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Introduction générale

Introduction générale

Le modele énergétiqgue actuel repose massivementesuressources fossiles comme le
charbon, les hydrocarbures et le gaz naturel. H8,26nviron 80% de I'énergie primaire
consommeée a I'échelle mondiale était d’origine fesdEA, 2010). Ce modéle est appelé a
évoluer sous l'effet de plusieurs moteurs. La costibn de ces ressources représente tout
d’abord la premiére source d’émissions de gaz €t e serre d’origine anthropique : c’est
donc un contributeur majeur au changement climatiglPCC, 2007). La répartition
géographique de ces ressources est de plus tigslenée qui peut provoquer des tensions
géopolitiques (IEA 2010). Enfin, les ressourcesiles sont en voie de raréfaction alors que
la consommation d’énergie mondiale connait une deuapide autour de 2-3% par an,
notamment sous l'effet de la rapide industrialmatiles économies du Sud-Est de I'Asie, du
Brésil, de la Chine et de I'Inde. Le secteur desmgports est particulierement concerné : il
représente ainsi environ un tiers de la consommatiénergie européenne pour un cinquiéme
des émissions de gaz a effet de serre (EEA, 2@286)s ce contexte, I'Union Européenne a
adopté en 2008 le paquet Energie-Climat (CEC, 2@08)nstaure I'objectif des « 3*20 » a
atteindre d’ici 2020 : (i) réduction des émissialesgaz a effet de serre de 20% par rapport a
celles de 1990, (ii) réduction de la consommatieémergie de 20% par rapport aux prévisions
réalisées en poursuivant le modele actuel etaigmentation de la part de I'énergie produite
de maniére renouvelable d’environ 9% a 20%. Dansetdeur des transports, il est prévu
gu'au moins 10% de I'énergie destinée au sectesrtidamsports soit produite de maniére
renouvelable, sous réserve du respect de criterdsir@bilité

Dans l'état actuel des connaissances et des tem®igeux types d’énergie sont concernées
dans le secteur des transports : I'électricitegtchrburants ; ces derniers sont désignés par le
terme biocarburants lorsqu’il s’agit de carburargaouvelables. Si le développement de
véhicules électriques a sensiblement progressdaregres années, la légereté et le caractere
compact des carburants liquides leur conferentrengoe capacité de stockage d'énergie 50
fois supérieure a celles des meilleures batteBesgouet al, 2011). A I'avenir, les piles a
combustibles fonctionnant a I'hydrogene pourraremplacer les batteries actuelles. Ce n’est
toutefois qu'une perspective a long terme nécadsitdes travaux de recherche-
développement importants. De plus, I'électricitémme I'hydrogene, sont des vecteurs

1
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énergétiques secondaires qui doivent étre produitartir de sources d’énergie primaires, ce
qui peut étre associé a des fortes émissions da g@fiet de serre (Besset al, 2011). Le
développement des biocarburants constitue doncnjgu emajeur. Les biocarburants font
partie des énergies renouvelables produites ar pirtia biomasse en convertissant I'énergie
chimique contenue dans les molécules des organigiveasts en sources d’énergie directes a
travers des procédés biologiques, mécaniques omdicbimiques. Au-dela des biocarburants
dits de premiére génération (1G) déja commercimlidés recherches sont menées afin de
mettre au point de nouvelles formes de biocarbaraluis compétitives et plus durables. Si les
biocarburants constituent bien une forme d’énemgirouvelable (sous réserve que les
écosystemes permettant la production de biomasseinpas surexploités ou dégradés), cela
n'est toutefois pas suffisant pour garantir leurathilité, comme le souligne Besset al.
(2011) : il faut de plus que l'utilisation de cettessource ne soit pas associée a une
dégradation de I'environnement, qu’elle soit falde d’'un point de vue social et viable
economiquement.

Le projet Futurol, qui finance ce travail de thésst, un projet de recherche-développement
francais initié en 2008 qui vise a mettre sur leahé@ un procédé durable et compétitif de
production d’éthanol de deuxieme génération pae \mochimique a I'horizon 2015. Ce
projet, porté par la SASPROCETHOL 2G, regroupe a la fois des partenaindsistriels

(ex : Total, groupe Lesaffre), des partenairescatgs (ex : coopératives Champagne Céréales
et Tereos, Confédération Générale des planteuBetteraves), des partenaires financiers
(Crédit Agricole ou UNIGRAINS), ainsi que des pad#es de R&D (ARDB, IFPEN’,
INRA). Le projet Futurol comporte la constructiorum pilote, puis d'un prototype de
production d’éthanol. L'installation pilote a ét@ugurée en 2011 sur le site agro-industriel de
Pomacle-Bazancourt dans la Marne. Il comporte dgrands axes de recherche: l'un
consacré aux procédés de transformation de la Isgemet un module consacré aux ressources
candidates a cette transformation, le module «d®Resss ligno-cellulosiques ». La finalité de
ce module, dans laquelle s’inscrit ce travail des#) est de fournir les connaissances et les
démarches/méthodes nécessaires a la mise en pite,un contexte de développement
durable, de cultures ligno-cellulosiques adaptéescanditions locales dans une logique de
constitution de bassin d’approvisionnement pouiutieres unités de production de bioéthanol
de deuxiéme génération.

1 Société par Actions Simplifiées
2 Agro-Ressources et Développement
3 Institut Francais du Pétrole et des Energies Niies/e



Introduction générale

L’objectif de ce travail de thése est de contribu€étude de la durabilité de la production de
biocarburants de deuxieme génération a partir ddesressources candidates, la culture de
Miscanthusx giganteus en s’appuyant sur un diagnostic agro-environn¢éaheombiné a
une évaluation multicritere de systemes de cultueepremier chapitre, aprés avoir présenté
les intéréts et les limites associés a la prodoctie biocarburants, expose I'état des
connaissances sur le comportement au chaniistenthusx giganteusafin de présenter les
guestions de recherche qui font I'objet de ce méendies deuxiéme et troisieme chapitres
sont consacrés au diagnostic agro-environnemeat# dulture deMiscanthusx giganteus

Le quatrieme chapitre étudie I'évolution a longiter des rendements de la culture. Le
cinquiéme chapitre compare des systémes de cuamprenantMiscanthusx giganteusa
des systémes de culture comprenant d'autres ressouwrandidates a la production de
biocarburants de deuxieme génération. Enfin, leslt@s obtenus dans les chapitres trois a
cing sont discutés dans le sixieme.
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Chapitre 1 : Contexte et problématique

Contexte et enjeux autour de la production de bioagdurants

De la premiére a la deuxieme génération de biocarbants

La production de biocarburants suscite a la fomubeup d’espoirs et de controverses. Les
biocarburants représentent une opportunité pouutgr contre le réchauffement climatique
tout en produisant de I'énergie d'origine renoubldaet (ii) renforcer l'indépendance
énergétique des pays peu pourvus en ressourcélesp$s) tout en constituant un nouveau
débouché pour les filieres agricoles végétales (FAID8, 2011). lls font toutefois également
I'objet de nombreuses critiques, en particuliesdpril s’agit des biocarburants de premiére
génération (1G).

Des controverses entourant les biocarburants de png@ere génération...

Les biocarburants 1G correspondent aux carburaotkijis a partir des organes de réserve de
certaines plantes cultivées: graines, tubercules tiges sacchariferes. Ce sont les
biocarburants produits actuellement a travers dgardes filieres industrielles de production
(Figure 1. 1). La premiere filiere concerne les huiles végétayeii sont utilisées apres
estérification pour les véhicules diesel. On olitiem produit nommé EMHV (ester
méthylique d’huile végétale) ou biodiesdla production s’appuie actuellement sur les lsuile
de colza ou de tournesol en France et en Europis, également de soja (Etats-Unis) ou de
palme (Brésil, Asie du Sud-Est). En 2007, la proidmcmondiale de biodiesel atteignait 6,2
milliards de litres, dont 60% étaient produits eardpe (FAO, 2008). La filiere éthanol
comprend I'éthanol et 'ETBE (éthyl-tertio-butylketr)’ et concerne les véhicules essence.
L’éthanol est principalement produit a partir dété@ave ou de céréales a paille (blé, orge,
seigle) en Europe, de mais aux Etats-Unis et deecarsucre au Brésil. A I'heure actuelle, les
Etats-Unis et le Brésil dominent le secteur dertadpction mondiale d’éthanol qui atteignait
52 milliards de litres en 2007 (FAO, 2008). En 2086viron la moitié de cet éthanol était
produit aux Etats-Unis a partir de 14% de la préiducnationale de mais (Mollet al, 2007

in Bessouet al., 2011). Le Brésil, avec comme substrat la cannacaes représente deux
cinquiémes de la production mondiale et produisiagmviron 21% de son carburant destiné
au transport (OECD, 2006). La production totalebacarburants en France représentait en
2011 environ 5% du carburant destiné au transpoht(4% sous forme de biodiesel)
(Lorne, 2011). En 2007, 1 100 000 hectares étamafiilisés en France pour la production de
biocarburants de premiere génération, dont un diejachéres industrielles.

4 Produit composé & 90 % d’huiles végétales pures et 10 % de méthanol
5 L’ETBE est obtenu en recombinant un hydrocarbure pétrolier, l'isobuthéne, et I'éthanol dans la proportion respective de
53 % et 47 %.
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Les filieres biocarburants de premiéere génération
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Figure 1. 1: Ressources et voies de production désocarburants de premiére et
deuxiéme génération.
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Ces surfaces ont été multipliées par trois dep@88len raison notamment d’'un contexte
politique tres incitatif : autorisation de cultunesn alimentaires sur les jacheres, subvention
aux cultures énergétiques instaurée en 2004 (suppridepuis), dispositions fiscales

incitatives, objectifs d’incorporation ambitieux.nE2006, 88% de ces surfaces étaient
occupées par du colza et la moitié de la produdtamcaise de cette culture était dédiée a la
production de biodiesel (Guing al, 2008). A l'inverse, seuls 8% des surfaces denesol,

6% de celles de betterave et moins de 1% de cdbeblé étaient concernés par cette
production (Guindét al.,2008).

La production et I'utilisation de biocarburants ipettent d’éviter les émissions de gaz a effet
de serre induites par la combustion de leurs étpntafossiles. Toutefois, la production de la
ressource, puis sa transformation en biocarburanés’/oquent également des émissions de
gaz a effet de serré-igure 1.2 : il convient donc de faire un bilan des émissiole gaz a
effet de serre sur 'ensemble du cycle de vie dbwant, du berceau a la tombe, selon le
principe de I'analyse de cycle de vie (AC\Bidure 1. 2 Si plusieurs ACV concluent que
I'utilisation de ces biocarburants permet de réues émissions de gaz a effet de serre
comparée a leurs équivalents fossiles, I'amplitdéeréduction est extrémement variable
selon les travaux (Quiriet al, 2004; von Blottnitz and Curran, 2007). Faretllal. (2006)
montrent méme que l'utilisation de biocarburants @i@duits a partir de mais peut sous
certaines hypothéses étre a I'origine d’émissiangal a effet de serre supérieures a celles de
son équivalent fossile. Une grande part des inades entourant ces bilans de gaz a effet de
serre viennent de I'estimation des émissions deageffet de serre associées a la production
agricole, alors que celles-ci représentent par ekeme 34 a 44% des émissions associes a
I'éthanol de mais aux Etats-Unis (Farretlal, 2006) et plus de 80% des émissions dans le
cas des huiles végétales pures (ADEME/DIREN, 2002gs incertitudes résultent
principalement de la prise en compte des émissiengrotoxyde d’'azote (D) par les sols
agricoles (Crutzeet al, 2007; Bowmaret al, 2010) et de la prise en compte des émissions
de dioxyde de carbone (GPliées au possible déstockage de carbone provpqudes
changements d’'usage des sols (Fargietinal, 2008; Searchingest al, 2008; Melilloet al,
2009). Le protoxyde d’azote est naturellement pitodans les sols au cours des processus
microbiens de dénitrification et nitrification. $aoduction est largement influencée par la
disponibilité en azote minéral : par conséquentijliéation accrue d’engrais azotés tend a
augmenter les émissions deNpar les sols (IPCC, 2006). Ces émissions rept&seat%
des émissions de gaz a effet de serre d'origineagr(Baumeret al, 2005). La quantité de
carbone organique contenue dans un sol dépendniemtedu type de végétation : les sols
cultivés contiennent 1,6 fois moins de carbone mioyge que les sols de foréts ou de prairies
permanentes (Antoni and Arrouays, 2007). Le déstgekde carbone peut étre direct ou
indirect. Il est direct lorsque la culture destigela production de biocarburants est cultivée a
la place d’'un couvert végétal permettant un stoekagportant de carbone dans le sol.
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Analyse du cycle de vie des carburants fossiles conventionnels
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Figure 1. 2 : Emissions de gaz a effet de serre @ours du cycle de vie de carburants
fossiles conventionnels (en haut) et de biocarburliquides (en bas).
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Lorsque les changements d'usage des sols dépaksenparcelles concernées par la
production de biocarburants et induisent un déstgekde carbone, il s’agit alors de
déstockage indirect.

Au-dela des émissions de gaz a effet de serrepwe également les bilans énergétiques
associés a la production de biocarburants 1G qui wariables (ECOBILAN, 2006). Ces
bilans sont calculés comme la différence entre Uantjté d’énergie procurée par la
combustion des biocarburants et la quantité d’éaergnsommeée pour produire la ressource
puis la transformerAinsi, Hill (2007) indique que, selon les étudessidérées, I'énergie
libérée par la combustion d’éthanol produit & paté mais grain varie de 20 & 28 MJ |
tandis que I'énergie nécessaire a la productiom d¢itte de ce méme éthanol varie de 17 a
27 MJ I'. D’autre part, les effets de la production de hibarants 1G sur la biodiversité et la
ressource en eau sont également dénonceés. Erdgireffiets induits (réduction des terres
disponibles, augmentation des prix des produitecalgs) sur la production alimentaire font
egalement I'objet de vives discussions. Les hauspestaculaires des prix alimentaires en
2007 ont ainsi été attribuées en partie a la priimude biocarburants (FAO, 2008).

Pour limiter un certain nombre des impacts négatds biocarburants évoqués ci-dessus,
I'Union Européenne a mis en place un systeme ddication reposant sur quatre critéres de
durabilité (Directive 2009/28/EC, 2009). Le premiie un niveau minimum d’émissions

de gaz a effet de serre évitées par la productiorediocarburants (35% dés I'application

de la directive puis 50 voire 60% d’ici 2017)Les deuxiéme et troisieme criteres portent sur
les changements d’'usage des sols qui doivent &iréseEn particulier, la production de
biocarburants est tenue d’éviter (i) une perte troportante de biodiversité, ainsi (i) qu’un
déstockage massif de carbone. Enfin, cette pramluaibit respecter les bonnes pratiques
agricoles et environnementales dans le but d’emdraie faibles impacts environnementaux a
I'échelle locale.
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... aux espoirs suscités par les biocarburants de deéme génération.

Les biocarburants 2G sont produits & partir de lignocellulose, principa constituant des
parois des cellules végétaleLCes parois représentent 60 a 80% des tiges desesspe
arborées, 30 a 60% des tiges des espéeces herlgacEes 30% des feuilles (Mollet al.,
2007, in Bessowt al., 2011). Les procédeés de transformation nécessaioette deuxieme
génération sont encore a l'étude et se divisentdeox grandes familles: la voie
thermochimiqué, qui aboutit & la production d’hydrocarbures etvtde biochimique, qui
permet la production d’éthanolFigure 1.1). Nous nous concentrons ici sur la voie
biochimique qui est celle étudiée dans le cadrepdojet Futurol. Les méthodes de
transformation sont connues mais les travaux atuislent essentiellement a les rendre
économiquement et énergétiquement viables (Bessail, 2011; Borrionet al, 2012). La
lignocellulose est en effet un substrat complexe pygsente une forte récalcitrance a la
dégradation (Mdlleet al., 2006, in Bessoet al., 2011) : il est nécessaire de délignifier le
substrat pour libérer la cellulose et 'hnémicelkdp avant de dépolymeériser ces sucres
complexes pour obtenir des sucres simples domrtaentation produit de I'’éthanol. A notre
connaissance et d'aprés Borrieh al. (2012), il n'y a pas a I'heure actuelle d’'usine de
production de bioéthanol a partir de lignocellulosen que des pilotese. des unités de
production test a petite échelle, aient été coitstem Europe et aux Etats-Unis.

Les gisements de biomasse lignocellulosique exlites sont de quatre types (Cormeau and
Gosse, 2007) :
 Les résidus lignocellulosiqueslls peuvent étre d’origine agricole (ex : paille céréales,
rafles de mais, tige de colza), sylvicole, indedii (ex : ligueurs noires de l'industrie
papetiére) ou urbaine (palettes, cagettes, rédiellmis sur les chantiers) ;
» Les coproduits des biocarburants 1G;
* Les ressources forestieres ;
* Les cultures lignocellulosiquesll s’agit de ressources agricoles qui peuvert &tr
- des plantes annuelles : céréales a paille (blieaie, orge), mais, sorgho ;
- des plantes pluriannuelles cultivées entre dewgingtans : fétuque éleveée, luzerne ;
- des plantes pérennes herbacées (miscanthus, ssagshganne de provence) ou
arbustives (peuplier, saule, eucalyptus, |égumieegemme le robinier ou 'aulne)
cultivées en Talillis & Courte Rotation (TCR) ouTaillis & trés Courte Rotation
(TtCR) pendant dix a vingt-cinq ans
La diversité des ressources lignocellulosiques exjtables constitue le grand atout des
biocarburants 2G comparés aux biocarburants 1@&s gaeviendrons par la suite a partir de

® Des recherches sont également menées dans le lpubdlire des biocarburants a partir des lipides
des micro-algues ou encore en utilisant des bastéi des levures, biocarburants que certains
nomment déja de troisiéme génération voire de guadr génération.
" La gazéification de la biomasse ouvre égalemenbia a la production d’hydrogéne et a la co-
génération (production d’électricité et de chaleur)
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'exemple des ressources agricoles. Bien que leéo® de transformation n’ait pas encore
dépassé le stade expérimental, de nombreuses éntlelja été menées pour étudier la
durabilité de ce type de biocarburant. Un bilan58eACV menées entre 2005 et 2011 sur
I'éthanol lignocellulosique souligne ainsi que ®ritles études sauf deux concluent & une
réduction des émissions de gaz a effet de serrpa@®ms a l'utilisation de carburants fossiles
(Borrion et al., 2012). Toutefois, 'ampleur de la réduction esh@veau extrémement
variable entre études. Dans ces mémes étudesgsidiats contrastés sont obtenus au sujet
des impacts environnementaux, notamment ceux cagucerla ressource en eau.
Whitakeret al. (2010) ainsi que Borriost al. (2012) montrent que la variabilité des résultats
entre études vient de différences méthodologiquescernant en particulier les limites du
systeme étudié et les méthodes d’allocation uéitisénais aussi de l'incertitude entourant les
données utilisées, qu'il s'agisse des données coak la phase de transformation de la
ressource ou des données décrivant la productiola dessource. Whitakest al. (2010)
soulignentle poids des données décrivant la fertilisation dés rendements sur les bilans
de gaz a effet de serre et les bilans énergétiqueBatidzirai et al. (2012) montrent
également qud’estimation des rendements conjointement a I'estimation des terres
disponibles, est un élément central pour estimeptgentiels de production de bioénergie a
I'échelle d’'un pays et par suite, a I'échelle ed®pne ou mondiale.

Diversité des ressources agricoles candidates a faoduction de
biocarburants 2G et stratégies de production

Comparés aux biocarburants de premiere génératem,procédés de production de

biocarburants de deuxieme génération présentemimiénse avantage de concerner une
grande diversité de ressources. Cette diversitthgted’envisager des stratégies variées et
potentiellement complémentaires de production. k&sgnce de ressources non agricoles
(ressources forestieres) et de déchets (sylvicahesistriels, urbains) parmi les ressources
candidates permet de limiter la concurrence ave@teductions alimentaires et les autres
productions non alimentaires. Ces ressources rtetdatefois pas I'objet de ce travail et ne

seront plus abordées par la suite.
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Table 1. 1 : Diversité des ressources agricoles chaiates a la production de biocarburants

de deuxiéme génération.

Plante entiére

Résidus

Ressource dédiée Miscanthus

Switchgrass
TCR et TICR
Ressource mixte Céréales (immatures) Paille de céréales
Mais, sorgho (en ensilage) (y compris rafles de mais)
Luzerne Tiges de luzerne
Fétuque Tiges de colza

Cannes de tournesol

"Tous les résidus ont été classés dans les ressommigées. Tous ne constituent pas une
source de fourrage, mais ils jouent des fonctionmortantes vis-a-vis des sols.

Table 1. 2 : Surfaces occupées par des cultures d&es en France en 2009 (estimées a
partir des surfaces ayant souscrit un contrat Jach@e Industriel ou Aide aux Cultures

énergeétiques).
Surfaces (ha)

Miscanthus 1596
Switchgrass 148
TCR Eucalyptus 136
TCR Peuplier 354
TCR Robinier faux acacia 337
TCR Saule 221
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Présentation des grandes catégories de ressourcggieoles candidates a la
production de biocarburants 2G

Les ressources agricoles candidates peuvent éaetéasées en distinguant (i) les ressources
utilisées en plante entiére de celles dont onsatiles résidus, et (ii) les ressources dédiées
uniquement a la production non alimentaire de seijl@ peuvent contribuer a des débouchés
alimentaires et non alimentaires (appelée ici nesss mixtes){ableau 1. ).

Parmi les plantes entieres dédiées, la présenplanies pérennes, et en particulier de plantes
pérennes en C4 comme le MiscanthMss¢anthusx giganteu$ ou le switchgrassP@nicum
virgatum L) suscite un vif intérét (Heatat al, 2008b). Les plantes en C4 possédent en effet
une efficience d'utilisation des ressources enetan azote supérieure a celle des plantes en
C3. Ces espéces pérennes se caractérisent égajmmemte longue saison de croissance qui
permet d’optimiser I'interception du rayonnementietbtenir des rendements élevés (Heaton
et al, 2008b). Elles sont d’autre part susceptibles ghaenter la teneur en carbone du sol et
pourraient avoir des effets bénéfiques sur la bmdité puisque le couvert est présent
presque toute I'année (Heatenal, 2008b). L’intérét de ces cultures se résume @onane
phrase elles pourraient permettre d’obtenir une production élevée associée a de faibles
impacts sur I'environnement, voire a des impacts pitifs. Elles représentent enfin pour les
agriculteurs une possibilité de diversification egsitant, a I'exception des premiéres années
de culture, peu d'interventions culturales. Lewolte a la fin de I'hiver, période préférable
pour optimiser le recyclage des nutriments par gep@ une récolte a l'automne, est
complémentaire avec les autres calendriers deteédad fort investissement nécessaire au
moment de la plantation, tout comme leur caract@ogateur qui induit un manque
d’expérience et une méconnaissance des prix, peuwatefois freiner 'adoption de ces
cultures par les agriculteurs (Bocquého et Jac@@dn)).

Les autres ressources candidates possédent égaldeseimtéréts. L'utilisation de plantes
entieres non dédiées comme le triticale (récoltéhature) ou I'ensilage de mais permet
d’augmenter nettement la production de matiere eséclihectare par rapport aux cultures
mobilisées pour la production de biocarburants R&mi ces cultures figurent de plus des
cultures réputées pour leur rusticité, comme tecalie, ou a haut potentiel environnemental,
comme la luzerne. Enfin, l'utilisation des résiqaesmet de diminuer la concurrence avec la
production alimentaire mais peut provoquer desliterd’'usage : les pailles de céréales, par
exemple, sont utilisées comme substrat et comnreaipel par les élevages mais aussi comme
source de matieres organiques pour les sols etljatiomentation des animaux d’élevage. A
la différence des ressources pérennes, les ressouandidates annuelles et pluriannuelles
permettent de construire des systemes de produbgamcoup plus flexibles laissant la
possibilité de réduire la production de biocarbtsaroire de revenir a 100% de production
alimentaire dans un scénario prospectif de criseealtaire mondiale.
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Intéréts liés a la diversité des ressources candi@s a la production de
bioéthanol 2G

La diversité des ressources agricoles candidatespaoduction de bioéthanol 2G pourrait
rendre possible la valorisation de contextes péuatiques variés, voire de milieux dits
« marginaux » (sols a faible potentiels, parcetliesgnées des sieges d’exploitations, etc.) ou
difficilement valorisables par des cultures alinaéms (ex : sols pollués). La présence de
cultures nécessitant peu d’intrants ou a fort @tténvironnemental permet aussi d’envisager
leur développement dans des zones a intérét emanoental (Anexet al, 2007; Cormeau et
Gosse, 2007; Sanderson et Adler, 2008; Tilratual, 2009). C’est le cas par exemple des
zones de captage d’eau potable ou la mise en eultgontinue » par des plantes pérennes
permettrait de réduire les risques de lixiviation ditrate. La diversité des cultures
candidates a la production de biocarburants 2G offe enfin I'opportunité de reconcevoir

les systemes de production agricole pour atteindrane forte efficience énergétique et
ameliorer leurs fonctions environnementales (Anexteal.,, 2007; Cormeau et Gosse,
2007). Or, une reconception des systemes de cultureuggejnécessaire pour atteindre
I'objectif de réduction de 50% des usages de pdsticen France fixé par le Grenelle de
'environnement (Brunegt al, 2009). Enfin, il est envisageable de mettre ecgbes filieres
multi-usages ou une partie de la culture est déstandes filieres alimentaires humaines ou
animales (ex : grains de blé, de triticale, de nfeislles de luzerne) tandis que le reste a une
vocation énergétique (ex : pailles de céréalesstig luzerne).

L’organisation de nouvelles filieres de productaa biocarburant 2G a partir de ressources
agricoles suscite toutefois des questions impatarit’augmentation drastique des volumes
de production semble étre déterminante pour assareiabilité (Bessoat al.,2011). Dans le
méme temps, on estime qu'un rayon de collecte maedole pour une unité moyenne
produisant 25 & 50 millions de litres de carbugartan et utilisant 60 000 & 120 000 tonnes
de matiére seche par an serait 20 km (IEA, 200®&dWre de tels volumes dans une aire de
collecte restreinte limite la contribution des sotsarginaux ou des zones a intérét
environnemental a la production de biocarburants@&a limite également I'opportunité de

diversifier les systemes de culture dans le temps.
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Chapitre 1 : Contexte et problématique

Une forte hétérogénéité des niveaux de connaissagc@ssociés aux
ressources candidates a la production de bioéthanaG

Parmi les cultures candidates a la production aedoburants de deuxieme génération,
certaines sont déja couramment cultivées en FraDest le cas des céréales (blé, orge,
triticale, mais, sorgho), du colza ou de la luzeBiautres cultures candidates sont également
bien connues dans d’autres régions du monde. {&'esis du switchgrass couramment cultivé
aux Etats-Unis pour produire du fourrage. De méesetaillis a courte rotation de saule sont
cultivés en Suede depuis les chocs pétroliersmieses 70 dans le but de fournir une nouvelle
source d’énergfeet 16000 ha de TCR sont recensés aujourd’hui campsys. En France, des
recherches sur la production de biomasse lignexrseparticulier & partir de peuplier, ont
également débuté a cette période. Prés de 400 plartation industrielle de TCR de peuplier
a vocation papetiére étaient recensés en®998

En revanche, certaines especes candidates n’avaig@iravant pas de vocation agricole.
C'est le cas du Miscanthus utilisé a lorigine coenrplante ornementale. Le genre
Miscanthus, originaire d’Asie du Sud-Est, a étéodtit en Europe au Danemark dans les
années 1920. Les premiers travaux visant a I'atilmur la production agricole de bioénergie
remontent au début des années 1980. Il a depuis!'tdijet de nombreux travaux
expérimentaux en Europe, tandis que les Etats-Bmisont concentrés sur le switchgrass
(Lewandowskiet al, 2003a), avant de s'intéresser également au Misgandepuis une
dizaine d’années.

En 2009, pres de 2800 hectares étaient en Francep@&x par des plantes dédiées
(Tableau 1. 3. C’est la culture ddliscanthusx giganteusqui est la plus répandue : a la suite
des premiéres expérimentations installées au d#dmitannées 1990, les premiers hectares
agricoles ont été plantés entre 2005 et 2006 eharecense environ 3000 ha aujourd’hui. Les
régions les plus concernées en 2009 étaient lerdC€3%2 ha), I'lle de France (265 ha), la
Bretagne (244 ha), la Champagne-Ardenne (236 a&olurgogne (150 ha), la Picardie (123
ha) et la Basse-Normandfe Notons que ces chiffres évoluent rapidement 2@h2, les
surfaces occupées par du miscanthus en Bourgogisreient ainsi les 470 hectatks

8Unasylva - No. 221 - Poplars and willows — Dimitriand Aronsson 2005 Willows for energy and
phytoremediation in Sweden source : http://wwwdag/docrep/008/a0026e/a0026e11.htm

° Biomadi et Berthelot, 2007. Produire de la bioreameec des taillis de peuplier. FCBA InformationEorét,
N°4-2007 — Fiche n°760

10 Agreste, 2009. Statistiques Jachére Industrielféde aux Cultures Energétiques

1 Chambre régionale d’Agriculture de Bourgogne, Bogne Pellets
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(Fliegl
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Figure 1. 3 :Miscanthus x giganteus a différentes étapes du cycle de culture :

a) quelques semaine apreés la plantation (mai) b)la méme époque pour une culture de
deux ans ; c) fin du printemps pour une culture derois ans (au premier plan : orge) ; d)
début de 'automne pour une culture en premiére anée a gauche et en deuxieme année
a droite ; e) récolte en bottes d’une culture de tis ans ; f) récolte en vrac d’une culture
de trois ans (©Lesur/INRA).
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Miscanthus x giganteus. une “nouvelle” culture candidate a la
production de biocarburants

Parmi les ressources candidates a la productidnogarburants 2G@yliscanthusx giganteus
suscite un grand intérét car c’est une culturerp@en C4. Nous avons d’ailleurs montré que
c’est la culture dédiée la plus répandue en Franideeure actuelle. Il s’agit toutefois d’une
culture étudiée depuis peu de temps et nous abBopsésent exposer les connaissances
disponibles a son sujet.

Fonctionnement et conduite de la culture

Miscanthus est un genre de plante herbacée péemhizome de la famille des poacées
comportant une dizaine d’espechBscanthusx giganteus(dénommé ci-aprel§l. giganteuy
est un hybride spontané entviscanthus saccharifloru¢4n chromosomes) afliscanthus
sinensig2n chromosomes). Il est donc triploide ce queled stérile.

Il est planté soit par division dehizomes soit par multiplication végétative, la premiére

meéthode étant toutefois, de loin, la plus répan@iFRA, 2007). La plantation se déroule a

partir de fin mars en France. En parcelle agricelks s’effectue a l'aide de planteuses a
pomme de terre modifiées ou de planteuses spéaateztongues pour la culture. La premiere
année, le nombre de tiges a I'hectare est faibl&a etulture ne dépasse pas 250 cm de
hauteur : jusqu’aux premieres gelées, la cultursstsille et développe en priorité ses organes
souterrains (Beale et Long, 199%j)idure 1.3g. Pour des raisons de trop faible biomasse
produite en premiére anneée, la culture n'est gés@ent pas récoltée mais broyée pendant
I'hiver (Lewandowskiet al, 2000).

Les années suivantes, de nouvelles tiges émergdata@ce entre mi-mars et mi-avril selon
les régionsKigure 1. 3b). La croissance du couvert, jusqu’a des hauteousgnt dépasser 4
m, est presque linéaire de juin a aoqt (Strulld,130Le maximum de biomasse aérienne est
atteint mi-octobre (Strullu, 2011)Figure 1.3d. La biomasse souterraine diminue au
printemps avant d’augmenter a nouveau, en raison l'eldstence de phases de
translocation/remobilisation entre la partie aérieme et la partie souterraine(Beale et
Long, 1997; Heatost al, 2009; Strulluet al, 2011) Figure 4). Au printemps, les nutriments
contenus dans le rhizome sont utilisés pour lassemice du couvert : les quantités d’azote
remobilisées varient entre 25 et 175 kg N kalon les études. A partir du milieu de I'été, la
plante transfére une partie des nutriments contelaums la biomasse aérienne vers les
rhizomes. Parallelement, la partie aérienne entrgrpssivement en sénescence, les feuilles
se dessechent a partir du bas de la tige avantrdeer les unes aprés les autres pendant
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I'hiver. Si le nombre de degrés-jours est suffisintouvert fleurit entre mi-septembre et mi-
octobre (GIE ARVALIS / ONIDOL, 2010). En Franceslelantations du Sud de la France
fleurissent chaque année alors que celles du Neld &rance fleurissent occasionnellement
(Cadoux, comm. pers.).

La culture peut étre récoltée en automne (récaléeqee) ou a la fin de I'hiver (récolte
tardive). Si le rendement est supérieur dans ledoase récolte précoce, les teneurs en
éléments minéraux, notamment en azote et en edpkenfaibles lors de la récolte tardive
(Lewandowski et Heinz, 2003). La récolte tardivé, €& plus, privilégiée car elle permet
d’optimiser les phénomeénes de recyclage des élénmeimiéraux par le biais de la chute des
feuilles et de la translocation entre les parté&$eanes et le rhizome. lracolte s’effectue en
vrac a l'ensileuse ou en bottes avec une faucheusene ensileuse modifiéé.e une
ensileuse qui découpe les tiges en morceaux d@mvio cm) Figure 1. 3e et 3f. La voie
biochimique comme la voie thermochimiquegure 1. 1) sont envisagées pour produire des
biocarburants de deuxieme génération. L'efficac® la voie biochimique dépend des
composants de la paroi des cellules végétalesulgedl et hémicellulose) et de leur
récalcitrance a la dégradation. L'efficacité dedée thermochimique augmente pour des taux
d’humidité et des contenus en cendres et élémantraox faibles (Karp and Shield, 2008).

Le miscanthus est généralement implanté pour une dée de quinze a vingt ansLes
premieres années de culture constituent une phasablissement pendant laquelle les
rendements augmentent. Cette phase peut durerweadeing ans (Lewandowski, 2000,
Miguez, 2008). La culture entre ensuite dans ures@tou les rendements plafonnent. En
Europe, les rendements peuvent atteindre 20 aVBB ha' ari* en cas de récolte précoce et
10 & 30 t MS h4 an* quand la récolte a lieu en fin d’hiver (Clifton-Bvo et al, 2000 et
2004 ; Lewandowski, 2000). Les travaux de métaymealde Miguezet al. (2008)
déterminent un rendement maximal moyen de 18,4 h&fSari* en récolte tardive. Certains
auteurs ont observé une troisieme phase ou leemards diminuent (Jorgensen, 1996;
Clifton-Brown et al, 2007; Christiaret al, 2008; Angeliniet al, 2009) maigeu de séries
d’évolution a long terme des rendements ont été plibes. Toutes ces références de
rendement correspondent de plus a des valeurs exjp@entales obtenues sur de tres
petites surfacesplantées et récoltées manuellement ou avec duriglagxpérimental
(généralement 1 & 29n elles fournissent d’importantes informations & potentiel de
rendement de la culture mdmsur généralisation aux conditions agricoles restéimitée
(Heatonet al, 2008b). Il est attendu que le rendement de dascelricoles soit moins élevé
pour différentes raisons. Ces parcelles, plantéeésaniquement, sont tout d’abord
susceptibles de présenter des peuplements plungénés que les parcelles expérimentales
plantées a la main. Les pertes a la récolte pantaie plus étre plus élevées, comme le
montrent Montiet al(2009a) pour le switchgrastes conditions agricoles sont enfin

vraisemblablement beaucoup plus variables que lesorditions expérimentales, qu'il
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s’agisse de la gestion des parcelles ou des carasté@ues du milieu. Ce dernier effet
pourrait étre d’autant plus fort qu'en raison de la concurrence avec la production
alimentaire, les cultures destinées a la productiomle biocarburants risquent d’étre
plantées sur des terrains variés, dont certains pgent étre qualifiés de « marginaux ».
Le terme marginal, sur lequel nous reviendrons der@hapitre 6 (6.1.3) fait référence ici
aussi bien a des parcelles défavorables en raisdeuds propriétés physico-chimiques qu’'a
des parcelles défavorables en raison de leur f¢smdace réduite, nombre d’angles éleveé),
de leur environnement (proximité d'une riviere, m’ubois, d'une zone a intérét
environnemental, d’'un milieu urbain) ou de leurtali€e importante au siége d’exploitation
(ce qui peut amener l'agriculteur a limiter le naomkd’interventions techniques sur la
culture).

Les travaux expérimentaux menés a travers I'Eumpatrent que les principaux facteurs
limitant le rendement d&l. giganteussont laquantité de rayonnement intercepté(ou
encore la proportion de couverture nuageuse)tetapérature de l'air et surtout la
disponibilité en eau(liée a la fois au régime de précipitation et &dpacité de rétention en
eau du sol) (Lewandowskt al, 2000, 2003; Clifton-Browet al, 2004; Heatoret al, 2004;
Richteret al, 2008; Pogson, 2011; Maughahal, 2012a).Les pratiques culturales mises

en ceuvre semblent avoir une importance moindreAinsi, la méta-analyse de Miguetal.
(2008) conclut a un effet de la densité de semigquement lors de la premiére année de
récolte. En matiére dertilisation azotée,si une réponse positive a été mise en évidence en
cas de récolte précoce, les résultats en récaliés¢éasont eux contrastés : sur 14 données
expérimentales recensées par Cadeusl. (2012) issues d’expérimentation étudiant I'effet
d’'une augmentation de la dose d'azote sur le rerdgnseules deux correspondent a des
situations ou l'azote est un facteur limitant dadement. Ces auteurs en concluent que les
besoins de la culture en fertilisation azotée $aibles. Ceci serait expliqué par (i) une forte
efficience d’absorption et d'utilisation des nutents, (ii) les phénoménes de recyclage entre
le rhizome et les parties aériennes, ainsi qud'iptarmédiaire de la chute des feuilles avant
la récolte Figure 4) et (iii) une possible contribution de bactériesafrices d’azote. Les
auteurs recommandent une fertilisation minérala@&dant pas les quantités exportées lors
de la récolte, soit environ 70, 10 et 110 kg'hde N, P et K respectivement pour un
rendement de 15 t MS falls soulignent cependant que la plupart des eéfées disponibles
concernent les premiéres années de croissancecd#éuee. Les situations ou aucun effet de
laugmentation des doses d’azote n'a été observébleat avoir bénéficié de fortes
fournitures d’azote par le sol. Cette observatiamtre une fois de plus que I'extrapolation de
ces résultats aux conditions agricoles est limitdans ces dernieres, la capacité des sols a
fournir de I'azote sera d’autant plus variable,ilgest envisagé de planter du miscanthus sur
des sols dits « marginaux ».
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Rendement (t Ms ha'') = Nb tiges (ha') x Masse tige (t MS)
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Figure 1. 4 : Ecophysiologie et fonctionnement deéliscanthus x giganteus
(d’apres Beale et Long 1997; Himken et al., 1997118llu 2011; Cadoux et al., 2011).

