
UNIVERSITEPIERREET MARIE CURIE

Paris6

Habilitationàdirigerdesrecherches

L'évaluationenvironnementaledesagrosystèmes: uneapproche
intégréepourgérerlesrisquesagri-environnementaux.

Environmentalassessmentof agro-ecosystems.An integrated
approachto manageagri-environmentalrisks.

MémoireprésentéparBenoîtGABRIELLE,

ChargédeRechercheINRA

Soutenule 20Janvier 2006,devantun jury composéde:

Luc ABBADIE, Professeurà l'UPMC Examinateur
Alain CAPILLON, Professeurà l'ENSAM Examinateur
AndréMARIOTTI, Professeurà l'UPMC età l'IUF Président
SylvieRECOUS,DirectricedeRecherchesà l'INRA Rapporteure
PeteSMITH, Professeurà l'Uni versitéd'Aberdeen Rapporteur



Résumé

Les'révolutionsvertes'des50dernièresannéesontpermisà l'agriculturederépondreàunedemande
croissanteenproduitsagricoles,grâceauxprogrèsgénétiqueset à l'apport généraliséd'intrantsper-
mettantdeleverdescontraintesà la croissancedescultures.Cespratiquesn'ont toutefoispasétésans
conséquencespour lesécosystèmes,mettantendangerleur capacitéà fournir leursservicesactuels:
productiondenourritureetd'énergie,puri�cation del'eau,régulationduclimat,etc...L'agriculturese
trouveainsifaceàundilemme: peut-onconcilierla satisfactiondebesoinsenconstanteaugmentation
avecla préservationdel'environnement?

Mesrecherchess'inscriventdanscetteproblématique,et sontcentréessur l'évaluationdessystèmes
degrandescultures,avecuneapprocheintégréesousformedebilanenvironnemental.Le bilanprend
encomptedefaçonsimultanéeles impactsdespratiquesculturalessur lesmilieux sol, eau,et atmo-
sphère,pour un niveaude productiondonné,permettantainsi de minimiser les transfertsde pollu-
tion entrecompartiments.Les impactsenvisagésconcernentlesélémentscarboneet azote,ainsique
les pesticides,à la fois pour les échangesgazeux,la rétentiondansles solset le rejet versles eaux
souterraines.La quanti�cation despertesenvironnementalesreposesurunemodélisationdescycles
bio-géochimiquesdanslessystèmessol-plante.

Le développementde modèlesintégrésde simulationdesprocessusd'émissionde polluants,avec
unaccentparticuliersurleséchangesgazeux,aconstituéla majeurepartiedemonactivité,etdansses
différentesfacettes: intégrationdeprocessus,testsur jeux dedonnéesexpérimentales,extrapolation
dansle tempset dansl'espace,et en�n applicationaudiagnosticenvironnementaldansdescontextes
�nalisés. Cesderniersont impliqué desdomainescommeles bio-énergies, le recyclagede déchets
urbainsenagriculture,ou l'introduction deculturestolérantesauxherbicidesà largespectre.

La conclusiondecesanalysesestquelesmargesdemanoeuvresont: i/ relativementfaiblessi l'on
raisonnelespratiquesdefaçonincrémentaledansle paradigmeactuel,relativementintensif,ou ii/ in-
téressantesmaisuniquementsurcertainsenjeux(eg, effet deserrepourbio-énergie), lesautresenjeux
étantplusdif�ciles àquanti�er cartributairesdescontexteslocaux.Mesrecherchesfuturesvontdonc
portersur uneapprocheplussystémiquedesproductionsou fonctionsévaluées,intégrantdesdisci-
plinescommela micro-économieou l'agronomie,et sedéroulantdansun territoire décrit de façon
explicite.



Abstract

In thelast50 years,thegreenrevolution madeit possibleto meetgrowing needsfor agriculturalpro-
duce,thanksto theadvancesof geneticsandto anincreasedrelianceonagriculturalinputs.However,
this cameat thecostof unprecedentedchangesto ecosystemsworldwide,jeopardizingtheir capacity
to supply their currentservicesin the future, whetherregardingfood, �bre andenergy production,
freshwatersupplyor climateregulations.Agricultureis thusfacingaquandary: is it possibleto meet
thegrowing needsfor its producewhile preservingtheenvironment?

Within this generalproblematic,my researchhasfocusedon the environmentalbalanceof arable
crops.The balancetakes into accountthe impactsof managementpracticeson the soil, waterand
atmosphericcompartmentsassociatedwith a given level of biomassproduction,therebymaking it
possibleto minimize trade-offs betweenenvironmentalissues.The impactsconsideredinvolve the
cyclesof water, carbonandnitrogen,aswell asthefateof pesticidesafter�eld application.Environ-
mentallossesareestimatedbasedon biogeochemicalmodels,with particularemphasison gaseous
emissions.Most of my pastwork involved suchkind of modelling,in its variousaspects: process
integration,testagainstexperimentaldatasets,extrapolationover time andspace,andapplicationto
environmentalassessmentin variouspracticalcontexts. The latter encompassedbio-energy chains,
recycling of urbanwastein agriculture,or theintroductionof herbicide-tolerantgenotypes.

The conclusionof theseapplicationsis that the margins for progressare either relatively limited
whenlooking at the effectsof managementpracticeson a one-at-a-timebasis,or potentially larger
but restrictedto a smallnumberof impactcategories.In thelattercase,in addition,theotherimpacts
aremoredif�cult to assessbecausethey arehighly dependentonlocalecosystemcontext. As aconse-
quence,my future researchpurportsto shift to a moresystemicvision of agriculturalproduction,in
strongconnectionwith agronomicalandsocio-economicapproaches,andbasedonaspatially-explicit
descriptionof theproductionterritory.



Tabledesmatières

1 Le candidat 2
1.1 CurriculumVitaeétendu . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.1.1 Activitésderecherche . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.1.2 Activitésd'enseignement. . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.1.3 Encadrementd'étudiants . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.1.4 Animationetgestiondela recherche. . . . . . . . . . . . . . . . . . . . . . 4
1.1.5 Expertise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2 Listedespublications. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 Synthèsedestravaux / Summary of past research 14
2.1 Background,objectivesandmethodology . . . . . . . . . . . . . . . . . . . . . . . 14
2.2 Whichmethodologyfor environmentalassessment? . . . . . . . . . . . . . . . . . . 17

2.2.1 Currentmethods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2.2 Researchissueswith �ux-basedmethods . . . . . . . . . . . . . . . . . . . 18

2.3 Building new modelsor building onold ones? . . . . . . . . . . . . . . . . . . . . . 19
2.3.1 Backgroundandapproachto modeldevelopment . . . . . . . . . . . . . . . 19
2.3.2 Comparisonof modellingapproaches. . . . . . . . . . . . . . . . . . . . . 20
2.3.3 Improvementof modelcomponent. . . . . . . . . . . . . . . . . . . . . . . 23
2.3.4 Developmentof new modelcomponent . . . . . . . . . . . . . . . . . . . . 25

2.4 Frommodelto experiments,theperpetualswing . . . . . . . . . . . . . . . . . . . . 26
2.5 Modelextrapolationover timeandspace. . . . . . . . . . . . . . . . . . . . . . . . 30
2.6 Applicationto life cycleassessment. . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.6.1 Straw for energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.6.2 Urbanwasterecycling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
2.6.3 Bene�ts of usinggenetically-modi�ed,herbicide-tolerantcrops . . . . . . . 42

2.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3 Projet / Futur e research 46
3.1 Generalbackground. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.1.1 Emerging issuesin environmentalassessment. . . . . . . . . . . . . . . . . 46
3.1.2 Short-andlong-termprospects. . . . . . . . . . . . . . . . . . . . . . . . . 47
3.1.3 Towardsasystem-basedapproach. . . . . . . . . . . . . . . . . . . . . . . 48
3.1.4 Genericpushandchain-speci�cpull . . . . . . . . . . . . . . . . . . . . . . 49

3.2 Futureprojects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.2.1 ExpandingonN cycling with Nitro-Europe . . . . . . . . . . . . . . . . . . 49
3.2.2 Linking upwith agronomyandeconomicswith Praiterre . . . . . . . . . . . 50
3.2.3 FinalizingLife CycleAssessmentwith BioEnergy . . . . . . . . . . . . . . 51

3.3 Epilogue- Challengesahead . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

0



4 Referencelist 53

5 Publicationschoisies/ Selectedpublications 59

1



Chapitr e 1

Le candidat

2



1.1 Curriculum Vitae étendu

1.1.1 Activitésde recherche

Elles sontdétailléesdansle chapitre2 de ce mémoire.Le paragrapheci-dessousles résumeet
situela thématiquegénérale.
Depuismon travail de thèse,mesthèmesde rechercheont portésur l'évaluationenvironnementale
dessystèmesde grandescultures,avec commeobjectif l'identi�cation de modesde gestionplus
respectueuxde l'environnement.L'originalité de l'évaluation,conduitesousforme d'un bilan en-
vironnemental,résidedansunepriseencomptesimultanéedesimpactsdespratiquessurlesmilieux
sol, eau,et atmosphère.Cettedémarchepermetde minimiser les risquesde transfertsde pollution
entrecompartiments.Les impactsenvisagésconcernentles élémentscarboneet azote,ainsi queles
pesticides,à la fois pourleséchangesgazeux,la rétentiondanslessolset le rejetversleseauxsouter-
raines.La quanti�cation despertesenvironnementalesreposepourunemajeurepartiesurun travail
de modélisationdescyclesbio-géochimiquesdansles systèmessol-plante,et, en parallèle,sur des
expérimentationsauchamppourtesterlesmodèles.Cesderniersvisantàappréhenderlesrisquesliés
auxaléasclimatiques,ils sontdenaturedynamiqueet baséssurunedescriptionexplicite desproces-
susenjeu.

Mes activités de recherchesont structuréesen trois grandsvolets : le développementde modèles
intégrésde simulationdesprocessusd'émissionde polluants,à l'échelle du champcultivé, avec un
accentparticuliersurleséchangesgazeux.l'utilisation et la miseàdispositiondecesmodèlescomme
outils dediagnosticenvironnementaldansdescontextes�nalisés. la spatialisationdesmodèlespour
obtenirdesinventairesou cadastresd'émissionssur un territoire plus large,ou régionaliserdesre-
commandationsissuesdudiagnostic.

1.1.2 Activitésd'enseignement

Ma charged'enseignementtendàs'accroîtrerégulièrement,comportantà la fois desinterventions
ponctuelleset l'organisationdemodulesd'enseignement,auniveauMaster. Lescoursen'f ace-à-face'
représententactuellementunequarantained'heuresannuelles,répartiesentredesex-DEA (Ecologie
- ParisXI etBiosphèrecontinentale- ParisVI), Master1èreannée(Géo-Sciences- Marne-la-Vallée),
les MasterEuropéensRenewable Energy (Ecole desMines de Paris) et CEWB (Ecole desMines
d'Albi), et l'IN A P-G dansdesUnités de Valeur de 2èmeet 3èmeannée.Les thèmesde l'ensei-
gnementconcernentl'évaluationenvironnementaleintégréedessystèmesagricoles,la modélisation
bio-physique,et la biomasseénergie,sousla formedecoursmagistrauxoudeTD.

Jesuisresponsableou co-responsablede trois modulesparmi les enseignementscités : Traitement
desodeurset desfumées(MasterParisTechGestionet TraitementdesEaux,Solset Déchets- 30h),
bilanenvironnementaldesproduitsphytosanitaires(DAA AGER,INA P-G- 18h),etPhysico-chimie
del'environnement(MasterGéo-sciences,UniversitédeMarne-la-Vallée- 30h).

En�n j'assistele responsabledu MasterProfessionnelParisTech Gestionet TraitementdesEaux,
SolsetDéchets,pilotéparl'IN A P-G.J'ai égalementparticipéà l'organisationdel'Ecole-Chercheurs
duDépartementINRA Environnement& Agronomie: «pourunemeilleureutilisationdesmodèlesde
culture»(automne2002).

1.1.3 Encadrementd'étudiants

Le Tableau1.1 récapitulelesformationset nomsdesétudiantsdont j'ai encadréle travail, du ni-
veaubacà DEA ou Master. Concernantle niveaudoctorat,j'ai encadréavecEnriqueBarriuso(dans
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l'équipe “Sol” demonUMR) le travail dethèsedeLaureMamy, soutenule 1erOctobre2004.J'en-
cadreactuellementle travail de thèsede Marie-NoëlleRolland,avec PierreCellier, MatthiasBee-
ckmann(Laboratoired'Aérologie, CNRS/UniversitéParis 6), et Patricia Laville. Jesuisen�n 'co-
encadreurà l'étranger' pourle doctoratdeWaffa Rezzoug,à l'Uni versitédeTiaretenAlgérie.

J'ai égalementcontribuédefaçonplusinformelleà l'encadrementdequelquesthésard(e)s:
– BrunoLeviel, thésarddansl'unité Bioclimatologie(j'ai étésonencadrantprincipalpour l'ob-

tentiondesonDiplômedeRechercheUniversitaire-unesortedepré-thèse- à l'INP Toulouse);
thèsesoutenueen1999.

– PedroAngas,thésardà l'ETSIA, Lleida (Espagne),qui a effectuéun séjourde 3 mois à Gri-
gnon; thèsesoutenueen2001.

– DanielaMantineo,thésardeà l'Uni versitédeCatane(Italie), qui a effectuéplusieursséjoursà
Grignon; thèsesoutenueen2003.

– JérômeCortinovis, thésardau laboratoired'aérologie(Toulouse),pour un séjourde 2 mois à
Grignon; thèsesoutenueen2004.

– CarolineSablayrolles,thésardeà l'ENSIACET(Toulouse); thèsesoutenueen2004.
En�n j'ai fait ou faisactuellementpartiededeuxcomitésdepilotagedethèse(MacaireEdzangongo,
INRA Grignon,etLuc Sorel,INRA Rennes).

TAB. 1.1– Récapitulatifdesétudiantsencadrés(niveaubacà DEA).

Diplômepréparé Période Intitulé dela formation/ Nomdel'étudiant(e)
Etablissement

Bactechniqueagricole Un mois Lycéeagricole(78) MathieuBazot
Bactechniqueagricole Un mois Lycéeagricole(78) JulienVaroquaux
Maîtrisedebiologie Un mois UniversitéParis6 MaggyBardoux
Ingénieuragronome 9 mois ISARA, Lyon JeanneDa-Silveira
Ingénieuragronome 8 mois ESAAngers SimonLehuger
Ingénieur 6 mois EcoledesMinesdeParis MatthieuDelattre
Ingénieur 6 mois EcoledesMinesdeParis Kristel Hermel
Ingénieur 6 mois EcolePolytechniqueFédérale StéphaniePérez

deLausanne
DESSBio-Informatique 6 mois UniversitéPaulSabatier GhislaineSoumayet1

Toulouse
DEA PhysiqueetChimie 6 mois ENSEEIHT- INP Toulouse BrunoLeviel
del'Environnement
DEA deBiomathématiques 6 mois UniversitéParis6 SamiraBouzouina1

DEA d'Ecologie 6 mois UniversitéParis11 EmmanuellePersoneni
DEA BiosphèreContinentale 6 mois UniversitéParis6 JoséBoronat2

1 : co-encadrant: J.F. Martiné,CIRAD.
2 : co-encadrante: C. Bedos,INRA.

1.1.4 Animation et gestionde la recherche

Animation scienti�que Jeparticipedepuis1999auréseauduDépartementEnvironnement& Agro-
nomie(EA) animéparD. Wallachsurla modélisationdu fonctionnementdescultures.Cegroupede
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ré�exion a débouchésur desséminairesméthodologiqueset l'organisationd'une Ecole-Chercheurs
en Octobre2002,danslaquelleje me suispleinementimpliqué.Avec uneautremembredu groupe
(N. Brisson),nousavonsaussipris en charge l'organisationen Juillet 2004de la sessionconsacré
à la modélisationdessystèmesde culturesau coursdu Congrèsplénierde l'EuropeanSocietyfor
Agronomy. Actuellement,ceréseaumodélisationestreconduitsousformed'un projetdeplate-forme
INRA pourlesmodèlesdeculture,dontje faispartieducomitédepilotage.

Aprèsla restructurationdesUnitésdu DépartementEA sur Grignon,qui a conduità la créationde
l'UMR Environnementet grandescultures(EGC),j'ai pris enchargeavecPierreBenoit l'animation
duprojettransversalMAEVA ("Evaluationetmaîtrisedesrisquesagri-environnementaux").Le projet
n'a pasaboutidanssatotalité (certainementtrop ambitieuse!), maisa permisdedémarrerla théma-
tique sur le bilan environnementaldesherbicideset le travail de thèsede L. Mamy. Au niveaude
mon équipescienti�que (comprenantunevingtainede permanents),j'ai fait partiedu collègede 3
chercheursqui a assuméla directiond'équipepériode�n 2002- début 2004.Depuisun an j'anime
un grouped'ingénieurset techniciensen charge desdifférentesstationsmétéorologiquesgéréespar
l'Unité, dontle parcmétéoqui fait partieduréseauINRA AgroClim d'observationsmétéorologiques.
J'ai été ou suis encoremembrede divers ConseilsScienti�ques(UMR Environnementet grandes
cultures,DépartementAGERdel'IN A P-G,DépartementEnvironnement&Agronomiedel'INRA, et
INRA), etdeGestion(CentreINRA Versailles-Grignon).

