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Résumé

Les'réwlutionsvertes'des50derniereannéeont permisal'agriculturederépondrea unedemande
croissanteen produitsagricoles graceaux progrésgénétique®t a l'apport généralisé'intrants per
mettantdelever descontraintesla croissanc@escultures Cespratigues'ont toutefoispasétésans
conséquencgsourles écosystemesnettanten dangetdeur capacitéa fournir leursservicesactuels:
productiondenourritureetd'énemgie, puri cation del'eau, régulationdu climat, etc...L'agriculturese
trouve ainsifaceaundilemme: peut-onconcilierla satishctiondebesoinenconstant@ugmentation
avecla préserationdel'environnemen®

Mesrecherches'inscrivent danscetteproblématiqueet sontcentréesur I'évaluationdessystemes
degrandesulturesavecuneapprochentégréesousforme debilan ervironnementallLe bilan prend
encomptede fagonsimultanédesimpactsdespratiquesculturalessurles milieux sol, eau,et atmo-
sphére pour un niveaude productiondonné,permettantainsi de minimiser les transfertsde pollu-
tion entrecompartimentsLesimpactservisagésconcernentes élémentsarboneet azote ainsique
les pesticidesa la fois pourles échangegiazeux,la rétentiondansles solset le rejet versles eaux
souterrainesLa quanti cation desperteservironnementaleseposesur unemodélisationdescycles
bio-géochimiqueslansles systemesol-plante.

Le déwloppementde modélesintégrésde simulationdes processusl'émissionde polluants,avec
unaccenparticuliersurleséchangegazeuxaconstituda majeurepartiede monactvité, etdansses
différentedfacettes intégrationde processugestsurjeux de donnéesxpérimentalesextrapolation
dansle tempsetdansl'espace eten n applicationaudiagnosticervironnementatiansdescontetes
nalisés. Cesderniersont impliqué desdomainescommeles bio-énegies, le reg/clagede déchets
urbainsenagriculture oul'introduction de culturestolérantesaux herbicidesa large spectre.

La conclusionde cesanalysesstqueles maigesde manoeuvresont: i/ relativementfaiblessi I'on

raisonndespratiquesgdefaconincrémentalelansle paradigmeactuel relatvementintensif,ouii/ in-

téressantesaisuniqguemensurcertainsenjeux(eg, effet deserrepourbio-énegie), lesautresenjeux
étantplusdif ciles aquanti er cartributairesdescontexteslocaux.Mesrecherchefuturesvontdonc
portersur uneapprocheplus systémiquedesproductionsou fonctionsévaluéesjntégrantdesdisci-
plinescommela micro-économieou lI'agronomie, et se déroulantdansun territoire décrit de fagon
explicite.



Abstract

In thelast50 yearsthe greenrevolution madeit possibleto meetgrowing needdor agriculturalpro-
duce thanksto theadwancef geneticaandto anincreasedelianceon agriculturalinputs.However,

this cameat the costof unprecedentedhangedo ecosystemsvorldwide,jeopardizingtheir capacity
to supplytheir currentservicesin the future, whetherregardingfood, bre andenegy production,
freshwatersupplyor climateregulations Agricultureis thusfacinga quandary is it possibleto meet
the growing needdor its producewhile preservinghe ervironment?

Within this generalproblematic,my researchhasfocusedon the ervironmentalbalanceof arable
crops.The balancetakesinto accountthe impactsof managemenpracticeson the soil, waterand
atmosphericompartment@associatedvith a given level of biomassproduction,therebymakingit
possibleto minimize trade-ofs betweenervironmentalissues.The impactsconsiderednvolve the
cyclesof water carbonandnitrogen,aswell asthefateof pesticidesafter eld application.Environ-
mentallossesare estimatedbasedon biogeochemicamodels,with particularemphasion gaseous
emissionsMost of my pastwork involved suchkind of modelling,in its variousaspects process
integration,testagainstexperimentaldatasets,extrapolationover time andspace andapplicationto
ernvironmentalassessmernh variouspracticalcontets. The latter encompassetlio-enegy chains,
regycling of urbanwastein agriculture or theintroductionof herbicide-tolerangenotypes.

The conclusionof theseapplicationsis that the mamgins for progressare either relatively limited
whenlooking at the effects of managemenpracticeson a one-at-a-timebasis,or potentiallylarger
but restrictedto a smallnumberof impactcateyories.In thelattercasejn addition,the otherimpacts
aremoredif cult to assesbecausehey arehighly dependentnlocal ecosystentontect. As aconse-
quencemy future researchpurportsto shift to a moresystemicvision of agriculturalproduction,in
strongconnectiorwith agronomicabkndsocio-economiapproachesndbasedn a spatially-eplicit
descriptionof the productionterritory.
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Chapitre 1

Le candidat



1.1 Curriculum Vitae étendu

1.1.1 Activitésderecherche

Elles sontdétailléesdansle chapitre2 de ce mémoire.Le paragraphei-dessoudes résumeet
situela thématiquegénérale.
Depuismon travail de thése mesthémesde rechercheont porté sur I'évaluationernvironnementale
des systémede grandescultures,avec commeobjectif I'identi cation de modesde gestionplus
respectueude I'environnement.L'originalité de I'évaluation,conduitesousforme d'un bilan en-
vironnementalrésidedansunepriseen comptesimultanéedesimpactsdespratiquessurles milieux
sol, eau, et atmosphéreCettedémarcheermetde minimiserles risquesde transfertsde pollution
entrecompartimentsLes impactservisagésconcernentes élémentscarboneet azote,ainsiqueles
pesticidesala fois pourleséchangegazeuxja rétentiondanslessolsetle rejetversleseauxsouter
raines.La quanti cation desperteservironnementaleseposepour une majeurepartie sur un travail
de modélisationdescycles bio-géochimiquesiansles systémesol-plante et, en paralléle,sur des
expérimentationguchamppourtestelesmodeélesCesderniersvisanta appréhenddesrisquediés
auxaléasclimatiquesjls sontde naturedynamiqueet baséssurunedescriptionexplicite desproces-
susenjeu.

Mes activités de recherchesont structuréesen trois grandsvolets : le déweloppemenitde modeéles
intégrésde simulationdesprocessusl'émissionde polluants,a I'échelle du champcultivé, avec un

accenparticuliersurleséchangegazeux/'utilisation etla miseadispositionde cesmodélescomme
outils de diagnosticernvironnementatlansdescontetes nalisés. la spatialisatiordesmodélespour

obtenirdesinventairesou cadastresl'émissionssur un territoire plus large, ou régionaliserdesre-

commandationgssuegdu diagnostic.

1.1.2 Activitésd'enseignement

Ma chaged'enseignemertendas'accroitrerégulierementgcomportant la fois desinterventions
ponctuelle®tl'or ganisatiordemodulesd'enseignemenguniveauMaster Lescoursen'f ace-a-ace'
représenterdctuellementinequarantainel’heuresannuellesrépartiesentredesex-DEA (Ecologie
- ParisXI etBiosphérecontinentale ParisVI), MasterléreannégGéo-SciencesMarne-la-\allée),
les Master EuropéendRenavable Enegy (Ecole des Mines de Paris) et CEWB (Ecole desMines
d'Albi), etl'IN A P-G dansdesUnitésde Valeurde 2émeet 3émeannée.Les thémesde I'ensei-
gnementconcernent'évaluationervironnementaléntégréedessystémesgricoles,Ja modélisation
bio-physique,etla biomasseénegie, sousla formede coursmagistrauxoude TD.

Je suisresponsabl®@u co-responsablde trois modulesparmiles enseignementsités: Traitement
desodeurset desfumées(MasterParisTechGestionet TraitementdesEaux, Solset Déchets 30h),
bilan ervironnementatlesproduitsphytosanitaire{DAA AGER,INA P-G- 18h),et Physico-chimie
del'environnemen{MasterGéo-sciencedniversitéde Marne-la-\allée- 30h).

Enn jassistele responsablelu Master ProfessionneParisTech Gestionet Traitementdes Eaux,
Solset Déchetspiloté parl'IN A P-G.J'ai égalementparticipéal'or ganisationdel'Ecole-Chercheurs
duDépartementNRA Environnemen& Agronomie: «pourunemeilleureutilisationdesmodélesde
culture»(automne2002).

1.1.3 Encadrementd'étudiants

Le Tableaul.lrécapitulelesformationset nomsdesétudiantsdontj'ai encadrde travail, du ni-
veaubaca DEA ou Master Concernante niveaudoctorat,j'ai encadrévecEnriqueBarriuso(dans
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I'équipe “Sol” demonUMR) le travail dethésede LaureMamy, soutenue lerOctobre2004.J'en-
cadreactuellemente travail de thésede Marie-Noélle Rolland, avec Pierre Cellier, MatthiasBee-
ckmann(Laboratoired'Aérologie, CNRS/Unversité Paris 6), et Patricia Laville. Je suisen n 'co-
encadreunl'étranger pourle doctoratde Waffa Rezzouga I'Uni versitéde Tiareten Algérie.

J'ai égalementcontritué defaconplusinformelleal'encadrementle quelqueghésard(e)s
— BrunoLeviel, thésarddansl'unité Bioclimatologie(j'ai étésonencadranprincipal pourl'ob-
tentiondesonDipldmedeRecherchdJniversitaire-unesortedepré-thése al'INP Toulouse)
thesesoutenueen 1999.
— PedroAngas,thésarda 'ETSIA, Lleida (Espagne)qui a effectuéun séjourde 3 mois a Gri-
gnon; thésesoutenueen2001.
— DanielaMantineo,thésardex |'Uni versitéde Catane(ltalie), qui a effectuéplusieursséjoursa
Grignon; thésesoutenueen2003.
— JérdbmeCortinovis, thésardau laboratoired'aérologie(Toulouse),pour un séjourde 2 mois a
Grignon; thésesoutenuesn2004.
— CarolineSablayrollesthésardé I'ENSIACET (Toulouse) thésesoutenuen2004.
En n j'ai fait oufaisactuellemenpartiede deuxcomitésde pilotagede thése(MacaireEdzangongo,
INRA Grignon,etLuc Sorel,INRA Rennes).

TAB. 1.1— Récapitulatifdesétudiantsencadrégniveaubaca DEA).

Diplédmepréparé Période | Intitulé dela formation/ Nom del'étudiant(e)
Etablissement

Bactechniqueagricole Un mois | Lycéeagricole(78) MathieuBazot
Bactechniqueagricole Un mois | Lycéeagricole(78) JulienVaroquaux
Maitrisede biologie Un mois | UniversitéParis6 MaggyBardoux
Ingénieuragronome 9mois | ISARA, Lyon Jeannda-Silveira
Ingénieuragronome 8 mois | ESAAngers SimonLehuger
Ingénieur 6 mois | EcoledesMinesdeParis MatthieuDelattre
Ingénieur 6 mois | EcoledesMinesdeParis Kristel Hermel
Ingénieur 6 mois | EcolePolytechniqud-édérale| Stéphanidérez
delLausanne
DESSBio-Informatique 6 mois | UniversitéPaul Sabatier GhislaineSoumayet
Toulouse

DEA Physiqueet Chimie 6 mois | ENSEEIHT- INP Toulouse | BrunoLeviel
del'Environnement

DEA deBiomathématiques | 6 mois | UniversitéParis6 SamiraBouzouina
DEA d'Ecologie 6 mois | UniversitéParis11 EmmanuelléPersoneni
DEA BiosphéreContinentale] 6 mois | UniversitéParis6 JoséBoronat

1. co-encadrantJ.F Martiné, CIRAD.
2 - co-encadranteC. Bedos,INRA.

1.1.4 Animation et gestiondela recheriche

Animation scienti que Jeparticipedepuisl999auréseauwdu DépartemenEnvironnement& Agro-
nomie(EA) animéparD. Wallachsurla modélisatiordu fonctionnementdescultures.Ce groupede
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ré exion a débouchéur desséminairesnéthodologiquest I'or ganisationd'une Ecole-Chercheurs
en Octobre2002,danslaguelleje me suis pleinemenimpliqué. Avec uneautremembredu groupe
(N. Brisson),nousavons aussipris en chage I'or ganisationen Juillet 2004 de la sessionconsacré
a la modélisationdessystémesle culturesau coursdu Congresplénier de I'EuropeanSocietyfor
Agronomy Actuellementceréseaumodélisatiorestreconduitsousformed'un projetde plate-forme
INRA pourlesmodélegde culture,dontje faispartiedu comitéde pilotage.

Aprésla restructuratiordesUnités du DépartemenEA sur Grignon,qui a conduita la créationde
'UMR Ervironnementtgrandesultures(EGC),j'ai pris enchage avec PierreBenoitl'animation
duprojettransersalMAEVA ("Evaluationet maitrisedesrisquesagri-ervironnementaux")Le projet
n'a pasaboutidanssatotalité (certainementrop ambitieuse), maisa permisde démarreia théma-
tique sur le bilan ervironnementabdesherbicideset le travail de thésede L. Mamy. Au niveaude
mon équipescienti que (comprenanunevingtainede permanents),ai fait partiedu collégede 3
chercheurgui a assumda directiond'équipepériode n 2002- détut 2004.Depuisun anj'anime
un grouped'ingénieurset techniciensen chage desdifférentesstationsmétéorologiquegéréepar
I'Unité, dontle parcmétéoquifait partieduréseadNRA AgroClim d'obsenationsmétéorologiques.
J'ai été ou suis encoremembrede divers ConseilsScienti ques (UMR Ernvironnementet grandes
cultures DépartemenfGERdel'IN A P-G,DépartemenErnvironnement&Agronomigel'INRA, et
INRA), etde Gestion(CentreINRA Versailles-Grignon).

Montage de projets J'ai étéou suisactuellemenpartenairedansun certainnombrede projetsau
niveaunational(unedizainedepuis1998),ou EuropéenJefais partiedu réseaud'excellenceBioE-
nelgy' du 6émeprogrammecadre pourlequelje coordonnde "Work Package'AgroBiomasset du
projetintégréNitroEurope qui vient dedémarrerJ'assureactuellementa coordinationde deuxpro-
jets nancésparle consortiumAgrice et parl'INSU / CNRSsurle bilan ervironnementatiesappli-
cationsd'herbicidesdansun contexte d'introductionde culturesgénétiquemeninodi éesrésistantes
adesherbicidesalarge spectre.

Evaluation J'expertisedeux a trois articles par an pour desrevuesinternationalefAgronomie,
Agronomy Journal,AustralianJournalof Agronomy Environmentinternational Europeaniournal
of Agronomy Journalof EnvironmentalManagementjournalof EnvironmentalModelling andSoft-
ware,Journalof EnvironmentalQuality, PlantandSoil, Soil ScienceSocietyof AmericaJournal).
J'ai égalementexpertisédesprojetspour le DépartementNRA EA (projetsinnovants,en 2003 et
2004),le Fondsde Recherchesur la Natureet les Technologiesdu Québec(2004),le Binational
Agricultural Researctand DevelopmentFund(Israél/ USA - 2004),et la Fondationpourla Science
etla Technologiedu Portugal (2005).

J'ai en n participéa un jury de concoursCR1en 2004, et fait partiede la commissiond'évaluation
dulaboratoird NRA demicrobiologiedessolsde Dijon en2005.

1.1.5 Expertise

J'ai participéa un groupede travail ADEME-ACTA, puis a l'expertisecollective INRA surles
potentialitésde stokage de carbonedessolsagricolesenFrance(31). J'ai étémembredu groupede
travail 'Indicateurs' du CORPEN(Comité d'Orientationpour desPratiquesagricolesrespectueuses
del'Environnement)auMinistéredel'EnvironnementJ'ai coordonnévec PascalMallard (CEMA-
GREF, Rennesyneétudecommandité@ar ADEME surlesimpactservironnementauxiela gestion
biologiquedesdéchets(79)L'objectif étaitdefaire un bilan desconnaissancedisponiblesgetdeleur
insertionpossibledansunedémarchaletype'analysedecycle devie'. Lesrésultatsontactuellement
reprisdansdesbasesie donnéesitiliséesau niveauinternationalcommeEcolnvent.



En n je consacrainepartiedemontravail autransfertdesmodélesst méthodesl'évaluationerviron-
nementalequecesoitversdespartenairescienti quesoutechniquegINRA, CIRAD, CEMAGREFR
CETIOM, Arvalis, ENSIACET), ou desétudiantsLe transfertpasseparla conceptioret misea dis-
positiond'outils de simulationet de leursinterfaces pourrendreleur utilisation accessibl@aux gens
qui ne sontpasspécialistesle la modélisation Une démonstratiordu modéleCERES-Maisa ainsi
étémiseenplacesurInternet(www-@c.grignon.ina.fr/ceres_mais/tpCars.htm).

1.2 Liste despublications

Lesnomsdesétudiantqjuej'ai encadrésontindiquésenitalique.

Publications scienti ques

Articles dansrevuesa comitédelecture/ Peerreviewedarticles

[1]
(2]
(3]
[4]
[5]

[6]

[7]

(8]
9]

B. Gabrielle, S.MenasseriandS. Houot. Analysisand eld-evaluationof the CERESmodels'
waterbalancecomponentSoil Sci. Soc.Am.J. 59:1402-1411 1995.