20



Chapitre 1 : Contexte et problématique

La gestion du désherbageconstitue une des clés de la réussite de I'imptamt
(Lewandowskiet al, 2000; DEFRA, 2007). Pendant la premiére anném @ulture est tres
peu concurrentielle vis-a-vis des adventices, lascglles doivent donc étre désherbées
chimiguement ou mécaniquement (RMT BIOMASSE, 201Ra)désherbage chimique avant
la reprise de la culture ou mécanique lorsque levext est encore clair est nécessaire la
deuxieme année (RMT BIOMASSE, 2012a). Selon la si&isde I'implantation, il peut
encore étre recommandeé les années suivantes (REAMBESE, 2012a). Lorsque la culture
est bien implantée, la présence d'un mulch impor&nla couverture rapide du sol au
printemps réduisent tres fortement le développemesitadventices.

Impacts sur I'environnement

Les faibles besoins de la culture en fertilisati@aotée associés a une couverture du sol par la
culture en période de drainage hivernal laisseppaser urfaible risque de lixiviation de
nitrates, ce qui a été observé par Christian et Riche (188&i que Mc Isaaet al(2010).

Un faible risque d’émissions de BO est attendu car la fertilisation azotée constitie
principal facteur d’augmentation des émissions (poucontexte pédo-climatique donné€). Ce
dernier point a toutefois fait I'objet d’observat® contrastées : Jorgenseinal. (1997) ont
ainsi mesuré des émissions environs deux fois mysés a celles associées a une culture
d’'orge, tandis que celles recensées par Drewexl. (2012) et Gaudeet al. (2012a) sont
inférieures a celles de systémes de culture admsaltures annuelles.

Les effets sur lguantité de carbone séquestrée dans le smnt également variables : ainsi,
sur les quatre sites étudiés par Katileal. (2001), deux témoignent d’'une augmentation de
leur teneur en carbone, tandis que deux ne prédemieun effet significatif. Ces auteurs ont
en revanche démontré des effets positifs sur laneabrganique et les propriétés physiques
du sol. Malgré des résultats contrastés, il eségdament attendu que la culture joue un role
de puits de carbone (Hansenal, 2004; Roweet al, 2009).L’étude des impacts sur la
biodiversité est tres peu développédl semblerait toutefois que la diversité florigie ou
faunistique (étudiée pour les oiseaux et les igpeés) soient moins élevées que pour d’autres
cultures lignocellulosiqgues comme les TCR mais plesées que pour des cultures annuelles,
surtout lorsque la culture est jeune (Semere ¢1S2007a; b; Saget al, 2010).

L’ensemble de ces résultats doit cependant étracéuaar les références disponibles sont
dans certains cas tres limitées, ne concernenng€ul type de pédo-climat ou demandent a
étre transposées en conditions agricoles. D’autagt, f'analyse des impacts sur
'environnement doit tenir compte des différentes pases de la culturedécrites au 2.1.
Christian et Riche (1998) ont ainsi montré quadgue de lessivage de nitrates peut étre trés
élevé la premiere année de culture ou le couvenpears développé. De méme, Hanstral.
(2004) n’ont observé aucune augmentation de lautethe sol en carbone organique pour une
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culture de miscanthus agée de neuf ans comparéecatxes témoins alors qu’une
augmentation a été visible pour une culture agésedm ans. De plus, les connaissances sur
la destruction du couvert et la remise en cultueela parcelle sont limitées (Cadoux et
Ferchaud, 2009) : les premiéres expérimentatioos aujet ont eu lieu en France en 2011.
Cette étape souleve des interrogations quant apadts potentiels sur le milieu, en fonction
des méthodes de destruction possibles (chimiqueu etiécanique) et du devenir des
nutriments contenus dans le rhizome. La sensildi® cultures suivantes aux conditions de
milieu laissées pavl. giganteusapres sa destruction est également a étugindin, I'analyse
des impacts environnementaux dépend largement de $ituation de référence a laquelle

la culture de miscanthus est comparéecelle-ci semble ainsi presque systématiquement
plus favorable lorsqu’elle est comparée a des cultes annuelles alors que les résultats
sont beaucoup plus mitigés, voire défavorables, Isqu’elle est mise en regard de prairies
ou d’habitats naturels (Roweet al., 2009)

Travaux d’évaluation menés sur M. giganteus

En raison des exigences réglementaires pesant ssuprdduction de biocarburants,
M. giganteusfait I'objet de nombreux travaux d’évaluation embilisant trois grands types

d’approches: (i) I'analyse de cycle de vie (ACW)) (‘évaluation a partir de dispositifs
expérimentaux et (iii) I'évaluation a partir de nedeks.

Sur les 18 travaux recensés ici, sept reposena snéthodologie des analyses de cycle de vie
(ACV) (Lewandowski et Heinz, 2003; Styles et Jon2307, 2008; St. Claiet al, 2008;
Monti et al, 2009b; Fazio et Monti, 2011). L’ACV est une méthal’évaluation des impacts
environnementaux potentiels associés a un systeamgratiuction (dont les contours sont
définis lors de la réalisation de 'ACV) par congtibn d’un inventaire des entrants et des
sortants pertinents pour ce systéeme et évaluatsnimpacts environnementaux potentiels
associés a ces entrants et ces sortants. Le systadié comprend I'ensemble des phases de
la vie du produit, « du berceau a la tombe » 'osi §'intéresse a un biocarburant issu d’'une
production agricole, cela implique de réaliser omentaire des entrants et sortants utilisés
pendant la phase de culture, y compris les intramégs aussi de ceux associés au transport et
au stockage de la culture, puis de ceux mis efojsude la production et de la distribution du
carburant. En pratique, la plupart des auteurseigsient leur étude a une partie du cycle de
vie : St. Clairet al. (2008) se concentrent ainsi sur les impacts ligspghase de culture. Les
données relatives aux pratiques agricoles et amteraents sont issues d’expérimentations
(Lewandowskiet al, 1995; Lewandowski et Heinz, 2003; Momi al, 2009b; Fazio et
Monti, 2011) ou de synthéses régionales (St. @aal, 2008). Bien que les ACV puissent
prendre en compte des champs d’évaluation vartEn@ements climatiques, destruction de
'ozone stratosphérique, acidification, eutrophiggtimpacts éco-toxicologiques, utilisation
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des ressources biotiques et abiotiques), les étaiéss ici se focalisent sur les bilans

énergeétiques et sur la contribution au réchaufféroematique par le biais des émissions de
gaz a effet de serre associées aux cultures ésuditons enfin que Styles et Jones (2008)
appliguent le principe de I'ACV pour comparer legfprmances économiques du miscanthus
avec celles des taillis a courte rotation de saule.

Six études évaluent les performances des culturesakeulant des indicateurs a partir de
données issues d’expérimentations au champ (Lewasikide@t Schmidt, 2006; Clifton-Brown

et al, 2007; Boehmekt al, 2008; Heatoret al, 2008a; Angeliniet al, 2009). L’'échelle
d’étude est la parcelle agricole. Les études citédsssus ne prennent en compte que certains
champs d’évaluation : Angelieit al. (2008) ainsi que Boehmet al. (2008) s’intéressent par
exemple aux rendements et aux bilans énergétiglas, qu'Hallamet al. (2001) se limitent
aux performances économiques. Lewandowski et S¢h(@D6) et Clifton-Brownet al.
(2007) ne travaillent que sur le miscanthus, tagdes Boehmett al. (2008) et Angelingt al.
(2008) comparent difféerentes espéces. Boelanal. (2008) comparent de plus pour chaque
culture différents itinéraires techniques. L'évaiola de Boehmeét al. (2008) présente aussi
la particularité de comparer différentes cultures seulement entre elles (saule, miscanthus,
switchgrass, mais), mais aussi a une successiarultiees a base de colza, de blé et de
triticale. Heatonet al(2008a) évalue la surface nécessaire pour produiee quantité de
biocarburants donnée a partir de résultats expétang obtenus pour du mais et du
miscanthus.

Les travaux restants, enfin, reposent sur des rasd8tampfet al(2007) utilisent le modele
MISCANMOD (Clifton-Brown et al, 2000) pour estimer le potentiel de production de
M. giganteusa I'échelle européenne. Clifton-Browet al. (2007) s’appuient sur le méme
modéle pour estimer la quantité de carbone stoda¥es le sol pendant la culture de
M. giganteus Hastingset al. (2009) estime a la fois le potentiel de productbie potentiel

de réduction des émissions de gaz a effet de sarnatilisant MISCANFOR, un modéle
dérivé de MISCANMOD. Hillieret al. (2009) couplent un modéle de rendement (issu de
Richteret al. 2008) et un modele simulant I'évolution du stoekadrbone du sol (RothC) afin
de comparer les émissions de gaz a effet de sesoeias a la culture dd. giganteusavec
celles de trois autres cultures énergétiques (TE€Rpealplier, blé d’hiver et colza). Enfin,
Ng et al. (2010) utilisent le modele de culture BioCro péualuer I'impact de I'introduction
deM. giganteusdans un bassin versant sur le lessivage de mitrate

Les résultats issus de I'ensemble de ces travautxdifficiles a comparer, non seulement en
raison des différentes méthodes utilisées, maisi ansraison des champs d’évaluation qui ne
sont pas les mémes selon les études. De plus,incerd@ ces travaux sont consacrés
uniquement aM. giganteustandis que d’autres comparent la culture soit adeaitres
cultures énergétiques, soit avec des cultures nergétiques ; certains comparent également
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l'utilisation de biocarburants produits a partir b giganteusavec celui produit a partir
d’autres ressources agricoles énergétiques, ainaver I'utilisation de carburants fossiles.
De maniére générale, il ressort tout de méme détceles que la culture dé. giganteusest
nettement plus favorable en termes d’'impacts enmementaux et de bilans énergétiques ou
gaz a effet de serre que la plupart des culturemiadies. Si les données relatives a la
production de la culture sont bien décrites darssétedes, leur transposition aux conditions
agricoles est tout de méme limitée car les rendésnditisés sont issus d’expérimentations ou
de modeéles.
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Objectif général, questions de recherche et dispads d’étude

Objectif général

Les parties précédentes ont montré que la produdiobiocarburants a partir de ressources
agricoles suscite a la fois espoirs et interrogatioll existe donc un besoin important
d’évaluationa priori afin d'informer I'opinion et d’orienter la décisiopublique. En Europe
et en France en particuliévl. giganteusest une culture nouvelle qui suscite un vif intérés
travaux entamés ont permis d’améliorer la carasd@dn des rendements potentiels, des
itinéraires techniques et des impacts environnementie la culture. La généralisation des
références disponibles aux conditions agricolesaegéfois limitée, ce qui restreint la portée
des travaux d’évaluation réalisd®ar conséquent, I'objectif général de la these e de
réaliser une évaluation multicritere de systemes deulture comprenant la culture de

M. giganteus a partir de données recueillies en parcelles agotes et (i) de comparer ces
systemes de culture a des systémes de culture comaint d’autres ressources agricoles
candidates a la production de biocarburants.

Un systeme de culture se définit comme « la nadesecultures, leur ordre de succession et
les itinéraires techniques appliqués a ces diftésenultures » (Sebillotte, 1990). A I'échelle
du systeme de culture s’expriment des effets peaddet cumulatifs. Un effet précédent se
définit comme «la variation d'états du milieu @etéres biologiques, chimiques et
physiques) entre le début et la fin de la cultunaesaérée, sous l'influence combinée du
peuplement végétal et des techniques qui lui sppliGuées, 'ensemble étant soumis aux
influences climatiques » (Sebillotte, 1990). Uneef€umulatif correspond a la « résultante,
sur plusieurs années, des effets précédents »lIlehi1990). Le systéme de culture est
I'objet d’étude retenu ici pour deux raisons. Tolabord, il s’inscrit dans une échelle de
temps pluriannuelle, pertinente pour tenir compe’eénsemble des étapes de la culture de
M. giganteus établissement, production et destruction. Dauytart, évaluer cette culture
implique de pouvoir la comparer a d’autres ressesiegricoles candidates a la production de
biocarburants. La diversité des ressources carmdidahalysées dans la partie 1.2, rend
nécessaire d'effectuer cette comparaison a I'éehéll systéme de culture afin de tenir
compte des effets précédents et cumulatifs sule§) rendements des cultures (et par
conséquent, les bilans économiques et énergétigsssciés) et (i) les impacts sur
I'environnement.
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Questions de recherche

Au vu de l'état de l'art sur le fonctionnement @deculture deM. giganteusprésenté au 2,
évaluer des systemes de culture a basd.dgganteusnécessite au préalable d’acquérir des
connaissances supplémentaires, en particulierescorhportement de la culture en parcelles
agricoles. Les travaux d’évaluation recensés mietiereffet en évidence que le rendement est
une des variables ayant une forte influence supéetrmances de la culture (Stylesal.,
2008 ; Hillier et al.,, 2009). Par ailleurs, les valeurs de rendementisétis sont
vraisemblablement souvent surestimées. Il s’agitelat soit de valeurs expérimentales
mesurées pendant les premieres années de cultitrejesvaleurs issues de modeles de
simulation. Le premier sous-objectif de ce trav@ke donc a renforcer les connaissances sur
les rendements dd. giganteusen répondant a la question suivante :

Quelle est la variabilité inter-parcellaire des remlements deM. giganteus
obtenus en parcelles agricoles et quels sont lesctieurs expliquant cette
variabilité ?

Cette question fait I'objet du deuxiéme chapitrdadthese.

Différentes études ont permis d’étudier I'influerd® conditions climatiques tres différentes
sur le rendement (cf. 2). Nous avons choisi icitutléer la variabilité des rendements a
I'échelle d’'un bassin d’approvisionnement. La valligé explorée est donc avant tout une
variabilité pédologique et non climatique.

L’analyse des références disponibles a égalementrénque la connaissance des impacts sur
'environnement est fragmentaire et tient peu camné¢ la variabilité pédoclimatique. La
deuxieme question a laquelle ce travail cherchépandre est alors la suivante :

Quelle est la variabilité des impacts de la culturede M. giganteus en
parcelles agricoles sur la teneur en nitrates dares eaux de drainage ?

Cette question fait I'objet du troisieme chapitre ld these et repose sur une analyse des
impacts liés a la lixiviation de nitrates. Les enjade qualité de I'eau sont particulierement
prégnants en France a I'heure actuelle (GrenelleEgswironnement, plan Ecophyto 2018).
L'implantation de cultures énergétiques pérennas gmurmandes en intrants est présentée
par certains comme un des moyens de mainteniriigctagricole dans les bassins
d’alimentation de captage d’eau potable. D’autneelex environnementaux sont bien sdr
associés a cette culture, en particulier en tearegaz a effet de serre et de biodiversité. Les
emissions de gaz a effet de serre, dont la queetiidin est délicate a I'échelle d’'un réseau de
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parcelles agricoles (en particulier pour les éroisside NO), seront appréciées grace a des
indicateurs (estimés a partir de modéles) danshépitre suivant. L'enjeu biodiversité est
guant a lui difficilement appréhendable uniquenehéchelle de la parcelle.

L'état des connaissances que nous avons réaliséhplut sur le comportement au champ de
M. giganteusréveéle que le rendement ou les risques de lessiglagnitrates ne sont pas les
mémes selon que 'on situe au début du cycle deleika culture, lorsque la culture est bien
implantée, ou lorsqu’on la détruit. Comme le rendetrest un élément clef pour évaluer la
durabilité de la culture, la troisieme question spuicture ce travail est la suivante :

\

Comment évoluent les rendements deM. giganteus a long-terme, sur
I'ensemble du cycle de production ?

Cette question fait I'objet du quatrieme chapitre.

Bien queM. giganteussoit planté pour des durées supérieures a dixlaast, nécessaire pour
mener une évaluation compléte dintégrer les ceftuqui le précedent et le suivent. Par
ailleurs, afin de la comparer avec d’autres stiatéde production de biocarburants a partir de
ressources agricoles, il est nécessaire de propEseisystémes de culture contenant des
ressources candidates a cette production, quiiissa de cultures ou de résidus de culture. La
question dont traite le cinquiéme chapitre est donc

Quels systemes de culture contenaiM. giganteus peut-on proposer ? Quels
systémes de culture incluant d’autres ressourcegghocellulosiques peut-on
construire ? Quels enseignements tirer d'une évaltian comparée de ces
systemes de culture du point de vue eéconomique, égétique et

environnemental ?
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Figure 1. 5 : Localisation du réseau de parcellegyacoles deMiscanthus x giganteus.
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Dispositifs d’étude

Trois dispositifs d’étude ont été mis en place p@pondre a ces questions.

Etude de la culture deM. giganteus en parcelles agricoles

Un réseau de 38 parcelles dd. giganteus, plantées en 2009 et 2010, a été mis en place et
suivi de 2009 a début 2012Ce réseau est localisé dans le département de dJOt qui
constitue une des zones atelier du projet Futlfigufe 1. 4. Cette région a été choisie
comme support de différents travaux de recherchemdans ce projet du fait :

1.

de la forte dynamique locale observée autour du déloppement deM. giganteus: en
effet, le paysage agricole a été récemment bowdévpar la fermeture de la sucrerie
d’Aiserey (21) en 2007 qui a conduit & la suppamssies quotas de production de
betterave des producteurs de Céte d'Or, Sabneiat-ebJura. Suite a cette fermeture, un
plan de restructuration « sucre » a été mis eneptians la région. L'un de ses volets
consiste a développer une nouvelle filiere aut@sr clltures énergétiques pérennes avec la
création en 2008 d’'une SICA (Société d’Intérét €dif Agricole), nommée Bourgogne
Pellets, sur le site de I'ancienne sucrerie, damjectif est en particulier de développer la
culture deM. giganteus

. de l'existence d'un ensemble important de parcellesgricoles déja plantées en

M. giganteus par les agriculteurs (cf. 2.3) ;

de l'existence d'autres cultures pluriannuelledex : luzerne sur 1200 ha} annuelles
(ex : triticale sur 5800 ha) pouvant étre utilis¢esir la production de biocarburant 2G.
Ces deux cultures a vocation aujourd’hui alimestatonstituent des cultures ligno-
cellulosiques d’intérét.

d'un potentiel de diversification des cultures dansle temps de la succession de
cultures: la Cote d’'Or est un département dominé par lesndps cultures, qui
représentent 60% de la SAlet sont composées & plus de 80% de cultures d’(ive
tendre, orge d’hiver et colza). Les protéagineyxrésentent a peine 0,5% des grandes
cultures. La rotation dominante est a base de cdizalé et d’orge.

de la présence de types de sol variéde département de Codte d’Or recouvre quatre
grandes régions naturelleBiqure 1. 4). Les reliefs du Morvan, a I'Ouest, et le vaste
ensemble des terrains calcaires jurassiques, quieft du nord au sud les plateaux de
Bourgogne, constituent deux « hauts pays » erdgputids s’intercale la dépression liasique
périmorvandelle de I’Auxois. Les parties Est et &sil du département sont, quant a elles,

12 SAU : Surface Agricole Utile
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occupées par une zone plus récente d'age plioipd@ise, la plaine de la Sabne,
s’apparentant fortement a la Bresse qui la prolouges le Sud. Les parcelles de
M. giganteusont été plantées en grande majorité dans la ptira Sadne, constituée a la
fois de limons profonds (> 90 cm) plus ou moinsilaux trés favorables aux activités

agricoles (sols appelés par la suite respectiveir@rdgt C), mais aussi de limons profonds
hydromorphes beaucoup plus contraignants (L). Quslgparcelles sont situées sur les
plateaux de Bourgogne ou dominent des sols argilcaces plus ou moins superficiels

(entre 20 et 80 cm) (CC), ou dans des vallées alsxptus sableux ou riches en graviers

(vallée de la Sadne et de la Loue) (A).

Ce réseau de parcelles agricolesMiegiganteusa été construit en collaboration avec deux
partenaires locaux, la coopérative Bourgogne Rdibetalisée a Aiserey (21) et la coopérative
de déshydratation de luzerne de la Haute SeinéglmBaigneux-les-Juifs (21). Les parcelles
ont été choisies de maniere a couvrir la diverd#é conditions pédoclimatiques et des
systemes de culture présents dans la régigule 1. 4. Ainsi, 32 parcelles sont rattachées a
la coopérative d’Aiserey et sont localisées en nitgjen Cote d’Or (sept sont limitrophes et
appartiennent aux départements de la Sadne et boiu Jura). Les huit autres parcelles
sont rattachées a la coopérative de Baigneux-i€s-Située sur les plateaux bourguignons
dans le nord de la Cote d'Or.

Les objectifs associés a ce dispositif sont :

— de caractériser la variabilité des rendements en peelles agricoles et d’identifier les
facteurs expliquant cette variabilité a partir d’'un sous-échantillon de 20 parcelles
localisées dans la zone d’Aiserey.€. sur les sols argileux C, limono-argileux LC et
limoneux hydromorphes L) (Figure 1. 4) (Chapitre 2);

— d’estimer les risques de pertes en nitrate pendaittiver sur 'ensemble des parcelles
(Figure 1. 4);

— de recueillir des données sur les pratigues agricd pour alimenter I'évaluation
économique et énergétique de ces systemes de c@t(Chapitre 5).

Notons que le réseau de parcelles agricoles canhiaitelement 40 parcelles. La plantation
deM. giganteusa échoué sur deux parcelles situées en sol argiit@ire ou les mesures n’ont
donc été effectuées que pendant un an.
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Evolution a long terme des rendements dil. giganteus a partir de données
expérimentales recueillies a I'échelle Européenne

Dans le but d’étudier I'évolution temporelle desdements déVl. giganteus une base de
données rassemblant 42 séries d’évolution (appditésci-dessous) des rendements de
M. giganteussur 12 a 22 ans de culture a été construite. ®ae de données, constituée a
I'échelle européenne, regroupe 16 sites géographigifférent’’ localisés dans 5 pays, ce
qui représente des conditions pédoclimatiques esriédutriche (5 EU, 5 sites), Danemark
(16 EU, 2 sites), France (1 EU, 1 site), Allemadg@eEU, 3 sites), Irlande (1 EU, 1 site),
Royaume-Uni (7 EU, 1 site). Les données rassembbéegsiennent de quatre origines
différentes : cing séries sont issues d'articldgigs dans des journaux a comité de lecture, 12
viennent dgproceedingsle congres, 9 d'un rapport d'un organisme de dgpeloent agricole

et 16 ont été obtenues par communication persanel’agit de rendements recueillis en
parcelles expérimentales et non agricoles. En,d#stparcelles agricoles implantées depuis
un nombre d’'années suffisant et dont les rendememtseté mesurés et référencés avec
suffisamment de précisions font défaut. L'approchebilisée pour traiter ces données
consiste a comparer différents modeles d’évoluties rendements en fonction du temps est
(Chapitre 2).

Conception et évaluation de systemes de culture cpnenant des cultures
candidates a la production de biocarburants de deugme génération

Un dispositif participatif de conception-évaluatida systemes de culture (Vereijken, 1997;
Lanconet al, 2008) a été mis en place dans le but de réaliserévaluatiorex antede
systemes de culture a base Megiganteuset de systemes de culture contenant d’autres
ressources candidates a la production de biocartsude deuxiéme génération. La conception
des systemes de culture s’est appuyée sur unratelieo-conception de systémes de culture a
dire d'experts. L’évaluation des systémes de calfpnoposés a reposé sur l'utilisation de
modeles, en particulier le modéle de systéeme dereuPerSyst (Guicharet al, submitted,
2010; Annexe 5) et le calcul d’'indicateurs. L'éwtion des systemes de culture a base de
miscanthus repose également sur le couplage erdse données recueillies aux
Chapitres 2 et 3avec des modéles, dont le modele d’évolution g-tenme des rendements
issu duChapitre 4.

13 Un site géographique peut contenir plusieurs sédevolution. Une série (notée EU) correspond au
croisement entre un site géographique et un traitExpérimental.
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Chapitre 2.

Diagnostic agronomique de la culture de
Miscanthus x giganteus en parcelles agricoles

Ce chapitre correspond a un article qui sera soproishainement a Global Change Biology
Bioenergy.

Lesur C., Bazot M., Bio-Beri F., Lorin M., Jeuffrdy.H., Loyce C. (to be submitted). Yield
gap analysis of youniliscanthusx giganteuscrops: a survey of farmers’ fields in centre-east
France Global Change Biology Bioenergy
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Yield gap analysis of youngMliscanthus x giganteus crops: a
survey of farmers’ fields in centre-east France

Claire Lesu?” Mathieu Lorif® Fadel Bio-BeA® Mathieu Bazdt® Marie-Héléne
Jeuffroy*®, Chantal Loyc&®

4INRA, UMR 211 Agronomie, F-78850 Thiverval Grigndfrance
AgroParisTech, UMR 211 Agronomie, F-78850 Thiver@aignon, France

Abstract

Miscanthusx giganteusis often regarded as one of the most promising sctopproduce
bioenergy because it is renowned for its high wetdmbined with low-input requirements.
However, its productivity has mainly been studiedexperimental conditions. Our study
aimed at characterizing and explainiMjscanthus x giganteugield variability on a 20
farmers’ fields network located in Centre-East EmnOur study included the three first
growth years of the cropge. the two first harvests since the crop was notdsted at the end
of the first year. We defined and calculated ao$étdicators of limiting factors that could be
involved in yield variations and used the mixed-elochethod to identify those mostly
explaining yield variations. We also studied thecdépancy between plot yields measured on
a small surface (i.e. two plots of 25)nand commercial yields measured on the whole field
Plot yields averaged 11.2 t DM hdor the second growth year and 15.3 t DM'Har the
third one. Those average results concealed howaveigh variability: our field network
included fields reaching yields close to those rigabin experimental conditions (up to 22 t
DM ha?) but also fields with very low yields (below 3 vDha?). Yields were found to be
much more related to the shoot density than tesho®t mass. Besides, we highlighted that
yields were limited by the shoot density establishethe end of the plantation year. Lastly,
commercial yields were on average 30% lower thast plelds. Situations specific to
commercial farm scale conditions, such as fielé sizshape, field location and field history
were shown to affect the discrepancy between péddly and commercial yields.

Keywords

Miscanthus x giganteus vyield-gap analysis, on-farm research, shoot density
commercial yields
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Introduction

Miscanthusx giganteughereafter referred &4. giganteuyis a C4 perennial and rhizomateus
grass originating from East Asia which has beenlistlas an energy crop since the mid-
1980s, mostly in the European Union (Lewandowetkal, 2003) and more recently in the
United States (Heatoat al, 2008). M. giganteusrhizomes are planted in spring. As crop
production during the first growth year is not stiffint to make harvest profitable, the crop is
crushed. From the second year on, the crop is b@deannually. Despite biomass losses
during winter, M. giganteususes to be harvested at the end of the wintemfmrave the
combustion quality, to reduce the energy demandlfging (Lewandowski & Heinz, 2003)
and to enable nutrient recycling between the algyeend and the below-ground biomass
(Strullu et al, 2011; Cadowet al, 2012). Yields increase during three to five ydaefore
reaching a ceiling phase during which a peak priddticis achieved. After establishment,
the crop can be harvested annually for 20-25 yébesvandowskiet al, 2003). Crop
requirements in terms of nutrients are said toolethanks to (i) high nutrient absorption and
use efficiency and to (ii) nutrient cycling betwettre above-ground and the below-ground
biomass, as well as through leaf fall before harv€adouxet al. (2012) recommends a
maximum nutrient fertilization of 73.5, 7.0, and51@ kg h& of N, P and K respectively for a
dry matter yield of 15 t hhat winter harvest. The crop requires little pedés as well,
except for herbicides during the first two yearsWlandowsket al, 2000).

M. giganteuds often regarded as one of the most promisingscto produce bioenergy and
in particular second-generation biofuels becauseisitrenowned for its high yields
(Lewandowskiet al, 2003; Heatoret al, 2004, 2010; Dohleman & Long, 2009) combined
with low-input requirements. High productivity iadeed very desirable for biomass crops
since the assessment of several environmental @mbmic indicators such as energy yield,
land area requirement, production cost, gross margpstly relies on yields. Assessments
dedicated toM. giganteuswere based mostly on yields recorded on smallased during
field experiments (e.g. 12-30 t DM havhen harvested in December; Lewandowski & Heinz,
2003) or from models predicting yields (e.g. 20M ba* of peak productivity for late winter
harvesting; Styles and Jones, 2007); 15-25 t DM fea spring harvesting; Smeets al,
2009). However, Migueet al. (2008) reported a high between-site yield varigbih a meta-
analysis orM. giganteusyields (with a standard deviation of 4.53 t DM*h#or ceiling yields

in winter averaging 18.4 t DM Ha Besides, sensitivity analyses conducted on yielgaled
the strong influence of yield assessment on lagdirement (Styles & Jones, 2007), on the
crop production costs (Smeets al, 2009) and profitability (Stylegt al, 2008), on the
energy Yyields (Eranki & Dale, 2011) and on the gherise gases balance (Hilledral, 2009;
Eranki & Dale, 2011).
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Yields recorded in farmers’ fields could be quitéfedent from vyields recorded in
experimental plots due to two factors. First, conua fields cover a higher range of
environments (soil types) and cropping systemscgalimg crop, crop management of
M. giganteu} than experimental fields in which several factare fixed. Cadowet al.
(2012) suggested indeed that the absence of responsicreasing nitrogen fertilization
observed in several studies is related to higrogén (N) soil supply due to the preceding
crop or to a significant net N mineralization. In-farm conditions, nutrient soil supply might
be much more variable, as well as water soil supply observed in several yield-gap
analyses on arable crops (Becker M. & Johnson DIA9; Woperei®t al, 1999; Beckeet
al., 2003; de Bie, 2004), yields recorded in farméedts are lower than the potential yields
(limited by solar radiation and temperature onlyedo unfavorable growing conditions.
Secondly, the assessment of yields in farmerstdiehay be lower due to higher harvest
losses. The discrepancy between plot and commeyighls was examined by Mongt al.
(2009a) for switchgrass. To our knowledge, no simdtudy was carried fdvl. giganteus
The gap between yields measured in experimental iandn-farm conditions might be
especially significant foM. giganteussince growing the crop on marginal lands is seea as
way to reduce competition with food production.

Our paper aims at characterizing the variabilityMngiganteusyields in a set of farmers’
fields at a regional scale and at identifying thainmimiting factors and cropping practices
affecting M. giganteusyields. We applied the methodology framework of tRegional
Agronomic Diagnosis (Dorét al, 1997, 2008) to a field network of youmd. giganteus
grown in the Bourgogne region (located in the Gefiast of France).

We combined a three-step approach. First, we amdlyhe variations in yield and yield
components observed in the farmers’ field netwdiken we identified the main limiting

factors responsible for yield variation within fisl Finally, we analyzed the relationship
between plot yields (measured in the field on snsalb-plots) and commercial yields
(measured on the whole field) to quantify harvesses.
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Table 2. 1: The farmers’ field network

Planting | Preceding| Surface| Soil | SWCnax | HUM?® | Nbof | r (width to | Dist®
year crop (ha) |type| (mm) ang_]le§ length)® | (km)
2009 Set-aside| 1.61 C 228 H 7 >0.20 <10
2.46 A 53 D 4 <0.20 >10

1.59 LC 231 H 4 <0.20 <10

Annual 1.31 C 152 - 3 >0.20 <10

Crop 0.75 C 222 H 4 <0.20 <10

3.04 C 222 H 6 >0.20 <10

3.68 C 222 H 5 >0.20 <10

2.20 LC 207 - 4 >0.20 <10

1.61 L 225 H 4 <0.20 <10

2.07 L 231 H 4 >0.20 <10

2010 Set-aside| 2.90 C 226.5 H 8 <0.20 <10
0.70 C 228 - 4 <0.20 <10

1.54 A 156 - 4 >0.20 <10

5.50 LC 224 - 10 <0.20 >10

1.64 L 221 H 4 <0.20 <10

2.30 L 221 H 4 >0.20 >10

2.99 L 222 H 5 >0.20 <10

Annual 3.35 C 222 H 8 <0.20 <10

crop 2.26 A 99 - 4 >0.20 <10

1.75 A 90 - 5 >0.20 <10

! A: alluvial and/or sandy soil; C: clay soil; L&idmy-clay soil; L: hydromorphic loamy soil.

2 SWGCnax maximal soil water content. HUM: variable desiipsoil behaviour regarding
water (as described by farmers); H = soil with tamd to be wet or even hydromorphic;
D = drying soil.

% variables describing field shape: field numbeanfjles and ratio width to length r.

* Distance between field and farm.
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Material and methods

The farmers’ fields network

Data were collected in 20 commercial fields locatedl9 farms in the Bourgogne region in
France Table 2. 1. Fields were located in a 1500 karea ranging from 46°54’ to 47°16’ N
and from 5°02’ to 5°46’ E in Centre-East Francee Tield survey was carried out during
three growing seasons between 2009 and 2011, ¢tbarad by a hydric deficit of 241,
143, and 276 mm respectively (long-term annual ayerestimated over the past 20 years:
222 mm). 10 fields were planted in spring 2009 af6din spring 2010 after two kinds of
preceding crops: (i) annual crops such as wheah, cunflower or (ii) set-aside (for more
than five years). Those fields covered four sogety. 3 deep soils (clay soils, clay-loamy
soils, hydromorphic loamy soils) and moderatelypdeeils located on alluvia. Deep soils
stood for soils whose depth (estimated through cmié samplings) exceeded 120 cm while
moderately deep soils indicated soils whose deptiods between 80 and 110 cm.
M. giganteuswas planted on small fields (from 0.67 to 5.50akeoss fields with an average
of 2.35 ha). 12 fields out of 20 displayed an iulag shape (measured by the number of
angles) or/and a sharply elongated shape (meabyrtéx ratio of field width to field length).
Besides, 13 fields out of 20 were described by fdreners as displaying a problematic
behavior regarding water: one field was qualifisdpaone to water stress while the others
were described as wet to hydromorphic. Finallye¢hiields were located far from the farm.

Fields were planted mechanically with rhizomes exisities varying from 15300 to 22750
rhizomes per hectare in 2009 (mean: 18900 rhizdra&sand from 17400 to 25150 rhizomes
per hectare in 2010 (mean: 19650 rhizome$).hislore than three quarters of the rhizomes
were supplied by ADAS. Analysis on the mitochonlddganome confirmed that all fields had
been planted witiM. giganteusAll fields but one were chemically weeded durthg year of
establishment, before the first regrowth and ocresdly (for four fields) during the second
growth year. One field was also weeded before ¢lcersd regrowth. 18 fields out of 20 were
not fertilized. The two remaining fields were féziédd with less than 30 kg N faat the
beginning of spring. Due to low biomass productifields were not harvested at the end of
the establishment year but were crushed at theoéridecember. The years onwards, the
whole surface of fields was mechanically harvesteth late March to early April in bulk
(4 field-years) or in bales (26 field-years).

% Hydric deficit = ETP — P, with ETP : sum of evapwispiration and P : sum of precipitation. Estirdete the
whole growing period (April to October).
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Measurements

Measurements were carried out for three crop ageswth year 1 (GY1), which is the
establishment year, growth year 2 (GY2) which s finst harvested year and growth year 3
(GY3).

Growth years 2 and 3

M. giganteusplot yield (pYIELD) was measured in each fieldtla¢ beginning of February,
from the average of two plots of 25 iimcluding six miscanthus rows. Plots were randomly
set but precautions were taken to avoid field bar@ded extreme field areas in term of shoot
density {.e. areas that were not representative for the fi&tpot density (SH_DENS) was
measured on the whole two plots. 250 shoots wene thndomly selected in each plot (from
all the rows and different plants), cut approxirhat®0 cm above ground and weighed.
Among them, 20 shoots were subsampled to assess Isbight and shoot diameter. Shoot
mass (SH_MASS) was estimated from the mass of BB0Ots. Moisture content of aerial
biomass was determined in a sub-sample of arouadkitogram.

Weed cover (WEEDS) was assessed on ten 0Z8icno-plots across the field at the end of
winter (March): on each micro-plot, the percentafjereed coverage was estimated visually.

M. giganteuscommercial yield (CYIELD) was measured accordinghte harvest type. When

it was harvested in bulk, each truck containing laevest was weighted and a sample was
oven-dried to determine the dry matter rate. Whemais harvested in bales, the number of
bales per field was counted. Then, an averagerhass per field was estimated by weighing
the trailers containing the harvest and the drytenaate was determined with the help of a
probe.

Establishment year

Fields were not harvested at the end of the firswvth year but were crushed. One 56tot
was set and observed twice a year. The densitynefged rhizomes was measured at the end
of June (RH_DENS), when emergence was consideredeaas That density was used along
with planting density to estimate the emergence @& _ RATE)i.e. the ratio between
RH_DENS and planting density. Shoot density at #me of the first growth year
(SH_DENS_1) was measured before crushing. Ratiwdeet SH_ DENS 1 and RH_DENS
was defined as the tillering rate (T_RATE). Weedasd WEEDS 1) was assessed visually at
the end of the winter using the same method thainglGY2 and GY3.

38



Chapitre 2 : Diagnostic agronomique de la cultueeMiscanthux giganteus en parcelles agricoles

Soil and climatic data

Weather data such as mean temperature (T), glohdiaton (Rg) and potential
evapotranspiration (ETP) were collected from twaédeFrance stations (Ouges, 5°04'41” E
—47°15'38” N, and Chamblanc, 5°04'41” E — 47°B8” N) and from a third station set up
in Chissey sur Loue (5°44'12" E — 47°01'37” N). &afield was connected to the closest
station that was located at 20 km maximum.

Soils were characterized from local experts antl @walyses. 15 soil cores were collected
across each field until a depth of 120 cm maximuith & hydraulic coring device (for
shallower solils, the sampling depth matched s@tide Each core was split into four layers
(0-30, 30-60, 60-90, 90-120 cm) and four soil sasplere obtained by mixing the 15 cores.
The sample coming from the 0-30 cm layer was aealyto determine particle size and
chemical composition: assimilate P (method Olserghangeable Mg and K, total carbon
and nitrogen, CaCO3 and pH. Samples from the 36660 and 90-120 cm layers were
mixed and particle size was determined on the mextesult. Maximum rooting depth
according to soil type and crop age was assesse@thercontrasting fields with a soil profile
and extrapolated on the other fields belongingheodame category: maximum rooting depth
was set to 120 cm favl. giganteuscrops older than one year and planted on deeg, sdiile

it was reduced to 80 cm for one-year-old crops.sballower soils, maximum rooting depth
was estimated as the maximum sampling depth. Ragize and maximum rooting depth
were combined to estimate maximal soil water cdn8mVGyax) according to the Jamagne
method (Jamagne, 1968).

