. Consequently, for the last measurement period with both methods (2013-2014),
cumulative fluxes from continuous measurements were chosen as a better integration of N,O
fluxes.
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Figure 3-2. Rainfall (a), N20 fluxes measured in automatic and manual chambers for OF1 (b) and CF1
(c), soil mineral N in the 0- to 10-cm layer (d) and WFPS (e) measured between OF1 and CF1 from
March 2013 to June 2014. Arrows indicate the dates and rates (kg N ha-1) of fertilisation.
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Table 3-4. Cumulative N20 emissions calculated with three methods using data obtained with manual
or automatic chambers during the 05 March 2013 to 27 May 2014 period; n corresponds to the number
of data sampled or recorded, SD is the standard deviation on replicates (five replicates for manual
chambers; three replicates for automatic chambers).

Cumulative N,O emissions

g N20-N.ha™
CF1 OF1

Chambers n mean SD mean SD
Manual

. . 19 2240 603 207 179
(disconnected sampling)
Automatic
(corresponding to 19 2664 520 844 303
disconnected sampling)
Automatic

uromatl 139 1390 204 939 57

(continuous)

3.4.2.2. Factors influencing N20 emissions

Continuous monitoring made it possible to detect the moderate N,0O emissions mainly due to
rainfall events, as in OF1, in July 2013 (20.9 g N,O-N ha d-1) or December 2014 (15.6 g N,O-
N ha'l d-1) (Figure 3-2). This pattern showed the great sensitivity of N,O emissions to short-
term fluctuations in soil physical conditions, particularly WFPS. The highest N,O emissions
(> 10 g N2O-N ha'! d1) observed without fertilisation occurred when WFPS was close to or
higher than 60% in OF1 and CF1 (Figure 3-3). These emissions are likely due to
denitrification (Oorts et al. 2007; Vilain et al. 2010), whereas the small N,O emissions
observed when WFPS lies between 35% and 60% can be attributed to nitrification (Garrido
et al. 2002; Bateman and Baggs 2005).

(a) (b)
407 o OFf 401 e CF1
"'-030-

]

WFPS(%) WFPS(%)

Figure 3-3. Relationship of soil N20 emissions measured with continuous sampling in OF1 (a) and CF1
(b) and soil WFPS from March 2013 to June 2014.
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Soil mineral N stocks also appeared to be an important controlling factor of N,O emissions of
a given field. Indeed, the mean N;O flux of each field was related to the mean NO3z- contents,
which varied from 5 to 54 kg NO3-N ha! in OF1 and from 4 to 76 kg NO3-N ha! in CF1 (Figure
3-4).
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< 7 CF1
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0 10 20 30
kg NO;-N ha™

Figure 3-4. N20 emission mean fluxes versus soil nitrate contents (0-10 cm) measured (between 5 and
10 cm) during the periods studied in four fields (OF1, OF2, OF3 and CF1) in 2012-2013 and two fields
(OF1, CF1) in 2013-2014 (in italics and bold).

Finally, fertilisation events are also strong determinants of N,O emissions. The highest N0
emission values were observed in spring, after mineral fertilisation in CF1 and decreased
within the following month to the level found before fertilisation. In February 2014, the CAN
application (58 kg N ha'1) led to a peak of 14.7 g N,0-N ha! d' 4 days later (Figure 3-2). The
N20 emissions from UAN application (110 kg N ha') were not sampled due to a failure of the
automatic chambers, but the third application (UAN, 35 kg N ha-1) at the end of April led to
46 g N,O-N ha1d1 10 days later.

In OF fields, vinasse application (50 kg N ha') in fall 2012 on OF1 and OF2 led to N0
emissions up to 54 + 40 g N,O-N ha! d-1, whereas with no fertilisation (OF3), N2O emissions
remained low (< 1 g N20-N ha'l d-1). From these measurements, N,O emissions were twice as
high for UAN fertilisation as for vinasse or CAN, but the difference in the monitoring method
for organic and conventional post-fertilisation measurements must be kept in mind. After CC
(mixed-seed including legumes) incorporation in the soil in winter, no N;0 peak emissions
were measured in OF2 or CF1. However, in CF1, substantial N,O emissions (25 + 17 g N,O-N
ha'td-1) were measured in spring following soil disturbance (sowing and CC burying).

3.4.2.3. Cumulative N:0 fluxes for crops in OF and CF rotations

Examining the different crops, alfalfa fields (OF3 in 2012-2013, OF1 in 2013-2014) showed
the lowest cumulative N,0 emissions (mean, 0.33 + 0.01 kg N20-N ha!); wheat OF and CF
fields (OF1 in 2012-2013 and CF1 2011-12, 2013-2014) produced almost the same
cumulative emissions (0.65-0.75 * 0.06 kg N,0-N ha-1). Regarding the cumulative N0 fluxes
of grain legumes, they were lower in OF1 in 2011-2012 (0.65 * 0.48 kg N,O-N ha'1) and OF2
(1.10 £ 1.08 kg N20-N ha'1) than in CF1in 2012-2013 (1.42 kg N2O-N ha1) (Table 3-5).
Considering the rotation, mean N;O emissions in the OF rotation (five crops out of eight)
were 0.65 * 0.33 kg N20-N ha! and 0.91 = 0.44 kg N,O-N ha'lin CF; the two values are not
statistically different (P-value = 0.39).
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3.4.3. N leached in organic and conventional systems

3.4.3.1. The impact of agricultural practices

In the OF rotation, the lowest sub-root concentrations (< 5 mg NO3-N I'1) were found during
alfalfa cropping and the highest concentrations were measured for crops following 2 years of
alfalfa (mean, 189 * 1.4 mg NOs3-N I1) (Figure 3-5 a). No increases in sub-root
concentrations (SRC) were measured when alfalfa was buried and not exported as in OF5
(mean, 17.4 mg NO3-N I-1). Grain legumes showed low SRC (< 5 mg NOs-N I'1) due to their
association with CC during the fall period (from September to December). Wheat after grain
legumes without fertilisation logically led to lower SRC (5.9 mg NOs-N I1) than after
fertilisation (12.1 mg NOs3-N 1'1). At the end of the rotation, exogenous fertilisation (vinasse)

was applied before CC, as in OF4 (2012-13), which led to SRC of 11.3 mg NO3-N 11 (cf. Table
3-2).

In the CF rotation, the lowest concentration was measured for grain legumes with CC (2.5 mg
NO3-N I'1) and the highest concentration was found for wheat after legumes (18.5 * 6.3 mg
NO3-N I'1) (Figure 3-5 b). Wheat after cereals or sugar beet had intermediate SRC (11.5 + 1.5
mg NO3z-N 1'1). Considering all crops in a full rotation, the SRC averaged 10.8 + 8.0 mg NOs-N I-
L for CF (3 years) and 7.6 + 6.1 mg NO3-N I'? for OF (8 years). In 2013-2014, the mean
concentration in drain B was 16.1 mg N 14, i.e. the average of OF3 and OF4 concentrations, 24
and 4.85 mg N I, respectively, the two B-drained fields.
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Figure 3-5. Sub-root concentrations at 90 cm deep for OF rotation (a) and CF rotation (b), with median
and SD. Spring crops following catch crops or bare soil are indicated with (*).

3.4.3.2. Leaching and water inflow

When calculating leaching for the 3 years, the lowest leaching (< 10 kg NO3-N ha) was
observed during the first leaching period (2011-2012) due to the lowest water inflow (72.2
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mm). In 2012-2013 and 2013-2014, water inflow around 220 mm led to leaching from 3 to
56 kg NO3-N ha’l, depending on the crops. Finally, mean Wi during the CF and the OF
rotations differed by 6%, taking into account all the fields measured (Table 3-5), except OF5
due to its testing-farming practices, i.e. alfalfa was not harvested. As a whole, mean leaching
over the whole rotation and three different hydrological years equaled 14.59 + 11.24 kg NOs-
N ha-! for the eight terms of OF rotation, whereas mean N leaching was 19.54 + 16.35 kg NOs-
N ha-! over the 3 years of CF rotation.

Table 3-5. N inputs (fertilisation and BNF), N harvest and N losses: sub-root soil concentration 90 cm
deep (SRC), cumulative water inflow (Wi), leaching and N20 fluxes, over the whole OF and CF rotations
during the 3 years studied.

. R C lati
s Field studied Exo.g.eno‘us Total BNF N Harvest Means Cumulf\tlve Cumulajtwe umulative
fertilisation SRC Wi leaching N,O fluxes
units years kg N ha ! kg N ha * kg N ha * mgN | * mm kg N ha 1 kg N ha 2
legumes CF1(2012-13) 60 165 200 2.46 221 5.39 1.42
CF2(2012-13)
wheat CF1 (2013-14) 150 0 133 18.48 220 37.48 0.65
CF1(2011-12)
wheat CF2(2013-14) 140 0 154 11.54 145 15.75 0.67
CF mean 117 55 162 10.83 195 19.54 0.91
SD 49 96 34 8.03 43 16.38 0.44
OF3(2011-12)
alfalfa OF1 (2013-14) 0 349 270 2.81 145 7.10 0.32
alfalfa OF3(2012-13) 0 464 372 1.24 221 3.01 0.34
OF2(2011-12)
wheat OF3 (2013-14) 0 0 86 20.69 145 33.22 n.d
OF2(2012-13)
green bean OF4 (2013-14) 50 43 49 5.52 220 10.42 1.10
wheat/spelt  OF2(2013-14) 0 0 76 5.93 219 14.53 n.d
faba beans OF1(2011-12) 0 141 140 2.98 72 2.04 0.75
wheat OF1(2012-13) 75 0 67 12.08 221 26.56 0.73
flax OF4 (2012-13) 65 0 28 11.35 221 19.89 n.d
OF mean 24 125 136 7.83 183 14.59 0.65
SD 33 183 122 6.51 56 11.24 0.33

3.4.4. N losses in OF and CF systems

All the N inputs, N outputs and N losses are summarised in Table 3-5. The yields obtained
for the farm studied are close to the average yields of the region, i.e. for wheat (74 q hal in
CF and 40 t ha'! in OF), faba beans (3.2 q ha'l) or peas (4.0 q ha''). Atmospheric deposition
was estimated as 6 kg N ha'! yr! according to Loubet et al. (2011). For the rotations studied,
N total inputs (N exogenous, BNF, atmospheric deposition) was 14% higher in CF rotation
(182 kg N ha) than in OF (159 kg N ha-lyr-1), to be compared to the 16% higher N harvested
in the CF (162 kg N halyr-1) than in the OF (136 kg N halyr1) rotations. However, in the CF
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system, fertilisation comprised two-thirds of exogenous mineral fertiliser, whereas in the OF
system, exogenous fertiliser accounted for only 20% (including manure).

Relative to N inputs, the parts leached were slightly lower for the OF than for the CF
rotations (10% vs 12%) (Table 3-6). Taking into account the overall yield of both cropping
systems allows calculating losses per unit protein-N produced (Table 6). These yield-scaled
losses (NOs- leaching and N0 emissions) are also slightly lower, by about 15%, in the OF
system than in CF. Although N losses in gaseous N,0O were 20 times lower than dissolved
NOs3- leaching, the same trends were found for N;O emissions, slightly lower in OF than CF,
both as area- or yield-scaled values, and relative to N inputs.

Table 3-6. Compared N losses between systems over the whole rotation expressed in area-scaled,
yield-scaled values or scaled to the total N input.

Leaching Emissions
Systems per hectare per N harvested per total N input per hectare per N harvested per total N input
kgNO 3-Nha ™ yrt gNO;-Ng™*N gNO;-Ng™* N kg N,O-Nha yrt gN,O-Ng™*N gN,O-Ng™*N
CF 19.54 0.120 0.11 0.91 0.0056 0.0051
OF 14.59 0.107 0.09 0.65 0.0048 0.0042
-A(CF-OF)/CF -25% -11% -14% -29% -15% -18%

3.5. Discussion

3.5.1. Comparing manual and automatic chambers

Continuous measurements by automatic chambers revealed a “fine structure” of emissions
(short-lived peaks) within high emission peaks. These patterns cannot be captured by the
less frequent manual sampling. The most plausible explanation for these patterns is great
sensitivity of N;O emissions to short-term fluctuations in the soil’s physical conditions,
particularly WFPS. However, when integrated N;O emissions with disconnected
measurements, manual chambers under-estimated flux from 15% to 43%, especially when
seasonal variations were dominated by such background variations, as was the case in OF
without large peaks due to mineral fertilisation. Conversely, using manual chambers within a
strategy designed to catch major events (e.g. fertilisation, thaw, rain, etc.) might over-
estimate cumulative N»O fluxes, by over-representing the corresponding peaks.

3.5.2. Mineral and organic fertilisation

Fertiliser application has been clearly shown to enhance N0 fluxes, but some forms of N
fertilisers can lead to higher N,O emissions than others. Regarding N mineral fertilisers,
higher cumulative N0 emissions are especially related to anhydrous ammonia (NHj),
NH4NO3 and CO(CHz); (Bouwman, 1996; Henault et al. 1998). Concerning the impacts of
organic fertilisers, pig slurry applied, in the same conditions as mineral fertilisers, led to the
same amount of N,0 emissions (Petersen, 1999; Chirinda et al. 2010). Vinasse applied to the
OF fields during our study never led to peak ranges as high as than those observed after
mineral fertiliser application in CF. The emissions factor from organic fertilisers (sludge
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pellets, poultry manure) were shown to be higher than NH4sNO3; and urea, but those after
cattle slurry application were the lowest (Jones et al. 2007). A similar result was reported
for compost added to soil, which did not result in greater N,O emissions than mineral
fertilisers (Meng et al. 2005; Aguilera et al. 2013).

The impact of the organic fertilisers on leaching depends on their total N availability, C/N
ratio and the stability of the organic substances. Organic amendments (manure or compost)
generally have a C/N ratio greater than 15-20, which has slow-release characteristics,
whereas organic fertiliser such as vinasse or poultry manure, with C/N lower than 15, can be
directly available. In agreement with the results reported in the literature, vinasse
application in 2013-2014 led to the highest SRC, e.g. for OF1 and OF4 (Benoit et al. 2014).
Indeed, vinasse, with a C/N of 8.1, leads to a net mineralisation of 75% N and 94% C within 6
days in control conditions (Parnaudeau et al. 2008), or 30-50 days in field conditions (Delin
and Engstrom 2009). This indicates that this last type of fertiliser should be applied at least 1
month before the end of crop N uptake and that autumn application is associated with a risk
of N leached, unless a crop with a high N uptake is present during winter. Regarding animal
manure, after a long-term application (7 years), the result would be greater soil N
accumulation (Gutser et al. 2005) and higher N leached (Basso and Ritchie 2005).

3.5.3. Catch crops and legumes

In this study, mustard and a seed-mixture (60% vetch, 15% clover, 15% phacelia, 10%
mustard) were used as CC and showed the lowest N leaching, in agreement with most
studies (Askegaard et al. 2011; Justes et al. 2012), especially for spring ploughing
(Stenberg et al. 1999). However, over the long-term, CC can increase the N pool in the soil
(Constantin et al. 2011) and consequently result in possible delayed leaching.

Regarding N;0 emissions from CC, based on 14 publications, the impact would be an increase
of 0.11 + 1.12 kg N,O-N ha'! yr1 (Bertuzzi et al. 2012). However, N,O emission peaks could
be related to the incorporation of CC (including 75% legume) or green manure, as shown for
clover which, after incorporation, increased the cumulative N,O emissions by five (Baggs et
al. 2000; Pappa et al. 2011). This question, which is only treated in a few papers, would
need further investigation, because winter cover of soils has recently become a current
regulation in the area studied.

Concerning legumes, we found emissions of 0.33 kg N,O-N ha'! y-1, less than 1 kg N,O-N ha
y1 currently accepted in an unfertilised pasture in the northern hemisphere (Bouwman
1994), which is called the “background” emission in Bouwman et al. (2002). Legumes would
therefore be among the crops with the lowest N;O emissions. Although losses through
leaching are minimal during the vegetation period of alfalfa, the destruction of this crop and
the mineralisation of its underground material, with a C/N between 16 and 20, can have an
impact on N leaching lasting for several years. Indeed, the high amount of net BNF brought
by alfalfa that we estimated here, from 141 to 464 kg N ha! yr-1, was well within the range of
data measured in other studies, from 132 to 435 kg N ha-1 yr! (Justes et al. 1999).

3.5.4. Nitrogen balance over the rotations

The percentage lost as N2O emissions relative to exogenous input is 0.8% in the CF rotation.
This estimate is on the order of the 1% standard emission factor for N fertiliser for
conventional farming, also used in the IPCC Guidelines for National GHG Inventories
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(Bouwman et al. 2002), a value also found for the whole Seine Basin (Garnier et al. 2009).
However, taking into account the BNF, the ratio of N,O emitted over total N inputs is lower
(0.5%).

Based on the report of the IPCC (2006), 0.75% of the NO3- leached may be transformed into
N20 in groundwater, rivers and estuary (indirect emissions). Here, the amount of indirect
N20 emissions is estimated to be around 0.1-0.2 kg N,O-N hal, corresponding to 15% of the
total N2O emissions, within the same range of values estimated (10-14%) with another
approach in Garnier et al. (2009).

3.6. Conclusion

In this study, two agricultural systems were studied (OF and CF) within a single farm,
characterised by the same conditions (soil, climate, farmer practices) for different successive
years. The results showed slightly lower N losses for OF rotations than for CF rotations,
either expressed per area or per unit yield.

However, N losses evidenced high variability dependent on climate factors (rainfall event,
drought, temperature, etc.) and agricultural practices (fertilisation, crops, CC).

The highest N;O emissions were observed after mineral or organic fertilisation, which
accounts for 30% of the annual emissions. Even if N,O fluxes did not quantitatively
contribute much to the N losses (1 kg N20-N hal) in comparison to the other terms of the N
budget (NOs- leaching around one order of magnitude higher), N,O is a powerful greenhouse
gas and its emissions are known to have a high impact, equal to 16% of the total greenhouse
gas balance.

As for leaching, the lowest losses were attributed to legumes and the highest to crops after
legumes. The lower N losses in OF were due to a longer and more diverse rotation. Moreover,
annual leaching variations were impacted by the amount of water inflow infiltrated.
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4.1. Abstract

This study aims to determine the effect of temperature on N;0 produced from a surface soil
both in nitrification and denitrification experimental conditions. In a context of changes of
both temperature and rainfall, formalizing temperature relationships of N,O production is
useful for model parameterization of process-based modeling approaches.

Samples of luvisolic soils were incubated in destructive slurry batches in controlled specific
conditions designed to promote nitrification and denitrification. The experiments were run
at seven temperatures, from 5 to 45°C. When fitted with a sigmoid function overall potential
activities show that the potential production rate of nitrate (NO3z i) is optimal at a
temperature of 32.5°C and the potential reduction rate of nitrate (NO3 qenit) being optimal at
around 45°C. Regarding the production rate of N,0, optimal values occur at a temperature
about 10°C higher than the optimum temperature for the respective processes, namely 42°C
for nitrification and 54.5°C for denitrification. N,O emissions and nitrite production due to
denitrification are around ten times higher than nitrification. These findings show that a
sigmoid function of N0 emissions from both denitrification and nitrification is more
relevant than an exponential one.
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4.2. Introduction

Nitrous oxide (N20) concentration is 1000 times lower than the CO; concentration, but its
global warming potential is 298 times higher and, in addition, contributes to the destruction
of the stratospheric ozone (Cicerone 1987). Besides, 80% of N,O emissions are due to
agriculture activities (Mosier et al. 1998). The main microbial processes responsible for
nitrous oxide (N20) emissions from soils are nitrification and denitrification (Firestone and
Davidson 1989), although pathways such as dissimilatory nitrate reduction to ammonia
(DNRA) (Smith and Zimmerman 1981) and nitrifier denitrification (nitrate reduction to N0
and N; by ammonia oxidizers under sub-oxic conditions) (Kool et al. 2011) can lead to
nitrous oxide production. Nitrification is the microbial autotrophic oxidation of ammonia
(NH4*) to nitrate (NO3-), with N;O production as a byproduct, while denitrification is the
heterotrophic reduction of NO3- to gaseous nitrogen, mostly as dinitrogen (Nz), but also as
N20. It is well known that nitrification and denitrification depend on temperature, which
differ between sites and microbial populations (Focht and Verstraete 1977). However
nitrification optimal temperature are usually explored between a narrow range, from 15 to
25°C (Grundmann et al. 1995; Dalias et al. 2002). For denitrification, in the range of 15 to
35°C, an increase of 10°C raised the activity by a factor of about 2 (Q10) (Stanford et al. 1975;
Fischer and Whalen 2005).

The amount of N,O production to the overall rate of nitrification or denitrification is a matter
of great significance since it determines the emissions of greenhouse gas from soils. In field
conditions, controversies still remain regarding the N>O dynamics in function of
temperatures (Barnard et al. 2005). In laboratory, the role of temperature on the rate of soil
N20 emissions, is generally assumed as an exponential relationship for temperatures below
30°C (either using the Q1o formalism or the more rigorous Arrhenius equation) (Addiscott et
al. 1991; Smith et al. 1998; Schindlbacher et al. 2004). Regarding this last aspect, in contrast
to this generally used approach, we preferred a sigmoid relationship in order to explicitly
take into account the existence of an optimum temperature, above which the rate is
decreasing and better express the temperature dependence of the rate of microbial
processes. A Gaussian function, as proposed in two studies for phytoplankton growth and for
nitrification (Lehman et al. 1975; Brion and Billen 1998), generally correctly fits the
experimental results. Besides the revision of the formalism of the N0 potential production,
denitrification and nitrification in function of temperature, improved knowledge on N,0O
emissions in a wide range of temperature, not yet explored, is still needed in order to better
simulate N;O flux in a climate change context (Rodrigo etal. 1997; Garnier et al. 2009).

In the present study, we investigated the effect of temperature on N,O production from
nitrification and denitrification, including the associated nitrite production, within a range of
temperature varying from 5 to 45°C in controlled conditions. A luvisolic soil, well
representative of the middle of the Paris basin and Seine watershed, was taken from a parcel
of an arable crops farm at several occasions. The aims of this study are (i) to explore the
immediate effect of temperature on N,O production from an agricultural soil (ii) to identify
when N;O production prevails from nitrification or denitrification in such a range of
temperature and (iii) to mathematically formalize the relationships for further possible
modeling (e.g. Seneque/Riverstrahler) (Ruelland et al. 2007; Passy et al. 2013).
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4.3. Materials and methods

4.3.1. Study site

The soil samplings took place in the Orgeval Basin (48°50'23"N, 03°08'22"E), a small sub-
basin (104 km?) of the Seine Basin (75000 km?), on the Brie plateau (Seine-et-Marne, East of
Paris, France). This small basin is representative of the whole Seine Basin, in terms of
lithology, land use and climate. The geology of the area is sedimentary (Oligocene, Eocene)
with calcareous subsoil (Brie and Champigny). A brown-leached soil (luvisolic soil) covers a
green clay layer, which has led to field drainage. The basin area is mainly occupied by a
cultivated area (81%) of intensive cereal crops, the rest is covered by forest (18%) and
urban zones (1%). In this region, agricultural land presents higher N,0 emission than forest
and grassland, mainly due to denitrification activity, with an emission: nitrification ratio
(N20 emitted/NOs produced) around 0.1-0.2 % and an emission: denitrification ratio (N20
emitted/ NO3~ produced) of 10%, at 20°C (Vilain et al. 2014), twice higher than in sediments
(Garnier et al. 2010).