B. Gabrielle andL. Kengni. Analysisand eld-evaluationof the CERESmodels'soil compo-
nents: Nitrogentransferandtransformation Soil Sci.Soc.Am.J. 60:142-149 1996.

B. Gabrielle, P. Denorg, G. GosseE. JustesandM. N. AndersenDevelopmentandevaluation
of a CERES-typanodelfor winter oilseedrape.Field CropsRes57: 95-111 1998.

B. Gabrielle, P. Denorg, G. GosseE. Justesand M. N. Andersen. A model of leaf area
developmentandsenescencir winter oilseedrape.Field CropsRes57: 209-2221998.

B. Leviel, B. Gabrielle, E. JustesB. Mary, and G. Gosse. Water and nitrate budgetsin a
rapeseedroppedrendizinasoil receving differentamountsof fertiliser. Eur. J. Soil Sci. 49 :
37-511998.

B. Gabrielle andS. Bories. Theoreticalppraisabf eld-capacitybasedn Itration modeland
their scaleparametersTransportPorousMed.35: 129-1471999.

G. GosseP. Cellier, P. Denorg, B. Gabrielle, P. Laville, B. Leviel, B. Nicolardot, E. Justes,
B. Mary, S. Recous,J.C. Germon,C. Hénault,and PK. Leech. Water carbonand nitrogen
cycling in arendzinasoil croppedwith winteroilseedrape: the ChalonilseedRapeDatabase.
Agronomiel9: 119-124 1999.

E. JustesP. Denorg, B. Gabrielle, andG. GosseEffectof cropnitrogenstatusandtemperature
ontheradiationuseef ciency of winter oilseedrape.Eur. J. Agron.13: 165-177 1999.

B. Gabrielle, F. Agostini,andM. Donatelli. Limits to theaccurag of thewatercomponenbf
adecision-support-orienteagronomianodel. Italian J. Agron. 3 : 87-99 2000.

[10] B. Gabrielle, S. RecousG.S.Tuck, N.J. Bradtury, andB. Nicolardot. Ability of the SUN-

DIAL modelto simulatethe short-termdynamicsof 15N appliedto winter wheatandoilseed-
rape.J. Agric. Sci.(Camb)137: 157-168 2001.

[11] C.BedospP. Cellier, R. Calwet, E. Barriuso,andB. Gabrielle. Masstransferof pesticidesnto

theatmospherdy volatilizationfrom soilsandplants: overvien. Agronomig 22:21-33,2002.

[12] B. Gabrielle, B. Mary, R. Roche,P. Smith,andG. Gosse.Simulationof carbonandnitrogen

dynamicsn arablesoils: a comparisorof approachesEur. J. Agron.18: 107-12Q 2002.

[13] B. Gabrielle, R. Roche P. Angas C. Cantero-Martinezl.. CosentinoM. Mantineq M. Lan-

gensiepenC. Hénault,P. Laville, B. Nicoullaud,andG. Gosse A priori parameterisatioof the
CERESsoil-cropmodelsandtestsagpinstseveraleuropeardatasets. Agronomie22 : 119-132
2002.



[14] B. Gabrielle, J. Da-Silvei, S. Houot, and C. Francou. Simulatingurbanwastecompost
impacton C-N dynamicsusingabiochemicalindex. J. Ervion. Qual. 33:2333-23422004.

[15] C.BedosM. F. Rousseau-DjarbB. Gabrielle, D. Flura,B. Durand,E. Barriuso,andP. Cel-
lier. Measuremenof tri uralin volatilizationin the eld : relationto soil residueand effect of
soil incorporation.EnvironmnenaPollution (accepted)2005.

[16] B. Gabrielle, J. Da-Silveir, S. Houot,andJ. Michelin. Field-scalemodellingof C-N dyna-
micsin soilsamendedvith municipalwastecomposts. Agric. EcosysErviron, 110:289-299,
2005.

[17] B. Gabrielle, P. Laville, C. Hénault,B. Nicoullaud,andJ. C. Germon. Simulationof nitrous
oxide emissionsfrom wheat-croppedoils using CERES. Nutr. Cycl. Agroecos.(accepted)
2005.

[18] C.Hénault,F. Bizouard,P. Laville, B. Gabrielle, B. Nicoullaud,J. C. Germon,andP. Cellier.
Predictingin situ soil N20O emissionausingNOE algorithmandsoil database.Global Change
Biol. 11: 115-127 2005.

[19] P Laville, C. Hénault,B. Gabrielle, andD. Serca.Measuremenandmodellingof no ux es
onmaizeandwheatcropsduringtheir growing seasonseffect of cropmanagementNutr. Cycl.
Agroecoeco0s.72:159-171,2005.

[20] L. Mamy, E. Barriuso,andB. Gabrielle. Environmentalfateof differentherbicides tri ura-
lin, metazachlgmetamitronandsulcotrione comparedo thatof glyphosatea broad-spectrum
herbicide for differentglyphosate-resistaigtops. PestManag. Sci, 61 :905-9162005.

Articles soumis/ In review

[21] B. Gabrielle andN. Gagnaire.Life-cycle assessmermf strav usein bio-ethanobroduction:
a case-studypasedon deterministicmodelling. submittedto Biomassand Bioenegy (25 Aug.
2005) 2005.

[22] B. Gabrielle, P. Laville, O. Duval, B. Nicoullaud,J. C. Germon,and C. Hénault. Process-
basednodelingof nitrousoxide emissiongrom wheat-croppedoilsatthe sub-rgionalscale.in
prepaation for Global BiogeochemicalCycles 2005.

Articles dansrevuessanscomité de lecture/ General articles

[23] B. Gabrielle. Mesureet modélisatiordu bilan ervironnementatu colza. Oléagineux,Corps
Gras,Lipides4 : 220-2271997.

[24] Z.Popwa,B. Leviel, T. Mitova, B. Gabrielle, andM. Kercheva. Calibrationandvalidationof
CERESmodelof wheatecosystentocatedin So a region. J. BalkanEcolagy 3 : 53-61, 2000.

[25] Z. Popora, M. Kerchera, B. Leviel, and B. Gabrielle. CERESmodelapplicationto assess
nitrogenleachingin wheatecosystemJ. BalkanEcolagy 3 : 62-67, 2000.

[26] Z.Popwa, M. Kercheva, B. Gabrielle, andB. Leviel. Testof the biologicalmoduleof Ceres-
Maizemodelin lysimeterson chromicluvisol. Soil Sci.Agrochem.Ecol.36: 105-11Q 2001.
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Chapitre 2

Synthesedestravaux / Summary of past
reseach

2.1 Background, objectivesand methodology

In the aftermathof the greateconomicand technologicalboom of the 19505 and 19605, the
Westernworld graduallyawoke to the fact that naturalresource®nly existedin limited supply and
alsohada limited capacityto Iter outthe pollutantsreleasedy humanactivities. This concernwas
rapidly sharedby therestof theworld, facedwith globalissuedik e climatechange®r stratospheric
ozonedepletion.Among humanactvities, agriculturehascomeinto sharpfocusbecauset covers
aroundl0%of terrestrialland,andis associateavith increasediseof inputswith potentialdamageo
theervironment(Table2.1). Agriculturethuscrystallizesthe apparentilemmabetweerthe produc-
tion pushandtheervironmentalpull, oftencitedasantagonisti¢78; Tilman etal., 2002). Theglobal
demandor food andfeedproductds expectedo increasés0%by 2020,while yieldsarelevelling off
in mostpartsof the world, andthe areaof land potentially corvertible for arableproductionis only
mamginal (Tilman et al., 2002).Agricultureis alsoexpectedto be anincreasingplayerin the eld of
renavableenengy, with a high potentialto substitutedecliningfossil resourcesGiventhis increasing
demandfor agriculturaloutputs,thereis a clearneedto improve andpossiblyoptimizethe environ-
mentalperformancef agriculturalproductionsystems.

During the past12 years,my researcthasfocusedon the ervironmentalassessmerdaf agricultu-
ral actwvities, in orderto nd waysof improving the performanceof agro-ecosystemg.he starting
pointwasthe 1992reform of the EuropeartCommonAgricultural Policy, which enforcedobligatory
set-asiddand for farmerswhile allowing themto grow enepgy cropsonit. Thosecropsprovidedin
principle signi cant leveragefor mitigating global warmingby displacingthe useof fossil fuels, in
particularliquid fuelsfor transportfor which few renavablealternatvesto fossil oil exist. However,
sinceenepy supplyis not the primary function of agriculture,ensuringthat enegy cropshadlittle
impactson the ervironmentwasa pre-requisiteo their developmentHencethe needfor a compre-
hensve andrationalframevork for evaluatingtheseimpacts.

The assessment developedis basedon an environmental balance that considersa rangeof im-
pactson the soil, water and atmosphericcompartmentsThis balanceapproachmakesit possible
to optimize ervironmentalperformancewnhile minimizing the trade-offs betweendiffer ent types
of pollutions (36). The managementariablesl testedincludedthe managemendf individual crops
(sawing datefertiliser N application,irrigation), croppingsystemgrotations,intervals betweenwo

!In thefollowing, thereferencesitedasnumbermeferto my publicationlist (sectionl.2), while thosein theauthoryear
formatappeaiin thereferencdist of Chapterd.
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TAB. 2.1—Major impactcateyoriesandpollutantsassociatedvith agriculturalinputs.Notethatagri-
culturemaybeasourceaswell asasink of pollutants Ecologicalimpactssuchaserosion piodiversity
andlandscapeuality arenotincluded.

Impactcateyory Pollutants Agricultural
practiceinvolved
Depletionof non-rengvable — Useof syntheticinputs&
resources machinery
Globalwarming N>O, CHy, CO» Applicationof fertilizer N,
organicamendments,
bio-enegy
Acidi cation NH3, NOy Applicationof fertilizer N
Photochemicabzone NOx Applicationof fertilizer N
creation
Eutrophication NO;, NH3, P Applicationof N andP fertilizers
Toxicity & Heary metals, Applicationof pesticides
Humanhealth Persistenbrganicpollutants & organicamendments

successie crops),and nal use(e.g. bio-enegy or animalfeed).

The ideathat the environmentalbalanceof agriculturalpracticesmay be optimizedis illustratedon
Figure 2.1, which shawvs how the N fertilizer rate appliedto a winter oilseedrapecrop in northern
Francen uencesvariousN lossesof ervironmentalrelevance . Thelatterencompasasitrateleaching,
ammonia(NH3) volatilization and nitrous oxide (N,O) emissionsAmmoniais involved in impacts
suchasnaturalecosystemsutrophicatiorandsoil acidi cation, while N,O is agreenhousgas(Table
2.1).Figure2.1presentshelatter ux es,asmeasurediuringadedicatedeld experiment(5) for three
N fertilizerrates. noN (control),aratebasednanagronomid\ balancenethod andasupra-optimal
rate.Becauseur objective wasto minimize the maiginal ervironmentalimpactsof crop production,
theN ux esweredividedby the nal grainyieldsachiesed by eachtreatmentFigure2.1 shavs the
intermediatgagronomicallysensible)N rateto be optimal asfar asnitrateleachingwasconcerned,
whereaghe unfertilizedcontrol performedbestregardinggaseoudosses As could be expectedthe
supra-optimatreatmentcameout as the worst option in termsof ervironmentalimpact. However,
noneof the othertwo treatmentemegedasclearly optimal. Also, the picturein Figure2.1is only
partialsincethe ervironmentalcostsassociateavith themanufcturingandtransporof syntheticfer-
tiliser N shouldalsobeincludedin the comparisorof thevariousN treatments.

Suchis actually the purposeof life cycle assessmenLCA), a conceptwhich embedsthe ervi-
ronmentabalanceandwasoriginally developedin the chemicalindustryto optimizethe packaging
of drinks (Huntetal., 1974).The objective of LCA is to estimate¢heimpactsresultingfrom the pro-
duction of particulargood or service,throughits entirelife-cycle 'from cradleto grave' (i.e. from
the extraction of raw materialsto the regycling or disposalof the productconsidered)The results
areexpressedelative to a measuree ecting the usefulnes®f the productsystemcalled'functional
unit'. As standardizeéh thelate 19905 (1ISO, 1997),LCA comprisedour stages systemde nition,
inventoryenepgy andmatter o ws (including ervironmentalcontaminantspccurringthroughoutthe
products life-cycle, characterizatiomf the potentialimpactsassociatedvith the emissionof pollu-
tants whicharesubsequentlgroupednto broadimpactcataeyoriessuchasglobalwarming,andlastly
interpretatiorandsystemoptimization.
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As public and private bodiessuchas ADEME?, advisoryand extensionservicesJocal authorities,
or wasteandwatertreatmenttompaniegyren aware of the needfor a standardize@ppraisalbof en-
vironmentalperformancesthereappeared needto implementLCA for goodsandserviceswhose
life cycle includesan agriculturalphase- a major shift sinceLCA was originally developedin the
industry Becausef the compleity of naturalagro-ecosystemshis adaptatiorbroughtabouta host
of new researchissuedor researctorganizationdike INRA in France(Gosse 1998).Application of

LCA to agriculturalsystemshamelyrequires

A simultaneouspredictionof pollution ux esresultingfrom the useof agriculturalinputs,atthe
eld level. Thisimplies detailedknowledgeof the processesat stale, anda capacityto model
their determinismwithin anagro-ecosystem.

B predictionof actual impacts resultingfrom theseemissions.

C comparisorof thesedirectimpactswith thoseassociateavith industrialoperationsupstream
anddownstreamnirom the arable eld, referredto asindir ectimpacts (manufcturingof agri-
culturalinputs,transporttransformatiorof hanestedproductsetc...)

D identi cation of cropmanagementptionsthatmaymitigate dir ectemissionsandthoseof the
wholechain.

Suchweretheissuesdhehindmy pastresearclactiities within INRA, with morespeci ¢ application
to bio-fuel chains(in comparisorwith fossil equivalents),urbanwastecomposting(vs. incineration
orland Il disposalof waste)andchemicalcropweedingstratgies,asexempli ed in section2.6.

Giventherangeof researclanddevelopmenissuegaisedby theabove points,thesmallgroupl have
beenworking in within my laboratoryhasfocusedon two particularpoints,oneresearch-orientated
andthe othermoreapplication-dwen. In connectionwith point A above, my coreresearciwasdedi-
catedto theimpactsinvolvedwith the dynamicsof water carbon,andnitrogen,aswell aspesticides,
in the soil-plant-atmosphergystem This work mostlyinvolvedthe eld-scale,andwill be centralin
thisreport.

In parallel, our group developedsomeskills on point C, which involved the maintenancef data
baseson agriculturalinputsandtransformatiomprocessesaswell asthe useof dedicated_CA soft-

wareto cover the whole chain consideredThis bene ted from collaborationswith other European
Institutesdealingwith LCA, andalsofrenchAgenciesandadvisoryinstitutes.

2ADEME is thefrenchErnvironmentandEnegy Managemenfgency
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To concludeon the above listedissuespoint B impliesa couplingof eld-scale modelswith higher
scalemodelsthat simulatethe transportandtransformation®f the pollutantsreleasedo mid-point
or end-pointtargets(waterstreamshumanpopulationsetc..),whetherby waterwaysor airways.The
exposureof thesetargetsmaythenbecalculatedanda nal effect computedhroughexposure-dect
relationshipsAlthoughwe have chosento ignoredthat partup to now, tacklingit hasemegedasa
critical issueto improve our predictionsof local impacts(in particularecotoxicity),andwill be dis-
cussedn thesectiondealingwith futureresearciplans(Chapter3).

Prior to giving the speci cs of my work within the framework of LCA, the following sectionputs
theissuesf ernvironmentalassessmerih agro-ecosystemiato a broadermperspectie, by reviewing
otherapproachesnd howv they may connectwith or complement_CA, particularly regarding the
issueof decision-support.

2.2 Which methodologyfor environmental assessmerf?

As emphasizedh theabove sectionwe arehereconcernedvith methodshattackletherangeof
impactscauseddy agriculturalmanagemendf arableland, andnot a single particularissuesuchas
globalwarmingor drink waterquality. Secondlywe arelooking at methodshatmake it possibleto
optimizea given agriculturalsystemrelative to crop production.Thatis to saywe needan estimate
of the productvity achiered by the systemwith the managemenstratgjies consideredthe overall
objective beingto minimize the mamginal environmentalimpactsincurredby the productionof one
unit of marketablebiomass.

2.2.1 Currentmethods

Thereexists a hostof methodscurrently availablefor ervironmentalassessmengsrecentlyre-
viewed by Capillon et al. (78). They may be classi ed accordingto variouscriteria, including their
compleity, thedomainthey coverin termsof variability or ervironmentalissuespr their orientation
towardsdecision-support-igure 2.2 usesspatialandtemporalvariability asthe main entryin such
classi cation,andbreaksdovn the methodsnto threemaingroups:

— the technicalmethods basedsolely on technicalmanagemeninformation, and ignoring the

effectsof the physicalervironment(soil andclimatetypes)in which they areapplied,

— themethodsasedn ux esof enegy andmatter which have the potentialto fully accountor

the effectsof physicalervironment;

— andtheintermediatenethodswhich usea mix of managemerdandervironmentainformation.