Variation analysis in plot yield and plot yield conponents

Variation in plot yield (pYIELD) was first descrideand analyzed according to vyield
components in three steps. First, analyses wereedaout within each harvested year and
PYIELD was related to its components (SH_DENS amht MASS). Then, each variable
estimated for a given year, pYIELD, SH_DENS and BIASS, was related to the same
variable estimated the preceding year to study boe growth year impacted the following
one. Finally, a focus was made on the establishiypest. The impact on the shoot density
established at the end of the establishment yddr DENS 1) on the following years was
assessed. Variation in SH_DENS_1 was analyzedghris components: the emergence rate
(E_RATE) and the tillering rate (T_RATE). All anas were performed thanks to variance
analyses. The relationship between yield and sHeaosity was also analyzed with a non-
linear model to determine the threshold above wlyighd did not increase anymore. All
statistical analyses were carried out with thastteal program R (version R-2.13.1).
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Defining indicators of limiting factors

Several indicators of limiting factors were defingath for harvested growth years (that is to
say growth years 2 and 3) and for the establishryesant

Growth years 2 and 3

Water balance

The dynamic water balance was calculated on a dasys as follows:
SWC() = R(j) +1(j) + SWC(j — 1) — ETR(j) — D(j)

With:

SWC(j): Soil Water Content at day j (mm)

R(j): amount of rainfall at day j (mm);

I(j): daily amount of irrigation at day |, zero aur study (mm)

ETR()): actual evapotranspiration at day j (mm)

D(j): amount of drainage at day j, assumed to h&ktp zero in our study (mm).

Water balance was initialized on MarcH under the assumption that SWC at that date was
equal to SWgax (i.e. the soil was at water capacity). A& giganteusis a perennial crop,
from the second growth year on, the root systemiresady developed when the first shoots
emerged in spring. We therefore assumed maximaingaepth (and as a consequence
SWGCuax) to be constant during the growing season.

ETR was defined as follows:
ETR(j) = Ks(j) * Kc(j) * ETP())

With:

ETP(j): potential evapotranspiration at day j;

Kc(j): cultural crop coefficient at day j defined a function of degree-days (Audoire, 2011;
data from the French multilocal experimental netwBEGIX) from the sugarcane Kc as
defined by the FAO (Alleret al, 1998);

Ks(j): stress coefficient at day j; Ks(j)=1 if SWE=2/3*SWGCuax and Ks(j)=SWC(j) /
SWGuax (Itier, 1996).

An indicator assessing the intensity of water defias derived from (3) and (4) on a daily
basis as follows:
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ETR(j) .
Ke() = ETPG) -~ K50

WATER()) =

It was then averaged on the time period define@démh yield component. For SH_DENS, we
assumed by expertise that all effective shoots dwhexcludes regressive shoots) are
established at the end of May so we calculated WRFErom emergence (~ March 95
until May the 31". For YIELD, WATERsp was calculated over the whole growing perioel,
from emergence until first frosts (~ Octobef"L5

Nitrogen from mineralization

As most crops were not fertilized, an indicator tbe nitrogen available to the crop was
assessed by estimating the quantity of nitrogeneralized from humus (Mh) using the
following equations adapted from the Azodyn modkluffroy and Recous, 1999)and the
COMIFER method (COMIFER, 2011):

Mh =TNorg x Km * ND

With:

TNorg: humified organic nitrogen stock of the milésing layer (t organic N 3

Km: humified organic nitrogen mineralisation rakg (ineral N / (t organic N * ND))
ND: number of normalised days during a given peabtime

TNorg = Nt * P« Da = (100 — SR)/100

With:

Nt: organic nitrogen rate of the mineralising lafiee earth (%)
P: mineralising layer depth (cm)

Da: fine earth apparent density of the mineralisaygr

SR: stony rate in the mineralising layer (%)

Km = Kmg, * syst

With:

Kmgg standard humified organic nitrogen mineralizatiate

Fsyst increase factor of the quickly mineralisable aiganitrogen pool under the influence of
the cropping system organic restitution modgs:#was set up to 1 in our study.

Kmgy = 22750/((110 + A) * (600 + CaC053))

With:
A: clay rate of the mineralising layer (g/kg)

CaCQ: limestone rate of the mineralising layer (g/kg)
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ND was computed as a function of mean temperatudesail humidity using the following
equation:

ND =" exp(K + (T() = Tref) « Ks())
J

With:

K: coefficient temperature equal to 0,115 (Jeuffamg Recous, 1999)

T(j): mean temperature on day j (°C)

Tref: reference temperature equal to 15°C (COMIFER,1)

Ks(j): water stress coefficient computed on daglipiving the water balance

Mhegpand Mhsp were computed differently for SH_DENS, SH_MASS &BLDS using the
same time periods than those used for both WATER @tors.

Weeds

The indicator related to weed cover (WEEDS) wasneef as the mean of the measurement
described in 2.2.

Shoot density of the establishment year and crep ag

SH_DENS 1 and crop age (AGE) were chosen as praxghles to take into account the
perennial character of the crop: the crop developraegiven year has indeed consequences
on the development on the crop the year after tfirdbe nutrient translocation between the
aerial biomass and the rhizome described by Beald_ang (1997) and Strullet al(2011).

Establishment year

The same indicators of limiting factors were cadteitl to characterize the establishment year
through the shoot density established at the entieofyear (SH_DENS_1) and the tillering
rate (T_RATE). The water balance computation wasdwer slightly different. First, as the
crop above-ground biomass development is postpanédaeduced compared to the following
growth years, we defined by expertise crop coedfits adapted to the establishment years.
Besides, contrary to growth year 2 and 3, we camasstume maximal rooting depth to be
constant during the first growing season: we assutinat rooting depth increased from 20 to
the establishment year maximal rooting depth (80 asndefined in 2.2). For SH_DENS 1,
WATER;.cp Was computed on the whole growing period fromglaatation date (~April )

to the first frosts (~October % For T_RATE, WATER.tr was computed from July**tto
October 18 assuming that emergence was over at the end ef Jun
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Selection of indicators of limiting factors explainng yield and yield
component variations

Indicators of limiting factors involved in yield dryield component variations were identified
with a three-step method. First, yield and yieldnponents were successively related to the
candidate explanatory variables using linear resjpesmodels defined by y ey + ¢1x1 + ...

+ @pXp + € Where y is the response variable (pYIELD, SH_DENSSH_MASS), X, ..., %
are the explanatory variables (indicators of tmeiting factors) andc: is the residual error
term. The mixed-model method (Burnham & AndersofpZ) was used to select the
explanatory variables;x.., x,and to estimate the model parametgjs..., ¢,. The mixed-
model method, already used by Casagragidad. (2009) to identify the main factors limiting
the grain protein content of organic winter wheadnsists in fitting all possible linear
combinations of the explanatory variables by lesgtiare and in computing, for each
combination, the Akaike Information Criterion (Al®@alue (Akaike, 1974) and the Akaike
weight (Burnham & Anderson, 2002).

The Akaike weight was computed for each regressiodels as:

e~ 05(AIC;=AICmin)

w; =
2:" —0.5(AIC; —AICy;
i=1 e ( i min )

Wherew; is the weight obtained for théh combination of explanatory variabledC; is the
AIC value computed for the corresponding model, &h@,,, is the minimal AIC value
obtained among all the possible combinations.

The weightw; is the probability that, given a set of models,delo would be the AIC-best
model (Burnham & Anderson, 2002). The relative im@oce of the variabl is then
estimated byw.(x), the sum of the Akaike weights across all modelshe set where this
variable occurs. The larger. (x), the more important is (Burnham & Anderson, 2002). The
mixed-model method was computed using the packalygX\Vof the R statistical software
(Morfin & Makowski, 2009).

In a second step, stability of the mixed-model modthresults was assessed using
bootstrapping method, as described by Pebstl. (2008) to identify and rank the limiting
factors of wheat yield. The principle of bootstrepto generate a large number of new
datasets from the initial dataset by randomly sargadata with replacement. 1000 bootstrap
samples were generated from the initial datasettlamadnixed-model method was applied on
each sample using the package MMIX of the R stegissoftware (Morfin & Makowski,
2009). For each explanatory variable were comp(dethe frequency of selection of each
variable across the bootstrap samples, (ii) thennoédhe estimated parameters values across
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the bootstrap samples and (iii) the standard dewiatf the estimated parameter values across
the bootstrap samples.

Identification of field and cropping systems charateristics explaining
weed cover during the establishment year

Finally, the selected limiting factors for the ddishment year were related to the field
environmental conditions and to the cropping systerharacteristics. For each selected
limiting factors, we defined a set of field cropgisystems characteristics likely to have an
impact on the selected factor. For instance, reghmleed cover, we selected six variables
which were likely to induce a higher weed pressuréo have an impact on the efficiency of
weed management. DIST represented the distanceebetihe field and the farm. Two
variables characterized the field shape: SURF Herfteld surface and ANGL for the field
number of angles. PREC gave information on the gatieg crop. HUM indicated the
tendency of the soil to be wet or even hydromorpYariables describing weed management
(based on herbicide applications) were not includechuse we could not assess whether the
timing of herbicide application was appropriate whether herbicide treatments were
efficient, and thus relate weed management to weedr. Variables were defined as binary
and rules defining their levels are definedable 2. 5

For each previously identified limiting factors,kameans cluster analysis (Jain & Dubes,
1988) was implemented to identify groups of fiektanding for contrasting levels of the
limiting factor. The clustering algorithm is basaa a sum-of-squares estimation and attempts
to group the fields increasing cluster internal bgemeity and external or between-group
heterogeneity. The number of clusters (i.e. grooip&elds with similar values of a given
limiting factor) was set after assessing the evatuodf the least sum-of-squares as a function
of the cluster number. Then, each variable likelynfluence the studied limiting factor was
used as an explanatory variable in a classificatiea algorithm to identify the variables that
discriminated the k-means clusters. A classificaticee is the collection of many rules
displayed in the form of a binary tree. The clasatfon tree is built following the process
described by Therneau and Atkinson (1997). Bagicédl begin with, a single explanatory
variable is found which best splits the data im0 groups. The data are separated, and then
this process is applied separately to each subpgemd so on recursively until the subgroups
either reach a minimum size (here 2) or until nprnovement can be made.
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Analysing yield gaps between plot yields and commeial yields

The discrepancy between commercial yields andypébds was displayed graphically and the
gap between both yields (C-P YIELD GAP) was com@ws the variation rate between plot
yields and commercial yields as follows:

C —PYIELD GAP = (pYIELD — mYIELD)/mYIELD

We hypothesized that the C-P YIELD GAP could be doe(i) harvest losses and (ii)
measurement methods. Factors likely to cause hdosses were defined by expertise as: the
harvest type (bulk or bales) (HARV), the field suo# (SURF) and the field number of angles
(ANGL). We assumed that the main sources of measemeerror regarding plot yields was
the field heterogeneity (HET) estimated from thglicates. Regarding commercial yields, we
also assumed that fields with a low ratio betweedtiwand length were likely to display a
higher discrepancy between plot yield and machimgdysince the border effect is
proportionally stronger on such fields. Those Jaaa were qualitatively defined following
the rules described ifiable 2. 6 The influence of each variable likely to influen€-P
YIELD GAP was assessed graphically.
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Table 2. 2: Variance analysis on yield —for growtlyears 2 and 3

p-value partial r?

SH_DENS 1.7*10° ek 0.61
SH_MASS 1.6*10° Hork 0.31
AGE 0.054 * 0.07
SH_DENS*SH_MASS 1.4*16 0.03
SH_DENS*AGE 0.34 0
SH_MASS*AGE 0.73 0
SH_DENS*SH_MASS*AGE 0.90 0

total r° 0.96
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Figure 2. 1: Variation in yield as a function of sloot density for growth years 2 and 3.
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Figure 2. 2: Inter-annual relationships between ayields, b) shoot densities and c) shoot

masses.

Circles stand foM. giganteudields with n = GY3 and n-1 = GY2 whereas triarsgbtand for M.
giganteus fields with n = GY2 and n-1 = GY1. Sthtitine stands for the 1:1 line.
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Results

Variations in plot yield and plot yield components
Relationship between yield and yield components wiin one year

Plot yield (pYIELD) was highly variable in this medrk of farmers’ fields, ranging from
2.6tDM ha to 22.4 t DM h# and averaged 12.6 t DM fhapYIELD depended more
strongly on the shoot density (SH_DENS) (p-valué.801 and partial’z0.63) than on the
shoot mass (SH_MASS) (p-value < 0.001 and partie0.82) Table 2. 2. It depended as
well on an interaction between shoot density amabsimass. To a lesser extent, pYIELD
depended on crop age: on the 10 fields where ywalsl measured during the second growth
year (GY2) and the third growth year (GY3), it aaged 11.2 t DM hafor GY2 (range: 2.6—
18.4 t DM h&) and 15.3 t DM hé for GY3 (range: 3.4-22.4 t DM Hy Yield was also
related to the shoot height (p-value < 0.001 andigda®=0.52) but was not related to the
shoot diameter (data not shown).pYIELD increaseth vghoot density until a threshold
estimated around 390 000 shoof$ Rigure 2. 1).

Relationship between yield and yield from two sucasive years

PYIELD reached at the end of GY3 was strongly eslab the one of GY2 (p-value < 0.001,
r’=0.74;Figure 2. 29. Yield components were also highly dependent fmm growth year
to the subsequent growth yedrreached 0.62 for shoot density (p-value < 0.00H) @.78
for shoot mass (p-value < 0.001fidqures 2. 2b and 2c respectively Shoot density
increased more between GY1 and GY2 than between GY@ GY3 as shown on
Figure 2. 2bwhile shoot mass remained stable between GY2 affi(Egure 2. 29.

Yield components of the first growth year

Shoot density established at the end of the firswth year (SH_DENS_1) was not
statistically related to the emerged rhizome dgmsieasured at the end of June (RH_DENS)
(p-value > 0.5) Figure 2. 39. Shoot density depended slightly on the emergeate
(E_RATE) (p-value < 0.001,2%0.17) Figure 2. 3b), but depended very strongly on the
tillering rate (T_RATE) (p-value < 0.001?=0.81) Figure 2. 39. The interaction between
emergence rate and tillering rate was not sigmfidéigure 2. 3d highlights that fields with
similar emergence rates (for instance about 0.7&)ewcharacterized by highly variable
tillering rates (ranging from 3 to almost 12 shqmés emerged rhizomes in the example).
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Figure 2. 3: Variations in components measured dunig GY1. Shoot density measured at
the end of GY1 as a function of a) emerged rhizomaensity, b) emergence rate and c)
tillering rate; d) tillering rate as a function of emergence rate.
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Identification of yield limiting factors during the first two harvested
years

Identification of limiting factors was carried osticcessively on yield (pYIELD), shoot
density (SH_DENS) and on shoot mass (SH_MASKble 2. 3. Estimated parameter
values and standard deviations were similar bedoik after the bootstrap procedure so we
displayed only the parameter values computed hfietstrap. On the opposite, we displayed
the relative importance values computed beforeadiea bootstrap.

For pYIELD, the factors associated with the highesfative importance values were
SH_DENS_1 and WEEDSw,(SH_DENS_) amounted 0.91 whilev,(WEEDS was equal

to 0.92. Withw,(AGE) equal to 0.74, AGE had also some influence. Onatiher hand,
WATERgp and Mhgp had the lowest relative importance values (0.45 @43 respectively).
The probability that these factors appeared inkiést model was thus low and they were
assumed to have little effect on pYIELD. However,(WATERgp) and wi(Mhgp) were
smaller before the bootstrap procedure, highlightimat the results for those variables were
sensitive to variations in the sample data. Thgeaot value for WATERp was large (from
0.4 to 1) but WATERp values lower than 0.65 were recorded in only mdfyears. Besides,
field-year with similar values for WATER (respectively for MBp) were associated with
totally different values for YIELD highlighting thaother limiting factors had much more
impact.

For SH_DENS, SH_DENS_1 was the limiting factor assted with the highest relative
importance value: with w+(SH_DENS_1) equal to lobefand after the bootstrap procedure,
that limiting factor was always selected and ditl depend on the sample data. w+(WEEDS)
amounted 0.72 highlighting the strong relationshgiween WEEDS and SH_DENS. With
w+(AGE), w+(WATERsp and w+(MRp) equal to 0.58, 0.52 and 0.60 respectively, AG& an
Mhsp were slightly related with SH_DENS.

Identification of limiting factors occurring during the establishment
year

The influence of limiting factors was analyzed be shoot density established at the end of
the first growth year (SH_DENS 1) and on the congmbrihat had the biggest influence on
SH_DENS_1: the tillering rate (T_RATEYd#ble 2. 4. On SH DENS_1 as on T_RATE,
w,(WEEDS amounted respectively 0.77 and 0.65 and was thefaator that had a high
relative importance valuev,(WATER;cp) andw,:(WATER;tr) were equal respectively to
0.46 and 0.52 making the variable WATER dependenttlee on-farm design, as Mh
(ws(Mh;cp = 0.57 andv, (Mh11g) = 0.45).
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Table 2. 3: Identification of the factors explainirg yield variability

YIELD SHOOT DENSITY
Limiting factors | Parameter value Standard deviation Relative importance value | Parameter value Standard deviation Relative importance value
W (X) W4(X)
after bootstrap before after after bootstrap before after
bootstrap bootstrap bootstrap bootstrap
AGE 2.97 2.15 0.88 0.74 3.03*1¢ 3.38*1(¢' 0.61 0.58
WATER' -0.767 7.90 0.30 0.45 -7.34*10' 1.46*10 0.44 0.52
Mh’ -0.00757 0.0398 0.29 0.43 1.60*10° 2.10*10 0.60 0.60
Shoot density 1 | 3.78*10° 1.63*10° 0.98 0.91 1.59 0.228 1 1
WEEDS -0.324 0.200 0.97 0.92 -4.70*10° 3.42*10 0.76 0.81

" According to the explained variable, WATER and t#ére computed on different periods of time.

Table 2. 4: Identification of the factors explainirg the variability of shoot density and of tilleringrate established during growth year one

Limiting factors

SHOOT DENSITY_1

Parameter value Standard. deviation

Relative importance value

TILLERING RATE
Parameter value

Standard. deviation

Relative importance value

W,(X) W.(X)
after bootstrap before after after bootstrap before after
bootstrap bootstrap bootstrap bootstrap
Mh 9.95*1C 1.26*10° 0.39 0.57 0.0680 0.0992 0.33 0.45
WATER' -5.82*10 9.37*1C0 0.31 0.46 -0.0265 0.0658 0.27 0.52
WEEDS -9.33%1CF 7.26*1C 0.70 0.77 -0.0403 0.0398 0.55 0.65

" According to the explained variable, WATER was poited on different periods of time.
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Fields were divided into three groups accordinghe value of WEEDS by the k-mean
analysis. Group 1 gathered the 12 fields with tveelst weed cover (mean = 3.9%). The six
fields present in group 2 were characterized byiumedveed cover averaging 28%. Two
fields had extreme weed cover value amounting 9@éfarmed group 3. Tree classification
highlighted that DIST was the first splitting vasia (Figure 2. 5: the two fields located the
furthest from the farm (49 and 13 km) were the bel®nging to group 3,e. the group with
the most extreme weed cover values. Then, HUM aR&Q interacted: most fields of
group 2 were wet fields that had been left as setealands for more than five years before
M. giganteuswvas planted. SURF took part in the splitting psscbut did not influence weed
cover. Three fields out of 20 were described aficdit to manage’ by the farmers. If that
variable was added to the classification treegddme the second splitting criteria after DIST.

From plot yields to commercial yields

Commercial yields were strongly related to plotIdge (p-value < 0.01,%r= 0.72)
(Figure 2. 6. The discrepancy between commercial yields arad pields was however
higher when plot yields increased. Three groupgedti gap intensity were defined by the k-
mean analysis. Group 1 gathered the 13 fields tnéhlowest yield gap which averaged
12.2%. Fields in group 2 (14) were characterizeclmgedium yield gap of 44.6%. Group 3
held only 3 fields but, with an average of 88.7%eWwt were associated to the highest yield
gap. Graphical analysis suggested that small fidielsis with very irregular shapes (number
of angles > 6) and fields harvested in bales teridddthve higher discrepancy between plot
yield and commercial yield, suggesting that thesetdrs induced higher harvest losses
(Figure 2. 7a, b, §. Cutting height had no impact (data not showmnglds with low ratio
width to length (< 0.2) displayed higher yield gasswell, suggesting that yield estimation
from plot yields on these fields was less accudaie to the higher part of the field suffering
from border effectKigure 2. 7d. Yield gap was higher when a farmer owned seVezhls,
confirming that commercial yields were then estedatvith less accuracyigure 2. 7¢. On
the opposite, field heterogeneity estimated froenglot yield replicates did not seem to affect
the discrepancy between plot yields and commendelds (data not shown). However,
variability in each variable level was large andstatistical analysis was conclusive.
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Figure 2. 4. Influence of weed cover: a) evolutioonf weed cover between growth year 1
and growth year 2; b) shoot density as a functionfaveed cover at the end of GY1.

Table 2. 5: Rules defining the value of the factormfluencing weed cover

Factor Level Value
Field distance to the farm  <10km 0
>10km 1
Field surface >=2 ha 0
<2ha 1
Field number of angles =4 0
4 1
Preceding crop Arable crop 0
Set-aside 1
Soil humidity Normal 0
Tendency to be humid or hydromorphic 1
DIsT=0/ DIST=1\
/
/ \ Gr3
/ SURF=1 SURF=0\
PREC=0  PREC=1 HUM=1  HUM=O
Gr1 L »,\\ 1 l‘\‘ Gr2

HUM=0 HUM=1 PREC=0 PREC=1

(o] [o2] [en] [on]

Figure 2. 5: Classification tree of the factors relted to the weed cover measured at the
end of the establishment year.

Boxes indicate terminal nodes with a majority ofnnibers of one group (Grl: low weed
cover; Gr2: intermediate weed cover; Gr3: high wee¢kr)
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Discussion

Are yields overestimated in assessments dedicatexM . giganteus?

Plot yields measured in our farmers’ fields netwaweraged 11.2 t DM Hafor the second
growth year, which is similar to the mean yield dicged with the statistical model derived
from the meta-analysis of Miguezt al. (2008) {.e. 12.6 t DM h&). For the third growth
year, plot yields averaged 15.3t DM “héor the third one,.e. a lower value than the
18.1t DM h& derived from Miguezt al. (2008). In the same way, the average plot yield
value we measured for the second growth year wasmediate between low average yields
measured in different experiments — 3 t DM'imEngland (Richet al, 2008), 4.8 t DM ha

in Northern France (Zutet al, 2011), 5.5 t DM h& in Germany (Clifton-Brown &
Lewandowski, 2002) and 8 t DM Han Austria (Schwarz, 1993)— and high average gield
measured in Poland (15.3 t DM halezowsket al, 2011) or in the United States (16.5 t DM
ha'; Maughanet al, 2012). On the opposite, third year yields repbite the experiments
mentioned here above (16, 18.5, 22, 24 t DM, tia Germany, United States, Austria and
Poland respectively) were higher than the one veemied except for England (11.6 t DM'ha
Richeet al, 2008). Besides these average values, it has twhbced that we observed high
yield variability: plot yields varied from 2.6 t88#4 t DM ha' for the second year and 3.4 to
22.4 t DM h& for the third one. This variability is higher thdre one observed on seven sites
with contrasted soil water availability locatedEngland: Priceet al(2004) indeed measured
second year yields ranging from about 2 to 8 t D&t nd third year yields ranging from
about 5 to 15t DM ha

As Clifton-Brownet al. (2001), Jezowsket al. (2011), Zubet al. (2011) and Gaudest al,
(2012), we found that yields were strongly relatedshoot density. We observed a mean
shoot density of 400 000 shoots™hfor the third year, associated as for yields thigh
variability ranging from 232 000 to 677 000 sholeé. On average, shoot densities reported
in the literature are higher than the mean shoositheand even the highest shoot densities
observed in our study. Except Maugharal. (2012) who reported a mean density of 570 000
shoots h3, Clifton-Brown and Lewandowski (2002), Jezowskial. (2011) and Zulet al.
(2011) reported indeed densities of 650 000, 73D &Ed 740 000 shoots haespectively.
Besides, fields studied here were characterizedamyimportant planting heterogeneity:
several fields include areas with very few plarasgd sometimes any plant at all. This is
different from experiments where missing plants @mmonly replaced after the plantation
year, as described by Clifton-Brown and LewandowR602), Clifton-Brownet al. (2007),
Maugharet al. (2012). On one field out of twenty, rhizomes weven mechanically divided
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Figure 2. 6: Relationship between commercial yieldand plot yields.
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at the end of the first winter in the hope of radgcplanting heterogeneity and increasing
plant density.

Following Jezowkset al. (2011) and Zulet al. (2011), we can regard yields measured in the
third growth year in our farmers’ field network asgood indicator oM. giganteusyield
potential. On the basis of the comparisons hergghbge can estimate that yield estimations
commonly used in assessments dedicatedMt@iganteus— e.g. 12-30 t DM Ha for
Lewandowski and Heinz (2003), 20 t DM héor Styles and Jones (2007), 15-25 t DM'ha
for Smeetset al. (2009) — tend to be overestimated compared to desnfields yields,
especially regarding the highest estimations. Bessithe discrepancy between plot yields and
commercial yields was until now strongly underesti@d: we highlighted that commercial
yields were on average 30% lower than plot yieltheneas Lewandowski and Heinz (2003)
assumed indeed that harvest losses represented df58y matter of plot yield and
Monti et al. (2009b) considered that yields measured undat Gehditions were 15% lower
than yields under experimental plots. Stysal (2008) were closer from our observations
since they assumed that standing yield amounte&2DtoDM ha* and combustible yield to
14 t DM ha'. Lastly, given the large vyield variability obsedvéetween fields, the use of
several assumptions oNl. giganteusyields should be generalized in the assessments
dedicated to the crop.

What are the main yield limiting factors identified in on-farm
conditions?

In our on-farm network of youni. giganteudields, we highlighted that yields were strongly
limited by the shoot density established at the @nithe first growth year: plantation success
appears therefore to be decisive. Youll giganteus crops characterized by a poor
establishment hardly recover in the following grbwears. We also found yield variability to
be significantly explained by weed cover. Similasye showed that the shoot density of the
first growth year was strongly related to the tig rate, and that variability of both variables
was explained by weed cover. As weed competitiaih warly growth ofM. giganteuswas
not monitored from the beginning of the growth seast is difficult to conclude whether
weed pressure decreased yields or whether lowends® enabled weed development. Our
network included fields characterized by high oereextreme weed cover at the end of the
establishment year (e.g. 35%, 44%, 9Hgure 2. 4. On most fields, weed cover decreased
strongly from the second year olt. giganteuscrushing at the end of the plantation year
allowed the development of mulch, which was fedthwy leaves falling during autumn and
winter the years after. However, fields with thghest weed cover at the end of the plantation
year displayed also the highest weed cover thesyaiter Figure 2. 4. As M. giganteuss
known for being poorly competitive with weeds dgrihe establishment year
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Table 2.6: Rules defining the value of the factoranfluencing the gap between
commercial yields and plot yields

Factor Level Value
Harvest type (HARV) Bulk 0
Bales 1
Field surface (SURF) >2ha 0
<2 ha 1
Field number of angles=3,4,5 0
(ANGL) >6 1
Field heterogeneity Variation rate between pYIELD replicates < 20% 0
(HET) Variation rate between pYIELD replicates > 20% 1
Ratio width / length >0.2 0
(WIDTH) <0.2 1
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Figure 2. 7:Variation rate (V_rate) between plot yeld and commercial yield as a
function of: a) Field surface; b) Field number of agles; c) Harvest type; d) Field ratio
width/length; e) Field heterogeneity
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(Lewandowskiet al. 2000), we assume that on the fields with the lsgheed density, weeds
limited shoot tillering during the first year. Wdsa hypothesized that the weed effect
highlighted the years after by the limiting factselection procedure resulted from an
interaction between the poor shoot development thedhigh weed development, which
occurred during the plantation year.

In experimental conditions, several authors repbti@tM. giganteusyields were limited by
water availability. Compariniyl. giganteusand Panicum virgatunon the basis of 21 papers,
Heatonet al. (2004) found that the first crop showed a strorrgeponse to water, while the
second one was more sensitive to nitrogen. Ricttter (2008)showed that, at the United-
Kingdom scale,M. giganteusyields were limited by available soil water capwgcitir
temperature and precipitation. On a single exparin@rried out for thirteen years in
Germany, Gaudeet al. (2012) highlighted that yields were correlatedptecipitation and
concluded that most years, yields were limited katew availability. On our farmers’ field
network, we did not find yields to be limited by teaavailability. It is probably due to the
fact that most fields displayed high soil wateragfy (mean=193 mm; range: 42 — 228 mm).
Only three fields out of 20 were characterized &)/ \®ater capacity lower than 100 mm. Two
of these three fields were located on alluvial gtaoils close to river and probably benefited
from high ground-water level. The last one belotmghe two fields characterized by the
lowest shoot densities and by the lowest yieldsm@ared to Heatoret al. (2004) and
Richteret al. (2008), we explored a narrow spatial climatic &hility since our fields were
located in the same supply area, while, compareGaaderet al(2012), we explored a
narrow temporal weather variability. Comparisonhwidng-term climatic averages highlights
that the years included in our study were charesaerby hydric deficits only slightly higher
(241 and 276 mm in 2009 and 2011 respectively)vendower (143 mm in 2010) than the
mean value estimated over 20 years (222 mm).Owtther hand, as we estimated the water
stress indicator adapting a water balance modelnmoamy used for annual (Sinclair &
Ludlow, 1986; Muchow & Sinclair, 1991; Lecoeur &n8lair, 1996; Soltanet al, 2000) and
perennial crops (Lacapst al, 1998; Pellegrinet al, 2005), it would be valuable to assess
the validity of this indicator foM. giganteus Further research is also needed to characterize
the crop sensitivity to water stress accordinghi® growth stage and to relate soil water
deficit to vegetative growth. Finally, the weighf the plantation success might have
concealed the influence of limiting factors impagtat the annual scale.
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Cropping M. giganteus on marginal lands?

CroppingM. giganteuson marginal lands appears as a way to limit theegoence between
food crops and non-food crops. Although marginahdk are not clearly defined
(Batidziraiet al, 2012), according to the CGIAR, they can referldnds concerned by
biophysical (drying soil, water saturated soil,.etr socio-economic constraints (land legal
status, remote field, etc.) (CGIAR, 1999). In otudy, we highlighted that fields with the
highest weed development were commonly locatedrdan the farm or seen as ‘difficult to
manage’ by the farmers. Those fields were leftf@my years as set-aside lands before the
plantation of M. giganteusand except one, their soil had a tendency to bt awesven
hydromorphic: they combined high weed seed banigpagsical conditions in favor of weed
development. Besides, they display high click l@eptessure, which can decrease emergence
rates if it is not managed (Béjot, pers. comm.jerviews with the farmers showed that they
chose those fields to plakt. giganteusbecause the crop was described as a way to deltiva
fields that were left as set-aside lands, locatesghivironmentally-sensitive areas or fields that
are difficult to manage due to their size, shapesiwvironment in order to decrease the
competition of energy crops with food productiorowéver, results of our study underlined
that such marginal lands may require special carmgl the establishment phase (particularly
regarding weed management). Besides, our studyesteg that small fields and/or fields
with irregular shape could display a higher riskhafrvest losses, reducing the production
potential of that type of marginal lands. Bulk hes¥ also seemed to induce lower harvest
losses than bale harvest. In our study, the distéaetween the field and the transformation
plant determined harvest type since transport cagtshigher foM. giganteusharvested in
bulk. However, we could not assess which factdiecegd the most the discrepancy between
plot yield and commercial yield. Further researah lwarvest losses could therefore be
valuable.
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Conclusion

M. giganteus plot yields averaged 11.2 t DM thaafter the second growth year and
15.3 t DM hé& after the third one but were associated to a kagfability since they ranged
from 2.6 and 3.4 t DM hh (for the second and third year respectively) to418nd
22.4t DM h&. Yields were much more related to the shoot dgrbin to the shoot mass.
Yields were strongly limited by the shoot densisyablished during the first growth year. The
lowest yields were also related to high weed co@aracteristics such as distance from the
farm, preceding crops and soil humidity appearedtimence weed cover. Field size and
field shape impacted harvest losses, which wenenattd to amount 30% of plot yields.
Those results highlighted that growing youlRQ giganteuson farmers’ involves limiting
factors different from those commonly reported he titerature in experimental conditions.
We thus provided interesting findings to feed assents dedicated td. giganteusand to
stimulate the discussions about growing bioenerggson marginal lands.
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Chapitre 3.

Estimation du lessivage de nitrates sous la
culture de Miscanthus x giganteus

Ce chapitre correspond a un article accepté pababl@€hange Biology Bioenergy en
décembre 2012.
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and modellingGlobal Change Biology Bioenergy

60



Chapitre 3 : Estimation de la lixiviation de nitegt sous la culture de Miscanthugiganteus

Assessing nitrate leaching during the three first gars of
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Abstract

Miscanthusx giganteusis often regarded as one of the most promising sctopproduce
sustainable bioenergy. This perennial crop, renaWaeits high productivity associated with
low input requirements, in particular regarding tifesers, is thought to have low
environmental impacts, but few data are availablecanfirm this. Our study aimed at
assessing nitrate leaching froMiscanthusx giganteuscrops in farmers’ fields, thus
including a wide range of soil and cropping systanditions. We focused on the first years
of growth after planting, since experimental stadigave suggested tha@iscanthusx
giganteus once established, results in low nitrate leachiMge combined on-farm
measurements and modeling to estimate drainagehddanitrogen and nitrate concentration
in drainage water in38 fields located in CentretE&ance during two winters
(November 2010-March 2011, November 2011-March 2012

Nitrate leaching and nitrate concentration in daigmwater were on average very low. Nitrate
leaching averaged 6 kg N “havhile nitrate concentration averaged 12 rifg These low
values are attributable to the low estimates oindige water (mean= 166 mm) but also to the
low soil mineral nitrogen contents measured abiginning of winter (mean = 37 kg N'ha
Our results were however very variable, mainly tlughe crop age: nitrate leaching and
nitrate concentration were critically higher duritige winter following the first growth year
of Miscanthusx giganteus reflecting the low development of the crop. Thiability was
also explained by the range of soil and croppingddmns explored in the on-farm design:
shallow and/or sandy soils as well as fields whestablishment failed had a higher risk of
nitrate leaching.

Keywords

Miscanthusx giganteus nitrate losses, on-farm research, soil minertabgen
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Introduction

Miscanthusx giganteus(hereafter referred to &8. giganteu¥is often regarded as one of the
most promising crops to produce biomass for biagnétewandowskiet al. 2000, 2003;
Heatonet al. 2004, 2008a, 2008b, 2010; Hastiregsal. 2008, 2009). This tall C4 perennial
rhizomatous grass from Asia is well-known for proithg high yields with low fertilizer and
pesticide inputs and its long lifespan(Lewandowvetlal. 2000; Heatoret al. 2004; Miguezet

al. 2008; Dohleman & Long 2009). It is therefore expdcto have lower environmental
impacts than annual crops (Powlsenhal. 2005; Roweet al. 2009; Heatoret al. 2010),
particularly regarding nitrogen (N) losses in tm¥ieonment. However, studies assessing the
exact amount of nitrogen lost in the form of®N NH; and NOx emissions or nitrate leaching
in groundwater are scarce. N losses are still ggortant consideration when appraising the
overall sustainability of producing bioenergy frdvin giganteus

Decreasing the risk of nitrate leaching involvestdremanagement of the nitrogen cycle,
increasing the use of available nitrogen by cropd geducing soil nitrogen content at the
beginning of winter. Fertilizer requiremendf M. giganteusare less than for other crops
(Beale & Long 1997; Cadougt al. 2012). Compared to annual crops (most of which are
harvested during summeny). giganteuscan still take up mineral nitrogen during autumn,
before the period of heavy rainfall and/or low ed@gnspiration (in the ecological conditions
prevailing in Europe).e. when the risk of leaching increasé@is late N uptake (associated
with the uptake of water over a longer period th@mannual crops) as well as the extensive
rooting system of the crop (Neukirchenal. 1999; Monti & Zatta 2009) could then limit the
risk of nitrate leaching during the winter (Powlsgtral. 2005; Roweet al. 2009).

However, few references are available on this dsBeale and Long (1997) examined nitrate
leaching over a year with deep drainage lysimateder a three-year-oldl. giganteuscrop
and measured nitrate concentrations averagingri@.I*. Christian and Riche (1998) studied
nitrogen leaching with porous cups during the tHiesg growth years and found that leaching
was low whenM. giganteuswas unfertilized, except during the first winteslléwing
planting, when N losses were almost ten times greaaan those measured in the following
years. In the same experiment, Christral. (2008) observed a ten-year mean leaching of
22.4, 26.7 and 62.9 kg N hawhen M. giganteusreceived 0, 60 and 120 kg N ha
respectively. This experiment also suggested &ehigisk of N leaching during the year
following crop establishment. Mclsaat al (2010) observed with lysimeters that annual
nitrate losses from unfertilize®l. giganteuswere similar to those observed in unfertilized
switchgrass Ranicum virgatum and far smaller than under maize (fertilized wit68 or
202 kg N h&) rotated with unfertilized soybean. Smigh al. (2013) highlighted with tile
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drains and resin lysimeters that nitrate leachmiyli giganteusdecreased with crop age but
decreased more slowly in case of establishmentgmob

All these experiments provide information on N lkeag but do not cover the range of
environmental conditions and cropping systems whdrgiganteusmight be grown. In
particular, they do not account for the variablig, ®timatic and growing situations existing in
agricultural conditions. They are based on lysimgtdrained perimeters or ceramic cups,
which provide direct measurements of nitrate flwessl/or water fluxes but cannot be
installed on a wide range of sites. Soil cores g®wnformation on soil nitrogen and water
contents but not on fluxes. Standard crop modeispecadict water and nitrogen fluxes below
the rooting zone but they require many data todrameterised with good accuracy and their
predictive capacity is often poorly characterigdddwever, nitrate leaching simulation models
such as LIXIM (Maryet al. 1999) allow water and mineral N measurements todmeerted
into water and nitrate fluxes and are well adaptedccount for variable soil, climatic and
growing situations. Our study aimed therefore akasing the risk of winter nitrate leaching
during the first growth years d¥l. giganteusin a wide range of agricultural conditions,
combining soil samplings on 38 farmers’ fields déinel use of LIXIM.
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Table 3. 1 : Characteristics of the farmers’ fieldnetwork

Planting | Preceding crop Sgil %claﬁ-* % sand Maximum | Number
year type sampling | of fields
depth (cm)
2009 | Set-aside C 46 12 120 2
(grassland) cC 37 25 40 1
A 24 37 40 1
LC 32 14 120 1
L 21 22 120 3
Annual crop C 48 8 120 4
CcC 34 4 70 1
A - - - -
LC 35 24 120 3
L 31 12 120 3
2010 | Set-aside C 42 11 120 1
(grassland) CcC a7 12 80 1
A 14 60 110 1
LC 34 15 120 2
L 25 18 120 4
Annual crop C 51 11 120 3
CC 30 31 50 1
A 28 28 65 2
LC - - - -
L 27 18 120 2

"C: clay soil; CC: calcareous clayey soil; A: allavisoil; LC: loamy clay soil;
L: hydromorphic loamy soil.
” Mean value in the 0-120 cm layer.