Montage de projets J'ai étéou suisactuellementpartenairedansun certainnombredeprojetsau
niveaunational(unedizainedepuis1998),ou Européen.Jefaispartiedu réseaud'excellence'BioE-
nergy' du 6èmeprogrammecadre,pour lequelje coordonnele 'Work Package'AgroBiomass,et du
projet intégréNitroEurope,qui vient dedémarrer. J'assureactuellementla coordinationdedeuxpro-
jets �nancéspar le consortiumAgrice et par l'INSU / CNRSsur le bilan environnementaldesappli-
cationsd'herbicidesdansun contexte d'introductiondeculturesgénétiquementmodi�éesrésistantes
à desherbicidesà largespectre.

Evaluation J'expertisedeux à trois articlespar an pour desrevues internationales(Agronomie,
AgronomyJournal,AustralianJournalof Agronomy, EnvironmentInternational,EuropeanJournal
of Agronomy, Journalof EnvironmentalManagement,Journalof EnvironmentalModellingandSoft-
ware,Journalof EnvironmentalQuality, PlantandSoil, Soil ScienceSocietyof AmericaJournal).
J'ai égalementexpertisédesprojetspour le DépartementINRA EA (projetsinnovants,en 2003et
2004), le Fondsde Recherchesur la Natureet les Technologiesdu Québec(2004), le Binational
Agricultural ResearchandDevelopmentFund(Israël/ USA - 2004),et la Fondationpour la Science
et la TechnologieduPortugal (2005).
J'ai en�n participéà un jury deconcoursCR1en2004,et fait partiede la commissiond'évaluation
du laboratoireINRA demicrobiologiedessolsdeDijon en2005.

1.1.5 Expertise

J'ai participéà un groupede travail ADEME-ACTA, puis à l'expertisecollective INRA sur les
potentialitésdestockagedecarbonedessolsagricolesenFrance(31).J'ai étémembredugroupede
travail 'Indicateurs' du CORPEN(Comitéd'Orientationpour desPratiquesagricolesrespectueuses
del'Environnement),auMinistèredel'Environnement.J'ai coordonnéavecPascalMallard (CEMA-
GREF, Rennes)uneétudecommanditéeparl'ADEME surlesimpactsenvironnementauxdela gestion
biologiquedesdéchets(79).L'objectif étaitdefaireunbilandesconnaissancesdisponibles,etdeleur
insertionpossibledansunedémarchedetype'analysedecycledevie'. Lesrésultatssontactuellement
reprisdansdesbasesdedonnéesutiliséesauniveauinternational,commeEcoInvent.
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En�n je consacreunepartiedemontravail autransfertdesmodèlesetméthodesd'évaluationenviron-
nementale,quecesoitversdespartenairesscienti�quesoutechniques(INRA, CIRAD, CEMAGREF,
CETIOM, Arvalis,ENSIACET),ou desétudiants.Le transfertpassepar la conceptionet miseà dis-
positiond'outils desimulationet de leursinterfaces,pourrendreleur utilisationaccessibleauxgens
qui ne sontpasspécialistesde la modélisation.Une démonstrationdu modèleCERES-Maïsa ainsi
étémiseenplacesurInternet(www-egc.grignon.inra.fr/ceres_mais/tpCeres.html).

1.2 Liste despublications

Lesnomsdesétudiantsquej'ai encadréssontindiquésenitalique.

Publicationsscienti�ques

Articles dansrevuesà comitéde lecture / Peer-reviewedarticles

[1] B. Gabrielle, S.Menasseri,andS.Houot.Analysisand�eld-evaluationof theCERESmodels'
waterbalancecomponent.SoilSci.Soc.Am.J. 59 :1402-1411, 1995.

[2] B. Gabrielle andL. Kengni. Analysisand�eld-evaluationof theCERESmodels'soil compo-
nents: Nitrogentransferandtransformation.SoilSci.Soc.Am.J. 60 :142-149, 1996.

[3] B. Gabrielle, P. Denoroy, G.Gosse,E.Justes,andM. N. Andersen.Developmentandevaluation
of aCERES-typemodelfor winteroilseedrape.Field CropsRes.57 : 95–111, 1998.

[4] B. Gabrielle, P. Denoroy, G. Gosse,E. Justes,and M. N. Andersen. A model of leaf area
developmentandsenescencefor winteroilseedrape.Field CropsRes.57 : 209–222, 1998.

[5] B. Leviel, B. Gabrielle, E. Justes,B. Mary, and G. Gosse. Water and nitrate budgetsin a
rapeseedcroppedrendizinasoil receiving differentamountsof fertiliser. Eur. J. Soil Sci.49 :
37–51, 1998.

[6] B. Gabrielle andS.Bories.Theoreticalappraisalof �eld-capacitybasedin�ltration modeland
their scaleparameters.TransportPorousMed.35 : 129–147, 1999.

[7] G. Gosse,P. Cellier, P. Denoroy, B. Gabrielle, P. Laville, B. Leviel, B. Nicolardot,E. Justes,
B. Mary, S. Recous,J.C. Germon,C. Hénault,and P.K. Leech. Water, carbonand nitrogen
cycling in arendzinasoil croppedwith winteroilseedrape: theChâlonsOilseedRapeDatabase.
Agronomie19 : 119-124, 1999.

[8] E.Justes,P. Denoroy, B. Gabrielle, andG.Gosse.Effectof cropnitrogenstatusandtemperature
on theradiationuseef�ciency of winteroilseedrape.Eur. J. Agron.13 : 165-177, 1999.

[9] B. Gabrielle, F. Agostini,andM. Donatelli. Limits to theaccuracy of thewatercomponentof
adecision-support-orientedagronomicmodel. Italian J. Agron.3 : 87-99, 2000.

[10] B. Gabrielle, S. Recous,G.S.Tuck, N.J. Bradbury, andB. Nicolardot. Ability of the SUN-
DIAL modelto simulatetheshort-termdynamicsof 15N appliedto winter wheatandoilseed-
rape.J. Agric. Sci.(Camb)137: 157-168, 2001.

[11] C. Bedos,P. Cellier, R. Calvet,E. Barriuso,andB. Gabrielle. Masstransferof pesticidesinto
theatmosphereby volatilizationfrom soilsandplants: overview. Agronomie, 22 :21–33,2002.

[12] B. Gabrielle, B. Mary, R. Roche,P. Smith,andG. Gosse.Simulationof carbonandnitrogen
dynamicsin arablesoils: acomparisonof approaches.Eur. J. Agron.18 : 107-120, 2002.

[13] B. Gabrielle, R. Roche,P. Angas, C. Cantero-Martinez,L. Cosentino,M. Mantineo, M. Lan-
gensiepen,C. Hénault,P. Laville, B. Nicoullaud,andG. Gosse.A priori parameterisationof the
CERESsoil-cropmodelsandtestsagainstseveraleuropeandatasets.Agronomie22 : 119-132,
2002.
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[14] B. Gabrielle, J. Da-Silveira, S. Houot, and C. Francou. Simulatingurbanwastecompost
impactonC-N dynamicsusingabiochemicalindex. J. Envion.Qual.33 :2333-2342, 2004.

[15] C. Bedos,M. F. Rousseau-Djarbi,B. Gabrielle, D. Flura,B. Durand,E. Barriuso,andP. Cel-
lier. Measurementof tri�uralin volatilization in the �eld : relationto soil residueandeffect of
soil incorporation.EnvironmnenalPollution (accepted), 2005.

[16] B. Gabrielle, J. Da-Silveira, S. Houot,andJ. Michelin. Field-scalemodellingof C-N dyna-
micsin soilsamendedwith municipalwastecomposts.Agric. Ecosys.Environ., 110:289–299,
2005.

[17] B. Gabrielle, P. Laville, C. Hénault,B. Nicoullaud,andJ. C. Germon.Simulationof nitrous
oxide emissionsfrom wheat-croppedsoils 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 N2O emissionsusingNOE algorithmandsoil database.Global Change
Biol. 11 : 115-127, 2005.

[19] P. Laville, C. Hénault,B. Gabrielle, andD. Serça.Measurementandmodellingof no �ux es
onmaizeandwheatcropsduringtheirgrowing seasons: effectof cropmanagement.Nutr. Cycl.
Agroecoecos., 72 :159– 171,2005.

[20] L. Mamy, E. Barriuso,andB. Gabrielle. Environmentalfateof differentherbicides: tri�ura-
lin, metazachlor, metamitronandsulcotrione,comparedto thatof glyphosate,abroad-spectrum
herbicide,for differentglyphosate-resistantcrops.PestManag. Sci., 61 :905–916,2005.

Articles soumis/ In review

[21] B. Gabrielle andN. Gagnaire.Life-cycle assessmentof straw usein bio-ethanolproduction:
a case-studybasedon deterministicmodelling. submittedto Biomassand Bioenergy (25 Aug.
2005), 2005.

[22] B. Gabrielle, P. Laville, O. Duval, B. Nicoullaud,J. C. Germon,andC. Hénault. Process-
basedmodelingof nitrousoxideemissionsfrom wheat-croppedsoilsat thesub-regionalscale.in
preparation for GlobalBiogeochemicalCycles, 2005.

Articles dansrevuessanscomitéde lecture / Generalarticles

[23] B. Gabrielle. Mesureet modélisationdu bilan environnementaldu colza.Oléagineux,Corps
Gras,Lipides4 : 220–227, 1997.

[24] Z. Popova,B. Leviel, T. Mitova,B. Gabrielle, andM. Kercheva. Calibrationandvalidationof
CERESmodelof wheatecosystemlocatedin So�a region. J. BalkanEcology 3 : 53-61, 2000.

[25] Z. Popova, M. Kercheva, B. Leviel, andB. Gabrielle. CERESmodelapplicationto assess
nitrogenleachingin wheatecosystem.J. BalkanEcology3 : 62-67, 2000.

[26] Z. Popova,M. Kercheva,B. Gabrielle, andB. Leviel. Testof thebiologicalmoduleof Ceres-
Maizemodelin lysimetersonchromicluvisol. SoilSci.Agrochem.Ecol.36 : 105-110, 2001.

[27] B. Leviel, C. Crivineanu,andB. Gabrielle. CERES-Beet,a predictionmodelfor sugar beet
yield andenvironnementalimpact.Adv. SugarBeetRes.,5 : 143-152, 2003.

[28] J.C.Germon,C. Hénault,P. Cellier, D. Chèneby, O. Duva,B. Gabrielle, P. Laville, B. Nicoul-
laud,andL. Philippot. Lesémissionsdeprotoxyded'azote(N2O) d'origine agricole.evaluation
auniveaudu territoirefrançais.EtudeetGestiondesSols10 : 315-328, 2003.

7



Chapitr esd'ouvrages/ Book chapters

[29] G. Gosse,P. Cellier, P. Denoroy, B. Gabrielle, P. Laville, B. Leviel, B. Nicolardot,E. Justes,
B. Mary, S.Recous,J.C.Germon,andC. Hénault.Modélisationdubilanenvironnementald'une
culturede colza. In P. Maillard andR. Bonhomme,editors,Fonctionnementdespeuplements
végétauxsouscontraintesenvironnementales, pages117–134.Les colloquesde l'INRA no 93,
INRA Editions,Paris,2000.

[30] B. Gabrielle. Analysed'incertitudesdecomposantesstatiqueet dynamiqued'un modèlede
culture.In D. Wallach,editor, Pour unemeilleureutilisationdesmodèlesdeculture. Département
E&A, INRA (supportdecours),2002.

[31] B. Gabrielle. Rôle de la consommationd'intrants dansle bilan agricolede gaz à effet de
serre.In D. Arrouays,J.Balesdent,J.C.Germon,P.A. Joyet,J.F. Soussana,andP. Stengel,editors,
StockerducarbonedanslessolsagricolesdeFrance?, pages89–92.INRA ExpertiseScienti�que
Collective,2002.

[32] B. Gabrielle. Sensitivity anduncertaintyanalysisof astaticdenitri�cation model. In D. Wal-
lach,Makowski, andJ.W. Jones,editors,Workingwith cropmodels.Evaluating, analyzing, para-
meterizingandusingthem, pageA paraître.Elsevier, 2005.

[33] C. Hénault,P. Roger, P. Laville, andB. Gabrielle. La contribution dessolsauxémissiondes
gazà effet deserreCH4 et N2O. In M.C. Girard,C. Walter, J.-C.Rémy, J. Berthelin,andJ.-L.
Morel, editors,Solsetenvironnement.Cours etétudesdecas. SciencesSup,Dunod,Paris,2005.

[34] A. Jullien, R. Roche,M.H. Jeuffroy, B. Gabrielle, and P. Huet. Intérêtsde l'utilisation
conjointedesmodèlescereset azodynpour raisonnerla modulationde la fertilisation azotée.
In Guérif M., editor, Vers uneagriculture deprécision- Hétérogénéitéparcellaire et gestiondes
cultures. INRA Editions(in thepress),2005.

[35] R. RocheR., A. Jullien,B. Gabrielle, andP. Huet. Modulationazotée: gainspotentielset
aléas- utilisation du modèlecerespour analyseles conséquencesenvironnementalesde diffé-
rentesstratégiesdefertilisationazotéedansdesrotationscolza-blé.In GuérifM., editor, Versune
agriculturedeprécision- Hétérogénéitéparcellaireetgestiondescultures. INRA Editions(in the
press),2005.

[36] J.L. Dupouey, D. Arrouays,B. Gabrielle, G. Gosse,J.F. Soussana,andB. Seguin. Rôle de
l'agriculture et de la forêt dansl'ef fet de serre. In P. Colonna,editor, ChimieVerte. Collection
TechsetDoc,Lavoisier, 2006.

Analysed'ouvrages/ Book review

[37] B. Gabrielle. Handbookof processesandmodelingin thesoil-plantsystem: A bookreview.
Agricultural Systems82 : 195-196, 2004.

Conférences/ Conferenceproceedings

[38] B. Gabrielle, G. Gosse,andB. Leviel. Bilan environnementaldu colza: méthodologieexpé-
rimentaleetmodélisation.In ActesdesJournéesduProgrammeEnvironnement,Vie etSociétés,
15-17Janvier 1996, pages144–148,1996.

[39] B. Gabrielle, N. J. Bradbury, B. Nicolardot, H. Svendsen,J. U. Smith, S. Hansen,and
G. Gosse. Simulationof N dynamicsin a rapessed-croppedrendzinasoil with the CERES,
DAISY andSUNDIAL models. In O. vanCleemputet al., editor, Fertilization for sustainable
plantproductionandsoil fertility, Proc.11thInternat.World Fertilizer Congress,Gent,BL,7-13
Sept., pages88–95.CIEC,Braunschweig,1997.

8



[40] B. Gabrielle, G.Gosse,andB. Nicolardot.Différenteséchellesdetempsetdecomplexité dans
la modelingdesbilansenvironnementauxdescultures. In ActesdesJournéesdu Programme
Environnement,Vie etSociétés,5-7Novembre1997,Toulouse, pages89–95.CNRS,1997.

[41] B. Leviel, B. Gabrielle, E. Justes,B. Mary, B. Nicolardot,andG. Gosse.Someresultsand
modelingof waterandnitratebudgetsunderoilseedrapereceiving differentamountsof ferti-
lizer. In O. van Cleemputet al., editor, Fertilization for sustainableplant productionand soil
fertility, Proc.11thInternat.World Fertilizer Congress,Gent,7-13Sept., pages339–343.CIEC,
Braunschweig,1997.

[42] B. Gabrielle, E. Justes,andP. Denoroy. Modelling of temperatureandnitrogeneffectson
therootingdynamicsof winter oilseedrape.In ISSS,editor, Proc. InternationalSocietyof Soil
ScienceCongress,Aug. 1998,Montpellier, France, 1998.

[43] B. Gabrielle, R. Roche,andG. Gosse.CERES-Rape,amodelfor theproductionandenviron-
mentalimpactof rapeseed.In Proc.10thInternationalRapeseedCongress,Sept.99,Canberra,
Australia., 1999.

[44] B. Gabrielle, R.Roche,P. Angas, S.Cosentino,M. Mantineo, M. LangensiepenanC.Hénault,
P. Laville, B. Nicoullaud,and G. Gosse. Extrapolationof soil-crop modelsacrossEurope:
is modelstructurestill relevant comparedto parameterization? In M. Donatelli et al., editor,
Modellingcroppingsystems,Proc.ESACongress,June1999,Lleida,Spain, 1999.