Thetechnicalandintermediatanethodsareeasieito implementandmore t to decision-makinghan
the ux-basedmethodsNot only arethelattermorecomplec by nature but they outputrelationships
betweencrop managemenand ervironmentalimpactsthat areblurredto a large extent by erviron-
mentalconditions.However, this re ects thereality of the agriculturalsystemswhich reactin vastly
differentwaysto a given setof managemenwptions.Ignoring spatialandtemporalvariability in the
assessmembaythenleadto thewrongdecisionsAlso, the ux esof matterandenepy atthebasef
the complex methodsmay be measurediirectly in the eld for validationpurposeswheresthe other
methodsmay only be checled from a qualitative point of view ( (Bockstallerand Girardin, 2003)).
Theresultis thataccurag andapplicability areviewed ascon icting traits of environmentalassess-
mentmethodspetweernwhich sometrade-of shouldbe acceptedy userg78).

| would ratheradvocatesomedegreeof complementarityoetweerthe variousavailablemethodsFor
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instance,ux-basedmethodsmayberun on asetof scenariose ecting the variability of thegeogra-
phicaldomainof interestto derive local recommendationat a relatively low cost(suchis currently
the casewith pesticideappraval (FOCUS,2000)).0Onecouldalsoconsidera tieredsystemof evalua-
tion, with simplermethodsusedto screena wide rangeof scenariosand saving the more comple

approachefor furtheranalysisof the mostcritical scenariosLastly, ux-basedmethodscannoteva-

luatemorequalitatve impacts suchasbiodiversityor landscapejuality - in which caseothermethods
shouldbe developedto complementhe systemappraisalbasedon otherdisciplines(eg, soil micro-

biology or ecology).

2.2.2 Reseachissueswith ux-based methods

In principle, the methodsbasedon ux esof enegy and mattershouldrely heavily on process-
orientedmodelling,sincethe latteris the only approachavailablethat explicitly addressethe varia-
bility in agro-ecosystenmisinctioning. To date,however, suchis not the casein practicesincemost
publishedresultson LCA in agriculturemerelyuse x ed factorsto corvert agriculturalinputsinto
ervironmentalemissiongBrentrupet al., 2001; Mendeset al., 2003), or simple elementabalances
(Audsley, 1997).This is mostlikely dueto the lack of adequatenodelsin termsof emissionsonsi-
deredanduserfriendliness andalsoof detailedreferencanput dataon soil, climateandcrop mana-
gementover the geographicabreaconsideredHowever, it is my belief thatrecentprogressn these
threeareasdhodeswell for futureimprovementin LCA alongthesdines- asshav preliminaryresults
presentedurtheron in this report(section2.6.1). Thereinlies a major challengefor future research
onernvironmentalassessment.

Applicationof biophysicalmodelsin theabose-mentionedontext requiresto gothrougha sequence
of stagesasillustratedon Figure?2.3,including:
— developmentof integrated modelsthatsimulateemissionprocesseatthe eld scale- which
may more appropriatelybe consideredas the integration of new processe®r approachesn
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— detailedtesting of theresultingmodelsagainstexperimentadatathatallow a checkof indivi-
dualmodelcomponents

— multi-local testing on a network of lessdetailed eld experimentsprior to extrapolatingmo-
delsonawiderscale

— application of modelsfor scenaricanalysisandervironmentalassessment.

Along with the centralbox on experimentaldata,the modellingstagegamalke up the backboneof my
pastactiities, andprovide the outlinefor their descriptionin the following sections.

2.3 Building newmodelsor building on old ones?

2.3.1 Background and approachto model development

Sinceits early stagesn thelate 1970%s, the modellingof croppingsystemshasgraduallybecome
partof mostresearctprojectsdealingwith agriculturalsystemgBooteet al., 1996). The numberof
processeandcroppingsystemdgor which modelsareavailablehasbeenconstantlyincreasingashas
beentherangeof agronomicalor ervironmental-orientedpplicationsThesencludefor instancere-
gionalandnationalinventoriesof greenhousgasbudgetgFalloonetal., 1998;Mummey etal., 1998;
Smithetal., 2000),theimpactof climatechangeon agriculture(Ewertetal., 1999;Rosenzweignd
Parry, 1994),integratedervironmentalassessmermf agriculturalpracticeqPangetal., 1998;Yiridoe
etal., 1997),land-usechangescenariofMummey et al., 1998; Sitompulet al., 1996), or precision
agriculture(Sadleretal., 2000).

Although someof theseapplicationsdirectly relateto the issueat handhere,suchwasnot the case
in the early 1990s when| startedworking on my Ph.D.Therewas(and| believe still is someavhat)
a discrepang betweerervironment-orientatednodels,which were developedby scientistswvorking
jointly (or not!) within thedisciplinesof soil physics,soil chemistryandsoil ecology andproduction-
orientatedmodels,driven by eco-plysiologistsandagronomistsExamplesof theseearly modelsin-
cludePRZM (Carsektal., 1985),LEACHM (WagenetindHutson,1989),andDAISY (Hanseretal.,
1993)for the former catggory, andEPIC (Williams andSharplg, 1989), CERES(JonesandKiniry,
1986),andSUCROS (Spitterset al., 1989)for thelatter As Dr. S.R.C.Rao(Univ. Florida) putit in a
corversationwe hadaroundthattime, “we [soil scientistq trivialize thecrop,andthey [agronomist$
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trivialize the soil”.

The CERESmodel, releasedn the mid-19805, provided an interestingattemptat bridging this di-
vide sinceit resultedrom ajoint effort betweerecoplysiologistsandsoil physicists.Theapproaches
takento simulatethe variousprocessescludedin this modelstrucka goodbalancebetweertheva-
rious componentsin termsof compleity andscienti ¢ soundnesd. thusstartedworking within the
CERESframework, focusingon the simulationof water carbonandnitrogendynamicsin soil-crop
systemsHowever, modeltestingunderfrenchconditionsquickly revealedsomeproblemswith model
componentsik e soil organic matter(OM) turnover, waterin Itration in thesoil pro le, or denitri ca-
tion. This promptedmeearlyonto keepa closewatchon the developmentf othermodelsbeingused
for similar purposesagainstwhich the performanceof CEREScould be benchmarkd andpossibly
improved. Eventually this kind of comparisonead me to modify someof the model components.
Also, whensomeothercomponentvasunavailablewithin CERES,| hadto eitherimportthemfrom
othermodels,or build themfrom scratch.

The following paragraphsllustrate thesevarious modelling tasks: i/ comparisonof performance
atmodelor modulé level, i/ modi cation of a particularmoduleandsubsequentest,andiii/ deve-
lopmentof new modules.

2.3.2 Comparison of modelling approaches

Model comparisormay take placeat global (ecosystempr modulelevel, and may sene seve-
ral purposes providing guidanceto potentialusersin modelselection benchmarkingf models,or
assessingherespectie meritsof variousapproachefor modellingparticularprocessedVost publi-
shedcomparisonsgnvolve the globallevel, andconsistedn runningvariousmodelsagainstseriesof
independendatasets(deWilligen, 1991;Diekkrugeretal., 1995;Smithetal., 1997).Theseexercises
provide valuableinformationon the overall performancef thesemodels.For instancethey make it
possibleto judgethe trade-of betweemmodelcomplity andaccurag, sincethe usualparadigmis
thatmorecomple approacheareboundto producemorereliablepredictions.This actuallywasthe
purposeof a comparisorl conductedusingthreeC-N modelsof increasingcompleity (39) : SUN-
DIAL (Bradhlury etal., 1993),CERES(JonesandKiniry, 1986),andDAISY (Hansenretal., 1993).
The modelswererun on the Chélons‘ecobalance’experiment(describedn section2.4), usingva-
rious parameterisatioscenariosnvolving eithercoarseof detailedinformationon soil functioning,
andsomedegreeof modelcalibrationor none.Noneof the modelsclearly outranled the others,but
eachof themprovedbestfor the simulationof a particularcomponent heatandmasstransferin soil
for DAISY, cropgrowth andN uptalke for CERESor N mineralisatiorfor SUNDIAL. Regardingthe
critical issueof modelparameterisatiorSUNDIAL proved easiesto parameterisendfairly accu-
rate,despitesomeof its componentbeingrathersimplistic. CERESappeare@sa goodcompromise
asregardsparameterisatiomperation,and accurayg, while DAISY presentedhe bestpotentialfor
simulatingtheactualC-N dynamicsbut atthe costof providing site-speci cestimategor parameters
suchashydraulicconductvity.

Although such global comparisongrovided hints at the strengthsand weaknessesf the various
models,they do not really allow conclusionsto be dravn asto the goodnesf individual model
componentsEachmodel actually featuresits own combinationof componentsand underlyingap-
proachesfor basicprocessesuchaswatermovementin soil or evaporationcalculationgDiekkriiger
etal., 1995),which theninteractstronglyin producingthe outputsfor which the modelsaretested.
This meanghatsuchcomparisondardly t in with the usualparadigmof process-baseghodelling,
which postulateghatthe modelshouldbe basedandveri ed atthelevel of individual processeghe

3modulerefersto a particularcomponenbf themodel,for instancewaterbalance
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level atwhich knowledgeanddataareavailable(Booteetal., 1996).

As aresult,comparisorof modelsat the modulelevel shouldbe adwocatedwith thefollowing objec-
tives:

i to gain insighton the goodnes®f processapproachedasedon variousscales(eg. organvs.
plantor plantcommunity)or conceptgRadiationUseEf ciency vs. biochemicalkycle for net
photosynthesis).

i within modelsthat usesimilar conceptsto decidewhich implementationis bestsuited.Im-
plementatiormeaningthat variousmethodsare employed to solve equationge.g. implicit or
explicit numericalschemego solve Dargy's law o w equations)r calculateinput variables
(e.g. single-vs. multi-layeredcanopiego computdight interception).

For adequatecomparisonwe thus needto be ableto isolatethe effect of the approachtaken with

respecto oneindividual processwvithin themodellingstructure thusstrongmodularityin modelde-
signis required Further the outcomeof the variousapproachegseedgo betestedn a wide rangeof

conditiong(in termsof environment,systemmanagemengndtime-frame) Whenanalyticalsolutions
areavailable,they allow aformal comparisorover a continuousangeof parameterselatingto those
conditions (6; Russcetal., 1989).However, in thatcaseit is dif cult to integrateobseneddatain the
comparison.

The following paragraphsummarizesa module-based@omparison conductedrecently(12), focu-

singonthethesoil carbonandnitrogenturnover moduleof four soil-cropmodels(CERES NCSOIL,

SUNDIAL, andSTICS).The C-N modulesof NCSOIL, SUNDIAL andSTICSwereextractedand
linkedwithin acommonsoil cropsimulationshelladaptedrom CERES Thus,they wereall supplied
with thesamephysicalandchemicainputdataanddifferencesn theoutputsof thefour resultingmo-

delscouldbedirectly ascribedo their C-N componentTheir performancaevasassessedccordingo

threecriteria: short-termresponséo climateandcropresiduesnput (in termsof N immobilization),
annualbasalsoil netmineralizationandlong-termdynamicsof soil organicmatter Themodelswere
thusrun on datasetsinvolving netmineralizationandtopsoilinorganicN dynamicsundercontrasting
bareor wheat-croppedoils,andlong-termsoil carbondata.

On a yearly basis,NCSOIL over-estimatedhe immobilization of inorganic N associatedvith the
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decompositiorof crop residuesand CERESpredictedextremelylow mineralization ux es (Figure
2.4).Re-calibratiorof thelattermodelwasunsuccessfubver therangeof conditionstested probably
because€CERESdoesnot simulatethe microbial biomasscompartment contraryto the otherthree
modulesNotethatthis aw hadpromptedmeearlyonto switchto the moremechanistienodelNC-
SOIL, asexplainedin the next section(2.3.3).Theresultswith the long-termexperimentrevealeda
trade-of betweerN andC simulationg(Figure2.5). Themodelsthatemegedasmorerealisticin the
predictionof topsoilN dynamics(SUNDIAL andSTICS)simulatedthe mostdrasticdecreasén soil
organic matter(SOM) at Broadbalk(UK). Comparisornwith a dedicatedSOM model,RothC (Jen-
kinsonetal., 1987),leadusto hypothesizethatthe discrepanciesesultedfrom the plant moduleof
CERESstronglyunderestimatingcropresiduereturnto soil, andmostnotablythroughrhizo-deposits
androot biomassThis implies somerecalibrationof parametersuchasthe radiationuseef ciency
(to increaseprimary net production),andshouldalsoaffect the N balanceof the system sinceextra
biomassproductionrequiresextra N. | have not investigatedthis issueyet, nor seenary work along
thatline - althoughthe problemwasalsomentionedwith the soil-cropmodelMAGEC (Smith,2001).

The practicalconclusionof model-or module-basedomparisorexercisesshouldbe someguidance

30 35
35

30

25
25

20
20

— CERES
-- NCSOIL
— STICS
-- SUNDIAL

Organic Cin 0-23cm (tC ha™)
Organic Cin 0-23¢cm (tC ha™)

— CERES

---- NCSOIL
— STICS
--- SUNDIAL

15
15

10
10

1967 1969 1971 1973 1975 1977 1979 1981 1983 1985 1987 1989 1991 1967 1969 1971 1973 1975 1977 1979 1981 1983 1985 1987 1989 1991
Time (years) Time (years)

FiG. 2.5- Simulated(lines) and obsered (symbols)time courseof surface(0-23 cm) soil organic
carbonunderthe unmanuredontinuouswheatat Broadbalk,usingtwo carbonreturnvalues: those
simulatedoy the plantcomponenbf CERES(A), anda x edamountof 1.3tonsC ha 1, asestimated
with thecarbonmodelRothC(B).

in selectingthe approactmostsuitedto one's particularneedsHowever, the resultsare oftennot so
clearcut asto make this choiceobvious. In the above example, it is obviousthatthe original CERES
C-N moduleshouldberejected,n favour of ary of the otherthreemodels.This warrantschangesn
the structureof the CERESmodel,ataskl have beeninvolved ratherfrequentlywith, andwhich is
the subjectof the next section.However, comingbackto the exampleat hand,the picture with the
otherthreeC-N modulesis ratherblurred.By defaultit may meanthatthey all performequallywell
(or badly"), sothatthey may be useduntil further comparisornwork turnsmoreclearlyin favour of
one particularmodule.One may alsoarguethateachmodelhasa domainin which it performsbet-
ter thanthe others.For instance the fact that STICS wasbuilt from dataincluding calcareousoils
givesit an adwantagein the simulationof the rendzinasoil with high CaCGQ; content(Figure 2.4).
However, preciselydelineatingthis domainis a dauntingexercise,sinceit would imply testingthe
modelsin dozensof setsof conditions.An intermediateapproachwhich hasalreadybeensuggested
in the atmospherisciencesommunity would consistin combiningmodelsto reducethe prediction
uncertaintyinherentto relianceon a singlemodel(Fisheretal., 2002).
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2.3.3 Impr ovementof model component

When| startedwith CERESIn the early 19905, mostof the work on this particularmodelhad
beenfocusedon predictingcrop yields asa responséo managemenand pedo-climaticconditions,
with ervironmentalassessmeitying somavhatbeyondscope Theemphasisvasthusplacedon crop
componentsalthoughsomeprocesseandervironmentaloutputswerealreadypresentsuchasnitrate
leaching,denitri cation, or soil carbonbalance Comparedo the agronomy-orientatetype of work,
therehadbeenlittle veri cation of the model's performanceegardingthosecomponents noneof
which wasdonein Franceor WesternEurope(QuemadandCabrera,1995;Bowenetal., 1993;Co-
mermaetal., 1985).1 thereforestartedworking alongthatline, testingandtentatively improving the
modulesof CERESthatappearedritical for ervironmentalpurposes soil waterbalancg1), soil C-N
dynamicsandnitratetransport(2). Theseaspectsnvolved speci ¢, detailedtestingand publication,
asexempli ed in theinseton the next pagefor the rst one(waterbalance)For otherprocessesn-
cludingsoil heatbalanceandsoil denitri cation, | took advantageof previouswork (Hoffmannetal.,
1993;Hénault,1993),consideringhesemodi cationshadalreadybeenvalidatedandpublishednde-
pendentlyThey weretestedateronattheoutcomeof the"ecobalance&xperimentwhich providedus
with acomprehensie datasetonthecyclesof water C andN in anoilseedrape eld (seesection2.4).