The climate is moderately oceanic, with 763 mm mean annual pluviometry in 2012-13 and
11°C mean temperature. Meteorological data were recorded from two weather stations
(Campbell Scientific Ltd, Shepshed, UK) each equipped with a rain gauge (ARG100, Campbell
Scientific Ltd, Shepshed, UK) and air temperature probe (Model CS215, Campbell Scientific
Ltd, Shepshed, UK).

4.3.2. Batch experiments: soil denitrifying and nitrifying potential

4.3.2.1. Range of temperatures chosen and soil sampling

A total of seven temperatures (5+1°C, 10+1°C, 16+1°C, 20+1°C, 30+1°C, 37+1°C, 45+1°C)
were tested, in the laboratory for the fixed temperature of 20°C or in a thermostatic chamber
(MLR-352 Sanyo) for the rest of the tested temperatures. Samplings have been carried out at
four periods: in spring (May 2012), summer (June 2012), fall (September 2012) and winter
(January 2013). For each temperature (except for 16°C), the experiments were run two or
three times (Table 4-1), in order to take into account the in situ variability of the soil and
climate. On each date, three 180 ml subsamples were taken from the first 20 cm layer of the
soil, pooled and homogenized. Samples were stored at 4°C in hermetic boxes during one
night, before the beginning of the experiment.
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Table 4-1. Overview of dates when potential activities were measured in batch experiments
at the different temperatures. Each temperature effect has been analysed for the luvisolic
soil sampled at various seasonal initial conditions, and include thus the in situ variability.

T (°0) 51 101 161 20+1 30+1 37+1 45+1

14-May-12 X X X X
26-Jun-12 X X X X
19-Sep-12 X X X X
14-Jan-13 X X X X

4.3.2.2. Incubation conditions

In order to calculate the rates of the process under study, batches were incubated during
four time periods (to = 0 min, t; = 60 min, t; = 120 min, t3 = 180 min and t4 = 240 min). For
each time period, destructive triplicates of the fresh soils were prepared (i.e., five times three
samples -15 batches- for each treatment, nitrification or denitrification). These incubation
times are relatively short so as to avoid the establishment of limiting conditions (low
substrate concentrations), oxygen level modification and bacterial changes both in
composition and biomass.

4.3.2.3. Denitrification

For each temperature, the potential of nitrite (NO;~) and NO3~reduction rates were obtained
from the slope of the linear regression between sample concentrations and time, and
considered valid when the correlation coefficient significantly differed from zero, taking into
account the number of data pairs. The denitrification rate under non limiting NO3~ and anoxic
conditions is called NO3~-potential reduction rate (NO3 qenit). They have been evaluated from
samples of fresh soil (5 g) placed in 100 ml glass flasks wrapped with aluminum foil to
prevent photosynthesis in light. All triplicates of (to, t1, t2, t3, ts) were sealed with aluminum
caps and flushed with pure N; for 5 min to remove oxygen and establish anoxic conditions.
Then, 5 ml addition of potassium nitrate (KNO3, 60 mg N 1-1) flushed with pure N, were
added with a syringe (5 ml) to each triplicates, initiating the incubation experiment.

4.3.2.4. Nitrification

For each temperature, the potential ammonium (NH4*) oxidation, NO;~ and NO3- production
rates were obtained from the linear regression between concentrations and time. Similarly,
nitrification under non limiting NH4* is called NOs -potential production rate (NO3 ). In
parallel to denitrification experiments, 5 ml of ammonium chloride (NH4Cl, 30 mgN.l-1) were
added with a syringe to other triplicates of fresh soils (5 g). The solution was flushed with
ambient air (20.95% O, 356 ppb N;O and 388 ppm CO;) during 10 min before each
incubation, which ensure aerobic condition for the 4h incubation time. The flasks were also
hermetically sealed with aluminum caps.
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During incubation, all the samples were agitated on shaking tables at 110 rpm for all
temperatures.

At the end of each incubation period, 30 ml of gas was extracted from each triplicates, using
gas syringes and transferred into a 12.5 ml pre-evacuated glass vial (Exetainers, Labco Inc.,
Ceredigion, UK) to determine N20 concentrations. In order to measure the inorganic nitrogen
concentrations in the batch, slurries were centrifuged at 3000 g for 10 min and 4 ml of the
supernatant was stored at —-18°C until analysis, for determining the concentrations in NO3-,
NO;, and NHy".

4.3.3. Chemical analysis

4.3.3.1.  Soil properties

Triplicates of fresh mixed soil (30 g) were used to determine water filled pore space (WFPS)
and soil organic matter (SOM) by measuring the loss of weight after heating at 105°C (48 h)
and 450°C (4 h), respectively.

The WFPS is currently used and allows determining the level of anoxia. The volumetric soil
moisture was calculated by equation (Equation 4-1) and the WFPS was then determined by
equation (Equation 4-2).

Equation 4-1

volumetric soil moisture

= gravimetric soil moisture x bulk density/
=9 soil water density
volumetric soil moisture

100

Equation 4-2 WFPS = - - - -
1 -(bulk density/soil particle density)

with the soil bulk density set at 1.4 g.cm-3 according to previous work and soil particle
density at 2.65 g cm3.

The soil mineral nitrogen (SMN), NH4*, NO3~ and NO2-, was determined by extracting 5 g of
fresh soil mixed with 20 ml of KCI (2 M) for 2 h on a shaking table. Suspensions were
centrifuged for 10 min at 3000 rpm and supernatants frozen at —18°C until analysis. SMN
analysis was conducted on the colorimetric spectrophotometer automate (Quaatro, Bran and
Luebbe, Norderstedt, DE). Last analysis were done on dried and sieved (2 mm) soil samples,
for particle size, organic carbon and total organic nitrogen at the French National Institute of
Agronomics Research laboratory in Arras (LAS-Arras, INRA).

4.3.3.2. Dissolved inorganic nitrogen
The method used to analyze NH4* was based on the indophenol blue method according to

Slawyk and Maclsaac 1972. NO3~ and NO;~ were measured with the sulfanilamide method
according to Jones (1984) and NO3~ was determined after cadmium reduction into NO;-.

4.3.3.3. N20 emissions

The concentration of N;0 in the samples were also measured and defined as N,O potential
production rate for nitrification (N2Onit) or denitrification (N2Ogenit)(Vilain et al. 2012b). N2O
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gas emissions were analyzed using a gas chromatograph (Varian 3800) equipped with an
electron capture detector (ECD). Concentrations were calculated by comparing peak areas
integrated with those obtained with standard N,O concentrations (288, 500, 651, 805 ppb).

N20 production by dry weight (dw) soil unit was calculated taking into account N0 in the
headspace of the flask (100 ml) and dissolved in the slurry (5 ml) (Equation 4-3).

Equation 4-3. N,0 (ug N g~! dw soil ) = N,0 (ppb) X

(kRT xVgx My Vg X MN)
Mgx(1—-Hg) 22.4 22.4

where k is the solubility coefficient of N,0 in water at 20°C (2.7 x 10-2mol I-1 atm-1), R is the
perfect gas constant (0.08 atm 1 K-1 mol-1), T is the absolute temperature (K), M; is the soil
mass (g), Hs is the soil gravimetric moisture, Vs is the nitrate solution volume (1), V¢ is the
flask volume (1), and My is the molecular weight of nitrogen in N,O (28 g mol-1) with 22.4 1
mol-! as the molar volume.

Similar calculations as for NO3z~genit or NO3z it potential rates, allowed determining N2Onic and
N20denit potential rates. All rates were expressed per unit of dry weight of soil and per time
unit; values were again kept only when the correlation coefficients were statistically
different from zero, taking into account the number of data pairs. Lastly, their ratios
N20/NO3- produced from nitrification and N,O0/NO3- reduced from denitrification were
calculated in percentage, as an indicator of completion of the reactions.

4.3.4. Calculations

4.3.4.1. Potentials related to temperature variations

The potential rates of each nitrogen form have been described as a function of temperature
(T). For denitrification, nitrate reduction into nitrite, a(T), nitrite reduction into nitrous
oxide, b(T) and dinitrogen production, c(T), were calculated as:

No, aD  wNo, BD N oD N,

L

v

Equation 4-4. — dl;(zz' =a (T)
Equation 4-5. dz(zz = a(T) — b(T)
Equation 4-6. dl:% =b(T) — c(T)

; dNO2 dN20 _ dNO3 dNO2  dN20
Equation 4-7. c(T) = a(T) — e —

dt dat dt dt
Equation4-8.  b(T) = =22+ c(T) = a(T) - 52 = — T2 — 22
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For nitrification, ammonium oxidation into nitrite, n(T), nitrite oxidised into nitrate, m(T),
and nitrous oxide production, p(T) and the ammonification reaction, x(T), which has been
determined thanks to the other reaction rates.

N,O
T
x(T) Tp( ) am m(T)
» NH, > NO, » NO,
Equation4-9. m(T) = — dl;(tm
Equation 4-10. p(T) = dZiO
Equation 4-11. dez =n(T) —m(T)

. _ dNO2 _ dNO3 | dNO2
Equation 4-12. n(T) = m(T) + =t
Equation 4-13. — dl;i” =n(T) +p(T) — x(T)
Equation 4-14. x(T) = n(T) + a4 p(T) = dl:(t)3 4 N0z | dNH4 | dN20

dt dt dt dt

4.3.4.2. Determination of optimum temperatures

As stated above, the measured rates observed in function of temperature were adjusted to a
Gaussian relationship of the form:

_(T—Toplf)2
Equation 4-15. A = Amax.e  atw’®

where Amax is the maximum rate of the process by dw soil unit (ug N h-* g-1 dw), Topt, the
corresponding optimal temperature (°C); and dti (°C), the scaling temperature factor at the
values minimizing the root-mean-square deviation (RMSD), calculated from the differences
between the values predicted by the estimation and those actually observed. The
optimization of the parameters (Amax, Topt, dti) is based on all the potential rates measured
at the different temperatures. The coefficient of determination R? was also calculated.

4.4. Results

4.4.1. Initial soil chemical properties and potentials
determinations

The annual mean rainfall is 700 mm and temperature 9.7°C (40 years of measurements at
Boissy-le-Chatel). The studied luvisolic soils are typically composed of silt (66%), clay (20%)
and sand (14%). Air temperature at the dates of sampling varied between -2°C (January
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2014) and 16.5°C (September 2012), with no or little rain (Table 4-2). Soil C/N ratio
amounted to approximately 10 and pH between 6 and 7, common values for agricultural
soils. The WFPS of the soil samples varied between 54-69%. Some changes of the
characteristics of the studied luvisolic soil have been observed during the sampled period, by
a factor of about two. Soil organic matter regularly increased during the sampling period
from 2.2% in May 2012 to 4.8% in January 2013. Soil mineral N contents means were 33.52
kg NH4*-N ha-1 and 18.82 kg NO3-N ha-! and NO," remained invariably close to zero.

Table 4-2. Characteristics of the soil and climate conditions: temperature (°C), rainfall (mm), water
filled pore space (WFPS, %), ignition loss (%) and nitrate (NOs3-), nitrite (NO2-) and ammonium (NH4*)
stocks for the four sampling dates.

date T°C  Rainfal WFPS SOM NO;y NO, NH 4+
dd-mm-yy °C mm % % kgNha kgNha kgNha™
14-May-12 14 0 54 22 1735+ nd 0.18+nd 39.36 = n.d
26-Jun-12 16.5 0.3 61 35 16.92+151 0.18+0.01 19.08 +4.10
19-Sep-12 7.5 0 63 42 16.81+7.33 0.17 £0.01 38.13 £0.20
14-Jan-13 2 0 69 48 2420+853 0.48+0.52 37.52 +£0.07

4.4.2. Seasonal variation of N20 production from nitrification and
denitrification potentials at 20°C

N20 production from nitrification and denitrification potentials were tested at 20°C in
spring, fall and winter, all situations characterized by different in situ nutrient compositions
and temperatures. Nitrification and denitrification potential rates (NO3 it and NO3 genit,
respectively) averaged 0.73 = 0.31 pg N g-! dw h-! and 0.96 * 0.57 pg N g1 dw h-,
respectively (Table 4-3). Both NO3z nit and NO3 genic increased by a factor two from spring to
winter, in relation with in situ initial conditions throughout the season, beneficial to the two
processes, i.e, mineralization and an increase in SOM. Corresponding N;O potential
production rates at 20°C changed comparatively to nitrification and denitrification potential
rates, and thus remained about two orders of magnitude higher for denitrification than for
nitrification (mean, N2Ogenit= 0.11 £ 0.02 ug N g1 dw h~1and N20nie= 0.003 + 0.002 pg N g1
dw h-1). Consequently, the N,O/NOs3- ratio of denitrification was also about two orders of
magnitude higher than that related to nitrification whatever the seasonal conditions of this
luvisolic soil (Table 4-3).

68



Chapitre 4. Temperature dependence of nitrous oxide production in batch experiments

Table 4-3. Nitrification (NO3—nit) and denitrification (NO3—denit) potential rates at 20°C with their
associated N20 emissions and N20/NOs- ratios (%).

date NO; i N,Oni¢ N,O/NO;y NO; genit N, genit N,O0/NO;
dd-mmyy  ugNg'dwh' ugNg' dwh % ugNgldwh' ugNg' dwh %
14-May-12 0.38 0.001 0.13 0.31 0.13 41.98
19-Sep-12 0.88 0.004 0.48 1.35 0.11 8.23
14-Jan-13 0.94 0.004 0.47 1.22 0.09 7.16

4.4.3. Effects of temperatures on N20 production from nitrification
and denitrification

Potential nitrification and denitrification activities, and their associated N,O emissions,
determined at the different temperatures have been summarized in Table 4-4. For all
temperatures, concentrations of the analyzed nitrogen forms respectively increased or
decreased linearly as a function of time for nitrification, denitrification, as well as for their
associated N0 emissions. This linearity supports the non-limiting substrates conditions set
out.

Table 4-4 Means (+SD) of nitrification (NOswnit), denitrification (NOs-denit) potentials and their
associated N20 emissions and ratios for each temperature (T).

NO; i N, Oyt N,O/NO;  NO3 genit NyOgenit  N,O/NO;~
TCC)  ugNg'awh” ugNg'dwhn™ % ugNg'awh'  ugNg'awh” %
5 0.20 £0.17 0.0004 £ 0.0003 0.22+0.04 0.18+tnd 0.010+0.005 7.55+n.d
10 0.23+£0.22 0.0006 = 0.0004 0.29 £0.12 0.52+0.57 0.029 +£0.014 10.22 +8.54

16 0.43 £0.02 0.0024 +0.0016 0.58+040 0.63+0.16 0.082+0.041 12.66 +3.32
20 0.73 £ 0.31 0.0030 +0.0022 0.36 020 0.96+0.57 0.109=0.022 19.12 +£19.80
30 1.47 £1.26 0.0201 +0.0184 1.92+1.64 1.71+127 0.302+0.119 24.40 +18.27
37 1.16 +1.05 0.0550 + 0.0092 7.40 £590 2.16+0.10 0.369+0.011 17.04+024

45 0.80 +0.44 0.0638 + 0.0566 7.11+£3.17 2.86+038 0.567+0.131 20.40 +£7.27

According to the Gaussian models (Equation 4-15), both NO3 nit and NO3genit increased with
temperatures, from 5 °C up to an optimum of 32.5°C and 47°C, respectively (Figure 4-1).
Similarly to our observations at 20°C, NO3™pnit and NO3z genit remained within the same order of
magnitude of values in the range of temperatures explored, the Gaussian fit leading to an
optimum activity twice as high for denitrification, with Amax (NO3 denit) = 2.8 pg N g1 dw h-?
(R?= 0.7) and Amax (NO37nit) = 1.4 pg N g-! dw h-1 (R? = 0.4) (Table 4-5). The nitrification
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potential rate showed a decrease at temperatures higher than 32.5°C, but for denitrification
the range of temperature tested (5- 45°C) was too low to observe a decrease, but the
optimum temperature (47°C) was predicted by the curve fitting.

For temperatures lower than 20°C, no or low NO;~ production was observed for both
processes (Figure 4-2). Nitrite production started to be observed at 20°C but rapidly
increased at higher temperatures. According to the adjustment to the Gaussian model,
optimum temperatures of NO;~ potential production rates occurred at 35°C for nitrification,
equaling 0.2 pg N gt dw h-1, whereas for denitrification the optimum temperature was

around 50°C with a rate of 1.8 ug N g1 dw h-1. Ranges of NO,~ potential production rates
were ten times higher for denitrification than for nitrification.
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Figure 4-1. Nitrification (a) and denitrification (b) potential rates, i.e., nitrate production from nitrite
oxidation during nitrification and nitrate reduction into nitrite from denitrification, with means and

standard deviation (SD). The curve corresponds to the best fit of a sigmoid function based on all data
observed, with R? = 0.4 for nitrification and R?=0.7 for denitrification.
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Figure 4-2. Nitrite net productions from ammonium oxidation during nitrification (a), i.e.,, nt-mr, and
from nitrate reduction during denitrification (b), i.e., ar-br, with means and SD. The curve corresponds
to the best fit of a sigmoid function based on all data observed, with R* = 0.3 for nitrification (a) and
R?=0.5 for denitrification (b). Scale for denitrification is ten times greater than for nitrification
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Nitrous oxide potential production rates also increased up to an optimal temperature both
for nitrification and denitrification. For nitrification, the optimum temperature of N,Oyi: was
42.0°C, whereas for denitrification, the optimum of N2Ogenit reached 54.8°C, according to the
Gaussian model (Table 4-3). For nitrification, N,O was essentially produced starting at 30°C,
below which no production was observed, in contrast to denitrification, which was
associated with N;0 production for lower temperatures of 15-20°C. Indeed, N2Onit occurs in
narrower range (dti = 11.5) than N2Ogenit (dti = 26.8) (Table 4-5). Starting from a difference
by a factor of 100 at 20°C, the increase in the N;0 potential production rate was only higher
by a factor of about 10 for denitrification (up to 0.64 ug N g-! dw h-1, R?=0.9) than for
nitrification (up to 0.06 pg N g-! dw h-1, R?=0.7) at their respective optimum temperatures,
as provided by the Gaussian adjustment.
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Figure 4-3. Nitrous oxide (N20) potential production rates from nitrification (a), i.e, pr, and
denitrification (b), i.e,, br-cr, with means and SD. The curve corresponds to the best fit of a sigmoid
function, based on all data observed, with R?=0.7 for nitrification (a) and R?=0.9 for denitrification (b).
Scale for N20 produced by denitrification is ten times greater than N20 produced from nitrification.

Table 4-5. Fitted parameters of the sigmoid Gaussian relationship to temperature of nitrification and

denitrification: optimum activity (Amax), optimum temperature (Topt) and o value (dti). RMSD and R?
of the fitted relationships.

Nitrification Amax Topt dti RMSD R?
ug N g2dw h? °C °C ug N g?dw h?
N2Onit 0.06 42.0 11.5 0.02 0.7
NO;3nit 1.4 325 16.0 0.08 0.4
A Topt dti RMSD
Denitrification max op ! R?
ug N g-1dw h1 °C °C ug N g-1dw h-1
N2Ogenit 0.64 54.8 26.8 0.06 0.9
NO3 denit 2.8 47.0 25.0 0.13 0.7
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The proportion of N,O production compared to NO3~ produced (NOs i) or NO3~ reduced
(NO3 genit) followed the same pattern as their respective N,O emissions (Figure 4-4). The
N20/NOs- ratio of nitrification varied between 0.22 to 0.36% below 30°C and from 1.92 to
7.11% from 30°C to 45°C. For denitrification, the ratio increased from 7.55 to 24.40 % from
5°to 30°C and decreased above (Table 4-4).

504 O nitrificaton W denitrification

40-

30+
10+ |5 I]_:|
0' @ T T
37 45

5 10 15 20 30
Temperature (°C)

N,O/NO;" ratios, %
N
o

Figure 4-4. Mean (#SD) of nitrification and denitrification N20/NOs3- ratios (%) for various
temperatures from 5 to 45°C.

4.5. Discussion

4.5.1. Role of experimental conditions on nitrification and
denitrification potentials

In our experiments, oxygen concentrations, pH, soil moisture and substrate conditions were
set initially at the optimum values for nitrification and denitrification and remained so
during the course of the experiment. In particular, oxic conditions were maintained in the
slurry during the whole experiment, as shown by the measurements of O, at the end of the
incubation time (showing a decrease by only 6 to 20 % after 4 h incubation at 20 and 45°C
respectively, oxygen concentration remaining above 257.2 mg0:.l1). Their respective
substrates were in excess at initial conditions and throughout the incubation time, for all
temperatures. During nitrification, the increase in NO3~ was accompanied by a decrease in
NH4*, which never reached limiting concentrations, however. Similarly, NO3~ was in excess
during the denitrification process and was consumed during the experiment without
reaching limiting concentrations. Soil pH was between 6 and 7 during the entire experiment,
which is the optimum value found for nitrification activity (Bramley and White 1989) and
denitrification (Saleh-Lakha et al. 2009).

Soil was taken in the first 20 cm, because this is where denitrification enzyme activity (DEA)
and Nitrification Enzyme Activity (NEA) are at the highest concentration (Dhondt et al.
2004). We did not add carbon substrate, considering a sufficient initial stock, especially
because slurries favor substrate availability to bacteria (Laverman et al. 2010) and organic
matter was relatively high (SOM > 2%). Again, linearity in the responses concerning the
appearance or disappearance of NO3~ and N,0 support the absence of a limitation.
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The Gaussian model fitted well the responses of nitrification and denitrification as a function
of temperature i.e., a similar increase with temperature up to an optimum and a decrease at
higher temperatures. However, the three parameters (Amax, Topt, dti) of the kinetics of each
process strongly differed, with optimal temperatures and the sigma value of the responses to
temperatures higher for denitrification (Topt = 47°C; dti = 25°C) than for nitrification (Topt
=32.5°C; dti = 16°C), probably due to the diversity of the bacterial communities, widely
phylogenetically spread for denitrifying bacteria (Balser et al. 2006). However, for both
communities a decrease in the activity at a high temperature (~45°C) would probably result
from the integrity of the enzymatic reaction being affected. Similar optimal temperature have
been found in different soils for nitrification potential around 30°C (Saad and Conrad 1993)
or denitrification around 45°C (Fischer and Whalen 2005), although some studies mentioned
the optimum temperature higher for denitrification, up to 60°C in silt loam soil (Keeney et al.
1979). Low temperatures (5-10°C) led to very low NO3z pit and NO3 genic (< 0.5 pg N g= dw
h-1), as previously found by (Stanford et al. 1975).