[45] P. Angas, B. Gabrielle, andC. Cantero-Martinez.Crop growth andsoil waterandnitrogen
dynamics,asaffectedby tillageandfertilisernitrogenundersemi-aridconditions.Simulationby
CERES-Barley. In M. Donatellietal.,editor, Modellingcroppingsystems,Proc.ESACongress,
June1999,Lleida,Spain, pages133–134,1999.

[46] Z. Popova, B. Leviel, T. Mitova, B. Gabrielle, and M. Kercheva. CERES-WHEAT model
calibration/validationandusefor risk assessmentof impactsof fertilisersin Bulgaria. In Proc.
of the 51st IEC meetingof InternationalComissionon Irrigation and Drainage, Cape-Town,
October2000, pages139–153,2000.

[47] B. Gabrielle, B. Leviel, S. Pérez, G. Gosse,and R. Schläpfer. Using soil-crop modelsto
estimate�eld-related environmentalimpactsin the life-cycle-assessmentof bio-fuels. In Pro-
ceedingsSETAC '01 Conference, Lausanne, 2001.

[48] B. Gabrielle, P. Huet,J.M. Gilliot, P. Boissard,D. Boffety, andP. Zwaenepoel.Predictionof a
wheatcropyield mapby usingpost-anthesisradiometricaldata.In Applicationof remotesensing
to precisionagriculture, Third EuropeanConferenceon PrecisionAgriculture, volume1, pages
187–192,2001.

[49] B. Gabrielle, R. Roche,andG. Gosse.Simulationof carbonandnitrogendynamicsin arable
soils : a comparisonof approaches.In M. Donatelliet al., editor, Modellingcroppingsystems,
Proc.ESACongress,July 2001,Florence, Italy, pages23–24,2001.

[50] R. Roche,B. Gabrielle, A. Bouthier, andG. Gosse.Modellingof nitrateleachingin rapeseed-
wheatrotations.In M. Donatellietal.,editor, Modellingcroppingsystems,Proc.ESACongress,
July 2001,Florence, Italy, pages175–176,2001.

[51] C. Bedos,B. Gabrielle, M.F. Rousseau-Djabri,D. Flura,E. Barriuso,andP. Cellier. Pesticide
volatilization�ux esin relationto thebehaviour of thecompoundin thesoil. In A. A. M. Del Re,
E. Capri,L. Padovani, andM. Trevisan,editors,Pesticidein air, plant, soil and water system,
ProceedingsXIIth Symposiumon PesticideChemistry, Piacenza,June2003, pages99–106.La
Goliardica,Pavese,Italy, 2003.

[52] S. Houot,J. Da-Silveira, B. Gabrielle, S. Génermont,J. Michelin, J.-N.Rampon,andM. Le
Villio-Poitrenaud.N dynamicsin a long term�eld experimentafter3 yearsof compostapplica-

9



tion : variationwith compostorigin. In Organicrecoveryandbiological treatment,4th Confe-
renceof ORBITAssociationonBiological Processingof Organics: Advancesfor a Sustainable
Society, Adelaïde, May 2003, pages453–463,2003.

[53] A. Jullien,R. Roche,B. Gabrielle, M.H. Jeuffroy, andP. Huet. Which context makessite-
speci�c N managementbestvaluable? Effectsof climate,croprotations,spatialvariability, and
economicfactors. In Proceedings4th Eur. Conferenceon PrecisionAgriculture, June 2003,
Berlin, 2003.

[54] P. Laville, D. Serça,C. Hénault,B. Gabrielle, andM. Beeckmann.Comparisonof NO �ux es
on maizeandwheatcrop during their growing seasons: validationof a NO emissionmodel.
In D. J. Hatch,D. R. ChadwickandS. C. Jarvis,andJ. A. Roker, editors,Controlling nitrogen
�ows andlosses,Proc.12thN Workshop,Sept.2003,IGER,Exeter(UK). WageningenAcademic
Publ.,2003.

[55] C. Bedos,M. F. Rousseau-Djabri,D. Flura,B. Durand,B. Gabrielle, E. Barriuso,andP. Cel-
lier. Comparaisonde méthodesde prélèvementd'air pour la mesurede la volatilisation de
pesticidesauchamp: casde la tri�uraline. In Produitsphytosanitaires: concilier ef�cacité et
gestiondurable, 34èmeCongrèsdu GroupeFrançaisdesPesticides(GFP), Dijon (FRA),May
2004, 2004.

[56] B. Gabrielle, A. Capillon, N. Gagnaire,L. Guichard,A. Hubert,H. Leiser, G. Soulas,and
H. van der Werf. Environmentalassessmentof farmingsystems: review of currentmethodo-
logy andsuggestionsfor future developments. In Useof indicators for sustainability, PEER
Conference, Helsinki,Nov. 2004, 2004.

[57] B. Gabrielle,E.Personeni,S.Houot,J.Michelin,andD. Clergeot.Modellingtheimpactof ur-
banwastecompostapplicationonC andN dynamicsundergraincereals.In S.E.Jacobsen,C.R.
Jensen,andJ. R. Porter, editors,VIIIth ESACongress- Bookof Proceedings,, 11-15/07/2004,
Copenhagen(DNK), pages747–748.ESA,2004.(poster, résumé).

[58] E. Barriuso,M. Schiavon,M. Edzang-Ondo,V. Bergheaud,P. BenoitP, B. Gabrielle,C. Labat
C.a,andC. Perrin-Ganier. Approchecinetiquedela stabilisationdepesticidesdanslessolssous
formederesidusnonfacilementextractibles: ConsÉquencessurl ?accumulationet la libÉration
diffÉrÉedespesticidesstabilisÉs.In Nov. 2005ColloqueAvignon,editor, Pesticides: comment
réduire lesrisquesassociés?, Paris,2005.Ministèredel'Environnementet du Développement
Durable.

[59] C. Bedos,P. Cellier, andB. Gabrielle. Modélisationde la volatilisationdespesticides. In
Actesdu XXXVèmecongrèsdu GFP, Marne-la-Vallée, May 2005. GroupeFrançaisd'étudedes
Pesticides,2005.

[60] B. Gabrielle andG. Gosse.Intérêtset limites de l'analysedecycle devie enagriculture. In
Biomasseetenvironnement. ADEME Editions,2005.

[61] C. Hénault,P. Laville, B. Gabrielle, B. Nicoullaud,J. C. Germon,andP. Cellier. Interests
of introducingbiologicalparametersinto modelsof N2O emissionsby soils. In Proceedingsof
EGUgeneral assembly, April 2005, Vienna,2005.

[62] P. Laville, M. Beekmann,M. L. Palluis,B. Gabrielle, D. Serça,andC. Hénault.Soil NO in-
ventoryfrom largescalefarmingin france: impactonatmosphericNO2andO3concentrations.
In Proceedingsof EGUgeneral assembly, April 2005, Vienna,2005.

[63] S. Lehuger, B. Gabrielle, N. Gagnaire,P. Brunschwig,P. Carré,and A. Quinsac. Evalua-
tion environnementalede la substitution,en élevagebovin laitier, du tourteaude colzaproduit
localementau tourteaude sojaimporté. In Actesdesjournéesdu SIFEE,June2005, Angers,
2005.

10



[64] P. Mallard,B. Gabrielle, E. Vial, D. Rogeau,M. Vignoles,C. Sablayrolles,M. Carrère,S.Re-
nou,O.Muller, N. Pierre,andY. Coppin.Quanti�cationdesimpactsenvironnementauxassociés
au traitementbiologiqueet à l'utilisation agricoledesproduitsorganiques- bilan desconnais-
sances.In ActesdesjournéesduSIFEE,June2005, Angers,2005.

Documentsà vocationde transfert / Extension

Articles dansrevuesnon scienti�ques / Articles in generalliteratur e

[65] B. Gabrielle andP. Denoroy. Un modèlepourestimerles fuitesd'azotesousuneculturede
colza.Oléoscope26 :30-31, 1995.

[66] B. Gabrielle, P. Denoroy, and R. Reau. Dynamiquede l'azote dansune culture de colza,
modélisationdesécobilans.Oléagineux,CorpsGras,Lipides2 :8-10, 1995.

[67] B. Gabrielle andG. Gosse.Bilan environnementaldu colza: premiersrésultatsexpérimen-
taux. Oléagineux,CorpsGras,Lipides2 :443-444, 1995.

[68] B. Leviel, B. Gabrielle, andG. Gosse.Unebasededonnéesexperimentalessur internetpour
la modelingdesbilansenvironmentauxdescultures. Courrier de l'EnvironnementINRA 33 :
138-139, 1998.

Rapports écrits / Technicalreports

[69] B. Gabrielle, B. Leviel, andG. Gosse.Environmentalimpactof winter rapeseed.�nal report
EECContractAltenerno.4.1030/E/94-002-1,GET/INRA, 1996.

[70] G. Gosse,P. Cellier, P. Denoroy, B. Gabrielle, P. Laville, B. Leviel, B. Nicolardot,E. Justes,
B. Mary, S. Recous,J.C.Germon,C. Hénault,andR. Roche.Ecobilandu colza. rapport�nal
contratINRA-ADEME-CETIOM, 119pp.,INRA secteurEPA, Grignon,France,1997.

[71] C.Bedos,P. Cellier, E.Barriuso,D. Flura,M.F. Rousseau-Djabri,andB. Gabrielle. Caractéri-
sationdesémissionsversl'atmosphèredepesticidesaprèsapplicationsurdesculturesagricoles.
rapportintermédiairecontratademe,UMR INRA INAPG Environnementet GrandesCultures,
Grignon,France,2000.

[72] S. Cosentino,M. Mantineo,N. Dercas,M. Mastrolili, G. Gosse,B. Gabrielle, E. Tarantino,
G. Venturi,J.Fernandez,andJ.F.S.Oliviera. Environmentalstudiesonsweetand�bre sorghum
sustainablecropsfor biomassandenergy. �nal reportcontractfair-ct96-1913,IACT Catania,
Italy, 2001.

[73] P. Cellier, C. Bedos,E. Barriuso,D. Flura,M.F. Rousseau-Djabri,B. Gabrielle, R. Seux,and
O. Briand. Caractérisationdesémissionsversl'atmosphèredepesticidesaprèsapplicationsur
desculturesagricoles.rapport�nal contratPE00/122000/023,UMR INRA INAPG Environne-
mentetGrandesCultures,Grignon,France,2004.

[74] P. Cellier, C. Bedos,O. Briand, E. Barriuso,M. Clément,D. Flura, B. Gabrielle, M. F.
Rousseau-Djabri,andR. Seux. TAPAS : Transfertde pesticidesvers l'atmosphèrepar dérive
et volatilisationde post-application.Implicationspour le bilan environnementald'une culture,
la contaminationde l'atmosphèreet l'expositionde l'humain. RapportcontratMEDD, UMR
INRA INA P-GEnvironnementet grandescultures,Grignon.,2004.

[75] G. Gosse(coordinator).Agricultureandsmallto mediumScaleIndustriesin peri-urbanAreas
throughethanolproductionfor TransportIn China(ASIATIC). Final reportEU contractIC4-
CT-2002-10023,INRA, Estrée-Mons,France,2004.

[76] J.C. Germon,C. Hénault,P. Laville, B. Gabrielle, P. Cellier, B. Nicoullaud,O. Duval, P. Re-
nault,K. Khalil, F. Lafolie, G. Richard,M. Deboux,P. Garnier, B. Mary, andJ.Roger-Estrade.

11



Evaluationet modélisationdes�ux de protoxyded azote(N2O) d'origine agricole.Mise au
point d'une méthoded'évaluationdesémissionsà l'échelle d'une petite régionagricoleinté-
grantl'ef fet du typedesol et despratiquesagricoles.rapport�nal projetGESSOL/convention
INRA 1494A, UMR INRA UniversitédeBourgogneMicrobiologiedesSols- GéoSols,Dijon,
France,2004.

[77] D. Serça,P. Laville, P. Beeckmann,C. Hénault,andB. Gabrielle. Emissionsd'oxydesd'azote
parlessols.mesures,modélisation,cadastreet inventaire.impactsurla qualitédel'air , le chan-
gementclimatique,et évaluationdesgisementsde réductionde cesémissions. rapport�nal
projetgicc,Serviced'aérologie,CNRS-UniversitéPaulSabatier, Toulouse,France,2004.

[78] A. Capillon, B. Gabrielle, P. Girardin, L. Guichard,B. Guillaume,A. Hubert, H. Leiser,
G. Soulas,and H. Van der Werf. Méthodesd'évaluationdesimpactsenvironnementauxdes
pratiquesagricoles.Technicalreport,INRA DépartementEnvironnementetAgronomie,2005.

[79] P. Mallard, D. Rogeau,B. Gabrielle, M. Vignoles,C. Sablayrolles,V. Le Corff, M. Carrère,
S.Renou,E. Vial, O. Muller, N. Pierre,andY. Coppin.Impactsenvironnementauxdela gestion
biologiquedesdéchets- bilan desconnaissances.rapport�nal contratademegbd03,ADEME,
Angers,France,2005.

Mémoiresencadrés/ Studentdissertations

[80] B. Leviel. Caractérisationhydrodynamique,bilanshydriqueetazotéd'un soldetyperendzine
sousculturedecolza.Master's thesis,MémoiredeDEA enPhysiqueetChimiedel'Environne-
ment,ENSEEIHT- INP Toulouse,1995.

[81] B. Leviel. Protocoleexpérimental- basededonnées- modélisationd'uneculturedecolzaen
champagne.Master's thesis,Mémoirede Diplôme de RechercheUniversitaire,ENSEEIHT-
INP Toulouse,1996.

[82] E. Personeni.Modélisationdesdynamiquescarbone-azoteaprèsapportdecompostsdansune
rotationblé/maïs.Master's thesis,MémoiredeDEA enEcologie,UniversitéParisXI, 2000.

[83] G. Soumayet-Kampetenga. Modélisationde la croissancede la canneà sucre: développe-
mentdeCERESCanne.Master's thesis,MémoiredeDESSBioInformatique,UniversitéPaul
Sabatier, Toulouse,2000.

[84] S. Bouzouina.Paramétrisationet testd'un modèleprédictif du fonctionnementde la canneà
sucre.Master's thesis,MémoiredeDEA enBiomathématiques,UniversitéParisVI, 2001.

[85] K. Hermel.Comparaisondesbilansenvironnementauxentredifférentssystèmesd'agriculture.
Master's thesis,Mémoirede�n d'étudesd'Ingénieur, EcoleNationaleSupérieuredesMinesde
Paris,2001.

[86] S.Pérez.Bilan azotéd'uneculturedesorghosucrierà l'échelledela parcelle.Master's thesis,
Mémoiredeinf d'étudesd'ingénieur, EcolePolytechniqueFédéraledeLausanne,2001.

[87] M. Delattre. Comparaisondesbilansenvironnementauxentredifférentssystèmesdeculture.
Master's thesis,Mémoirede�n d'études,EcoledesMinesdeParis,2002.

[88] J.DaSilveira.Estimationdesbilansenvironnementauxdecompostsdedéchetsurbainsàl'aide
du modèleCERES. Master's thesis,Mémoirede inf d'étudesd'ingénieur, Institut Supérieur
d'Agriculture Rhône-Alpes,Lyon,2002.

[89] J.Boronat.Testdumoduledevolatilisationd'un modèledécrivantle comportementdespesti-
cidesdansl'environnement.Master's thesis,Mémoiredestage,DEA Fonctionnementphysique,
chimiqueetbiologiquedela biosphèrecontinentale,UniversitéParisVI, 2004.

12



[90] L. Mamy. Comparaisondesimpactsenvironnementauxdesherbicidesà large spectre et des
herbicidessélectifs: caractérisationde leur devenir danslessolset modélisation. PhDthesis,
Mémoiredethèse,InstitutNationalAgronomiqueParis-Grignon,2004.

[91] J. Hardelin. Modélisationintégréeéconomieet environnement: évaluationde différentes
mesuresderéductiondela pollutionazotéeengrandescultures.Master's thesis,DEA Économie
del ?environnementet desressourcesnaturelles.ENGREF- EHESS- INA P-G- ENPC- Paris
X - EcolePolytechnique,2005.

[92] S.Lehuger. Evaluationenvironnementaledelasubstitution,enélevagebovin laitierdutourteau
de sojaimportépar du tourteaude colzaproduit localement.Master's thesis,Mémoirede �n
d'étudesd'ingénieur, EcoleSupérieured'Agriculture,Angers,2005.