Ideally, the publicationof modi cations to a modelleadingto improved performanceat leastun-
dera particularsetof ervironmentalconditions,shouldleadto a wider adoptionin the community
of modellers.In the caseof CERES,althoughwe had somecontactswith the groupsin chage of
its development(J. Ritchie of Michigan StateUniversity, and G. Hoogenboonof the University of
Geogia), we never wentso far asexchangepiecesof modelsourcecodeto implementsomeof our
modi cationsinto the DSSAT shellthatsenesasafront-endto CERESworld-wide.Our contribution
thuspassedhroughtheusual literal' meansyia the conceptsandparameterizationgroposedn the
paperswe published.It is reassuringhowever, to seethat later work was donealong similar lines
asours,in Australiaand America,for waterbalanceandsoil C-N dynamics(Gijsmanet al., 2002;
Assengetal., 1998; GerakisandRitchie, 1998).Also, someof the conceptsn the CERES-Rapeseed
modelweretaken up by the APSIM groupin Australiato setup their ‘canola’ model(Farreet al.,
2002),alongwith someof our datato testit.

The factthatinnovationsdiffuse slowly, in comparisorto the alundantliteraturedevotedto model

improvement,raisesthe issueof mutualisatiorand capitalisationHow canmodelsbuild on the vast
feedbackthey generatafterbeingreleasedo the scienti c community? Shouldmodeldevelopment
becentralizedn aparticulargroup,or opento ary volunteersjustliketheopen-sourceomputeffree-

ware projects? Sharingthe developmentof modelsamongvariousgroupsspecialisingn particular
componentgor modules)appearsasthe way of the future to improve the ef ciency of this process.
Initiativesat the INRA or Europearievel wererecentlytakento provide the necessargcienti ¢ and

informationtechnologyframevork, makingit possibleto build modelsasa combinationof individual

bricks,andto tailor themto the particularneed<of theuserqeg, the SEAMLESSIntegratedProject).
Theassumptiorhereis thatany modelcomponentmaybeseamlesslpluggedn andoutof acommon
shell,andthatit will performindependenthof the othercomponentsThis modularity principleis a

ratherbold tenet,but it is indispensabldo practically ervisagesharedmprovementof modelsover

time.| amnotawareof publishedproof of concepfor modularity althoughsuchwork couldbe consi-
deredForinstancewith themodule-basedomparisorof section2.3.2,it would consistin calibrating
thevariousecosystenmodelsused(STICSandSUNDIAL) on variablesotherthanthosepertaining
to the soil C-N module(soil watercontent,crop biomassandN accumulation)and comparingthe

latter outputswith thoseproducedasedn thecommonCERESshell.
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Impr oving the simulation of water balance

The original water balance of CERES was tested against eld data collected from various
pedo-climaticsites in France(1). Process-oriente@dnalysisof the results shaved that the cas-
cading, tipping-tucket schemeused for computing dowvnward in Itration lead to a systematic
underestimationof soil watercontentin ne-texturedsoils (Figure2.6). This promptedntroduction
of Dargy's law in the drainageand capillary rise partsof the model, resultingin a more accurate
predictionof soil watercontent.For a 1-yearperiod, the root meansquareerror betweenmodelled
andmeasuredoil waterstoragewasin therangel to 1.7 cmwaterfor the original model,in contrast
with 2 to 6.8 cmwith theoriginal model.

| later on conducteda theoreticalappraisalof a generic capacity model like CERES by com-
paring its predictionswith an analytical solution of Richards' equation.Interestingly the com-
parison shaved that the choice of the Dargy-type in ltration equationthat | implementedin

CERESIead to resultssimilar to thoseof the exact analytical solution of the Richardsequation
(6). It thus provided a theoreticalvalidation of the new water in ltration schemea posteriori.
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2.3.4 Developmentof new model component

As mentionedn theabove paragraphsomeof theprocesseeelevantto ervironmentalassessment
werenotpresenwithin CERESwhenl startedworkingonit, atrait pertainingto all cropmodels.The
missingmodulesincludedgaseousmissionf nitrousoxide (N>,O), ammonia(NH3), andnitrogen
oxides(NOy). Somecrop speciesvere alsounavailable,amongwhich the mostnotablein our case
wasoilseedrapesinceit is the cropwe usedin the "ecobalance&xperiment(seesection2.4). Lastly,
thefateof pesticidesvasnot takeninto accountalthougha versionwasdevelopedlaterto simulate
atrazine(GerakisandRitchie, 1998).Regardingthe latter point, I chosenot to build onthe CERES
basissinceit wasno longermaintainedandhadonly beentestedon a single experimentin the US.
Therewereon the otherhanda hostof ‘pesticidefate’ modelsavailable,with a worldwide support
from variousresearchgroups,the only dravbackbeingthatthesemodelswerefocusedon soil pro-
cesseqespeciallyvertical transport)ratherthan on plant componentsin particular noneof these
modelsis meantto predicttheimpactof a givenpestcontrolstratgy on plantgrowth and nal yield.
Including suchcapacityin oneof thesemodelsis thereforea prerequisitgor ervironmentalbalance
purposesalthoughit remainsa medium-termfor me. Direct couplingof one of thesepesticidefate
modelswith CERESprovedratherdif cult, sincetheformerinvolvestime stepsandverticaldiscreti-
zationmuch ner thantthe latter- owing to the factthat pesticidesaretransportednuchslower and
over smallerdistanceghanmobile soluteslik e nitrate. As a result,the sourcecodeof pesticidemo-
delsis too complex andintricateto allow easymodi cation. Sofar | have simply selectedaparticular
model,thePesticideRootZoneModel, PRZM (Carseketal., 1985),from theUS EnvironmentProtec-
tion Ageng/ - amodelwidely usedincludingfor homologation purpose¢FOCUS,2000),andusedit
'asis' to simulatethe fate of variousherbicidestogethemwith a graduatestudentLaure Mamy (see
section2.6.3).However, in anearfuturel planon contrituting to improve the simulationof pesticide
stabilisationvia the formationof non-etractableresiduestogetherwith my colleagueEnriqueBar-
riuso,asthe outcomeof thework of agraduatestudentMacaireEdzangongoAlso, preliminarytests
of the volatilization routineof PRZM, in collaborationwith CaroleBedos(INRA Grignon),shaved
thatit shouldbe upgradedy makinguseof a physically-basedlescriptionof atmospheridiffusion
(89).

To summarizemy pastwork on the integration of new moduleshasthus essentiallyinvolved the
CERESmModel,andwasfocusedon adaptatiorto oilseedrapeandthe integrationof gaseousemis-
sions.It generallyinvolved closecollaborationwith colleaguedrom my laboratoryor INRA specia-
lizedin the processeat hand,uponjoint researctprojects.The new modulesincluded:

— growth anddevelopmentof winter oilseedrape,with the contrikution of crop ecoplysiologist
PascalDenorg (INRA Bordeaux)

— ammoniavolatilization,basedon themodulethatPierreCellier and SophieGenérmon{INRA
Grignon)orginially developedfrom their mechanistianodelfor the STICSmodel(Génermont
andCellier, 1997).

— the emissionsof nitrousoxide, via the denitri cation andnitri cation pathways,basedon the
NOE algorithmdevelopedby CatherineHénault(INRA Dijon - (18));

— theemissionof nitrogenoxides(NOy), alsovia denitri cation andnitri cation, andbasedon
thework by PatriciaLaville (INRA Grignon)andCatherineHénault(19).

Besidesnakingthe necessaradaptationso the original modulessothattheirtime andspatialscales
be compatiblewith CERES,my own contrikution in the integration alsoinvolved somediscussion
with the 'processspecialistsiin the designof the modulesthemseles.For instanceogethermwith a
graduatestudentwe found it necessaryvith the NO; moduleto changethe shapeof the response
curve of nitri cation to soil watercontentsothatnitri cation woulddecreasabovethe eld-capacity
watercontent,asis usuallyobsenred (Cortinovis, 2004).In the caseof winter oilseedrape,| started
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building on anexisting model,only to nd out mostof its moduleshadto berevisedbecausef their
empiricalbasis.Sol essentiallyre-constructethevariouscropcomponentgleafandrootelongtion,
net photosynthesisyaterand nitrogenstressfunctions)from scratch basedon the dataavailable at
thattime on crop ecoplysiology This involved signi cant efforts duringandin the aftermathof the
‘ecobalance'experimentto collect,analyseandmodel eld data,aswell aspublication(3; 4; 8; 23;
42;43).Thisis illustratedbelow in the caseof leaf senescenc&.hemodelwassubsequentlynaintai-
nedandimproved by RomainRoche(INRA, Grignon).

Testingtheresultingmodelagainst eld measurementmadeup amajorpartof my work. The stateof
progressn thisrespecwariesacrosgsheabove-mentionedcomponentsThe CERES-Rapeseeadodel
wastestedin underarangeof conditionsin France Germary, Denmarkandthe UK (13). Testingis
alsoadwancedfor N,O, which hascorrectlycomparedwith eld emissiondatafrom threecontras-
ting soilsin the Beaucearea,southwesbf Paris(17) - asdetailedbelon. The NOy moduleoriginally
developedby C. Hénaultfrom laboratoryincubationstudies(Garridoet al., 2002),was rst directly
insertedin CERESby JérémeCortinovis, a graduatestudentat the University of Toulousewho wor-
ked undermy supervisionfor a few monthson the predictionof NOy emissionswith a crop model
(Cortinovis, 2004).However, someof the laboratory-estimatedarametersf this modulehadto be
calibratedto provide correctpredictionsof NOy dynamics.The moduleandits parameterisatiowas
thusrevisedaccordingo the eld datacollectedin Grignon, rst in astand-alonémodule)mode(19).
Inclusionof thesemodi cationsin CERESby a graduatestudent Marie-NoélleRolland,improved
thesimulationof NOy emissionsalthouhgit theimplementatiorof athin layeratthesoil surfacewas
requiredto correctlypredictthedynamicsof fertilizer incorporatiorinto the soil andsubsequenntitri-
cation. Thiswork is currentlyon-goingaspartof Marie-NoélleRollands Ph.D.programmeunder
my supervision Lastly, the ammoniavolatilization modulewas only testedonce,againstmeasure-
mentsmadewith staticchambersn Southerntaly (72). More detailedtestingandsensitvity analysis
arecurrentlycarriedout aspartof ajoint researctprojectwith colleaguegrom the UK.

2.4 From modelto experiments,the perpetual swing

Experimentaldataare centralto ary modelling pursuit,whetherin the stageof moduledesign,
integrationinto an ecosystemmodel,detailedmodeltesting,or extrapolationto larger scales Expe-
rimentsare usually designedprior to runningthe model, which is thentesteda posteriorioncethe
experimentis over. However, experimentaldesignmight beimprovedby prior modelrunsto identify
the samplingdatesor type of variableswhich provide the mostusefulinformation.For instancewe
ranthe PRZM modelto selectthedatesat which soil shouldbe sampledo monitorthedynamicsof a
setof herbicidescharacterizedby a rangeof persistenceharacteristicandapplicationtimings (90).
In termsof variablesmonitored,dealingwith ervironmentaloutputsimplies a lot more efforts than
with theagronomicoutputsordinarily usedfor cropmodels atleastin the detailedtestingphaseBe-
sidesmonitoringthe dynamicsof cropbiomass)eafareaindex andN content,alongwith soil water
andN status,it is necessaryo measurdhe lossesof N or pesticideswhethergaseour leaching.
Gainingsuchlevel of insightinto the processegoingonin the eld isindeednecessaryo separately
testthe variouscomponent®f the ervironmentalbalancemodel. This warrantsspeci c andcompre-
hensve experimentsof which | initiated two : one on the N budgetof a winter oilseedrapecrop,
detailedbelav, and anotheron the fate of tri uralin, an herbicideusedon oilseedrape(15). Since
thegoalof this assessmeli$ to improve the systems ervironmentalperformancetheseexperiments
shouldalsoincludevariantsin termsof managemenpracticesFor instancethe “ecobalance’expe-
rimentinvolved threefertilizer N treatmentdor the oilseedrape,andalsothe effect of cover crops

26



Developmentof a module for leaf senescence

The developmentof the CERES-Rapeseethodel provided me with the opportunity to test a
new approaclhto leaf senescenceéncluding the effect of shadingdueto competitionfor light in the
canopy. Thisfollowedthe schemerst suggestedy GhislainGossgINRA) for alfalfa (Deracheand
Guen,1986).Accordingto this schemeshading-inducetkaf senescenceccursat the bottomof the
canopy if the transmittedradiationdropsbeneatha given threshold(Fig. 2.7). This thresholdlevel
of radiation(noted PARy) correspondgo an equilibriumin the plants' carbonbudgetwheregross
photosynthesisxactly compensatefor lossedy respiration.
For a givenof incomingincomingphotosyntheticallyactive radiation(PAR), PARx maybetranslated
into the maximumleaf area(LAl ) that canbe maintained py inverting the classicalBeer's law of
radiationattenuatiorinsidethe crop canopy. Theequatiorreads.

LAl x = 1=klog[PAR=(PARfT)] if PAR PARfr

LAl x = Ootherwise (2.1)

Sincecrop respirationis affectedby temperatureP AR is multiplied by a temperaturdactorf +
involving an Arrheniuslaw with a Q1 of 2 andanoptimumat 20 C. PAR, wascalibratedat 0.2 MJ

m 2 PAR d ! agpinstdataof total andactualLAl for thetreatmentwith ampleN fertilization in the
‘ecobalanceexperimentwhich gave goodresultsin the othertreatmentaindtestsites(Figure2.7).
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FiG. 2.7—Modelling of leaf senescencdaducedby shading Senescencsetson for thebottomlayers
of leavesthatreceie a transmittedradiationinferior the PARy threshold(LEFT). Simulated(lines)

andobsered (symbols, s.d.)greenLAl andPAIl (podareaindex) in Jyndead (DK), on aninde-
pendentataset(RIGHT). From (4).
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(mustardor rapeseedolunteers)n the croppingsequenceT heresultingcomparisorof N emissions
acrossthe fertilizer treatmentsvas shovn earlieron Figure2.1. The tri uralin  experimentshaoved
thatincorporatingthe herbicideinto the soil surfacelayer hada drasticeffect on volatilization, aba-
ting the ux by several ordersof magnitude Simulationof a nearlyimmediateincorporationshoved
thatit stoppedvolatilizationwhile notincreasinghe leachinglossesjeadingto anoverall bene t in
the ervironmentalbalanceg(89).

Suchdetailedexperimentsare highly resource-consumingndso may only be conductedn a few

Il Chalons Oilseed Rape Data Base: Branchings - Mozillay -
v Fichier Edition Affichage Allera Marque-pages Qutils Fengtre Aide

P2 : . z e o

d - ’&w L \a <§§ \f; http:[fwww-egc grignon.inra friecobilan/base/CORDZ html 11 é.kn:hnn:har d b M‘rﬂ
i Précedent uivart Actualiser \rretar Imprimer

f.'}.'-\ccuen g&Marque-pages tMandrakesnft 4Mandrakestore _‘Mandrakeclub _‘Mandrakeexpert 4Mandrakeonlme JDr Web - Antivirus _‘Thawte »

= =

Chalons Oilseed | Rape Data Base

INRA Grignon/Chalons/Laon/Dijon - ADEME - CETIOM
Copyright © 1997, INRA, all rights reserved

Back to Welcome page of the database
e =]

You can switch to successive menus.

download all data I download all taols I

Directs links to the main families of data of this page:

@5Spil water ®Nitrate in the soil ® Ammonium in the soil ®Temperature ®Other weather data ®Pressure head / Matric
tension ®Evapotranspiration ®Dry matter ®Gaseous emissions ®Leaf Area Index ®Specific weight (ie dry matter/area)
@Yields and Harvest Index ®C & N losses in dead leaves ®Carbon in the plant ®Water and nitrogen balances @Soil
physico-chemical properties @ Nitrogen in the plant ®Carbon in the plant ®C:N ratio ®Root development ®Labeled

Nitrogen I

| mhrreinn ahasminal seanarkine @ W iFracrean in Fha sland @A rkhoaos

FiG. 2.8 — Screenshot of the “ecobalancedatabase”sener, shaving the type of dataavailable.
“Ecobalance’wasacomprehenske experimenton water C andN cycling in anoilseedrape-cropped
eld in Northeasterrirrancelt wascoordinatedy GhislainGossg(INRA), andinvolvedfour INRA
laboratoriesspecialisedn the various aspectsof the cycles considered7). After publication,the
datawereorganizedinto a databasefor which an HTML-basedinterfacewasdeveloped,andmade
accessiblehroughthe Interneton a dedicatedVebsite.