4.5.2. Influence of temperature on nitrite production and nitrous
oxide emissions

Both reactions of nitrification and denitrification produce NO2~ as an intermediate, which
rarely accumulate in the environment but can be enhanced by high temperatures (Kim et al.
2008). According to Saad and Conrad (1993), no NOz~ production should occur at 20°C,
which was nearly the case during our experiments (NO2 it (20°C) < 0.01 ug N g~ dw h-1 and
NO2 genit (20°C) <1 pg N g~ dw h-1). Many studies demonstrate a faster turnover from nitrite
oxidizing bacteria (NOB) than ammonia oxidation bacteria (AOB) at 20°C, which explains the
rare accumulation in the terrestrial environment (Gelfand and Yakir 2008). However, the
increase in NOz it at high temperatures may be due to the NOB activity decrease when
temperature increased (Jones and Hood 1980; Kim et al. 2008) or even NOB inhibition,
which consequently led to higher nitrous oxide emissions (Chalk and Smith 1983).

The levels of N,O production we found at 20°C, were within the same range as those
previously obtained for nitrifying (0.001 ug N g-! dw h-1) and denitrifying (0.1 ug N g-! dw
h-1) in a similar luvisolic soil in the area (Vilain et al. 2014). Regarding the effect of
temperature, specifically explored here, the high production of N,O from denitrification,
within the large range explored (cf. a high dti) is consistent with a higher adaptation of
denitrifying bacteria to high temperatures, as reported in (Saad and Conrad 1993). In
nitrification conditions, the response of bacterial activities in terms of N,O was much narrow
around the optimal temperature, exactly as nitrification itself, with a shift however: as shown
by the Gaussian model, above ~40°C the potential production of N,O decreased, whereas the
potential rate of nitrification (NO3 i) decreased already from ~30°C. As fully oxic conditions
are still ensured at that temperature in the experiment, this indicates that the N0
production as a byproduct of NH4 oxidation is enhanced with respect to NO;- production.
However, according to Khalil et al. (2004) and Kool et al. (2011) nitrifers denitrification
should not be completely excluded at the highest temperature due to the 20 % decrease of
0. At total, we show here that, similarly to denitrification, the ratio of N,O emission to
nitrification increases with high temperatures (from 0.2% at 5°C to 7.1% at 45°C). This
results seems to differ to what has been observed by other authors, but their experiments
were carried out in a much lower range of temperatures (5-20°C) (Maag and Vinther 1996).
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An important result gained here, with the exploration of a wide range of temperatures, is the
relative increase of N0 production in both nitrifying and denitrifying conditions at
temperature above 20°C. Whereas up to ~20° C, denitrification is the major producer of N0,
a factor of 100 higher than for nitrification, the difference between the two processes is
considerably reduced, to a factor of less than 10, beyond 20°C, suggesting possible high N0
production either in wet (anaerobic) and dry (aerobic) conditions during heat wave events
which have been occurring more frequently in the last decades (Eckard and Cullen 2011).
Besides results obtained under laboratory fully controlled conditions, more investigations
are needed for documenting long-term physiological adaptation of the microbial
communities to changing temperature, in order to integrate spatial and temporal variability
at the field scale.

4.6. Conclusion

Focusing on N0 production associated to potentials of nitrification and denitrification in a
gradient of temperatures and under optimal substrate conditions, we have determined the
parameters of their relationship with temperature. Besides contributing more detailed
knowledge on the production of N;O, these relationships are necessary for taking into
account nitrification, denitrification, N,O emissions and nitrite accumulation in modeling
approaches.

In nitrification and denitrification conditions, we found similar rates of potential activity for
nitrate reduction and production, but wide differences are obtained regarding N.O
emissions. Whereas N;0 was essentially produced by denitrification below 20°C rather than
by nitrification, the ratio of N,O emitted per unit of nitrate reduced or produced, steadily
increases with temperature. Above 20°C, the differences in N,O production relatively to the
two processes are reduced, from a factor of 100 to a factor of less than 10. Therefore, an
increase of temperature could enhance N,O emissions from ecosystems, due to the increase
of absolute nitrification and denitrification rates and of their ratio N,O/NOs-.
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5.1. Abstract

The Orgeval watershed (104 km?) is a long-term experimental observatory and research
site, representative of rural areas with intensive cereal farming of the temperate world. Since
the past few years, we have been carrying out several studies on nitrate source,
transformation and transfer of both surface and groundwaters in relation with land use and
agriculture practices in order to assess nitrate (NO3") leaching, contamination of aquifers,
denitrification processes and associated nitrous oxide (N,0) emissions. A synthesis of these
studies is presented to establish a quantitative diagnosis of nitrate contamination and N,0
emissions at the watershed scale. Taking this watershed as a practical example, we compare
curative management measures, such as pond introduction, and preventive measures,
namely conversion to organic farming practices, using model simulations. It is concluded
that only preventive measures are able to reduce the NO3z- contamination level without
further increasing N,O emissions, a result providing new insights for future management
bringing together water-agro-ecosystems.
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5.2. Introduction

In the early 20t century, the invention of the Haber-Bosh process allowing industrial
production of mineral nitrogen (N), mostly used as fertilizers after World War II, profoundly
changed agricultural practices (Davidson et al. 2012). Although agricultural productivity
increased, providing food to the growing human population, the nitrogen cycle was widely
opened, leading to severe environmental degradation (Sutton et al. 2011). The control of
nitrogen pollution is therefore a major challenge in agricultural river basins (Billen et al.
2007; Grizzetti et al. 2012). Continental water masses (from lentic to lotic and from surface-
to groundwater) are often substantially contaminated by nitrate (NOs), causing major
problems for drinking water supply (Ward et al. 2005) as well as for aquatic biodiversity
(James et al. 2005). Moreover, nitrogen fluxes mostly originating from diffuse sources are
delivered to the coastal zones in excess with regard to other major nutrients such as silica
and phosphorus, possibly participating in eutrophication problems caused by harmful algal
blooms with damage to various economic activities (fisheries, tourism, etc.) (Cugier et al.
2005; Howarth et al. 2011; Lancelotetal. 2011; Romero et al. 2013).

In many intensive agricultural areas, such as the Paris Basin, inorganic nitrogen applied as
fertilizers to arable soil exceeding the amount exported by crop harvesting, are leached to
surface water and aquifers. NO3" can also be denitrified in soils and riparian zones (Haycock
and Pinay 1993; Billen and Garnier 1999; Burt et al. 2002; Rassam et al. 2008) as well as
river and pond sediments (Garnier et al. 2000; Tomaszek and Czerwieniec 2000; David et al.
2006; Gruca-Rokosz and Tomaszek, 2007; Garnier et al. 2010; Passy et al. 2012) before
ultimately reaching the coastal zone. The process of denitrification, at every stage of the
nitrogen cascade, thus represents a natural mechanism of elimination of NOs- contamination,
re-injecting nitrogen into the pool of inert atmospheric di-nitrogen. However, during this
process, nitrous oxide (N20) is produced as an intermediate, which is emitted into the
atmosphere, particularly under suboptimal conditions of carbon (C) and nitrogen substrate
concentrations (Knowles 1982; Tallec et al. 2006; Saggar et al. 2012). A budget made at the
scale of the Seine Basin showed that agricultural soils are dominant contributors of the
overall N20 emission budget (Garnier et al. 2009). N0 is a powerful greenhouse gas, also
contributing to the destruction of the stratospheric ozone layer, and the increase of its
emission, possibly related to increased NO3z- use in agriculture or to remediation actions
aimed at eliminating NO3- from water through denitrification, is a matter of serious concern.
Whereas the application of Urban Wastewater Directive (UWWD, 1991) and Water
Framework Directive (WFD, 2000) have already contributed to a quite significant reduction
in phosphorus load, much is expected for nitrogen reduction from changes in the Common
Agricultural Policy (CAP) encouraging "greening" practices (EU, 2013).

The small Orgeval watershed (100 km?) is representative of the dominant landscape of the
central Seine Basin (x76,000 km? at the entrance of the estuary) characterized by an
intensive cereal crop belt surrounding the large Paris conurbation, which has completely
shaped its hinterland during historical periods (Billen et al. 2009a, 2013; Barles, 2010).

The Orgeval watershed is a long-term experimental observatory and research site initiated
in the early 1960s by IRSTEA, the French National Research Institute of Science and
Technology for the Environment and Agriculture. Whereas early research was mostly
dedicated to the issues of hydrology and agricultural drainage, with the intensification of
cereal cropping at the expense of cattle breeding, attention has been progressively paid to
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water quality issues, especially because the aquifers of the Orgeval watershed contribute to
the production of drinking water for the city of Paris.

In this paper, we present a synthesis of the long-term field and modelling research carried
out in this watershed, with the aim of making a diagnosis of the sources of nitrogen
contamination, its transfer and transformation processes at the catchment scale. We then
explore, using the GIS-based modelling approach developed for the Seine basin (Seneque-
RiverStrahler, Ruelland et al. 2007; Billen et al. 2009b), several management options for
decreasing nitrogen contamination of surface and groundwater, with particular emphasis on
the risk of pollution swapping between water NOsz  contamination and increased N,O
emission.

Although we use the Orgeval watershed as a practical well documented case study in which a
fully detailed modeling exercise can be carried out, the scope of the results obtained, largely
encompasses this particular study site and the conclusions are of general relevance for all
rural areas with intensive industrial crop farming.

5.3. Site studied and methods

5.3.1. Characteristics of the Orgeval watershed

The Orgeval watershed is located 70 km East of Paris (France) and is a small sub-catchment
covering 104 km?2 in the Marne sub-basin of the Seine River upstream from Paris (Figure
5-1).

The climate is semi-oceanic, with annual rainfall about 700 mm and a mean annual air
temperature around 10°C (varying from 0.6 to 18° seasonally).

The Orgeval watershed is highly homogenous in terms of pedology, climate and topography
(mean altitude, 148 m, with few slopes except in the valleys). The Orgeval watershed is
covered with a 10-m loess layer, under which two tertiary aquifer formations are separated
by a discontinuous grey clay layer (Mégnien, 1979). The shallowest aquifer of the Brie
Limestone Oligocene formation, with more interactions with surface waters, has a relatively
shorter water residence than the deepest Champigny Limestone Eocene aquifer. The lower
layer of the surface loess cover is enriched with clay, resulting in waterlogged soils in the
winter. For this reason, up to 90% of the arable soils of the Orgeval watershed have been
artificially tile-drained since the early 1960s. Land use is mostly agricultural land (82%),
dominated by cereal crops (wheat, maize, barley and pea), with conventional practices,
mainly based on mineral nitrogen fertilization. The remaining surface is covered by woods
(17%) and urban zones or roads (1% of the surface) (Figure 5-1).
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Figure 5-1. Location of the Orgeval Basin in the Seine Basin and the two sites studied.

5.3.2. Sampling and field studies, lab experiments and chemical
analysis

Within the Orgeval watershed, series of nitrogen measurements (mainly nitrate as well as
dissolved N20) have been carried out at least since 2005 on surface waters. Two specific
sites have been equipped (Site 1 since 2007, Site 2 since 2011) for water table NO3  and N,0
dissolved concentration and for N,O emissions from agricultural soils. A farm drainage pond
was also sampled.

Surface water. NOs  concentrations were weekly measured since 1975 at the Mélarchez
station (order 1) and, since 2005 at the outlet of the Avenelles sub-watershed and the
Orgeval one (Le Theil station) in the framework of IRSTEA routine programme. Dissolved
N20 in surface water have been measured from 2006 to 2008 at monthly intervals at the
same three sampling stations (partly in Vilain et al. 2010; Vilain etal. 2012c) (Figure 5-1).

Water table. On site 1 (Figure 5-1), three piezometers were installed along a slope from the
plateau to the riparian zone in January 2007. This 6% inclination slope oriented
northwestward reaches the Avenelles River. This site is typical of the whole Orgeval
watershed both in terms of agricultural practices (grain crop with wheat, barley and maize
as the main rotation) and fertilizer applications (from 120 to 160 kgNha-! for wheat/barley,
to 180 kgNha-! for maize). Three piezometers were also installed in July 2011 in site 2. The
piezometers were sampled for NOz- and N;0 determination in the Brie aquifer since their
installation.
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Agricultural soils. Suction ceramic cups were also installed on site 1 (Figure 5-1) during
two winter drainage periods (January to March 2010 and December 2012 to April 2013) to
quantify the sub-root NO3 concentrations for a conventional agricultural system. Other data
were obtained at site 2 (in the winters 2012 and 2013) for an organic agricultural system
and are used for the characterisation of organic agriculture scenarios (see below).

On site 1 along the piezometric slope, hermetically closed chambers (open bases measuring
50x50x30 cm) allowed quantifying N,O emissions (see Vilain et al. 2010) from cropping soil
according to the methodology described by Hutchinson and Livingston (1993) and
Livingston and Hutchinson (1995). Measurements were taken at different topographical
landscape positions from the uphill to the riparian position from May 2008 to July 2009; a
forested soil was investigated for comparison.

6 15N-isotopic measurements in the soil organic matter were taken along two transects at six
different locations on one occasion in March 2007 (Billy et al. 2011). For each transect, soil
was sampled at 10-cm intervals from the surface to 90 cm deep. Air-dried and sieved (2
mm), the soil samples were homogenized prior to organic N isotopic composition analysis.
These measurements were used as an integrated estimator of long-term soil denitrification
processes.

To pursue the determination of the source of N20 emissions in greater detail, soils sampled
between 2009 and 2011 at several periods of the season, from the same site 1 cropped slope
were incubated in batch experiments under optimal laboratory conditions (nutrients,
temperature). Since N0 is known to originate from nitrification and denitrification, both
processes were investigated. As described in Garnier et al. (2010) and Vilain et al. (2012h),
batch experiments were run and the NO3z-, NO2, NH4* concentrations followed during a short
incubation time (4-6 h), to avoid any confinement in the flasks, in triplicate and in the dark.
For nitrification assays, ammonium was added and the flasks were flushed with ambient air
to ensure aerobic conditions, while for denitrification assays, NO3- was added and the flask
was flushed with N3 in order to produce anaerobic conditions. Production of N;0 associated
with the processes was also measured.

Farm drainage pond. A drainage farm pond on site 2 (Figure 5-1) was also investigated
over 3 years for NO3™ concentrations (2007 to 2010) in order to evaluate the pond’s potential
for eliminating nitrogen leached from agriculture (Passy et al. 2012). N,O concentrations
dissolved in the water column were determined seasonally in 2010, allowing to estimate
emissions (Garnier etal. 2009).

Analytical methods
Analytical methods for NO3~ and N»O concentrations in water are described in Jones (1984)

and Garnier et al. (2009), respectively. N2O concentrations in gas sample were analysed by
gas chromatography, as described by Vilain et al. (2010). Measurement of organic N isotopic
composition of the soil is described by Billy et al. (2010).

5.3.3. Simulating N reduction measures

The biogeochemical model (RiverStrahler) describing the ecological functioning of aquatic
systems (Billen et al. 1994; Garnier et al. 2002), currently implemented at the scale of the
Seine Basin embedded in the GIS-Seneque interface tool (Ruelland et al. 2007; Thieu et al.
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2009; Passy et al. 2013) has been used here for exploring scenarios of mitigating measures
at the scale of the Orgeval watershed. The principle of the model is illustrated in Figure 5-2.

Data sources

SENEQUE —
GIS data base
; A\
Digital elevation model —» g‘?r';ﬁgﬁ,;;mork
o &2 RIVERSTRAHLER
Obs. daily discharge ___ | o/ e runoff -%
at basin outiet & baseflow >.‘}; Biogeochemical Discharge & water
5 calculation quality variables
Water Agency — »| Point sources O everywhere in the
drainage network
Land use & agricultural | Diffuse sources
practices Biogeochemical kinetics &
parameters
(Garnier et al, 1995, 2002)

Measured water quality

—

Validation

variables at basin outlet

Figure 5-2. Representation of the Seneque/Riverstrahler model.

5.4. Quantifying the N cascade through the Orgeval
watershed

5.4.1. N leaching from agricultural soils to sub-root water, tile-drains
and aquifers

Wheat, maize, pea and barley cover around 44, 14, 6 and 4%, respectively, of the cultivated
area in the Orgeval watershed (RGA-Recensement Géneral Agricole, 2000). The main crop
rotations are wheat-pea-wheat (28%) and maize-winter wheat-spring barley (20%), with a
mean crop yield of about 5500 kg cereal equivalent per ha, corresponding to about 100 kgN
ha-1 yr-1. The fertilizer application rate ranges from 120 to 180 kgNha-! yr-1. Atmospheric
deposition of N adds around 15 kgN ha-! yr-land atmospheric N, fixation (through non-
symbiotic fixation and by legume crops in some rotations) about 10 kgN ha-yr-1 (Billy et al.
2010). The soil N balance thus reveals a long-term surplus of about 50 kgNha-1yr-1.

Sub-root concentrations measured from 2010 to 2013 with suction cups installed 1 m deep
under representative arable plots average 22 mgNO3-N L-1 (SD=15). This value is close to the
average concentration observed in tile drains in the same area (26 mgNO3-N L-1) (Figure
5-3). These sub-root concentrations are quite similar to those observed elsewhere in the
Seine Basin in the 1990s. Indeed, in the chalky Champagne, East of Paris, the concentrations
obtained were 27.2 mgNOs-N L-! for a 10-year wheat/beet rotation but significantly less
with the introduction of alfalfa in the rotation (20.8 mgNO3-N L-1) (Beaudoin et al. 1992).
Similar figures were found in the Northern or Western sectors of the Seine Basin, i.e.,
respectively, 19 mgNO3-N L-! (Machet and Mary, 1990) and 29 mgNO3-N L-1 (Arlot and
Zimmer, 1990).
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With an average discharge of 0.36 m3 s-1 at the outlet of the Orgeval watershed, a yearly N
leached flux can be estimated to 2400 kg km=2 yr-1 (50% variation).

mg NO,-N L1
26
22
7N
{ \é:’/'-, Atmospheric compartment 11
N W
a8 (? il /
>
tile drains
* sub-root water | —
i ;

river outlet

Figure 5-3. Concentrations of nitrate cascading within the Orgeval basin (see text for explanations, unit
inmgN L-1).

NOs" concentrations in the Brie aquifer, measured from samples collected in the piezometers
installed uphill, are around 13.2 mg NO3-N L-1. Samples collected midslope or blow the
riparian buffer strip show 35-40% lower concentration, down to 8.6 mg NO3-N L-! (Figure
5-3), probably because of denitrification processes occurring when the water table reaches
the biogeochemically active upper soil layers. In the pond studied, the average annual
concentration was even lower (7 mg NO3-N L-1), compared to the average concentration
entering the pond (15 mg NO3-N L-1). At the outlet of the Orgeval watershed, the average
river water concentration is 11 mg NOs-N L-1.

5.4.2. Denitrification andN20 emissions in soils along a cropped
slope

Both nitrification and denitrification in soil are able to produce the greenhouse gas N0,
particularly under suboptimal conditions (limitation by substrates, oxygen tension, pH,
temperature, etc.) (Firestone and Davidson 1989), although several other microbial
processes are able to consume the N;O emitted (e.g. nitrifier denitrification (Wrage et al.
2001), dissimilatory NO3- reduction to ammonia (Burgin and Hamilton 2007), anammox in
specific conditions (Dalsgaard et al. 2005; Dalsgaard et al. 2013). In the same line as the
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research on wastewater treatment plants (Tallec et al. 2006), the relative magnitude of
nitrification or denitrification in the emission of N,O was experimentally explored in Orgeval
watershed soil samples (Vilain et al. 2012b; Vilain et al. 2014). It appeared that potential
rates of NO3- production (nitrification) and NOs" reduction (denitrification) were, on average,
within the same range (0.8-0.9 pg NO3-N g-! dw h-1), but the associated potential N,O
production was much lower (by a factor of 100) for nitrification than denitrification (Table
5-1), corroborating previous findings by Tallec et al. (2006). The ratio of N0 production to
NO3 reduction was up to 20% for the denitrification potential, while the ratio of N0
emission to NO3 production by nitrification was only about 0.2%.

Table 5-1. Average potential values for agricultural soils in denitrification and nitrification in
experimental conditions (batch experiments at 20°C), and associated N20 production (SD for Standard
Deviation, 7 experiments). Percentages of N20 production are also given for comparison.

Potential NO3~ Potential N,O N,O/NO3
production/reduction  production rates ratios
rates
HgNOs-N g’ dwh™ pgN,O-N g’ dwh’ %
Denitrification 0.89 (SD=0.47) 0.15(SD=0.08)  24.4 (SD=20.7)
Nitrification 0.81 (SD=0.271) 0.002 (SD=0.001) 0.18 (SD=0.16)

Direct in situ measurements of N,O emissions by agricultural and forest soil using closed
chambers were taken on 21 dates from May 2008 to August 2009 (Vilain et al. 2010; Vilain
etal. 2012a). For uphill plateau sites, a value equalling 0.29 mgN,0-N m-2 d-! was estimated
for cropland, higher than the average one found for forested soils: 0.15 N2O-N m-2 d-1.

Higher values, close to 0.41 mg N>O-N m~2 d-! were measured in downslope sites, with the
level of the water table closer to the soil surface. N2,O emissions, averaged for footslope and
riparian zone was 0.61 mg N;0-N m-2 d-! (Figure 5-4 a). These results show increasing
transformation of nitrogen (denitrification mainly) along the slope, and concomitant
increasing N,O emission.

O15N fractionation values of soil organic nitrogen along a cropped slope and averaged over a
1-m soil profile, were higher than the primary nitrogen (N) sources from which they are
derived, such as mineral nitrogen fertilizers, atmospheric deposition and symbiotic N (all
characterized by 815N values close to zero), indicate indeed the existence of a long-term
denitrification process (Billy et al. 2010; Vitousek, 2013). Based on a modelling approach of
the isotopic composition of the soil N compartment, Billy et al. (2010) estimated that a 1%o
6 15N-Norg increase above that of the primary N sources corresponds to a denitrification of
~10 kgN ha-tyr-! (e.g. 2.7 mg N m2 d-1) which confirm the prevalence of denitrification.

The distribution of §°N of the bulk soil N pool from the uphill plateau down to the riparian
zone of the river shows a regular increase from 2.4%o in plateau forested soils and 5.8%o in
crop soil, to 7.4%o0 in the downslope arable soil and in the buffer strip results well in
agreement with N,O emission from denitrification (Figure 5-4 b).
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Figure 5-4 a. Seasonal average of N20 emission from soils in a forest area and an agricultural slope,
redrawn from Vilain et al. (2010). b. Variations of § 15N of nitrogen organic matter average over a 1-m
soil profile (b), recalculated from Billy et al. (2010). c. Seasonal averages of NO3-N concentrations in
the water of the brie aquifer as sampled in the piezometers along the slope, modified from Vilain et al.
(2012¢).

N0 concentration in the aquifer was also measured by sampling the piezometers. The values
found were largely over-saturated (20 pug N2O-N L-! on average), taking into account that
N0 saturation in water with respect to the atmospheric level of 330 ppb varies from 0.35 to
0.5 pg N20-N L-! depending on the temperature (Figure 5-4 c). We interpreted these high
N,0 values in the aquifer as resulting from leaching from the root zone, although
denitrification and N0 production in the aquifer itself is not fully excluded, critical
oxygenation around 2-3 mg O L-! being occasionally observed (Vilain et al. 2012a). The
lower N;O concentrations in the downslope sites can be explained by microbial
transformation into Ny, e.g. again corroborating a complete denitrification along the slope.
N20 degassing from the aquifer along the underground flow, i.e. indirect N,O emissions, is
not excluded.
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5.4.3. In-stream N elimination processes

Direct measurement with bell-jars allowed estimating the rate of benthic denitrification in
river sediments. Consumption rates on the order of 3.1 (SD=1.1) mg N m-2 h-! were observed
(Thouvenot-Korppoo et al. 2009; Billy et al. 2011). Considering a river bottom area of about
175,830 m? for the Orgeval watershed as a whole, this leads to a maximum estimate of
3000-6000 kgN yr-1 for benthic denitrification (30-60 kgN km-2yr-1 at the watershed scale),
showing that in-stream processes represent a marginal value in the nitrogen elimination of
the 2400 kgN km-2yr-1 found at the base of the root zone.