64



Chapitre 3 : Estimation de la lixiviation de nitegt sous la culture de Miscanthugiganteus

Materials and methods

Description of the farmers’ field network

We investigated a set of 38 farmers’ fields locatedBurgundy (Centre-East France) in a
3000 knf area ranging from 46°54’ to 47°37' N and from 4°225°46’ E (Table 3.1). The
field survey was carried out during two growing s@a and two winters: winter 2010-2011
(hereafter referred to as Period 1) and winter 22012 (Period 2). 19 fields were planted
with M. giganteusin spring 2009 and 17 fields in spring 2010, afteo kinds of preceding
crops: annual crops (wheat, corn or sunflower) setdaside (meadows established for more
than five years). The fields covered five solil typgepending on depth and texture.

Fields were planted mechanically with rhizomes ahgities ranging from 1.53 to 2.51
rhizomes per mM(mean = 1.93 rhizomes ™ The crops were chemically protected against
weeds during the year of establishment and in do®rsd year, before the first regrowth.
When necessary, fields were also weeded beforeeitmnd regrowth. 33 of the 36 fields were
unfertilized. The three remaining fields were feréid with about 30 kg N Rain March or
April. Shoots were not harvested at the end ofestablishment year but were crushed at the
end of December. During the following years, fieldesre mechanically harvested in late
March or early April.

Measurements

Soil mineral nitrogen (snM),e. soil nitrate (SN) and soil ammonium (SA), alonghasoil
water content (SWC), were measured five times 210 to 2012 at the end of winter, after
harvest (in March 2010, early April 2011 and latarkh 2012) and at the beginning of winter
(in mid-November 2010 and 2011). Samplings werecentrated within a short time period:
the delay between the first and the last sampkdddidid not exceed nine days and averaged
five days. Soil cores were collected down to 120ncaximum with a hydraulic coring device
(auger diameter = 2 cm). Each core was split iato fayers (0-30, 30-60, 60-90, 90-120 cm).
Composite soil samples were made by mixing 10 cooélscted across the field. The samples
were frozen until extraction and subsequent aralyditrate and ammonium were extracted
using a KCI solution (1 M) and analyzed by contiasidlow colorimetry. A soil subsample
was weighed and dried for 72 hours at 105°C andigegtric water content was estimated by
measuring the weight loss after drying.
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Figure 3. 1: a) Total soil mineral nitrogen (kg N &™), b) Soil nitrate (kg N ha'), c) Total
soil mineral nitrogen for fields which were set-agsle before the plantation of
M. giganteus (kg N ha'), d) Total soil mineral nitrogen for fields wherearable crops
were grown before the plantation ofM. giganteus (kg N ha?).

0_EW: end of winter 2009-2010, 1_BW: beginning ahter 2010-2011, 1 EW: end of
winter 2010-2011, 2_BW: beginning of winter 20111202 EW: end of winter 2011-2012
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On 20 of the fields, shoot density was measurdtdeatnd of the growing season on two 25
m? plots including sixM. giganteusrows. These plots were randomly sited but preoasti
were taken to avoid field borders and extreme faglkehs that were not representative for the
field.

LIXIM model

LIXIM (Mary et al. 1999) simulates both water and nitrate fluxes aflssand allows
calculation of nitrogen mineralization and leachingare soils, assuming that these are the
dominant processes affecting nitrogen. The modglbdeen successfully assessed in various
field experiments with bare soils(Justetsal. 1999; Maryet al. 1999). SinceM. giganteus
does not take up nitrogen or transpire during wjniteean be likened to a bare soil during the
period considered here (from late autumn to egolyng). LIXIM is a layered, functional
model with a daily time step. Input data are SW®, &d SA measured in soil cores,
standard meteorological data and simple soil claratics: bulk density (Da), water content
at field capacity €c) and water content at wilting poindu). Two parameters can be
estimated by fitting the observed and simulated S&& SN in each soil layer at the end of
the time interval: the ratio of actual to potengabpotranspiration (k) and the potential rate of
mineralization (Vp). In this study, we set k at@.&@vhich is a common value for a bare soil
(Mary et al, 1999) and fitted Vp for each field.

Step 1: characterizing and explainingthe variabiliy of soil mineral
nitrogen across fields during the first growth yearof M. giganteus

We focused our analysis on the soil mineral nitrogeeasured at the beginning of winter
(snMsw) since it is a key variable to assess the riskitfte leaching during winter. The
analysis of variance with a mixed model (R DeveleptnCore Team, 2008, version 2.14.2,
package Ime4) was used to study the effect of s@é and crop characteristics (age,
preceding crop) on snid.. A mixed model was used with soil type (SOIL), mr@ge (AGE)
and preceding crop (PREC) as fixed effects whigddfiand year were defined as random
effects:

SNMaw = it +01AGE + a,PREC +a3SOIL +BPREC:SOIL 45 + 7y, + ¢

Where p is the intercepty, oz as, B are unknown parameterg;andyy stand for the random
effects associated with the field and year respelgtiand follow a normal distributiop =
N(O, or) andyy = N(O, oy); € is the error terms = N(O, ). Significance of the fixed effects
was assessed and partfalie. ¥ estimated including only the fixed effects, weoenputed.

For fields where shoot density was measured, anskeanalysis was carried out using shoot

density instead of crop age.
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Simulated values were obtained with LIXIM. The donbus lines are the 1:1 lines.
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Step 2: nitrate leaching assessment with LIXIM

snM and SWC measured at the beginning of winteewsed as initial values to run LIXIM.
Weather data (daily rainfall, potential evapotraregmn and air temperature) were collected
from two Meteo France weather stations (Ouges, '8104E - 47°1538” N, and
Chamblanc, 5°04°'41” E — 47°15’38” N) and two stats set up for the study in Lucenay-le-
Duc (4°29'53" E — 47°36'22” N) and Chissey sur be (5°44'12" E — 47°01'37” N). The
data used for each field were taken from the ctoseather station, which was always within
20 km. Input data for soil characteristics weranested for each soil layer through direct
measurements (soil moisture at field capadity or using pedotransfer functions (soll
moisture at the wilting poirfly, and bulk densitypa). 6. was estimated as the mean value of
SWC measured at the end of winter, assuming thist were at field capacity at that period
of time. We considered this assumption as acceptibte the mean SWC value was closed
to the maximum SWC value observed during the st@ghywas calculated using information
about soil texture and a pedotransfer function neefi by Bruandet al (2004). Da was
estimated similarly and was then corrected by ttmpgrtion of pebbles. The depth below
which drainage and leaching occurred was set as@ibn of crop age: 90 cm for one-year-
old crops and 120 cm for two-year-old crops. Thepth can be compared to the maximum
rooting depth, which was measured on soil trenahesne fields covering the range of soil
types and crop ages of the on-farm network: we dotlnat rooting depth did not exceed 75
cm for one-year old crops. In fields where the damgpsoil depth was less than 120 cm due
to mechanical constraints, the rooting depth wasaseghe mean sampling depth estimated
from all the measurements on that field. The othedel parameters.e. the maximum soill
depth contributing to water evaporati@d@ and contributing to N mineralizatiodm were
determined using references from Matyal. (1999).

We tested the ability of LIXIM to simulate the SWADd SN measured in late winter for all
fields by comparing fitted values to observed vall&e also computed the root mean square
error and the mean relative error. A sensitivitglgsis was made on the effect of varying the
ratio of actual to potential evapotranspiratid) ¢n drained water, leached N and nitrate
concentration in drained water, by varyingoy+20% (0.48&k<0.72) and +50%
(0.3£k<0.9).

For each field and each winter, the amounts ofnéchiwater (DRAIN) and leached nitrate
(QLN) and the mean concentration of nitrate in ¢inained water (CLN) were calculated
using LIXIM. The influence of soil type and croppgirsystem characteristics (crop age,
preceding crop) was studied through analysis abmae using a mixed model with field and
year as random effects (R Development Core Teafi§,2rsion 2.14.2, package Ime4).
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Table 3. 2: Sensitivity analysis of water drainageand N leaching to variation in k
(k=0.60). Variations of drained water, N leached anfNO3] as a function ofk are shown.

K DRAINED WATER N LEACHED [NO3]
(mm) (kg N ha®) (mg 1M
0.30 (-50%) 21% 33% 23%
0.48 (-20%) 8% 7% 7%
0.72 (+20%) 7% -10% 5%
0.90 (50%) -13% -20% -9%

Table 3. 3: Factors influencing leached nitrate, deinage and nitrate concentration in

drained water

DRAINED WATER N LEACHED [NO3]
(mm) (kg N ha") (mg I

FIXED . . .
EFFECTS p-value partial 7 p-value partial¥ p-value partial ¥
Age 7.7¥10° =+ 036 |1.2¢10° *=*  0.24 [1.3*10° *>*  0.37
Soil 6.6*10° **  0.28 |6.6*10° ** 045 |1.5%10* **  0.35
Preceding Crop 0.11 - 0.023 * 0.05 0.12 -
Preceding Crop | 0.0026  ** 0.20 5.8¥1F *+* 0.25 0.0050  ** 0.24

: Soil
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Results

SMN measured at the beginning of winter

For all fields and all soil samplings, SMN averag@ikg N ha (Figure 3. 19. Between
sampling dates, mean SMN varied little, from 31Ndha* (beginning of winter 2011) to
43 kg N hd (end of winter 2011) on average. SMN varied gyeb#tween fields, ranging
from 9 to 100 kg N haat the beginning of winter 2010 and from 12 tok&3N ha' at the
beginning of winter 2011. However at each date ntloa@ two thirds of the fields had SMN
below 50 kg N ha. On average, SMN consisted of half nitrate anfl&amonium.

SMN measured at the beginning of winter (SMNis an indicator of nitrate leaching risk,
and was strongly dependent on soil type (p-value2*10* partial f = 0.45). It was also
significantly linked to crop age (p-value = 0.0043ytial f = 0.14), and weakly to preceding
crop (p-value = 0.071, partiat # 0.06) and the interaction between soil type preteding
crop (p-value = 0.062, partiaf = 0.16). In both years, calcareous clayey soil€)(@nd
alluvial soils (A) had the highest SM (on average more than 40 kg N™hawhile
clay soils (C), loamy clay soils (LC) and hydromigloamy soils (L) had SMpy values
ranging from 10 to 60 kg N Ha(Figure 3.2). L soils had the lowest soil mineral N conterits a
the beginning of winter. On the first two samplifates (end of winter 2010 and beginning of
winter 2011), fields that were set aside before glaating of M. giganteustended to have
higher SMN but this effect disappeared at the fwihg samplings Figure 3. 1c and d.
SMN decreased when crop age increased, particulatlyeen the first and the second growth
year. The decrease was more variable between toadand the third growth yedfigure

3. 3. In the twenty fields where shoot density was soead, SMNMw was negatively
correlated with shoot density (p-value = 0.035tipar* = 0.06).

Assessment of the ability of LIXIM to simulate soilwater content
(SWC) and soil nitrate (SN) in late winter

LIXIM was able to reproduce the soil water contés¥VC) and the soil nitrate content (SN)
measured in late winteFigure 3. 4). The root mean square error was 35 mm for SWC and
8.3 kg N h& for SN. The goodness of fit as a function of sigipth was good for SWC (data
not shown). For SN, the goodness of fit was goadie 0-30 cm (mean observed SN = 9.9
kg N ha', mean simulated SN = 9.3 kg N'Hand the 30-60 cm layers (mean observed SN =
7.0 kg N hd, mean simulated SN = 7.4 kg N'Hand decreased for the deeper layers, 60-90
cm and 90-120 cm. This result was consistent withrhodelling approach since simulated
SN was highly dependent on the fitted potentiad tN mineralization, while the maximum
soil
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Figure 3. 5: LIXIM simulation results: a) drained water, b) leached nitrate and ¢) mean

nitrate concentration in drained water
Period 1: winter 2010-2011; period 2: winter 201011-2.
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Figure 3. 4: LIXIM simulation results as a function of soil type: a) drained water; b)
leached nitrate; ¢) mean nitrate concentration in dained water; d) potential N
mineralization rate.

A: alluvial soil; C: clay soil; CC: calcareous clysoil; L: loamy soil; LC: hydromorphic
loamy soil.
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depth contributing to N mineralization did not eede86 cm. SN tended to be over-estimated
in the 60-90 (mean observed SN = 3.0 kg N,maean simulated SN = 5.5 kg N'Haand 90-
120 cm layers (mean observed SN = 1.1 kg N hzean simulated SN = 1.9 kg NHa

The analysis of sensitivity to(the ratio of actual to potential evapotranspiratishowed that

it had little influence Table 3. 2. The amounts of drained water and leached N la@dnean
nitrate concentration decreased wikencreased and vice-versa. Whedecreased by 20%,
drainage, leached N and nitrate concentration asae by 8%, 7% and 7% respectively. The
biggest variation in these three output variablas wbtained for a 50% decreasé:idrained
water and nitrate concentration increased by aB@ét and leached N increased by 33%.
However this low value ok (0.30) is unlikely. We concluded that the nitratecentrations
simulated by the model were not very dependent eadenparameterization and can be
treated with confidence.

Water drainage

The amount of water drained below the maximum sargpmlepth was variable between years
(Figure 3. 5. The mean value was 216 mm during the first wi@10-2011 and 115 mm
during the second winter 2011-2012. This is mathlg to the weather, since the first winter
was wetter than the second (for instance 295 mmugeR57 mm at the Ouges weather
station, compared to 263 mm for the long term ayestimated over the past twenty years).
Between-field variability of drainage was high dwgiwinter 2010-2011 (range: 145-355 mm,
sd = 48). Only two fields had drainage above 300.riimey had A soils and the high
drainage was due to the high proportion of sandhese soils. Drainage was even more
variable during the second winter 2011-2012 (raf®g856 mm, sd = 83). Four fields stood
out: the highest values, above 300 mm, were foanitheé two previously-mentioned fields;
two fields had no drainage. Drainage fluctuatediado50 mm in eight fields.

Analysis of variance, with year as a random effskhgwed that drained water was influenced
by soil type, crop age and the interaction betws@htype and preceding cropgble 3. 3.
Drainage decreased with older crops, which carelaged to an increase in crop transpiration
due to the higher biomass produced when crop agedsed.
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Nitrate leaching

N leaching varied greatly between sites and ydagu(e 3. 5. During the first winter, the
amount of leached N averaged 11 kg N Haut ranged between 0.1 and 85 kg N:;180% of
the fields had N leaching of less than 20 kg N.Hauring the second winter, the average
amount of leached N was much lower (average 2 kgl 95% of the fields lost less than 5
kg N ha’. The amount of leached N was found to be infludnbg weather, soil type
(Table 3. 3; Figure 3. § and crop ageT@ble 3. 3; Figure 3. J. Two soil types exhibited
higher nitrate leaching: A soils and, to a less¢em, CC soils. They represent the shallowest
soils and, according to the model outputs, shoalkehthe greatest potential mineralisation
rate Figure 3. 6. Leached N decreased when crop age incredsgdré 3. 7). The lower
rainfall observed during the second winter 201120fluenced the decrease in leached N.
However, variance analysis with year as a randdetietflemonstrated the significant effect
of age Table 3. 3. Unlike drainage, the preceding crop had a sicgmit effect on N
leaching, in addition to soil type and the intei@ttbetween soil type and preceding crop
(Table 3. 3.

Nitrate concentration of drained water

Nitrate concentration in drained water averagech®0NQ; |I* during the first winter and
ranged from 0.2 to 116 mg NO™ (sd = 24 mg N@ |I™") (Figure 3. 5. The concentrations
decreased during the second winter, ranging fram42 mg NQ@ I with an average of 4 mg
NOs It (sd = 10 mg N@ I). They were all below the European threshold offBING; |,
15% of the fields were close to or exceeded thesttwld during the previous winter. Nitrate
concentration was significantly influenced by dgipe and an interaction between soil type
and preceding cropTéble 3. 3. It was also markedly dependent on crop age igbaft=
0.37): the concentration was much lower in oldepsr(two or three years old) than in first
year cropsKigure 3. 7).
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Discussion

The aim of this paper was to assess nitrate legathiming the first establishment years of
M. giganteus Our study was based both on a farmers’ field ndtvio measure soil mineral
nitrogen and soil water content and on a modeinmilate nitrate leaching during winter from
the measured data before and after winter. Ouroagprrelied on a large number of actual
farmed sites rather than on a limited number ofeexpental sites with numerous replicate
measurements, our aim being to give an accounhefetween-field variability, which is
scarce in the literature oM. giganteus Direct measurements of water and nitrate fluxes
through lysimeters or drained perimeters could obsiy not be used in our situation.
Ceramic cups would have provided information omabé concentration but not on water
fluxes and could not have been installed on allfislds. Combining soil core samplings and
the use of a model to convert measurements inte$lwas therefore a suitable approach
which allowed us to quantify not only the amount Mfleached but also the nitrate
concentration of the drained water. The amount tdd¢hed is an important criterion because
it is both a potential pollutant and a valuableotese. However, in the context of the EU
limit for drinking water of 50 mg1, it is also relevant to consider nitrate conceitra As
mentioned by Gouldingt al. (2000), although it is likely that nitrate in dnad water leaving

a field will be diluted or denitrified ‘between dinaand stream or soil and aquifer’, it is
appropriate to take the EU limit as a target.

Nitrate leaching assessed in our study was on geerary low. It was much greater during
the first winter 2010-2011 (average =11; min=0.1axm 85 kg N h#) than during the
second, 2011-2012 (average = 2; min=0; max= 34 kgi). The reduction between the two
years could be mainly attributed to the age ofcttog but to also to the effect of weather. The
nitrate concentration calculated in drained wateraged 12 mg™ in our study but varied
from 0 to 106 mgt over sites and years. Christianal. (2008) found that the 10 year-mean
N winter losses increased from 22 kg N'imaunfertilized crops to 63 kg N Ha crops
receiving 120 kg fertilizer-N hh These average values are strongly influencechéypeak
value of 154 kg N hHa measured during the first winter after establishinevhich was
attributed to previous agricultural practices amévy winter drainage (Christian & Riche,
1998). The results of Mclsaaat al. (2010) are much more comparable to ours since they
measured annual nitrate losses (from spring tmgpeveraging 3 kg N Hay ™. Christian and
Riche (1998) observed nitrate concentrations awuegab? mg 1 during the first three growth
years, which is very close to our findings, whileaBe and Long (1997) measured a slightly
higher concentration averaging 18 my On a watershed scale, Mg al. (2010) used a
M. giganteuscrop model combined with a hydrological model tmw that introducing the
crop into a watershed can decrease the nitrate Waen 10, 25 or 50% of the farmed area
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was converted tdM. giganteus(with 90 kg N h&#as fertilizer) instead of a corn/soybean
rotation (with 190 kg N Haapplied on corn), nitrate load decreased by 6% &nd 29.5%
respectively. In contrast, using the same modé@st al. (2010), Wu & Liu (2012) found
that converting 10% of cornfields td. giganteusin a watershed did not affect the nitrate
load while converting all the native grassland bé tsame watershed thl. giganteus
increased the nitrate load by 5%.

All these results are clearly lower than the averagses usually measured for conventionally
managed arable crops. For instance, Beaugtadh (2005) used LIXIM in northern France on
cropping sequences based on winter rapeseed, weneals, spring pea and sugar beet. They
found that a mean amount of leached nitrate of @ Nkha' (with a range of 16 to 50 kg N
ha' according to the soil, and 11 to 42 kg N'tecording to the crop). Those losses lead to a
mean nitrate concentration of 49 mwith a range of 31 to 92 mg laccording to the soil
type and of 32 to 80 mg'laccording to the crop. Constantit al. (2010) found that
conventional farming systems in northern Franceitooed over 13-17 years lead to a mean
nitrate concentration varying from 53 to 109 my Likewise, on 256 fields located in
Germany, Niedeet al. (1995)estimated with a model that leached N rarfgen 16 kg N

ha' for sugar beet to 88 kg N idor maize, and 20-40 kg N fifor cereals. Stopest al.
(2002), comparing organic and conventional farmfiognd leaching losses of 46 kg N*ha
for an organic clover-based ley-arable system, §8\kha' for a conventional long-term
arable system and 57 kg N'héor conventional long-term grass. On the long-t@&madbalk
experiment, Rothamsted, UK, mean amounts of N E@&dhom continuous winter wheat
fertilized with an optimum amount of 150-200 kg B'hwere about 30 kg N Habut ranged
from 10 to 60 kg N Haunder the influence of the weather (Gouldétgl, 2000).

Basically, low nitrate losses may be due to lowl sdrogen content at the beginning of
winter and to low drainage during winter. Nitratencentrations are reduced by low soil
nitrogen content but are also reduced by high dgandue to a dilution effect. In our study,
drainage averaged 166 mm but differed severely detwperiod 1 where it was about 216
mm and period 2 with an average of 115 mm. It wes much more variable during period 2
(0 to 356 mm), than during period 1 (145 to 355 mB®audoinret al. (2005) estimated with
LIXIM higher drainage values that averaged 231 n2df9(to 263 mm according to soil type)
while Constantiret al. (2010)measured with a lysimeter drainage of aB60tmm with catch
crop (94 to 563 mm according to the site) and 21thout catch crop (120 to 593 mm).
Gouldinget al. (2000) observed on the Broadbalk long-term exparinael0 year-mean of
245 mm (range: 111 to 474 mm). Drainage as estamateour study was thus rather low.
Nevertheless, besides drainage, nitrate lossesastl in our study can also be related to the
small amount of soil mineral nitrogen measured (SMNthe beginning of winter. Total soil
mineral nitrogen (SMN) that we measured in lateiaut averaged 42 kg N fidor the first

period (winter 2010-2011) and 31 kg N hfor the second one (winter 2011-2012). These
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average values were lower to those found by Beauwgtal. (2005) in northern France where
total SMN for different arable crops averaged 55\kba’. Furthermore, SMN in our study
consisted of half nitrates and half ammonium, waer&MN contained only 17% of
ammonium in theirs.

The low average values observed for SMN at thenmégg of winter were associated with
high variability: from 9 to 100 kg N Hafor the first period and 12 to 83 kg N héor the
second. The same high variability was observedefached nitrate (from 0 to 85 kg N Ha
and nitrate concentration (from O to 106 mb.|Values reported in the literature are
commonly variable but to a smaller extent. Foranst, Beaudoirt al. (2005) observed
SMN ranging from 40 to 64 kg N Haaccording to the soil type and from 40 to 95 kg
according to the crop, 95 kg N hkeing observed after a pea crop. Likewise, Niedeal.
(1995) simulated N leaching ranging from 16 to @M ha® according to the crop. The
presence of very low SMN in our study could be tlueghe studied crop and to the soils
included in the on-farm desigM. giganteuswas mostly unfertilized whereas it might still
absorb nitrogen until late in autumn through areesgive rooting system (Neukirchenal,
1999; Monti & Zatta, 2009). Moreover, as it is agmial crop, it is likely that the lack of
cultivation in the second and third years reducedenalization of soil organic matter, as
suggested by Christian and Riche (1998). Besidason-farm design included some with
very loamy hydromorphic soils where N mineralizatie presumably low. On the other hand,
high SMN was found on deep clay soils and calcaetayey soils deeper than 80 cm, where
mineralization rates were higher. The on-farm desatso included fields where the crop
failed to establish, resulting in very low shoonsiéies of less than 15 shoots’ntompared
with an average of 35 shoots’rand a maximum of 60 shoots’on the densest crops. Those
fields with low shoot densities also had higher SMthich may have been due to low
nutrient uptake due to the poor growth of the c@mithet al. (2013) highlighted as well that
establishment problems M. giganteuscaused a lag in nitrate leaching decrease.

Our results show a strong influence of soil typesiBes the effect of the mineralization rate
on SMN mentioned above, soil type also influend¢edamount of drained water: the soil with
the highest sand contents had the highest amountrashed water. As these soils also
exhibited the highest mean amount of leached Ny thed the highest mean nitrate
concentration. The influence of soil type was samilo the observations made by Nieder
et al(1995), Boniface (1996), Simmelsgaard (1998) anduBleinet al. (2005) on annual
crops: deep clayey or loamy soils experience lomtate leaching than shallow soils, in
particular when the latter have a high sand cont¢iederet al. (1995) estimated in Germany
N leaching averaging 16 kg N héor coarse soilsi.€. sandy soils) and 63 kg N fdor fine-
textured soilsi(e. silty, loamy and clay soils). The relative diffeces between soils were
said to be smaller for concentration than for l@aghwhich may result from dilution by

water in shallow and/or sandy soils (Simmelsgadr@98; Beaudoinet al, 2005). We
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observed that phenomenon, but the difference mteitoncentrations between the shallowest
soils of our study (CC and A) and the others walssagnificant. It is interesting to note that
the soils with the lowest N leachinigg. deep clayey or loamy soils, were also the onels wit
the highest shoot densitie®. the ones where we can expect the highest yields.

Besides soil type, we also noticed an effect opcage, which can be related to the crop
development: during the first year of growth, shdensity and plant height remain low,
leading to a smaller nutrient and water absorpt@hmristian and Riche (1998) also found that
N losses decreased when crop age increased. Diméngrst winter following planting of
M. giganteuswithout fertilization, they observed losses of 16¢ N ha'. That amount
decreased to 8 and 3 kg N hduring the two following winters, which is similao the
dynamic observed in our study. However, in our gtide amount of nitrate leached during
the winter after establishment averaged only 1NKeg" (min=0.1 kg N h&, max=85 kg N
ha'). Yet, Christian and Riche (1998) mentioned thetvipus agricultural practices.d.
long-term grass four years earlier and incorponatib bean residues) may have induced a
high rate of N mineralization. Besides, drainageanted to 478 mm during the first winter
of their experiment, while it averaged 200 mm im study. In the following winters drainage
was closer to what we estimated: 262 and 150 mnmstgan average of 166 mm in our study.
Christian and Riche (1998) observed a mean nitrateentration of 32 mg'lfor the first
winter and of 3 and 2 md lfor the following two. Due to the difference iraifiage, the mean
nitrate concentration we estimated for the firsttef was very similar to theirs (31.3 md).|

In the winters after the second and third yeargrofvth these concentrations were about 7
and 3 mgt respectively, which is also similar to their vaue
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Conclusion

Combining nitrate and water content measurement36ofields with the use of the LIXIM
model to estimate nitrate and water fluxes, oudytconfirmed that growingW. giganteus
results in low N leaching during the first yearsgodwth, strengthening the idea that the crop
is associated with a low risk of groundwater padintby nitrates. Estimated mean nitrate
concentration averaged 12 mdg, Ifar below the European limit of 50 mg.We also
confirmed that the highest risk is in the first ye& growth, when crop development is at its
lowest.

Although we showed that nitrate leaching was lonwagarage, we also found that it was very
variable. The variability was not only associatethverop age but also with soil type and
crop development. Unlike earlier experimental stadon M. giganteus, our on-farm design
included a wide range of soil types and growingditbons. Deep loamy or clayey soils

exhibited the least N leaching. Conversely, we tbtimat the risk of N leaching was the
highest in two situations: (i) in fields with shall and/or sandy soils and (ii) when crop
establishment fails. As fields with shallow andéandy soils have low available soil water,
they have also a higher probability of establishii@ifure.

Except for those risky situations, our study canéd that regarding nitrate losses,
M. giganteus has a better environmental profilenthanual crops. Available comparisons
with other perennial candidate bioenergy crops sagkwitchgrass or short rotation coppice
suggest that those crops present the same advantégrens of N leaching as M. giganteus
when they are unfertilized (Makeschin, 1994; Aramsst al., 2000; Aronsson & Bergstrom,
2001; Mclsaac et al., 2010). However the nutriequirements of those crops are commonly
said to be higher than those of M. giganteus (Leloarski et al., 2003; Powlson et al., 2005;
Heaton et al., 2010). Furthermore, recent findirsgggest that N20O emissions from
M. giganteus are also low (Drewer et al. 2012; @awd al. 2012), confirming that the crop is
associated with low N losses into the environmevitjch strengthens its potential as a
bioenergy crop. Besides, Gopalakrishnan et al.Zp8iggested that bioenergy crops such as
M. giganteus could also be grown in buffer striggaeent to current agricultural crops. With
such a spatial configuration, the bioenergy cropslc reuse nutrients present in runoff and
leachate from the conventional row-crops, thuswatlg energy production while providing
environmental services.
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Abstract

Miscanthusx giganteusis a perennial grass that is considered to hawegla feedstock
potential for bioenergy production. Assessmenthat potential is however highly related to
the crop yields and to their change through the tifetime, which is expected to be longer
than 20 yearsM. giganteusis known to have an establishment phase duringtwhnnual
yields increased as a function of crop age, folldbwg a ceiling phase, the duration of which
is unknown. We built a database including 16 Euappeng-term experiments (i) to describe
the yield evolution during the establishment aral ¢kiling phases, (ii) to determine whether
M. giganteusceiling phase is followed by a decline phase wiyegkels decrease across years.
Data were analysed through comparisons betweert af sgatistical growth models. The
model that best fitted the experimental data inetud decline phase. The decline intensity
and the value of several other model parametec$) as the maximum yield reached during
the ceiling phase or the duration of the establesfinphase, were highly variable. The highest
maximum yields were obtained in the experimentatied in the Southern part of the studied
area and the duration of the establishment phasestvangly related to the establishment
method. Since energetic viability and profitabildfM. giganteushinge critically on yields,
these results could be integrated in further agsessworks.

Keywords

Miscanthusx giganteus perennial crop; meta-analysis; yield trend; yiédatline; bioenergy
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Introduction

Miscanthusx giganteuss a perennial C4 rhizomatous energy crop origigatom Southeast
Asia (Lewandowskiet al, 2000). It is known for its high yield potentiahc low input
requirement (Lewandowslat al, 2000, 2003) M. giganteushas been studied as an energy
crop since the mid-1980s, mostly in the EuropeanotnLewandowskiet al, 2003).
According to (2000), the crop is characterised byiedd increase during an establishment
phase, lasting three to five years, followed b#irgg phase with stable yields. Miguekal.
(2008) quantified those two phases using a metbsinathey described the growth of
M. giganteusover years with a logistic function and estimatieal it takes between three to
five years to attain mature yields. Once maturégiare reachedl. giganteuds expected to
have a plantation lifetime of 20-25 years (Lewanskivet al, 2000). However, Clifton-
Brown et al. (2007), Christiaret al. (2008) and Angelinet al. (2009) studied the evolution of
M. giganteusyields for 16, 14 and 12 years respectively, abseoved a third growth phase
characterised by a yield decline beginning after IDand 3 years of growth respectively.
Such a decline has already been reported for qtleeennial crops such as sugarcane
(Saccharumspp.), a C4 tropical grass from the same tribethef genusMiscanthus
(AndropogoneaelHoy and Schneider, 1988; Keerthipala and Dharmderae, 2000; Ferraro
et al, 2009) At the same time,M. giganteus ceiling yields varied between trials:
Lewandowskiet al. (2000), Heatoret al(2004) and Miguezt al(2008) reported yields
ranging from less than 10 to more than 40 t of migtter (DM) per hectare across Europe.
The knowledge oM. giganteusyield and of its evolution over time is essenimakstimating
the economic and carbon mitigation potential of thep. AsM. giganteusincurs a high
establishment cost (e.g. more than 3000 € per eectahe UK; Lewandowslet al, 2000),
yields determine partly the crop profitability (#tyet al, 2008). The greenhouse gas balance
associated to the crop was also proved to be sensd yields (Styles and Jones, 2007,
Hillier et al, 2009; Eranki and Dale, 2011). However, assesssiadies are mainly based on
experimental yields measured during the first glhoyéars or on models built on those yields
(Styles & Jones, 2007, 2008; Stylesal, 2008; Smeetgt al, 2009; Hillier et al, 2009;
Monti et al, 2009b). Our study aimed therefore at charactegizihe long-term yield
evolution of M. giganteusto answer the following questions: do yields dezland when?
What is the variability of the maximum yield val@eglow long does it take to reach the
ceiling phase?
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Material and methods

Data

Our work was based on a quantitative review ofoaitypes of data gathered from across
Europe. A database containing 37 experimental Bty — defined as the combination of a
location and of an experimental treatment over isdweears — was built by consulting peer-
reviewed papers, grey literature and unpublisheda daom research and research-
development European institutions identified askivay on M. giganteus(Annexe 2. We
focused on institutions located in the Europeanodwhere long-term trials were available,
while research on biomass crop in the United StafeAmerica was during a long time
focused on switchgrass (Lewandowskial, 2003; Heatoret al. 2010). Experimental units
were included in the database if the trial duratias more than 12 years and if yields had
been measured on average at least every two years.

The 37 experimental units spanned five countried Hh sites representing different pedo-
climatic conditions Figure 4. 1): Denmark (site 1: 4 EU; site 2: 6 EU), United-gdom (site

3: 3 EU; site 4: 4 EU), Austria (sites 5 to 9, d&lé per site), Germany (site 10: 5 EU; site 11:
3 EU; site 12 tol4: one EU per site; site 15: 2 Htdland (site 16: 1 EU). For the last site
(Ireland), data were collected from the Figure 2Gdfton-Brown et al. (2007) using the
freeware Digitizer. Each EU is characterized bypbkdo-climatic conditions (soil type, mean
annual rainfall, and temperature), the duratiomhef experiment, the experimental treatment
or the crop management, and the yield measuremethos Annexe 2. Pedo-climatic
conditions are mainly representative of Northerndpa. Experiment duration ranged from 12
to 22 years. The establishment method (plantlethiaomes), the plantation density and the
fertilization were precised for all experimentakdatments. Chemical and/or mechanical
weeding was applied on every EU during the estaivlent years as well as during the
following years, though not every year. None of #ie was irrigated. Yield evolution of
M. giganteusf all sites and EU depending on plant age isgmesl inFigure 4. 2
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RV

Figure 4. 1: Location of the experimental sites irladed in the M. giganteus long-term yield
database (a site can include several experimentatits, cf. Annexe 2).
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Figure 4. 2: Yield evolution ofM. giganteus as a function of crop age.

Points represent the data, the solid line showsriban prediction from model (4g), dashed linesasgnt the
2.5 and 97.5% percentiles describing the betweerysar variability.
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Statistical models used to describe yield evolution

Five types of statistical growth models linking tyield (Y) and the growing seasom)(were
comparedFigure 4. 3:

- ‘Linear + plateau’ models based on a maximum yi@ldhay and a threshold growing
seasonTmay:

If T >Tmax, Y = Ymax (1)
If T < Tmax, Y = Ymax + S*(T-Tmax)

- Logistic models:
Y =Ymax/ (1 -expfr— T) o2 (2)
This model was used by (Miguet al, 2008) to describ®l. giganteuggrowth over years.

- Quadratic models:

Y = @1+ T + ¢3*T2 (3)

- Exponential models:

Y =l * Top2* exp@E3*T) 4)

- ‘Linear + plateau + linear models based on a maxnyield (Ymay and two threshold
growing seasonsl andT2):

fT1<T<T2,Y = Ymax (5)
If T<T1,Y = Ymax + S1¥T — T1)
If T>T2, Y = Ymax + S25T — T2)

Models were chosen according to available knowledlgd/. giganteusyield evolution in
order to account foM. giganteusestablishment phase and ‘plateau’ phase as dedcrib
qualitatively by Lewandowsket al. (2000) and quantitatively by Miguet al. (2008). Two
families of models were compared regarding longitgield evolution: (i) model (1) and (2)
where yields remained constant in the long run @ndmodels (3), (4), and (5) which
included a yield decline phase.
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Due to the data structure (repeated measuremegtsldfover years in each EU), the models
were defined as mixed-effect modelsg. as models including one or several random
parameters. For each type of model (linear+platkagistic, quadratic, exponential), several
variants including 1, 2, or 3 random parametersewaefined. For example, the model
exponential including 3 random parameters was ddfas follows:

Vi =01 * ;" * exploai * ) - &
0i = (@11, P2, P3i) = B1, B2, Ba) + (b, b, bg)) =P + b
b ~ N(0W), &j~ N(05)

Where (y;) stood for M. giganteusdry biomass(t;) is the |" growing season in thé"i
experimental unit. The fixed effegiyepresented the mean values of the parameteter all
experimental units, and the random effdgtepresented the deviations@from their mean
value. The random effects were assumed to be imdepée for different EUs and to follow a
normal distribution with a variance-covariance rxatf. The within-group errorg; were
assumed to be independent for differeahdj, and to be independent of the random effects.
Models were fitted using the method described inhBiro and Bates (Pinheiro & Bates,
2000) implemented with the R software (R. Core,8)a&ing the nime (Pinheiret al, 2007)
and lattice (Sarkar, 2007) packages.

Models were assessed by calculating the Akaikermmétion Criterion (AIC) and Schwartz
Criterion (BIC) (Akaike, 1974; Burnham & Andersd)02). The best models are those with
the lowest AIC and BIC. The distributions of the debresiduals were checked for patterns,
normality (with estimation of Skewness and Kurtpsisd autocorrelation

Two sensitivity analyses were carried out to astfessobustness of the AIC and BIC-based
model ranking. The first one was made at the Eldllesach EU was removed from the data
one by one and effects on the model ranking wetedad he second sensitivity analysis was
made with a similar method but at the site level.
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Characterization of yield trend and variability

The best model (i.e. the model with lowest AIC &1€ values) was used to estimate three
characteristics of yield trends over years:

- the maximum yield&Y maxreached across years (t DM*a
- the growing season when the maximum yiéidaxwas reachedmax(year);

- the yield decrease ratéf (t DM ha’ yeaf'), calculated as follows:
AY = (Y(22) — Ymax) / (22 — Tmax) (6)
where 22 was the last year simulated by the mawNg22) the yield reached that year.