instancesActually, | amonly aware of a few similar examplesfor N, andnonefor pesticideslt is
probablybecausescientistsare often focusingon the particularcategory of processesr type of en-
vironmentalimpactsrelevant to their researcheld. Also, analysingand organizing large datasets
for modelling purposess a serioustaskwhich probablydeterredsomeexperimentalistsThereare
probablymary moredatasetsin the scientists'computerles (includingmine)thanthereactuallyis
in thepublishediterature! Sharingdatasetshasbeenalong standingssuein modelling,periodically
spavning dreamsthat modellerswould manageto make their datasetsaccessibldgo the scienti ¢
communityandtherebymutualizethe burdenof modeltesting.In reality, only few such'meta’-data
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baseof publicly-availabledatasetswereever setup. Oneexampleis thatdistributedby the ICASA
network, basedon a databaseformat (Hunt and Boote,1998) compatiblewith the DSSAI' software
packagdunderwhich CERESIs currentlydistributed).Suchefforts shouldde nitely befosteredand
areimmenselywaluable For instancethe“ecobalancetatasetwe publishedonthe Web (Figure2.8)
waslaterusedby otherscientistdor suchdiversepurposesisthe modellingof nitratetransportsys-
temsin roots(Malagolietal.,2004)or the calibrationof the APSIM andSIRIUS oilseedrapemodels.
Thebarriersto sharingdatasetsinclude rst theresourcesequiredto organizeandcorvertone'sown
datasetinto amorebroadly-usabléormatsuchasthatof ICASA, implying theinclusionof meta-data
to qualify thedatathemseles.Therearealsoissuesiealingwith intellectualpropertyandrecognition
of work doneby the scientistsvho spenta lot of efforts collectingthe data.Although contrituting a
datasetis a potentiallymostvaluableadditionto currentsciencejt is noteasyto publishper se

Potential useof isotopetracers

The use of labelled inputs offers a powerful meansof tracking their fate in the soil-crop sys-
tems,andapproachinghe ervironmentalbalance The resultingdataalso provide a more stringent
testthantotal inorganic N datain the testof N models- provided thatthe modelshave the capacity
of simulatingthe introductionof compoundswith labelledN or C (Bradhury et al., 1993). Suchis

not the casefor the majority of soil-crop models,with the exceptionof SUNDIAL, which | could

test agpinst datacollectedin a setof experimentsinvolving winter wheatand oilseedrape crops
andvarioussourcesand applicationdatesof mineralfertiliser N (10). The comparisorof obsered

andsimulateddynamicsof fertiliser-derved N evidencedintrinsic problemswith SUNDIAL in the
simulationof autumnimmobilisationof soil nitrogenaswell as spring offtake by the oilseedrape
crop.Suchlevel of detailsin the processanalysisof modelperformanceouldonly beachievedby the
useof tracerdata.Somediscrepanciewerealsonotedwith the simulationof ammoniavolatilization,
but this could be detectedonly becauselirect measurementsf unlabelledammoniavolatilization
were available (Recouset al., 1988). It is indeedonly recently that gaseousemissionscould be
quanti ed for labelledN, becaus®f the high backgroundconcentratiorof N, (Mathieuetal., 2004).
Also, thistechniquds restrictedto micro-plotscalein the eld, andthereis usuallyamissingtermin

thelabelledN budget.In the caseof pesticidesthesemethodsarefurtherrestrictedto the laboratory
becausenly radio-actve isotopesare available.lsotopictracingtechniquesare probablylimited to

the investication of processe®n scalesrangingfrom soil microcosmso micro-plotsin the eld -

with the exceptionof naturalabundance-basemethodssuchasthe useof 13C, which canbe usedat
the ecosystentevel to testsoil organic mattermodels(Balesdent1996).

Extrapolatinga modelacrossa rangeof physical andagronomicakonditions,asdetailedin the
next section requiresanothertype of experimentswherethe emphasiss put on the combinationof
'factors' sampledratherthan on the numberof statevariablesmonitoredin one location. Physical
conditionsmay be sampledon the basisof soil types,climatic zonesandtheir expectedn uence on
theworkingsof the soil-cropsystem Crop managemeris connectedo someextentto thesefactors,
but maybealsotestedasanindependentactorover arangeof physicalconditions.Network-typeex-
perimentsnvolving a hostof geographicasitesselectedusingthe above criteriaandmanagedilong
similar guidelinesoffer a prime basisfor suchextrapolationwork. EuropeariJnion-fundedresearch
provided uniqueopportunitiesor deploying suchnetworks, primarily for crop productionpurposes,
andlateronfor ervironmental-orientatetesearchl wasfor instancenvolvedin thelastof aseriesof
EU projectson soghumproductionandernvironmentaimpactsin the Mediterranearmrea fundedun-
derthefourthand fth framevork programme72). Althoughtheseprojectsinvolvedasfarasadozen
of geographicasites,modellingcould only be donefor a restrictedsubsebf thosesites,becausef
gapsin thedatacollected.Thiswasespeciallytruefor the'environmentally-orientatedsites,sincethe
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modellingof theN cyclescouldonly bedonein 2 out of the 6 sitesplannednitially (72). Thereasons
for this includedfaulty weatherdata,the failure of site managergo reporton particularaspectof
the experiment(managemendata,soil characteristicszrop growvth data,etc...),andgenerallya lack
of responsdrom projectpartners.This emphasizeghe limits of a 'centralized' organizationwhere
experimentsare conductedy a setof site managersandmodellingis doneby a separateroup of
modellers.n the soghumnetwork, the onesite wheremodellingwasdoneover the whole rangeof
dataavailableactuallyinvolvedthe partnerusingthemodelthemseles.In particular aPh.D. student
usedthemodelin herdissertationundermy supervisionMantineo,2000).Gettingthe scientistavho
collectedthe datafor their own purposesn the modellingprocesss thusakey issuein achieving a
properuseof modelsand data,and mutualbene ts for both parties.| wasthereforevery hapyy to
take the opportunityof collaboratingwith variousresearcheracrossEurope(in Germary, Denmark,
SpaintheUK anditaly), aswell asfrom otherpartsof theworld (includingthe USA andtheRéunion
island)to build my own network of sitesfor modelextrapolation(13) - seeFigure?2.9.

Anotheroptionto take advantageof network-typeexperimentss to getinvolvedin the experiments
themseles(whichis alsoa goodway to keepone's handson thereal-life goingonin the eld). This
leadme to participatein a projectfundedby sereral FrenchMinistries (76), in which threesitesin
the Beauceregion (central France)were monitoredfor N,O emissionsMy particularcontrikbution
consistedn takingwheatplantsandsoil samplesvery oneor two monthsto be ableto verify the N
balanceandcropgronth component®f CERES(12).

As a conclusion the collection of datais centralto any modelling project, and both components
shouldbe designedn tight connection.Thereis cleartrendin recentresearchprojectsto integrate
modellingin the earlyphase®f theresearctplan,andnot asa possibleadd-onin thelastyearof the
project(aswasthe casewith the soghumnetwork for instance)lUsingmodelsto designexperiments
beforethey areactuallyimplementedandtheninsuringa rapidfeedbackrom modelleddatato eld
dataasthe experimentgoesonis a key to bettersuccess$n combiningboth sourcesof knowvledgeto
improve our understandin@f the systemat hand.The involvementof 'experimentalistsin the mo-
delling efforts, andvice-versa,is probablythe bestway of integratingthe two sidesof the problem.
Thisimpliesefforts onthemodellers'partto transfertheir skills andtools,andalsoto save sometime
for experimenting..whichis gettingharderandharderfor me,l amafraid!

2.5 Model extrapolation over time and space

Testingand ne-tuning amodelbasedn experimentadatafrom ones favorite eld researctsite
is an exerciseat which modellersgenerallyexcel, producingmiraculous ts betweenobsered and
model-predictediata. Far lessclearis the ability of theseparticularmodelsto simulatesituations
involving entirely new setsof soil, climateor croppingconditions,with muchlessinformationavai-
lableto parameterizer verify themodel. Testingthe modelin this largerscaleextrapolationphasds
a cumbersomeaskbecauset impliesthe de nition of a standardizeanethodologyto estimatemo-
delinputs,andthe collectionof a seriesof datasetsencompassing rangeof physicalandtechnical
conditions.Thisis probablywhy this stepis often skippedby modellerswho go directly from detai-
led modeltestingin a singlesite to applicationover a hostof scenariosl found evidenceof this by
analyzingthe literatureon modelling (Figure 2.10), which hadlead me to mentionextrapolationas
the'missinglink’ in the overall chainfrom modeldevelopmento practicalapplicationg13).

Anticipating this problemduring my Ph.D.,| had suggestedaking into accountthe level of infor-

mationavailableto parameterizéhe modelswhentestingthem.As an example,Figure2.11depicts
the variationsof the root meansquarederrors(RMSE) of threemodels(CERES,DAISY, and SUN-
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FIG. 2.9— Geographicalocationsof sitesin which our versionof CERESwastested shawving their
climatic situationsinset: distribution of texture classe@mongthe soilstested N=19) comparedvith
thatof the DONESOLdatabasecoveringthearablesoilsin France(Bastetetal., 1998).
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DIAL) in thepredictionof threeselectedariablesfor two extremeparameterisatioacenariosn the
“ecobalance’®experiment.The'baseline'scenariccorrespondso anextrapolationphasewhereaghe
‘optimum’ scenaricusesmoredetailedinformationon soil propertiesandsomeparameterareeven
tted agpinstmeasurediata(39). Surprisingly most modelsperformedsigni cantly betterfor the

FIG. 2.11- RMSEs(uppergraphs)andMeanDeviations (lower graphs)of the CERES( ), DAISY
(4 ) andSUNDIAL (+) modelsfor thethebaselineandoptimalparameterisatioacenariogndthree
variables: (a) thebimonthlyNO, leaching ux (baresoil) (b) the bimonthly netmineralization ux
(baresaoil) (c) theapparentropN uptale (oilseedrape).From (39)

baselinescenariogxceptfor leachingwith DAISY's goodnes®f t improving whenusing measu-
red hydrodynamicparameterinsteadof texture-derved estimatesDAISY appearedo have the best
potentialfor simulatingthe actualC-N dynamics but this cameat the costof providing site-speci ¢
estimatedor parametersuchas hydraulic conductvity. On the otherhand, CERESstruck a good
compromiseébetweerparameterisationostsandaccurag, especiallyin the perspectie of extrapola-
tion to wider setof physicalconditions.

| laterextendedthe de nition of the 'baseline' parameterisatioscenariado de ne a standardnetho-
dologyto estimatehesoil parametersf CERESa priori. This procedureornvertsroutinely-available
soil propertiegparticle-sizedistribution, gravel content,bulk density total soil carbonandnitrogen
content)into functionalcharacteristicanvolvedin the simulationof watermovementandsoil biolo-
gical transformationslt involves several pedo-transfefunctions(JonesandKiniry, 1986; Suleiman
and Ritchie, 2001; Driessen,1986) for the parameterisationf water balance which were selected
from alargerset(Acutis andDonatelli,2003)usingsoil nitratedatafrom a network of 36 eld trials
in France(Dejouxetal., 2003).Regardingtheturnover of soil organic matter we useda simpleparti-
tioning basednthe history of organicamendmentm the eld considereqHouotetal., 1989).More
information on the parametersand their calculationmay be found on the Internetat http ://www-
ggc.grignon.ine.fr/ecobilan/ceca/intjavaehtm wherethe estimationprocedurénasbeenimplemen-
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tedwithin anon-linefront-end.

The procedurewas testedin fuller detailson a network of ve locationsacrossEurope,involving
arangeof climate,cropandsoil types(13). As couldbe expected signi cant deviationsbetweerob-

TAB. 2.2— Calibratedparameter$or the variousexperimentssimulatedwith CERES.

Locationof Parametermame Unit Fitting variable  Associatedoutines

Experiment

Kiel (GER) Field-capacity cm®cm 3 Soil waterpro le  Waterbalance

Ra din (FR) Field-capacity cmécm 3 Soilwaterprole  Waterbalance
Initial sizeof mgCkg !soil Topsoilnitrate Turnover of SOM
microbialbiomass

Villamblain (FR) Field-capacity cm®cm 3 Soil waterprole  Waterbalance
Sensitvity to Unitless Cropdry matter  Cropphenology
coldtemperatures

BarrafrancdIT) Sensitvity of Unitless CropN content  CropN uptale
rootextractionof N
to waterstress

CandasnoéSP) Initial sizeof mgCkg !soil Topsoilnitrate Turnover of SOM

microbialbiomass

senationsandmodeloutputswerenotedin all sites,andcould be ascribedo variousmodelroutines
(Table2.2). In decreasingmportance thesewere: waterbalancethe turnover of soil organic mat-
ter, andcrop N uptale. A bettermatchto eld obserationscould thereforebe achiezed by visually
adjustingrelatedparameterssuchassoil watercontentat eld-capacity or the sizeof soil microbial
biomass As a resultof this calibration,model predictionsfell within the experimentalerrorsin all

sites,andalsowithin therangeof publishedvaluesfor similar modeltests.The proposedh priori pa-
rameterisatiomethodthusyieldsacceptablasimulationswith only a 50% probability a gure which

may be greatly increasedhrougha posteriori calibration. Modellers shouldthus exercisecaution
whenextrapolatingtheir modelsto large sampleof pedo-climaticconditionsfor whichthey have only

limited information.

Bearingthis limitation in mind, | wenton to usea similar parameterisatioto simulatewheatcrop-
ping systemsat the regional scalein the greaterParis basin,in the frameawvork of the N,O project
mentionedabove (76). Elementarysimulationunits were de ned by overlaying mapsof soil types
andland use.Weatherdatawastaken for eachunit from the closeststationavailable,and'average’
cropmanagemerpracticesverede ned basedon aregionalsuney. Someof the soil parameterse-
quiredby CERESweredirectly suppliedby our colleaguespecializedn soilsdatabasesusingtheir
own pedo-transfefunctions(Bastetet al., 1998),or their own expertise.Extrapolationwasdonein
threeadministratve agriculturalsub-rgionsinvolving one testsite each.We thereforecould judge
the performancef this spatialparameterisatioprocedurén thosesites.Surprisingly therewerelit-
tle differencesdbetweenthesesimulationsandthoseresultingfrom the local parameterisatiorhased
on moredetailedcharacterizatiomf soil propertieqe.g., measurementf soil hydraulic conductvity
- Figure 2.12). This highlightsthe bene ts of using pedo-transfefunctionsobtainedin the areaof
interestin the estimationof waterretentionparametersaswasthe casehere(Bastetet al., 1998). 1t
shouldhowever bementionecherethatno suchruleswereavailablefor the micro-biologicalparame-
tersgoverningthe productionof denitri cation- andnitri cation-mediatedN,O. The parametesets
usedin thespatialscenarioof Figure2.12werethusthesameasthoseof thelocal scenarioandobtai-

33



nedfrom site-speci cmeasurements the laboratory(18). Establishingelationshipsbetweenthose
parameter@and basicsoil characteristicsemainsa challengefor future researcton the prediction
of N2O emissionsEcologicalstudiesat the level of microbial communitiesnvolved in the various
transformation®f N leadingto N,O productionandreductionare expectedto helpin this pursuit,
althoughit is aratherlong-termprospect.

As anapplicationof theabaore work, Figure2.13shovsamapof N,O emissionsn theBeauceaegion
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FiG. 2.12— Simulatedlines)andobsered(symbols)emission®f N,O in two testsitesin theBeauce
region (anHaplic Luvisol in La SaussayeandanHaplic Calcisolin Villamblain).In thelocal parame-
terisationscenariodetailed site-speci cinformationon soil propertiesvasused whereaghe spatial
scenaridnvolved only informationderivedfrom soil maps.

obtainedwith CERES for the 1997/199&roppingseasonThe mapemphasizethe magnitudeof the
variationsacrosssoil mapunitsandsub-rgions. Themean ux over thethethreesub-rg@ionsof Fi-
gure2.13werecomparedvith the estimateobtainedusingthe IPCC methodologyfor inventorying
N>O emissiongIPCC,1996).The CERESestimatesveresubstantiallyowerthantheIPCConesand
thesamewentfor the emissiorfactors(76). Suchdifferencesverealsonotedin a similar comparison
nationwidein China(Li et al., 2001). Theseresultshighlight the necessityof using process-based
modelswhich fully accountfor local conditions,in inventoryingtrace-gsemissions.

Lastly, extrapolatingover time appearedndispensabléo tacklecarry-over effectsfrom onecrop
to the next, andalsoaddresshe issueof emissionsoccurringduring the time intenals betweentwo
crops.Assessindhe ervironmentalbalanceof a particularcroprequiresa capacityto trackthe emis-
sionsinducedby its managementyhetherduringthe croppingseasonin thetime interval beforethe
following cropis planted,or evenafterthis proceedingrop startedgrowing. Thereis thusclearlyan
allocationproblem,amountingto to breakingdown the emissionsof a croppingsystemamongthe
variousindividual cropsit is madeup of.