Accordingly, N2O concentrations, above saturation, observed in small rivers of the Orgeval
watershed, are inherited from the groundwater feeding them, instead of being produced
through in-stream processes. Indeed, these concentrations rapidly decrease from the spring
downwards until reaching saturation (Garnier et al. 2009).

5.4.4. A synthetic budget of N transfers in the Orgeval watershed

Based on the data summarized in the above paragraphs, a tentative budget of nitrogen
transfer at the scale of the Orgeval watershed was established (Figure 5-5), describing the
fate of NO3~ mostly coming from the surplus nitrogen left by agricultural soils. Denitrification
in the soil profile and in the downslope areas (where a temporarily or permanently shallow
water table comes in contact with the upper biogeochemically active layers of the soil)
eliminates more than 40% of the nitrogen leaving the root zone.

The various denitrification figures in this budget are in good agreement with the values
found (i) for soil denitrification (Pinay et al. 1993; Hefting et al. 2006), (ii) for the riparian
zones (Billen and Garnier 1999) and (iii) for in-stream benthic denitrification at the scale of
the whole Seine hydrographic network (Thouvenot-Korppoo et al. 2009).

On the basis of (i) the N2O emissions from soils together with a fine resolution of the
topography and land use in the watershed, (ii) the N2O fluxes from rivers and groundwater
deduced from concentration measurements (Garnier et al. 2009; Vilain et al. 2010; Vilain et
al. 2012c), the total N,O emissions for the whole Orgeval watershed were estimated at 142
kgN,0-N km-2 yr-! (Vilain et al. 2012a). This represents about 10% of the sum of the
denitrification rates occurring in soils, footslopes and riparian zones and in-stream
sediments (see Figure 5-5 a). This N0 percentage emission is in agreement (within a factor
of 2) with the potential values found experimentally for denitrification.
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Figure 5-5. Summarizing budget of nitrate transfer and transformation and associated nitrous oxide
emissions in the Orgeval Basin. Calculations of are based on the average hydrology from 2006 to 2012.
a) current situation based on measurements; b)scenario of pond reintroduction; c) scenario of organic
farming.
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5.5. Curative management measures to reduce NO3-
contamination

Drainage or irrigation water retention ponds are often seen as buffer interfaces where N
elimination is effective. The creation of such systems is often considered within the
framework of compensatory measures, possibly included in the wetland status (Dahl 2011).
In addition, these waterbodies can be viewed as anthropogenic refuge for biodiversity
(Chester and Robson 2013).

5.5.1. NO3- and N20 concentrations in an artificial pond

We investigated such a pond established at the outlet of a tile drain collector draining 35 ha
of cultivated land. Its surface area is 3700 m?, with a volume of 8000 m3 (i.e. a mean depth of
about 2 m). The concentrations at the entrance of the pond averaged 13.5 mg NO3-N L1
(Figure 5-6 a) over the period studied, close to the value found for the concentration in the
Brie aquifer (see Figure 5-3). NO3  concentrations in the pond show a systematic summer
decrease, down to 1.5 mg NO3-N L-1 in late summer (annual mean, 7 mg NO3-N L-1).

These values are accurately reproduced by a simplified model of stagnant water (Garnier
and Billen 1993; Garnier et al. 2000; see also Passy et al. 2012) (Figure 5-6 a).

Regarding N,O concentrations, the values averaged 3.8 pg N;O-N L-1, i.e. a tenfold over-
saturation (with extreme concentrations of 8.4 and 1.1 ug N.0-N L-! for a data series in 2010,
n=14). Based on the saturation concentration (Weiss and Price 1980) and the gas transfer
coefficient of 0.4m h-! (Wanninkhof 1992; Borges et al. 2004), the annual mean N,O
emissions at the pond surface can be estimated at 3.4 mg N,0O-N m-2 d-1, a value similar to
the emission at the cropped downslope (see Figure 5-4).

The observed decrease in NOs concentrations in the pond during the period of high
biological activity suggests that such ponds could effectively be used as curative
management infrastructures for NO3z- reduction in surface water. However, the concomitant
outgassing of N,O represents a serious limitation, as it can result in the simple swapping
from one type of pollution to another.
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Figure 5-6 a. Interannual NOs—N concentrations in a drainage pond in the Orgeval watershed. Dotted line:
NO3;—N concentration at the entrance; solid line: simulated NO3 -N concentrations in the pond; black dots
are the measured NO; concentrations. b. Simulated N fluxes at the outlet of the Orgeval watershed with a
range of surface area of ponds (from the reference situation to 10  of the total surface area of the Orgeval
watershed); c. Associated N abatement is shown in comparison (recalculated from Passy et al. 2012).

5.5.2. Simulation of the effect of pond creation at the scale of the
Orgeval watershed

Interestingly, historical maps of the Orgeval area (e.g. the so-called Cassini map, dating back
to the middle of the 18t century) reveal that the traditional landscape of the Brie region was
characterized by a large number of ponds established on the headwaters, both for driving
mills and for pisciculture. In the Orgeval watershed, the number of ponds was in the range of
60, and their surface area amounted to 1% of the total surface area of the watershed (Passy
et al. 2012). Most of these ponds were dried and converted to cropland during the first half
of the 19t century.

In order to explore the role of pond implementation in the Orgeval watershed as a measure
to reduce the nitric contamination of surface water, the Seneque/RiverStrahler model
(Ruelland et al. 2007; Thieu et al. 2009; Passy et al. 2013) was run, and connected drainage
ponds were virtually introduced at different surface areas (Passy et al. 2012). The results
showed that a 34% and 47% reduction of the N flux at the outlet of the Orgeval watershed
can be expected with a total surface area of ponds equalling 5% and 10% of the watershed,
respectively, compared to 9% abatement with the 1% pond coverage of the Cassini map
(Figure 5-6 b, c). Reintroducing ponds in the landscape necessarily increases the residence
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time of the water masses, increases the primary production providing more carbon for
denitrification, for example. However, although possibly a refuge for biodiversity, e.g. for fish
to feed and spawn, a shift from lotic to lentic species can be damageable.

Whereas the process of denitrification could be used for mitigation measures in combatting
nitric contamination in the hydrosystems by creating or restoring wetlands, caution must be
taken to limit a shift from nitric to N,O pollution. Considering the N0 emitted in the
experimental pond studied, an increase of the N0 emission to about 60 kgN,0-N km-2 yr-1
by the Orgeval catchment could be expected in the case of 5% pond area, close to the
emission by agricultural soils (see Figure 5-5 b). However due to contradictory results (cf.
Welti et al. 2012), a comprehensive assessment of ecosystem services and disservices in
agricultural landscapes remains a challenge (Burgin et al. 2013).

40 -
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Figure 5-7. Long-term chronicle of observed NOs3-N concentrations in the Melarchez River, a
headwater stream in the Orgeval watershed.

5.6. Preventive management measures to reduce nitrogen
contamination

5.6.1. Good Agricultural Practices

Good Agricultural Practices, consisting in lowering and fractionation of N fertilization, return
of crop residues to the soil and introduction of catch crops, were promoted in the 1990s.
When correctly applied, these measures are able to significantly reduce N leaching (Beaudoin
et al. 2005). The long-term chronicle of NO3- concentrations in a headwater stream of the
Orgeval watershed, available since 1976 from IRSTEA, however shows that NOs
concentration has only levelled off in the 1990s to 9.7 mgNO3-N L-! on average, and reached
10.9 mgNO3-N L-1in the 2000s (Figure 5-7). No trend toward a reduction is in fact observed
for the Orgeval catchment. It appears that the current agricultural practices, although they
involve careful calculation of the nitrogen fertilization with respect to the requirement of
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crop growth during the vegetative period, are not able to further reduce the nitrogen surplus
which is leached during the winter period. Alternative agricultural systems are therefore
probably required for reducing NOs- leaching.

A few farms in the Orgeval watershed have been converted to organic farming practices.
These farms use long crop rotations (8 yrs), established on small plots (<10 ha), starting
with 2 or 3 years of alfalfa, then alternating cereals and legumes (peas or horse bean).
External inputs of organic nitrogen, partly in the form of composted manure, are extremely
limited. Although the cereal yield of these exploitations is about 15-20% lower than the
conventional yield, their overall nitrogen surplus is much lower. Preliminary measurements
(Benoit et al. unpublished) of sub-root NO3- concentrations measured with suction cups
under the different plots of one such farm (site 2, Figure 5-8) shows values of about 13.4
mgNO3-N L-1(SD =4.8), i.e. about half the value found for conventional farming. Note that the
value found is higher than the range of the values reported by (Thieu et al. 2011) for organic
farming based on literature data.

Ref.
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Figure 5-8. Seasonal variations of nitrate concentrations at the outlet of the Orgeval Basin, the year
2006 taken as example. A rather good agreement is obtained between the observations and the
simulation for 2006. Compared to the reference simulation, the organic agricultural scenario shows a
45% decrease in annual mean nitrate concentrations (Org. Agri., mean). The amplitude of the response
is shown with the exploration of the SD range (Org. Agri., min and max).

5.6.2. Modelling NOs- contamination resulting from GAP and
generalized organic farming

The Seneque/RiverStrahler model has been run for exploring the effect of changes in
agricultural practices at the scale of the Orgeval watershed. The current situation, modelled
by considering a mean sub-root water concentration of 22 mgNO3-N L-! under arable land,
was compared with that corresponding to a concentration of 13.4 mgNO3-N L1 (SD =4.8)
(organic farm, see above). An average decrease of 45% (25-68%) of the annual nitrogen
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concentrations at the outlet of the watershed is obtained (Figure 5-8). Such a preventive
measure would not increase N,O emissions, a result corroborated by our own experimental
measurements in the Orgeval watershed (Benoit et al. unpublished) and could even reduce
them (Aguilera et al. 2013). Figure 5-5 c¢ compares the implication of this preventive
scenario to the curative one (Figure 5-5 b) and the current situation (Figure 5-5 a).

5.7. Discussion and conclusions

The introduction of reactive nitrogen into the biosphere by modern agriculture has
drastically increased, and the sequence of effects it causes in the atmosphere, in terrestrial
ecosystems, in freshwater and marine systems, and on human health, is known as the
nitrogen cascade (Galloway et al. 2003). In a river network with a continuous unidirectional
transport of water and elements, the N cascade superimposed on the N spiraling, a concept
defined as the travel distance of a water N atom before returning to the water downstream
(Howard-Williams 1985).

A front-line question for the near future is: Can we change agricultural practices to re-
equilibrate the nutrient stoichiometry of surface water, preventing eutrophication, and still
satisfy the needs of the population (in food and drinking water) with sustainable agriculture?
Considering that more than 50% of terrestrial reactive nitrogen is now from Haber-Bosch
mineral nitrogen 'industrial production' (mostly in the food system or a consequence of it),
to overcome environmental problems of N pollution in the next 50 years, suggestions for
future research should focus on new approaches for analysing water-agro-food systems
(Billen et al. 2013b), based on the concepts of socio-ecological trajectory (Fischer-Kowalski
and Rotmans, 2009) and territorial ecology (Barles, 2013). The territorial watershed scale
would be a suitable scale to initiate new directions in agricultural systems. Many discussions
are converging to request a tightening of the feedback loop between production and
consumption so as to achieve sustainability (Sundkvist et al. 2001; Davis et al. 2012). A
political consensus on this matter is very difficult to achieve (Leridon and de Marsily, 2011;
Swinnen and Squicciarini, 2012), but the regional scale allows a good level of coherence for
decision and management, i.e. a level at which implementation of measures appears
relatively possible.

The Orgeval watershed is nowadays one of the long-surveyed watershed case study areas
that has been subjected to biogeochemical investigations in addition to the 50 years of study
in hydrology. The facilities offered for monitoring have made it possible to determine a
comprehensive budget of nitrogen transfer and transformations at the scale of this territory.
Specific nitrogen fluxes delivered at the outlet of the Orgeval watershed has been estimated
at 1130 kg N km~2 yr-! and is on the order of that delivered at the outlet of the Seine Basin as
a whole (1600 kg N km~2 yr-! for the 2002-2007 period; see Passy et al. 2013). A similar
observation can be made for the N;O emission, 140 kg N,O-N km-2 yr-! for the Orgeval
watershed compared to the 180 kg N,O-N km-2 yr-! obtained at the scale of the Seine
watershed (Garnier et al. 2009).

The studies conducted in the Orgeval watershed, reveal that denitrification, mostly in
waterlogged soils in slope shoulders and riparian zones, is a major process for nitrogen
elimination along its cascade from agricultural soil to the river outlet, already reducing the
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fluxes of leached nitrogen between the base of the root zone and their discharge into the
river system by 40-50% (see Figure 5-3). Globally, at least 10% of the total denitrification
flux ends as greenhouse gas N0 emissions.

Among the measures which can be envisaged to further reduce nitrogen contamination of
surface water, the creation of shallow ponds can be valuable, especially in many traditional
landscapes, which were once characterized by numerous ponds. Historical land use
situations are indeed recognised useful for planning measures to achieve environmental
targets (Glavan et al. 2013). Many authors have stressed the value of such landscape
management, especially when other ecological functions can be associated, such as
conservation of the biodiversity, connectivity in the landscape, etc. (Ruggerio et al. 2008; Le
Viol et al. 2012; Armitage et al. 2012). However, ponds, often promoted as compensation
measures or even for wastewater management (Howard-Williams, 1985), should not be
implemented excessively or inconsistently: the connectivity of pond networks should be
considered at the territorial landscape scale so that they remain favorable to biodiversity.
Bronner et al. (2013), for instance, report that in the US, the policy of environmental
compensation measures has led to a strong decrease of high-quality forested wetlands at the
expense of low-quality wetland area, such as many isolated freshwater ponds. Using the
Seneque/RiverStrahler model, we have shown that a 30-40% reduction of NO3- at the outlet
of the watershed could be obtained by introducing drainage ponds, up to 5% of the total
surface area of the watershed. However, this would increase N,O emissions by about 50%.

A more effective, preventive reduction measure would be the conversion of agriculture to
organic farming practices with low fertilization, which has been shown to allow significant
reduction of NO3  concentration at the base of the root zone with respect to current
conventional practices. This type of measure not only reduces nitrogen contamination at the
source, thus also acting on groundwater contamination, but is the only one which allows
reducing instead of increasing overall N0 emissions by the watershed. The generalization of
organic farming which requires local supply in organic manure as well as an outlet for its
fodder production would be facilitated by the reintroduction of livestock farming in this
specialized cereal cropping area. Clearly, meeting the objectives of the Water Framework
Directive requires deep structural changes in the agriculture towards more sustainable and
efficient systems (EU, 2013), rather than simple adjustments of farming practices (Volk et al.
2009; Glavan et al. 2012).

The combination of local studies together with an adapted modelling tool has proved here to
be a relevant approach for quantifying nitrogen transformations and transfers at the
watershed scale, even allowing the exploration of mitigation measures prior to field
applications of ecological engineering investigations. Although several other process-based
models might have been used (e.g. SWAT, Arnold et al. 1998, Neitsch, 2005; INCA,
Whitehead et al. 1998; Wade et al. 2002), Seneque/RiverStrahler, was preferably used here,
especially because it is currently used by the Seine Water Agency for WED reporting. Other
models based on regression approaches (e.g GREEN, Grizzetti et al. 2005; MONERIS,
Behrendt et al. 2002; NEWS-DIN, Dumont et al. 2005), would not have been able to explore
scenarios like those tested here, because they would be too far from the calibrating data sets.
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Partie III. La lixiviation dans des exploitations biologiques et conventionnelles (bassin Seine)

Dans la précédente partie, nous avons pu appréhender les fuites d’azote a I'échelle d'une
exploitation agricole représentative d’'un petit bassin versant (I'Orgeval, 104 km?). Les
concentrations d’azote dans les bougies poreuses ont aussi permis de modéliser les fuites
d’azote a I'exutoire du bassin de 1'Orgeval. Pour le bassin de la Seine, afin de réduire la
contamination nitrique a la zone cotiére, les mesures agro-environnementales ne montrant
pas d’effet, une simulation de conversion a ’AB avait été explorée (Thieu et al. 2011). Une
nette amélioration de la qualité de l'eau était observée, toutefois ces simulations ne
s’appuyaient pas sur des résultats d’agrosystémes biologiques spécifiques du bassin de la
Seine, mais sur quelques données de la littérature en Europe du Nord. Afin de réaliser des
scénarios réalistes, il fallait donc pallier a ce manque de données et c’est dans cet objectif que
le réseau ABAC a été créé (AESN-DIM Astrea), pour acquérir les données de terrain
nécessaires. La mise en place du réseau a débuté a 'automne 2012 avec huit systemes de
cultures dans trois poles pédoclimatiques (cf. Chapitre 6). Du fait de l'intérét général
(scientifiques, gestionnaires et agriculteurs) pour ces résultats, le réseau s’est développé a
I'automne 2013 dans dix-huit systéemes de cultures du bassin de la Seine, répartis en six
poles pédoclimatiques du bassin de la Seine (cf. Chapitre 7). Dans chaque péle, au moins un
systéme biologique et un systéme conventionnel ont été équipés pour s’affranchir des
conditions pédoclimatiques, les comparaisons dans les six poles permettant d’évaluer les
performances agronomiques des systemes et pratiques dans des conditions
environnementales variées. Les sollicitations de la part des acteurs du territoire, nous ont
conduits a équiper plusieurs systemes au sein d’'un méme pole, ce qui a permis d’enrichir
nos résultats aussi bien en AB qu’en AC. Nous n’avons toutefois pas pu répondre a toutes les
invitations, surtout celles en dehors du périmetre du bassin de la Seine, mais avons toujours
cherché a rendre autonomes les demandeurs, afin que le jeu de données soit le plus complet
possible.
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6.1. Abstract

In the Seine Basin, characterised by intensive arable crops, most of the surface and
groundwater is contaminated by nitrate (NO3z’). The goal of this study is to investigate
nitrogen leaching on commercial arable crop farms in five organic and three conventional
systems. In 2012-13, a total of 37 fields are studied on eight arable crop rotations, for three
different soil and climate conditions. Our results show a gradient of soil solution
concentrations in function of crops, lower for alfalfa (mean, 2.8 mg NO3-N I-1) and higher for
crops fertilised after legumes (15 mg NOsz-N I'1). Catch crops decrease nitrate soil solution
concentrations, below 10 mg NOs3-N 11 For a full rotation, the estimated mean
concentrations is lower for organic farming, 12 + 5 mg NO3-N 1! than for conventional
farming 24 * 11 mg NO3-N I, with however a large range of variability. Overall, organic
farming shows lower leaching rates (14-50 kg NO3-N ha'l) than conventional farms (32-77
kg NO3-N ha'l). Taking into account the slightly lower productivity of organic systems, we
show that yield-scaled leaching values are also lower for organic (0.2 + 0.1 kg N kg1 N yr1)
than for conventional systems (0.3 + 0.1 kg N kg N yr1). Overall, we show that organic
farming systems have lower impact than conventional farming on N leaching, although there
is still room for progress in both systems in commercial farms.
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6.2. Introduction

Nitrogen (N) is an essential element for plant growth and its use in agriculture as a mineral
fertiliser based on the Haber-Bosch process sharply increased after World War II. The
current world fertiliser application mean is presently 133 kg N ha! yrl, with strong
heterogeneity in time and space. In France, the use of fertilisers reached a maximum of 200
kg N hat yrt in the 2000s and has recently decreased to a mean of 150 kg N ha'l yr!
(www.faostat.fao.org), due to both price increase (+ 60% between 2000 and 2013;
www.bdm.insee.fr) and to National and European regulations aiming at protecting water
resources. Nitrate pollution of groundwater from agriculture is an issue of major concern for
the European Union (EU) (Addiscott et al. 1991; Sutton et al. 2011), which has identified
vulnerable zones and promoted good agricultural practices since 1991, in the scope of the
Nitrate Directive (no. 91/676/CEE). The whole Seine Basin, with intensive crop production,
has been classified as a vulnerable zone, because 68% of its drinking water intakes are
contaminated by pesticides and 30% by nitrate (NO3-) (AESN, 2013).

Organic farming (OF) is already recognised as a good alternative to combat pesticide
pollution and maintain biodiversity (Pelosi et al. 2014; Henneron et al. 2014), but its impact
on NO3z- contamination is still controversial. Only a few studies (34 to our knowledge and
none in France) have compared NOsz leaching in OF and conventional farming (CF) from
arable crops in the EU. Comparisons in terms of area-scaled leaching values are often in
favour of OF, with 30-40% lower values (Berg et al. 1999; Hansen et al. 2000; Korsaeth and
Eltun 2000; Haas et al. 2002; Stopes et al. 2002), but in some studies around 20% more
leaching in OF than in CF has been measured (Kristensen et al. 1994; Torstensson et al.
2006; Sapkota et al. 2012). On the other hand, when expressed in yield-scaled units, the
differences in leaching rates either are not significant (Kirchmann and Bergstrom 2001;
Mondelaers et al. 2009) or disfavour OF (Tuomisto and Helenius 2008; Korsaeth 2008).

The major question we address here is the capacity of OF systems in the Seine Basin to
preserve surface and groundwater from NO3  contamination in the watershed, while
producing arable crops. Launched to fill the gap of knowledge on NOs  leaching in the
different cropping systems of the Seine Basin, the ABAC regional project (DIM-Astrea, Ile-de-
France Region & AESN) is designed as a farmer-centred approach, referring to the “bottom-
up” approach from the agroecology concept (Altieri, 2002), also named as “the next wave of
innovation” according to MacMillan and Benton (2014). We choose to observe real practices
of farmers, typical and representative of the cropping systems in their respective sub-region,
since experimental plots and commercial farms can give different results, as shown for
carbon sequestration by Aguilera etal. (2013).

Although our approach is based on data from a single year, instead of a number of
continuous years, we compared systems of arable crop successions in organic and
conventional commercial farms. Such data are essential for water managers seeking to
protect groundwater quality, compatible with drinking water production, for the 16 million
inhabitants of the Seine Basin. In this context, area-scaled leaching values are pertinent
indicators for assessing the impact of agriculture on water quality, while yield-scaled
leaching values (i.e. expressed per unit calorie or N harvested) reflect the trade-off of
production vs. environmental contamination.

Therefore, soil solution concentrations are measured below the root zone, with vertical
porous ceramic cups (Stopes et al. 2002). The vertical ceramic cups can be set up quickly
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without destruction of the soil’s horizons and sampled water in the soil solution zone can be
directly analysed for NO3- concentrations.

Also, determining the diffuse sources associated with different agricultural practices, as an
input to models of biogeochemical nutrient fluxes, will be an additional perspective of this
study. As an example, the Seneque-Riverstrahler model, developed for calculating water
quality of large river basins, such as the Seine watershed, is able to explore possible
agricultural scenarios (Thieu et al. 2011) and their impact at the coastal zone in terms of
eutrophication (Garnier etal. 2010; Passy etal. 2013).