13



Chapitr e 2

Synthèsedestravaux / Summary of past
research

2.1 Background, objectivesand methodology

In the aftermathof the greateconomicand technologicalboom of the 1950's and 1960's, the
Westernworld graduallyawoke to the fact thatnaturalresourcesonly existedin limited supply, and
alsohada limited capacityto �lter out thepollutantsreleasedby humanactivities.This concernwas
rapidly sharedby therestof theworld, facedwith global issueslike climatechangesor stratospheric
ozonedepletion.Among humanactivities, agriculturehascomeinto sharpfocusbecauseit covers
around10%of terrestrialland,andis associatedwith increaseduseof inputswith potentialdamageto
theenvironment(Table2.1).Agriculturethuscrystallizestheapparentdilemmabetweentheproduc-
tion pushandtheenvironmentalpull, oftencitedasantagonistic(78;Tilmanetal.,2002)1. Theglobal
demandfor foodandfeedproductsis expectedto increase50%by 2020,while yieldsarelevelling off
in mostpartsof theworld, andtheareaof landpotentiallyconvertible for arableproductionis only
marginal (Tilman et al., 2002).Agriculture is alsoexpectedto bean increasingplayerin the �eld of
renewableenergy, with a high potentialto substitutedecliningfossil resources.Giventhis increasing
demandfor agriculturaloutputs,thereis a clearneedto improve andpossiblyoptimizetheenviron-
mentalperformanceof agriculturalproductionsystems.

During the past12 years,my researchhasfocusedon the environmentalassessmentof agricultu-
ral activities, in order to �nd waysof improving the performanceof agro-ecosystems.The starting
point wasthe1992reformof theEuropeanCommonAgricultural Policy, which enforcedobligatory
set-asidelandfor farmers,while allowing themto grow energy cropson it. Thosecropsprovided in
principle signi�cant leveragefor mitigating global warmingby displacingthe useof fossil fuels, in
particularliquid fuels for transportfor which few renewablealternativesto fossil oil exist. However,
sinceenergy supplyis not the primary function of agriculture,ensuringthat energy cropshadlittle
impactson theenvironmentwasa pre-requisiteto their development.Hencetheneedfor a compre-
hensive andrationalframework for evaluatingtheseimpacts.

The assessmentI developedis basedon an envir onmental balance that considersa rangeof im-
pactson the soil, water, and atmosphericcompartments.This balanceapproachmakes it possible
to optimizeenvironmentalperformancewhile minimizing the trade-offs betweendiffer ent types
of pollutions (36). ThemanagementvariablesI testedincludedthemanagementof individual crops
(sowing date,fertiliser N application,irrigation),croppingsystems(rotations,intervalsbetweentwo

1In thefollowing, thereferencescitedasnumberreferto my publicationlist (section1.2),while thosein theauthor-year
formatappearin thereferencelist of Chapter4.
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TAB. 2.1– Major impactcategoriesandpollutantsassociatedwith agriculturalinputs.Notethatagri-
culturemaybeasourceaswell asasinkof pollutants.Ecologicalimpactssuchaserosion,biodiversity
andlandscapequalityarenot included.

Impactcategory Pollutants Agricultural
practiceinvolved

Depletionof non-renewable – Useof syntheticinputs&
resources machinery
Globalwarming N2O, CH4, CO2 Applicationof fertilizer N,

organicamendments,
bio-energy

Acidi�cation NH3, NOx Applicationof fertilizer N
Photochemicalozone NOx Applicationof fertilizer N
creation
Eutrophication NO�

3 , NH3, P Applicationof N andP fertilizers
Toxicity & Heavy metals, Applicationof pesticides
Humanhealth Persistentorganicpollutants & organicamendments

successive crops),and�nal use(e.g. bio-energy or animalfeed).

The ideathat the environmentalbalanceof agriculturalpracticesmay be optimizedis illustratedon
Figure2.1, which shows how the N fertilizer rateappliedto a winter oilseedrapecrop in northern
Francein�uencesvariousN lossesof environmentalrelevance.Thelatterencompassnitrateleaching,
ammonia(NH3) volatilization andnitrousoxide (N2O) emissions.Ammoniais involved in impacts
suchasnaturalecosystemseutrophicationandsoil acidi�cation, while N2O is agreenhousegas(Table
2.1).Figure2.1presentsthelatter�ux es,asmeasuredduringadedicated�eld experiment(5) for three
N fertilizer rates: noN (control),aratebasedonanagronomicN balancemethod,andasupra-optimal
rate.Becauseour objective wasto minimizethemarginal environmentalimpactsof cropproduction,
theN �ux esweredividedby the�nal grainyieldsachievedby eachtreatment.Figure2.1 shows the
intermediate(agronomicallysensible)N rateto beoptimalasfar asnitrateleachingwasconcerned,
whereastheunfertilizedcontrolperformedbestregardinggaseouslosses.As couldbeexpected,the
supra-optimaltreatmentcameout as the worst option in termsof environmentalimpact.However,
noneof theothertwo treatmentsemergedasclearlyoptimal.Also, the picturein Figure2.1 is only
partialsincetheenvironmentalcostsassociatedwith themanufacturingandtransportof syntheticfer-
tiliser N shouldalsobeincludedin thecomparisonof thevariousN treatments.

Suchis actually the purposeof life cycle assessment(LCA), a conceptwhich embedsthe envi-
ronmentalbalance,andwasoriginally developedin thechemicalindustryto optimizethepackaging
of drinks(Hunt et al., 1974).Theobjective of LCA is to estimatetheimpactsresultingfrom thepro-
ductionof particulargoodor service,throughits entire life-cycle 'from cradleto grave' (i.e. from
the extractionof raw materialsto the recycling or disposalof the productconsidered).The results
areexpressedrelative to a measurere�ecting theusefulnessof theproductsystem,called'functional
unit'. As standardizedin thelate1990's (ISO,1997),LCA comprisesfour stages: systemde�nition,
inventoryenergy andmatter�o ws (includingenvironmentalcontaminants)occurringthroughoutthe
product's life-cycle, characterizationof the potentialimpactsassociatedwith the emissionof pollu-
tants,whicharesubsequentlygroupedinto broadimpactcategoriessuchasglobalwarming,andlastly
interpretationandsystemoptimization.
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FIG. 2.1 – MeasuredN �ux es under
anoilseed-rapecropreceiving various
levels of fertiliser N (5). The �ux es
areexpressedrelative to oneton of ra-
peseedgrains,which is the functional
unit of thisagriculturalsystem.An op-
timumisvisiblefor thesuboptimalfer-
tilizer rate.

As public andprivatebodiessuchasADEME2, advisoryandextensionservices,local authorities,
or wasteandwatertreatmentcompaniesgrew awareof the needfor a standardizedappraisalof en-
vironmentalperformances,thereappeareda needto implementLCA for goodsandserviceswhose
life cycle includesan agriculturalphase- a major shift sinceLCA wasoriginally developedin the
industry. Becauseof thecomplexity of naturalagro-ecosystems,this adaptationbroughtabouta host
of new researchissuesfor researchorganizationslike INRA in France(Gosse,1998).Applicationof
LCA to agriculturalsystemsnamelyrequires:

A simultaneouspredictionof pollution �ux esresultingfrom theuseof agriculturalinputs,at the
�eld level. This impliesdetailedknowledgeof theprocessesat stake, anda capacityto model
theirdeterminismwithin anagro-ecosystem.

B predictionof actual impacts resultingfrom theseemissions.
C comparisonof thesedirect impactswith thoseassociatedwith industrialoperationsupstream

anddownstreamfrom thearable�eld, referredto asindir ect impacts (manufacturingof agri-
culturalinputs,transport,transformationof harvestedproducts,etc...)

D identi�cation of cropmanagementoptionsthatmaymitigate dir ectemissionsandthoseof the
wholechain.

Suchweretheissuesbehindmy pastresearchactivities within INRA, with morespeci�c application
to bio-fuel chains(in comparisonwith fossil equivalents),urbanwastecomposting(vs. incineration
or land�ll disposalof waste),andchemicalcropweedingstrategies,asexempli�ed in section2.6.

Giventherangeof researchanddevelopmentissuesraisedby theabovepoints,thesmallgroupI have
beenworking in within my laboratoryhasfocusedon two particularpoints,oneresearch-orientated
andtheothermoreapplication-driven.In connectionwith point A above,my coreresearchwasdedi-
catedto theimpactsinvolvedwith thedynamicsof water, carbon,andnitrogen,aswell aspesticides,
in thesoil-plant-atmospheresystem.This work mostlyinvolvedthe�eld-scale,andwill becentralin
this report.

In parallel, our group developedsomeskills on point C, which involved the maintenanceof data
baseson agriculturalinputsandtransformationprocesses,aswell astheuseof dedicatedLCA soft-
wareto cover the whole chainconsidered.This bene�ted from collaborationswith otherEuropean
Institutesdealingwith LCA, andalsofrenchAgenciesandadvisoryinstitutes.

2ADEME is thefrenchEnvironmentandEnergy ManagementAgency
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To concludeon theabove listedissues,point B impliesa couplingof �eld-scalemodelswith higher-
scalemodelsthat simulatethe transportandtransformationsof the pollutantsreleasedto mid-point
or end-pointtargets(waterstreams,humanpopulations,etc..),whetherby waterwaysor airways.The
exposureof thesetargetsmaythenbecalculated,anda �nal effect computedthroughexposure-effect
relationships.Althoughwe have chosento ignoredthatpartup to now, tackling it hasemergedasa
critical issueto improve our predictionsof local impacts(in particularecotoxicity),andwill bedis-
cussedin thesectiondealingwith futureresearchplans(Chapter3).

Prior to giving the speci�cs of my work within the framework of LCA, the following sectionputs
the issuesof environmentalassessmentin agro-ecosystemsinto a broaderperspective, by reviewing
other approachesandhow they may connectwith or complementLCA, particularly regarding the
issueof decision-support.

2.2 Which methodologyfor envir onmentalassessment?

As emphasizedin theabove section,we arehereconcernedwith methodsthattackletherangeof
impactscausedby agriculturalmanagementof arableland,andnot a singleparticularissuesuchas
globalwarmingor drink waterquality. Secondly, we arelooking at methodsthatmake it possibleto
optimizea given agriculturalsystemrelative to cropproduction.That is to saywe needanestimate
of the productivity achieved by the systemwith the managementstrategiesconsidered,the overall
objective beingto minimize the marginal environmentalimpactsincurredby the productionof one
unit of marketablebiomass.

2.2.1 Curr ent methods

Thereexists a hostof methodscurrentlyavailablefor environmentalassessment,asrecentlyre-
viewed by Capillon et al. (78). They may be classi�ed accordingto variouscriteria, including their
complexity, thedomainthey cover in termsof variability or environmentalissues,or theirorientation
towardsdecision-support.Figure2.2 usesspatialandtemporalvariability asthe main entry in such
classi�cation,andbreaksdown themethodsinto threemaingroups:

– the technicalmethods,basedsolely on technicalmanagementinformation,and ignoring the
effectsof thephysicalenvironment(soil andclimatetypes)in which they areapplied;

– themethodsbasedon �ux esof energy andmatter, whichhave thepotentialto fully accountfor
theeffectsof physicalenvironment;

– andtheintermediatemethods,whichuseamix of managementandenvironmentalinformation.

Thetechnicalandintermediatemethodsareeasierto implementandmore�t to decision-makingthan
the�ux-basedmethods.Not only arethelattermorecomplex by nature,but they outputrelationships
betweencropmanagementandenvironmentalimpactsthat areblurredto a large extent by environ-
mentalconditions.However, this re�ects thereality of theagriculturalsystems,which reactin vastly
differentwaysto a givensetof managementoptions.Ignoringspatialandtemporalvariability in the
assessmentmaythenleadto thewrongdecisions.Also, the�ux esof matterandenergy at thebasesof
thecomplex methodsmaybemeasureddirectly in the�eld for validationpurposes,wherestheother
methodsmay only be checked from a qualitative point of view ( (BockstallerandGirardin,2003)).
Theresultis thataccuracy andapplicabilityareviewedascon�icting traitsof environmentalassess-
mentmethods,betweenwhichsometrade-off shouldbeacceptedby users(78).
I would ratheradvocatesomedegreeof complementaritybetweenthevariousavailablemethods.For
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FIG. 2.2– Proposedclassi�cationof environmentalassessmentmethods,showing theextentto which
temporaland spatialvariability are taken into account.Referencesfor the cited examples: SIRIS
(Vaillantetal., 1995),IDEA (Vilain, 2003),INDIGO (Girardinetal., 1999).

instance,�ux-basedmethodsmayberun ona setof scenariosre�ecting thevariability of thegeogra-
phicaldomainof interestto derive local recommendationsat a relatively low cost(suchis currently
thecasewith pesticideapproval (FOCUS,2000)).Onecouldalsoconsidera tieredsystemof evalua-
tion, with simplermethodsusedto screena wide rangeof scenarios,andsaving the morecomplex
approachesfor furtheranalysisof themostcritical scenarios.Lastly, �ux-basedmethodscannoteva-
luatemorequalitative impacts,suchasbiodiversityor landscapequality- in whichcaseothermethods
shouldbedevelopedto complementthesystemappraisal,basedon otherdisciplines(eg, soil micro-
biologyor ecology).

2.2.2 Research issueswith �ux-based methods

In principle, the methodsbasedon �ux esof energy andmattershouldrely heavily on process-
orientedmodelling,sincethe latter is theonly approachavailablethatexplicitly addressesthevaria-
bility in agro-ecosystemsfunctioning.To date,however, suchis not the casein practicesincemost
publishedresultson LCA in agriculturemerelyuse�x ed factorsto convert agriculturalinputs into
environmentalemissions(Brentrupet al., 2001;Mendeset al., 2003),or simpleelementalbalances
(Audsley, 1997).This is mostlikely dueto thelack of adequatemodelsin termsof emissionsconsi-
deredanduser-friendliness,andalsoof detailedreferenceinput dataon soil, climateandcropmana-
gementover thegeographicalareaconsidered.However, it is my belief that recentprogressin these
threeareasbodeswell for futureimprovementin LCA alongtheselines- asshow preliminaryresults
presentedfurtheron in this report(section2.6.1).Thereinlies a majorchallengefor future research
onenvironmentalassessment.

Applicationof biophysicalmodelsin theabove-mentionedcontext requiresto go throughasequence
of stages,asillustratedonFigure2.3,including:

– developmentof integrated modelsthatsimulateemissionprocessesat the�eld scale- which
may moreappropriatelybe consideredas the integrationof new processesor approachesin
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FIG. 2.3– Thevariousstagesof
modellingfrom processintegra-
tion to �nal application.

existingmodels;
– detailed testingof theresultingmodelsagainstexperimentaldatathatallow a checkof indivi-

dualmodelcomponents;
– multi-local testing on a network of lessdetailed�eld experiments,prior to extrapolatingmo-

delsonawiderscale;
– application of modelsfor scenarioanalysisandenvironmentalassessment.

Along with thecentralbox on experimentaldata,themodellingstagesmake up thebackboneof my
pastactivities,andprovide theoutlinefor their descriptionin thefollowing sections.

2.3 Building newmodelsor building on old ones?

2.3.1 Background and approachto modeldevelopment

Sinceits earlystagesin thelate1970's, themodellingof croppingsystemshasgraduallybecome
partof mostresearchprojectsdealingwith agriculturalsystems(Booteet al., 1996).Thenumberof
processesandcroppingsystemsfor whichmodelsareavailablehasbeenconstantlyincreasing,ashas
beentherangeof agronomical-or environmental-orientedapplications.Theseincludefor instancere-
gionalandnationalinventoriesof greenhousegasbudgets(Falloonetal.,1998;Mummey etal.,1998;
Smithet al., 2000),theimpactof climatechangeon agriculture(Ewertet al., 1999;Rosenzweigand
Parry, 1994),integratedenvironmentalassessmentof agriculturalpractices(Pangetal.,1998;Yiridoe
et al., 1997),land-usechangescenarios(Mummey et al., 1998;Sitompulet al., 1996),or precision
agriculture(Sadleret al., 2000).

Although someof theseapplicationsdirectly relateto the issueat handhere,suchwasnot the case
in theearly1990's whenI startedworking on my Ph.D.Therewas(andI believe still is somewhat)
a discrepancy betweenenvironment-orientatedmodels,which weredevelopedby scientistsworking
jointly (or not!) within thedisciplinesof soil physics,soil chemistry, andsoil ecology, andproduction-
orientatedmodels,drivenby eco-physiologistsandagronomists.Examplesof theseearlymodelsin-
cludePRZM(Carseletal.,1985),LEACHM (WagenetandHutson,1989),andDAISY (Hansenetal.,
1993)for the formercategory, andEPIC(Williams andSharpley, 1989),CERES(JonesandKiniry,
1986),andSUCROS(Spitterset al., 1989)for thelatter. As Dr. S.R.C.Rao(Univ. Florida)put it in a
conversationwehadaroundthattime,“we [soil scientists] trivialize thecrop,andthey [agronomists]
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trivialize thesoil”.
The CERESmodel,releasedin the mid-1980's, provided an interestingattemptat bridging this di-
videsinceit resultedfrom a joint effort betweenecophysiologistsandsoil physicists.Theapproaches
takento simulatethevariousprocessesincludedin this modelstrucka goodbalancebetweentheva-
riouscomponents,in termsof complexity andscienti�c soundness.I thusstartedworking within the
CERESframework, focusingon thesimulationof water, carbonandnitrogendynamicsin soil-crop
systems.However, modeltestingunderfrenchconditionsquickly revealedsomeproblemswith model
componentslikesoil organicmatter(OM) turnover, waterin�ltration in thesoil pro�le, or denitri�ca-
tion. Thispromptedmeearlyonto keepaclosewatchonthedevelopmentof othermodelsbeingused
for similar purposes,againstwhich theperformanceof CEREScouldbebenchmarkedandpossibly
improved. Eventually, this kind of comparisonleadme to modify someof the modelcomponents.
Also, whensomeothercomponentwasunavailablewithin CERES,I hadto eitherimport themfrom
othermodels,or build themfrom scratch.