We had rst optedto make ary given crop responsibldor the period of time going running from
its plantingto the plantingof the following crop.However, becausearry-oser effectsmaytake place
over longertime periodswe nally decidedthatemissionshouldbe averagedover anumberacrop
rotations,andthenbroken down into the variouscropsrotated.This promptedus to introducebreak
cropssuchaspeaandsugarbeet,in additionto oilseedrape,in orderto simulatethe mostcommon
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FiG. 2.13- Simulationof N,O emissionsrom wheat-croppedandin threeagriculturalsub-regjions
of the Beauceregion (centralFrance) The ux esareexpressedn kg N-N,O ha 1.

rotationsin the Parisbasinandotherpartsof Europe(27). For example this capacityto simulatecrop
rotationsenabledusto analysehe managemenf theintenal betweercrop hanestandplantingof

the following crop,andto con rm experimentalevidencethatan early saving of oilseedrapecould

reducenitrateleachingin oilseedrape-winterwheatrotations(50). Runninga seasonatrop model
like CERESover time periodsof morethanthirty yearsrevealedsomepossibledrifts, mostnotably
with the dynamicsof soil organic matter aswasshovn on Figure 2.5. However, the modeldid not
go completelyoff courseasl hadshown it to be the caseearlieron with othermodels(40). Thisis

probablydueto the modelbeinghighly constrainecandparameterizedyreventingthe occurrenceof

unlikely valuesof ux esor statevariablesatary pointin time. Figure2.15shows the simulationof a
maizemonoculturgor varioushanestregimesin the Miner (New York, USA) long-termexperiment
(Cardoso2000),anddoesnot revealary numericaldivergenceof simulatedyieldswith time.

With respecto extrapolationover time, the challengeof giving accuratepredictionsof both short-
termandlong-termdynamicsof C andN remainsandmostlik ely requiresadjustmenbdf netprimary
productionandtheincreaseof photosynthategpartitioningto the roots. Currently on-goingclimate
changegosea secondchallenge sincethey questiorthe relevanceof usinghistoricalseriesof wea-
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Extrapolating from laboratory to eld

Using parametervalues obtainedin the laboratoryto simulatea eld experimentis often cited
asa risky endeaour. Laboratory-dexied parametersnay be awed becausebtainedon disturbed
soil samplespr underconditionsthat are remotefrom what actually occursin the eld. However,
laboratoryassaysare often the only available methodto parameterizesoil biological functionssuch
assoil organic mattermineralization pesticidedegradation,or trace-gsproduction.My experience
in thesemattersis that the degradationof organic matter (whetherfresh or endogenougo soil)
couldbe approachedeasonablyvell with laboratoryincubationg2; 16). In the caseof urbanwaste
composts,we shaved togetherwith SabineHouot (INRA Grignon) that an index derved from
biochemicalfractionationof organic mattercould be usedto parameterizehe soil C-N module of
CERES(14;16). Thisconclusionwhichappliedin thelaboratoryaswell asin the eld (Figure2.14),
is an importantresultsinceit meansa simple fractionationmethodcould replacetime-consuming
laboratoryincubationgo characterizéhis type of organicmatter

Regarding other modules or models, we found together with Laure Mamy that degradation
ratesobtainedin the laboratoryfor two of the threeherbicidesusedin the eld validation of the
PRZM pesticidemodel had to be slightly adjusted(90). This someavhat mitigatesthe hypothesis
thatlaboratorymethodggive a goodproximateof eld reality. Cornversely the NO emissionmodule
parameterizedy C. Hénaultfrom laboratoryincubationsof soil samplesfertilized with mineral
N failed to simulatethe emissionsobsened in the eld in Grignon(19). The modulegave correct
predictionsafter adjustingtwo of its parameterdy a factor of 4, which is rather considerable
(Cortinovis, 2004).Thefactthatlaboratoryparametersvereunsuitableo the eld situationprobably
wasdueto their having beenobtainedon disturbedsoil sampleswith NH; concentrationgn order
of magnitudehigherthanthoseusuallyoccurringin the eld.

FiGc. 2.14— Useof abiochemicaindex (BSI) to parameteriz¢he labile fraction of urbanwastecom-
postorganic matterin CERES .Theleft-handgraphshaws therelationshipbetweerBSI andtheother
parametersf thelabilefraction: C :N ratioanddegradatiorrate(R?=0.66for bothrelationships)The
right-handgraphcompareghe simulationsof topsoil nitratecontentin the eld experimentobtained
with the BSI-basedBSI) andoptimum(OPT) parametesets.From (14;16)

36



12
|

10
|

Grain Yield (tha@15% moisture)

T T T T
1975 1980 1985 1990

Time (years)
FiG. 2.15— Simulated(lines) andobsered (symbols)grainyieldsin the Miner (NY) long-termex-
periment.The experimentinvolvesa maizemonoculturewith two hanestregimes: grainandsilage
maize.Thesimulationperiodrunsfrom 1973to 1992.

therdata(asl have exclusively donesofar)to investigatelong-termeffects.Incorporatiorof datafrom
generakirculationmodelsshouldde nitely be sought,althoughit still raisescompatibilityissuesn
termsof spatialandtemporalresolutiongor usewith cropmodels.

2.6 Application to life cycleassessment

As statedin introduction,the objective of the modellingwork presentedn the previous sections
wasto simulate ux esandstocksof ervironmentalinterestasrelatedto the managemenof arable
elds, andmoreparticularlythe applicationof fertilizer N andpesticidesThe generalframenork for
theervironmentalassessmeiatf thosepracticess life cycleassessmeift CA), amethodwhichis ba-
sedon ux esof matterandenepy from the particularproductionsystemat stale. Thefollowing sub-
sectiongllustratethreeproductionchainsin which I combined eld-scale modellingandLCA : bio-
massfor enegy, agriculturalregycling of urbanwaste,andthe introductionof genetically-modi ed,
herbicidetolerant(GMHT) crops,In the rst two examplesthe frameavork of LCA appeargarticu-
larly relevantsinceit makesit possibleto compardhechainsin questionsvith non-agricultural-based
alternatves(fossil enegy andland- lling or incinerationof waste) for which LCAs arealreadyavai-
lable. Thelastexampleis agriculture-centeredut hasthe advantageof shaving how a detailedme-
thod like LCA may complemenbtherervironmentalassessmenmhethodsavailablefor agricultural

systemssuchasthe agri-ervironmentalindicators(Girardinetal., 1999).

2.6.1 Straw for enegy

Theuseof agriculturalbiomasdor enegy purposesncreasinglyappearaspartof the solutionto
reduceglobalwarming(Hall etal., 1991).The assessmermtf biomasgor enegy chainswhetherfor
heating transporor combinecheatandpower generationwasthe backgroundf the rst examplesof
applicationof LCA to agriculturalactivities, andwasactuallythe startingpoint of my work at INRA.
Althoughthe mary reportsavailable shaved bioenegy hada high potentialto offset CO, emissions
from fossil enegy consumptior(Reinhardt2000;Ecobilan,2002;HartmannandKaltschmitt,1999),
somecontroversyaroseregardingthetrade-of betweerthe CO, savingsandpossiblylargeemissions
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of N, O resultingfrom the fertilization of bioenegy crops.The LCA resultsof agrobiomasghains
arevery sensitve to the amountof N,O emittedduring the productionof agrobiomasén the eld,
usuallyestimatedvith anemissionfactorthatquanti esthefraction of appliedfertilizer N thatevol-
ving asN»O. However, this factoris highly variabledependingon soil type, weathersequenceand
crop managemenflLi etal., 2001).This emphasizeshe needfor process-baseshodelswhich have
thepotentialto produceestimatese ecting theconditionsprevailing attheregionalor locallevel. The
following paragraphillustratesthe useof sucha modelin the contect of cerealstrav, alsotackling
theissueof strav removal effectson croppingsystenvariableslt resultsfrom arecentresearchoint
projectinvolving economistgrom INRA.

Crop residueshave recently regained attentionas a potentially considerablesourceof renavable
enepy. Available residuesare estimatedat 4.8 10° Mg worldwide, correspondindo an enegy va-

lue of 70 10 J ( (Lal, 2005)). Among them, cerealresiduesare the largestsource making up two

thirdsof thetotal availableamount However, thereis anon-goingdebateon theactualpossibilitiesof

strav removal (Wilhemetal.,2004).As reviewedby thelatterauthorstheexperimentatatacurrently
availableon the possibleeffectsof strav removal on processesik e soil organic matterturnover, soil

erosion,or cropyieldsarenot consistenbecaus@f the strongin uence of local conditions(climate,
soil type,andcropmanagementBesidespthertypesof ervironmentalimpactsshouldbe takeninto

accountin orderto obtaina completepicture of the advantagesand dravbacksof using strav for

enepgy purposesTheseincludethe leachingof nitrate,and the emissionsof N tracegasessuchas
ammonia(NH3), nitrogenoxides(NOy), and nitrousoxide (N>O). The latter is particularly critical

sinceit is majorcontrikutor to theglobalwarmingimpactof agriculturalsystemscomparedo soil C

sequestratioiRobertsoret al., 2000).Exceptfor nitrateleaching therearefew reference®n these
effectsin the literature,andthe patternsareagain not consistenticrosseferencesfor the samerea-
sonsas mentionedabove. The time-frameover which the effects of strav removal areinvesticated
arealsoanissue.For instance hitrate leachingwas shovn to decreasen the winter following the
rst incorporationof wheatstrav in a croppingsystem,comparedo a control with no addedstrav

(Garnieretal.,2003).However, in anothereld site,thistendeng wasobsenedto reverseafterafew

yearsof continuedstrav incorporation(Cattetal., 1998).

In theframawvork of theabore-mentionedesearchprogram| usedthe deterministionodelCERESto
simulatethe effect of strav removal undervarioussetsof soil, climateandcrop managementondi-
tions in northeasterriFrance.Model resultsin termsof nitrate leaching,soil C variations,nitrous
oxide andammoniaemissionsvere subsequentlynputtedinto the life cycle assessmer{t. CA) of a
particularbio-enegy chainin which strav wasusedto generatdheatandpower in a plantproducing
bio-ethanolfrom wheatgrains.Strav removal hadlittle in uence on simulatedervironmentalemis-
sionsin the eld (Table2.3),andstrav incorporationin soil resultedin a sequestrationf only 5 to
10%of its C in thelong-term(30years).

The LCA concludedo signi cant bene ts of strawv usefor enegy in termsof globalwarmingand
useof non-renavableenegy. Only theeutrophicatiorandatmospheri@acidi cation impactcateyories
wereslightly unfavourableto strav usein somecaseswith adifferenceof 3% at mostrelative to straw
incorporation(22). Theseresultscon rm theernvironmentalbene tsof substitutingossilenegy with
straw, while proposinga novel methodologyinvolving process-basechodelling,and evidencingits
potentialto take local conditionsandcrop managemengffectsinto accountln addition,Figure2.16
shavs how the model malkesit possibleto includethe uncertaintydue to climate variability in the
analysis Figure2.16revealsa strongin uence of climate,while othersourcef uncertaintysuchas
soil variability andmanagemergcenariogprovedlessin uential.
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TAB. 2.3 - Averageannual eld emissionssimulatedwith CERES, for usein the LCA. The selec-
ted scenariosnclude a winter wheat-oilseedape-winterbarley rotation,in two sites: a deeploam
at Abbeville (on the North seashore)and a rendzinasoil at Fagniéreg250 kms inland from Ab-

beville). Wheatstraw is eitherreturnedto soil, which correspondgo the referencesystem(S1), or

removed onceper rotation,which correspondshe strav-basedsystemS2. The global warmingim-

pactis calculatedasthe sumof C sequestratiom soil organic matter(negative) andthe emissionsof

N> O (positive) aftercorversionto CO, basedon a globalwarmingpower of 270.The contritution of

N>O is singledout.

Location Globalwarming Ammonia Nitrate Cropyield
impact emission leaching
N, O part Grains  Harvestedstrav
kgC-CO ha tyr ! kgNha tyr ! MgDM ha tyr !
Referencesystem(S1)
Fagniéres -800 78 16.2 5.5 7.12 0
Abbeville -860 210 19.2 48.4 9.52 0
Straw-basedsystem(S2)

Fagniéres -680 78 17.0 5.0 7.14 1.05
Abbeville -660 200 17.0 44.0 9.25 1.34

FiG. 2.16 — Effect of the interannualvariability
of CERES-simulatedN,O ux eson the LCA re-
5 Enarl sultsfor globalwarming. The emissionof green-
= o housegases(GHG) are aggrejated over the four
ethanobproductionstages agriculturalproduction,
transport,corversionin ethanolplant, and strav
burning. The two variant sytemsare reported,in-
-—- volving or not the useof cerealstrawv in the bio-
—— Natral gas ethanolplant. The effect of N,O varianceon total
emissionswvas calculatedwith Monte-Carlotech-

niques.
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2.6.2 Urban wasterecycling

Themanagemenf urbanwastehasbecomea majorissueworldwide, with steadilygrowing vo-
lumesto bedisposedf andincreasegublic awarenes®f theresultingpressuren theervironment.
Amidst the rangeof wastetreatmentscurrently available, incinerationandland lling are the most
frequent,andarecommonlycombinedio meetthe needsof local communitiesHowever, bothtreat-
mentroutesraisearangeof ervironmentalproblemswhich have recentlyleadthe Frenchgovernment
to schedulea banon mosttypesof land Il disposalCompostingof urbanwastehasemegedasava-
luablealternatve becausef the high proportionof organicmatterin urbanwaste Thebio-degradable
fraction (includingfood scrapsgrassclippingsandtreetrimmings)is estimatedat about25% (fresh
weight) in France,alongwith an additional25% madeup of paperand cardboard Compostshave
long beenusedin agriculture,andurbanwastecompostYUWC) may be appliedin arable elds as
organicamendmento maintainsoil organic matteraswell assupplynutrientsto crops(Strattonetal.,
1995).

Similarly to bioenegy, life cycle assessmemntrovides a relevant framework to evaluatethe ervi-
ronmentaladvantagesand drawbacksof wastecomposting,as comparedo othertreatmentroutes
(Mendeset al., 2003).And likewise, the resultsmay be expectedto vary widely accordingto crop
managementlimateandsoil characteristicsogetherwith the broadrangeof UWC typesavailable
(Strattonet al., 1995). Process-basenhodelsmay thus play a prominentrole in gaining more in-
sightinto theseinteractionsandto singleout soil, climate,andmanagemenfactorsthroughscenario
analysis.They may thereforehelpin issuingrecommendatiofior UWC managemenin agriculture,
regardingfor instancehetiming of UWC applicationin relationto the quality of their organicmatter
ModelscanalsoapproacHong-termeffects,which are particularlyrelevantto evaluatethe effect of
repeatedpplicationsof UWC on soil organic matterdynamics.

In the framewvork of a long-term eld experimentsetup near Grignonto evaluatethe agronomic
valueandthe ervironmentalimpactsof varioustypesof UWC (Houotetal., 2002),l usedCERESto
to predicttheC andN balance®f theplotsamendedvith varioustypesof UWC. Thetrial is managed
asamaize(ZeamaysL.) - wheat(Triticum aestvumL.) rotation,andstartedn 1998.Comparisorof
obsened andsimulateddataover the rst 4 yearsof the eld trial shaved thatthe modelpredicted
thesoil moistureandinorganicN dynamicsreasonablyvell, aswell asthevariationsin soil organicC
(Figure2.17).In particular the parameterizatioof UWC organic matterfrom biochemicalffractions
(asexplainedin section2.14)achiezedasimilar t asthe parameterizatiobasedon laboratoryincu-
bationdata.

SimulatedN ux es(Table2.4) shavedthatthe organicamendmentsducedan additionalleaching
rangingfrom 1 to 8 kg N ha 1 yr 1, which canbe relatedto the initial mineralN contentof the
amendmentdAfter 4 years thecomposthadmineralized3% to 8% of theirinitial organicN content,
dependingon their stability. Compostswith slover N releasenadhigherN availability for the crops.
CEREScould thusbe usedto aid in selectingthe timing of compostapplication,in relationto its
stability, basedon bothernvironmentalandagronomicactriteria.

The resultsgiven in Table 2.4 were also be input into a LCA framevork comparingwastecom-
postingwith land lling andincineration(88), basedon available literatureon this type of LCA. As
underlinedby a recentreview (Hellebrautand Deca®el, 2004),the impacts(whetherpositive or ne-
gative) of eld applicationof urbanwasteareaweakpartof currentlyavailableLCAs. Theseimpacts
areeitherignored,or approacheéh avery simplisticandpartialmannerComparedvith previousstu-
dies(Ecobilan,1997),our estimatesvere signi cantly lower for nitrate leaching.Corversely these
studiesignoredammoniavolatilization, andthe introductionof our gures shavedit accountedor
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FiG. 2.17— Bar plot of CERES-simulatedrersusobsened variationsin C stocksin the top 30 cm
of sail, from Sept.1998to Sept.2002in the Feucherollegrial. Legend: MSW : municipal solid
wastecompost BIO : bio-wastecompost GWS: greenwasteandsludgecompost FYM : farmyard
manure +N : with additionalapplicationof mineralfertilizer N.

TAB. 2.4 — CERES-simulatedN ux esin the composteld trial. Fluxes are annualaveragesover
the periodrunningfrom October 1998,to June,2002.The ux esfor the organic treatmentMSW,
BIO, GWSandFYM) areexpressedisa differencerelative to the correspondingontrolsreceving

no organicamendmentsCrop apparentecovery of appliedN is calculatedas(TreatmeniN uptale -
ControlN uptale)/(AppliedN).