6.3. Materials and methods

6.3.1. Localisation and characteristics of the main areas

The Seine Basin, with a surface of 78,650 km?, has substantial agricultural activity. The
climate is humid and temperate, with a large gradient of temperature and rainfall. Arable
crops cover around 60% of the utilised agricultural land (UAL) with wheat as a dominant
crop (29% UAL). In this area, OF accounts for only 1.5% UAL, compared with 3.8% UAL in
France in 2012.

A total of eight agricultural systems was studied in three sectors of the Seine Basin, with
different rainfall patterns, pedology and agriculture practices. The first group is located in
the East of the Seine Basin, in Seine & Marne (S&M), with deep loamy soil (luvisol) generally
drained due to hydromorphic conditions, over a calcareous substratum. The mean annual
rainfall is around 700 mm and the mean annual temperature 9.7°C (40 years of
measurements at the Boissy-le-Chatel weather station). Most of agriculture in S&M is
characterised by winter wheat, alternating with maize or faba beans, with only 1.1% UAL in
OF. The second group, located in the North of the Seine Basin, in Oise, is characterised by a
chalky substratum, present in nearly all the periphery of the Seine Basin. The annual
averages in rainfall and temperature are similar to those of the S&M, 697 mm and 9.7°C,
respectively (30 years of data measured in the Saint Quentin, Météo France weather station).
Oise agriculture is dominated by arable crops like wheat (> 50% UAL), rape seed and sugar
root production, with only 1.3% UAL in OF. The third group is located in the South of the
Seine Basin, in Yonne, with average annual rainfall and temperature of 880 mm and 10.7°C,
respectively (30 years of data measured in Cruzy, Météo France weather station) and a
chalky substratum. Percentages of oat and oilseed rape are higher in Yonne than in the other
sectors, as OF which accounts for 4.1% UAL.

6.3.2. Agricultural practices studied

Five OF and three CF cropping systems were studied, characterised by different practices
and regions. In S&M, four cropping systems were studied, including two CFs and two OFs.
The CF rotations last two years with tillage (CF1) or without tillage (CF2), whereas one OF
rotation lasts five years with low exogenous fertilisation (OF1) and the other lasts nine years
with exogenous fertilisation (OF2). In Oise, the three systems studied count two OFs, one
with a three crops rotation (OF3) and the second with a six year rotation (OF4), both using
vinasse on cereals; the CFs, is characterised by a three years rotation (CF3). The last OF
located in Yonne is autonomous, a six years rotation with no exogenous fertilisation (OF5).
Except CF2, all the systems use standard tillage (Table 6-1). The conversion time to organic
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systems ranges from 3 (OF1, OF3, OF5) to 10 years (OF2, OF4). In this region, because of the
very low livestock density, arable crop farms in OF replace mineral fertilisers by the
introduction of legume crops and a low proportion of exogenous organic fertiliser
application (manure, vinasse, poultry droppings, etc.). In order to compensate herbicide
applications, OF requires tillage, harrow, hoe, crops diversification and introduction of
forage crops such as alfalfa, which, besides nitrogen symbiotic fixing, considerably reduces
self-propagating weeds.

Table 6-1. Main characteristics of the cropping systems studied in the three regions (S&M, Oise,
Yonne) in OF and CF with the number of the fields studied, the exogenous fertiliser types used and the
tillage presence (X) or absence (No).

Number of

Region Systems fields studied Fertiliser types Tillage
S&M CF1 2 Mineral or organic X
S&M CF2 2 Mineral No
Oise CF3 3 Mineral X
S&M OF1 5 Vinasse and horse manure X
S&M OF2 9 Poultry, horse manure and vinasse X
Oise OF3 3 vinasse X
Oise OF4 6 vinasse X
Yonne OF5 6 - X

All OF rotations were rather long (mean, 7 years) including alfalfa in the beginning. For OF
systems, 30 fields were equipped with ceramic cups including nine different crops: alfalfa
(eight fields), wheat (nine fields), flax (two fields), faba beans (three fields) and lentils (one
field), and rye, oat or triticale and maize (one field each) (Table 6-2). In CF, with shorter
rotation (2-3 years), seven fields were instrumented for five different crops: wheat (four
fields), rapeseed, faba beans and maize (one field each). Exogenous fertilisation in OF is
between 8-200 kg N ha-1 and 74-238 kg N ha-1 in CF. Organic fertilisers, applied during the
study, were sugar beet vinasse (17 kg N t-1), horse manure (7 kg N t-1) or poultry manure
(43 kg N t-1). Mineral fertilisation was generally a combination of calcium ammonium nitrate
(CAN, 27% N) and urea (35% N). During the study, catch crops (CC) as mixed seeds (60%
vetch, 15% clover, 15% lacy phacelia, 10% mustard) were grown from September to
December on CF1 and OF1.
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Table 6-2. Data of the fields instrumented in the eight systems in OF and CF including crops, previous
crops with straw buried (b.) or exported (e.) and its net BNF inputs, N exogenous inputs (organic or
mineral fertilisers) in 2012-13, SMN before fall tillage (Oct; Nov; Dec), soil solution concentrations (soil
solution conc.) and N harvested.

Farm Crops Previous crops N‘et BNF N e?(ogenous Crop Harvest SIYIN afterfall Soil solution Fertiliser types

system (2012-13) (2011-12) previous crops inputs (2012-13) tillage (2012) conc.
kg N ha™ kg N ha™ kg N ha™ kg Nha™ mgNI*

CF1 CC* - faba wheat (b) 0 74 221 44.5 24 vinasse

CF1 wheat pea 19 165 175 52.1 23.2 ammonitrate

CF2 wheat faba- maize (b.) 154 212 162 25.4 28.7 N,P,K(2-2-1)

CF2 faba - maize wheat (b.) 0 175 125 10.4 6.5 N,P,K(2-2-1)

CF3 wheat wheat (e.) 0 238 168 24.7 24.5 N,P,K(2-2-1.8)

CF3 rapeseed wheat (e.) 0 130 116 23.5 30.9 N,P,K(2-2-1.8)

CF3 wheat peas 39 136 215 41.9 61.1 N,P,K(2-2-1.8)

OF1 alfalfa 2 alfafal(e.) 137 0 304 14.9 1

OF1 alfalfa 2 alfafa 1(b.) 173 0 304 16.1 4

OF1 wheat faba beans 28 80 72 n.d 10.4 vinasse, horse manure

OF1 CC* - flax wheat (b.) 0 50 31 n.d 9.2 vinasse

OF1 CC* - beans wheat (b.) 0 0 52 n.d 6.2

OF2 alfalfal triticale (e.) 0 0 75 5.4 2.4

OF2 alfalfa 2 alfalfal(e.) 157 0 403 12.8 3

OF2 wheat alfalfa2 (e.) 190 0 125 37.5 17

OF2 flax wheat (e.) 0 0 39 24.1 23

OF2 wheat flax (b.) 0 200 86 43.1 42 poultry & horse manure

OF2 baresoil - lentils wheat (e.) 0 0 59 24.1 17

OF2 triticale lentils 8 50 96 235 23 vinasse

OF2 wheat faba beans 55 200 95 19.5 26 horse &poultry manure

OF2 oat wheat (e.) 0 140 120 16.8 8.7 horse manure

OF3 alfafa 2 alfalfal(e.) 146 0 310 8.4 18

OF3 baresoil - wheat triticale (b.) 0 0 98 n.d 31

OF3 wheat maize (b.) 0 48 80 25.6 25 vinasse

OF4 alfafal wheat (b.) 0 81 8.4 7

OF4 wheat alfafa2(e.) 102 0 70 6.2 13

OF4 wheat maize (b.) 0 0 95 12.8 5

OF4 maize wheat (b.) 0 78 113 16

OF4 baresoil - faba spelt (b.) 0 66 4.8 2

OF4 wheat vegetables 0 32 70 4.8 1 vinasse

OF5 alfalfa2 alfalfal(e.) 170 0 397 0.9 2

OF5 alfalfa3 alfalfa2(e.) 187 0 217 13.1 7

OF5 wheat wheat (e.) 0 0 30 10.2 9

OF5 baresoil - faba sunflower 0 0 74 8.3 9

OF5 wheat faba beans 31 0 38 13.3 18

OF5 rye wheat spring (b.) 0 0 24 11.9 5

* CC ploughed in December 2012
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6.3.3. Field measurements

6.3.3.1. Ceramic cups

Ceramic cups have been used, since 1904, to measure NO3z in groundwater (Briggs and
McCall 1904). Their cost, effectiveness and ease of installation have made them the most
commonly used devices for collecting soil solution water. Because our experimental study is
farmer-centred, all the ceramic cups were installed vertically to avoid soil damage in the
fields. Furthermore, this approach is supported by the comparison between results from
both horizontal and vertical installations, which did not show significant differences (P-value
> 0.05) (Bowman et al. 2002). Although the vertical installation is flexible, the porous
ceramic cups must be removed before plowing, which can make a long-term monitoring
campaign difficult. All the soils of the ABAC farm network were at least 90 cm deep,
favourable for installing vertical ceramic cups taking into account 80-90% of the root
density. A total of 37 fields were equipped with ceramic cups measuring 85 cm in length
(SDEC, France, SPS ¢ 31mm), implemented with a manual auger of the same diameter, with
the head placed 5 cm below the ground surface, allowing shallow tillage. We assumed that
six ceramic cups per field (i.e. 37 x 6 cups) would make it possible to determine the local
variability; other studies generally using at least three (Eriksen et al. 1999) and up to ten
ceramic cups (Stopes et al. 2002). The ceramic cups were arranged on a line parallel to the
soil tillage, a minimum of 14 m from the edge of the field, in order to avoid any side effect.
After 48 h of vacuum setting, samples were taken weekly at the beginning of the rainy
hydrological season, when the soil is water saturated (first month) and fortnightly for the
rest of the drainage period. Many of the farmers were involved in the sampling process. The
period of sample collection lasted 6 months, from December12t, 2012 to May 22»d, 2013,
with an average of 10 sampling dates (* 2500 samples for analysis).

6.3.3.2. Soil samples

For each field, right after tillage (from October to December), the six samples of soils are
extracted over 90 cm depth. Soil samples were collected with the auger and pooled for the
three layers [0-30], [30-60] and [60-90] cm. The fresh soil samples were stored for a few
days at 4°C, until analysis of humidity and soil mineral nitrogen (SMN) and then frozen at
-18°C for further analysis (texture and C, N content).

6.3.4. Analyses

6.3.4.1. Soil analysis

Triplicates of soil were weighed (30 g) to determine moisture and soil organic matter (SOM)
using the loss-on-ignition method. Soil samples were heated at 105 °C (48 h) for the former,
and calcined at 450 °C (4 h) for the latter, and re-weighed after each step. Soil mineral
nitrogen concentrations were determined after KCl extraction, with 5 g of soil in 20 ml of KCl
(2 M) for 2 h on a shaking table. The suspensions were centrifuged for 10 min at 3000 rpm
and the supernatant is frozen at —18 °C until analysis in the autoanalyzer (Quaatro, Bran &
Luebbe). The rest of the sample is freeze-dried to determine the particle size distribution
(without decarbonation), soil organic carbon (SOC) (after decarbonation), and loss of
ignition at 1000°C, and total N (LAS, INRA Arras).
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6.3.4.2. Soil solution analysis

The soil solution taken from each ceramic cup is frozen until analysis of the N concentrations
using an autoanalyzer Quaatro (Bran & Luebbe). The method used to measure ammonium
(NH4*) is based on the reaction of the blue indophenol (Slawyk and Maclsaac 1972). Nitrite
(NO2) and NOsz- were measured using the sulphanilamide method (Jones 1984) and NO3z-
concentrations were determined after reduction to nitrite.

6.3.5. Calculations

6.3.5.1. Percolating water flow

The daily percolating water flow (W;, mm d-!) was calculated using climate data from the
nearest weather station (Irstea or Meteo France) in each sector (S&M, Oise, Yonne) located
in Boissy-le-Chatel (48°49'15"N 3°08'19"E), Mesnil-sur-Bull (48°04'42"N 3°35'00"E) and
Arces (48°04'42"N 3°35'00"E), respectively. We used daily rainfall (R;, mm) and daily
potential evapotranspiration (ETP;, mm) to calculate W; during the sampling period.

The daily water storage (WS;, mm d-') was incremented by the daily previous water storage
(WSi.1, mm d1), Ry, ETP; multiplied by a crop coefficient (k) fixed at 0.5 during the winter
period (Perrier et al. 1980; Katerji and Perrier 1985; Allen, 2000) and the previous water
inflow (Wi.1, mm d-1) (Equation 6-1). Then W; was determined by the difference between the
WS; and the water holding capacity up to its field capacity (WHCrc, mm) (Equation 6-2),
which was determined from soil characteristics (depth, texture and structure) (Bruand et al.
2004).

Equation 6-1. WS; = max (WS;.1+R;-k.ETP; -Wi.4; 0)
Equation 6-2. Wi = max (WS;-WHCgc; 0)

The N leached flow was calculated between each collecting date, by multiplying the average
concentration by the amount of infiltrated water. Leaching was measured for a six months
sampling period, from December to May and is assumed to represent the total leaching of the
year, as vegetation uptake and evaporation prevent leaching during the rest of the year.

6.3.5.2. N inputs: fertilisers and biological nitrogen fixation

The calculation of total N inputs takes into account exogenous inputs, via the application of
organic and mineral fertilisers and biological N fixation (BNF) by previous legume crops.

The amount and N content of fertilisers (organic and mineral) and the straw management
(buried or exported) were documented by farmers. The BNF is estimated from yields, using
the relations established in Anglade et al. (submitted) for six legume species commonly
grown in Northern Europe namely alfalfa, faba bean, field pea, lentil and white/red clover.
Highly significant linear relationships were found between total N accumulation in shoot
(Ny) and the amount of fixed N, derived from atmosphere (BNF), with different regression
coefficients depending on species (0tcut; B cuir). In order to take into account below-ground
contributions (BGN), comprising N associated with roots, nodules and rhizodeposition via
exudates and decaying root cells and hyphae, multiplicative factors (BG) derived from a
literature review were attributed, amounting 1.3 and 1.7 for grain and forage legumes,
respectively (Equation 6-3).
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Equation 6-3. BNF (kg N ha'1) = BG *[atcuit* Ny cuiet B cult]

Then, net input by BNF (net BNF) from the preceding crop is obtained by subtracting N
harvested, in grain or in herbage, from the estimated total N input (including BGN) derived
from N; fixation. We assumed an above-ground N harvest index (NHI) value of 0.75 for grain
legumes. For alfalfa, different values were used depending on cutting regimes, e.g., 3 cuts at a
height of 10 cm (3-inches), with one left in the field as green manure, is common.

6.3.5.3. Statistical analysis

All the statistical analyses were performed using R software. Differences within data sets
were analysed using the Kolmogorov-Smirnov test to verify normality (P > 0.05). Analysis of
variance tests (ANOVA) were determined for the data sets from the different areas, cropping
systems and depths. Significance is accepted at P < 0.05.

6.4. Results

6.4.1. Soil properties in OF and CF
6.4.1.1. Textures

Composition in silt, sand (coarse and fine) and clay were determined for each field for the
three layers. In all the fields, the clay percentages increased significantly with depth (P-value
= 5.5e-07 ***), whereas the silt percentages significantly decreased (P-value = 0.0002 ***).
Average clay was around 25% and maximum in CF3 (31%) and OF4 (29%), and minimum in
OF5 (21%). The mean percentage of sand was around 10%, maximum in OF5 (24%) and
minimum in OF2 (4.5%). The mean WHCrc was 200 mm in Oise, 180 mm in S&M and 160
mm in Yonne.

6.4.1.2. Nutrients

Nutrients as SOM, SOC and total N decreased with depth (P-value = 6.5.e"1* ***), with no
significant differences between the OF and CF systems in this network. The SOM values were
significantly different within depths and between systems (P-value = 0.003 **), but not
between systems (OF, CF) (P-value = 0.2). Soil mineral N before the period of drainage was
measured in the eight systems. Ammonium concentrations were stable in relation to depth,
with a mean of 10 * 0.6 kg NH4-N ha! for all systems. Nitrate concentrations were
significantly higher in the first layer (0-30 cm) (P-value = 6.5e-1* ***), with high variations
between fields, e.g., within a range from 1 to 17 kg NOs-N hal. Soil mineral N were not
significantly different between the OF and CF systems, due to the high variability between
fields in terms of crops, and the preceding crop, and hence agricultural practices (Table 6-2).

6.4.2. Soil solution concentrations for the typical OF and CF crop
successions

Soil solution concentrations showed variations along the drainage period in all fields. The
percentage variation from the six ceramic cups at one date averaged 47%, mainly because of
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the high micro-heterogeneity of the soils in terms of their composition, texture and therefore
physical and biogeochemical processes. In the following, for each field, we will use the mean
soil solution concentration, measured during the drainage period (~6 cups x 10 sampling
dates). In all the equipped fields, soil solution concentrations increased as a function of SMN
integrated over the soil profile (Figure 6-1 a). Soil mineral N can therefore be used in a first
approach, as an indicator of soil solution concentrations. No relation was found between soil
solution concentrations and SOM (Figure 6-1 b).
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Figure 6-1. Relations between (a) sub-root concentrations and SMN before the drainage period and (b)
sub-root concentrations and SOM, over the profile in all the fields instrumented in ceramic cups: black
circles (organic) and open circles (conventional) fields.

6.4.2.1. Variations in organic rotations

Regarding OF, the lowest soil solution concentration was found for fields cultivated with
legumes (5 * 4 mg NO3-N I'1). The first year after alfalfa was ploughed, the mean soil solution
concentration was 15 * 2 mg NO3-N I}, due to mineralisation and 12 + 9 mg NO3-N 1 for the
second year (Figure 6-2 a). Grain legumes without fertilisation (faba beans, lentils in the
fourth position in the rotation) had a mean soil solution concentration of 9 + 6 mg NO3-N 1-1.
Crops after the legumes, with a mean 68 kg NO3-N ha! net BNF, had a mean soil solution
concentration of 21 + 6 mg NO3-N I'l. At the end of the rotation, cereals with low N input
showed a mean soil solution concentration of 12 + 8 mg NOsz-N I'.. The use of mixed-seeds as
CCs led to low concentrations, 5 mg NOs3-N I'1 in OF1. Overall, the mean N soil solution
concentration for the 7-years theoretical OF rotation was 12 + 5 mg NO3-N -1,
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Figure 6-2. Means (+ SD) sub-root concentrations (a) from organic rotation with succeeding crops :
alfalfa 1 (n=3), alfalfa 2 (n=5), wheat post-alfalfa 2 (n=3), cereals 2 (n=3), grain legumes (n=3), cereal 1
(n=5), cereal 2 (n=5); (b) from conventional rotation with maize (n=1), wheat after crops (n=2) and
wheat after legume (n=3). (*) sampling following CC ploughing in December 2012 or bare soil.

6.4.2.2. Variations in conventional rotations

For conventional rotations, N soil solution concentrations were measured in S&M and Oise
(Figure 6-2 b). Maize succeeding faba-beans led to the lowest concentrations (6 mg NO3-N I
1); fertilised crops resulted in a mean concentration of 28 * 4 mg NO3-N 11, whereas the
concentration for wheat after legumes reached 38 + 20 mg NO3-N I'%. Green manure used as a
biannual CC resulted in considerable soil solution concentration, as for wheat on CF2 (30 mg
NO3-N I1), higher than crops after legumes when exported, and as for wheat post-peas on
CF1 (23 mg NOs3-N I1). Mean soil solution concentration, for the 3-years theoretical CF
rotation (wheat, legumes with CC, wheat) was 24 + 11 mg NO3-N 11,

At total, considering the typical crop successions for OF (7 crops) and CF (3 crops) in the
studied region, soil solution concentrations were on average lower for OF than for CF (12 mg
NO3-N 11 against 24 mg NOs3-N 1), although this difference is not statistically significant
given the high variability within each system.
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6.4.2.3. Impact of N inputs on organic crops

Crops on the fourth or fifth position in the OF rotation were generally fertilised with vinasse,
poultry droppings or compost, leading to various N soil solution concentrations. For organic
fertilisers as poultry manure or vinasse, the soil solution concentrations were directly
impacted by the total N amount applied (Figure 6-3). For example, the addition of poultry
manure to horse manure or crops after legume (200 kg N ha) led to soil solution
concentrations over 26 mg NO3-N 1. However in presence of CC or horse manure alone, soil
solution concentrations were lower than 11 mg NO3-N 11 despite high amounts of organic N
applied. For a vinasse application (50 kg N ha'1) without CC, the soil solution concentration
was 25 mg NO3-N |1, whereas in presence of CC, the soil solution concentrations decreased to
6 + 5 mg NO3-N I'L. Also, for crops after grain legumes, the application of compost before
vinasse decreased the soil solution concentrations from 22.8 mg NO3-N I to 10.4 mg NOs-N I
1. Concerning legumes, although net BNF was five times higher for crops after two years of
alfalfa (150 kg N ha-1) than for crops after grain legumes (30 kg N ha1), their corresponding
soil solution concentrations means were 15 * 3 mg NO3z-N I'? and 20 * 3 mg NO3-N 11
respectively (Table 6-2).
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Figure 6-3. Effect of N inputs (amounts and types : organic fertilisers, legumes) and CC on sub-root
concentrations in OF fields.

6.4.3. Influence of crop management, soil and climate on nitrate losses

Differently from the previous section where we have analysed soil solution concentrations
for typical crop successions for OF and CF, here we analysed soil solution concentrations and
N leaching by cropping systems.
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6.4.3.1. Relation between N inputs and soil solution concentrations

Mean soil solution concentrations and N inputs have been calculated for each systems
(Figure 6-4 a). In S&M, OF1 had the lowest mean soil solution concentration with 6 + 5 mg
NO3-N I}, covering three legumes on a five crops rotation which account two thirds of the N
inputs. The lowest mean soil solution concentration observed in conventional was 13 + 7 mg
NO3-N 11 in CF1, in relation to low N inputs (129 kg N ha! yr-1). For the full OF2 rotation, soil
solution concentrations mean was 18 = 9 mg NOs-N 11, using both exogenous inputs (66 kg N
hat yr-1) and net BNF (45 kg N ha! yr1), a figure close to that found on the no-till system,
CF2, amounting 19 *+ 10 mg NO3-N 1, also coming from fertilisers and net BNF (348 kg N ha'!
yr1). In Oise, the soil solution concentrations showed considerable variations between
cropping systems. The highest soil solution concentrations means have been measured in
CF3 (39 £ 15 mg NO3-N I'1) for 181 kg N ha'! yr! total inputs, coming at 87% N inputs from
synthetic fertilisers, which is typical of conventional practices in this area and in OF3 (25 + 8
mg NO3-N 11) for 89 kg N hat yr1N total inputs (83% N inputs from net BNF). In contrary, in
OF4 the mean soil solution concentration on the rotation was 7 + 6 mg N I}, in relation to low
total inputs (22 kg N ha'! yr-1) with nearly no exogenous inputs (5 kg N ha? yr1). In Yonne,
the mean soil solution concentration was 8 + 3 mg N 1! for OF5 (no CF investigation in this
area), in reference to no exogenous input and three legumes on six year rotation providing
65 kg N ha! yr'1net BNF (Table 6-2).
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Figure 6-4. Sub-root concentrations (a) and leaching (b) from the different cropping systems in each
area (S&M, Oise, Yonne) with OF in grey and CF systems in black. Standard deviations represent the
range of variations within each rotation.
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6.4.3.2. Hydrological conditions and leaching

Water holding capacity at field capacity equalled 180 mm in S&M, 190 mm in Oise and 160
mm in Yonne. Finally, the Wi cumulated during the drainage period was 235 mm in S&M, 209
mm in Oise and 239 mm in Yonne.