When Ymaxand Tmax were not model parameters, they were computedjusia model
equation. For instance, for model (4):

—2\ P2
Ymax = @1 * ((p—q;) * exp(—@2) (7)
- 92
Tmax = 03 (8)

_ (22xTmax)®? x exp(22)
o exp(Tmax)¥3

AY 9)

The values of the three variables were estimateddoh EU separately and the estimated
values were related to several explanatory vargable

- groups of EUs based ormax TmaxandAY; they were defined from a cluster analysis
using the Euclidean distance measure and the vggildraeration method,;

- latitude and longitude;

- crop management techniques (planting method, plguakensity, fertilization regime).
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Table 4. 1: Comparison of different yield evolutionmodels forM. giganteus

MODEL Parameter(s) defined AIC BIC
with random effect

(1a) None 3433.1 3504.0
(1b) All 2914.8 2944.6
(1c) Ymax 2922.3 2943.5
(1d) S 3435.1 3456.4
(1e) T NC NC
(11) Ymax and S 2918.3 2943.8
(19) Ymax and T 2912.8 2938.3
(1h) SetT 3437.1 3462.6
(1a) None 3433.2 3450.2
(2b) All 2884.2 2913.9
(2¢) Ymax 2881.1 2902.3
(2d) 0l 3435.2 3456.4
(2e) 02 3435.2 3456.4
(2f) Ymax andpl 2882.6 2907.6
(29) Ymax andp?2 2883.1 2908.6
(2h) 01 ande2 3437.2 3462.7
(3a) None 3487.0 3504.0
(3b) 02 3128.5 3149.7
(4a) None 3462.2 3479.2
(4b) All 2854.4 2884.2
(4c) 0l 2954.5 2975.8
(4d) 02 2947.1 2968.3
(4e) 03 2987.6 3008.9
(41) 01 ande2 2896.8 2922.3
(49) ¢l ande3 2852.4 2877.9
(4h) @2 ando3 2885.8 2911.3

" NC: not computed

Table 4. 2: Parameter estimates of the selected neld(model 4g) — E stands for the
parameter @i expectation and V(i) for parameter @i variance

Parameter Estimated value

E(el) 4.37
E(02) 1.21
E(@3) 1.69
V(el) 2.85
V(92) 0

V(93) 1.46
6’ 9.61
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Results

Model selection

Models are compared ifable 4. 1 with different combinations of randoms fixed
parameters. Some of the models were excluded wieodnvergence criteria of nime were
not satisfied. As all models (5) did not converggey were not further included in the
analysis.

Model (4g) withepl and ¢3 defined as random parameters minimized both AlG@ BIC.
Model (3) led to intermediate AIC and BIC valuesodéls (1h), (2d), (2e) and (2g), which
are characterized by a fixé&timax showed the highest AIC and BIC. The AIC and Bl€rev
decreased wheWmaxwas defined as a random parameter — as for irstanmodels (1b),
(1c), (1), (19), (2b), (2¢), (2f) and (29). Thissult was consistent with the high variability of
maximum Yyields reported for the different EU. ThECA/alues of models (2b), (2¢), (2f), and
(49) were similar, but model (4g) showed a lowe€BModels (4b) and (4g) had very close
AIC and BIC.

Figure 4. 4 shows the robustness of the AIC-based ranking eftéisted models. Results
obtained for BIC were similar (data not shown). Sevity analysis at the EU level showed
that model ranking was stable with one exceptionewEU 31 (GER — Freising [11]) was
removed from the data, the logistic model (2f) eeaslightly better than model (4Q)
(Figure 4. 43. At the site level, model classification was quibnsistent as well, with two
exceptions Kigure 4. 4b. When site 1i(e. DK — Hornum [EU 1 to 4]) was removed, the
logistic model (2c) minimized with AIC with 2584.5he model (4g) was ranked" Svith
AIC=2587.4. The original model ranking was moreeaféd when site 11.¢. GER — Freising
[EU 29 to 31]) was removed: models (2c) got thedstvAIC (2495.9) and model (4g) was
ranked & (2522.6). Logistic models — (2¢), (2f) and (2ganrd linear+plateau models — (1b),
(1), (1g) — got a lower AIC than model (49g).

Model (49) residuals presented no pattern and wensistent with the normality hypothesis
(Skewness=0.1; Kurtosis=3.7). Model (4g) residuatse compared to those of the best
model without decline phase (model 2Ejgure 4. 5. Many of the model (2c) residuals were
negative for high growing season values showing thadel (2c) tended to overestimate
yields for T > 15 yeardrigure 4. 5shows that model (4g) was more in agreement waigh t

observed yield data.
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Based on these results, the exponential-based nfdgelwas selected for further analysis.
The mean yield response curve predicted by the hi{ddgis displayed irFigure 4. 2 The
2.5 and 97.5% vyield percentiles computed from thedom parameter distributions
(Figure 4. 2 showed high vyield variations between experimentailts. This result was
confirmed byFigure 4. 6that revealed a strong variability of the fittedlividual response
curves between the different experimental units.

Yield trends and variability: analysis from model @g)

Parameter estimates of model (4g) are showhaiple 4. 2 Long-term yield trends can be
quite different across the experimental unkgyQre 4. 6: some EUs such as EU 24 or 28
showed a significant yield decline whereas yielfdlstber EUs such as EU 29 or 31 remained
almost stable, even after 20 years of growth.

On average over ElYmaxwas equal to 16.8 t DM Hay* (sd=6.86),Tmaxwas equal to 8.33
years (sd=1.95), andlY was equal to -0.647 t DM Ha/* (sd=0.243).

Cluster analysisHigure 4. 7) split EUs into three groups of yield trendisgure 4. 8:

- Group 1 includes experimental units 1 to 18 (iozation 1, 2, 3 and 4), 34 to 37 (i.e.
location 14, 15, 16). It was characterized by maxmryields ¥ may ranging between 8.4
and 16.3t DM hay™ with a median equal to 11.6 t DM ha-1.yThese maximum yields
were reached after 5.9 to 9.2 years with 7.2 yasus median.

AY varied from -0.65t0-0.36t DM Hay, with a median equal to -0.65 t DM hg™.

- Group 2 includes experimental units 19 to 23 (lleceb, 6, 7, 8, 9), 30, 31 (from location
11) and 33 (location 13} maxwere higher, ranging between 19.5 and 33.9 t DMyia
with a median of 23.0tDM Hay’. Maxima were reached after 6.7 to 9.8 years
(median=6.7 years). Yields declined from -0.880 -th27 t DM ha y* (median=-
1.05 t DM h& y?).

- Group 3 includes experimental units 24 to 28 (oeation 10), 29 (from location 11) and
32 (location 12). Maximum vyields were high as welgnging between 21.6 to
24.2 t DM ha y* (median=23.6 t DM hay™). Maxima were however reached after 10.5
to 13.0 years (median=11.9 years) antiwere similar to those of group 1, ranging from -
0.47 t0 -0.79 t DM hay™ (median=-0.52 t DM Hay™).
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Ymaxwas strongly related to latitud€£0.67) Figure 4. 9: southern sites were those with
the highestYmax It was correlated to none of the management tqaks reported in the
databaseTmaxwas strongly related to the planting mo@eg(re 4. 10: EUs planted with
rhizome needed on average more time to reach meimum yields. It was not related to
other management techniques. It also seemed toetenuned by the site potential: the
higher Ymax the higherTmax AYwas found to be related to none of the variabladist
here.

Experimental units classified in group 1 were ledain the North. Two third of them were
planted with micro-propagated plants. Except EU g®up 2 includes EU located in the
South and, for most of them, had crops establigtyethicro-propagation. Group 3 includes
EU located in the South planted with rhizomes.

95



Chapitre 4 : Evolution a long-terme des rendemeet$/liscanthus giganteus

a) b)
‘ [5)
- [T -
‘ ~N
£ b=
g $8 1
2o 2 e °
s . § o
2" [ — |[[ A= g-
Se-mrmnirmnrm ((rT T | I 0w - o
NEBEROFererTPne o -~ NEENTRRR aRS oAt Be g o tommmmmmsos™
) ) ) T | |
Group 1 Group 3 Group 2 05 15 25 35

Dendrogram node

Figure 4. 7: a) Dendrogram of the experimental ung and b) node distance graph as
basis for grouping them into three groups.

a) b) c)
3 . - = 3
& - ! o — - 4 a b a
-mu')_ ° ’\9 B o (‘GV -
£ N 5 T gq'”
== o - -
s T 7| = |y B
Seq_n §°1 s ® 1
e— o
éo_d Ev— 9' -
- ol St -
> - a b b ~N - a a b EN E
o o - v -
I I I | | I 1 1
1 2 3 1 2 3 1 2 3
Group Group Group

Figure 4. 8: Variation of a) Ymax, b) Tmax and c)AY according to the group of EUs.
Different letters indicate that the group meanssagaificantly different.

[To . 'Q_ -
© o p-value <0.05 __
=] © R-squared = 0.67 & - :
<o |2 ° —~2
lg h e 8 ° g —
=1 o @ < >® - ] ‘
o vl — I
= 0 8 ~—— (’é © - - -
8 3 —~ £
E o | o8 o \\‘\Qg = < -
n - N
o o -
T T T T T I T
48 50 52 54 56 MP R
Latitude (DD) Planting method

Figure 4. 9:Variation of Ymax as a function Figure 4. 10: Variation of Tmax as a
of latitude. function of the planting mode.

(MP : micro-propagation, R : rhizomes)

96



Chapitre 4 : Evolution a long-terme des rendemeetdliscanthus giganteus

Discussion

Ceiling yields

Ymax averaged 16.8t DM Hay' but was characterized by a large variability (dtad
deviation: 6.86 t DM hay™). This is consistent with findings of (Miguet al, 2008) with
averageYmaxof 18.4 t DM h& y* associated with a great variability too. (Heatnal,
2004) estimated highevl. giganteusmean vyields (22.4 t DM Hay™) but this remains in the
same order of magnitude.

In this studyYmaxappears to be determined by latitude with a stignaglient from North to
South: countries at lower latitudes (Germany andstéAa) achieved highelymax as a
consequence of a longer growing season accomphagidgher temperatures. This outcome
seems to confirm results presented by Migetzal. (2008), whose database included
Southern countries (Italy and Greece).

No correlations were found fofmaxand any management factors included in this study.
Thus yield performances seemed to be more detednmbgeenvironmental factors than by
management. (Heatoat al, 2004) also showed thail. giganteusyields were strongly
influenced by water, barely influenced by nitrogem not influenced by growing degree days
at all. However, Miguezt al. (2008) found a relatively small effect of nitrogen the
maximum dry matter yield in the long-term, suggestihat the lack of N effect reported in
many studies could be due to the short length peementation. In a review, Cadoex al.
(2012) indicated the low nutrient requirementshfgiganteuscompared to other crops.
Those low requirements are mainly due to high antruptake and use efficiency, as well as
nutrient cycling through translocation between theome and aerial biomass and through
leaf fall. Cadowet al, (2012) also mentioned that studies reportingasponse to increasing
nitrogen fertilization rate seemed to have bengfitem high soil nitrogen levels. This might
also have been the case with several experimentsirirdatabase. The lack of response to
nitrogen could be also due to the presence of andithiting factor as on site 10, where the
lack of water might have concealed any fertilizati@ffect (Fritz and Formowitz,
pers. comm.). Like Migueet al. (2008), we did not find any effect of planting déres on
Ymax According to Lewandowsket al. (2000) and Jorgensen (1996), higher planting
densities increase yields only during the firstygrg years.

Another part of the inter-location yield variabjlicould be related to the differences in yield
measurement method shown in Table 1. Yield measmemethod forM. giganteusis
indeed known to be protocol-sensitive (Brancourtriil, pers. comm.; Strullu, pers. comm.)
but no precise comparisons are available.
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Duration of the establishment phase

High planting densities are expected to reducddhgth of the establishment phase. In our
model, the duration of the establishment phasebeacomprehended thanks Taax which
averaged 8.5 year$he full establishment of ®l. giganteusstand is more commonly said to
be ranging from three to five years (Lewandowakal, 2000; Miguezet al, 2008, 2012).
Since Tmaxis the year where the absolute maximum vyield &ched, it does not strictly
represent the establishment phase. Assuming thadtéimd is fully established when 85% of
Ymax is reached, we could estimate from our molat the establishment phase takes 4.7
years (ranging 3.3 to 7.3 years).

Tmaxin our study was strongly influenced by the plagtmethod: stands planted with micro-
propagated plants establish faster than the oraedgal with rhizomes. Lewandowski (1998)
found that stands established from micro-propaguia® characterized by a larger number of
shoots per plant at the end of the first growingssa. Shoots were on the other hand thinner
and had less numerous and smaller leaves. Diffeseincshoot numbers and weight were still
significant until the fourth growing season. Anyflirence on yield was on the contrary
unclear during the first growing seasons and adgtadid not exist in the long run. Clifton-
Brown et al. (2007) observed higher shoot densities for miaapagated plants from the first
to the fifths growing season but plants were shokelds were significantly different for the
fifth and the sixth growing season but propagatiwethod had no significant effect on yield
over the six years. Effect ohmaxobserved in our study may be explained by thedrigh
shoot density observed for micro-propagated plagtablishment of a closed canopy may be
faster and have more influence on yields than sheaght. Lewandowski (1998) mentioned
that micro-propagated stands are more sensitiiedging, probably because of a smaller
shoot diameter. Lodging can lead to yield losses disturbs the nutrient translocation
process. We could not include that factor in owalgsis. However, lodging was also observed
on stands planted with rhizomes, mostly during vempwy winters with the crop being
repeatedly snowed under heavy-slushy snow (Fritk Bormowitz, pers. comm.) Micro-
propagated plants are also characterized by a enwalerwintering rate after the first winter.
Lewandowski (1998) showed that their rhizomes atehd of the first growing season were
smaller than on plants established from rhizomecggeand had a different chemical
composition. She assumed that a lack of reservepopents in the rhizome resulted in
increased susceptibility to frost. Such a phenomeould not be observed in our study since
new plants were planted when necessary after tee iinter. Due to micro-propagation
costs, commercial fields are nowadays planted vhitomes, which although cheaper, is still
expensive.

Miguez et al. (2008) found thatM. giganteusreached higher yields faster when planting
density was increased from 1 to 4 planté. mihis is in contrast to our results, where no
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influence of planting density ohmaxwas observed. The range of planting densitiesidwed

in our database (from 0.5 to 4 plant¥)nis however large but unequally distributed within
the database since lower and higher densitieseated only in Northern latitudes. Therefore,
the effect of planting density could have been cwere by the effect of environmental
factors.

Clifton-Brown et al, (2001) as well as Zub and Brancourt-Hulmel (20i€)orted that
ceiling yields were reached faster in warmer caasirNevertheless, we did not find any
relationship betweemmaxand latitude. Two hypotheses can be made. Firsphgntial yields
as described by¥Ymax may overcome the influence of latitude ®max stands with high
potential yields may need more time to rea&chax even if they are located in southern sites.
Secondly, we might have seen this relationshipuif database included southern locations
such as Italy or Portugal.

Although we did not highlight any effect of managarhonYmaxor Tmax it is interesting to
notice that during the cluster analysis, all thésuof the same site were allocated to the same
group except for site 11. The three experimentabiof site 11 (EU 29, 30 and 31) belonged
either to group 3 for EU 29 and group 2 for EU 3@ 81. On that site, three nitrogen rates
were tested: 0, 75 and 150 kg /ha. EU 29, whergitnogen was applied, differed fafmax
Tmaxand4Y at once: Ymax and Tmax were particularly smaBeggesting a nitrogen effect
on these two parameters at that particular site.

Yield decline

Our results indicated thail. giganteusyields followed a general tendency to declinerafte
several years of growth. That tendency, alreadgmvesl separately on several experimental
locations (Clifton-Brownet al, 2007; Christianet al, 2008; Angeliniet al, 2009) was
however quite variable between locations. In ameogport on a fourteen years experiment in
Germany, Gaudest al. (2012b) highlighted a significant yield fluctuatitbetween years but
did not mention any decline. The long-term vyieldoletion variability observed in
experiments was emphasized by the model selectmmied out in our study: the
mathematical form of the selected model, when wed mixed effect model, allows the
highest variability between experimental units.

Our analysis did not highlight any influence of ragament on this decline. Yet, the database
used in this study did not allow us to take evegnagement option separately into account.
In particular, potassium and phosphorus fertilaativas not included, whereas Cadaial.
(2012) hypothesized that potassium may become iéirignfactor for growth, according to
M. giganteuspotassium content in harvested aerial biomassn Bwaugh our results did not
show any influence of climatic conditions (summexhy latitude), we could expect a link
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between climate and yield declind. giganteusyield elaboration during a growth cycle is
indeed divided into two parts (Himkeat al, 1997; Strulluet al, 2011). From emergence in
early spring to mid-summer, aboveground biomasseases slowly then strongly while
nutrients are translocated from rhizomes to shoBtem mid-summer to mid-October,
aboveground biomass increases slowly before dengeasitil harvest at the end of the
winter. Meanwhile, during this second phase, notsiere translocated from the aerial parts
to the rhizome (explaining, along with abscisedvésa above-ground biomass decrease).
Early frosts in autumn may lead to insufficientngkocation, reducing regrowth potential in
the following spring (Clifton-Browret al, 2001). In the long run, we might hypothesize that
early frosts may thus reduce the crop lifetime amther research should be carried out on
this aspect. Early or late harvesting could ald§lu@mce the crop decline: early harvests may
disturb the nutrient translocation while late hatgemay damage newly emerged shoots.
Although EUs included in our database displayed esomariability in harvest dates, no
influence of the date was shown, probably becaaseebt dates varied both intra- and inter-
EUs. Furthermore, soil compaction could also rederop yields and its perennity. Such a
phenomenon is invoked to partly explain the yieddlohe observed for sugarcane successive
ratoons (Keerthipala and Dharmawardene, 2000; fert al, 2009). As for sugarcane,
diseases and in particular belowground diseasesaisaybe involved and be impacted by low
winter temperatures or by waterlogged soils (Kepalla and Dharmawardene, 2000; Ferraro
et al, 2009).

Beside management practices, yield decline could rédlated to the specific plant
developmentM. giganteusrhizomes grow from the inner part to the outeretaybuilding
every year new rhizomes in a circle around theowslds. Thus in spring, new shoots emerge
as a crown around the former shoots and the piatunsference increases. Over time the
regrowth ability of the inner, older centre partresduced leading to decreased biomass
production. A rotary cultivation as done for rhizemmarvest might then revitalize the stand, as
observed in Denmark (Jorgensen, pers. comm.).

Finally, Ymax Tmaxand 4Y may also be affected by genetidd. giganteusis a natural
triploid hybrid between a diploiél. sinensisand a tetraploidM. sacchariflorus(Greef &
Deuter, 1993). Because of its sterility and vegetapropagationM. giganteushas been
found to display very little genetic diversity anmsl therefore often treated as a unique
genotype whereas differences can exist betweeneglom terms of morphological
characteristics and yields (Clifton-Broveh al, 2001; Zubet al, 2011; Jezowslket al, 2011).
This information is however not available and woudjuire isozyme and DNA studies as
performed by Greedt al. (1997) and Hodkinsoet al(2002).
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Conclusion

Analysing ourM. giganteusEuropean long-term yield database allowed uso(ifléscribe
yield evolution across the whole crop lifetime gngto characterize that evolution through
key variables such as the maximum yield, the domatib reach that maxima and the decline
rate. Maximum yields were found to be highly vakalas well and this variability was
explained by a climatic influencell. giganteusyield is then determined by growth defining
factors, rather than by growth limiting or reducimiges. Yields were also characterized by a
strong inter-annual variability. Duration of thetadishment phase was again variable and
sometimes longer than what was previously suggdsyethe literature. That duration was
strongly determined by the planting method. Mod®hparisons showed that yield evolution
was best described when a decline hypothesis laded. Yet, decline intensity was quite
variable: at some stands, yields remained neaégdst up to more than 20 years whereas
other stands presented a severe decline. The bwenadl is nevertheless a declining one.
Various hypotheses related to crop managementlifation, harvest) and climate were
investigated but none could be validated.

Further work is needed to (i) understand the factoducing yield decline and (ii) study
whether that decline can be halted or reversedingiance by modifying the fertilization or
by revitalizing rhizomes through mechanical divisicrield evolution across time is a key
element in any assessment work dedicated to a tmdtemergy crop. Energetic viability,
carbon mitigation potential and profitability hingeitically on them. Therefore our work
could allow to precise such assessments. Our mouldt for example be coupled to an
economical model to assess whether the yield deciimensity influences the crop
profitability. In the same way, gathering infornzati on commercial yields compared to
experimental yields would be very valuable, as wasligetting a better understanding of the
yield variability during the ceiling phase.
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Designing and assessing energy oriented croppings$gms

Introduction

The production of biofuels from agricultural feemst causes heated discussions related to
the possible environmental impacts of such biof{€ritzenet al, 2007; Fargioneet al,
2008; Searchingest al, 2008; Melilloet al, 2009) and to possible threats to food security,
due to land use dedicated to bioenergy insteadad production. As a consequence, the
European Union has associated biofuel productiogeta with production sustainability
criteria (Directive 2009/28/EC, 2009). In partiayla minimum saving of 35% of greenhouse
gas emissions compared with the substitute fosmlsfwas set, as well as constraints
regarding biodiversity and soil organic carbon. Btorer, agricultural feedstock involved in
the production of biofuels must complete the Euampeegulation related to good agricultural
practices.

Miscanthus x giganteubereafter referred &4. giganteuyis expected to produce high yields
with low input requirements and is therefore oftemsidered as one of the most promising
agricultural feedstock to produce bioethanol (Leshamskiet al, 2003; Heatoret al, 2010).

M. giganteuswas therefore involved in studies aiming at asags#s potential to produce
bioethanol while guaranteeing low environmental actg. Several studies focused on the
energy and/or on the GHG balance of M) giganteusderived biofuel comparing it with
conventional fuels (Lewandowsldgt al, 1995; Hillier et al, 2009) or (ii) M. giganteus
cultivation, comparing it with other potential eggragricultural feedstock (Lewandowski &
Schmidt, 2006; Styles & Jones, 2007, 2008; St.rGdaial, 2008; Angeliniet al, 2009;
Hillier et al, 2009). M. giganteuswas included as well in life cycle assessmentsA).C
which characterize impacts in terms of GHG emissibat also in terms of environmental
impacts €.g. euthrophication, acidification, ecotoxicity) or pacts on the human health
(Monti et al, 2009b; Fazio & Monti, 2011). Some studies deathwhe economics of the
crop compared with other dedicated energy cropsfaad crops (Styles & Jones, 2008;
Krasuska and Rosenqgvist, 2011) while Smeetal. (2009) studied both the economical and
GHG performance dfl. giganteuscompared to switchgrass. Regarding the energy, GG
environment aspects, these studies highlighted Mhagiganteusoutperformed food crops.
Nevertheless, economic results differed among studhmong energy cropd/. giganteus
performed generally better than annual crops, wtdleparison with other perennial crops
differed according to the studies.

Although those studies involved different feedsta@rid different methods, they displayed
similar gaps. First of all,M. giganteusyield was always estimated on the basis of
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experimental yields (Lewandowskt al, 1995; Lewandowski & Schmidt, 2006; Styles &
Jones, 2007, 2008; Angeliat al, 2009; Krasuska & Rosenqvist, 2011) or models dbase
experimental data (Clifton-Browst al, 2007; Hastingst al, 2008, 2009; Smeetst al,
2009; Hillier et al, 2009). Assumptions were made to reduce experamhgrdlds in order to
account for management issues or harvest lossegithaiut being based on data. Styétsal.
(2008) used three yield assumptions (low, mid aigth)hbut did not related them to soil
characteristics or crop management techniques Wssigtistical model developed by Richter
et al. (2008), Hillieret al. (2009) simulated yield as a function of soil typé underlined that
low yields tended to be overestimated and highdgieinderestimated. Smeetisal. (2009)
used the MISCANMOD model (Clifton-Browet al, 2000; Stampflet al, 2007) but its
predictive capacity was shown to be limited (Hagiet al, 2009). Besidedyl. giganteusas
well as the other agricultural feedstock involvedtihe various comparisons, were rarely
included in cropping systems. Boehneglal. (2008) — who comparehl. giganteuswith an
energy cropping system based on oilseed rape, mifieat and winter triticale — and Monti
et al. (2009b) who comparell. giganteuswith a food cropping system based on maize and
winter wheat — make exceptions. Yet, based on tlaysis of crop sequencing effects,
Zegada-Lizarazu and Monti (2011) suggested thatd fooops could benefit from the
introduction of energy crops in the crop sequefcethermore, GHG balance, environmental
impacts and economic results of bioenergy cropsldvbanefit from an assessment carried
out not only at the crop scale but also at the mirgp system scale to take into account of
preceding crop effects induced by the integratiobi@energy crops into cropping systems.

Our study aimed therefore at (i) comparihy giganteuswith other potential biofuel
agricultural feedstock (i) using multicriteria cpppg system assessment as a methodological
framework, and (ii)) using data representative ofodpiction-scale fields managed
commercially.
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Materials and methods

The study area

Our study was carried out in the department of @3&D, located in the Burgundy region in
Centre-East France, around Dijon (350 km southiast Paris). The region was chosen
because about 450 ha MBI giganteushave been planted in commercial farms since 2009,
becoming one of the French regions where this dpe most widely spread. The region is
characterized by a semi-continental climate witm@an annual rainfall of 744 mm and a
mean annual temperature of 10.7°C (average from1-2000 at the Breteniéres
meteorological station).

We focused our study on two soil types locatedwn different small regions: (i) a deep
loamy-clay soil (LC) located in an alluvial plaindated in the South of Dijon, and (ii) a
moderately deep calcareous-clayey soil (CC) located calcareous plateau in the North of
Dijon, where the climate is colder due to the adté (about 400 m above sea level). Besides
temperature, LC and CC soils differed in terms\dilable soil water content (SWC): SWC
averaged 150 mm for LC and 75 mm for CC. The cmagpgiystems used by the farmers in the
alluvial plain rely mainly on straw cereals (wintgheat and barley) and oilseed rape, while
livestock rearing or fodder crops are scarce. Shmp sequences, mainly oilseed rape /
winter wheat / winter or spring barley, are the mosmmonly practiced (Mignolett al,
2007). Cropping systems are similar on the plateaaept for livestock rearing and fodder
crops which are more present. Alfalfa is signifibarcultivated due to the presence of a
dehydration plant.

Designing cropping systems using expert knowledge

In the aim of comparing various cropping systendickted to bioenergy, a step of cropping
systems design was included in the study. Croppiysiem design relied on a workshop
involving two kinds of experts: local experi®. farm advisors from extension services in the
study area, provided knowledge on local pedo-cienabnditions and crop management
systems, while scientific experts provided moreegahknowledge on dedicated energy crops
(including their environmental impacts) and on agjtural greenhouse gas emissions.
Experts were divided into two groups, one by sgiet A set of constraints (Lancat al,
2008) had been determined before the workshopiémtate the design process. Following
the European Directive on Renewable Energy, thennwanstraint identified was the
reduction by 50% of greenhouse gas emissions. Hewvéer the purpose of the workshop,
this constraint was commuted from the biofuel puatiun chain to the cropping system scale.
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Additional constraints were related to (i) yield intanance, and (ii) reduction of local
environmental impacts (nitrate losses and pesticsdy.

Experts were asked to build two categories of drgpgystems based on energy feedstock
hereafter named energy cropping systems: (i) crmgppystems includiniyl. giganteus and

(i) cropping systems based on annual and/or @onual dedicated or multiple product
crops. Energy cropping systems were compared tadfawence cropping systems which did
not include energy feedstock: one correspondinghé most widespread practices in the
studied region and one based on integrated managemnies. The cropping system design
included the choice of the crop sequence, the neamegt of the intercrop periods as well as
the design of the crop management system of eacp. dks it is a long step, crop
management design mainly focused on the practicas have major impacts on GHG
emissions and water pollutione. soil preparation, fertilization and crop proteaticxperts
described crop management design using previouk eaoried out in the studied region to
characterize conventional management, low input agament and without pesticide
management (Guichast al, 2011).

Experts could include the following energy feedktd@ased on the possibility to estimate
yields from local expertise and datd: giganteus alfalfa, cereals, and maize. For cereals,
either the whole crop could be dedicated to enprgguction (dedicated crop), or only straw.
For alfalfa, only stems were dedicated to energgpction, the leaves being used as fodder
(Lamb et al, 2007; Gonzalez-Garciet al, 2010a). Cereals, when only straw are used to
produce energy, and alfalfa were therefore caltedltiple product crops’. Hereafter, the item
‘energy feedstock’ will refer both to dedicated msoand to the energy part of ‘multiple
product crops’.

Simulating yields of crops within a cropping system

We used the PerSyst model (Guichatdl, 2010, submitted; Annexe 5) to assess the yields
of the crops included in the designed croppingesyst PerSyst is a cropping system model
based on local expert knowledge and simple modélehvsimulate the effects of crop
sequence and crop management at a yearly time gtelol. is calculated as a function of
limiting and reducing factors (van Ittersum and Babge, 1997). Experts define a range of
values possible as potential yieice(when only climatic factors reduce yield) for easdil
type of the studied area associated with a poteyigdd distribution. They also assess the
yield reduction due to (i) the preceding crop €f¢ic) the frequency of crops affected by the
same pests and diseases in the crop sequenceij)aie Goil physical and chemical fertility.
Yield is then further reduced using simple modelsitrogen supply does not cover the crop
needs. Finally, the experts assess the yield rexuesssociated to management techniques
(sowing period, crop protectiogic).
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As M. giganteuswas recently introduced in the studied area, éxkeowledge was not
available. PerSyst was therefore parameterizedviiagiganteususing the statistical model
developed irChapter 4 and the commercial yield data analyse@apter 2 to predict long-
term vyields: commercial yield data of farmers’ diglplanted in 2009 were added in the
Chapter 4 database as extra ‘experimental units’ and tharparers of the model were
estimated for each farmers’ field using the metldedcribed inChapter 4. Only farmers’
fields planted in 2009 were included in order tedict the inter-annual yields from the
measurements of the first two years. We also cliettk®ugh cross-validation that we could
reasonably predict yields from two data standingtfe two first harvests (see Annexe 3).
Fields were divided into three groups in order addthree yield scenario&) low yields,I)
intermediate yields anH) high yields. For each scenario, a yield rangeypar was defined
based on the prediction made from the fields prteseaach groupM. giganteusyield was
then predicted for each year as the mean of tedoransamplings, as it is made for the
potential yield of the other crops. Unlike the atloeops, this yield did not represent a
potential yield and was not further reduced simdermation on cropping sequence effect or
management techniques effects were not availaldeieMer, based on the results of the yield
gap analysis ofM. giganteusimplemented in the farmers’ field network presenie
Chapter 2, scenarid- could be related either to shallow soils, or &dds whereVl. giganteus
development during the plantation year was poorthiéamore, fertilization was defined for
each yield scenario.

Winter wheat straw yield is said to range betwe@% and 75% of grain yield according to
the variety and the harvest losses (UNIFA, 2009dnordance with Gabrielle et Gagnaire
(2008) We therefore assumed that winter wheat syrald amounted for 63% of grain yield.
Winter triticale straw amounted for 80% of grairelgi under the assumption that the ratio
straw / grain is higher for triticale (Jgrgensgral, 2007). Based on local expert knowledge,
alfalfa stem yield amounted for 50% of total aléalfield, which is consistent with the scarce
available literature (Gonzalez-Gareiaal, 2010a).

Multicriteria assessment of cropping systems based@n a set of
indicators

Multicriteria assessment of the designed croppipstesn included (i) assessment of the
cropping system potential to produce food, (ii) remoaic assessment (production costs and
semi-net margin), (iii) assessment of the contidyutto global warming through an

estimation of greenhouse gases (GHG) emissionesssent of the energy performance and
(iv) assessment of local environmental impacts. éaeh assessment field, indicators were
calculated using PerSyst predicted yields and/scrijgtion of the management techniques
(see hereafter). Assessment involved inputs andepses at stake until harvest. Cropping
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system results were displayed globally for eacH waih a radar: relative scores were
calculated for each indicator based on the begipong system. Some indicators require to be
maximized €.g.semi-net margin) and others to be minimized)(GHG emissions). In order
to get a homogeneous representation, the lates displayed through the complementary
note (.e. ‘'l — indicator score’): therefore, for each indarathe higher the score, the better.

Assessment of cropping systems potential to produéeod

The potential of cropping systems to produce foad assessed thanks to two indicators: the
food efficiency (FOOD EFF) and the food capacitAFCFOOD). FOOD EFF was computed
as the ratio between the simulated yield with Pstr&pd the potential yield parameterized in
PerSyst. CAP FOOD was computed as the product @F-GFF and the ratio of food crop
in the cropping system.

Economic assessment

Economic assessment of cropping systems reliedhenestimation of the input costs in
(including seeds, fertilizers, pesticides, and figdts) and of the semi-net margin (snM). snM
was estimated as the difference between the gmoskigt (depending on yield and product
prices) and the input costs. Economic assessmenbased on mean grain and input prices
derived from the 2005-2009 period (UNIP, 201d).125 € t DM* for winter wheat, 250 € t
DM for oilseed rape, 0.5 € per unit of N fertilizer8 € I* of fuel. Energy feedstock prices
were based oM. giganteusprice in the studied area, i.e. 73 € t DNBéjot, pers. comm.).
For ‘multiple product crops’, input costs were alted between both outlets using a mass
allocation method. Costs related only to the prtidncof the energy feedstockd. additional
harvest and fertilization costs related to strawagtation for cereals) were attributed only to
it. Costs and snM per hectare were used to congrapping systems. For energy feedstock,
they were estimated per ton under the assumptiwaitsyield was a good indicator of the
energy yield.
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GHG emissions and energy performance
Estimation of GHG emissions

GHG emissions were estimated as the sum of &@ NO emissions following the IPCC
Tier | method (IPCC, 2006b). Ge&missions were separated between direct emissitaiea
to fuel consumptions and indirect emissions relatechput production. Cémissions were
estimated as follows:

CO, Emissions = ZEi * Q,

i

Where:E; is the emission factor of inputQ; is the quantity applied of input We used the
emissions factors (for direct and indirect emissjoprovided by GES'tim (Institut de

I'Elevage, 2010). Inputs involved for indirect esiins were fertilizers (in kg Hx and fuel
(in | ha?).

N>O emissions were separated between direct soilsenis and indirect soil emissions.
Direct NbO emissions involved nitrogen supply to the sorotigh fertilization and crop
residues. Indirect §O emissions related to Nmissions and nitrate leaching were estimated
based on the Indigo method (Bocksta#ieal, 1997). NO emissions were estimated with the
same equation as for GQCexcept that, stood for the amount of nitrogen (in kg N or kg N-
NO3). Emission factors were the one recommended byREBE €.9.0.001 kg N-NO per
kilogram of N dose or kilogram of N contained igrresidues: IPCC, 2006). Assumptions
were needed to estimate the amount of above-granddelow-ground residues produced by
M. giganteusand their nitrogen content since the crop is noluided in the IPCC database:
they were based on Strullu (2011). Additional agstimns were also necessary for oilseed
rape and sunflower: they were based respectively GHETIOM expertise (Robert,
pers. comm.), on Corbeelst al. (2000) and Helmy and Fawzy-Ramadan (2009). For
M. giganteus we assumed that the below-ground biomass doesamitibute to soil BO
emissions during the crop life-span and contrilourtly when the crop is destroyed, following
the recommendations made by the IPCC for foragescfi®CC, 2006).

For ‘multiple product crops’, GHG emissions relatidthe production of the crop were
allocated between both outlets using a mass ailtocatethod. GHG emissions related only
to the production of the energy feedstoc&. @dditional harvest and fertilization costs related
to straw exportation) were attributed only to ibrlenergy feedstocks, GHG emissions were
estimated per ton under the assumptions that wiakla good indicator of the energy yield.
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Energy performance

Energy analysis of the different cropping systenas warried out using two indicators: the
energy costs and the energy efficiency. Energysctist input production included in our
study were related to machinery fabrication andairepfertilizer and planting material
production, fuel consumption for the various opers (energy costs related to pesticides
production were not included. Energy costs forwlng the production outside the field, for
storage and drying were not calculated neitherrdgnefficiency was calculated for energy
feedstocks as the ratio between energy outputsnéefas the product of yield and low
heating value) and energy inputs (energy costs).'rRoltiple product crops’, energy inputs
related to the production of the crop were allodatsing the same method than for GHG
emissions.

Local environmental impact assessment

Local environmental impact assessment was based) omtrate losses and (i) on the
pesticide treatment frequency index (TFI)

Nitrate losses

Nitrate losses during winter were assessed basdtieoindigo method (Bockstallest al,
1997). They depend on the crop type, the soil calteing winter, the soil and weather
conditions (rainfall and soil available water) aod nitrogen fertilizer rates: soil mineral
nitrogen (snM) was calculated at harvest using ¢ypp and fertilization and then, before the
beginning of drainagd.é. at the beginning of winter), using the soil codering winter and
soil mineralization since harvest. A leaching coefht is estimated as a function of winter
drainage, soil field capacity and soil depth (fallog Burns model: Burns, 1976). We used
weather data from winter 1999-2000 after checkirgg this winter was not characterized by
an extreme weather compared to the mean conditiahe area.

As M. giganteusvas harvested at the end of winter, snM at hangasdt relevant to estimate
nitrate leaching. We estimated snM at the beginwihginter (snM-BW) using the findings
of Chapter 3. We showed indeed that soil snM-BW decreased wdtep age,i.e. yield,
increased. That decrease was particularly strohgdam the first and the second growth year.
That correlation was explained by the stronger cleyelopment, which allowed a stronger N
and water uptake, as confirmed by the correlatetwvben snM-BW and shoot density. Based
on the data collected i@hapter 2, we estimated snM-BW reduction as a function afpcr
age: snM-BW decreased on average by 50% betweefir¢gh@and the second growth years
(GY) and by 25% between the second and third owasthen assumed that this decrease
would be smaller for yield scenario a (30% betw&hl and 2, 15% between GY 2 and 3)
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but still occurs between the third and fourth glowear at a rate of 15%. We used the data
collected on LC and AC soils to set snM-BW at thd ef the first growth year.

Pesticide treatment frequency index (TFI)

TFl is defined as the number of pesticide apploretj multiplied by the ratio of the applied
dose per hectare to the recommended dose (Jaegaéf 2011). It was estimated by the
PerSyst model as a function of the crop managerseparately for insecticides (without
considering molluscicides), fungicides, herbicidesl growth regulators. Fdvl. giganteus
TFI included only herbicides and was estimated ftbendata collected on tiM. giganteus
farmers’ field network Chapter 2) under the assumption that no herbicide was reduir
between the third growth year and the destructemar.yManagement used to destroy the crop
at the end of the crop life span was based on lexpértise and involved herbicide and
mechanical operations (Béjot, pers. comm.).
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Figure 5. 1: Cropping system description.