Flux type Treatments
Control MSW BIO GWS FYM

kgNha Tyr T
Nitrateleaching 17.0 6.0 51 102 114
Denitri cation 0.63 0.21 0.18 032 0.34
Net mineralization 82.1 179 152 243 276
CropN uptale 86.4 203 165 27.2 345
Applied N2 8.5 137.7 140.5 162.7 124.7

% of appliedN
Apparentcrop 0 147 117 16.7 27.7
N recovery

& in organicandinorganicform.

Legend: MSW : municipalsolid wastecompost BIO : bio-wastecompost GWS: greenwasteand
sludgecompost FYM : farmyardmanure.
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50% of the acidi cation impactof thewhole chain,therebyproving acritical item in theassessment.
Lastly, theimpactson soil organicmatterbuild-up wasalsointroducedbut hadvery little in uence on
the overall results(88). Our model-basedeferencesater senedin building a databaseof emissions
relatedto UWC applicationon arableland (79), to which | hadan active contrikution. The dataare
beingtakenup by referencd.CA databasesuchasEcolrvent(wwwecoirvent.d).

Theappraisabf UWC regycling alsohighlightspotentiallimits of theLCA framework. A broadrange
of positive effectson “soil quality” maybeexpected dueto organicwastestimulatingsoil biological
actiity andincreasingsoil organicmatter Theseeffectsencompasphysical,chemicalandbiological
propertiesuchasbetterresistancéo compactionincreasedtructuralstability, higherwaterretention
capacityandcationexchangecapacity stimulationof microbialactivity anddegradatiorof soil conta-
minants,protectionof cropsagainstsoilbornepathogensetc...(Muller et al., 2005).However these
effectsareessentiallyqualitatve,andmaynotbedirectly expressedn aformatcompatiblewith LCA,

whichreliesexclusively on ux esof matterandenegy. It thusappearsiecessaryo eitheradaptLCA

in orderfor it to accommodatesuchinformation,or to supplemenit with methodghatarespeci cally

designedor suchqualitative impacts For instancetherearecurrentlymajoreffortsin the eld of soil

microbialecologyto identify indicatorsof 'micro-biological quality' (78).

2.6.3 Bene ts of using genetically-modi ed, herbicide-tolerant crops

Along with syntheticfertilizer N, pesticidesarethe catgyory of inputsthatepitomizethefearsas-
sociatedvith modernagricultureworldwide (Tilman etal., 2002).Pesticidesreincreasinglydetected
in groundandsurfacewatersin WesterncountriegIFEN, 2003),andalsoin ambientair (Bedosetal.,
2002).Thereis thusagrowing concernthatthe useof pesticidesat currentlevelsis not sustainablén
thelong run,andmayleadto irreversibledegradationof ecosystemandnaturalresourcesHowever,
reducingthe dosesof pesticidegper hectareasis currently put forward by the EU may have drastic
consequencean crop yields. Also, the ervironmentalrisks posedby pesticideds not proportional
to the dosesapplied,but the resultof its intrinsic physico-chemicabhndtoxicologicalcharacteristics
combinedwith the environmentalconditionsthat determineits fatefrom the arable eld to its nal
target.

Optimizing the use of pesticidesthus calls for a methodthat would accountfor the effect of pes-
ticide applicationon both crop productvity andervironmentalimpacts.This is again typically the
realmof life cycle assessmentyhich in that casewould seekto minimize the maginal impactsof
pesticideuseperunit of nal cropyield. Applicationof LCA would requiremodelssimulatingcrop
responseo pesticideapplication(ie incorporatingthe effect biotic stressfrom pestsandweedsalong
with theirresponséo chemicalsandmodelssimulatingthefateof pesticidesn the soil-cropsystems
andtheirimpactsonlocal or remotetargetecosystemser populationsTherearecurrentlymary basic
componentsnissingin that generalconstruction.However, togetherwith EnriqueBarriuso(INRA
Grignon)anda graduatestudentve superviseqLaureMamy), we startedworking onthesecondpart
of it, in thecontext of genetically-modi ed herbicide-toleranfGMHT) crops.Thefollowing summa-
rizesthis work andemphasize&s mostoriginal traits.

The introductionof GMHT cropsis often presentedas a potentialsolution to reducethe erviron-
mentalload of herbicidesbecausat leadsto reduceddosesof compoundghat are lesspersistent
andtoxic thanthoseusedwith non-GMHT crops(WolfenbagerandPhifer, 2000;Dale et al., 2002).
However, to datethereare no detailedcomparisonsvailable to substantiatehat claim. The objec-
tive of L. Mamy's work wasthusto comparethe ervironmentalbehaiour of glyphosateasusedon
GMHT crops,with that of otherherbicidesfrequentlyusedfor weedcontrol on the samecrops,al-
beit non-GMHT. The herbicidesincludetri uralin andmetazachlofor oilseedrape,metamitronfor
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sugarbeetandsulcotrionefor maize.Threeexperimentalsitesrepresentadie of the main production
regionsfor thosecropswereselectedin thevicinity of threeFrenchcities: Chalons-en-Champagne,
Dijon andToulouse Thesesiteshadhostedeld trialsontheintroductionof GMHT cropssincel994,
andtherecordsof cropmanagemennadeit possibleto devise croppingsystemswith variousdegrees
of GMHT cropsa posteriori,alongwith the chemicalweedingprogrammesThe croppingsystems
comprisedotationswith oilseedrapeandsugarbeef{ GMHT or non-GMHT),andmaizemonoculture
(GMHT or non-GMHT)

Life cycle assessmenvasimplementedor thesesystemsby rst runninga process-basechodel

10
10

[ ] GM L} GM
=] nonGM o nunGM

Oilseed rape sugar beet wheat rotation
Maize monoculture

Toleed 1aledl

FiG. 2.18— Calculatedimpactsfor variouscroppingsystemswith (shallov grey) or without (dark
grey) GMHT cropsin Dijon. Theimpactsareexpresseasequialentl,4DCB (areferencesubstance
for toxicologicalimpacts),n log scale andfor 5 ecosystenor populationtargets: freshandseawater
fresh-andsea-vatersedimentsterrestrialecosystemsandhumanbeings.
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of pesticidefate, PRZM (Carselet al., 1985), to estimatethe ux es and soil stocksof herbicides
andtheir metabolitesover a time periodof 12 years.Thesevariableswere subsequenthaggreated
with the USESfatemodel(Huijbregtsetal., 2001)to estimatethe nal impactsof the variouscrop-
ping systemson severalenvironmentaltargets(water sedimentsecosystemsandhumanhealth).The
pesticidemodelwas parameterizedffom detailedlaboratorystudieson the sorptionanddegradation
propertiesof the variousmoleculesnvolved (20), andtestedagainst eld datacollectedin oneof the
sites.Somecalibrationwasrequiredto reachanacceptablsimulationfor glyphosateandtri uralin.

In most casesglyphosatewas the herbicidefor which dispersalrisks in the ervironmentwere lo-
west,becausef its high sorptionand quick degradationin soils. The formationof more persistent,
major metabolitesvasobsered for glyphosat AMPA), metazachlofunidenti ed) andsulcotrione
(CMBA). Consequentlythesemetabolitegpresenthigherrisksfor the ervironmentthantheir parent
moleculesandshouldde nitely beincludedin the environmentalassessment.he simulationof the
various cropping systemsand associatedveed control practicesshaved that as the occurrenceof
GMHT cropsincreasedn therotations theervironmentalimpactsof glyphosatdoecaméiighercom-
paredto selectve herbicideqFigure2.18).In particular therewasa signi cant build-up of AMPA in
soil aftertwelve yearsof annualglyphosateapplicationsn a maizemonoculture The persistencef
AMPA in soils neverthelessjuestionghe sustainabilityof this innovation,andemphasizethe need
for moredetailedstudieson the behaiour of this molecule particularlyin thelong term.

Lastly, accordingto our LCA-basedmethodologythe bene ts of GMHT cropsvariedsigni cantly

accordingto soil type andcroptype.As exempli ed on Figure2.19,this responsevasnot captured
by theindicatorl-Phy, a moresimplemethodgiving a qualitative risk of air, groundwaterandsurface
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watercontamination(Girardin et al., 1999). This comparisorjusti es a posteriorithe selectionof a
morecomplex methodbasedon ux esandimpacts,which proved sufciently detailedandsensitve
to judgethebene ts anddravbacksof introducingGMHT cropsfrom the point of view of chemical
weeding.
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FiG. 2.19- Effect of geographicalocationandcrop type on the ervironmentalimpactsof GMHT
(grey bars)and non-GMHT (white bars)croppingsystemsassesseaith two methods: the agri-
environmentalindicatorl-Phy (right), andlife-cycle assessmeritasedon the PRZM andUSESmo-
dels(left). Notethatthenotesgivenby thetwo methodsarenotequivalent: I-Phy outputsanormalized
scorerangingfrom 0 (maximumimpacts)to 10 (no impacts),while the USES-dered noteis a ux
of equialentsubstancé¢l,4 DCB), log-transformedor graphicalpurposes.

2.7 Conclusion

Looking backon the past12 yearssincel startedworking with INRA, I nd myself quite lu-
cky to have hadthe opportunityto develop a researctprogrammefocusedon clear nal objectves
(implementatiorof anervironmentalassessmemhethodologyandapplicationto variousagricultural
issues)andwith a precisetack (usingprocess-baseghodelsto Il in theagriculturalphases)l now
realizetherewasa long way from plot-scalemodellingto life cycle assessmersinceit is only now
thatthe two arebeingbridged,asshown in the previous section.However, therearestill mary chal-
lengesaheadasl will elaboratenin thefollowing chapteronfutureresearchl amalsomostgrateful
to my Ph.D. supervisorGhislainGossefor settingthe courseso astutelyandsupportingme all the
way through.

The main endresultof my pastwork is thusthis evaluationschemeassociatingnodelsto simulate
ux esatthearableeld level,andamorecomprehense framevork encapsulatinthe ux es,making
it possibleto analysehe environmentaimpactsandpossibleémprovementsof theagriculturalsystem
athand.In this procesd cameacrossmary limitationsandresearchssueswhich | alreadyhighligh-
tedin thevarioussectionf this chapter This shortconclusionsummarizeshemandproposesome

possiblewaysof addressinghem.

The rst seriesof questiongdealswith the ability of soil-cropmodelsto tackle particularprocesses,
suchasgaseougmissionswhich seento require ner temporalandspatialresolutionsFor instance,
ammoniavolatilizationwould be betterdescribedisinghourly meteorologicatlataandthinnerlayers
in the topsoil (Riedoet al., 1998). This warrantsfurther modeldevelopmentalongthe sameline as
describedn theabore sections.
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Regardingpesticidemodelling,degradationandretentionfunctionsshouldde nitely beimproved.In
particular the formationof non-etractableresidueds crucialin the long-term.Also, foliar applica-
tion raisea hostof speci c issuesdealingwith thein uence of plantson volatilization (from leaves),
absorptionby leaves, wash-of, and degradationoncethe leaves have fallen to the ground.This is
especiallyimportantfor post-emegenceherbicidesandfungicides.

Secondlymodelextrapolationoverlargerareagequiresamethodologyo generatespatially-distriluted
estimate®f modelparametersandto testthesimulationsovertheareaconsideredRegardingthe rst
point, it seemghatthe mostcritical pointinvolvesthe micro-biologicalparametersandmostimpor
tantlythosepertainingto the productionof trace-gsesDiscussinghisissuewith microbiologistshas
mostly corvinced me thatit wasnot to be overlooked - but mostlikely not resolhed beforea long
time. Thesecondpointis partof the classicalupscalingproblem(Leuningetal., 2004),with several
optionsfor atmospheriemissions usingairbornetechniqueso measurepatially-intgrated ux esat
differentpointsin time, combiningmeasuringowersandinverseatmospherienodelling,or ground-
basedmeasurementst randomlocations.

Extrapolatingover long periodsof time evidencedproblemswith the simulationof inputsfrom the
rhizospherewith N modelslike CERESgiving estimateghatwere muchlower thanthosegiven by
dedicatedC modelslike RothC.Somecalibrationshouldthusbe sought,via a morerealisticpartitio-
ning of photosynthate® theroots.

Theapplicationof the ervironmentalassessmemhethodologyproposedheredoesnot raiseresearch
issuegerse It is mostlyamatterof de ning astratgy to respondo ademandhatis ontheincrease,
whetherfrom the governmentagencieADEME), privatecompaniespr otherresearchodies(EN-
SIACET, CEMAGREF, EPFL).Partof thequeriesoriginatingfrom thesepartnerscould beanswered
by makingour methodologyavailableto them(e.g. LCA Excelsheetor simulationmodels) but most
of thetime thesetools hadto betailoredto the questionsat hand.This hasoften spavnednovel and
mostrelevant, illustrating the sayingthatmodelsmalke progressasthey arebeingutilized. Applying
themodelsto avariety of purposess thusa sourceof enlightenmenaswell asa goodway to anchor
theminto concreteground.

However, adaptationis sometimesot enoughto overcomesomelimits inherentto the framevork

chosenThis is especiallytrue of conceptdik e 'soil quality' or 'biodiversity', which cannotbe trans-
latedin termsof exchangesf matterand enegy. Ecology may be expectedto play a leadrole in

de ning indicatorsto judgethe stateof theseresourcesandthe impactsof agriculturalactiities. It

might also be necessaryo look at the arable eld from a broaderperspectie, to take into account
spatialinteractionsbetweenhat particular eld andthe surroundingagro-ecosystemsy othertypes
of ecosystemsn orderto internalizesomerulesinherentto a higherlevel of organizationandproduc-
tion (eg, foragegrass).Suchis the purposeof 'industrial ecology', a relatively recent eld pointing
a the needfor "an industrial ecosystem'In which "the useof enegiesand materialsis optimized,
wastesandpollution are minimized,andthereis an economicallyviable role for every productof a
manufcturingprocess'{Froschand Gallopoulos,1989). This analogybetweena productionsystem
and a naturalecosystemyhich may also be true of highly human-alterecgro-ecosystem&pens
newn groundsfor ervironmentaloptimization,partly building on morefamiliar tools lik e life-cycle-

assessment.
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Chapitre 3

Projet / Futurereseach

3.1 Generalbackground

3.1.1 Emergingissuesn ernvironmental assessment

In 2004,1 participatedn aworking groupcommissionedby our scienti ¢ Departmento produce
areporton the methodologyfor the ervironmentalassessmermf agriculturalsystemsTheideawas
to conducta literary surwey of currentwork on this topic, andto elaborateon new frontiersfor re-
searchbasedon trendsobsenedin the literatureandon our own visionsfor future developmentsin
its conclusionsthereport(78) suggestetb investigatenew researclareasandissuesandto setupva-
riousnetworksto shareandimprove assessmemiethodgincludingmodels) to inventoryinformation
on currentandfuture agriculturalproductionsystemsandto collectdataon thesesystemsat various
spatialscaleso implementandtestthe assessmemhethods.The researchdirectionshighlightedby
thereportinvolved:

1 a betterdescriptionof the atmosphericcompartmentwhetheras a recipientor a carrier of
pollutantsemittedby or depositecdbn agroecosystems,

2 theuseof spatially-eplicit methodghatwouldtake into accountheinteractionsetweerculti-
vated elds andthe ux esof pollutants,

3 theinvestigation of long-termeffectsof somemanagemenpracticeson variableslik e soil or-
ganicmatteror biodiversity,

4 thelinkageof physicalandphysico-chemicabpproachewiith theecologyof thevariousliving
organismampactedby agriculturalpractices,

5 quanti cation of theuncertaintyassociatedvith the estimatedmpacts,

6 takinginto accounthesensitvity andtransporicharacteristicef thetargetervironmentalme-
dia (soil, water air),

7 couplingof environmentalassessmentith socialandeconomicahpproacheto identify better
managemerptions,

8 theco-constructiorof evaluationmethodgmodels)betweerenvironmentalistandmanagers.

| alsohadthe opportunityto presenthe early conclusionsf thatworking groupata conferencerga-
nizedby the PEER(Partnershipfor EuropearEnvironmentalResearchjnitiative on the useof ervi-
ronmentalindicatorsfor sustainablaevelopment(56). The lecturesandworking sessiongon rmed
mostof the above issuesasparticularlyrelevant, while emphasizinghe needto bettercommunicate
aboutervironmentalindicators.
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3.1.2 Short- and long-term prospects

In my pastwork | have alreadyaddressedomepoint of the above list, or at leastconsidered
themfor future work. Fromthe beginning, my focushasbeenon atmospheri@missiongpoint #1),
andwe arecurrentlyconsideringncludingthe depositionof ammoniaor ozonein the CERESmodel
togethemwith colleaguedrom my researchgroup.As part of the sameproject,a graduatestudentl
am currentlysupervisings linking CERESwith a meso-scalenodel of atmospherichemistryand
transportwhich will make it possibleto characterizeheimpactof NO emissiondrom arable elds
on the formationof tropospherimzone- the latter beingrelevantto point #6. | addressetbng-term
dynamicsregardingC andN turnover in soils (section2.3.2),andthe questionof uncertaintydueto
inter-annualclimatevariability in eld emissionsn the LCA of straw to enegy (section2.6.1).