In most cases, the conversions from concentration to leaching (concentration x infiltrated
water) did not change the final ranking of the cropping systems in terms of NO3- leaching,
except in Yonne (Figure 6-4 b). Indeed, OF5 contributed to a higher leaching (37 kg NO3-N ha-
L yr1) than OF4 in Oise (13 kg NO3-N ha?l yr1), despite their similar soil solution
concentrations, due to its higher Wi in 2012-13, e.g. in Yonne (239 m) than in Oise (209 mm).
In S&M or Oise, leaching for full rotations, were lower, for OF (13 to 37 kg NO3-N ha! yr1)
than for CF (32 to 77 kg NO3-N ha'1 yr-1) but the difference is not significant.

6.4.3.3. Relation between N total inputs, harvest and N leaching

Considering the entire span of the rotations studied, the yearly average total N input,
including total BNF over the rotation, was 20% higher in CF (211 kg N ha - yr-1) than in OF
(167 kg N hal yr-1). Moreover, the total input was distributed differently between total BNF
and exogenous fertilisation for OF and CF. Mean total BNF integrated over the whole
rotations in OF and CF systems was 132 and 38 kg N ha' yr, respectively, whereas the
exogenous fertilisation in OF and CF was conversely 23 kg N ha! yr'* and 160 kg N ha! yr1,
respectively. As a result, the soil solution concentrations tended to be lower for the OFs (13 +
6 mg N I'1) than for the CFs (24 + 10 mg N I'!). However, a gradient of soil solution
concentrations exists in both systems.

The mean harvest was 24% higher in CF (169 kg N ha-1) than in OF (129 kg N ha-1), with 20%
more total inputs. Thus the means N use efficiency (i.e. the ratio of harvested N on total N
inputs) is similar in OF and CF, 78% and 81% respectively. Looking at leaching per unit kg N
harvested (yield-scaled leaching), OF systems still show slightly lower values than CF,
ranging from 0.1 to 0.3 kg N kg-* N and 0.2 to 0.5 kg N kg! N respectively (Table 6-3).

Table 6-3. Yearly means of N inputs: N exogenous (fertilisers), total BNF and atmospheric deposition,
harvest and N losses: sub-root concentrations, leaching per ha or per protein for OF and CF rotations
studied in S&M, Oise and Yonne.

N BNF input i Mean N harvest ) . ) )
. Atmospheric Soil solution Leaching Leaching per
Farms exogenous previous L. (% N from .
) deposition concentration  per ha N harvested
input crop legumes)
kg N ha'lyr'l kg N ha'lyr'l kg N ha'lyr'1 kg N ha'lyr'1 mg N 1t kg N ha'lyr'1 kg N kg'lN yr'l
CF1 119 10 12 198 (56%) 13 32 0.2
CF2 194 154 12 143 (0%) 19 51 0.3
CF3 168 13 12 166 (0%) 39 77 0.5
OF1 26 293 12 153 (77%) 6 14 0.1
OF2 66 152 12 122 (42%) 18 37 0.3
OF3 16 127 12 162 (64%) 25 50 0.3
OF4 5 63 12 77 (32%) 7 13 0.2
OF5 0 207 12 130 (79%) 8 37 0.3
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6.5. Discussion

6.5.1. Experimental design and advantages of studying commercial
farms

Herein we compared alternative systems, each with its own logic but having enough features
in common for a useful comparison. Our sample of cropping systems is predominated by
organic systems because of the lack of available references for OF, comparing with CF. We
found a broad diversity of practices existing in both OF and CF, with a wide range of leaching
values.

Classical agronomical research is often conducted in factorial experiments deconstructing a
complex system in order to isolate specific components and identify cause-and-effect
relationships. Factorial experiments are particularly relevant in agronomical studies when
they are conducted in the absence of an ecosystem context. However, studies of intact
agroecosystems have established the importance of both long-term and landscape-scale
effects, especially in assessing alternative and innovative practices used by farmers on
watersheds (Sharpley et al. 1994; Nguyen et al. 1995).

6.5.2. Effect of climate and soil on leaching variability

The three pedo-climatic regions covered in our study (Yonne, S&M and Oise) are
representative of the substantial variability in water infiltration in the Seine Basin (Ledoux et
al. 2007). It is well known that the amount of infiltrated water is a major determining factor
of leaching, and depends on rainfall and soil texture. In this study, Yonne is the most affected
by leaching, due to high Wi and the highest sand percentage. In our study, as in many others,
the highest leaching is related to the highest sand percentage (Nieder et al. 1995; Beaudoin
etal. 2005), for both conventional and organic systems (Hansen et al. 2000).

6.5.3. Key management practices controlling N leaching

Variations in soil solution N concentrations over the rotations are associated with crop type.
We conclude here that leaching values have the same ranking in relation to crops (legumes <
crops with CC < winter crops < crops after legumes) as those measured in organic systems in
Norway, with legumes (6 kg N ha'1), undersown grain (13 kg N ha'1), vegetables (17 kg N ha-
1), grain without undersown legumes (30 kg N ha') and potatoes (33 kg N ha'l) (Solberg
1995). The soil cover during winter, which ensures incorporation of SMN, as well as the
period of implantation and the root depth of the crop explain this ranking.

In this study, we observe similar and very low soil solution concentrations (5.5 mg NO3-N 1-
1) during the second year of alfalfa although net BNF from the previous year of alfalfa is high
(between 137 kg N ha-l and 170 kg N ha'1). This can be explained by the fact that alfalfa is
very effective at accessing deep-leached NO3- (1 m below the soil surface) and
rhizodeposition very low during the crop development in winter. After alfalfa ploughing, the
amount of net BNF has an effect on soil solution concentrations, with mean concentrations
15+ 2 mg N I'* for N inputs 102-190 kg N ha-1. Differences of around 30 % of the soil solution
concentrations (from 13 to 17 mg N 1-1) can be explained by differences in net BNF,
depending on biomass yields (9 t ha-1 with 2 cuts vs. 13 t ha-! with 3 cuts). Such an increased
input leads to a 66 % increase in wheat yields (from 3 t ha! to 5 t ha'l). As a whole, the
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incorporation of alfalfa into the soil did not lead to a massive loss of NO3-, probably due to its
low rate of mineralisation. However we would recommend alfalfa exportation and its date of
destruction should be as late as possible (e.g., spring or late winter), in order to reduce NO3
leaching (Francis et al. 1992). Moreover, for the two following years after alfalfa ploughing,
soil should remain covered during fall-winter season with CC or winter cereal.

6.5.4. The importance of catch crops

Imposed by the Nitrate Directive (91/676/EEC), in 2012, the use of CCs should have reached
100% of the bare soil surface, however some organic fields are exempted due to late spiked
chain harrows in order to reduce weeds propagation. In this study, the mixed-seed CCs
reduce N contamination of 60%, in accordance with most studies which conclude in a
positive effect of CCs on NO3- leaching, e.g., reductions from 38 to 70% for mustard (Hooker
et al. 2008), from 50 to 79% for radish (Justes et al. 1999), of 71% for chicory and of 67% for
ryegrass (Sapkota et al. 2012). However, very few studies have discussed the effect of mixed-
seed CCs, which has become more frequent, especially in organic agriculture, showing
greater benefits on crop biomass and NO3z- leaching reduction, than with a single seed
(Rinnofner et al. 2008). Moreover some farmers may wish to substitute CCs with green
manure (CF2), which is a matter of particular concern. Indeed the long-term effect of green
manures would increase the risk of leaching (Moller et al. 2008) and even for CCs such as
mustard, an increase from 9 to 26 kg N ha-! yr-! is shown by Constantin et al. (2011) based on
13 years of model simulations. As for legumes, in order to minimise the risk of N leaching,
several studies suggest incorporating green manure in spring rather than in autumn
(Kankanen et al. 2008), but with a possible negative effect on the yield that needs to be
examined, as for ryegrass incorporation (Aronsson et al. 2007). Results are still lacking for
irrevocable recommendations and further studies on NOs- leaching are needed in order to
optimise N management in organic rotations.

6.5.5. Room for improvement in conventional and organic systems

In conventional systems, a variety of N management methods are also possible, such as no-
tillage, low N input and CCs... Studies on no-tillage systems have shown a decrease of NO3
leaching by a factor of two to four (Angle et al. 1993; Drury et al. 1993). However, as observe
on CF2, the association of exogenous N inputs and BNF in a no-tillage system can still lead to
substantial NO3- leaching. Moreover, the values obtain on CF3 (18-46 mg NOs-N 1'1), are close
to the measurements obtain for experimental trials in North of France in the 1990s (between
18 and 33.5 mg NOs3-N I'%: Arlot and Zimmer, 1990; Machet and Mary, 1990; Chapot 1990;
Denys, 1990). In contrast, to protect a drinking water spring, the association of low N input
and CCs has reduced the N contamination from 16 to 9 mg NO3-N I-! (Beaudoin et al. 2005).
In the organic cropping systems studied, most organic fertilisers are applied in fall, due to
rainy conditions in spring (especially in S&M), preventing field work with farm machines.
Together with the period of application, the types of organic fertilisers used can control soil
solution concentrations and leaching during the drainage period. For example, poultry
manure (OF2) and vinasse (OF1, OF3, OF4) are highly mineralised in contrast to manure,
which can, however, lead to a long-term impact (Bergstrom and Kirchmann 1999). On the
other hand, we have shown that alfalfa N management can be improved, especially by
exporting part of the harvest or by ploughing it as late as possible within the drainage
period.
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This study shows that there is room for progress in both systems regarding N management
to reconcile good water quality and sustainable agriculture in a single area.

6.6. Conclusion

For CF and OF, substantial variations in soil solution N concentrations and N leaching stem
from management practices, in terms of fertiliser application timing, quantity and quality,
e.g., the combination of different sources of N such as legumes in green manure, as well as
mineral and organic fertiliser. The soil solution concentrations were proportional to the
amount of organic fertilisers applied, however the relationship is no longer valid in presence
of catch crops, horse manure or for crops after legumes. Appropriate N management is an
objective to ensure crop growth and to limit nitrogen leaching. In literature, most studies on
NO;3- leaching from organic systems do not include alfalfa (2 or 3 years), as we experiment
here in the Parisian basin. Furthermore, reported results generally concern short rotations
(4 years), whereas they are rather long in the Seine Basin (7 years). We have shown that in
addition to agricultural practices and N management, various other factors such as soil
properties and climate contribute to NO3- leaching, so that no significant difference between
organic and conventional systems in terms of flux of N leaching has been evidenced to date,
but a gradient of leaching between the terms of the rotations clearly appears (alfalfa < crops
with CC < legumes < crops without fertilisation < crops fertilised in fall or after legumes). In
terms of soil solution concentrations of infiltrating water, however, organic cropping
systems in a given pedo-climatic context show better performance than their conventional
counterparts. When yield-scaled, leaching appear to be in a similar range for both OF and CF.
At last, more studies are needed at the system scale, to improve N management in order to
reduce NOs concentration in infiltrating water and thus protect the quality of the water
resource.
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Ce chapitre est un article en préparation qui fera prochainement l'objet d’'une soumission
probablement dans la revue scientifique Agricultural Systems.

7.1. Abstract

In the Seine basin, characterized by intensive arable crops, most of the surface and ground-
waters are contaminated by nitrate (NO3). The goal of this collaborative study involving a
network of volunteer farmers is to investigate NO3- leaching with ceramic cups (90 cm deep)
on the whole crop rotations of organic (OF) and conventional (CF) commercial farms in the
Seine Basin. In total, 10 CF and 8 OF systems were studied in six different soil and climate
conditions, taking into account a wide diversity of practices (including low or no exogenous
N inputs, systematic catch-crops implementation, no-tillage,...) and different organic
fertilisers (including biogas residue, slurry, poultry, cow and horse manures).

Overall, OF farms (rotations with alfalfa) led to a lower average sub-root concentration (8.7 *
2.8 mg N 1), than CF systems (12.6 = 6.7 mg N I'1). The calculated water inflows ranged
between 92 and 164 mm for the four months drainage period. The amounts of N leached in
OF and CF were between 3.7-16.9 and 4.5-33.6 kg N ha'! respectively, according to the
different farming practices, soil and climate conditions. The main controlling factors were
the use of organic fertiliser in fall, the lack of catch-crops before spring crops and the
proportion of legumes in the rotation. Overall, this wide collaborative network highlights
good and innovative practices by CF and OF farmers in order to reduce NO3" in groundwater.
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7.2. Introduction

Nitrate (NO3") pollution in groundwater from agriculture is a major concern for the European
Union (Nitrate Directive, n°91/676/CEE). Leached N represents a risk for the drinking water
quality and a higher cost for the producers. The first studies on N leaching in the Seine basin
(France) were performed in the 90’s for conventional farming (CF) systems (Arlot and
Zimmer, 1990; Machet and Mary, 1990; Chapot, 1990; Denys, 1990; Lemaire and Nicolardot
1997) and concentrations exceeded the drinking water standard (11 mgN I or 50 mg NO3 I
1). Nowadays, most of the studies dedicated to N leaching in the Seine basin are testing “good
agricultural practices” (GAP) in experimental trials (Constantin et al. 2010) but a few in
commercial farms (Beaudoin et al. 2005) and generally not in commercial organic farming
(OF) systems. However at a regional scale, farming practices in commercial farms are wide
and diversified based on different systems, techniques and rotations. In the international
literature, studies on OF and CF agro-environmental performances have led to the
controversial conclusions regarding the respective merit of both systems, with wide
variations according to regional conditions (Mondelaers et al. 2009; Tuomisto et al. 2012).
We already compared OF and CF systems in term of N leaching in the Seine basin but with a
low diversity on CF systems, showing 46 % less leaching in OF than in CF systems from the
same regions (Benoit et al. 2014).

In this new study, our aim is to quantify the N leached in a wider panel of CF and OF systems
from different climate and soil conditions within the Seine basin. To catch the variability of
nitrate losses, 10 CF and 8 OF systems including several rotations were equipped with
porous ceramic cups, which can be set up quickly without any destruction of the soil
horizons of the plots (Stopes et al. 2002). Sampled water from the soil solution at 90 cm deep
during the autumn and winter drainage period can be directly analysed for NOs
concentrations, and considered representative of sub-root water concentrations, infiltering
to the hydrosystem. The results are interpreted in terms of crops and/or practices during the
on-going and preceding cropping period. The role of legumes as a precedent crop was
particularly interesting to document due to the impact of biological N fixation (BNF) on
leaching. The effect of catch crops, the implementation of which is mandatory (but not
always applied) before spring crops on vulnerable zone since 2012, is also an important
issue. Such data are essential to quantify the effects of possible agricultural changes in terms
of ground- and surface water nitrate contamination and coastal eutrophication in the Seine
watershed (Garnier et al. 2010; Thieu etal. 2011).

7.3. Materials and methods

7.3.1. Localisation and characteristics of the main areas

The Seine basin climate is humid and temperate, with a large gradient of temperature and
pluviometry. Agricultural land covers more than 60% of the total surface. Arable crops
occupy 60% of the utilised agricultural land (UAL) with winter wheat as the dominant crop
(29% UAL). 18 agricultural systems, 8 in OF and 10 in CF, were studied in 15 farms (three of
those are mixed CF and OF systems), in six different pedoclimatic conditions in the Seine
Basin (Figure 7-1).
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Figure 7-1. Localisation of the farms studied in 2013-14 in the Seine basin.

The first area studied is located in the East of Paris in Seine & Marne (S&M) (Figure 7-1, n°1),
characterized by a deep loamy soil (luvisol) generally drained, due to hydromorph
conditions. The mean annual rainfall is 676 mm and the mean annual temperature 11.3°C
(Meteo France weather station, Melun). In S&M, farming is based on cereals, sugar beet,
maize and faba beans productions and OF counts for 1.1% UAL (Agreste, 2012). In this area,
seven farms have been studied, including three OF and five CF systems.

The second area is located in the North of the basin in the Oise department (Figure 7-1, n°2),
characterized by a chalky substratum, which is present in almost all the periphery of the
Seine basin. The annual average rainfall is 697 mm and temperatures 9.7°C (Meteo France
weather station, Saint Quentin). In this area, the agriculture is known for cereals and sugar
roots production (40% of national production with S&M) and OF counts for 1.3% UAL
(Agreste, 2012). In this area, three farms have been followed, including two CF and two OF
systems.

The third area is in the South-East of the Seine basin in Yonne (Figure 7-1, n°3), and is
characterized by a chalky substratum, with an average annual rainfall of 880 mm and mean
temperature of 10.7°C (Meteo France weather station, Cruzy). The percentages of oat and
oilseed rape are higher in Yonne than in other areas and OF represents 4.1% UAL (Agreste,
2012). In this area, two farms has been investigated, including each system, OF and CF.

Three additional sites have been studied in the West side of Paris, where agriculture is also
mainly dominated by wheat, maize and oleaginous crops and OF under 2% UAL. One OF
system is located in Val d’Oise (Figure 7-1, n°4), characterized by a mean rainfall of 670 mm,
10.7°C mean temperature and a deep clay-loamy soil (Meteo France weather station, Villiers-
Adam). In this area, agriculture is dominated by wheat (59%), maize (14%) and oleaginous
(17%) and OF represents around 1% UAL (Agreste, 2012). A conventional farm has been
also studied, located in Yvelines (Figure 7-1, n°5), with 675 mm mean rainfall, 11.2°C mean
temperature and a deep loamy-clay soil (Meteo France weather station, Villacoublay).
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Agriculture is dominated by wheat (53%), barley (12%) and oleaginous (23%), whereas OF
represents about 2% UAL (Agreste, 2012).

Finally, a mixed farm (OF+CF) is located in the Centre region (Figure 7-1, n°6), characterized
by an annual rainfall of 599 mm, a mean temperature of 11°C and a clay soil on a chalky
substratum (Chartres, weather station). Agriculture is dominated by 60% wheat, 32%
oleaginous, 20% barley and 8% maize and OF represents below 0.5% UAL (Agreste, 2012).

7.3.2. Description of the organic and conventional systems

In total, 8 OF systems and 10 CF systems have been studied according to different farming
practices and locations. In OF, the rotations last generally seven to nine years, starting with
two to three years of alfalfa, wheat, cereal, legumes, wheat, cereal (Table 7-2 a). In S&M, the
three OF also used exogenous N inputs as vinasse (OF1), poultry manure (OF2) and horse
manure (OF3). In Oise, the two systems studied usually used vinasse (OF4 and OF5), but
during the year of experimentation no vinasse was applied. For the organic farms studied in
Yonne (OF6) and Val d’Oise (OF7), the systems are only based on legume BNF. In Centre,
three fields have been instrumented (OF8).

The 10 CF systems have been studied in parallel in the same areas (Table 7-2 b). The
rotations studied lasted 2 to 5 years. In S&M, CF1 present legumes in its rotation (wheat -
faba beans - wheat); CF2 is a two-year rotation (wheat - maize with faba beans as CC) with
no-tillage; CF3 operates a common rotation of the region (sugar beet-wheat-maize) fertilised
both with mineral and cow manure; CF4 has a common rotation (wheat-rapeseed-maize)
with systematic and diverse CC; CF5 (rapeseed-wheat-sugar beet) has low mineral
fertilisation. In Oise, two CF systems are studied, one using only mineral fertilisation on
wheat-flax-rapeseed (CF6) and the other one, using both mineral and biogas residue on
wheat-barley-sugar beet (CF7). In Yonne, the rotation instrumented (wheat-oat-rapeseed or
maize) is common in the region and uses mineral and manure fertilisation (CF8). In Yvelines,
the farm studied uses low mineral inputs, slurry and compost as exogenous N input on
wheat-barley-rapeseed and maize (CF9). In Centre, one field has been instrumented (wheat
after maize) (CF10).

Concerning exogenous N inputs, the OF systems used in average 77 kg N ha! of organic
fertiliser whereas CF systems, applied around 170 kg N ha-1 yr-1. Organic fertilisers used both
by OF and CF systems are horse manure, poultry manure, slurry and biogas residue. Mineral
fertilisation in CF is generally a combination of ammonitrate and solutions of urea
ammonium nitrate.

In total, 49 fields were instrumented in OF and 30 in CF, due to the shorter CF rotation. The

CF crops counted wheat (50%), barley (14%), oilseed rape (14%), maize (18%) and leys
(4%), in exactly the same proportion as in the Seine basin.
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7.3.3. Field measurements

7.3.3.1. Ceramic cups

Ceramic cups have been used since 1904 to measure NO3" in groundwater (Briggs and McCall
1904). Their recognized advantages are their cost, effectiveness and ease of installation
which have made them the most commonly used devices for collecting water. The 79 fields
are equipped with ceramic cups of 85 cm length, (SDEC, France, SPS @ 31mm), all the soils of
the network being at least 90 cm deep. Ceramic cups (6 per plots) were installed with a
manual auger of the same diameter, arranged on a line parallel to the soil tillage with the
head place below the ground surface (-5 cm) to allow shallow tillage. They are placed at a
minimum of 14 m distance from the edge of the field in order to avoid any side effect.
Samples are taken weekly, after 48 h of vacuum setting, at the beginning of the rainy
hydrological season, when the soil is water saturated (first month) and fortnightly for the
rest of the sampling period.

7.3.3.2.  Soils samples

During the implementation of the ceramic cups, soil samples are extracted before the
sampling period in each field. The six samples of soils are extracted with the auger and
homogenized following three layers [0-30], [30-60] and [60-90] cm. The fresh samples are
stored at 4°C until analysis of humidity and then frozen at -18°C for further analysis (texture
and C, N content).

7.3.4. Analyses

7.3.4.1.  Soils analysis

Triplicates of soil are weighed (30 g) to determine moisture and soil organic matter (SOM)
using the loss-on-ignition method. Soil samples are heated at 105 °C (48 h) for the former,
and calcined at 450 °C (4 h) for the latter, and re-weighed after each step. Soil mineral
nitrogen concentrations are determined after KCl extraction, with 5 g of soil in 20 ml of KCl
(2 M) for 2 h on a shaking table. The suspensions are centrifuged for 10 min at 3000 rpm and
the supernatant is frozen at —18 °C until analysis in the autoanalyzer (Quaatro, Bran &
Luebbe). The rest of the sample is freeze-dried to determine the particle size distribution
(without decarbonation), soil organic carbon (SOC) (after decarbonation), and loss of
ignition at 1000°C, and total N (LAS, INRA Arras).