WW: winter wheat; WP: winter pea; SP: spring pe&R0D oilseed rape; WT: winter triticale; s: stranwpexed; MP: mouldboard ploughing;
CC: cover-crop; Blue boxes: N-P-K rates (first Jineumber of fungicides F and insecticides | (sekclme)
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Results

Cropping systems

For each soil, four cropping systems (CS) were giesl Figure 5.1, Annexe 3: two
reference CS based only on food or fodder crops tawnd energy-oriented CS including
several energy feedstock. On both soils, the reéerecropping systems included the same
crops. The ‘conventional’ reference CS (LC1 and Cé&ldo referred as CS1 when both CS
are designed) were based on oil seed rape, wirlteatnand winter barley. The ‘integrated’
reference CS (LC2 and CC2, or CS2) contained &lsosame three crops but included in
addition two spring crops: sunflower and spring.daacomparison with CS1, N rates were
reduced in CS2: for instance, on deep loamy-clay(k€), N rates for winter wheat were
reduced by 25 to 30 %. The addition of spring crapshe cropping sequence and the
reduction of N rates allowed reducing crop protattifor instance, the number of fungicide
treatments for winter wheat decreased from twatrimeats to one, and insecticide treatment
as well as growth regulators were suppressed,dardance with Loycet al. (2012). Crop
protection was also reduced because lower yietgbtawere accepted: no fungicide was thus
applied on sunflower, which was also unfertilizedCS 2, oil seed rape was preceded by pea
to benefit from a positive preceding effect in teraf potential yield and N rate reduction as
showed by Schneidet al.(2010). A cover crop was sown before every spriog ¢o reduce
the risks of N losses. In CS1 and 2, a minimumrops were ploughed. In CS1, only winter
barley was ploughed while oilseed rape and winteeat were planted with reduced tillage.
Soil tillage for those crops was similar in CS2.wéwer, sunflower and pea were ploughed.
Such a choice for soil tillage reflected curreragtices in the study area and was driven by
the will to maintain yields while reducing fuel ¢tssfirst for economic and time-saving
motivations, then to reduce energy consumption@Hé emissions. Under the assumption
that the soils had a correct availability of P &dvinter wheat and sunflower (for CS2) did
not get any P or K fertilization.

Given the demands surrounding energy feedstockexbperts of the design workshop chose
to build energy cropping systems using an integratanagement framework. Following the
aims of the workshop, two energy cropping systemsrewdesigned, one included
M. giganteus(LC3) and one withouM. giganteus(LC4). On LC soil, LC3 was designed
targeting fields located in areas with environmermstakes, in particular regarding water
quality. Apart fromM. giganteus alfalfa was regarded as an environmentally frigrop
and was therefore included in the cropping systemgiganteuswas preceded by winter
wheat and followed by winter pea. A legume was ehds followM. giganteuggiven the

113



Chapitre 5 : Conception et évaluation de systeneesufture a vocation énergétique

25

20

15

Yield (t DM ha™)

10 -

5 10 15 20
Age

Figure 5. 2: Yield scenarios forM. giganteus.

Dotted lines stand for scenario LY, dotdash linesscenario IY and solid line for scenario
HY. Thick lines stand for the prediction while thines stand for minimum and maximum
yields per year for each scenario. Circles, triaaglnd crosses stand respectively for the data
used in the long-term yield prediction in scenati®s IY and HY.
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high C/N ratio of M. giganteusresidues (Amougowet al, 2010). A winter legume was
preferred to a spring legume in order to assuestef development of the crop in spring so as
to choke possibléM. giganteusregrowth. As in CS2, pea was followed by oilseeger
cultivated without pesticides and winter wheat, ahhitself preceded and followed a three
year alfalfa plantation. Apart frorW. giganteus wheat straw and alfalfa stems were also
dedicated to energy production. Except for oil segu, crop management was designed with
similar rules as in cropping systems ‘2’ but addpte the presence d¥l. giganteusand
alfalfa as preceding crops: weeding was reinforaedyea while it was reduced on ‘alfalfa
wheat’, along with N rate. Soil was ploughed befitve plantation of alfalfa.

The second energy cropping system designed on LGL€e4) also included a three-year
alfalfa based sequence surrounded by winter wiAdter the winter wheat following alfalfa
(‘alfalfa wheat’), oilseed rape preceded silagezmaA second legume was then included in
the cropping sequence with spring pea, followedrabg oil seed rape. Alfalfa stems, straw
wheat and silage maize were dedicated to energluption. Crop management was designed
using the same rules as in CS2 and accountindgpéopitesence of alfalfa as in LC3. In LC3 as
in LC4, exportation of P and K when straw was eigubmwas compensated by an additional
supply of 50 kg P and 10 kg K per ha. To simplife tassessment, we assumed that this
additional supply was made on the crop whose sivasvexported.

On the moderately deep calcareous-clayey soil (G, cropping system includell
giganteus(CC3) was designed to take into account thatdield CC soils have large areas.
Following agroforestry systems, experts decideglémt strips ofM. giganteusalternating
with strips based on an annual crops cropping semuelhe annual crop based cropping
sequence included the sequence ‘pea / oilseed raip¢er wheat’ as in cropping systems ‘2’
but winter pea was chosen instead of spring peatéNiwheat was followed by winter
triticale to include a low-input cereal. Sunflowpreceded by a cover crop, and spring barley
finished the cropping sequence. Reduced tillage apgdied for all crops. The ‘strip spatial
disposition’ aimed at (i) minimizing the land rerpd to produce energy, (ii) reducing the
GHG emissions at the field scale by including aeparal crop, and (iii) benefit from a
potential ‘barrier effect’ against wind and disedgéusion on the annual crop based cropping
sequence.

A ‘strip cropping system’ withouM. giganteuswas also proposed and was based on alfalfa
(CC 4). In CC 4, an alfalfa strip alternated witth @hnual crop sequence. Due to the pluri-
annual character of alfalfa, strip nature in CSdngfed every three year: on a given strip,
alfalfa was cultivated for three years and thefofeéd by the annual crop sequence. Thus,
the positive preceding effect of alfalfa mentiortedthe experts regarding N rate, weeding
but also soil structure and biodiversity, could df@nto the whole field. The annual crop
sequence was based on oil seed rape (followintfaglfavinter wheat and winter triticale.
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In addition, this spatial pattern was describedaapgossible lever to favor oil seed rape
auxiliaries. Alfalfa stems, wheat straw and trikecevere used for energy production. Triticale
was harvested immature (stage ‘milky grain’) inertb sow alfalfa at the beginning of July.
The whole crop was dedicated to energy producti@rop management was design with
similar rules as in CC3 and adapted to the presehakalfa as in LC4.

Yield assessment

Energy dedicated crop and multiple product crop yiéds

On LC sail, three scenarios were built to desciibegiganteusyields, summarizing the
information on commercial yields gathered in themfars’ field network inChapter 2
(Figure 5. 2. Scenariol was based on ‘mean fields’, that is to say fieMdere observed
yields ranged between 6 and 10 t DMHar the first harvest (second growth year) and
between 10 to 16 t DM Hafor the second harvest. Seven fields among theesixobserved
belonged to that group. Maximum predicted yieldcheal 18.8 t DM hé for that scenario
while mean predicted yield amounted 14.7 t DM"h&cenarioH was based on the three
fields with the highest observed yields, which eded respectively 10 and 16 t DM himr
the first and second harvest. Scen&tivas characterized by a maximum predicted yield of
25.8 t DM h& and a mean predicted yield of 20.6 t DM*h&cenarid- was based on three
low yielding fields where observed yields were lowlan 6 and 10 t DM ha respectively
for the first and second harvest years. Maximumraedn predicted yields were respectively
11.4 and 8.9 t DM ha Three particular fields with yields lower thart BM ha® for the first
harvest were not included in any group. One of éhftslds, planted close to a well water,
could not be weeded chemically. The field was cholg weeds during the plantation year
leading the farmer to crush it during summer. Hiatvest yield was therefore low (2.7 t DM
ha'). However, the field was successfully mechanicelgeded during the second and third
growth year and yield increased by 4.5 betweenfifs¢ and second harvest. The two
remaining fields were characterized by a low any weegular planting density at the end of
the first growth year. After the first harvest, z<bmes were mechanically divided in an
attempt to increase planting density. It is therefdifficult to predict how those fields will
evolve in the years to come.

Data on CC soil were insufficient to build yieldesarios due to a small number of fields
which was even more reduced by establishment &duifields where crop development was
not enough to make the harvest profitable. Basetherscarce data available, we designed
two yield scenarios with the help of the LC scemsiriScenario CG-was a pessimistic one
and relied on the lower boundary of DCit was characterized by a maximum predicted yield
of 9.4 t DM h& and a mean predicted yield of 7.4 t DM'h&cenario CC¥ was more
optimistic and used the upper boundary of YCmaximum predicted yield amounted
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13.2 t DM h& while mean predicted yield was 10.1 t DMfizhesescenariowere consistent
with the few data available on that soil: about 30M ha* for a two-year old\i. giganteus
and 7.3 t DM hd for a three-year old crop.

On LC, energy maize yielded 16 t DM™hat was thus a bit higher thavl. giganteusmean
yield in scenario 2. Maize yield stood for 85% lbé tpotential maize yield parameterized on
that soil: the decrease between potential yield pradlicted yield was related to N rate.
Alfalfa stems represented half of total alfalfalgi@nd amounted on average for the three
years 5.7 t DM hd Alfalfa yield amounted for 93% of alfalfa poteaitiyield: the small
difference between both yields was related to Hoet2egime used in the cropping systems.
Winter wheat straw yield was on average 5.3 t DM, fi@. about 63% of grain yield. Ratio
between predicted yield and potential yield for t@inwheat averaged 91.5% and was related
to crop management. It was higher for ‘alfalfa wthé@anks to the positive preceding effect
of alfalfa. On CC, energy triticale yielded 10.M ha’which is similar toM. giganteus
mean yield in scenario CB- Alfalfa stem yield was on average 4.7 t DM*h&inter wheat
straw yield was equal to 3.9 t DM havhile winter triticale straw yield was 4.5 t DM hd.e.
75% of grain yield. Ratio between predicted yietdsl potential yields were similar than
those on LC soll for alfalfa and winter wheat. Vintriticale predicted yield amounted 87%
of the potential yield: that reduction was relate negative rotational effect (winter triticale
being a ‘second cereal’) and to crop management.

Food/fodder crop yields

On LC soil, oil seed rape vyield averaged 3.7 t Dait hut ranged from 2.8 t DM Hato 4.2 t
DM ha?, which was considered as the potential yield by dltors involved in the design
process. Oilseed rape in LC2 yielded slightly mibven oil seed rape in LC1 thanks to the
positive rotational effect of pea. In LC4, oil saegie was preceded by winter wheat and yield
was reduced as a consequence of the integratedgeraeat. Oil seed rape in LC3 got the
lowest yield although it was preceded by pea bexadsthe pesticide free management
chosen. With 8.7 t DM hh winter barley in LC1 was equal to the potentiild. In LC2,
winter barley yield amounted 85% of the potent&inflower was included only in LC2 and
predicted yield amounted 69% of the potential yiglet to a fertilization free management
(yield = 2.2 t DM h&). In LC2 and 4, spring pea yields amounted 93%hefpotential yield
(yield = 5.0 t DM h&) while winter pea included in LC 3 amounted 95%thé potential
yield (yield = 5.3 t DM hd). As winter pea followed M. giganteus in LC3, mgement was
not much lightened, especially regarding weeds.
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Figure 5. 3: Cropping system multicriteria assessmm: a) LC soil; b) CC soil.

FOOD EFF: Food efficiency; FOOD CAP: Food capaciEyEFF: Energy efficiency; snM:
Semi-net Margin; TFI: Treatment Frequency Index;NADSSES: Nitrate losses; E COST:
Energy costs; GHG: Greenhouse gases emissions

LC3L: LC3 with M. giganteusyield scenarid., etc.
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On CC saoil, potential yields were reduced by al#h# compared to LC soil. Ratio between
predicted yields and potential yields were on agersimilar for oilseed rape, except for the
one sown after alfalfa (CC4), and for pea. Losses tb management were higher for
sunflower (52% of potential yield).Predicted spribgrley yield amounted 92% of the
potential yield.

Multicriteria assessment of the cropping systems

Figure 5. 3enabled to compare all cropping systems on a ireebtsis according to soil type.
Although cropping systems were designed for eadhygme, we can separate for each soil a
cropping system based . giganteus(hereafter referred as CS3) and an energy cropping
system based on other energy feedstock (hereafferred as CS4). CS3 differed by the
weight of M. giganteusin the cropping system. CS4 included alfalfa additgonal energy
feedstock according to each soil type. All croppsygtems were characterized by a good
food efficiency equal or higher than 80%. Food c#iyavas well maintained in CS4 where
only one dedicated energy crops was included. Orsdi; food capacity of LC3 was very
low since the cropping system was mostly baseM ogiganteuslIt was higher on CC3 since

it was composed half byl. giganteusand half by an annual crop sequence.

On LC soil, LC3 displayed the best profile regagdianergy efficiency, environmental
impacts (TFI and nitrate losses) and GHG emissi&ngrgy efficiency as well as semi-net
margin (snM) depended strongly & giganteusyield scenarios. However, snM was the
only indicator where the ranking among croppingteys relied onM. giganteusyield
assumption. Ranking for energy efficiency was saamdn CC soil. On the whole, results on
CC soil were much tighter and CC3 was even surgalsgeCS4 in terms of TFI. Ranking
regarding snM and energy efficiency depended agdiongly on M. giganteusyield
scenarios.

Economic assessment

On LC soil as on CC saoill, results of the croppiggtem comparison were highly dependent
on the assumptions made fr giganteusyields Figure 5. 49. LC 3 based oM. giganteus
yield scenario cj.e. the highest yield assumption (L&EB was characterized by the best
semi-net margin (snM). LGB (with M. giganteusyield scenarid) snM was close to the one
of LC4. LC3L (i.e. the lowest yield assumption) was less profitabbntLC1 and LC2. On
CC soil, CC3H was characterized by the same snM than CC4, \@@laL snM was similar

to CC2 snM. CC1 snM was intermediate between batsdCropping systems also differed
by snM between-crop variability. On both soils, C&&re characterized by the smallest
variability, while CS3 were characterized by thghast variability due to the presence of
M. giganteuswhich required a high investment at planting (28Q8er ha) while
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Figure 5. 4: Economic assessment of cropping systenf€ ha'): a) semi-net margin,
b) production costs.

Bar plots stand for the mean value of each croppiysiem. Horizontal bars stand for the
lowest value and triangles for the highest.
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the crop is not harvested at the end of the pliamtaear and does not enter in full production
until a few years. CS2 and 4 snM variability wasermediate due to the presence of
‘diversifying crops’ such as sunflower or pea whigtt lower snM than cereals or oilseed
rape. The lower snM on CC soil were related to logress product due to lower yields rather
than higher costs. Costs on CC soil were eventgligmaller due to smaller N rate related to
smaller yield potentialdqgure 5. 43.

On both soils, costs structure was different betwempping systemsF{gure 5. 4b. In
comparison with CS1, CS2 seed costs were highefeltilization and pesticide costs were
largely lower leading to overall lower costs. Padg costs were even more reduced in CS4
that was based on quasi pesticide free alfalfa. évew fertilization costs were higher due to
the high needs of alfalfa in terms of P and K hedtion. For CS3, costs were almost similar
among theM. giganteusyield scenarios since fertilization costs were ¢mty yield related
costs. On LC soil, CS3 got the lowest costs sihegas mostlyM. giganteushased. On CC
soil, due to the lower weight dfl. giganteusin CC3 (compared to LC3) and to the higher
weight of alfalfa in CC4 (compared to LC4), costs @C3 and 4 are similar. Good
performance of alfalfa-based CS were related tolahecosts but also to the high price of
alfalfa leaves (110 € t DM.

GHG emission and energy cost assessment

On both soils, CS3 based on M. giganteus produwedbtvest amount of GHG, although the
difference was emphasized on LC soil due to thegiliag weight ofM. giganteusin LC3
(Figure 5. 5. As for costs, GHG emissions were almost idehacaongM. giganteusyield
scenarii since GHG related to N fertilization arldnp residues were the only yield related
emissions. CS1 was characterized by the highest @Ht&sions while CS2 and CS4
produced intermediate emissions. On LC soil, GHG@Gsions were reduced by 40% between
LC1 and LC2, 50% between LC1 and LC4 and 75% betv&®l and LC3. Reduction rates
on CC soil were similar except between CC1 and C&3G emissions were only reduced by
60% due to the lower weight M. giganteusn CC3. Nitrogen fertilization, through indirect
CO, emissions during the fertilizer production andedirN.O emissions from the soil was the
main source of GHG. Difference between croppingesys were therefore related to the
reduction of N rate and to the weight of crops thate not N fertilizedi.e. legumes (pea and
alfalfa) but also sunflower. Aside CS3, GHG emissi@n CC soil were slightly lower than
on LC soil: that difference between soil types weslated to the lowest N rates used on CC
soils (due to the lowest yield potentials) althoumggirect NO emissions, mostly caused by N
leaching, were higher.
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Figure 5. 5: GHG emissions estimated at the croppinsystem scale (kg eq C£ha™).
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Classification of the cropping systems regardingrgy costs was similar={gure 5. 3.
Energy costs were for instance reduced by 70% [#tweCl (mean energy costs =
12.4 GJ hd) and LC3 (mean energy costs = 4.0 G3)hhy 45% between LC1 and LC4 and
by 40% (mean energy costs = 8.2 GHhaetween LC1 and LC2 (mean energy costs = 6.9
GJ ha'). Energy cost structure was close to-@mission structure although costs related to
fuel consumption during cropping and harvestingrapens had a higher weight than direct
CO, emissions during the same operations.

Environmental assessment
Nitrate leaching

On LC solil, LC1 presented the highest loss of tegaand LC3 the lowest, while LC2 and
LC4 were intermediateé~{gure 5. 6. N rate reduction and insertion of non N-ferglizcrops
(pea, sunflower) explained the decrease in nilgses between LC1 and LC2. LC4 nitrate
losses were even more reduced thanks to the peesdrec non-fertilized pluri-annual crop,
alfalfa. LC3 displayed the highest between-cropalality. Quasi-null nitrate losses resulted
from the presence dfl. giganteusn the cropping system. On the opposite, maximussde
were not due to the higher nitrate losses occurafigr the plantation oM. giganteus
compared with the following year€lapter 3) but to the annual crops also included in the
cropping system. On the whole, maximum losses wendar across cropping systems that
differed by the mean and the minimum losses. Nittasses were on average higher on CC
soil since it is a shallower soil. CC1, CC2 wereked as their LGilter ego On the other
hand, CC3 and CC4 got similar results.

Pesticide pressure (as indicated by the treatnrewojuiency index TFI)

TFI was among the indicators that were not rel&beldl. giganteusyields Figure 5. 3. On
LC soil, LC1 was characterized by the highest T BC3 by far by the lowest TFI: TFI was
reduced by 95%between LC1 and LC3, mostly thanks thhe quasi ‘pesticide
free’M. giganteus A longer cropping sequence including spring craewed a TFI
reduction of 55% between LC1 and LC2. The addinbralfalfa in LC4 allowed a higher
reduction of 70%. The reduction between CC1l and @28 similar. The rest of the
comparison was however different on CC soil sindh & reduction of 80%, AC4 was the
cropping system allowing the highest TFI reducti@€3 was associated with a 70% TFI
reduction. This difference between soils was reldte the lower weight oM. giganteus
compared to LC3 and to the higher weight of alfaif€C4 compared to LCA4.
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Assessment at the energy feedstock scale

Economic assessment

On LC soil, M. giganteussnM ranged between 48 and 62 € t Badcording to the yield
scenario, which was higher than maize and alfaémnssnM Figure 5. 79. However, for
yield scenarioLY, M. giganteussnM was only slightly higher than maize and a#ashM.
snM of winter wheat straw were similar k. giganteussnM for scenaridY when winter
wheat followed alfalfa and slightly lower otherwigen CC soil, dedicated winter triticale,
winter triticale straw, winter wheat straw as wedl alfalfa stems displayed lower snM than
M. giganteusvhen the latest got the best yields and lowerrotise.

On LC soil, M. giganteusdisplayed the lowest costs per ton when yieldsewetermediate
and high Figure 5. 7b. When yields were lowM. giganteuscosts turned out to be
intermediate between the costs related to the ptmduof alfalfa stems and the ones related
to the production of winter wheat straw. Alfalfar fareceding crop allowed a small decrease
in winter wheat straw costs thanks to the loweaté¢.rMaize was characterized by the highest
costs per ton, due to higher seed costs. Although dnd seed costs of alfalfa stems were
among the smallest, total costs were relatively liige to the high P and K fertilization costs.
M. giganteuscosts differed from the other crops by the highgheof seed costs caused by
the use of rhizomes. Due to the lower yields on 0@, ranking was different. Dedicated
winter triticale performed very well since it diggked costs quasi similar to the ones of the
high yielding M. giganteus Alfalfa stem costs looked closely to the low gliael

M. giganteuswhile winter wheat and triticale straw presenteed highest costs per ton. On
CC soil as on LC soil, additional costs relatedthe exportation of strawi.€. additional
harvest and fertilization costs) represented batvid@®eand 25% of total costs.

GHG and energy assessment

On both soils,M. giganteuswith any yield scenario displayed the lowest GH@issions
while alfalfa stems were the second lowésgjgre 5. 8. On LC soil, GHG emissions per ton
resulting from the production of maize were simtlathe one from winter wheat straw when
winter wheat was preceded by alfalfa. Maize higheld was compensated by the allocation
of GHG emissions for straw. Otherwise, winter wheaaw GHG emissions were 20%
higher. On CC soil, dedicated winter triticale radkhird, closely followed by winter triticale
straw and winter wheat straw. Any crops assessegldilowed a dramatic decrease in GHG
emissions compared to first generation crops saahl deed rape or winter wheat, even when
the latest are part of integrated cropping syst@rable 5. 1. GHG emission sources differed
severely between crops. While maize, triticale singw GHG emissions were strongly
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Table 5. 1: GHG emissions from first generation crp estimated from the assessment
results.

Soil LC | cC
. . _1

Crop GHG emissions (kg eq CQt DM ™)
OSR 705 849
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Figure 5. 8: Estimation of GHG emissions at the emgy feedstock scale.
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related to fertilizers through GQOndirect emissions and soil,@ emissions, alfalfa GHG
emission profile was strongly determined by sojONemissions due to the high nitrogen
content of alfalfa residues. GHG emissions assedi& M. giganteuswere mostly indirect
CO, emissions and direct soil,® emissions. The latest are strongly caused byhitje
amount of biomass accumulated in the soil durirgdiop lifespan that increase the amount
of soil nitrogen when the crop is destroyed.

Energy feedstock ranking regarding energy efficjemere similar to GHG emissions. On
both soils, low energy costs allowbtl giganteugo display the best energy efficiency, even
for the lowest yield assumptiofigure 5. 9. On LC soil, winter wheat straw got the worse
energy efficiency. Alfalfa as preceding crop impedwslightly wheat straw energy efficiency,
making it similar to the one of dedicated maize. O@ soil, winter wheat straw energy
efficiency was the lowest as well. Winter triticataw scored between winter wheat straw
and dedicated triticale. On both soils, alfalfarsdewere the feedstock with the second best
energy efficiency but were much closer from stravd aledicated crop results than from
M. giganteus
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Discussion

During the workshop where the cropping systems wiesgned, the experts were divided
into two groups and each group dealt with one ef dtudied soil. As a consequence, the
differences between the designed cropping systeens kelated to constraints specific to each
pedo-climate (soil water availability, field sizetc) but also to the experts present in each
group. However, as the logic behind each croppystesn was made explicit, the assessment
results can be extrapolated beyond each soil tyddlee expert panel. Hereafter, we will first
highlight that methodological issues make it difficto compare our study with other
assessment studies. Then, we will discuss ourtseatithe energy feedstock scale and at the
cropping system scale. Finally, the main uncern@ntrelated to our findings will be
discussed.

Methodological issues related to assessment studies

As already noticed in several assessments deditatéd giganteugStyles & Jones, 2008;
Monti et al, 2009b; Krasuska & Rosenqvist, 2011; Fazio & Mprm011), the results
depended strongly on the methodological framewnrkerms of assessed system boundary
and assumptions necessary to carry out the assasdieze, we focused on the inputs and
processes at stake until harvest, differing theeefloom cradle-to-farm gate assessments
(Styles & Jones, 2007, 2008; St. Clairal, 2008; Krasuska & Rosenqvist, 2011) and cradle-
to-grave assessments (Fazio & Monti, 2011).

Cradle-to-farm gate assessment includes additypb#&lmass transport between the field and
the farm and storage in the farm. Such assessmanised extra assumptions on the distance
between the field and the farm, which does not dépdirectly on any cropping system
characteristics. However, as highlighteddhapter 2, distance to the farm is one of criteria
guiding the choice of a field to plaM. giganteus Cropping systems including that crop
could therefore display higher transport costs. évhelessChapter 2 highlighted also that
M. giganteuswas preferentially planted in small fields, fieldéh irregular shape or fields
located in areas with environmental issues, whighsdnot rely on the distance between the
field and the farm. Based on the example of giaetdr@Arundo donakx and fiber sorghum,
which are harvested at high moisture contents,d~aad Monti (2011) showed that storage
could have a severe impact on the assessmentstagytacing industrial drying processes by
natural field drying allowed 40% lower impacts. 1@ige was not included in our analysis.
However, the energy feedstock included dried ndyucam the field (M. giganteus straw) or
were harvested as silage crop. Cradle-to-gravesasmat includes the transformation of the
biomass into an energy carrier, as well as theibligion and the use of the energy carrier.
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However, Fazio and Monti (2011) highlighted thaadie-to-grave outcomes mirrored the
cradle-to-farm gate results.

Within our system based on ‘cradle-to-harvest’ latarres, we made some simplifications.
Cropping and harvest interventions were takenastmunt through fuel consumptions, that is
to say that machine maintenance and depreciatomvedl as labor were not included. We
assumed that those elements are better reasotieel farm scale rather than at the cropping
system scale. Beside, crop protection was describeterms of treatment number and
treatment qualitative description (norma. ‘light’). Based on this information, the PerSyst
model estimated TFI and then economical costs basetlcrop parameterization of the cost
per TFI point (Guicharekt al, 2011). Such a parameterization was not availislenergy
costs and GHG emissions: the energy costs and Ghi€siens related to the production of
pesticides were therefore not included in the @ssest while only application costs and
emissions were taken into account. Based on the &idiSsion estimations of St. Clat al.
(2008), we can nevertheless confirm that emissielaged to the production of pesticides are
much lower than the ones related to the produatiofertilizers on a hectare basis: they are
for instance seven times lower for oilseed rape.

Due to these methodological differences, results leardly be compared between various
assessments, at least on a quantitative pointesf.vHowever, when assessments include
several crops, it is relevant to assess wheth&inmgrare similar. In any case, identifying
which assumptions cause the biggest differencelss aaluable. Compared to most
assessments dedicated to energy crops, our stedyddfered by the focus on the cropping
system scale. Montt al. (2009) did include a cropping system based onewintheat and
maize as reference scenario of conventional crgppystems in their cradle-to-farm gate
LCA but did not provide any justification of that@ce. No integrated cropping systems were
present in the comparison. Boehneg¢lal. (2008) compared experimentally three perennial
energy crops, willowM. giganteusand switchgrass, with an annual cropping systesedban
continuous maize and an annual cropping systemdbaseoil seed rape, winter wheat and
winter triticale. Variations in soil tillage and Mate were included in the factorial
experimental design but this is not equivalenthi® reflection carried out in our workshop to
design integrated cropping systems.

Before discussing the assessment results, we sbfle that one of the cropping system
proposed during the workshop had to be modifiede Titst version of CC4 was slightly
different since alfalfa was sown within a maizepcrelowever, during the parameterization of
PerSyst, maize was not parameterized on that soduse growing that crop was seen as too
risky given the moderate soil water content of sbé. We therefore suppress the sowing of
alfalfa within a maize crop and assessed a croppystem with alfalfa sown as a sole crop in
summer.
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Comparison of the energy feedstock

ComparingM. giganteuswith the other energy feedstock included in owdgtinvolved to
separate assessment fields where the results rehethe yield assumptions made for
M. giganteudrom the other assessment fields.

On both soils, the first category of assessmertidieontained GHG emissions, where
M. giganteusclearly outperformed the other crops, except f@faHowever, the difference
between M. giganteus and alfalfa was bigger oncéahe basis (data not shown). Styles and
Jones (2007), Saint Claet al. (2008), Hillier et al. (2009), Fazio and Monti (2011)
highlighted as well thatl. giganteusallowed a drastic decrease in GHG emissions cogdpar
to annual crops. On the opposite, these authorweshohat the crop performed as well or
even slightly worse than other perennial crops saghwillow (Styles & Jones 2007, Saint
Clair et al. 2008, Hillieret al. 2009), switchgrass or giant reed (Fazio & Monti2p0 In all
these studies except Saint Clairal. (2008),M. giganteusvas N-fertilized every year while
it was N-fertilized every three years in our stuy LC soll, the first category also contained
nitrate losses ant¥l. giganteuswas again widely better than the other crops. @ Gil,
alfalfa was associated with lower nitrate losses . giganteuswhatever the yield scenario
involved. Results on nitrate losses must howeverrdggarded with caution, since the
methodology relied on a nitrogen balance for thauah crops while it relied on the
estimation of the soil mineral content at the bemgig of winter for alfalfa andl. giganteus
Besides, the scarcity of data on CC soil addechéolack of knowledge on the long-term
evolution of nitrate losses under low yieldild giganteusmakes the results even more
uncertain on that soil. TFI was another field assent where ranking did not rely on
M. giganteusyield scenario. Regarding THY. giganteusoutperformed again any other crop
but alfalfa since this crop required almost no ipet as well.

Assessment fields where ranking among crops relield. giganteusyield scenario included
energy costs, energy efficiency and snM. Alfalfans$ displayed lower energy costs and
higher energy efficiency per ton than the lowestding M. giganteuson both soils. On LC
soil, any other crop was characterized by simitaev@en slightly higher snM than the lowest
yielding M. giganteusOn CC soil, dedicated winter triticale and aliastem snM got closer
M. giganteussnM estimated with the highest yield scenariotfat soil. Styles and Jones
(2008) found that. giganteusprovided gross margins higher than winter wheanewith
their lowest yield assumption where mean yield wegsal to 8.2 t DM ha y*. Their
assumption orM. giganteuswas however 40% higher than ours. With a priceual@%%
lower than ours and a mean yield close to our iméeliate yield scenario (14 t DM ha™?),
Krasuska and Rosenqvist (2011) found tNatgiganteuswas not profitable, neither was
dedicated triticale under the same price assumpinahyield and management similar to ours.
According to the price assumptions, winter wheat vegther even less profitable than
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M. giganteusor profitable. In Styles and Jones (2008) and #ska and Rosenqvist (2011)
studies M. giganteusvas N-fertilized every year while it was N-ferziéid every three years in
our study.

Among the other energy feedstock, alfalfa stemsedirout to be very interesting. Dedicated
crops also earned good results on an economica basdid not perform as well as alfalfa
stems on an environment and GHG emission basiawSiras characterized by the worse
results, although triticale straw performed bettean wheat straw and got close results to
dedicated triticale. This is explained by its higls&raw yield and lower input requirement
compared to wheat. Ravn Jorgenséal. (2007) had also shown that triticale and rye, tsank
to their higher whole plant yield, were more instineg than wheat. However, compared with
first generation crops, the use of straw as anggnteredstock allowed a strong decrease in
GHG emissions. Furthermore, exported straw of aateultivated after alfalfa improved the
results. This could be generalized to other legwegarding the reduction in N rate (but
probably in a lower extent) and the positive prawge@ffect regarding yield. On the opposite,
the positive preceding effect regarding the reductf weeding is strictly related to alfalfa.
Hallam et al. (2001) compared alfalfa with perennial crops sashreed canary grass
(Phalaris arundinacea [).and switchgrass, as well as with annual croph siscsorghum and
maize. On a cost based comparison, alfalfa perforw@rse than both perennial and annual
crops. Alfalfa was cut two or three times a yearwas mowed which required three harvest
operations (the mow, the baling and the bale lcad)pared to one in our study.

Comparison of the cropping systems

Before discussing comparisons between croppingsystwe must first of all emphasize that
the objectives set at the beginning of the worksihvepe reached: compared to CS1, GHG
emissions were reduced by 50 to 75%as a functioibtype and energy cropping system,
TFI were reduced by 70 to 95% and nitrate losseS5otp 80%. In the meanwhile, food crop
yield were not reduced by more than on average T5%.design workshop was then on the
whole successful. However, we shall notice thatgber results of CC2 compared to LC2
were related to the low semi-net margin associtiesinter barley (80 € h§ and sunflower
(20 € h&d) due to low yields (respectively 66 and 52% ofemtial yields): this result
guestioned therefore the management described d&yexiperts, not to say perhaps the
inclusion of those crops in integrated croppingeays for CC soil.

Comparison at the cropping system scale dependean(ithe assumptions made for
M. giganteusyield and (ii) on the weight oM. giganteusin the cropping system. With
moderate or high yieldsM. giganteusbased cropping system outperformed the other
cropping systems, except regarding the capacigyraduce food. With low yields, on both
soils, M. giganteusbased cropping system still got better resultiaass GHG emission and
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energy production were concerned. On CC soil, tesabarding energy production would be
nevertheless different if alfalfa was the only @yefeedstock included in CC4 (cf 4.2).
Comparison regarding nitrate losses differed acogrdo soil types, while comparison
regarding pesticide pressure differed accordinthéeoweight ofM. giganteusand alfalfa in
the cropping systems. With low yields, other CS gwohilar or even better snM than
M. giganteusespecially on CC soil. On this soil, it would kdyeen very valuable to base the
yield scenarios on more commercial yield data toabke to judge ifM. giganteuscrop is
really suitable for such a soil.

Our study was based on the hypothesis that ansassasof energy feedstock at the cropping
system scale was necessary because (i) food capd benefit from the introduction of
energy crops in the crop sequence and (ii) energyurce assessment could be affected since
preceding effects modify yields, crop managemend as a consequence the derived
indicators. We showed indeed that the introductéralfalfa as a multiple product crop
improved cropping system assessment results. Véehadhlighted that the assessment results
of an energy feedstock such as straw wheat differecbrding to the preceding crop.
Furthermore, when considering a supply area or terglaed, the risk of environmental
impacts is related to all the crops cultivatedha tropping systems of the area and not only
to the energy feedstock, which also makes the ssssg at the cropping system scale
necessary.

Main uncertainties

Working with different yield assumptions ftM. giganteusmproved a lot the discussion of
the crop interests, especially because these assms\p based on fields network
measurements were related to soil, field envirorimeml field management. We also
integrated long-term yield evolution using the fimgs of Chapter 4. We assumed that
fertilizing the crop with N every three years anithwP and K every six years would not cause
yields to decline with a higher rate than the agerane ofChapter 4. However, in all
assessment studies cited here except Saint €laal. (2007), M. giganteuswas N-P-K
fertilized every year. We hypothesized thatgiganteushad no preceding effect in terms of
yield of the following crops, which need to be damied. Our study benefited also from the
results regarding nitrate losses as a functiomrab age and soil type&Chapter 3). However,
knowledge on long-term nitrate losses evolution wa$ available, which is particularly
critical when yields are low. Besides, knowledge mitrate losses and GHG emissions
occurring after the crop destruction was lackingvai. We made assumptions to takeON
emissions into account but they involved only thetdiction year while nitrogen contained in
rhizomes will increase the soil nitrogen likelydontribute to leaching or soil & emissions
gradually. In the meanwhile, part of this nitrogesuld be absorbed by the following crops.
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Based on the high C/N &fl. giganteusrhizomes (Amougoet al, 2010), we assumed that
the crop destruction would not modify nitrate leaghduring winters of the following years
Further research is however needed on these aspects

Soil NO emissions estimation in general could be moreigeaf information on soil type,
climate and following crops were taken into acco@dil N,O emissions also increase when
soil carbon content,e. organic matter content, decreases (IPCC, 200@6)c&ton evolution
was not included in our study but straw exportati@s however design to prevent any loss in
organic matter. Based on the information availablthe literature, unlike annual crop based
cropping systems, cropping systems baseogiganteusshould induce an increase in soil
carbon stocks (Himkegt al., 1997; Neukircheret al., 1999; Hansert al., 2004; Hillier et

al., 2009). However, we mentioned @hapter 2 that M. giganteuswas frequently planting
on fields that were set-aside and can thereforasbamilated to grasslands on a carbon stock
point of view. The change in carbon stock wiMrgiganteugeplaces grassland is considered
to be null (Saint Claiet al., 2008; Hillier et al., 2009). However, when GHG emissions
related to the crop production and GHG savingstedlao fuel displacement is taken into
account,M. giganteusstill displays a better GHG balance than annuap€rsuch as winter
wheat or oilseed rape (Saint Clatral.,2008; Hillieret al.,2009).

GHG emissions when expressed by ton to comparegerfieedstock depend on crop yields.
In this study, we assumed yields to be a good atdicof energy yields and used therefore
different indicators such as GHG emissions, eneffijgiency and semi-net margin expressed
by ton to compare energy feedstock. Processesatsfarm energy feedstock into second
generation bioethanol are however mainly still expental and differences among crops
could appear, especially regarding the energy &edinputs required for pre-treatment.

Furthermore, differences in yield sensitivity redjag climate change could change the
comparison results between crops. These differecmglsl also have a strong impact on the
relative crop profitability. Regarding economicasults, as mentioned by Krasuska and
Rosengvist (2011), the prices of biomass as wethasprices of non-energy crop are key
factors to determine the profitability and competihess of energy crops. Given the
uncertainty regarding these priced). giganteus benefit from low costs, especially

fertilization costs: the crop is therefore rathedependent from changes in the agricultural
input prices. However, the high establishment cakisg with the long payback period could
be a barrier to the crop development (Styles & §p2608; Bocquého & Jacquet, 2010).

Apart fromM. giganteusalfalfa stems emerge from our study as a veryning bioenergy
feedstock. Alfalfa is yet not commonly includedassessments comparing energy feedstock.
Hallam et al. (2001) compared dedicated alfalfa with severapsr(see 4.2) and found that
alfalfa was disadvantaged by its shorter life spampared to perennial crops and in general
by the multiple cuttings per year. Langh al. (2007) studied the use of alfalfa stems to
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produce bioethanol and showed that alfalfa wouldebe from a biomass management
system based on a reduced population density gr dodncrease stem yield and on a two-cut
harvest regime in order to reduce harvest costd@idprove the crop longevity. Gonzalez-
Garciaet al. (2010a) compared conventional gasoline with biceth@roduced from alfalfa
stems using the LCA methodology and showed thatldatest leads to reduce the global
warming potential while environmental impacts swdh those related to acidification or
eutrophication increased. Gonzalez-Gareiaal. (2010b) also compared the use of alfalfa
stems with the use of other crops such as popéer shives or hemp hurds (i.e. the non-fiber
part of the stems) and ethiopan mustard and sholadhe latest was the most interesting
feedstock regarding GHG emissions and eutrophicafieither of these studies compared
alfalfa stems with the energy feedstock studiec hmar gave details either on the process
required to separate leaves and stems.