The following paragraphsillustrate thesevariousmodelling tasks: i/ comparisonof performance
at modelor module3 level, ii/ modi�cation of a particularmoduleandsubsequenttest,andiii/ deve-
lopmentof new modules.

2.3.2 Comparisonof modelling approaches

Model comparisonmay take placeat global (ecosystem)or modulelevel, andmay serve seve-
ral purposes: providing guidanceto potentialusersin modelselection,benchmarkingof models,or
assessingtherespective meritsof variousapproachesfor modellingparticularprocesses.Most publi-
shedcomparisonsinvolve theglobal level, andconsistedin runningvariousmodelsagainstseriesof
independentdatasets(deWilligen, 1991;Diekkrügeretal.,1995;Smithetal.,1997).Theseexercises
provide valuableinformationon theoverall performanceof thesemodels.For instance,they make it
possibleto judgethe trade-off betweenmodelcomplexity andaccuracy, sincetheusualparadigmis
thatmorecomplex approachesareboundto producemorereliablepredictions.This actuallywasthe
purposeof a comparisonI conductedusingthreeC-N modelsof increasingcomplexity (39) : SUN-
DIAL (Bradbury et al., 1993),CERES(JonesandKiniry, 1986),andDAISY (Hansenet al., 1993).
The modelswererun on the Châlons“ecobalance”experiment(describedin section2.4), usingva-
rious parameterisationscenariosinvolving eithercoarseof detailedinformationon soil functioning,
andsomedegreeof modelcalibrationor none.Noneof themodelsclearlyoutranked theothers,but
eachof themprovedbestfor thesimulationof a particularcomponent: heatandmasstransferin soil
for DAISY, cropgrowth andN uptake for CERES,or N mineralisationfor SUNDIAL. Regardingthe
critical issueof modelparameterisation,SUNDIAL proved easiestto parameteriseandfairly accu-
rate,despitesomeof its componentsbeingrathersimplistic.CERESappearedasagoodcompromise
asregardsparameterisation,operation,andaccuracy, while DAISY presentedthe bestpotentialfor
simulatingtheactualC-N dynamics,but at thecostof providing site-speci�cestimatesfor parameters
suchashydraulicconductivity.

Although suchglobal comparisonsprovided hints at the strengthsand weaknessesof the various
models,they do not really allow conclusionsto be drawn as to the goodnessof individual model
components.Eachmodelactually featuresits own combinationof componentsandunderlyingap-
proaches,for basicprocessessuchaswatermovementin soil or evaporationcalculations(Diekkrüger
et al., 1995),which theninteractstronglyin producingthe outputsfor which the modelsaretested.
This meansthatsuchcomparisonshardly �t in with theusualparadigmof process-basedmodelling,
which postulatesthat themodelshouldbebasedandveri�ed at thelevel of individual processes,the

3modulerefersto aparticularcomponentof themodel,for instancewaterbalance
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level at whichknowledgeanddataareavailable(Booteetal., 1996).

As a result,comparisonof modelsat themodulelevel shouldbeadvocated,with thefollowing objec-
tives:

i to gain insight on the goodnessof processapproachesbasedon variousscales(eg. organ vs.
plantor plantcommunity)or concepts(RadiationUseEf�ciency vs.biochemicalcycle for net
photosynthesis).

ii within modelsthat usesimilar concepts,to decidewhich implementationis bestsuited.Im-
plementationmeaningthat variousmethodsareemployed to solve equations(e.g. implicit or
explicit numericalschemesto solve Darcy's law �o w equations)or calculateinput variables
(e.g. single-vs.multi-layeredcanopiesto computelight interception).

For adequatecomparison,we thusneedto be able to isolatethe effect of the approachtaken with
respectto oneindividualprocesswithin themodellingstructure- thusstrongmodularityin modelde-
signis required.Further, theoutcomeof thevariousapproachesneedsto betestedin a wide rangeof
conditions(in termsof environment,systemmanagement,andtime-frame).Whenanalyticalsolutions
areavailable,they allow a formalcomparisonover acontinuousrangeof parametersrelatingto those
conditions (6; Russoetal.,1989).However, in thatcaseit is dif�cult to integrateobserveddatain the
comparison.

The following paragraphsummarizesa module-basedcomparisonI conductedrecently(12), focu-
singonthethesoil carbonandnitrogenturnovermoduleof four soil-cropmodels(CERES,NCSOIL,
SUNDIAL, andSTICS).The C-N modulesof NCSOIL, SUNDIAL andSTICSwereextractedand
linkedwithin acommonsoil cropsimulationshelladaptedfrom CERES.Thus,they wereall supplied
with thesamephysicalandchemicalinputdataanddifferencesin theoutputsof thefour resultingmo-
delscouldbedirectlyascribedto theirC-N component.Theirperformancewasassessedaccordingto
threecriteria: short-termresponseto climateandcropresiduesinput (in termsof N immobilization),
annualbasalsoil netmineralization,andlong-termdynamicsof soil organicmatter. Themodelswere
thusrunondatasetsinvolving netmineralizationandtopsoilinorganicN dynamicsundercontrasting
bareor wheat-croppedsoils,andlong-termsoil carbondata.

On a yearly basis,NCSOIL over-estimatedthe immobilizationof inorganic N associatedwith the
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decompositionof crop residues,andCERESpredictedextremelylow mineralization�ux es(Figure
2.4).Re-calibrationof thelattermodelwasunsuccessfulover therangeof conditionstested,probably
becauseCERESdoesnot simulatethe microbial biomasscompartment- contraryto the otherthree
modules.Notethatthis �a w hadpromptedmeearlyon to switchto themoremechanisticmodelNC-
SOIL, asexplainedin thenext section(2.3.3).Theresultswith the long-termexperimentrevealeda
trade-off betweenN andC simulations(Figure2.5).Themodelsthatemergedasmorerealisticin the
predictionof topsoilN dynamics(SUNDIAL andSTICS)simulatedthemostdrasticdecreasein soil
organic matter(SOM) at Broadbalk(UK). Comparisonwith a dedicatedSOM model,RothC (Jen-
kinsonet al., 1987),leadus to hypothesizethat thediscrepanciesresultedfrom theplantmoduleof
CERESstronglyunder-estimatingcropresiduereturnto soil, andmostnotablythroughrhizo-deposits
androot biomass.This impliessomerecalibrationof parameterssuchastheradiationuseef�ciency
(to increaseprimarynetproduction),andshouldalsoaffect theN balanceof thesystem,sinceextra
biomassproductionrequiresextra N. I have not investigatedthis issueyet, nor seenany work along
thatline - althoughtheproblemwasalsomentionedwith thesoil-cropmodelMAGEC(Smith,2001).

Thepracticalconclusionof model-or module-basedcomparisonexercisesshouldbesomeguidance
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in selectingtheapproachmostsuitedto one's particularneeds.However, theresultsareoftennot so
clear-cut asto make this choiceobvious.In theabove example,it is obviousthattheoriginal CERES
C-N moduleshouldberejected,in favour of any of theotherthreemodels.This warrantschangesin
the structureof theCERESmodel,a taskI have beeninvolved ratherfrequentlywith, andwhich is
the subjectof the next section.However, comingbackto the exampleat hand,the picturewith the
otherthreeC-N modulesis ratherblurred.By default it maymeanthat they all performequallywell
(or badly!), so that they maybeuseduntil furthercomparisonwork turnsmoreclearly in favour of
oneparticularmodule.Onemayalsoarguethateachmodelhasa domainin which it performsbet-
ter thanthe others.For instance,the fact that STICSwasbuilt from dataincluding calcareoussoils
gives it an advantagein the simulationof the rendzinasoil with high CaCO3 content(Figure2.4).
However, preciselydelineatingthis domainis a dauntingexercise,sinceit would imply testingthe
modelsin dozensof setsof conditions.An intermediateapproach,which hasalreadybeensuggested
in theatmosphericsciencescommunity, would consistin combiningmodelsto reducetheprediction
uncertaintyinherentto relianceonasinglemodel(Fisheretal., 2002).
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2.3.3 Impr ovementof model component

WhenI startedwith CERESin the early 1990's, mostof the work on this particularmodelhad
beenfocusedon predictingcrop yields asa responseto managementandpedo-climaticconditions,
with environmentalassessmentlying somewhatbeyondscope.Theemphasiswasthusplacedoncrop
components,althoughsomeprocessesandenvironmentaloutputswerealreadypresent,suchasnitrate
leaching,denitri�cation, or soil carbonbalance.Comparedto theagronomy-orientatedtypeof work,
therehadbeenlittle veri�cation of the model's performanceregardingthosecomponents- noneof
which wasdonein Franceor WesternEurope(QuemadaandCabrera,1995;Bowenet al., 1993;Co-
mermaet al., 1985).I thereforestartedworking alongthat line, testingandtentatively improving the
modulesof CERESthatappearedcritical for environmentalpurposes: soil waterbalance(1),soil C-N
dynamicsandnitratetransport(2). Theseaspectsinvolvedspeci�c, detailedtestingandpublication,
asexempli�ed in theinseton thenext pagefor the�rst one(waterbalance).For otherprocesses,in-
cludingsoil heatbalanceandsoil denitri�cation, I tookadvantageof previouswork (Hoffmannetal.,
1993;Hénault,1993),consideringthesemodi�cationshadalreadybeenvalidatedandpublishedinde-
pendently. They weretestedlateronattheoutcomeof the"ecobalance"experiment,whichprovidedus
with acomprehensivedatasetonthecyclesof water, C andN in anoilseedrape�eld (seesection2.4).

Ideally, the publicationof modi�cations to a model leadingto improved performance,at leastun-
der a particularsetof environmentalconditions,shouldleadto a wider adoptionin the community
of modellers.In the caseof CERES,althoughwe hadsomecontactswith the groupsin charge of
its development(J. Ritchie of Michigan StateUniversity, andG. Hoogenboomof the University of
Georgia), we never wentso far asexchangepiecesof modelsourcecodeto implementsomeof our
modi�cationsinto theDSSAT shellthatservesasafront-endto CERESworld-wide.Ourcontribution
thuspassedthroughtheusual' literal' means,via theconceptsandparameterizationsproposedin the
paperswe published.It is reassuring,however, to seethat later work wasdonealongsimilar lines
asours,in AustraliaandAmerica,for waterbalanceandsoil C-N dynamics(Gijsmanet al., 2002;
Assenget al., 1998;GerakisandRitchie,1998).Also, someof theconceptsin theCERES-Rapeseed
modelweretaken up by the APSIM groupin Australiato setup their 'canola' model(Farreet al.,
2002),alongwith someof ourdatato testit.

The fact that innovationsdiffuseslowly, in comparisonto the abundantliteraturedevotedto model
improvement,raisesthe issueof mutualisationandcapitalisation.How canmodelsbuild on thevast
feedbackthey generateafterbeingreleasedto thescienti�c community? Shouldmodeldevelopment
becentralizedin aparticulargroup,or opento any volunteers,just liketheopen-sourcecomputerfree-
wareprojects? Sharingthe developmentof modelsamongvariousgroupsspecialisingin particular
components(or modules)appearsastheway of the future to improve theef�ciency of this process.
Initiativesat theINRA or Europeanlevel wererecentlytakento provide thenecessaryscienti�c and
informationtechnologyframework, makingit possibleto build modelsasacombinationof individual
bricks,andto tailor themto theparticularneedsof theusers(eg, theSEAMLESSIntegratedProject).
Theassumptionhereis thatany modelcomponentmaybeseamlesslypluggedin andoutof acommon
shell,andthat it will performindependentlyof theothercomponents.This modularityprinciple is a
ratherbold tenet,but it is indispensableto practicallyenvisagesharedimprovementof modelsover
time.I amnotawareof publishedproofof conceptfor modularity, althoughsuchwork couldbeconsi-
dered.For instance,with themodule-basedcomparisonof section2.3.2,it wouldconsistin calibrating
thevariousecosystemmodelsused(STICSandSUNDIAL) on variablesotherthanthosepertaining
to the soil C-N module(soil watercontent,crop biomassandN accumulation),andcomparingthe
latteroutputswith thoseproducedbasedon 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-orientedanalysisof the results showed that the cas-
cading, tipping-bucket schemeused for computing downward in�ltration lead to a systematic
under-estimationof soil watercontentin �ne-texturedsoils(Figure2.6).This promptedintroduction
of Darcy'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
andmeasuredsoil waterstoragewasin therange1 to 1.7cmwaterfor theoriginalmodel,in contrast
with 2 to 6.8cm with theoriginalmodel.
I 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 showed that the choice of the Darcy-type in�ltration equation that I implementedin
CERESlead 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.

FIG. 2.6 – Comparisonbetweensimulatedandobservedsoil waterstorage(0-120cm) at threesites
in France,usingtheoriginal (Ceres)andmodi�ed (Ceres2wf)models(from (1)).
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2.3.4 Developmentof newmodel component

As mentionedin theaboveparagraph,someof theprocessesrelevantto environmentalassessment
werenotpresentwithin CERESwhenI startedworkingonit, a trait pertainingto all cropmodels.The
missingmodulesincludedgaseousemissionsof nitrousoxide(N2O), ammonia(NH3), andnitrogen
oxides(NOx ). Somecropspecieswerealsounavailable,amongwhich themostnotablein our case
wasoilseedrapesinceit is thecropwe usedin the"ecobalance"experiment(seesection2.4).Lastly,
the fateof pesticideswasnot taken into account,althougha versionwasdevelopedlater to simulate
atrazine(GerakisandRitchie,1998).Regardingthe latterpoint, I chosenot to build on theCERES
basissinceit wasno longermaintained,andhadonly beentestedon a singleexperimentin theUS.
Therewereon the otherhanda hostof 'pesticidefate' modelsavailable,with a worldwide support
from variousresearchgroups,theonly drawbackbeingthat thesemodelswerefocusedon soil pro-
cesses(especiallyvertical transport)ratherthan on plant components.In particular, noneof these
modelsis meantto predicttheimpactof a givenpestcontrolstrategy on plantgrowth and�nal yield.
Includingsuchcapacityin oneof thesemodelsis thereforea prerequisitefor environmentalbalance
purposes,althoughit remainsa medium-termfor me.Direct couplingof oneof thesepesticidefate
modelswith CERESprovedratherdif�cult, sincetheformerinvolvestimestepsandverticaldiscreti-
zationmuch�ner thantthe latter - owing to the fact thatpesticidesaretransportedmuchslower and
over smallerdistancesthanmobilesoluteslike nitrate.As a result,thesourcecodeof pesticidemo-
delsis toocomplex andintricateto allow easymodi�cation. Sofar I havesimplyselectedaparticular
model,thePesticideRootZoneModel,PRZM(Carseletal.,1985),from theUSEnvironmentProtec-
tion Agency - amodelwidely usedincludingfor homologationpurposes(FOCUS,2000),andusedit
'as is' to simulatethe fateof variousherbicides,togetherwith a graduatestudent,LaureMamy (see
section2.6.3).However, in a nearfutureI planoncontributing to improve thesimulationof pesticide
stabilisationvia the formationof non-extractableresidues,togetherwith my colleagueEnriqueBar-
riuso,astheoutcomeof thework of agraduatestudent,MacaireEdzangongo.Also, preliminarytests
of thevolatilizationroutineof PRZM, in collaborationwith CaroleBedos(INRA Grignon),showed
that it shouldbeupgradedby makinguseof a physically-baseddescriptionof atmosphericdiffusion
(89).

To summarize,my pastwork on the integration of new moduleshasthus essentiallyinvolved the
CERESmodel,andwasfocusedon adaptationto oilseedrapeandthe integrationof gaseousemis-
sions.It generallyinvolvedclosecollaborationwith colleaguesfrom my laboratoryor INRA specia-
lized in theprocessesathand,uponjoint researchprojects.Thenew modulesincluded:

– growth anddevelopmentof winter oilseedrape,with thecontribution of cropecophysiologist
PascalDenoroy (INRA Bordeaux);

– ammoniavolatilization,basedon themodulethatPierreCellier andSophieGenérmont(INRA
Grignon)orginially developedfrom their mechanisticmodelfor theSTICSmodel(Génermont
andCellier, 1997).