7.3.4.2. Water analysis

The water taken from each ceramic cup is frozen until analysis of the N concentrations using
an autoanalyzer Gallery (Thermofisher). The method used to measure ammonium (NH4*) is
based on the reaction of the blue indophenol (Slawyk and Maclsaac 1972). Nitrite (NO2") and
NO3 are measured using the sulphanilamide method (Jones 1984) and NO3z- concentrations
are determined after reduction to nitrite.
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7.3.5. Percolating water flux

We used a simple water balance modeling of a one layer reservoir in order to calculate the
daily water percolation (Wi, mm d-1) during the sampling period.

The soil water content at field capacity (WHCg;, mm) over 0-90 cm was defined using a
pedotransfer function (Bruand et al. 2004). The daily water storage (WSi) was calculated
using the daily precipitation (R; mm) and the reference evapotranspiration (ETP;, mm)
multiplied by a crop coefficient (ki) (Morizet et al. 1984), fixed at 0.5 during the winter
period (Perrier et al. 1980; Allen, 2000). The model operates at a daily time step to calculate
the water storage (WS;, mm d-1) (Equation 7-1). Once the WS; reaches the field capacity
(WHCkc) the excess water is lost as percolation (Equation 7-2) with a velocity coefficient
(ko) based on Benoit et al. (2014).

Equation 7-1. WS; = max (WSi.1+Ri-K1*ETP; -Wi.1; 0)
Equation 7-2. Wi = max (k*(WSi-WHCkc) ; 0)

The N leached flow was calculated between each collection date, by multiplying the average
concentration by the amount of percolated water. N leached was measured for a six months
sampling period, from December to May and is assumed to represent the total leaching of the
year, as vegetation uptake and evaporation prevent leaching during the rest of the year.

7.3.6. Statistical analysis

All the statistical analyses are performed using R software. Differences within data sets are
analysed using the Kolmogorov-Smirnov test to verify normality. Analysis of variance tests
(ANOVA, Student, P-value < 0.10) are determined for the data set, due to the important
variations between sample conditions.
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7.4. Results

7.4.1. Climate and soil conditions

The soil parameters have been established for each field layer. However in order to
characterize the soil of each region, regional means were used (Table 7-1). Most soils are
silty clay loam, except in Yonne and in Centre area where the sand or the clay contents are
higher. Nutrients (SOC, N tot) are higher in Yvelines and lower in Yonne. The bulk density
(BD) was 1.5 and the WHCgc were determined in S&M (189 mm), Oise (199 mm), Yonne (168
mm), Val d’Oise (209 mm), Yvelines (167 mm), Centre (183 mm) based on Bruand et al.
(2004).

Table 7-1. Soils characteristics in the regions studied in terms of textures (clay, sand), soil organic
carbon (SOC), N total (N tot), bulk density (BD) and water holding capacity at field capacity (WHCkrc).

Soil Depths S&M Oise Yonne Vald'Oise  Yvelines Chartres
parameters (cm)
Clay 0-30 20 24 19 18 24 30
g100g™ 30-60 23 27 24 24 24 30
60-90 25 32 31 27 27 29
Sand 0-30 11 9 24 8 13
g 100 g'1 30-60 10 7 21 7 14
60-90 10 8 22 6 12 14
SOC 0-30 1.07 1.37 0.99 0.86 1.89 1.39
g 100 g‘l 30-60 0.55 0.83 0.52 0.52 0.97 0.77
60-90 0.43 0.52 0.35 0.44 0.55 0.46
N tot 0-30 0.10 0.12 0.08 0.08 0.15 0.13
g 100 g‘1 30-60 0.06 0.08 0.05 0.05 0.08 0.08
60-90 0.05 0.05 0.03 0.05 0.04 0.04
BDg cm? 0-90 1.53 1.54 1.53 1.53 1.53 1.58
WHC;cmm 0-90 189 199 168 209 167 183
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7.4.2. Variations of sub-root concentrations

7.4.2.1. Variations according to crops

In order to determine the crop impact on water contamination, all the crops studied in OF
have been integrated into a typical nine years rotation, as alfalfa 1, alfalfa 2, alfalfa 3, wheat,
cereal, legumes, wheat, cereal, cereal (Figure 7-2 a). Alfalfas show the lowest sub-root
concentrations (SRC), 4.35 * 4.15 mg N I'! during the three years. Wheats after alfalfa
ploughing have the highest SRC (21.74 + 8.52 mg N I1), due to an important BNF inputs.
Crops cultivated two years after alfalfa show SRC mean of 12.07 + 7.24 mg N I'.. Legumes
have a SRC mean of 7.51 + 4.75 mg N 1'1. Wheats after legumes show SRC 12.21 + 10.58 mg N
1-1. At the end of the rotation, the SRC for crops without organic fertilisation are lower (< 10
mg N 1'1) than after fertilisation (> 14 mg N 11).

Likewise, the CF crops were classified in two typical rotations from this region: rotation 1
(rapeseed, wheat, barley) and rotation 2 (maize/sugar beet - wheat - cereals) (Figure 7-2 b,
c). In the first rotation, the lowest concentrations were found for rapeseed and barley with
average SRC of 6.29 + 2.33 mg N I'! and 4.42 + 1.64 mg N 1}, respectively. Those two crops
have the particularity to be sown early and to have an early growth. In the second rotation,
the lowest SRC was measured on CC (4.62 + 2.58 mg N I1) and the highest on wheat after

spring crops (maize or sugar beet) with CC (including legumes) with a mean of 21.54 + 14.06
mg N I'L.
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Figure 7-2. Sub-root concentrations means for crops in organic (a) and conventional (b and c)
rotations studied in 2013-14 in all the farms. (*) stands for spring crops (maize, sugar beet) or legumes
with or without catch-crops (CC) (n= number of field studied).
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Table 7-2. Summary of the organic (a) and conventional (b) fields instrumented with ceramic cups in
2013-14 with their N inputs and sub-root concentrations (SRC). Fertiliser types: biogas residue (BGR),
cow manure (CM), horse manure (HM), mineral (Min), poultry manure (PM), slurry (S). (*) stands for
spring crops with catch-crops and (**) stands for spring crops with bare soil.

(@)
system field cropsin previous fertiliser  Ninputs SRC
2013-14 crops type
kg N ha™ mgN I
OF1 1 wheat alfalfa 2 18
OF1 2 wheat beans 6
OF1 3 wheat alfalfa 2 24
OF1 4 alfalfa 1 wheat 5
OF1 5 beans * flax* 5
OF2 6 oat wheat C 140 14
OF2 7 wheat alfalfa 2 23
OF2 8 triticale wheat C 140 15
OF2 9 flax** wheat 17
OF2 10 wheat* alfalfa1l 5
OF2 11 wheat flax C+PM 215 39
OF2 12 wheat lentils** C 140 27
OF2 13 faba beans** triticale 16
OF2 14 wheat* oat 0
OF3 15 lentils** wheat 1
OF3 16 trefoil 3 trefoil 2 0
OF3 17 trticale wheat 17
OF3 18 wheat lentils HM 70 9
OF3 19 wheat faba beans** 5
OF3 20 sainfoin 2 sainfoin 1 1
OF4 21 alfalfa 3 alfalfa 2 5
OF4 22 alfalfa 2 alfaflal 0
OF4 23 spelt oat 13
OF4 24 peas-oat wheat 14
OF5 25 wheat lentils_rye 10
OF5 26 alfalfa 2 alfalfa 1 1
OF5 27 wheat faba beans** 1
OF5 28 peas-trit wheat 4
OF5 29 wheat vegetables 7
OF5 30 faba beans* wheat 4
OF5 31 maize** wheat 3
OF5 32 faba beans maize 3
OF6 33 wheat faba beans** 9
OF6 34 alfalfa 3 alfalfa 2 5
OF6 35 wheat alfalfa3 15
OF6 36 alfalfa1 wheat 7
OF6 37 soya* wheat 4
OF6 38 oat rye 5
OF7 39 wheat alfalfa 2 24
OF7 40 alfalfa 2 alfalfal 1
OF7 41 faba beans sunflower 4
OF7 42 sunflower wheat 14
OF7 43 wheat faba beans 4
OF7 a4 alfalfa 1l oat 18
OF7 45 wheat peas+trit 5
OF7 46 peas+trit wheat 5
OF8 47 wheat faba beans* C 70 31
OF8 48 wheat alfalfa3 39
OF8 49 alfalfa 1 oat 4
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(b)
system field cropsin previous fertiliser  Ninputs SRC SMNinfall SMN in spring
2013-14 crops type 2013 2014
kgNha mgNI? kg N ha kg N ha
CF1 1 wheat faba beans Min 200 14.0 46 49
CF1 2 wheat wheat Min 150 13.4 84 100
CF2 3 wheat maize* Min 180 34.0 129 151
CF2 4 maize* wheat Min 190 7.4 41 48
CF3 5 wheat sugar beet Min 200 9.3 14 84
CF3 6 wheat wheat Min 200 25.8 31 121
CF3 7 wheat maize Min 200 30.9 39 59
CF4 8 wheat* wheat Min 180 7.6 22 95
CF4 9 rapeseed wheat Min 180 8.0 20 15
CF4 10 maize* wheat Min 180 2.1 13 225
CF5 11 wheat rapeseed Min 170 0.9 14 37
CF5 12 rapeseed row barley Min 150 5.2 10 60
CF5 13 sugar beet*  wheat Min 170 7.2 20 101
CF6 14 wheat rapeseed Min 230 27.2 48 132
CF6 15 wheat wheat Min 230 19.1 52 83
CF6 16 flax** wheat Min 230 4.8 17 14
CF7 17 wheat peas* BGR 40 35.0 78 45
CF7 18 barley wheat BGR 20 6.8 30 18
CF7 19 sugar beet*  oat BGR 80 8.7 29 54
CF8 20 maize* oat Min + CM 138 1.3 17 20
CF8 21 rapeseed oat Min 135 4.5 30 153
CF8 22 wheat rapeseed Min 80 17.2 74 90
CF8 23 barley wheat Min 185 6.6 21 132
CF9 24 wheat rapeseed S 110 7.4 15 82
CF9 25 wheat rapeseed S 110 20.1 78 33
CF9 26 wheat maize* Min + CM 177 16.6 40 52
CF9 27 wheat alfalfa 2 Min 92 19.6 25 227
CF9 28 barley wheat S 177 52.0 150 153
CF9 29 maize* wheat S 90 3.9 32 18
CF10 30 wheat maize Min 80 11.5 51 138
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7.4.2.2. The role of catch-crops

For spring crops, SRC were measured either on bare soil, on growing CC or after CC
ploughing (Table 7-3). On bare soil, SRC mean was significantly higher (10.95 + 5.85 mg N I-
1) than with CC (4.16 * 2.49) (t-test, P-value= 0.025). Different CC varieties were grown from
one to ten species with two different ploughing dates (spring, fall) (Figure 7-3). The diverse
CC combinations did not have any impact on SRC. Fields sampling were either carried out
after CC ploughing or during CC growth in CF and OF, however no significant difference was
observed between both treatments (P-value = 0.53), with SRC mean for early (4.86 + 3.09 mg
N I'1) or late ploughing (3.56 + 1.88 mg N 11).

Table 7-3. Catch-crops diversity in organic and conventional fields (and farms) and associated sub-
root concentration (SRC).

Field Farm sowing -harvest  catch crops variety SRC
dd/mm - dd/mm mgN I
4 CF2 01/09 - 10/03 faba beans 6.74
8 CF4 15/08 - 26/10 faba, beans, flax, mustard, sunflower, 706
rape
10 CF4 20/08 - 01/04 faba, beans, phacelie, oat, clover, oat,
vetch, snflower, sarazin, rape 211
13 CF5 01/09- 15/12 vetch, radish, oat, phacelia 7.19
19 CF7 01/09 - 01/12 white mustard 7.42
20 CF8 01/09 - 01/04 aot-vetch 0.95
29 CF9 01/09 - 01/03 oat, vesce, clover, placelia 3.50
5 OF1 01/09 - 01/04 flax, oat, clover 4.99
10 OF2 01/09- 01/02 alfalfa 3.59
14 OF2 01/09 - 03/03 white clover 0.58
29 OF5 27/08 - 15/12 white clover 3.66
30 OF5 05/09 - 15/12 faba, clover, oat 2.31
37 OF6 01/09 - 30/02 rye 3.06

(b)

=
mg NOg-N 1"
3

Figure 7-3. (a) Means sub-root concentration of spring crop fields on bare soil (n=6) and with CC (n =
13), (b) the latter being split into winter ploughing (PL) (n=6) and spring ploughing (PL) (n=5).
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7.4.2.3. Influence of fall fertilisation

Fields with organic fertiliser application in fall have been observed in organic (n = 6) and
conventional fields (n = 5). The SRCs depend on the type and the amount of fertiliser applied
(Figure 7-4). The SRC increased immediately for organic fertiliser with a C/N < 15, as biogas
residue, slurry or poultry manure. However, when the organic fertilisers had C/N > 15, the SRC
measured were lower, as for cow manure or horse and cow manure. Furthermore, the
presence of CC after the biogas residue application (80 kg N ha'1) reduced the SRC by 85%.
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Figure 7-4. Sub-root concentration (SRC) in relation to N exogenous input for different type and
amount of organic fertiliser applied in fall in organic or conventional fields and the impact of CC after
organic fertiliser.

7.4.2.4. Variations among CF and OF systems

The SRC at the rotation scale showed important variations from 4.1 to 22 mg N I}, according
to the farms systems (Figure 7-5).

In S&M, the SRC were the lowest in OF3 (7.1 mg N 1-1), CF4 (5.9 mg N I'1) and CF5 (4.4 mg N I-
1), in relation to perennial crops (OF3), low inputs (CF5) or systematic used of CC (CF5). For
the other farms in S&M, SRC means are over 10 mg N 1-1. However in OF1 (11.4 mg N 1), the
incomplete rotation contained 60% of legumes ploughing. The highest SRC in OF was
measured in OF2 (17.3 mg N 1) mainly due to poultry manure application in fall. The highest
SRC in CF rotation were observed in CF2 (20.7 mg N I'1) and CF3 (22.0 mg N I'1), due to the
systematic introduction of green manure (faba beans before maize) or important N input,
respectively.

In Oise, the OF systems studied present lower SRC than in CF. The OF4 (4 years) and OF5 (8
years) SRC means were 10.7 and 4.1 mg N 1! respectively. The CF rotations showed higher
SRC, as in CF6 (17.0 mg N 11) and in CF7 (16.6 mg N I-1), mainly due to important mineral
(230 kg N ha1) or biogas residue application in fall, respectively.
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In Yonne, the SRC means were quite low in both systems, with 6.8 mg N 1-* (OF6) and 7.4 mg
N 11 (CF8), in relation to no exogenous input and good N management respectively. In the
West region (OF7, CF9), the SRC were 9.4 and 19.9 mgN.l! respectively, mainly due to no N
exogenous input and slurry application in fall respectively. The fields instrumented from
Centre region have not been considered here due to a lack of data on the full rotation, but all
data are summarized in Table 7-4. Overall the SRC measured in OF and CF systems are 11.9
and 13.3 mg N I'! in S&M, 7.4 and 16.9 mg N I'! in Oise and 6.8 and 7.7 mg N 1! in Yonne,
respectively.

Table 7-4. Means of sub-root concentrations (SRC), water inflow and N leached on every farm.

Region Farms SRC Water inflow Leaching
mgN I mm kg N ha™
S&M OF1 11.4 96 11.7
S&M OF2 17.3 97 16.9
S&M OF3 7.1 92 6.7
S&M CF1 13.7 96 11.3
S&M CF2 20.7 96 20.9
S&M CF3 22.0 96 21.1
S&M CF4 5.9 96 5.9
S&M CF5 4.4 97 4.5
Oise OF4 10.7 96 9.8
Qise OF5 4.1 96 3.8
Oise CF6 17.0 96 16.8
Qise CF7 16.8 96 15.9
Yonne OF6 6.8 132 7.7
Yonne CF8 7.4 133 9.0
Val d'Oise  OF7 9.4 30 3.7
Yvelines CF9 19.9 157 33.6
Centre OF8 24.5 104 26.8
Centre CF10 11.5 104 12.3

7.5. N Leached in conventional and organic systems

The leached NO3- results from SRC value multiplied by water inflow (Wis) from each region
(Table 7-4). In S&M and Oise, the cumulative Wis were between 92-97 mm during the
sampling periods. In consequence, the mean NO3- leached in OF and CF are 11.8 kg N ha! and
12.7 kg N hal in S&M and 6.8 kg N ha! and 16.3 kg N ha'! in Oise, respectively (Figure 7-5).
In Yonne, the NOs- leached was slightly lower in OF6 (7.7 kg N ha'1) and in CF8 (9.0 kg N ha-
1), for a mean water percolation of 132.5 mm.

Then in the West region, the amount of water is much higher in CF9 (157 mm) than in OF7
(30 mm), in consequence the amount of NO3- leached is ten times higher in CF9 (33.6 kg N
ha-1) than OF7 (3.7 kg N ha'1).

As a major result of this study, taking into account the OF and CF rotations means in each
regions (S&M, Oise, Yonne), leaching was lower in OF (8.7 +2.6 kg N ha! yr1) than in CF
(12.7 + 3.6 kg N halyr!) (P-value = 0.14).
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Figure 7-5.Sub-root concentrations means (in histograms) and N leached (black lines)in OF and CF
systems studied in S&M (a), Oise (b), Yonne (c) and the West (Val d’Oise, Yvelines) (d).

7.6. Discussion and conclusions

7.6.1. Farmers strategies

In this network, we observed three main farmers strategies regarding fertilisation
management. The first strategy focused on “optimizing crop effect”, as introducing
diversified CC before every crop or only using the BNF as N inputs. This strategy showed the
lowest concentrations, in accordance to most studies referring to CC efficiency (Justes et al.
2012) and the systems based on alfalfa (Beaudoin et al. 1992). The second strategy focused
on “optimizing N use efficiency” (low input, only one type of fertiliser). Their mean N leached
was between 4.5 to 11.3 kg N ha! yr, in accordance to the GAP in the Seine basin (Beaudoin
et al. 2005). Then the third strategy focused on the “N inputs combination”, cumulating the
use of legumes with the input of organic and/or mineral fertilisers. This last strategy showed
the highest NO3- concentrations (up to 33.6 7 kg N ha'! in CF9), but was rarely studied in the
literature which usually compares one treatment separately from the others.
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7.6.2. Representativeness of the network

The CF rotations studied took into account a large panel of farming practices, similarly to the
situation in the Seine basin. However, even if the crops types’ proportion is respected in our
sample with respect that of the whole basin, the mean sub-root concentrations found may be
underestimated, as our sample, particularly for CF, possibly over-represents good
agricultural practices. The conventional farms were indeed selected among volunteer
farmers, pioneers for applying new practices (e.g. catch crop regulation) or even keen on
biological systems. Typically the lowest CF concentrations were measured in farms with
agro-environmental measures (CF4, CF5). Instead in the Seine basin, the proportion of
farmers using CC represents no more than 50% UAL of spring crops (Agreste, 2013), a lower
proportion than in our sample (70 %) in spite of the recommendations made in the scope of
the Nitrate Directive in vulnerable zones.

On the other hand, our OF rotations sample was well representative of the OF in the Seine
basin. OF rotations much longer than the CF ones are indeed mostly of 9 years (with 2 or 3
years of alfalfa) and often located in the deep soil sectors of the Seine basin (50% OF
rotation, Agence Bio). Therefore the thin soils (depth < 90 cm) especially present in the
South-West part of the Seine basin were not sampled, either in OF or CF system.

7.6.3. Organic and conventional farming leaching

As a major result of this study, taking into account the OF and CF rotations means in each
regions (S&M, Oise, Yonne), the leaching means in OF and CF are 8.7 £2.6 and 12.7 + 3.6 kg N
hat yr! respectively. In addition to previous studies in the Seine basin, in one mixed farm
(OF/CF) followed during three years (Benoit et al, submitted, cf. chap. 3) and in 3 CF and 4
OF systems in two regions (S&M, Oise) (Benoit et al. 2014), the whole SRC means in OF and
CF farms are 10.1 + 3.4 and 16.6 + 10.3 mg N I'! respectively (- ~40% in OF) (Table 7-5 a).
Overall, N leaching in OF and CF systems are 15.3 + 9.7 and 27.0 + 24.7 kg N ha! with
variations in relation to different climatic years in different regions. In final, leaching in OF is
significantly 43% lower than in CF systems (P-value = 0.09) (Table 7-5 b).
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Table 7-5. Synthesis of three studies on sub-root concentrations (a) N leaching (b) means for OF and
CF systems (weighted by the regions) in the Seine basin. Standard deviation (SD) stands for the
difference between farms from the different regions studied.

(a) Mean sub-root concentrations (mg N ()

One mixed farm * 7 systems 14 systems? Mean (SD)
OF mean (SD) 7.8 14.1 (8.9) 8.7 (2.8) 10.1 (3.4)
CF mean (SD) 10.8 27.4 (13.6) 12.6 (4.6) 16.6 (10.3)
-(OF-CF)/CF (%) -28% -49% -31% -39%

(b) Leaching (kg N hatan?)

One mixed farm ! 7 systems? 14 systems? Mean (SD)
OF mean (SD) 14.6 28.7 (17.9) 8.7 (2.6) 15.3 (9.7)
CF mean (SD) 19.5 59.5 (22.6) 12.7 (3.6) 27.0(24.7)
-(OF-CF)/CF (%) -25% -52% -31% -43%
Lcha pter 3 2cha pter 6 3cha pter 7

In conclusion, this network revealed a wide diversity OF and CF systems with different
impacts on NO3- leaching in different regions. The N leached depends mainly on famers’
strategies, including the length of the rotations, crops variety, N inputs management but also
on climate conditions. The interaction between farmers, researchers and stakeholders made
possible owing to the network established during our study is full of promises for innovative
practices which should improve water quality taking into account climate constraints and
farmers strategies (MacMillan and Benton 2014).
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L’objectif principal de cette these était de déterminer la dynamique de I'azote au sein des
exploitations de grandes cultures dans le bassin de la Seine, et de comparer les performances
environnementales, vis-a-vis de la lixiviation et des émissions de GES, des systemes
biologiques et conventionnels. Aucune étude sur les pertes d’azote dans les systemes
biologiques trés spécifiques du bassin de la Seine n’avait encore été publiée, ce qui limitait la
crédibilité des programmes de conversion a I’AB mis en place dans le cadre de la protection
de la qualité des captages d’eau potable. Pour aborder cette question, nous avons di
d’emblée faire certains choix méthodologiques, qui méritent a posteriori d’étre discutés.
Des conclusions robustes sur les performances comparées des deux systemes de culture
peuvent étre tirées de nos travaux: nous les résumerons succinctement. Enfin des
perspectives prometteuses s’ouvrent a l'issue de nos trois ans de recherche a la fois pour
mieux comprendre les mécanismes qui régissent, a diverses échelles, les processus de pertes
environnementales d’azote dans les agrosystémes, et pour mieux interagir avec les
agriculteurs en vue d’améliorer leurs pratiques.

Les choix méthodologiques et leurs limites

Pour l'essentiel, nos travaux ont porté sur la mesure des flux dans des exploitations
commerciales du bassin de la Seine. Pour ce faire, il a fallu contacter des agriculteurs afin
qu’ils nous «accueillent » dans leurs champs et nous donnent accés a leurs itinéraires
techniques (pratiques, rendements et analyses).