Most of theseparticularpoints actually involve the re nement of existing, or the developmentof

nenv methodologyThey openroutesfor future researctasa directextensionof my pastwork, along
aline consistingin improving the accurag andscopeof biophysical modelsfor usein LCA. In the
short-termfor instance] planonimproving theammoniavolatilizationandNO emissiorroutinesof

CERES for which ner temporalandspatialresolutionsappeamecessaryrhis is currentlythe sub-
jectof agraduatestudentworking with me.l would alsolik e to make someprogressontheestimation
of parameter$or trace-gasemissionon broadspatialscales which hasprovedade nite limitation

in thesimulationof N2,O emissionsattheregionallevel (Figure2.13).

Agronomic scenarios
(crop rotations,
fertilization,
decision rules, ...

Environmental
balance model

Nitrate losses,

gaseous emis- Micro-econmic

"Typical' farm ! .
sions, crop yields [ HGEE!

Input costs,
market prices,
taxation,

incentives, etd

Profits,
social costs

Optimal
management

FiG. 3.1- Schematiof anintegratedapproactcouplingbiophysicalmodelswith economianodelsat
thefarmscale Agronomicscenariogre rst selectedisingarandomcroppingsystemgeneratoand
simplemodelsto evaluatetheir productvity andervironmentalperformanceslheresultingscenarios
aresimulatedwith a biophysical model,which outputsyield and ervironmentalimpactsdatato the
LP micro-economidarm model.The latter optimizesfarm managemen&andoutputsthe pro ts and
socialcostsassociateavith pollution abatement.

In thelong run, however, simplyre ning theLCA methodologywill notbesufcient to answersome
of the questiongaisedin thelist of section3.1.1.In particular for LCA to be of practicalusefor a
variety of end-user®r managersit shouldintegrateagronomicabndeconomicactriteria. Thisis the
purposeof lasttwo itemsin thelist, calling for alinkageof indicatorsof ervironmentalperformance
attheproductionsystemevel with agronomicahndeconomicabpproachesA schematiof how this
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joint approachmight be setup is givenin Figure (3.1). It shavs how the productionsystemcould
be optimizedat the farm level, taking into accounttechnicalconstraintsarising from farm manage-
mentandcroppingsystemsanalysis.In particular it makesit possibleto examinehow economicor
regulatoryincentvesmay be usedto reduceervironmentalpollutionsform productionsystemsSuch
linkagehasalreadybeenimplementedor dairy cattlefarmsin Denmark(Vatnetal., 1999),shaving
abatementostsfor reducingnitrateleachingto be quite high, whetherfor the farmeror for the go-
vernment.In collaborationwith colleaguedrom the Departmenbf Economicswe alsosetup such
a coupledsystem with the objective of evaluatingthe bene ts of variable-ratfertilizer application
techniquegTable3.1).

TaB. 3.1— Effect of NPK fertilizers andwheatgrain priceson the fertilizer andmoney savings (or
losses)ncurredby the useof variable-rateapplicationtechniquesThe systemsimulatedis a virtual
farmof 200hawith 100haof high-andlow-fertility soils,respectrely. Thenumbersn theTablecor
respondo the differencebetweenhe variable-ratescenaricandthe referencescenariowith uniform
applicationof fertilizers, obtainedby combininga crop modelwith a micro-economicP?-based
model(J.-C.Hautcolas]NRA Grignon,unpublished).

Fertilizerprice Grainprice Baseline +35%
Baseline Money sarings 479 851
Baseline FertilizerN savings 67kgN -33kgN
+50% Money savings 569 648
+50% FertilizerN savings 1033kgN 400kgN

3.1.3 Towards a system-baseapproach

Linking up with agronomicandeconomianodelsappear@asanindispensablstepto gain further
insightinto the workingsanddriversof the systemsat hand.It alsoimplies working at a higheror-
ganizationlevel - the farmingsystem the level at which decisionsare madeon the managemenof
individual elds within thefarm. Thus,the managementariablesthat| usedto considerasexternal
driversto thecultivated eld maybecomesndogenouto the systemThis higherlevel systemwould
ratherbe driven by the costsof agriculturalinputs,the market price of farm outputs,anda setof re-
gulatorymeasuresndincentives.This is particularlyrelesantfor livestockfarming,in which arable
cropsareonly partof a pictureaiming at supplyingcattlewith sufcient feed,andrecgycling animal
manure.ln thatkind of farming systemsthe managemenof arablecropsis thustightly connected
with livestockmanagementAnotherreasonfor wantingto work at the farm level is that for some
agriculturalpollutantswith relatively shortresidencdime in the ervironment,the nal impactswill
be stronglydependenof the biophysical ervironmentsurroundinghe source eld. In particulay the
managemendf the arablelandin thevicinity of this sourcewill play a majorrolein recapturinghe
compoundshathave beenreleasedThis is especiallytrue for ammoniaandgaseoudransportLou-
betetal.,2001),or pesticidegransportedia surfacerunoff or erosion.

Moving towardsthis moreintegratedapproacHeadsto multi-disciplinarywork with economistand
agronomistswith several challenges mostnotablythe ability to modelsomepracticeswhich are
currently not handledtoo well by models(tillage, P andK fertilization, andthe effect of pesticide
treatmentson crop growth and yields). Also, it implies to extend the boundariesof the simulated
system,to include the hydrological and atmosphericompartmentsn the vicinity of the elds, the
objective beingto simulatethe ux esof pollutantsin a'landscapectomprisingvarioussourcesand
sinks.This is actuallythe researclprojectof a colleaguein my group,with a particularfocuson N.

The developmentof suchmodelswill be very valuablein assessinghe actualimpactsof reactie
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pollutants,andl expectfruitful interactionswith this new researclarea.

3.1.4 Genericpushand chain-speci c pull

Theabove sectionsarequitegenerabindopenmary perspecties,whetherfrom the point of view
of biophysical modelling, interdisciplinarywork, or ervironmentalassessmennethodology Loo-
king at more concretevaysof researchinghesepossibilities thereseemdo be a 'generic' pushand
a'chain-speci c¢' pull. Until now, asl shavedin this dissertation] have alwaystakenthe particular
productionchainsl wasinvolvedin asasmary contets in whichto applythe genericmethodologyl
wasdeveloping.Thusbio-enegy, urbanwasterecycling or chemicalweedingwereonly applications
of this methodologyHowever, this approactsuffers limitationsin thatsomeof the aspectsonside-
red by variousstaleholdersasmostcritical to the chainwerebeyond the scopeof my methodology
For example,heary metalsand persistenbrganic pollutantsare the prime concernfor urbanwaste
regycling in agriculture(Hellebrautand Decaeel, 2004). The associatedateyoriesof impacts(eco-
toxicity andhumantoxicity) arealsothosefor which the LCA methodologyis the wealest,to date,
comparedo theimpactsresultingfrom the dynamicsof C andN. Also, as| underlinedearliet there
are positive effectsassociatedvith repeatedvasteapplicationthat cannot be readily translatedas

ux esof matterand enegy, and are thereforenot yet includedin LCAs. This doesnot meanthat
my work on C-N modellingandits contritution to currentLCAs is irrelevant - thereis alsoprogress
to be madeon global warming potentialsand otherimpactsmore classicalto LCA (Hellebrautand
Decaeel, 2004).However, it would be moresatishctoryif all theseimpactscould be addressednd
somehw balancedo provide a completeervironmentalpictureof urbanwasteregycling. The same
goesto someextentfor bio-enegy, which may requireadaptatiorto perennial dedicateccropslike
Miscanthuspr to investicatethe effect of massie cerealstrav removal on soil quality (Wilhemetal.,
2004).

Focusingon a particularchainwould thus meanseekingto improve the ervironmentalassessment
methodologyegardingtheabore-mentionedimitations,andpotentiallyresortingto otherassessment
methoddor morequalitatve impacts Althoughtheresultingwork would have somegenericvalue the
directionstakenwould be essentiallychain-speci c.Corversely the alternatve optionwould consist
in re ning my currentmethodologicaframevork, with a similar rangeof applicationsasnow, and
thereforefocusingon the samemodelpollutants(N compoundsndpesticides).

3.2 Futureprojects

Amid the rangeof directionsproposedabove for my future research| alreadystartedworking
on some: the linkage with economicmodels,better characterizatiorof reactve N compoundsat
the regional scale,improvementof emissionmodelsat the eld-scale for ammoniaand pesticide
volatilization. They areall partof alreadyfundedresearciprojects which aredescribedelon. Some
areyet unresoled, lik e the spatialestimationof microbiologicalparametergor trace-gisemissions
from soils.

In this section,ratherthangiving out a detailedresearctplanfor the 5 yearsto come,l will present
emeping projectswhich areeitheron the genericor the chain-speci csides andsetsomeguidelines
to easehetensionbetweerthetwo sidesof the question.

3.2.1 Expandingon N cycling with Nitr o-Europe

NitroEuropeis a recentlyfundedEU integratedprojectthat hasbeendevelopedto “addressthe
prime issuesof EuropearN budgetsin relationto C cycling andgreenhousgasexchangewhile at
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the sametime beingawareof theinteractionswith otherervironmentalissuesA key pointof integra-
tion is the recognitionthat climate changepolicy requiresintegratedassessmerdf Net Greenhouse
gas Exchange(NGE) ratherthanjust CO». This is vital for future stratgy development,sinceap-
proacheshatmaximiseCO, uptale maynot optimizeNGE. Apartfrom theolviouslinks betweerN
andC cycles,thereis arequiremento assesgverall ecosystenN budgetssinceotherN lossesg.g.
NH3 emissionsandleachingof nitrate,areconsideredsindirectsourceof N,O emissionsinderthe
IPCCmethodology(IPCC,1996)".

AlthoughNEU focuseson greenhousegasesijts conceptdravs on the notionsof life cycle andinte-
gratedimpactassessmenNEU hasseveral componentsnvolving experimentalandmodellingwork
atvariousscalegplot-scaleJandscapeandpan-European).will beessentiallyinvolvedin plot-scale
modellingof gaseousN emissiondrom arable elds, with varioustasks: sensitvity anduncertainty
analysis,model developmentand improvement, multi-local test on a network of monitoring sites
throughoutEurope andscenaricanalysis.The projectthusprovidesa strongbasisto addresshe me-
thodologicalssuesnvolvedwith modellingpresentedh chaptei2, from thepointof view of trace-@s
emissionslt alsogivesanopportunityto link with larger spatialscalesat landscapdevel, andthus
furtherthe analysisof theimpactof N lossedrom a givenarable eld. The projectshouldthusresult
in improved genericmodelling capacityin an areawhich is critical for the the chainsl have been
looking at.

3.2.2 Linking up with agronomy and economicswith Praiterr e

In cattle farming systemsgrasslandandforagecropsprovide key ecosystenserviceswhether
in maintainingsoil quality, regulatingthe N cycle andwaterquality, sequesteringarbonin soils or
safguardingthe biodiversity of soil habitats plants,insectsor otherorganisms Grasslandslsohave
indirect effects on the ervironmentvia their interactionsover spaceandtime with arablecropland.
However, thereis along-standingendeng in Francefor grasslando be corvertedto arable together
with asimpli cation of croprotations.Thedecouplingof CAP subsidiesnay provide anopportunity
to counterthis trend by striking a betterbalancebetweencerealproductionand cattlefarmingin a
giventerritory. Suchis the objective of PRAITERRE ,aprojectcoordinatedy Gilles Lemaire(INRA
Lusignan),andcurrentlyin thestartingblocks.

Theprojectdeplgys amulti-disciplinaryapproackcombiningagri-ervironmentalengineeringsocio-
economicanalysisof productionsystemsandextensionactvities to promotecattlefarmingsystems
relying mostlyon grasslandndlocally-grovn foragecrops.(Figure3.2). Theprojectthusproposeso

developthesystemicapproacH adwcatedearlieron, on arangeof integrationscales croppingsys-
tems,cattle productionsystemsandagriculturalregion. Eachsystemwill be investigatedat its own

organizationlevel, but they will ultimatelybe connectedhroughaspatially-eplicit approachThatis

to say croppingsystemswill for instancebe nestednto animalproductionsystemsywhosemanage-
mentwill determinethe needdor foragesandgrasslandn farmland. On a higherlevel, farmsmay

interactwithin abroademgeographicatone Lastly, theorganizationof ' lieres’ andpossiblenichesat

theregionallevel will determinghetrajectoriesof individualfarmsor groupsof farms,andultimately

the spatialpatternsof land use.A pilot region wasselectedhatincludesnaturalecosystemgNatura
2000zones)to determinenow agriculturallandusearoundthesezonesmayin uence thepopulations
of birdsandotherspeciesThisregionallevel is indeednecessaryo tacklesuchecologicalissues.

This projectcombiningsystemicapproachest variousorganizationlevels, and disciplinessuchas

agronomy economicsandbiogeochemistryis thusemblematicof the genericdevelopmentd ervi-
sionedin the previoussection.
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FiG. 3.2—Theresearch innovationloopin the PRAITERREproject(G. Lemaire,pers.comm.)

3.2.3 Finalizing Life Cycle Assessmentvith BioEnergy

BioEnepgy is an EU-fundednetwork of excellence(NoE) setup in 2003, with the purposeof
supportingincreasediseof bioenegy throughtechnologydevelopmentandimplementationpolicy
actionsand market stratgjies. The RTD programmeof the NoE “coversall processes;omponents
andmethodsnecessaryor establishingsuccessfubioenegy chainsto produceheat,electricity and
biofuelsfor the enegy endusemarlket ;. Plantingand hanestingof biomass solid fuels from agri-
culturalandforestryresiduesandorganicwastecomponentscomhuistion,gasi cation andsynthesis,
pyrolysis,anaerobiaigestionandfermentatiorof biomasseedstock; productionof liquid biofuels
and hydrogen heatand power productionplants; analysesf socio-economicpolicy, market and
environmentalissuesncludinggreenhousgasbalances.

The network has8 core partnersanda thematicstructurein work-packagegFigure 3.3). 1 contri-

bute to the work-packageon environmentalassessmentyhich is mostly methodologicabndbased
onLCA, andto thaton agrobiomass;oordinatedy GhislainGossg(INRA). After amappingof the
competenceandactiities of the variouspartnersthe NoE reportedon the barriersto the develop-
mentof bioenegy for thevariouschainsconsideredCurrently the partnersaaredesigningcase-studies
in which thesebarrierswill betackledthroughparticularactvities of researclanddevelopment.The
objective is to go beyond 'paper studies'until a pilot implementatiorshavcasinga particulararea
of bioenegy. Economicpartnersarethusbeinginvolved, suchasfamers'cooperaties, SMEs, and
local authoritiesIn France the case-studgonsideredvould bein line with the cerealstrawv studyof
section2.6.1,andsupportedy the FrenchNationalBioenegy Programme.
Theinterestf this NoE arethustwofold for me: i/ onthe methodologicalgenericside, it provides
anopportunityto collaboratewith Europeargroupson LCA in agriculture ii/ ontheapplicationside,
it may be expectedto shov how this methodologymay contritute to the practicaldevelopmentof
bioenegy in a givenregionalcontet, in particularto optimizeits ervironmentalbene ts.
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FiG. 3.3— Structureof partnershipn the BioEnegy NoE

3.3 Epilogue - Challengesahead

My future projectsinvolve both somecontinuity andsomemoreabruptchangesn my research,
alongtwo majorlines: developingbiophysically-basedkrnvironmentalassessmemhethodsor agro-
ecosystemson the one hand,and fosteringtheir applicationto agriculturalactiities in areaslike
bioenegy or chemicalplant protection.Ultimately, the rst challengewill consistof balancingthe
two sidesof this questionsoasto comeup with a soundmethodologyassociateavith relevantappli-
cationto meetthe need=f the end-usersinddecision-makrs.Sincethe secondine hasa potentially
muchbroaderscopethanthe rst, thenext challengewill beto teamup with otherresearctgroupsto
tacklethe ervironmentalissueshatemepge ascrucialin the assessmenEor instancetheregycling
of urbanwasteraisesthe questionof heary metalsandPOPswhich have to be addresseavithin the
evaluation.In thisareal alreadystartedsomecooperatiorwith achemistrygroupfrom the University
of Toulouse Broadeninghe scopeof the assessmemhay alsomeanusingothermethodshanLCA
to complementts outcomewith otheraspect®of the problemat hand.

Lastly, if the ultimateobjectie is to usethe ervironmentalassessmend make recommendationsn

alarge-scalethenotheraspectsnaycomein : the overall economicsf the proposedhangessocial

acceptability the willingnessof the varioussocio-economigartnersinvolved to changetheir prac-

tices,...This meanghat my actiities shouldbe integratedwithin a wider, interdisciplinaryresearch
programmewhile beingakey driverin it. Suchis actuallythegoalof the'non-fooduseof agricultural

produce’'programmehatis beingsetup by INRA, in coordinatiorwith variousR&D partnersToge-

therwith GhislainGosse] intendto coordinatethis programmen the nearfuture,whichis probably
the mostchallengingtaskamongthe work ahead albeitso tting with an'habilitation' to supervise
research
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