– theemissionsof nitrousoxide,via thedenitri�cation andnitri�cation pathways,basedon the
NOEalgorithmdevelopedby CatherineHénault(INRA Dijon - (18));

– theemissionsof nitrogenoxides(NOx ), alsovia denitri�cation andnitri�cation, andbasedon
thework by PatriciaLaville (INRA Grignon)andCatherineHénault(19).

Besidesmakingthenecessaryadaptationsto theoriginalmodulessothattheir timeandspatialscales
be compatiblewith CERES,my own contribution in the integrationalso involved somediscussion
with the 'processspecialists'in thedesignof themodulesthemselves.For instance,togetherwith a
graduatestudent,we found it necessarywith the NOx moduleto changethe shapeof the response
curveof nitri�cation to soil watercontent,sothatnitri�cation woulddecreaseabovethe�eld-capacity
watercontent,asis usuallyobserved(Cortinovis, 2004).In thecaseof winter oilseedrape,I started
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building on anexisting model,only to �nd out mostof its moduleshadto berevisedbecauseof their
empiricalbasis.SoI essentiallyre-constructedthevariouscropcomponents(leafandrootelongation,
netphotosynthesis,waterandnitrogenstressfunctions)from scratch,basedon thedataavailableat
that time on cropecophysiology. This involvedsigni�cant efforts duringandin theaftermathof the
'ecobalance'experimentto collect,analyse,andmodel�eld data,aswell aspublication(3; 4; 8; 23;
42;43).This is illustratedbelow in thecaseof leafsenescence.Themodelwassubsequentlymaintai-
nedandimprovedby RomainRoche(INRA, Grignon).

Testingtheresultingmodelagainst�eld measurementsmadeupamajorpartof my work.Thestateof
progressin this respectvariesacrosstheabove-mentionedcomponents.TheCERES-Rapeseedmodel
wastestedin undera rangeof conditionsin France,Germany, DenmarkandtheUK (13). Testingis
alsoadvancedfor N2O, which hascorrectlycomparedwith �eld emissiondatafrom threecontras-
ting soilsin theBeaucearea,southwestof Paris(17) - asdetailedbelow. TheNOx moduleoriginally
developedby C. Hénaultfrom laboratoryincubationstudies(Garridoet al., 2002),was�rst directly
insertedin CERESby JérômeCortinovis, a graduatestudentat theUniversityof Toulousewho wor-
ked undermy supervisionfor a few monthson the predictionof NOx emissionswith a crop model
(Cortinovis, 2004).However, someof the laboratory-estimatedparametersof this modulehadto be
calibratedto provide correctpredictionsof NOx dynamics.Themoduleandits parameterisationwas
thusrevisedaccordingto the�eld datacollectedin Grignon,�rst in astand-alone(module)mode(19).
Inclusionof thesemodi�cations in CERESby a graduatestudent,Marie-NoëlleRolland,improved
thesimulationof NOx emissions,althouhgit theimplementationof athin layerat thesoil surfacewas
requiredto correctlypredictthedynamicsof fertilizer incorporationinto thesoil andsubsequentnitri-
�cation. This work is currentlyon-goingaspartof Marie-NoëlleRolland's Ph.D.programme,under
my supervision.Lastly, the ammoniavolatilization modulewasonly testedonce,againstmeasure-
mentsmadewith staticchambersin SouthernItaly (72).Moredetailedtestingandsensitivity analysis
arecurrentlycarriedoutaspartof a joint researchprojectwith colleaguesfrom theUK.

2.4 From model to experiments,the perpetual swing

Experimentaldataarecentralto any modellingpursuit,whetherin the stageof moduledesign,
integrationinto anecosystemmodel,detailedmodeltesting,or extrapolationto largerscales.Expe-
rimentsareusuallydesignedprior to runningthe model,which is thentesteda posteriorioncethe
experimentis over. However, experimentaldesignmight beimprovedby prior modelrunsto identify
thesamplingdatesor typeof variableswhich provide themostusefulinformation.For instance,we
ranthePRZMmodelto selectthedatesatwhichsoil shouldbesampledto monitorthedynamicsof a
setof herbicidescharacterizedby a rangeof persistencecharacteristicsandapplicationtimings(90).
In termsof variablesmonitored,dealingwith environmentaloutputsimplies a lot moreefforts than
with theagronomicoutputsordinarilyusedfor cropmodels,at leastin thedetailedtestingphase.Be-
sidesmonitoringthedynamicsof cropbiomass,leaf areaindex andN content,alongwith soil water
andN status,it is necessaryto measurethe lossesof N or pesticides,whethergaseousor leaching.
Gainingsuchlevel of insightinto theprocessesgoingon in the�eld is indeednecessaryto separately
testthevariouscomponentsof theenvironmentalbalancemodel.This warrantsspeci�c andcompre-
hensive experimentsof which I initiated two : oneon the N budgetof a winter oilseedrapecrop,
detailedbelow, andanotheron the fateof tri�uralin, an herbicideusedon oilseedrape(15). Since
thegoalof this assessmentis to improve thesystem's environmentalperformance,theseexperiments
shouldalsoincludevariantsin termsof managementpractices.For instance,the“ecobalance”expe-
riment involved threefertilizer N treatmentsfor the oilseedrape,andalsothe effect of cover crops
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Developmentof a module for leaf senescence

The developmentof the CERES-Rapeseedmodel provided me with the opportunity to test a
new approachto leaf senescence,including the effect of shadingdueto competitionfor light in the
canopy. This followedthescheme�rst suggestedby GhislainGosse(INRA) for alfalfa (Deracheand
Guen,1986).Accordingto this scheme,shading-inducedleaf senescenceoccursat thebottomof the
canopy if the transmittedradiationdropsbeneatha given threshold(Fig. 2.7). This thresholdlevel
of radiation(notedPARx ) correspondsto an equilibrium in the plants' carbonbudgetwheregross
photosynthesisexactly compensatesfor lossesby respiration.
For agivenof incomingincomingphotosyntheticallyactive radiation(PAR), PARx maybetranslated
into the maximumleaf area(LAI x ) that canbe maintained,by inverting the classicalBeer's law of
radiationattenuationinsidethecropcanopy. Theequationreads:

LAI x = 1=k log [PAR=(PAR x f T )] if PAR � PAR x f T

LAI x = 0 otherwise (2.1)

Sincecrop respirationis affectedby temperature,PAR x is multiplied by a temperaturefactor f T

involving anArrheniuslaw with a Q10 of 2 andanoptimumat 20� C. PARx wascalibratedat 0.2MJ
m� 2 PAR d� 1 againstdataof total andactualLAI for thetreatmentwith ampleN fertilization in the
'ecobalance'experiment,whichgave goodresultsin theothertreatmentsandtestsites(Figure2.7).

z senesced LAI

ATMOSPHERE

SOIL

PAR

PARx

PAR(z)

FIG. 2.7– Modellingof leafsenescenceinducedby shading.Senescencesetsonfor thebottomlayers
of leavesthat receive a transmittedradiationinferior the PARx threshold(LEFT). Simulated(lines)
andobserved (symbols,� s.d.)greenLAI andPAI (podareaindex) in Jyndevad (DK), on an inde-
pendentdataset(RIGHT). From (4).
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(mustardor rapeseedvolunteers)in thecroppingsequence.Theresultingcomparisonof N emissions
acrossthe fertilizer treatmentswasshown earlieron Figure2.1. The tri�uralin experimentshowed
that incorporatingtheherbicideinto thesoil surfacelayerhada drasticeffect on volatilization,aba-
ting the�ux by severalordersof magnitude.Simulationof a nearlyimmediateincorporationshowed
that it stoppedvolatilizationwhile not increasingthe leachinglosses,leadingto anoverall bene�t in
theenvironmentalbalance(89).

Suchdetailedexperimentsarehighly resource-consuming,andso may only be conductedin a few

FIG. 2.8 – Screenshot of the “ecobalancedatabase”server, showing the type of dataavailable.
“Ecobalance”wasacomprehensive experimentonwater, C andN cycling in anoilseedrape-cropped
�eld in NortheasternFrance.It wascoordinatedby GhislainGosse(INRA), andinvolvedfour INRA
laboratoriesspecialisedin the variousaspectsof the cycles considered(7). After publication,the
datawereorganizedinto a databasefor which anHTML-basedinterfacewasdeveloped,andmade
accessiblethroughtheInternetonadedicatedWebsite.

instances.Actually, I am only awareof a few similar examplesfor N, andnonefor pesticides.It is
probablybecausescientistsareoften focusingon theparticularcategory of processesor typeof en-
vironmentalimpactsrelevant to their research�eld. Also, analysingandorganizing large datasets
for modellingpurposesis a serioustaskwhich probablydeterredsomeexperimentalists.Thereare
probablymany moredatasetsin thescientists'computer�les (includingmine)thanthereactuallyis
in thepublishedliterature! Sharingdatasetshasbeena longstandingissuein modelling,periodically
spawning dreamsthat modellerswould manageto make their datasetsaccessibleto the scienti�c
communityandtherebymutualizetheburdenof modeltesting.In reality, only few such'meta'-data
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basesof publicly-availabledatasetswereever setup.Oneexampleis thatdistributedby theICASA
network, basedon a databaseformat (Hunt andBoote,1998)compatiblewith theDSSAT software
package(underwhichCERESis currentlydistributed).Sucheffortsshouldde�nitely befostered,and
areimmenselyvaluable.For instance,the“ecobalance”datasetwepublishedontheWeb(Figure2.8)
waslaterusedby otherscientistsfor suchdiversepurposesasthemodellingof nitratetransportsys-
temsin roots(Malagolietal.,2004)or thecalibrationof theAPSIM andSIRIUSoilseedrapemodels.
Thebarriersto sharingdatasetsinclude�rst theresourcesrequiredto organizeandconvertone'sown
datasetinto amorebroadly-usableformatsuchasthatof ICASA, implying theinclusionof meta-data
to qualify thedatathemselves.Therearealsoissuesdealingwith intellectualpropertyandrecognition
of work doneby thescientistswho spenta lot of efforts collectingthedata.Althoughcontributing a
datasetis apotentiallymostvaluableadditionto currentscience,it is noteasyto publishperse.

Potential useof isotopetracers

The use of labelled inputs offers a powerful meansof tracking their fate in the soil-crop sys-
tems,andapproachingthe environmentalbalance.The resultingdataalsoprovide a morestringent
testthantotal inorganicN datain the testof N models- provided that themodelshave thecapacity
of simulatingthe introductionof compoundswith labelledN or C (Bradbury et al., 1993).Suchis
not the casefor the majority of soil-cropmodels,with the exceptionof SUNDIAL, which I could
test against datacollectedin a set of experimentsinvolving winter wheatand oilseedrapecrops
andvarioussourcesandapplicationdatesof mineral fertiliser N (10). The comparisonof observed
andsimulateddynamicsof fertiliser-derived N evidencedintrinsic problemswith SUNDIAL in the
simulationof autumnimmobilisationof soil nitrogenaswell asspringofftake by the oilseedrape
crop.Suchlevel of detailsin theprocessanalysisof modelperformancecouldonly beachievedby the
useof tracerdata.Somediscrepancieswerealsonotedwith thesimulationof ammoniavolatilization,
but this could be detectedonly becausedirect measurementsof unlabelledammoniavolatilization
were available (Recouset al., 1988). It is indeedonly recently that gaseousemissionscould be
quanti�ed for labelledN, becauseof thehighbackgroundconcentrationof N2 (Mathieuet al., 2004).
Also, this techniqueis restrictedto micro-plotscalein the�eld, andthereis usuallyamissingtermin
thelabelledN budget.In thecaseof pesticides,thesemethodsarefurtherrestrictedto thelaboratory
becauseonly radio-active isotopesareavailable.Isotopictracingtechniquesareprobablylimited to
the investigation of processeson scalesrangingfrom soil microcosmsto micro-plotsin the �eld -
with theexceptionof naturalabundance-basedmethods,suchastheuseof 13C, whichcanbeusedat
theecosystemlevel to testsoil organicmattermodels(Balesdent,1996).

Extrapolatinga modelacrossa rangeof physical andagronomicalconditions,asdetailedin the
next section,requiresanothertypeof experiments,wheretheemphasisis put on thecombinationof
'f actors' sampledratherthanon the numberof statevariablesmonitoredin one location.Physical
conditionsmaybesampledon thebasisof soil types,climatic zones,andtheir expectedin�uence on
theworkingsof thesoil-cropsystem.Cropmanagementis connectedto someextentto thesefactors,
but maybealsotestedasanindependentfactorovera rangeof physicalconditions.Network-typeex-
perimentsinvolving a hostof geographicalsitesselectedusingtheabove criteriaandmanagedalong
similar guidelinesoffer a primebasisfor suchextrapolationwork. EuropeanUnion-fundedresearch
provideduniqueopportunitiesfor deploying suchnetworks,primarily for cropproductionpurposes,
andlateronfor environmental-orientatedresearch.I wasfor instanceinvolvedin thelastof aseriesof
EU projectsonsorghumproductionandenvironmentalimpactsin theMediterraneanarea,fundedun-
derthefourthand�fth framework programme(72).Althoughtheseprojectsinvolvedasfarasadozen
of geographicalsites,modellingcouldonly bedonefor a restrictedsubsetof thosesites,becauseof
gapsin thedatacollected.Thiswasespeciallytruefor the'environmentally-orientated'sites,sincethe
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modellingof theN cyclescouldonly bedonein 2 outof the6 sitesplannedinitially (72).Thereasons
for this includedfaulty weatherdata,the failure of site managersto reporton particularaspectsof
theexperiment(managementdata,soil characteristics,cropgrowth data,etc...),andgenerallya lack
of responsefrom projectpartners.This emphasizesthe limits of a 'centralized' organizationwhere
experimentsareconductedby a setof site managers,andmodellingis doneby a separategroupof
modellers.In thesorghumnetwork, theonesitewheremodellingwasdoneover thewholerangeof
dataavailableactuallyinvolvedthepartnerusingthemodelthemselves.In particular, aPh.D. student
usedthemodelin herdissertation,undermy supervision(Mantineo,2000).Gettingthescientistswho
collectedthedatafor their own purposesin themodellingprocessis thusa key issuein achieving a
properuseof modelsanddata,andmutualbene�ts for both parties.I wasthereforevery happy to
take theopportunityof collaboratingwith variousresearchersacrossEurope(in Germany, Denmark,
Spain,theUK andItaly), aswell asfrom otherpartsof theworld (includingtheUSA andtheRéunion
island)to build my own network of sitesfor modelextrapolation(13) - seeFigure2.9.

Anotheroption to take advantageof network-typeexperimentsis to get involved in theexperiments
themselves(which is alsoa goodway to keepone's handson thereal-life goingon in the�eld). This
leadme to participatein a projectfundedby several FrenchMinistries (76), in which threesitesin
the Beauceregion (centralFrance)weremonitoredfor N2O emissions.My particularcontribution
consistedin takingwheatplantsandsoil samplesevery oneor two monthsto beableto verify theN
balanceandcropgrowth componentsof CERES(12).

As a conclusion,the collection of datais centralto any modellingproject,and both components
shouldbe designedin tight connection.Thereis clear trendin recentresearchprojectsto integrate
modellingin theearlyphasesof theresearchplan,andnot asa possibleadd-onin thelastyearof the
project(aswasthecasewith thesorghumnetwork for instance).Usingmodelsto designexperiments
beforethey areactuallyimplemented,andtheninsuringa rapidfeedbackfrom modelleddatato �eld
dataastheexperimentgoeson is a key to bettersuccessin combiningbothsourcesof knowledgeto
improve our understandingof thesystemat hand.The involvementof 'experimentalists'in themo-
delling efforts, andvice-versa,is probablythebestway of integratingthe two sidesof theproblem.
This implieseffortson themodellers'partto transfertheirskills andtools,andalsoto savesometime
for experimenting...which is gettingharderandharderfor me,I amafraid!

2.5 Model extrapolation over time and space

Testingand�ne-tuning amodelbasedonexperimentaldatafrom one's favorite �eld researchsite
is an exerciseat which modellersgenerallyexcel, producingmiraculous�ts betweenobserved and
model-predicteddata.Far lessclear is the ability of theseparticularmodelsto simulatesituations
involving entirelynew setsof soil, climateor croppingconditions,with muchlessinformationavai-
lableto parameterizeor verify themodel.Testingthemodelin this larger-scaleextrapolationphaseis
a cumbersometaskbecauseit implies thede�nition of a standardizedmethodologyto estimatemo-
del inputs,andthecollectionof a seriesof datasetsencompassinga rangeof physicalandtechnical
conditions.This is probablywhy this stepis oftenskippedby modellers,who go directly from detai-
led modeltestingin a singlesite to applicationover a hostof scenarios.I foundevidenceof this by
analyzingthe literatureon modelling(Figure2.10),which hadleadme to mentionextrapolationas
the'missing link' in theoverall chainfrom modeldevelopmentto practicalapplications(13).