L’échantillonnage des fermes que nous avons suivies n’est donc pas exempt d’un biais lié au
nécessaire volontariat des exploitants, qui peut impliquer que des agriculteurs déja
sensibilisés aux bonnes pratiques agricoles (trés bas intrants, cultures intermédiaires
systématiques) aient répondu positivement a nos sollicitations.

D’autre part, la nature participative du réseau ABAC que nous avons constitué, confere un
caractére de recherche-action a notre travail: les agriculteurs, en échange permanent avec
les différents partenaires du réseau (scientifique, gestionnaires des captages, chambres
d’agriculture, fédération biologique), peuvent faire évoluer leurs pratiques selon les résultats
obtenus sur leurs exploitations, que nous leur communiquions systématiquement. En
conséquence, si lors de ces premiéres années, le réseau ABAC a constitué un observatoire des
pratiques réelles (engrais vert, application d’engrais organiques facilement dégradable a
I'automne), ces derniéres tendent a évoluer au cours des années vers une meilleure
efficience de l'azote (intercultures comportant plusieurs variétés, mélange d’engrais
organique et de compost). Ces deux facteurs pourraient avoir conduit a une sous-estimation
des pertes environnementales réelles, en systeme conventionnel comme en systeme
biologique.

Concernant le panel des exploitations étudiées, nous avons pu suivre uniquement des
rotations biologiques longues « avec luzerne », car elles possédaient une profondeur de sol
suffisante pour permettre I'implantation de bougies poreuses en dessous de la zone racinaire
hivernale. Dans les sols semi profonds et superficiels, comme en Essonne (91), les
exploitations biologiques sont souvent caractérisées par des rotations plus courtes, que nous
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n’avons donc pas pu caractériser, mais pour lesquelles les fuites d’azote pourraient étre plus
importantes.

L’expérimentation scientifique au sein d’exploitations commerciales, nous a obligés a utiliser
des dispositifs 1égers qui n’entravent pas les travaux agricoles. Notre choix s’est donc porté,
pour la mesure de la lixiviation, sur 'usage de bougies poreuses verticales, souvent réputées
donner lieu a des écoulements verticaux préférentiels. Nous avons pu valider nos mesures
grace a la mesure parallele de reliquats d’azote minéral a I'entrée de I'hiver, et montrer que
ces fuites verticales étaient négligeables.

Le passage de la mesure des concentrations dans 'eau sous-racinaire a I'estimation des flux
lixiviés nécessite de déterminer la lame d’eau infiltrée. Nous avons pour cela développé un
modeéle réservoir a une couche, qui pourrait étre affiné. Il ne prend pas en compte en effet
I'action de la végétation hivernale ni les caractéristiques propres a chaque parcelle. La
comparaison de nos estimations avec la mesure directe du débit d'un collecteur de drains
dans une exploitation bien instrumentée (Chantemerle) a cependant permis de montrer la
cohérence des résultats de notre modéle.

Deux types de chambres d’accumulation de GES ont été utilisés au cours de cette thése. Les
mesures réalisées en chambres manuelles ont les mémes tendances de flux que ceux
mesurés en chambres automatiques, cependant, elles ne prennent pas en considération les
faibles variations journalieres. Cette différence de méthodes peut conduire a sous- ou
surestimer les émissions dues a I'apport des fertilisants et donc a sous- ou surestimer le
cumul des émissions a I'année.

Les acquis

Sur une exploitation mixte (AB/AC) instrumentée et suivie sur trois ans, nous avons pu
montrer, dans des conditions pédoclimatiques identiques, que les moyennes de pertes
azotées par lixiviation et par émission de N0 intégrées sur 'ensemble du cycle de rotation
culturale étaient inférieures en agriculture biologique par rapport a ce qu’elles sont en
agriculture conventionnelle. Cette conclusion, particuliéerement nette lorsque les résultats
sont exprimés par rapport a la surface agricole concernée (-25% et -29% pour la lixiviation
et les émissions de N,O respectivement), reste vraie en termes d’émissions rapportées a la
production de protéines des deux systemes (-11% et -15% respectivement).

Les pertes d’azote inférieures en AB sont principalement dues a de plus faibles apports
d’engrais exogénes en AB (60 kg N ha1) qu'en AC (160-200 kg N ha1), ainsi qu’a une rotation
plus longue laissant une large place aux légumineuses. Toutefois des arriéres-effets peuvent
donner lieu a une lixiviation importante aprés l'apport d’engrais organiques (fumier,
compost) et I'incorporation réguliere de 1égumineuses (luzerne, féverole, lentille).

Ces conclusions tirées de I'’examen d’une exploitation mixte sont confortées par celles issues
de deux ans de suivi d'une quinzaine d’exploitations du réseau ABAC, couvrant une plus large
diversité de conditions pédoclimatiques. Les pertes d’azote par lixiviation des rotations AB
sont toutes inférieures ou égales aux pertes issues des exploitations conventionnelles dans
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les mémes conditions pédoclimatiques. Les concentrations sous-racinaires les plus faibles (<
5 mg N I-1) sont mesurées sous luzerne, ou sous une culture intermédiaire bien implantée.
Par contre sous les blés semés en automne aprés retournement d'une légumineuse, des
concentrations beaucoup plus élevées (> 15 mg N 1-1) sont couramment observées.

Si la majeure partie de notre travail s’est focalisé sur I'échelle des exploitations et du systeme
de culture, nos résultats, associés a de précédents travaux, ont aussi permis d’aborder la
question de la cascade de l'azote a I'échelle d'un petit bassin versant, tel que celui de
I'Orgeval. Nous y avons testé, sur la base de nos résultats, deux scénarii (curatif et préventif)
de réduction de la contamination nitrique de I’hydrosystéme. Le premier scénario, curatif,
consiste en l'implantation d’étangs, sur 1% de la surface du bassin, de maniére a éliminer
naturellement une partie de la pollution nitrique agricole par dénitrification dans les
sédiments. Une réduction de 34 a 47% (selon les années hydrologiques) des flux nitriques
transférés vers I'aval du réseau hydrographique peut étre obtenue par ce dispositif, mais il
engendre un accroissement significatif des émissions de N0 dans I'atmosphere (+ 0.6 kg N
ha! an!). En revanche, un scénario « préventif », reposant sur une conversion a I’AB de
toutes les surfaces agricoles, permettrait une réduction de 25 a 68% (selon les années) de la
contamination nitrique, avec une baisse des émissions de N>O.

Enfin, a I’échelle des processus, nous avons établi la relation a la température des processus
de nitrification et de dénitrification dans les sols et de leurs émissions de N,O associées.
Nous avons ainsi pu montrer que la proportion de N,O émise lors du processus de
dénitrification s’accroit rapidement lorsque la température augmente, ce qui suggere un
feed-back positif d'un réchauffement (période de canicule, changement climatique, ...).

Les perspectives

Les nombreuses mesures expérimentales acquises durant ce travail forment un ensemble de
données d’'une grande richesse dont 'exploitation est loin d’avoir pu étre menée de maniére
exhaustive.

Rapidement, elles pourront permettre de tester un certain nombre d’indicateurs de pertes
environnementales d’azote. Ainsi, la méthode du bilan d’azote des sols, intégrée a 'échelle de
la rotation pour tenir compte des effets des précédents culturaux, permet le calcul d'un
surplus (différence entre le total des apports d’azote au sol et 'exportation d’azote par la
récolte) qui pourrait constituer un bon indicateur des pertes potentielles d’azote par
lixiviation. Cette méthode a déja été utilisée a plusieurs échelles (exploitation, bassin versant,
pays) au sein de notre laboratoire et sera également appliquée aux exploitations du réseau
ABAC. La comparaison de ces surplus avec la mesure directe de la lixiviation devrait
permettre d’estimer la fraction du surplus effectivement lixiviée dans différents contextes
pédoclimatiques, tant en agriculture biologique que conventionnelle. Les performances agro-
environnementales des exploitations du réseau ABAC seront aussi mises en perspective avec
un échantillon plus large de systémes biologiques en grandes cultures et polyculture-élevage
étudié en terme de surplus uniquement, dans le bassin de la Seine (54 exploitations et 70
rotations respectivement, These ]. Anglade prévue au printemps 2015).
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Nos données devraient également permettre de tester divers modeles de calcul des
processus de pertes azotées.

Au cours de cette thése, des mesures de reliquats azotés en automne (Oct-Nov-Déc) et au
printemps (Mars-Avril-Mai) ont été réalisés sur I'’ensemble des parcelles étudiées. Les
reliquats azotés pourraient étre un bon outil scientifique de substitution aux bougies
poreuses sur le long terme afin de limiter la lixiviation hivernale dans les parcelles agricoles.
Toutefois leur interprétation est parfois complexe et nécessite l'utilisation d’'un modele qui
permet de prendre en compte les différents processus de minéralisation et de réorganisation
qui ont lieu au cours de la période hivernale, comme le modele LIXIM (dérivé du modéle
agronomique STICS) mis au point par 'unité de recherche (UR) Agrolmpact (INRA, Laon).

Le modele STICS est en effet un outil puissant pour simuler I'infiltration de 'eau dans les sols
et le prélevement par les plantes a I'échelle de la parcelle. Les jeux de données que nous
avons établis pourraient servir a valider les prévisions de ce modéle, a mettre en évidence
les principaux facteurs de pertes et a tester I'effet de changements de pratiques.

Les émissions de N2O que nous avons mesurées en chambres automatiques 1'ont été dans le
cadre du réseau Effemair-N;O, financé par 'ADEME, et dont 'UR Agrolmpact assure la
coordination. Ce réseau comprend trois autres sites (Estrées-Mons, Auzeville, Versailles) et
une vingtaine de parcelles suivant différents itinéraires techniques, tels que des associations
de cultures, des sols sous couvert permanent, des systémes trés autonomes en intrants, la
culture de miscanthus... De plus, la caractérisation microbiologique des communautés
bactériennes du sol est réalisée en paralléle des mesures en chambres automatiques par
I'UMR Agroécologie (INRA, Dijon), ainsi que I'évaluation des potentiels de production de N0
(UMR METIS et UMR Agroécologie). L’ensemble de ces mesures devra permettre de
caractériser les facteurs (biologiques et abiotiques) responsables des émissions de N0, et la
aussi de tester différents modeles (DNDC, DayCent outre STICS), et de proposer des
stratégies performantes pour limiter 'empreinte environnementale des systémes agricoles.

Les mesures de lixiviation du nitrate et d’émissions de N0 réalisées sur le site de I'Orgeval
s’'intégrent aussi dans le cadre du projet ANR Escapade, dont notre équipe de recherche fait
partie. L’objectif est de mieux cerner les processus liés a la cascade de I'azote a I’échelle fine
du paysage (prairie, cultures sans labour, zones ripariennes et forét), pour une meilleure
gestion de l'azote réactif dans les territoires. Cette problématique est particulierement
importante dans les aires d’alimentation de captages d’eau potable (AAC). Certaines des
exploitations du réseau ABAC sont localisées sur des AAC et la qualité de I'’eau des aquiferes
y est suivie. Une caractérisation hydrogéologique plus détaillée serait nécessaire pour
appréhender I'évolution des contaminations nitriques sur le long terme. Pour ce faire,
plusieurs outils scientifiques ont déja été mis en place sur le bassin de I'Orgeval, tels que des
profils géophysiques, des cartes piézométriques et la datation des eaux via les gaz rares.
L’ensemble de ces résultats pourront étre valorisés avec la collaboration de différentes
équipes de recherche (Mines ParisTech, INRA, IRSTEA, Université Rennes, mais aussi avec
I'équipe géophysique de notre laboratoire METIS).

Comme déja mentionné, le réseau ABAC constitue un lieu d’échange particuliérement riche
entre agriculteurs, chercheurs et gestionnaires des ressources en eau, en partie grice au

131



Conclusion generale et perspectives

comité de pilotage qui s’est déja réuni trois fois. Les mesures réalisées dans les exploitations
agricoles (azote, carbone, granulométrie, teneurs en eau, etc.) sont communiquées
annuellement et individuellement aux exploitants sous forme d’'un rapport personnalisé, et
de maniére anonyme lors des comités de pilotage scientifique et réunions informelles ou
non, ainsi que lors des présentations a des colloques. Le réseau est maintenu dans son état
actuel en cette période de drainage 2014-2015, et devrait I'étre encore en 2015-2016
(financement Eau-de-Paris/AESN acquis), afin de mieux appréhender les variations
climatiques et les arrieres-effets des cultures. De plus, des stations météorologiques ont été
installées dans chaque pole afin d’améliorer les estimations des lame drainantes.

Des tours de plaine avec des groupes d’agriculteurs ainsi que des ateliers participatifs sont
prochainement prévus. Ce réseau constitue donc un lieu privilégié pour mettre en place, de
maniere consensuelle, des mesures visant a réduire les pertes d’azote dans I’environnement,
protégeant ainsi la qualité de la ressource en eau. Ces mesures sont tout a fait dans la ligne
de celles préconisées a divers niveaux (agriculture, services agricoles, réglementation et
recherche) lors d'un séminaire tenu a Lisbonne en juillet 2014 (18t Nitrogen Symposium)
(Annexe 4).

Ainsi le réseau ABAC pourra contribuer de fagon efficace, et si possible dans la durée, a la

réflexion menée sur la gouvernance territoriale nécessaire a mettre en ceuvre les leviers de
la transition vers une agriculture plus durable.
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Annexe 1. Plan de drainage de 'exploitation de Chantemerle (Bassin d’Orgeval)
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Annexe 2. Description des analyses de sol réalisées par le LAS, INRA-Arras

Description du SOL-0302 : Granulométrie 5 fractions sans décarbonatation, unité

On détermine, selon la norme NF X 31-107, les proportions des classes de particules
suivantes :

Argiles : <2 pm

Limons fins: 2 um a 20 pm

Limons grossiers : 20 um a 50 pm
Sables fins : 0,050 mm a 0,200 mm
Sables grossiers 0,200 mm a 2,00 mm

La détermination des fractions les plus fines (< 50 um) s'effectue au moyen de 3
prélévements successifs (a la pipette dite de Robinson) dans une suspension de sol en cours
de sédimentation. La fraction des sables fins est séparée par passage sur tamis de 50 pm et
sous courant d'eau de la suspension apres prélevements des fractions fines.

Prélevements et tamisage sont réalisés apres destruction de la matiere organique par
'eau oxygénée (H202 ) sur une prise d'essai d'environ 10 g. La dispersion finale est réalisée
par un court passage aux ultrasons apres addition de dispersant [(NaP03)6 + Na2C03 ] et
apres avoir au préalable séparé les sables grossiers (> 0,200 mm) par tamisage.

Les pesées aprés évaporation et séchage des fractions prélevées a la pipette permettent de
déterminer les proportions des différentes classes granulométriques.

Les résultats sont exprimés par rapport a la phase minérale (somme des 5 fractions = 1000).

Description du SOL-0404 : Azote total par combustion séche, unité g/kg.

La teneur en azote (organique et minéral) de I'échantillon est déterminée en le chauffant a
environ 1000°C en présence d'oxygene.

Les produits de combustion ou décomposition sont réduits a l'état d'azote moléculaire (N2).
Les quantités de N2 formées sont quantifiées, aprés séparation chromatographique, au
moyen d'un catharometre.

La prise d'essai est d'environ 50 mg d'échantillon broyé a 250 um.

Le protocole suit la norme NF ISO 13878
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Description du SOL.-0403 : Carbone organique par combustion seche, unité g/kg.

La méthode repose sur la transformation en dioxyde de carbone (CO2) de la totalité du
carbone présent dans 1'échantillon. La réaction s'effectue en portant ce dernier a environ
1000°C en présence d'oxygene. Apres séparation chromatographique, la quantité de gaz
carbonique formée est quantifiée au moyen d'un catharometre (conductibilité thermique).

Quand 1'échantillon contient des quantités non négligeables de carbone minéral sous forme
de carbonates, une correction ou un prétraitement de 1'échantillon est nécessaire. Lorsque la
détermination du calcaire total a été demandée sur l'échantillon, on va utiliser la teneur
mesurée pour une éventuelle correction (C minéral = 0,12 x CaC03 ).

Dans le cas contraire, un prétraitement sera systématiquement appliqué. Par prétraitement
on entend toute procédure utile a la quantification de la teneur en carbonates ou leur
élimination avant analyse si nécessaire.

La prise d'essai est d'environ 50 mg d'échantillon broyé a 250 pm.

Le protocole suit la norme NF ISO 10694
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Annexe 3. Caractéristiques physico-chimiques et des exploitaitons
biologiques (a) et conventionnelles (b) équipées en bougies poreuses (réseau ABAC 2013-
14). BD: Bulk Density, VWC : Volumetic Water Content, SOC : Soil Organic Carbon, N tot: N
total, C/N et WHCfc : Water Holding Capacity at field capacité.

(a)

Farm depths clay silt sand BD VWC SOC N tot C/N WHC;c

cm g100g® g100g? g100g* mm  g100g’ g100g®’ mm
OF1  0-30 2 67 11 150 75 1.11 0.11 9.8

30-60 24 61 14 1.55 50 0.52 0.05 8.9

60-90 27 61 12 1.55 50 0.42 0.04 8.7 176
OF2  0-30 21 74 5 150 75 1.13 0.11 9.9

30-60 24 72 4 1.55 67 0.46 0.05 8.8

60-90 27 69 4 1.55 67 0.34 0.04 8.5 209
OF3  0-30 18 66 16 150 75 0.94 0.09 10.1

30-60 25 63 12 1.55 50 0.54 0.06 9.2

60-90 30 55 15 1.55 50 0.41 0.05 8.2 176
OF4 030 24 67 9 150 75 1.88 0.17 11.0

30-60 25 67 8 1.55 67 1.42 0.12 11.0

60-90 25 63 12 1.55 50 0.89 0.08 11.1 192
OF5  0-30 24 67 9 150 75 1.29 0.12 10.3

30-60 28 65 7 1.55 67 0.65 0.06 9.8

60-90 36 57 7 1.65 53 0.43 0.05 8.7 195
OF6  0-30 18 57 26 150 67 1.02 0.08 11.5

30-60 21 56 23 1.55 50 0.58 0.05 11.8

60-90 26 51 23 1.55 50 0.41 0.03 11.1 167
OF7 030 18 73 8 1.50 75 0.86 0.08 9.9

30-60 24 70 7 1.55 67 0.52 0.05 8.9

60-90 27 67 6 1.55 67 0.44 0.05 8.7 209
OF8  0-30 32 59 9 1.65 53 1.45 0.13 10.7

30-60 31 56 13 1.65 53 0.79 0.07 10.7

60-90 28 48 24 1.55 51 0.47 0.03 12.5 157
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(b)

Farm depths clay silt sand BD VWC socC N tot C/N WHCq (%)

cm g 100 g'1 g 100 g'1 g 100 g'1 mm g 100 g'1 g 100 g'1 mm
CF1 0-30 17 72 11 1.30 71 1.11 0.11 10.2

30-60 16 72 12 1.55 84 0.63 0.06 9.4

60-90 20 68 12 1.55 67 0.67 0.07 9.1 222
CF2 0-30 21 65 14 1.50 75 1.16 0.11 10.1

30-60 23 66 11 1.55 67 0.75 0.07 9.6

60-90 24 65 11 1.55 50 0.54 0.05 9.1 192
CF3 0-30 22 74 5 1.50 75 1.11 0.11 9.7

30-60 27 69 4 1.55 67 0.50 0.05 9.0

60-90 26 71 4 1.65 53 0.32 0.03 8.7 195
CF4 0-30 20 68 12 1.50 67 0.95 0.09 9.9

30-60 22 65 13 1.55 50 0.62 0.06 9.3

60-90 23 63 14 1.55 50 0.43 0.05 8.7 167
CF5 0-30 21 65 14 1.50 75 1.06 0.09 11.0

30-60 25 60 15 1.55 50 0.37 0.04 8.6

60-90 28 54 18 1.55 50 0.32 0.04 8.4 176
CF6 0-30 25 65 10 1.50 75 1.37 0.12 10.8

30-60 26 66 9 1.50 75 0.70 0.07 9.8

60-90 37 53 10 1.55 51 0.46 0.06 8.3 201
CF7 0-30 21 72 7 1.50 75 0.96 0.08 10.7

30-60 29 66 6 1.55 67 0.53 0.05 9.3

60-90 29 67 5 1.55 67 0.30 0.03 8.0 209
CF8 0-30 20 58 22 1.50 67 0.95 0.08 111

30-60 26 55 19 1.55 50 0.46 0.04 10.8

60-90 36 44 20 1.55 51 0.28 0.03 9.1 168
CF9 0-30 24 63 13 1.50 67 1.89 0.15 12.0

30-60 24 62 14 1.55 50 0.97 0.08 12.6

60-90 27 61 12 1.55 50 0.55 0.04 12.4 167
CF10 0-30 28 66 6 1.50 75 1.34 0.14 9.8

30-60 28 67 5 1.55 67 0.74 0.08 9.0

60-90 31 65 4 1.55 67 0.44 0.05 8.4 209
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Annexe 4. Liste des mesures d’actions afin de réduire les pertes d’azote dans les
agrosystemes, .€laborée au cours d'un atelier du colloque international 18" Nitrogen

Sympossium (Lisbon, 2014).

Actions pour réduire les pertes en azote Acteurs

politique

agriculteur

services
agricoles

science

1. Avoir une bonne maitrise de I'azote

Avoir des alimentations équilibrées et précises pour les animaux

Avoir un bon dosage des apports (engrais organiques et minéraux)

Avoir des recommandations de fertilisation pour les engrais organiques et amendements
Avoir une bonne gestion de l'irriguation pour minimiser les pertes

Avoir une bonnes gestion du fumier (stockage, collecte)

ex. un taux de stockage du fumier en fonction de la fertilisation, superficie de I'exploitation

2. Recherche & Innovation

Mettre en place des nouvelles formes de fertilisation

ex. mélanger des sources d'azote (organique et inorganique)

Rechercher les relations N, P (limite des composts)

Réorganiser les différents systemes de productions

ex. introduire des [égumineuses en guise de compensation

ex. avoir une complémentarité entre les cultures et le bétail

ex. promouvoir les cultures intermédiaires

Mettre en place des outils scientifique a la portée des agriculteurs

Mettre en place des outils rapide et économique pour déterminer |'efficience de 1'azote d'un systéme
Avoir acces ala technologie dans les petites fermes

Des outils dynamiques pour la fertilisation (sol, climat, culture)

Penser le systéme avec une gestion globale (pesticides, nutriments, ...)

ex. lier la génétique des plantes/animaux a l'utilisation de 'azote

Mettre en place des politiques territoriales d'organisation et d'interractions entre les productions
ex. limiter les déconnexions entre la production végétale et animale

Avoir une vision spatialiser et a long-terme des mesures et des outils de conseil

ex. mesurer l'efficience de I'azote sur une rotation, plutét que sur une culture

ex. considérer I'impact de l'utilisation de I'azote sur un territoire (ex. bassin versant)

Impliquer les agriculteurs dans les programmes de recherches, les lieux de décisions et de conseil

3.Réglementation

Avoir une réglementation appropriée pour I'application des engrais organiques
ex. digestat de méthaniseur

Encourager les analyses de sols pour une répartition de 1'azote équilibrée
Introduire des incitations économiques pour les bonnes pratiques

ou mettre en place des taxes sur les engrais