Assessing more energy feedstock?

In this study, we compared cropping systems basell.ayiganteuswith cropping systems
including various energy feedstocks. Other energgd$tocks of interest could not be
included in the assessment because they were nampterized in PerSyst. On CC sall,
switchgrass could be an interesting crop becausesiid to be more drought resistant than
M. giganteusproviding that the tricky implantation of the crigppossible on a stony soil. On
LC soil, willow would probably perform well, but Wow yield are generally lower
M. giganteugesulting in better assessment results per tothéotatest (Styles & Jones, 2007,
2008). The situation should be different on wetssaihere willow would be more suitable
(Styles & Jones, 2007; 2008). Except the issuergihd, sorghum (sweet sorghum or fiber
sorghum) was assessed as a very interesting crépy and Monti (2011) and Hallagh al.
(2001): these authors underlined the fact thathaorgcould compete with perennial crops
such as switchgrass, big bluesteriAndropogon gerard)i and cynara Qynara
cardunculus ). Based on our expert panel, sorghum would balskitfor LC soil and could
be cultivated as second crop after dedicated dtdiclntercrops of alfalfa and sorghum
(Hallam et al. 2001) maize andolium perenngBoehmelet al. 2008) or wheat and clover-
grass (with straw grain dedicated to food produmti@homsen & Haugaard-Nielsen, 2008)
were also mentioned as feedstock of interest.
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Conclusion

Our study aimed at comparii giganteuswith other potential biofuel agricultural feedstoc
() using multicriteria cropping system assessnanta methodological framework, and (ii)
using data representative of production-scale diebdnaged commercially. Two categories of
energy oriented cropping systems were designedworsoil types of Burgundy based on
expert knowledge: cropping systems includMggiganteusand cropping systems based on
annual and/or pluri-annual dedicated or multipleduct crops. Energy cropping systems
were compared to two reference cropping systemshatiid not include energy feedstock:
one corresponding to the most widespread pradticé® studied region (based on rapeseed —
wheat — barley) and one based on integrated maradenies. Cropping system multicriteria
assessment results were sensitive tM(ipiganteusyield and (ii)M. giganteusveight in the
cropping system. Regarding environmental perforreanitrate leaching, pesticide use,
greenhouse gas emissions) as well as energy peniges, cropping systems including
M. giganteuswere on the whole better than those including roémergy feedstock. On the
opposite, economic results were very sensitivdMtogiganteusyields. Both categories of
energy cropping systems displayed better envirommhg@erformances than the conventional
cropping system based on rapeseed — wheat — badihey. also performed better than the
integrated cropping systems thanks to the insedfanulti-annual (alfalfa) or perennial crops
(M. giganteu¥ in the cropping sequence. Economic results wegainamore variable
depending on soil type and vyield level of the ddf& crops. Among other candidate
feedstock, alfalfa, whose stems can be used toupeodecond-generation bioethanol,
displayed several advantages. It was charactermedow environmental impact while
maintaining interesting yields on soils where wateailability is reduced. Including alfalfa in
cropping systems also had positive impacts on gsssment results of other candidate
feedstock such as cereal straws thanks to the girgcand cumulative effects associated to
the crop. Interest of cereal straws or whole pldotgn silage, triticale) as energy crops
depended on their yield levels on each soil typmspared to those d¥l. giganteusand
alfalfa.
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Ce travail repose sur deux originalités principalé$ I'étude deM. giganteusen parcelles
agricoles, et (ii) la comparaison de systemes dareuintégrant différentes ressources
candidates a la production de bioénergie (ddngiganteus)sur la base de leur évaluatiex

ante Dans un premier temps, nous discuterons desijpanc apports de connaissance permis
par le suivi de parcelles agricoles #& giganteus Nous reviendrons ensuite sur les
conséquences de l'introduction bk giganteusou de d’autres ressources candidates dans les
systemes de culture. Un retour sur les grands ahétkodologiques sous-jacents a ce travail
constituera la suite de la discussion. Enfin, dessgectives relatives aux changements
d’échelle seront présentées.

Cultiver M. giganteus en parcelles agricoles

Caractérisation et explication de la variabilit¢é de performances de
M. giganteus en parcelles agricoles

Les résultats obtenus en parcelles agricoles,sqgodhcernent le rendement e giganteus

ou le risque de lessivage de nitrates pendantdthisont cohérents avec ceux obtenus en
parcelles expérimentales si I'on considére lesuralenoyennes obtenues sur I'ensemble du
réseau de parcelles agricoles. En revanche, |é deiiparcelles agricoles a permis de mettre
en évidence la grande variabilité des rendementsrm des pertes de nitrates. Le suivi de
parcelles agricoles a de plus permis d’identifes principales sources de variabilité et de
montrer qu’elles ont un impact différent lorsqusibgit des rendements ou du lessivage de
nitrates.

En termes de rendements, nous avons montré qunstél de tiges mise en place pendant la
premiere année de culture est la variable quipdue d’'influence : la réussite de la plantation
est donc déterminante. Nous avons €galement moué&ette plantation est plus risquée (i)
en sol peu profond et/ou caillouteux et (ii) erssalimides avec précédent jachére. Le type de
sol a donc été identifi€é comme une source de Jété@abToutefois, alors que dans la
littérature, l'influence du type de sol est relgésa disponibilité en eau (Heatenal, 2004;
Richter et al, 2008; Hastingset al, 2009), le type de sol intervient ici avant tout e
interaction avec l'historique de la parcelle ettanduite de la culture: les parcelles plantées
sur des sols humides avec comme précédent unergaldmgue durée présentent un risque
d’échec de la plantation plus élevé (apprécié aatehsité de tiges parra la fin de I'année
d’'implantation). Le dispositif d'analyse des rendss Chapitre 2) n'a pas réellement
permis d’analyser 'influence de la disponibilité eau: le nombre de parcelles ou de faibles
réserves utiles ont été estimées était tres rétlartaines de ces parcelles bénéficient de plus
de la présence d’'une nappe phréatique proche. bereqdispositif est élargi des parcelles
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suivies dans le cadre d@hapitre 2 (20 parcelles ou le rendement « placette » astid&) a
'ensemble des parcelles suivies (38 parcelleseagliquat d’azote minéral dans le sol a été
estimé) Chapitre 3), linfluence de la disponibilité en eau est plosarquée. Cet
élargissement permet en effet I'ajout des huit glégs plantées dans la zone de Baigneux-les-
Juifs®®. Sur deux d’entre elles, localisées en sol arggiiwaire superficiel, la plantation a
echoué suite au desséchement des rhizomes. Seixlgarcelles restantes, trois parcelles
plantées sur des sols argilo-calcaires superfi@alsnoyens et agées de deux et trois ans
n’'ont pas encore été récoltées, faute de biomasgsasite. Seules deux parcelles plantées sur
des sols argilo-calcaires moyens font I'objet deolté'® et présentent de faibles rendements
« machine » (environ 4 t MS taen premiére récolte, 8 t en deuxiéme). Au-delalade
disponibilité en eau, ces parcelles subissent ptebeent également linfluence de
températures moyennes moins €élevées sur le pletéeaire Bourguignon.

L’analyse des pertes de nitrates concerne ellesd'eble des 38 parcelles du réseau. Ces
pertes sont en moyenne faibles et diminuent quage lde la culture augmente. L’influence
du type de sol est cette fois extrémement forte.l&usols profonds, l'influence du type de
sol semble supérieure a celle des niveaux de rezmterde la culture (et donc des
prélevements d’'azote et d’eau associés ; ces derueant sur le drainage). Les parcelles
plantées sur des limons battants, sols profondactéaisés par de faibles taux de
minéralisation potentielle de l'azot€lapitre 3) présentent ainsi un risque de lessivage
faible quel que soit le niveau de rendement deultue (Annexe 4. En revanche, les
parcelles déV. giganteugplantées sur des sols argileux présentent unegidguessivage plus
éleve, y compris pour de bons niveaux de rendefdentexe 4. Cette analyse est délicate a
mener pour les sols plus superficiels en raisomatabre insuffisant de parcelles présentant
des niveaux de rendement moyens ou élevés suolses s

Comparée aux dispositifs expérimentaux, I'analysparcelles agricoles a permis d’identifier
des sources de variabilité supplémentaires. Lexathes parcelles oll. giganteusest cultivé
joue ainsi un réle central. Comme nous I'avons imeng ci-dessus, les parcelles plantées sur
des sols humides avec un précédent jachere prasemteque d’échec de la plantation plus
elevé. Il s’agit dailleurs probablement d'une auctwrélation: ces parcelles avaient
vraisemblablement été mises en jachere par lesudtguirs car elles étaient difficiles a
travailler, par exemple en raison d’exces d'eaerdames periodes de 'année. D’autre part,
le Chapitre 2 a également mis en évidence que la culturél dgiganteussur des parcelles de
forme particuliere (petite taille, nombre d’anglesigmente les risques de pertes a la récolte.
Bien que nous ne lI'ayons pas mis formellement edeéxce, le désherbage des parcelles en
premiére année joue vraisemblablement un réle dletitefois, hormis le désherbage et

15 En raison de contraintes matérielles et du norBeelimité de parcelles récoltées dans cette zumes avons
choisi de ne pas inclure ces parcelles dans lesiispetudié au Chapitre 2.

16 La derniére parcelle des huit évoquées ici se sitlécart des autres sur un sol limono-argilewfqnd.
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contrairement aux cultures annuelles classiquessdairces de variabilité supplémentaires
identifiées en parcelles agricoles sont peu liégexment a la conduite de la culture, qui est
trés peu variable entre parcelles. Cela dit, I'iotpe I'interaction sol — précédent, qui rend la
plantation plus délicate sur certaines parcellepeberait a une gestion différente de ces
parcelles. Si l'analyse en parcelles agricoles iomief que la plantation est I'étape
déterminante de la réussite de la culture, ce noesefois pas tant la levée des rhizomes qui a
éteé déterminante sur le réseau de parcelles atudimais la multiplication du nombre de tiges
par rhizome levé. Cette observation tend a morgtex le tri des rhizomes effectué par
Bourgogne Pellets avant la plantation a globalenparimis de contréler la qualité des
rhizomes, élément primordial pour réussir I'impktian (RMT BIOMASSE, 2012b). La
division mécanique des rhizomes a l'issue de lanne récolte (appelée « remise a zéro de
la parcelle) a été utilisée sur deux parcelles palier une densité de peuplement trop faible
et trop irréguliere : les récoltes des années & penmettront de juger de I'efficacité de cette
technique. Notons que les colts d'implantationégs@ntent une part importante des codts de
production deM. giganteuset pourraient constituer une barriére au dévelmgne de cette
culture (Styleset al, 2008) : cette barriere sera d’autant plus éleyée le risque d’obtenir
une mauvaise implantation est lui aussi élevé.tBida culture a partir de graines et non de
rhizomes permettrait de réduire aussi bien lesscébnomiques de plantation que les codts
énergétiques et au-dela les émissions de gaz tadeffeerre (Hastingst al., 2009). Cette
option est a I'étude et sera prochainement exploads le cadre du projet « Biomasse pour le
futur ».

Cultiver M. giganteus sur des terres marginales ?

Une des solutions proposées pour limiter la coreawe entre productions alimentaires et non
alimentaires est de concentrer les productionsatiomentaires sur des terres marginales. La
notion de terres marginales est cependant fréequempea ou non définie (Batidziret al.,
2012), bien gu’elle implique en général la notian«dfaible productivité ». Dans un rapport
pour la FAO dédié aux terres marginalés le Consultative Group on International
Agricultural Research (CGIAR) rappelle que la notide terres marginales est relative
puisque (i) y compris au sein des usages agricofesol peut étre considéré comme marginal
pour un usage (exemple : cultures annuelles) roaisat fait adéquat pour un autre (exemple :
prairies), et (ii) le caractére marginal peut faérence a des contraintes biophysiques (sol
peu drainant, sol séchant, parcelle en pente,, atta)s aussi a des contraintes socio-
économiques (absence d’accés au marché, statuerfate la parcelle, accés a la parcelle
difficile, ratio «input / output » défavorable,cet Face a la question spécifiqgue de la
production de bioénergie sur des terres marginddske (2011) distingue (i) les terres

7 http://www.fao.org/Wairdocs/TAC/X5784E/x5784e0@#Contents; Chapitre |l
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dégradées, définies comme des terres caractérnsresine perte sur le long terme de
fonctions ou de services écosystémiques que léragshe pourra pas retrouver seul et (ii) les
terres marginales ou la production de cultures eali@ires avec une efficience économique
correcte est délicate en raison de caractéristigeek parcelle ou en raison de problémes
techniques. A I'échelle de I'exploitation agricokelon Bocquého (2012), une parcelle est
dite marginale si elle est significativement momesitable que le reste des parcelles de
I'exploitation a cause de codts de production &efyecompris en travail), de rendements
faibles ou d’autres contraintes. Sur la base dete aitfinition, et I'aide de 111 enquétes
réalisées en 2010 dans la zone d’Aiserey et denBaigles-Juif¥, Bocquého (2012) montre
gue 56% des parcelles bk giganteusenquétées ont été plantées sur des parcellediépmli
de marginales par I'agriculteur, en raison printdpgent de la qualité du sol (granulométrie,
cailloux, profondeur, hydromorphie, caractere sath&§36%), de I'éloignement au siege
d’exploitation (30%), de la taille de la parcel21§0) ou encore d’'une forme irréguliere
(16%)"°. Les autres raisons évoquées sont la proximité des bois ou des habitations ou
encore une localisation enclavée. Dans notre dispd&tude en parcelles agricoles, un
agriculteur a également qualifié de parcelle maigiune parcelle localisée dans une zone a
intérét environnemental (ex : zone Natura 2000apB8s Bocquého (2012), ces raisons sont
susceptibles de diminuer la rentabilité des parselinais d’augmenter les performances de
M. giganteusen termes de durabilité. Ainsi, une parcelle ojpdéentiel de rendement est
faible représente un volume de production alimeatgerdu faible. De méme, planter
M. giganteussur une parcelle éloignée du siege de I'explaitapermet d’éviter une quantité
plus importante d’émissions de gaz a effet de semeparticulier lorsque la production
remplacée est tres exigeante en opérations cudtufat donc en déplacements associés).

Sur les quarante parcelles suivies ici, les ageaus évoquent une qualité médiocre du sol
pour 30% des parcelles. Le caractere enclavé &sipour 30% des parcelles mais semble
faire référence a la fois a la taille ou a la fordes parcelles, ainsi qu’'a leur environnement
(acces, proximité d’'une forét). La difficulté awvedller la parcelle (en raison de sa forme, de
son environnement proche ou du sol) et I'éloignemsent évoqués dans 20 et 12,5% des cas.
En se fondant sur la définition de Bocquého (20&R)sur les résultats obtenus aux
Chapitres 2 et 3 il semble pertinent de distinguer (i) les pae=lgualifiees de marginales
car leur exploitation est contraignante et (ii)eelqualifiées de marginales car le potentiel de
production y est faible. Lorsqu’il s'agit du potehtde production (sols argilo-calcaires
superficiels ou moyens, sols alluviaux superficietscaillouteux), lesChapitres 2 et 3
montrent que ces parcelles restent marginaleslpaulture deM. giganteugau sens ou les
rendements obtenus sont limités) et que le risguieskivage de nitrates y est élevé. Lorsque

18 Une partie des agriculteurs du réseau de parca#iés. giganteusmobilisé dans le€hapitres 2 et 3font
également partis de ce dispositif.

¥ Bocquého (2012) précise qu’'une méme parcelleegsiub souvent marginale pour plusieurs raisoasf@is.
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c’est I'exploitation de la parcelle qui est congraante, leChapitre 2 montre que la
production deM. giganteusavec des rendements moyens et hauts est possidite que
certaines parcelles (parcelles éloignées ou pescéll sol humide avec précédent jachére)
présentent un risque de mauvaise implantation @lexée : la conduite devrait donc y étre
adaptée. Des caractéristiques comme la forme deslles entrainent également un risque de
pertes a la récolte plus importantes. Le risquieskvage n’est en revanche pas influence par
de telles caractéristiques. Ces conclusions peentetie nuancer celles de Bocquého (2012)
citées ci-dessus concernant 'augmentation de fabdiié de la production dsl. giganteus

sur des parcelles marginales : cette augmentasiopossible sous réserve que les rendements
de la culture soient suffisants.

M. giganteus: la culture candidate a la production de bioénerg la
plus prometteuse ?

De nombreux travaux reposant sur des données egritales ou des modeles présentent
M. giganteuscomme une des cultures, voire la culture, la plté&ressante pour produire des
bioénergies (Heatoet al, 2008b, 2010; Hastingst al, 2009; Dohleman & Long, 2009).
L’'analyse des performances Bl giganteusen parcelles agricole€kapitre 2 et 3 couplée

a la comparaison de systemes de cult@kapitre 4) menée dans ce travail permet de
nuancer cette affirmation.

En sols profonds, a I'exception de parcelles omplantation pose problém®). giganteus
apparait effectivement comme une culture tres padate. Il convient alors de se demander
si le nombre de parcelles ou I'implantation n’ests psatisfaisante diminuera grace a
'expérience acquise sur la culture. Notons a detsgue le conseil effectué auprés des
agriculteurs était pourtant trés clair sur la néitésde bien désherber pendant la premiere
année (Béjot, comm. pers.). Les échecs observegiés plantations 2009 n'ont d’'autre part
pas empéché l'existence de difficultés similairess Ides plantations 2010. Il semble que
M. giganteusait souffert de son image de culture «ou il n'yien a faire ». En sols
superficiels, la production dd. giganteugarait périlleuse puisque (i) le risque d’échetade
plantation est tres élevée (deux parcelles sus ttans notre dispositif ; la troisieme n’ayant
toujours pas été récolté faute de biomasse en itaniffisante). En sol moyennement
profond (sol CC), I&€hapitre 5montre que cette production est intéressante ddimt pe vue
réduction des émissions de gaz a effet de serle.et également associée a des impacts
environnementaux locaux inférieurs a ceux des mdtannuelles. Toutefois, I'utilisation de
tiges de luzerne parait tout autant intéressanteedaoint de vue. Enfin, d'un point de vue
économiqueM. giganteuse se distingue pas des autres cultures étudaessleChapitre 5

sur ce sol.
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Le Chapitre 5 montre que certains indicateurs utilisés pouruerd¥l. giganteuga I'échelle

du systéeme de culture comme de la culture) sost demsibles au scénario de rendement
retenu : c’est particulierement le cas de l'efficie énergétique et de la marge semi-nette.
Styleset al. (2008) avaient déja compaké giganteusavec d’autres ressources candidates a
la production de bioénergie en utilisant plusiellypothéses de rendement. Toutefois, les
scénarios de rendement utilisés danSHapitre 5 présentent 'avantage de s’appuyer sur des
données recueillies en conditions agricoles etel'@ntextualisés puisqu’ils sont reliés a des
caractéristiques de sol, ainsi qu’a des interastiemtre sol, caractéristiques de la parcelle et
conduite de la culture. Ces scénarios mériteratependant d’étre affinés en intégrant la
variabilité interannuelle des rendements Clapitre 5 montre en effet que cette derniére est
variable entre sites mais peut étre élevée. CeiChapontre aussi que l'intensité du déclin
est tres variable entre sites: les scénarios ddereent pourraient tenir compte de la
variabilité du taux de déclin, ce qui pourrait comd a envisager des durées de vie différentes
pour la culture si le déclin est particulierement.f Toutefois, IeChapitre 5 n'a pas permis

de relier cette variabilité a des conditions degeéiimat ou de conduite, ce qui serait pourtant
nécessaire afin de conserver des scénarios coalisgs!

La comparaison effectuée ici repose sur un seakctte Miscanthudvliscanthus x giganteus
qui est considéré comme le plus productif (Zub &Mourt-Hulmel, 2010b). D’autres genres
de Miscanthus sont cependant connus pour étrerpfistants au froid ou a la sécheresse
(Zub & Brancourt-Hulmel, 2010b) : lors d'un essair@éen, un hybride dil. sinensisa
ainsi montré des traits de résistance au froid ket echeresse intéressants (Clifton-Brown
et al, 2001). Sur cette base, Hastimgsl. (2009) montrent a I'aide du modele MISCANFOR
l'intérét d’'un nouvel hybride les caractéristiquisM. giganteusi.e. un rendement éleve, et
celle deM. sinensisi.e. la résistance au froid et a la sécheresse, dansontexte de
changement climatique, alors que la production efgie et le potentiel de réduction des
émissions de gaz a effet de serre associé a lagrod deM. giganteugpourrait diminuer de
80% d’ici 2080 (avec le scénario A2 du GIEC). A#fifa comparaison entM. giganteuset
d’autres cultures candidates impliquerait donc dentjfier le potentiel d’amélioration
géneétique de la culture.
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Des cultures énergétiques insérees dans des systgme culture

Une hypothese forte de ce travail est que I'évadnates intéréts de différentes cultures
candidates a la production de biocarburants (ebidénergie en général) mérite d’étre
effectuée non seulement a I'échelle de la cultuesnégalement a celle du systeme de
culture. Nous allons revenir sur cette hypothese g culture deM. giganteuspuis pour les

autres ressources étudiées dans ce mémoire.

Miscanthusx giganteuset systeme de culture

L’insertion deM. giganteusdans un systeme de culture est délicate a rais@momepte-tenu

(i) de la durée de vie de la culture, de trés mipérieure a la durée de raisonnement des
systemes de culture les plus répandus actuelleete(it) du manque de connaissance en
termes d'effets précédents et cumulatifs associél &ulture. En I'état actuel des
connaissances, [éhapitre 5 montre que les résultats de I'évaluation de sysgede culture
comprenantM. giganteusdépendent de la part occupée par la culture darsydtéme de
culture. L'impact de l'insertion de cette culturand un systeme de culture est directement
relié a sa durée de vie : plus celle-ci est longles les valeurs moyennes des indicateurs sont
faibles. L'impact en termes d'effets précédentscamulatifs dans les systémes de culture
congus lors de I'atelier de conception de systéeneutture mené en Bourgogne n’a été décrit
par les experts que pour le désherbage de la eudivante en sol limono-argilo profond.
Pour le sol argilo-calcaire moyen, I'impact agrongume deM. giganteusa été envisage en
termes d’ « effet barriere » (contre le vent ourtedadies) grace a l'organisation en bande
adoptée. L’insertion d&l. giganteusdans un systeme de culture a été en fait peu rason
par les experts en termes d’interaction ; I'inggrtde M. giganteusa par contre été vue
comme un levier permettant d’obtenir un systéme cddéture a trés faible impact
environnemental grace aux faibles impacts moyemdeqoaractérisent. Dans le cas du sol
limono-argileux profond (LC 3), la culture a étdisée par les experts comme le pilier d'un
systeme de culture a faibles impacts sur la qudétBeau. Dans cette perspective, les risques
d’'impact environnementaux (lessivage de nitratéksation accrue d’herbicides), plus élevés
en début et en fin de culture, sont masqués dan®seilltats d’évaluation par l'utilisation de
valeurs moyennes mais ne sont pas a négliger.driins deM. giganteusddans le systéme de
culture congu sur le sol argilo-calcaire moyen (8)Ca elle pour vocation de réduire les
émissions de gaz a effet de serre a I'échelle gauleelle tout en conservant une production
alimentaire suffisante sur cette méme parcelle. relsonnement est cohérent avec les
objectifs fixés lors de I'atelier de conceptionsistemes de culture. Toutefois, mis a part de
possibles effets « barriere » liés au systeme addyales résultats similaires pourraient aussi
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étre obtenus en raisonnant a I'échelle du terdfore qui pourrait permettre de plus de
valoriser la diversité des milieux existant a céttbelle.

Cultures énergétiques et systéme de culture

Les autres cultures candidates a la productioniaeatburants étudiées ici sont la luzerne
(avec utilisation uniquement des tiges), les paitle blé et de triticale, ainsi que le mais et le
triticale en plante entiere. L'insertion de cestutds dans un systéme de culture doit se
raisonner de deux manieres : effet des culturescation énergétique (ou mixte) sur les
autres cultures de la succession et inversemerrhiRes cultures citées ci-dessus, les experts
de l'atelier de conception de systeme de cult€bapitre 5) n'ont fait état d’effets
précédents (voire cumulatifs) que pour la luze@es effets concernent le blé de luzerne,
aussi bien dans sa vocation alimentaire que dam®dtion énergétique. Le raisonnement
des systémes des systemes de culture énergétepasersinon sur l'insertion du pois (effet
précédent sur le colza souvent mis en avant) eulleres de printemps. A I'exception de la
luzerne, le débouché « biocarburant » ne parafic doas étre un levier important de
diversification des systémes de culture. Ceci @stefois a nuancer car d’'autres ressources
n'ont pas pu étre envisagées, faute de connaissaagada-Lizarazu et Monti (2011) citent
ainsi l'intérét du sorgho (qui pourrait étre uli€n plante entiére ou en co-produit pour
produire du bioéthanol), du tournesol (co-produit), lin (plante entiére ou résidus aprés
extraction des fibres), du chanvre (plante ent@rerésidus aprés extraction des fibres) ou
encore de la moutarde éthiopienne. Zegada-Lizagtakionti (2011) mentionnent l'intérét de
ces especes pour diversifier les systemes de eukontréler certains ravageurs (chanvre),
utiliser efficacement les ressources du sol (sqrgbarnesol, moutarde éthiopienne) ou
ameéliorer la structure du sol (chanvre, moutardeioptenne). Toutefois, ces auteurs
mentionnent aussi que la connaissance des eff&Bormels de ces cultures est souvent
limitée. Hallamet al. (2001) ainsi que Thomsen et Haugaard-Nielsen (2@@8)ignent
également l'intérét des associations d’espéces.FEamce, les cultures intermédiaires a
valorisation énergétique (CIVE) font également j&ibde travaux (projet OPTABIOM).
Zegada-Lizarazu et Monti (2011) discutent de liétéde concevoir des systemes de culture
composés uniquement de cultures a vocation éngugétide tels systemes auraient pour
avantage de réduire la taille des bassins d’apgimvwiement mais leur intérét parait, aux
yeux des auteurs, limités en raison du faible nendkgspeces a haut potentiel de production.
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Conception et évaluation de systemes de culture denant des
cultures candidates a la production de bioénergie

Du diagnostic agro-environnemental a I'évaluation d systemes de
culture : le couplage modele-mesure

L’évaluation comparée de systemes de culture selbgest consacré IEhapitre 5 repose
sur l'utilisation du modele PerSyst (Guichaed al, submitted, 2010, Annexe 5). La
principale originalité de ce modéle est de perradtestimation du rendement des cultures
d'un systeme de culture en fonction du sol, du atindes cultures de la succession et des
conduites, en combinant des connaissances exprtes modeéles simples. L'introduction
récente deM. giganteusdans la région d’étude ainsi que son caractérenpér rendait
impossible la mise en place d’'une démarche d’'aticih des connaissances expertes telle
gu’elle est réalisee dans PerSyst. La démarchetéelgpour estimer les rendements de
M. giganteusainsi d’ailleurs que le lessivage de nitratesd@m I’hiver, n’est toutefois pas si
éloignée de la démarche mise en ceuvre dans PeEdgstepose en effet sur le couplage
entre des données acquises en parcelles agritales emmodéles.

hY

Pour le rendement, le modeéle statistigue a effédat@res mis au point au cours du
Chapitre 4 a permis de simuler parcelle par parcelle I'évoluta long-terme des rendements
a partir des données collectées pour les deux premirécoltes. Ce type de modéle a
lavantage d’étre ajustable localement méme quaedement quelques données sont
disponibles. Il permet ainsi de réaliser des ptéais sans connaitre les caractéristiques
pédo-climatiques d’un site. L'intérét de ce type dfsmarche a été souligné par Philibert
(2012) dans le cadre de la prédiction des émissitmd\O par les sols agricoles. Plus
classiqguement, le modele LIXIM (Mamst al, 1999) utilisé dans I€hapitre 3 a permis de
simuler le lessivage hivernal de nitrates a paes données sol collectées en entrée et sortie
d’hiver.

L’analyse de données recueillies en parcelles alggca permis dans les deux cas de mener
une démarche de diagnostic pour caractériser epraordre la variabilité observée. Dans un
deuxieme temps, le couplage avec des modeles aspgenfournir des données mobilisables
lors du travail d’évaluatiorex antede systeme de culture. L'ensemble de la démarche a
produit une évaluation ex ante de systeme de eukucontextualisée » dont les résultats
peuvent toutefois étre discutés au-dela des salle®ystemes de culture étudiés. C'est en
particulier le travail de diagnostic et I'expliditan du raisonnement des experts lors de
I'atelier de conception de systémes de culturepguainettent d’extrapoler les résultats au-dela
de la région étudiée.
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Si la variabilité des rendements associée au tgpsotl et au systeme de culture a bien été
intégrée, la variabilité climatique est, elle, pprésente dans l'analyse. Deux années
climatiques ont été prises en compte danCleapitres 2 et 3mais en raison du caractére
pérenne de la culture, I'effet du climat est pddamment confondu avec I'age de la culture. Ce
sont alors les modéles qui permettraient de ledveesen compte plus largement.

Une autre limite de la démarche de couplage madelaire utilisée dans ce travail est
gu’elle est lourde a mettre en place et difficilengénéralisable a I'introduction de toute
nouvelle culture dans un territoire. D’autres d&pfs sont envisageables pour collecter des
données de rendement. Il serait possible de racaufexpertise en acceptant qu'elle ne
repose gue sur une ou deux personnes alors gréelise sur minimum cing-six experts dans
le paramétrage classique de PerSyst. Par aillaggjonnées pourraient étre recueillies par
enquéte aupres des agriculteurs ou des organiseesliécte puis reliées a des bases de
données sol. Toutefois, dans cette configurati@s, dlonnées recueillies ainsi que le
diagnostic qui en découle auraient été moins pré&cides données expérimentales avaient été
disponibles sur certains sols de la région d’étudmyrait pu étre également intéressant de les
utiliser, sous réserve de pouvoir appréhender féeatre rendement expérimental et
rendement commercial.

Intéréts et limites du dispositif de conception /valuation de systéemes
de culture

Le dispositif de conception mis en place reposausuatelier de co-conception caracterisé (i)
par des objectifs précis établis au préalableiepér la mise en commun de connaissances
locales et de connaissances expertes (Monnot, 2011)

La mise en place des objectifs est généralemersidénée comme une des premiéeres étapes
du processus de conception car il est importaniisgabient partagés par I'ensemble des
membres de l'atelier (Lancaat al. 2008). Cette étape est précédée d'une caracténisids
enjeux du territoire concerné. Dans ce travailidime du processus de conception vient de la
recherche, soit de I'extérieur de la région d'étude qui justifie d’avoir procédé
differemment. Toutefois, I'existence de textes eégtntaires et en particulier de la directive
EnR a permis de fixer des objectifs facilementg@getbles par les membres de I'atelier. Cela
dit, les contraintes fixées par la directive EnR faiit I'objet d’'une « traduction » : I'objectif
de réduction des émissions de gaz a effet de aemirsi été transposé de I'ensemble de la
filiere au systeme de culture. La nécessité deir@des impacts environnementaux locaux a
été reformulée en fonction du contexte francaian(fcophyto 2018, loi Grenelle sur les aires
d’alimentation de captage). Or, le déroulementateller montre que les systemes de culture
proposés sont extrémement dépendants des objiecfiss comme le montre le systéme de

culture avec M. giganteus proposeé en sol argiloasa moyen (CC)cf. Chapitre 6 — 2.).
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Exprimer ces objectifs differemment aurait doncdeul’'influence sur les résultats obtenus.
Une démarche de conception / évaluation comportthé&orie plusieurs itérations: a l'issue
d'une premiére étape de conception, les systemeasiltire proposés sont évalués, ce qui
fournit la matiére a un nouveau travail de coneepét ainsi de suite. Le travail réalisé ici ne
repose que sur un seul atelier de co-conceptioguicest bien sdr insuffisant. Toutefois, les
experts locaux présents avaient déja travaillé mhkelors du paramétrage de PerSyst: a
cette occasion, les principaux sols de la régioremeore différentes catégories d’itinéraires
techniques avaient été décrits collectivement etsenvi d’outils lors de Il'atelier. La co-
conception s’est donc appuyée sur une dynamiguectiok déja existante. En raison de
I'origine externe de la demande, le risque d’eddEmknt de cette dynamique si plusieurs
boucles de conception / évaluation avaient étésreaeplace n’aurait pas été négligeable.

Les connaissances expertes ont été mobiliséeswkendaniéres. Tout d’abord, le travail de
co-conception en lui-méme a été précedé de présmgagénérales par les experts
scientifiques concernant les enjeux liés a la pcbdn de bioénergie, les principales cultures
candidates et les sources d’émissions de gaz tadeffeerre liées a la production agricole. La
co-conception a ensuite bénéficié d’'interactionseetes experts scientifiques et les experts
locaux. Les objectifs fixés en termes de réducties émissions de GES (de 50%) ont été
atteints par les systémes de culture qui ont ééuso(comme l'indique I'évaluatioex ante

de ces systémes de culture réalisée darGhkpitre 5), ce qui permet de penser que le
dispositif mis en place a été efficace. Toutefbajalyse des systemes de culture proposes
(cf. Chapitre 5 — 3.1et Chapitre 6 — 2.9 montre que le raisonnement de ces systemes de
culture en termes d'effets précédents et cumulegte limité puisqu’elle ne repose que sur
les Iégumineuses ; la construction des systemesulliere repose sinon sur linsertion de
cultures moins exigeantes en intrants. Il est pissjue ces effets ne soient pas suffisamment
connus par les experts locaux. A la suite de Zegabaazu et Monti (2011), cela suggére
gu’il serait nécessaire de mieux caractériser ¢etseet d’améliorer leur prise en compte
dans la construction d’'un systeme de culture. Rigues, ajouter des experts scientifiques
« effets précédents et cumulatifs » dans le difpd& conception pourrait améliorer la prise
en compte de ces effets dans le raisonnement gs1ms de culture.

En raison des objectifs fixés, les systemes dei@iltontenant des cultures énergétiques ont
été concus de deux manieres difféerentes. Constuiresysteme de culture contenant
M. giganteudaisait partie des objectifs : par conséquentolastruction est allée dans ce cas
de la culture au systeme de culture. Un panel dtleres candidates avait par ailleurs été
proposé. Pour concevoir des systémes de cultur@remant ces derniéres, les membres de
I'atelier sont cette fois partis des objectifs gigel'’échelle du systéeme de culture pour choisir
les cultures. Si les objectifs a I'échelle du systale culture ont été atteints dans les deux cas,
la construction « systéeme de culture vers cultuest moins pertinente pour étudier les

meérites d’'une ressource candidate en particulieur Bclairer la réflexion sur les mérites des
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différentes cultures candidates, il serait égaléménessaire de partir de la culture, ou plutot
de la catégorie de cultures et d’'aller vers unésgstde culture congu pour valoriser au mieux
la culture étudiée. On pourrait ainsi concevoirsyatéme de culture basé uniquement sur des
résidus ou encore un systeme de culture basé umapiesur des cultures dédiées annuelles.

Concevoir des systéemes de culture compreiargiganteusimplique de raisonner sur un
temps long. Ces systémes de culture se caractegigelement par une plus grande variabilité
des valeurs annuelles des indicateurs ; c’est moenh le cas des indicateurs relatifs a la
gualité de I'eau. Les autres systemes de cultureeax aussi concernés par cette variabilité,
bien que dans une moindre mesure. Il serait nécesbameéliorer la prise en compte de cette
variabilité dans I'évaluation des systémes de celtla durée des systemes de culture
comprenanM. giganteusnvite également a comparer la résistance deérdiits systémes de
culture proposés a des changements de contextparticulier de contexte économique.
L'utilisation de méthodes de prospective pourratnpettre de construire difféerents « futurs
possibles » et de comparer les systemes de cplburechacun de ces futurs.

Notons enfin que les membres de I'atelier ont s propositions qui n‘ont pas pu étre

évaluées : c’est le cas du sorgho cultivé en déeolr& du triticale et du mais ou encore de la
luzerne implantée sous couvert de mais. Les oatisels ne sont pas paramétrés pour
évaluer de telles propositions, autant pour laipaendement que pour la partie azote. Une
évolution des outils est donc nécessaire car testpropositions méritent d’étre discutées a
'échelle du systeme de culture en raison des sffg€ceédents et cumulatifs potentiels

associés, notamment en ce qui concerne les ressoducsol. Compte-tenu du poids de la
fertilisation dans le calcul des bilans de gazfatafe serre, il serait également important de
concevoir et d’évaluer des stratégies de fertibsah base de produits organiques. De telles
stratégies n’étaient pas encore évaluables av&yBtesiu moment de son utilisation.

148



Chapitre 6 : Discussion générale

Perspective: de la parcelle au territoire

La démarche mise en place dans ce mémoire de feesédue a I'échelle de la parcelle
agricole. Nous avons déja mis en évidence qu'urauétion a I'échelle de la filiere est
nécessaire a la fois pour les émissions de gatetadef serre, mais aussi pour les bilans gaz a
effet de serre. Ces derniers permettent en efésdtidher les émissions de gaz a effet de serre
evitées par la production de biocarburants afincdenparer les différentes ressources
candidates entre elles et avec les combustiblesildes Il serait également nécessaire de
passer a I'échelle du territoire pour pouvoir raiser en termes de bassin
d’approvisionnement. Ce changement d’échelle sdtaiitant plus nécessaire en raison des
enjeux qui pesent sur la production de bioénergiaréir de ressources agricoles. En effet,
des enjeux tels que les impacts environnementacaulq qu'il s’agisse des impacts sur la
ressource en eau (en qualité et en quantité) aaresar la biodiversité, impliquent une prise
en charge a I'échelle du territoire. Quand a lacoorence avec la production alimentaire, elle
ne peut étre efficacement appréhendée qu’a unell&chmatiale encore plus large. Par
ailleurs, des synergies entre agriculture et élevaig encore entre production agricole et
usines de transformation sont envisageables adliéctu territoire (FAO, 2011). Il s'agit de
valoriser les déchets et co-produits de chaqueiticpar des approches cycliques : utiliser la
valeur fertilisante ou énergétique des déjectianmales, valoriser les co-produits issus de la
transformation de la biomasse pour I'alimentationbétail ou la fertilisation des cultures...
Toutefois, notre travail montre que le passag@€eéhklle du territoire n’est pas immeédiat. En
particulier, il ne peut pas reposer uniquementusie caractérisation des types de sol puisque
la variabilité des rendements ne dépend pas uniguniede ces derniers mais aussi du type de
parcelles, c’est-a-dire de son histoire (précéadetural), de sa forme, de sa surface ou
encore de son environnement (distance au sieg@lditation, accessibilité, appartenance a
une zone a enjeux environnementaux). Le diagnagtieanomique mené dans@Ghapitre 2
apporte les éléments nécessaires pour prendrengpiea la fois le type de sol et le type de
parcelle mais une réflexion méthodologique ser@iessaire afin d’'utiliser ces éléments pour
construire des scénarios d’approvisionnement adéke d’un territoire.