Anticipating this problemduring my Ph.D.,I hadsuggestedtaking into accountthe level of infor-
mationavailableto parameterizethemodelswhentestingthem.As anexample,Figure2.11depicts
thevariationsof theroot meansquarederrors(RMSE)of threemodels(CERES,DAISY, andSUN-
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FIG. 2.9– Geographicallocationsof sitesin which our versionof CERESwastested,showing their
climaticsituations.Inset: distributionof textureclassesamongthesoilstested(N=19)comparedwith
thatof theDONESOLdatabasecoveringthearablesoilsin France(Bastetetal., 1998).
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DIAL) in thepredictionof threeselectedvariables,for two extremeparameterisationscenariosin the
“ecobalance”experiment.The'baseline'scenariocorrespondsto anextrapolationphase,whereasthe
'optimum' scenariousesmoredetailedinformationon soil properties,andsomeparametersareeven
�tted against measureddata(39). Surprisingly, most modelsperformedsigni�cantly betterfor the

FIG. 2.11– RMSEs(uppergraphs)andMeanDeviations(lower graphs)of theCERES(� ), DAISY
(4 ) andSUNDIAL (+ ) models,for thethebaselineandoptimalparameterisationscenariosandthree
variables: (a) thebimonthlyNO�

3 leaching�ux (baresoil) (b) thebimonthlynetmineralization�ux
(baresoil) (c) theapparentcropN uptake (oilseedrape).From (39)

baselinescenario,exceptfor leachingwith DAISY' s goodnessof �t improving whenusingmeasu-
redhydrodynamicparametersinsteadof texture-derivedestimates.DAISY appearedto have thebest
potentialfor simulatingtheactualC-N dynamics,but this cameat thecostof providing site-speci�c
estimatesfor parameterssuchashydraulic conductivity. On the otherhand,CERESstrucka good
compromisebetweenparameterisationcostsandaccuracy, especiallyin theperspective of extrapola-
tion to widersetof physicalconditions.

I laterextendedthede�nition of the'baseline'parameterisationscenarioto de�ne a standardmetho-
dologyto estimatethesoil parametersof CERESa priori . Thisprocedureconvertsroutinely-available
soil properties(particle-sizedistribution, gravel content,bulk density, total soil carbonandnitrogen
content)into functionalcharacteristicsinvolved in thesimulationof watermovementandsoil biolo-
gical transformations.It involvesseveralpedo-transferfunctions(JonesandKiniry, 1986;Suleiman
andRitchie, 2001;Driessen,1986) for the parameterisationof waterbalance,which wereselected
from a largerset(Acutis andDonatelli,2003)usingsoil nitratedatafrom a network of 36 �eld trials
in France(Dejouxetal., 2003).Regardingtheturnoverof soil organicmatter, weusedasimpleparti-
tioningbasedon thehistoryof organicamendmentsin the�eld considered(Houotetal.,1989).More
information on the parametersand their calculationmay be found on the Internetat http ://www-
egc.grignon.inra.fr/ecobilan/cerca/intjavae.htm, wheretheestimationprocedurehasbeenimplemen-
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tedwithin anon-linefront-end.

The procedurewas testedin fuller detailson a network of � ve locationsacrossEurope,involving
a rangeof climate,cropandsoil types(13).As couldbeexpected,signi�cant deviationsbetweenob-

TAB. 2.2– Calibratedparametersfor thevariousexperimentssimulatedwith CERES.

Locationof Parametersname Unit Fitting variable Associatedroutines
Experiment
Kiel (GER) Field-capacity cm3 cm� 3 Soil waterpro�le Waterbalance
Ra�din (FR) Field-capacity cm3 cm� 3 Soil waterpro�le Waterbalance

Initial sizeof mgC kg� 1 soil Topsoilnitrate Turnover of SOM
microbialbiomass

Villamblain (FR) Field-capacity cm3 cm� 3 Soil waterpro�le Waterbalance
Sensitivity to Unitless Cropdry matter Cropphenology
cold temperatures

Barrafranca(IT) Sensitivity of Unitless CropN content CropN uptake
rootextractionof N
to waterstress

Candasnos(SP) Initial sizeof mgC kg� 1 soil Topsoilnitrate Turnover of SOM
microbialbiomass

servationsandmodeloutputswerenotedin all sites,andcouldbeascribedto variousmodelroutines
(Table2.2). In decreasingimportance,thesewere: waterbalance,the turnover of soil organic mat-
ter, andcropN uptake. A bettermatchto �eld observationscould thereforebeachievedby visually
adjustingrelatedparameters,suchassoil watercontentat �eld-capacityor thesizeof soil microbial
biomass.As a resultof this calibration,modelpredictionsfell within the experimentalerrorsin all
sites,andalsowithin therangeof publishedvaluesfor similar modeltests.Theproposeda priori pa-
rameterisationmethodthusyieldsacceptablesimulationswith only a50%probability, a �gure which
may be greatly increasedthrougha posteriori calibration.Modellersshouldthus exercisecaution
whenextrapolatingtheirmodelsto largesampleof pedo-climaticconditionsfor which they haveonly
limited information.

Bearingthis limitation in mind, I wenton to usea similar parameterisationto simulatewheatcrop-
ping systemsat the regional scalein the greaterParis basin,in the framework of the N2O project
mentionedabove (76). Elementarysimulationunits werede�ned by overlayingmapsof soil types
andlanduse.Weatherdatawastaken for eachunit from thecloseststationavailable,and'average'
cropmanagementpracticeswerede�ned basedon a regionalsurvey. Someof thesoil parametersre-
quiredby CERESweredirectlysuppliedby ourcolleaguesspecializedin soilsdatabases,usingtheir
own pedo-transferfunctions(Bastetet al., 1998),or their own expertise.Extrapolationwasdonein
threeadministrative agriculturalsub-regions involving onetestsite each.We thereforecould judge
theperformanceof this spatialparameterisationprocedurein thosesites.Surprisingly, therewerelit-
tle differencesbetweenthesesimulationsandthoseresultingfrom the local parameterisation,based
on moredetailedcharacterizationof soil properties(e.g., measurementof soil hydraulicconductivity
- Figure2.12).This highlightsthe bene�ts of usingpedo-transferfunctionsobtainedin the areaof
interestin theestimationof waterretentionparameters,aswasthecasehere(Bastetet al., 1998).It
shouldhoweverbementionedherethatnosuchruleswereavailablefor themicro-biologicalparame-
tersgoverningtheproductionof denitri�cation- andnitri�cation-mediatedN2O. Theparametersets
usedin thespatialscenarioof Figure2.12werethusthesameasthoseof thelocalscenario,andobtai-
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nedfrom site-speci�cmeasurementsin thelaboratory(18).Establishingrelationshipsbetweenthose
parametersand basicsoil characteristicsremainsa challengefor future researchon the prediction
of N2O emissions.Ecologicalstudiesat the level of microbial communitiesinvolved in the various
transformationsof N leadingto N2O productionandreductionareexpectedto help in this pursuit,
althoughit is a ratherlong-termprospect.

As anapplicationof theabovework,Figure2.13showsamapof N2O emissionsin theBeauceregion
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FIG. 2.12– Simulated(lines)andobserved(symbols)emissionsof N2O in two testsitesin theBeauce
region(anHaplicLuvisol in La Saussaye,andanHaplicCalcisolin Villamblain).In thelocalparame-
terisationscenario,detailed,site-speci�cinformationonsoil propertieswasused,whereasthespatial
scenarioinvolvedonly informationderivedfrom soil maps.

obtainedwith CERES,for the1997/1998croppingseason.Themapemphasizesthemagnitudeof the
variationsacrosssoil mapunitsandsub-regions.Themean�ux over thethethreesub-regionsof Fi-
gure2.13werecomparedwith theestimatesobtainedusingtheIPCCmethodologyfor inventorying
N2O emissions(IPCC,1996).TheCERESestimatesweresubstantiallylowerthantheIPCCones,and
thesamewentfor theemissionfactors(76).Suchdifferenceswerealsonotedin asimilarcomparison
nationwidein China(Li et al., 2001).Theseresultshighlight the necessityof usingprocess-based
models,which fully accountfor local conditions,in inventoryingtrace-gasemissions.

Lastly, extrapolatingover time appearedindispensableto tacklecarry-over effectsfrom onecrop
to thenext, andalsoaddressthe issueof emissionsoccurringduring the time intervalsbetweentwo
crops.Assessingtheenvironmentalbalanceof a particularcroprequiresa capacityto tracktheemis-
sionsinducedby its management,whetherduringthecroppingseason,in thetime interval beforethe
following cropis planted,or evenafterthis proceedingcropstartedgrowing. Thereis thusclearlyan
allocationproblem,amountingto to breakingdown the emissionsof a croppingsystemamongthe
variousindividual cropsit is madeupof.

We had �rst optedto make any given crop responsiblefor the periodof time going running from
its plantingto theplantingof thefollowing crop.However, becausecarry-over effectsmaytakeplace
over longertime periods,we �nally decidedthatemissionsshouldbeaveragedover a numbera crop
rotations,andthenbrokendown into thevariouscropsrotated.This promptedus to introducebreak
cropssuchaspeaandsugar-beet,in additionto oilseedrape,in orderto simulatethemostcommon
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FIG. 2.13– Simulationof N2O emissionsfrom wheat-croppedlandin threeagriculturalsub-regions
of theBeauceregion (centralFrance).The�ux esareexpressedin kg N-N2O ha� 1.

rotationsin theParisbasinandotherpartsof Europe(27).For example,thiscapacityto simulatecrop
rotationsenabledusto analysethemanagementof theinterval betweencropharvestandplantingof
the following crop,andto con�rm experimentalevidencethatanearlysowing of oilseedrapecould
reducenitrateleachingin oilseedrape-winterwheatrotations(50). Runninga seasonalcrop model
like CERESover time periodsof morethanthirty yearsrevealedsomepossibledrifts, mostnotably
with the dynamicsof soil organic matter, aswasshown on Figure2.5. However, the modeldid not
go completelyoff course,asI hadshown it to be thecaseearlieron with othermodels(40). This is
probablydueto themodelbeinghighly constrainedandparameterized,preventingtheoccurrenceof
unlikely valuesof �ux esor statevariablesat any point in time.Figure2.15shows thesimulationof a
maizemonoculturefor variousharvestregimesin theMiner (New York, USA) long-termexperiment
(Cardoso,2000),anddoesnot revealany numericaldivergenceof simulatedyieldswith time.

With respectto extrapolationover time, the challengeof giving accuratepredictionsof both short-
termandlong-termdynamicsof C andN remains,andmostlikely requiresadjustmentof netprimary
productionandthe increaseof photosynthates'partitioningto the roots.Currentlyon-goingclimate
changesposea secondchallenge,sincethey questiontherelevanceof usinghistoricalseriesof wea-
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Extrapolating fr om laboratory to �eld

Using parametervaluesobtainedin the laboratory to simulatea �eld experiment is often cited
asa risky endeavour. Laboratory-derived parametersmay be �a wed becauseobtainedon disturbed
soil samples,or underconditionsthat are remotefrom what actuallyoccursin the �eld. However,
laboratoryassaysareoften theonly availablemethodto parameterizesoil biological functionssuch
assoil organicmattermineralization,pesticidedegradation,or trace-gasproduction.My experience
in thesemattersis that the degradationof organic matter (whetherfresh or endogenousto soil)
couldbeapproachedreasonablywell with laboratoryincubations(2; 16). In thecaseof urbanwaste
composts,we showed togetherwith SabineHouot (INRA Grignon) that an index derived from
biochemicalfractionationof organic mattercould be usedto parameterizethe soil C-N moduleof
CERES(14;16).Thisconclusion,whichappliedin thelaboratoryaswell asin the�eld (Figure2.14),
is an importantresult sinceit meansa simple fractionationmethodcould replacetime-consuming
laboratoryincubationsto characterizethis typeof 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 somewhat mitigatesthe hypothesis
that laboratorymethodsgive a goodproximateof �eld reality. Conversely, theNO emissionmodule
parameterizedby C. Hénault from laboratoryincubationsof soil samplesfertilized with mineral
N failed to simulatethe emissionsobserved in the �eld in Grignon(19). The modulegave correct
predictionsafter adjusting two of its parametersby a factor of 4, which is rather considerable
(Cortinovis, 2004).Thefactthatlaboratoryparameterswereunsuitableto the�eld situationprobably
wasdueto their having beenobtainedon disturbedsoil samples,with NH+

4 concentrationsanorder
of magnitudehigherthanthoseusuallyoccurringin the�eld.

FIG. 2.14– Useof abiochemicalindex (BSI) to parameterizethelabile fractionof urbanwastecom-
postorganicmatterin CERES.Theleft-handgraphshows therelationshipbetweenBSI andtheother
parametersof thelabilefraction: C :N ratioanddegradationrate(R2=0.66for bothrelationships).The
right-handgraphcomparesthesimulationsof topsoilnitratecontentin the�eld experiment,obtained
with theBSI-based(BSI) andoptimum(OPT)parametersets.From (14;16)
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FIG. 2.15– Simulated(lines)andobserved (symbols)grainyields in theMiner (NY) long-termex-
periment.Theexperimentinvolvesa maizemonoculturewith two harvestregimes: grainandsilage
maize.Thesimulationperiodrunsfrom 1973to 1992.

therdata(asI haveexclusively donesofar)to investigatelong-termeffects.Incorporationof datafrom
generalcirculationmodelsshouldde�nitely besought,althoughit still raisescompatibility issuesin
termsof spatialandtemporalresolutionsfor usewith cropmodels.

2.6 Application to life cycleassessment

As statedin introduction,theobjective of themodellingwork presentedin theprevioussections
wasto simulate�ux esandstocksof environmentalinterestasrelatedto the managementof arable
�elds, andmoreparticularlytheapplicationof fertilizer N andpesticides.Thegeneralframework for
theenvironmentalassessmentof thosepracticesis life cycleassessment(LCA), amethodwhichis ba-
sedon �ux esof matterandenergy from theparticularproductionsystematstake.Thefollowing sub-
sectionsillustratethreeproductionchainsin which I combined�eld-scalemodellingandLCA : bio-
massfor energy, agriculturalrecycling of urbanwaste,andthe introductionof genetically-modi�ed,
herbicidetolerant(GMHT) crops,In the�rst two examples,theframework of LCA appearsparticu-
larly relevantsinceit makesit possibleto comparethechainsin questionswith non-agricultural-based
alternatives(fossilenergy andland-�lling or incinerationof waste),for whichLCAs arealreadyavai-
lable.Thelastexampleis agriculture-centered,but hastheadvantageof showing how a detailedme-
thod like LCA may complementotherenvironmentalassessmentmethodsavailablefor agricultural
systems,suchastheagri-environmentalindicators(Girardinetal., 1999).

2.6.1 Straw for energy

Theuseof agriculturalbiomassfor energy purposesincreasinglyappearsaspartof thesolutionto
reduceglobalwarming(Hall et al., 1991).Theassessmentof biomassfor energy chains,whetherfor
heating,transportor combinedheatandpowergeneration,wasthebackgroundof the�rst examplesof
applicationof LCA to agriculturalactivities,andwasactuallythestartingpointof my work at INRA.
Althoughthemany reportsavailableshowedbioenergy hada high potentialto offsetCO2 emissions
from fossilenergy consumption(Reinhardt,2000;Ecobilan,2002;HartmannandKaltschmitt,1999),
somecontroversyaroseregardingthetrade-off betweentheCO2 savingsandpossiblylargeemissions
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of N2O resultingfrom the fertilization of bioenergy crops.The LCA resultsof agrobiomasschains
arevery sensitive to the amountof N2O emittedduring the productionof agrobiomassin the �eld,
usuallyestimatedwith anemissionfactorthatquanti�es thefractionof appliedfertilizer N thatevol-
ving asN2O. However, this factoris highly variabledependingon soil type,weathersequence,and
cropmanagement(Li et al., 2001).This emphasizesthe needfor process-basedmodelswhich have
thepotentialto produceestimatesre�ecting theconditionsprevailing attheregionalor local level.The
following paragraphillustratesthe useof sucha model in the context of cerealstraw, alsotackling
theissueof straw removal effectsoncroppingsystemvariables.It resultsfrom arecentresearchjoint
projectinvolving economistsfrom INRA.