Le passage a I'échelle du territoire est d’autdus pnportant que les usines de production de
bioéthanol de seconde génération seront des stegatie taille importante de fagon a pouvoir
réduire les colts de production. Ces structures domc requérir de larges volumes de
biomasse. Face a cette perspective, nous avons@@jgonné que Zegada-Lizarazu et Monti
(2011) s’interrogent sur l'opportunité de mettre @ace des systemes de culture composés
uniquement de cultures a débouchés énergétiqueldsystemes de culture leur paraissent
avoir un intérét limité en raison de la faible gaende cultures présentant un haut potentiel de
production. A notre avis, l'intérét limité de cegstmes de culture vient plutdt du risque de
se priver de cultures ayant des effets rotationiméésessants. Il parait donc plus intéressant
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de concevoir des systemes de culture mixtes, caraptales cultures a vocation énergétique
et a vocation alimentaire. A partir de ce congdtétape suivante est de se demander s'il faut
privilégier une seule ressource, par exenmlegiganteus ou combiner sur le territoire la
production de plusieurs ressources énergétiquas etorestant dans un nombre raisonnable
afin de tenir compte de possibles contraintes lgé&s phase de transformation. Nous avons
montré I'intérét de plante. giganteusdans des zones a enjeux environnementaux du fait
des faibles risques de pertes en nitrates congiat@scette cultureGhapitre 3). Nous avons
egalement rappelé qu’il est frequemment envisag@laeter cette culture dans des terres
marginales, méme si nous avons souligné que dedtiégie dépend de la définition donnée
aux terres marginales et qu’elle comporte certasagies Chapitre 2 et Chapitre 6 — 1.2. |l

est toutefois peu probable que I'ensemble de cdacas suffise a approvisionner une usine
de biocarburants de deuxiéme génération. Retvad. (2009) mettent de plus en garde contre
un déploiement trop large dé. giganteusa I'échelle d'un territoire en raison des impacts
paysagers et du risque de diminution de la rechdegenappes phréatiques. Il semblerait par
conséquent plus durable d’approvisionner une usimec plusieurs ressources. Si ces
ressources sont récoltées a des dates difféereetegii est le cas si 'on combine par exemple
M. giganteus tiges de luzerne et résidus de culture, cela gtrait par ailleurs d’étaler le
calendrier d’approvisionnement de l'usine. A [I'éitbede [I'exploitation agricole, cet
étalement est également intéressant car il perraetéiiorer la répartition des pointes de
travail et des flux monétaires. Que ce soit I'expkion agricole, une entreprise de travaux
agricoles ou l'usine qui possede le matériel deoltéc cet étalement améliore aussi la
rentabilité du matériel. Enfin, pouvoir choisir entdifférentes ressources permet a
I'agriculteur d’optimiser l'utilisation de sa suda : selon qu’il possede de nombreux hectares
situés dans une zone a enjeux environnementawgrdereuses parcelles contraignantes, ou
a linverse un parcellaire simple et groupé, I'étéde M. giganteuscomparé a d’autres
ressources énergétiques ne sera pas le méme. &rchey la possibilité d’'intégrer une ou des
nouvelles cultures est a raisonner en fonction amsraintes de I'exploitation. Zegada-
Lizarazu et Monti (2011) rappellent ainsi que I'ption de systémes de culture diversifiés
présente certaines contraintes pour [I'agriculteuces contraintes peuvent étre
organisationnelles ou encore liées a un manqueanhdidrité avec de nouvelles cultures.
Bocquého (2012) a eéegalement montré que l'adoptiomed culture pérenne comme
M. giganteuspar un agriculteur dépend de son aversion au @istjlusemble donc que
raisonner I'approvisionnement d’'une usine reposamt plusieurs ressources neécessite de
s’appuyer non seulement sur I'échelle du territoirais aussi sur celle de I'exploitation
agricole. Pour terminer, il convient de précisee ¢m problématique de I'approvisionnement
se pose tout a fait differemment pour d’'autres sygde débouchés énergétiques comme la
meéthanisation ou la combustion qui font en Frarmgdt d’'un dimensionnement beaucoup
plus réduit.
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Miscanthusx giganteusest une culture candidate a la production de biocants de
deuxieme génération qui suscite un vif intérét.sCen effet une plante pérenne en C4 dont
on attend de hauts rendements associés a de faifpasts environnementaux. Ce travail de
these avait pour objectif de contribuer a I'évaluatde la durabilité de la culture de
M. giganteus(i) en caractérisant la variabilit¢ des rendemeattsles pertes de nitrates en
parcelles agricoles et en identifiant les facterasponsables de cette variabilité, (i) en
modélisant I'évolution des rendements sur I'ensenthl cycle de vie de la culture et (iii) en
mettant en ceuvre une évaluatiex antede systémes de culture incluant cette culture, par
comparaison avec des systemes de cultures inallarttes ressources agricoles candidates a
la production de biocarburants de deuxieme gémnéraltihypothese sous-jacente a ce travail
est que le systeme de culture est une échellmpeté pour comparer une grande diversité de
ressources agricoles candidates : en effet, tessource agricole est théoriquement candidate
puisque les biocarburants de deuxieme générationpsoduits a partir de la lignocellulose,
constituant majeur des parois végétales. Cettadiiges’exprime non seulement en termes
d'especes (céréales, cultures oléagineuses, légusen, cultures fourrageres, cultures
ligneuses) mais aussi de durée de vie (culturedlenyluriannuelle ou pérenne) et d’organes
de la plante utilisée (plante entiere ou tigeskpsil

L’étude deM. giganteusen parcelles agricoles repose sur une démarcligageostic agro-
environnemental menée dans un réseau de parcelisgiganteugplantées en 2009 et 2010
et localisées en Bourgogne. Ce diagnostic montee lgs résultats obtenus en termes de
rendements (11,2 t MS hgour la deuxiéme année de croissance ; 15,3 t &Spbur la
troisiéme) et de pertes de nitrates hivernalegy(Bl ha® ; 12 mg NG 1% sont en moyenne
comparables avec ceux obtenus en conditions expatates. lIs sont par contre caractérisés
par une variabilité supérieure. Comme en conditiexerimentales, cette variabilité est en
partie expliquée par I'age de la culture : les mmdnts augmentent avec I'age tandis que les
pertes de nitrates diminuent. Toutefois, cettealmlité est également due a la présence dans
le dispositif de sols moins favorables que ceuxlssquels sont généralement meneées les
expérimentations. Quand il s’agit des pertes dextels pendant I'hiver, nous avons montré

151



Conclusion générale

gue les sols peu profonds, caillouteux et/ou sabpF@sentent un risque de lessivage élevé
alors que les sols profonds a tendance hydromoguome caractérisés par un lessivage
extrémement faible. Nous avons également montré lqueariabilité des rendements
s’explique principalement par la variabilit¢ du rme de tiges par mlors de l'année
d’'implantation deM. giganteus Des parcelles humides occupées avant la plantaie®
M. giganteugpar des jacheres longue durée présentent un ris§aeec de la plantation plus
élevé (se traduisant par un faible nombre de tjggsnf). En plus du type de sol et de
I'histoire culturale, le type de parcelles consé&éeul est également un facteur de variabilité
des rendements observés : le risque d'échec ddatdapon est ainsi plus élevé sur les
parcelles éloignées du siege de I'exploitationdimmue le risque de pertes a la récolte est
plus élevé sur de petites parcelles et/ou des leg@ela forme tres irréguliére.

L’évolution des rendements @& giganteussur I'ensemble du cycle de vie de la culture a été
étudiée a l'aide d’'une comparaison de modeéles téom des rendements menées sur 42
séries d’évolution a long terme des rendementseiies dans différents pays européens
(Grande-Bretagne, Danemark, Autriche, Irlande, rAllgne). Le modele qui s’ajuste le mieux
est un modele exponentiel. Il comporte une hypethdes déclin suggérant que le cycle de
culture deM. giganteusse décrit en trois phases: (i) une phase d'étatient ou les
rendements augmentent (qui dure en moyenne 8,3(i@ngne phase ou la culture est en
pleine production (rendement moyen maximum = 1@&)t et (iii) une phase ou les
rendements diminuent. Les caractéristiques deromssghases (valeurs de rendements, durée)
varient fortement entre sites. Le rendement maxinestndépendant de la latitude de I'essai
(f*= 0.67) : les valeurs maximales de rendement oktempendant la phase de pleine
production augmentent ainsi du Nord au Sud. La elule la phase d’établissement de la
culture dépend du type de plantation : celle-cipdgs élevée quand la parcelle est plantée
avec des rhizomes (par rapport a des plantatiogs @@s micro-plants). L'intensité de déclin
des rendements est extrémement variable entreesitedte variabilité reste a I'heure actuelle
inexpliquée.

Un dispositif de conception et évaluation de syst®ige culture a enfin été mis en place afin
de comparer des systemes de culture compréfiagiganteusavec des systemes de culture
comprenant d’autres ressources candidates a laugitod de biocarburants de deuxieme
génération. La phase de conception s’est appuyéeursuatelier de conception a dires
d’experts réalisé en Bourgogne. La phase d'évalnatiété réalisée a I'aide de modeéles, dont
le modele PerSyst, paramétré en Bourgogne, quigiatiastimer le rendement d’'une culture
en fonction du pédo-climat et du systéme de culfstecession de cultures et itinéraire
technique). Les connaissances acquisedvsuiganteusconcernant (i) le rendement et les
pertes de nitrates en parcelles agricoles etéwuplution a long terme des rendements ont été
utilisées pour I'évaluation grace a plusieurs cagps modéle-mesures. La comparaison des

deux catégories de systemes de culture concuedéotatelier montre que les résultats de
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I'évaluation multicritere sont sensibles (i) au dement deM. giganteuset (ii) au poids de

M. giganteusdans le systeme de culture. D’'un point de vue renmemental (pertes de
nitrates, utilisation de phytosanitaires, émissidasgaz a effet de serre) et énergétique, les
systemes de culture incluaM. giganteussont globalement meilleurs que ceux incluant
d’autres ressources énergétiques. Les résultatmésques sont par contre trés sensibles au
niveau de rendement d&. giganteusLes deux catégories de systemes de culture dionca
énergétique sont meilleures au plan environnementalle le systeme de référence
conventionnel a base de colza-blé-orge auquel tdgerdt comparés. lls sont également
meilleurs gu’'un systéeme de culture intégré gradénaertion de cultures pluri-annuelles
(luzerne) ou pérennesM( giganteus Les résultats économiques sont a nouveau plus
variables en fonction du type de sol et des nivemusendements des différentes cultures.

Parmi les autres ressources candidates étudidazelae, dont les tiges peuvent étre utilisées
pour produire du bioéthanol de deuxieme génératasente plusieurs atouts. Elle se
caractérise par de faibles impacts environnemerddars qu’elle maintient un bon niveau de

production sur des sols ou la disponibilité en estuplus réduite. L'insertion de la luzerne a

également un impact positif sur les résultats diéateon multicritere d’autres ressources

comme les pailles de céréales qui bénéficient Hetsegrécédents et cumulatifs associés a
cette culture. L'intérét des pailles de céréalesdes plantes entieres comme l'ensilage de
mais ou de triticale dépend de leur niveau de maedés par type de sol comparé a ceux de
M. giganteuset de la luzerne.

Les résultats de ce travail concerndhtgiganteuspermettent de préciser les niveaux de
rendements que I'on peut attendre de la cultureoswlitions agricoles, ainsi que les risques
d’'impacts environnementaux locaux en termes deitgudé I'eau pour les trois premiéres
années de culture. lls permettent également dieinta réflexion concernant la production de
M. giganteusen terres marginales. Enfin, I'ensemble des résulle ce travail, obtenus a
'échelle de la parcelle, pourraient étre valorgsd’échelle du territoire dans le but de
construire des scénarios d’'approvisionnement tec@mpte de la diversité des milieux et des
conditions agricoles existant a cette échelle.
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Annexe 1: Description of the experimental units (EY(Chapitre 4)
Yield measurement Geogaphical
. ot raphi
Reference Location EU Durationr Nb PN D?mny Fertilization characteristics Soil oiggdinates Ciimaté
(PIm2) Sutbe 4 oo Harvest (D)
m) P dated
Jorgensen, 19 DK — Hornunfl] 1 16(1983-1998) 13 MP 05 70t0o100kgN 41016 S NO Early Spring  Sandy loam56.8N-9.4E 7.7 11493
Jorgensen, 19 DK — Hornunjl] 2 16(1983-1998) 13 MP 1 70t0 100 kg N 41016 S NO Early Spring  Sandy loam56.8N-9.4E 7.7 11493
Jorgensen, 19 DK — Hornunfl] 3 17(1983-1999) 14 MP 2 70t0 100 kg N 41016 S NO Early Spring  Sandy loam56.8N-9.4E 7.7 11493
Jorgensen, 19 DK — Hornunjl] 4 16(1983-1998) 13 MP 4 70t0 100 kg N 41016 S NO Early Spring  Sandy loam56.8N-9.4E 7.7 11493
Laerke, pers. comi DK — Foulun2] 5 15(1994-2008) 7 R 0.8 OkgN NO Mid-March Sandy loam 56.5N-9.6E 8.1//658
to early May

Laerke, pers.com: DK — Foulunj2] 6 15(1994-2008) 7 R 08 75kg N; NO IldemEU5 Sandyloam  56.5N-9.6E 8.1//658
Laerke, pers. com DK — Foulunj2] 7 15(1994-2008) 7 R 0.8 150kg N5 NO IldemEUS5  Sandyloam 56.5N-9.6E 8.1//658
Laerke, pers. com DK — Foulunj2] 8 15(1994-2008) 7 R 17 75kgN5 NO IldemEU5  Sandyloam 56.5N-9.6E 8.1//658
Laerke, pers. com DK — Foulunj2] 9 15(1994-2008) 8 R 0.8 150kg N5 NO IldemEUS5  Sandyloam 56.5N-9.6E 8.1//658
Laerke, pers. com DK — Foulunj2] 10 15(1994-2008) 7 R 17 75kgN5 NO IldemEU5  Sandyloam 56.5N-9.6E 8.1//658
Laerke, pers. com DK — Foulunj2] 11 15(1994-2008) 9 R 0.8 OkgN NO IldemEU5  Sandyloam 56.5N-9.6E 8.1//658
Christianetal.2008 UK — Harpendef8] 12 18(1993-2010) 18 MP 4 OkgN; 36 S  YES(@) EaryFeb. Sityclayloam 51.8N-0.4E 10.2// 750

K every year until GY9, until 2006;

except GY7 (116 to then early

290kg); P in GY1 and 8 Spring

(100 and 58 kg)
Christianetal.2008 UK — Harpendef8] 13 18(1993-2010) 18 MP 4 60 kg N; 36 S YES(3) ldemEU12 Sityclayloam 51.8N-0.4E  10.2// 750

P and K: idem EU 12
Christianetal.2008 UK — Harpendef8] 14 18(1993-2010) 18 MP 4 120 kg; 36 S YES(3) ldemEU12 Sityclayloam 51.8N-0.4E  10.2// 750

P and K: idem EU 12

! The second year mentioned is the last year fochviiield data were available, but does not cornedyio the last year of the experiment.

2p.M : planting mode ; MP = micro-propagation; Rhizomes
3 Mean annual temperature (°C) and mean annuakth{nfm)

4 S = surface; P = plant; M = machine

5 In that column is displayed the between-year Heirdate variability.
8 Fertilization was different during the first thrgears.
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Yield measurement

- ' — characteristics . Geographical
Reference Location EU Duration No PN Dle}gy Fertilization Soil coordinates  Climate?
bim2) Suriace T%/ge Repetition HarVﬁ,t (D)
() P dates
Richeet al.2008 UK — Harpended] 15 14(1997-2010) 13 MP 2 60 kg N and 95 to 130 k@5 S(M) VYES@) Early FebSityclayloam 51.8N-04E  10.2//750
K every year until GY6; untl  2006;
P until GY3 (44 kg) early Spring
Richeet al.2008 UK —Harpendefd] 16 14(1997-2010) 13 MP 2 Idem EU 15 25 S(M) YES(@3)ldemEU15 Siltyclayloam 51.8N-04E  10.2// 750
Richeet al.2008 UK —Harpendefd] 17 14(1997-2010) 13 MP 2 Idem EU 15 25 S(M) YES(3)ldemEU15 Siltyclayloam 51.8N-04E  10.2// 750
Richeet al.2008 UK —Harpendefd] 18 14(1997-2010) 13 MP 2 Idem EU 15 25 S(M) YES(3)ldemEU15 Siltyclayloam 51.8N-04E  10.2// 750
Liebhard, 200 AUS - lIz[5] 19 13(1989-2001) 13 MP 1 Every year romGY2 10 P YES(3) End oBrown earth.  48.2N-144E  9.0//820
50 kg N, 36 kg P and 150 February
kg K (22.5 kg MgO)
Liebhard, 200 AUS — Mackgraf- 20 12(1989-2000) 12 MP 1 ldem EU 19 10 P YES (3) ldemEU19 Brownearth  48.3N-159E 9.6 //558
Neusiec[6]
Liebhard, 200 AUS — Michelndorf 21 12(1989-2000) 12 MP 1 Idem EU 19 10 P YES (3) ldemEU 19  Chernozem 48.3N-16.6E  9.4//620
[7]
Liebhard, 200 AUS — StFloriaf8] 22 13(1989-2001) 13 MP 1 Idem EU 19 10 P YES (3) ldemEU19 Brownearth  47.8N-164E  9.0//853
Liebhard, 200 AUS — Steinnbrunn 23 12(1989-2000) 12 MP 1 Idem EU 19 10 P YES (3) ldemEU19  Para-brown  47.8N-159E  9.0//820
[9] earth
Fritz and Formowitz GER — Glinterlebdt0] 24 22(1989-2010) 20 R 1.1 0 kg N; P and K evenf0 S(M) YES(2) EarlyAprili Brown earth 49.9N-9.9E 10.4 // 606
pers. comn year
Friz and Formowitz GER — Glnterlebdt0] 25 22(1989-2010) 20 R 11 50 kg N; P and K eveng0 S(M) YES(2) ldemEU24 Brownearth  49.9N-99E 10.4// 606
pers. comn year
Friz and Formowitz GER— Giinterlebdt0] 26 22 (1989-2010) 20 R 1.1 100 kg N; P and K everg0 S(M) YES(2) demEU24 Brownearth 499N-99E  10.4 /606
pers. comn year
Friz and Formowiz GER— Giinterlebdt0] 27 22 (1989-2010) 20 R 1.1 150 kg N; P and K everg0 S(M) YES(2) demEU24 Brownearth 499N-99E  10.4// 606
pers. comn year
Friz and Formowitz GER — Glnterlebdt0] 28 22(1989-2010) 20 R 11 250 kg N; P and K everg0 S(M) YES(2) ldemEU24 Brownearth  49.9N-9.9E 1041/
pers. comn year 6062

" The second year mentioned is the last year fochwiield data were available, but does not cormedpio the last year of the experiment.
8 P.M : planting mode ; MP = micro-propagation; Rhizomes
9 Mean annual temperature (°C) and mean annuabth{nim)
105 = surface; P = plant; M = machine
1 In that column is displayed the between-year teirdate variability.
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Yield measurement

- ' — characteristics . Geographical
Reference Location EU Duration> No PM® Densty Fertilization Soil coordinates  Climate
(pVm2) Surface nge Repetit Harvest ©D)
i epetition dateg’G
Fritz and Formowitz GER — Freisinfl.1] 29 20(1991-2010) 19 R 12 0 kg N; P and K evenb0 S(M) YES(3) Mid-March Brownearth  48.4N-1.7E  10.2//845
pers. comn year to mid-April
Fritz and Formowitz GER — Freisinfl.1] 30 20(1991-2010) 19 R 12 75 kg N; P and K evenp0 S(M) YES(3) IldemEU29 Brownearth  484N-11.7E 10.2//845
pers. comn year
Friz and Formowiz GER — Freisingg1] 31 20(1991-2010) 19 R 1.2 150 kg N; P and K evenp0 S(M) YES(3) IdemEU29 Brownearth  484N-11.7E 10.2//845
pers. comn year
Fritz and Formowitz GER — Pucliil2] 32 20(1991-2010) 19 R 12 75kg N; P and K evenp0 S(M) YES(@3) Mid-March Para-brown  48.2N-11.2E 10.4// 866
pers. comn year to early May earth
Grunert, percomm.  GER —Kalkreuttil3] 33 16(1995-2010) 16 MP 1.5  None 6.5 S YES() End Jan. tBtrong sandy51.3-13.6E 8.5//595
mid-april loam
Grunert, pers.com  GER —Zwenkajl4] 34 16(1995-2010) 13 MP 1.3 60 kg N untl GY 11; P6.5 S VYES(®) Mid -Jan. t®andy loam 56.2N-12.3E 8.6 //545
and K every 2 years mid-april
Grunert, pers.com  GER — Sproda5] 35 13(1998-2010) 13 MP 1 60 kg N; 30 kg P and 10Q5 S YES(@) End Jan. thoamySand 51.5N-13.6E  8.8//540
kg K every 3 years early april
Grunertpers. comm. GER — Sproda5] 36 13(1998-2010) 13 MP 1 60 kg N; 30 kg P and 10Q5 S YES(@) End Jan. thoamySand 51.5N-13.6E  8.8//540
kg K every 3 years early april
Clifton-Brown et al, IRE — Cash§l 6] 37 16(1990-2005) 16 MP 2 Every year except B8tol2 S YES Early Dec. Loam to sandy52.7N-7.8W  9.9// 1004
200i (9 and 10); (210 8) untl  GY9; loam
N: 100 to 120 k Feb to early
P: 36 kg, K: 72 kg March

% The second year mentioned is the last year fochwiield data were available, but does not cornedpio the last year of the experiment.
33 p.M : planting mode ; MP = micro-propagation; Rhizomes
3 Mean annual temperature (°C) and mean annuabith{nim)
% S = surface; P = plant; M = machine
% In that column is displayed the between-year hsirgtate variability.
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Annexe 2: Prédiction des rendements dil. giganteus
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Prédiction des rendements deM. giganteus (t MS ha®) & partir des rendements des
années de croissance 2 et 3 pour les sites de ladde données du Chapitre 4.

Les points correspondent aux données, la courbeeétliction. Pour les sites avec plusieurs
unités expérimentales (EU), une seule est représebes sites danois ne sont pas représentés
faute de données pour les années de croissanceroées.

Qualité moyenne de la prédiction du rendement en fation de 'age (RMSEP et RMSEP
relative), du rendement moyen et du rendement maxiom (erreur) estimée sur I'ensemble
de sites figurant ci-dessus en fonction du nombreeddonnées de rendement utilisées.

Nombre de données de rendement 2 3 4
RMSEP (t MS ha) 3,3 3,4 2,5
relRMSEP (%) 22 22

Erreur (rendement moyen) (t MSHa -0,11 -0,16 -0,14
Erreur (rendement max) (t MS Ha 0,06 0,02 0,04
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Annexe 3: Risque de lixiviation d’azote en fonctiordu type de sol
et du développement de la culture
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Annexe 4: Description des systemes de culture corszpendant I'atelier de conception (Chapitre 5)

Cropping systems’ description

Cropping system LC1 LC2 LC3 LC4 CC1 CcC2 CC3 CC4
Cropping sequence * OSR/WW/WB | OSR/WW/ WWs/MISC/ | ALF/WWs/ OSR/WW/WB | OSR/WW/ MISC + | ALF/OSR/
WB/#S/ WP/OSR/ OSR/#M/#SP/ WB/#S/ OSR/WW/ WWs/WT
WW/#SP WWSs/ALF OSR/WWs WW/#SP WTs/S/SB/WP
ALF Tillage® - - MB MB - - - MB
N rate - - 0 0 - - - 0
PandKrate| - - 90 - 175 90 - 175 - - - 90 - 175
cP - - - - - - - -
OSR Tillage RT RT RT RT RT RT RT MB
Nrate (uN) | 170 120* 120 120* 160 110 110 100*
Pand Krate| 60-60 50 - 50 50 - 50 50 - 50 60 — 6 50 - 50 50 - 50 50 - 50
CP 2F — 4.51 0.5F - 21 OF -0l OF — Ol 2F — 4.5] 5F0- 2| 0.5F - 21 0.5F - 2]
Maize Tillage - - - MB - - - -
Nrate (uN) | - - - 140 - - - -
P and K rate | - - - 40 - 40 - - - -
CP - - - 2F - 11 - - - -
SP/WP | Tillage - MP RT MP - MP MP -
Nrate (uN) | - 0 0 0 - 0 0 -
PandKrate| - 40 - 40 40 - 40 40 - 40 - 40 - 40 - 40 -
CP - 1.5F - 1.5] 1.5F - 1.5I 1.5F - 1.5I - 1.5FI1.5 1.5F 1.5] -
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S Tillage - MP - - - MP MP -

Nrate (uN) | - 0 - - - 0 0 -
PandKrate| - 0 - 0 0 -
CP - OF — 1I - - - OF — 11 OF — 1I -

WBJ/SB | Tillage MP MP - - MP MP RT -

N rate (uN) | 140 150 - - 165 150 90 -
PandKrate| 40-40 40 - 40 - - 40 - 40 40 - 40 - 40 -
CP 2F -2I-2R 15F-11-1R - - 2F-2I1-2R FX5lI-1R| 15F-11-1R -

WT Tillage - - - - - - RT RT
Nrate (uN) | - - - - - - 110 110
PandKrate| - - - - - - 10-50 10-50
CP - - - - - - 1F- 0l 1F- 0l

ww Tillage RT RT RT RT RT RT RT RT
N rate (uN) | 180 150 150 150 (110%) 160 130 130 *110
PandKrate| 0-0 0-0 10-50 10-50 0-0 00— 0-0 10-50
CP 3F-2I-2R 2F -0l -OR 2F — 0l -OR 2F-0R- | 3F-2I-2R 2F -0l -0R 2F -0l -0OR 2F —OR

1 OSR: oilseed rape; WW: winter wheat; WB: winterlégr SB: spring barley; S: sunflower; SP: springip@&/P: winter pea; ALF: alfalfa;

MISC: M. giganteuss indicates that straw are exported.

2# indicated the presence of a cover crop.

¥ MB: mouldboard ploughing; RT: reduced tillage
“* indicates that N rate is reduced thanks to tiesgnce of a legume as preceding or ante-precertipg
®>CP = Crop protection: number of fungicides (F)eirticides (1) and regulators (Rjerbicide applications are not described since these
similar per crop and cropping systems, except fiotev wheat (2H in CS1, 0.5H with alfalfa as praogdcrop; 1H otherwise) and oilseed rape
(1.6H or 1H with alfalfa as preceding crop). NBfaa does not get any crop protection expect abibtiee treatment during the sowing year

(0.3H).
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Description of M. giganteus management

MISC Al MISC A2 MISC A3 and following years MISCsitruction
Tillage MB - - 01/06: crusher (or harvest)
N rate 0 0- Every 3 years 10/07: crusher + rotavator
LC-L: CC-L; CC-H: 30 25/07: chisel
LC-I: 60 25/08: 1H
LC-H: 80 15/09: chisel
PandKrate| O 0 Every 6 years
LC-L: CC-L; CC-H: 15-30
LC-I: 30 — 60
LC-H: 40 - 80
CP 3H 1H (+1H if necessary) -
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Annexe 5: PerSyst, a cropping system model based mtal expert
knowledge

Guichard L., Bockstallef C., Loycé= C., Makowskt D.

LINRA UMR 211 Agronomie INRA / AgroParisTech Grign(iﬁrance),ZUMR Nancy-Université - INRA

Agronomie et environnement Nancy Colmar (Fran%@zg,roParisTech UMR 211 Agronomie INRA /
AgroParisTech Grignon (France)

In : Agro 2010, the Xth ESA Congress, J. Wery,HiliSTouzi, A. Perrin (eds), Montpellier,
pp. 827-828.

A large number of alternative cropping systems redtk investigated in order to identify the
most suitable ones for a given set of objectivesy Erops models can be used to generate
and assess cropping systems because they genacambunt for a limited number of
production factors, and include a large numberavameters that are difficult to estimate. The
cropping system model PerSyst was developed tolaienthe effect of crop sequence and
crop management techniques on yield and nitrogesekin the environment at a yearly time
step. As PerSyst is easy to parameterize from l@cagdert knowledge, it could be
implemented in different contexts by the model ssbemselves.

Model description

In PerSyst, yield is calculated as a function wiiting and reducing factors (Van Ittersum and
Rabbinge, 1997). Experts define a potential yield. (vhen only climatic factors reduce
yield) for each soil type of the study area. Thispassess the yield reduction due to (i) the
preceding crop effect, (ii) the frequency of cr@ftected by the same pests and diseases in
the crop sequence, and (iii) soil physical and dbahfertility. This information is integrated

in PerSyst at the crop sequence level. The yialdaton is then corrected in function of crop
management techniques (sowing period, nitrogenilifation, number of fungicides,
insecticides and other pesticide applications)dgién losses are assessed using the IN
indicator of the Indigo environmental assessmerthote(Bockstalleet al. 2008).

Soil type ; Polential
| yield |
\ sub-mod el
Climate = Yield of each
|resean annual ) : crop of the erog
mmparature, decade R = SRR
precipinian) Crop atation
Sy . yheld
rmanagernant S rrodel
L =ML 2l
SUD-madet
Crop sequence ticgen loatnd
[Ny MH,, M
Nll_lr':-“gfl'-'Jl'l | furing he crap
A sub-model i
Managemani plan SEqUEnCE

of each crop

Figure 1: Model description
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Methodology for parameter estimation

The main original feature of PerSyst is the intégraof local expert knowledge to estimate
potential yields and percentages of yield reductioe to limiting factors. Twelve experts
(farmers’ advisors and agricultural engineers) fi@aitou-Charentes (Center-West of France)
were asked to assess yield parameters. In thepfrstof the interview, experts were asked
to(i) assess the potential yield of a given cropsfpecify the main characteristics of the crop
management systems and the preceding crop whieldpsothis potential yield, (iii) express
their assessments in deciles values to identify viligability in potential yield. Results
provided by the individual expert were then disedssollectively and decision rules were
designed to synthesize local knowledge (see reseltsion).This methodology combines
several characteristics of the Delphi method (BBI71) and of the techniques of elicitation of
experts’ judgments proposed in the SHELF (Sheffilicitation Framework) method
(O’'Hagan, 2001).

Results and discussion

Table 1 shows an example of results for wheat piadeyields in two soil types derived from
the expert interviews.

Table LParameter assessment for wheat potential yieldsvansoil types, a shallow soil
(limestone, 40 cm) and a deep soil (loamy soil, 10) (Poitou-Charentes, France).
Minimum (maximum) is the min (max) value given argaall experts answers. Left table
presents the results obtained from the individuab sof interviews while results after
collective discussion are presented in the rigbieta

Shallow soil Deep soil Shallow soil Deep soil
Wheat potential yield 1% decile  9'decile  f'decile ¢ decile f'decile 9 decile  fdecile ¢ decile
Number of answers 7 8 5 6
Mean (g.hd) 55 71.4 77 95 53 69 77 96
STD (g.hd) 12.9 14.4 10.2 8.5 5.7 55 6.9 5.8
Minimum (g.ha) 40 55 60 80 45 60 65 90
Maximum (qg.hd) 80 100 91 105 60 75 85 105

In the second part of the individual step, experse asked to assess the effect of (i) a shift in
the preceding crop, or (ii) a modification of theduency of crops sensitive to same soil-born
pathogens in the crop sequence on yield. They aise asked about the effect of soil-born
pest and disease, soil structure, delayed sowite) (@ad others factors) on yield. The third
part of the interview dealt with the consequendesome crop management techniques (and
their interactions) on yield. The aim was to idgntnodifications in the crop management
plan that allow compensating partially or totaletreduction of yield and to quantify it. Dexi
software (Bohanec, 2008) was used to organize mpdement in a generic way, for each
crop, the main interactions between techniquestiyaul choice, sowing date and density,
fertilization, crop protection, etc.) and their sequence on yield. The collective step led us
to adopt the following decision rules: (i) exclugirextreme value when more than five
responses were given, (ii) averaging of the remaginialues. Finally, these rules led us to
decrease the range of yield variation within resgsnfor a same soil context, and the final
values were accepted by all the experts.
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Conclusions

The PerSyst model and the methods used to elicdl lexperts’ knowledge allow local
parameter assessment as well as integration dfi@uliknowledge. In the future, we plan to
describe potential yield values using probabilitstributions (instead of point values) and to
combine expert knowledge with several sources pearental data (synthesized by meta-
analysis).

Acknowledgement
This work was supported by the ANR— ADD-PRAITERR(Gjpct.

References

Bockstaller C., L. Guichard, D. Makowski, A. AvefinP. Girardin, S. Plantureux. 2008.
Agri-environmentalindicators to assess cropping dadning systems. A review.
Agronomy for Sustainable Development, 28, 139-149.

Bohanec M., A. Messean, S. Scatasta, F. Angevi@yiBiths, P. Henning Krogh, M. Znidarzic, S.
Dzeroski.2008. A qualitative multi-attribute modet economic and ecological assessment
of genetically modified crops.Ecological Modellir&],5, 247-261.

O'Hagan, A., C. E. Buck, A.Daneshkhah, J.E. EiBeH. Garthwaite, D.J. Jenkinson, J.E.
Oakley, T.Rakow. 2006. Uncertain Judgements: Hiigit Expert Probabilities.
Chichester: Wiley.

Vanlttersum M.K., R. Rabbinge. 1997. Concepts iodpction ecology for analysis and
quantification ofagricultural input-output combiiegis. Field Crops Research, 52, 197-208.

180



Abstract

Second-generation biofuels could provide renewadlergy while reducing the global
economy dependence on oil and mitigating climatenge. However, their greenhouse gas
emission balances, as well as their energy andrammental balances, are discussed,
especially when they are produced from agricultdesddstock. The use of agricultural
feedstock for energy purposes also raises the issaempetition with food production. In
this context, this work contributes to the assessnoé the sustainability oMiscanthusx
giganteus a perennial C4 crop candidate to the productioseoond-generation ethanol. The
objectives of this work are (i) to achieve a muitaria evaluation of cropping systems based
on M. Giganteususing data collected in farmers’ fields and (ii)dompare these cropping
systems with cropping systems including other resesiAgricultural candidates for biofuel
production. The main contributions of this work &iethe study of the variability of yields
and winter nitrate losses in a network of comméirfaeéds located in Burgundy (France), (ii)
the characterization by modeling ™. giganteuslong-term yield evolution and (iii) the
integration of these findings in a process of ciogsystems design and assessment aiming
at comparingM. giganteuswith other feedstock candidate to the productibrioethanol.
The study ofM. giganteusin farmers’ fields shows that the high variabildy yields and
nitrate losses is linked to (i) crop age, (i) styipbe and (ii)) the type of fieldi.e. cultural
history, size, shape, and environment). Contrastielyl scenarios, built by combining data
collected in commercial fields with a long-term Igieevolution model, show that the
sensitivity of assessment results regarding yieldpends on the assessment field. The
insertion ofM. giganteusn a cropping system can significantly improve fieenhouse gas
emission balance as well as the environmental balacompared with a cropping system
based on a short cropping sequence. Economic sestend strongly avl. giganteusyield.
Other agricultural feedstocks are also interes@sgecially on soils where the yield potential
of M. giganteusis low: this is particularly the case of alfalfeersis, which can be used for
second-generation ethanol production.

Keywords

Miscanthusx giganteusyield gap analysis, nitrate leaching, modelingsign and assessment
of cropping systems, energy oriented cropping syste
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Résumé

Les biocarburants de deuxiéme génération, dogriesedes de transformation sont encore en
phase expérimentale, pourraient constituer unecsodiénergie renouvelable permettant de
réduire la dépendance de I'économie mondiale awlpé&but en luttant contre le changement
climatique. Toutefois, leurs bilans gaz a effet sd#re, énergétique et environnementaux
restent discutés, en particulier lorsqu’ils sonbduwits a partir de ressources agricoles.
L'utilisation de ressources agricoles a des finergétiqgues souléve aussi la question de la
concurrence avec la production alimentaire. Danscoetexte, ce travail contribue a
I'évaluation de la durabilité d&liscanthusx giganteus culture pérenne en C4 utilisable
uniqguement a des fins non-alimentaires parmi ldssgidigure la production d’éthanol de
deuxieme génération. Les objectifs de ce travait §p de réaliser une évaluation multicritére
de systemes de culture comprenant la culturMdgiganteusa partir de données recueillies
en parcelles agricoles et (ii) de comparer cesrys$ de culture a des systemes de culture
comprenant d’autres ressources agricoles candidatasproduction de biocarburants. Les
principaux apports de ce travail viennent de (iYétide de la variabilité des rendements et
des pertes hivernales de nitrates dans un réseapadmlles agricoles localisées en
Bourgogne, (ii) de la caractérisation par modébsade I'évolution des rendements de la
culture a long-terme et (iii) de l'intégration descconnaissances dans une démarche de
conception et évaluation de systémes de cultunmegitant de comparevl. giganteusavec
d’autres ressources candidates a la productioniakghianol. L'étude devl. giganteusen
parcelles agricoles met en évidence que la fortmbifité des rendements et des pertes de
nitrate est liée (i) a 'age de la culture, (ii) e de sol et (iii) au type de parceliee.(
histoire culturale, taille, forme, environnemenbes scénarios contrastés de rendement,
construits en combinant les données de rendememtsnerciaux recueillies en parcelles
agricoles avec un modele d’évolution a long-terrage tndements, montrent que les résultats
d’évaluation sont plus ou moins sensibles au reed¢nde M. giganteus L’insertion de

M. giganteusdans un systeme de culture permet d’amélioreemettt les bilans gaz a effet
de serre et environnementaux du systeme de cutturgaré a un systéme de culture a
rotation courte, tandis que les résultats éconoesicaont tres sensibles au rendement obtenu.
D’autres ressources agricoles paraissent égalgmnamietteuses, en particulier sur des sols ou
le potentiel de rendement d& giganteusest moins élevé : c’est en particulier le casale |
luzerne dont les tiges peuvent servir a la produaatiéthanol de deuxieme génération.

Mots-clés

Miscanthusx giganteus cultures ligno-cellulosiques, diagnostic agronguei, lixiviation de
nitrates, modélisation, conception et évaluatiorsg&eme de culture, systéme de culture a
vocation énergétique
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