Crop residueshave recently regainedattentionas a potentially considerablesourceof renewable
energy. Availableresiduesareestimatedat 4.8 106 Mg worldwide, correspondingto an energy va-
lue of 70 1018 J ( (Lal, 2005)).Among them,cerealresiduesarethe largestsource,makingup two
thirdsof thetotalavailableamount.However, thereis anon-goingdebateontheactualpossibilitiesof
straw removal (Wilhemetal.,2004).As reviewedby thelatterauthors,theexperimentaldatacurrently
availableon thepossibleeffectsof straw removal on processeslike soil organicmatterturnover, soil
erosion,or cropyieldsarenot consistentbecauseof thestrongin�uence of local conditions(climate,
soil type,andcropmanagement).Besides,othertypesof environmentalimpactsshouldbetakeninto
accountin order to obtaina completepictureof the advantagesanddrawbacksof usingstraw for
energy purposes.Theseincludethe leachingof nitrate,andthe emissionsof N tracegasessuchas
ammonia(NH3), nitrogenoxides(NOx ), andnitrousoxide (N2O). The latter is particularlycritical
sinceit is majorcontributor to theglobalwarmingimpactof agriculturalsystems,comparedto soil C
sequestration(Robertsonet al., 2000).Exceptfor nitrateleaching,therearefew referenceson these
effectsin the literature,andthepatternsareagain not consistentacrossreferences,for thesamerea-
sonsasmentionedabove. The time-frameover which the effectsof straw removal are investigated
arealsoan issue.For instance,nitrate leachingwasshown to decreasein the winter following the
�rst incorporationof wheatstraw in a croppingsystem,comparedto a control with no addedstraw
(Garnieretal.,2003).However, in another�eld site,this tendency wasobservedto reverseaftera few
yearsof continuedstraw incorporation(Cattetal., 1998).

In theframework of theabove-mentionedresearchprogram,I usedthedeterministicmodelCERESto
simulatetheeffect of straw removal undervarioussetsof soil, climateandcropmanagementcondi-
tions in northeasternFrance.Model resultsin termsof nitrate leaching,soil C variations,nitrous
oxideandammoniaemissionsweresubsequentlyinputtedinto the life cycle assessment(LCA) of a
particularbio-energy chainin which straw wasusedto generateheatandpower in a plantproducing
bio-ethanolfrom wheatgrains.Straw removal hadlittle in�uence on simulatedenvironmentalemis-
sionsin the �eld (Table2.3),andstraw incorporationin soil resultedin a sequestrationof only 5 to
10%of its C in thelong-term(30years).
TheLCA concludedto signi�cant bene�ts of straw usefor energy in termsof globalwarmingand

useof non-renewableenergy. Only theeutrophicationandatmosphericacidi�cation impactcategories
wereslightly unfavourableto straw usein somecases,with adifferenceof 3%atmostrelativeto straw
incorporation(22).Theseresultscon�rm theenvironmentalbene�tsof substitutingfossilenergy with
straw, while proposinga novel methodologyinvolving process-basedmodelling,andevidencingits
potentialto take local conditionsandcropmanagementeffectsinto account.In addition,Figure2.16
shows how the modelmakes it possibleto includethe uncertaintydueto climatevariability in the
analysis.Figure2.16revealsa strongin�uence of climate,while othersourcesof uncertaintysuchas
soil variability andmanagementscenariosprovedlessin�uential.
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TAB. 2.3 – Averageannual�eld emissionssimulatedwith CERES,for usein the LCA. The selec-
ted scenariosincludea winter wheat-oilseedrape-winterbarley rotation,in two sites: a deeploam
at Abbeville (on the North seashore)and a rendzinasoil at Fagnières(250 kms inland from Ab-
beville). Wheatstraw is eitherreturnedto soil, which correspondsto the referencesystem(S1),or
removed onceper rotation,which correspondsthe straw-basedsystemS2.The global warmingim-
pactis calculatedasthesumof C sequestrationin soil organicmatter(negative) andtheemissionsof
N2O (positive)afterconversionto CO2 basedonaglobalwarmingpowerof 270.Thecontributionof
N2O is singledout.

Location Globalwarming Ammonia Nitrate Cropyield
impact emission leaching

N2O part Grains Harvestedstraw
kg C-CO2 ha� 1 yr� 1 kg N ha� 1 yr� 1 Mg DM ha� 1 yr� 1

Referencesystem(S1)
Fagnières -800 78 16.2 5.5 7.12 0
Abbeville -860 210 19.2 48.4 9.52 0

Straw-basedsystem(S2)
Fagnières -680 78 17.0 5.0 7.14 1.05
Abbeville -660 200 17.0 44.0 9.25 1.34
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FIG. 2.16 – Effect of the inter-annualvariability
of CERES-simulatedN2O �ux eson the LCA re-
sultsfor globalwarming.Theemissionsof green-
housegases(GHG) are aggregatedover the four
ethanolproductionstages: agriculturalproduction,
transport,conversion in ethanolplant, and straw
burning. The two variantsytemsarereported,in-
volving or not the useof cerealstraw in the bio-
ethanolplant.Theeffect of N2O varianceon total
emissionswascalculatedwith Monte-Carlotech-
niques.
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2.6.2 Urban wasterecycling

Themanagementof urbanwastehasbecomea majorissueworldwide,with steadilygrowing vo-
lumesto bedisposedof andincreasedpublic awarenessof theresultingpressureon theenvironment.
Amidst the rangeof wastetreatmentscurrentlyavailable, incinerationand land�lling are the most
frequent,andarecommonlycombinedto meettheneedsof local communities.However, bothtreat-
mentroutesraisearangeof environmentalproblems,whichhaverecentlyleadtheFrenchgovernment
to scheduleabanonmosttypesof land�ll disposal.Compostingof urbanwastehasemergedasava-
luablealternativebecauseof thehighproportionof organicmatterin urbanwaste.Thebio-degradable
fraction(includingfood scraps,grassclippingsandtreetrimmings)is estimatedat about25%(fresh
weight) in France,alongwith an additional25% madeup of paperandcardboard.Compostshave
long beenusedin agriculture,andurbanwastecomposts(UWC) may be appliedin arable�elds as
organicamendmentto maintainsoil organicmatteraswell assupplynutrientsto crops(Strattonetal.,
1995).

Similarly to bioenergy, life cycle assessmentprovides a relevant framework to evaluatethe envi-
ronmentaladvantagesanddrawbacksof wastecomposting,as comparedto other treatmentroutes
(Mendeset al., 2003).And likewise, the resultsmay be expectedto vary widely accordingto crop
management,climateandsoil characteristics,togetherwith thebroadrangeof UWC typesavailable
(Strattonet al., 1995).Process-basedmodelsmay thus play a prominentrole in gaining more in-
sight into theseinteractionsandto singleout soil, climate,andmanagementfactorsthroughscenario
analysis.They may thereforehelp in issuingrecommendationfor UWC managementin agriculture,
regardingfor instancethetiming of UWC applicationin relationto thequalityof theirorganicmatter.
Modelscanalsoapproachlong-termeffects,which areparticularlyrelevant to evaluatetheeffect of
repeatedapplicationsof UWC onsoil organicmatterdynamics.

In the framework of a long-term�eld experimentset up nearGrignon to evaluatethe agronomic
valueandtheenvironmentalimpactsof varioustypesof UWC (Houotet al., 2002),I usedCERESto
to predicttheC andN balancesof theplotsamendedwith varioustypesof UWC.Thetrial is managed
asamaize(ZeamaysL.) - wheat(Triticum aestivumL.) rotation,andstartedin 1998.Comparisonof
observed andsimulateddataover the �rst 4 yearsof the �eld trial showed that the modelpredicted
thesoil moistureandinorganicN dynamicsreasonablywell, aswell asthevariationsin soil organicC
(Figure2.17).In particular, theparameterizationof UWC organicmatterfrom biochemicalfractions
(asexplainedin section2.14)achieveda similar �t astheparameterizationbasedon laboratoryincu-
bationdata.

SimulatedN �ux es(Table2.4)showedthat theorganicamendmentsinducedanadditionalleaching
rangingfrom 1 to 8 kg N ha� 1 yr� 1, which canbe relatedto the initial mineralN contentof the
amendments.After 4 years,thecompostshadmineralized3%to 8%of their initial organicN content,
dependingon their stability. Compostswith slower N releasehadhigherN availability for thecrops.
CEREScould thusbe usedto aid in selectingthe timing of compostapplication,in relation to its
stability, basedonbothenvironmentalandagronomicalcriteria.

The resultsgiven in Table 2.4 were also be input into a LCA framework comparingwastecom-
postingwith land�lling andincineration(88), basedon availableliteratureon this type of LCA. As
underlinedby a recentreview (HellebrautandDecaevel, 2004),the impacts(whetherpositive or ne-
gative)of �eld applicationof urbanwasteareaweakpartof currentlyavailableLCAs. Theseimpacts
areeitherignored,or approachedin averysimplisticandpartialmanner. Comparedwith previousstu-
dies(Ecobilan,1997),our estimatesweresigni�cantly lower for nitrateleaching.Conversely, these
studiesignoredammoniavolatilization,andthe introductionof our �gures showed it accountedfor
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FIG. 2.17– Bar plot of CERES-simulatedversusobserved variationsin C stocksin the top 30 cm
of soil, from Sept.1998 to Sept.2002 in the Feucherollestrial. Legend: MSW : municipal solid
wastecompost; BIO : bio-wastecompost; GWS: greenwasteandsludgecompost; FYM : farmyard
manure: +N : with additionalapplicationof mineralfertilizer N.

TAB. 2.4 – CERES-simulatedN �ux es in the compost�eld trial. Fluxesareannualaveragesover
theperiodrunningfrom October, 1998,to June,2002.The �ux esfor theorganic treatments(MSW,
BIO, GWSandFYM) areexpressedasa differencerelative to thecorrespondingcontrolsreceiving
no organicamendments.Cropapparentrecovery of appliedN is calculatedas(TreatmentN uptake -
ControlN uptake)/(AppliedN).

Flux type Treatments
Control MSW BIO GWS FYM

kg N ha� 1 yr� 1

Nitrateleaching 17.0 6.0 5.1 10.2 11.4
Denitri�cation 0.63 0.21 0.18 0.32 0.34
Netmineralization 82.1 17.9 15.2 24.3 27.6
CropN uptake 86.4 20.3 16.5 27.2 34.5
AppliedNa 8.5 137.7 140.5 162.7 124.7

% of appliedN
Apparentcrop 0 14.7 11.7 16.7 27.7
N recovery

a : in organicandinorganicform.
Legend: MSW : municipalsolid wastecompost; BIO : bio-wastecompost; GWS: greenwasteand
sludgecompost; FYM : farmyardmanure.
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50%of theacidi�cation impactof thewholechain,therebyproving a critical item in theassessment.
Lastly, theimpactsonsoil organicmatterbuild-upwasalsointroducedbut hadvery little in�uence on
theoverall results(88).Our model-basedreferenceslaterservedin building a databaseof emissions
relatedto UWC applicationon arableland (79), to which I hadan active contribution. Thedataare
beingtakenupby referenceLCA databasessuchasEcoInvent(www.ecoinvent.ch).

Theappraisalof UWC recycling alsohighlightspotentiallimits of theLCA framework.A broadrange
of positive effectson “soil quality” maybeexpected,dueto organicwastestimulatingsoil biological
activity andincreasingsoil organicmatter. Theseeffectsencompassphysical,chemicalandbiological
propertiessuchasbetterresistanceto compaction,increasedstructuralstability, higherwaterretention
capacityandcationexchangecapacity, stimulationof microbialactivity anddegradationof soil conta-
minants,protectionof cropsagainstsoilbornepathogens,etc...(Muller et al., 2005).However these
effectsareessentiallyqualitative,andmaynotbedirectlyexpressedin aformatcompatiblewith LCA,
whichreliesexclusively on �ux esof matterandenergy. It thusappearsnecessaryto eitheradaptLCA
in orderfor it to accommodatesuchinformation,or to supplementit with methodsthatarespeci�cally
designedfor suchqualitative impacts.For instance,therearecurrentlymajorefforts in the�eld of soil
microbialecologyto identify indicatorsof 'micro-biologicalquality' (78).

2.6.3 Bene�ts of usinggenetically-modi�ed, herbicide-tolerant crops

Along with syntheticfertilizer N, pesticidesarethecategoryof inputsthatepitomizethefearsas-
sociatedwith modernagricultureworldwide(Tilmanetal.,2002).Pesticidesareincreasinglydetected
in groundandsurfacewatersin Westerncountries(IFEN, 2003),andalsoin ambientair (Bedosetal.,
2002).Thereis thusagrowing concernthattheuseof pesticidesatcurrentlevelsis notsustainablein
thelong run,andmayleadto irreversibledegradationof ecosystemsandnaturalresources.However,
reducingthedosesof pesticidesperhectareasis currentlyput forwardby theEU mayhave drastic
consequenceson crop yields.Also, the environmentalrisks posedby pesticidesis not proportional
to thedosesapplied,but theresultof its intrinsic physico-chemicalandtoxicologicalcharacteristics
combinedwith the environmentalconditionsthat determineits fatefrom the arable�eld to its �nal
target.

Optimizing the useof pesticidesthus calls for a methodthat would accountfor the effect of pes-
ticide applicationon both crop productivity andenvironmentalimpacts.This is again typically the
realmof life cycle assessment,which in that casewould seekto minimize the marginal impactsof
pesticideuseperunit of �nal cropyield. Applicationof LCA would requiremodelssimulatingcrop
responseto pesticideapplication(ie incorporatingtheeffect biotic stressfrom pestsandweedsalong
with their responseto chemicals)andmodelssimulatingthefateof pesticidesin thesoil-cropsystems
andtheir impactson localor remotetargetecosystemsor populations.Therearecurrentlymany basic
componentsmissingin that generalconstruction.However, togetherwith EnriqueBarriuso(INRA
Grignon)andagraduatestudentwesupervised(LaureMamy),westartedworkingonthesecondpart
of it, in thecontext of genetically-modi�ed,herbicide-tolerant(GMHT) crops.Thefollowing summa-
rizesthis work andemphasizesits mostoriginal traits.

The introductionof GMHT cropsis often presentedas a potentialsolution to reducethe environ-
mentalload of herbicides,becauseit leadsto reduceddosesof compoundsthat are lesspersistent
andtoxic thanthoseusedwith non-GMHTcrops(WolfenbargerandPhifer, 2000;Daleet al., 2002).
However, to datethereareno detailedcomparisonsavailableto substantiatethat claim. The objec-
tive of L. Mamy's work wasthusto comparetheenvironmentalbehaviour of glyphosate,asusedon
GMHT crops,with that of otherherbicidesfrequentlyusedfor weedcontrol on the samecrops,al-
beit non-GMHT. Theherbicidesincludetri�uralin andmetazachlorfor oilseedrape,metamitronfor
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sugarbeet,andsulcotrionefor maize.Threeexperimentalsitesrepresentative of themainproduction
regionsfor thosecropswereselected,in thevicinity of threeFrenchcities: Châlons-en-Champagne,
Dijon andToulouse.Thesesiteshadhosted�eld trialsontheintroductionof GMHT cropssince1994,
andtherecordsof cropmanagementmadeit possibleto devisecroppingsystemswith variousdegrees
of GMHT cropsa posteriori,alongwith the chemicalweedingprogrammes.The croppingsystems
comprisedrotationswith oilseedrapeandsugarbeet(GMHT or non-GMHT),andmaizemonoculture
(GMHT or non-GMHT)

Life cycle assessmentwas implementedfor thesesystemsby �rst runninga process-basedmodel
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FIG. 2.18 – Calculatedimpactsfor variouscroppingsystemswith (shallow grey) or without (dark
grey) GMHT cropsin Dijon. Theimpactsareexpressedasequivalent1,4DCB (areferencesubstance
for toxicologicalimpacts),in log scale,andfor 5 ecosystemor populationtargets: freshandseawater,
fresh-andsea-watersediments,terrestrialecosystems,andhumanbeings.

of pesticidefate,PRZM (Carselet al., 1985), to estimatethe �ux es and soil stocksof herbicides
andtheir metabolitesover a time periodof 12 years.Thesevariablesweresubsequentlyaggregated
with theUSESfatemodel(Huijbregtset al., 2001)to estimatethe �nal impactsof thevariouscrop-
pingsystemsonseveralenvironmentaltargets(water, sediments,ecosystems,andhumanhealth).The
pesticidemodelwasparameterizedfrom detailedlaboratorystudieson thesorptionanddegradation
propertiesof thevariousmoleculesinvolved(20),andtestedagainst�eld datacollectedin oneof the
sites.Somecalibrationwasrequiredto reachanacceptablesimulationfor glyphosateandtri�uralin.

In mostcases,glyphosatewas the herbicidefor which dispersalrisks in the environmentwere lo-
west,becauseof its high sorptionandquick degradationin soils.The formationof morepersistent,
majormetaboliteswasobserved for glyphosate(AMPA), metazachlor(unidenti�ed) andsulcotrione
(CMBA). Consequently, thesemetabolitespresenthigherrisks for theenvironmentthantheir parent
moleculesandshouldde�nitely be includedin theenvironmentalassessment.Thesimulationof the
variouscroppingsystemsand associatedweedcontrol practicesshowed that as the occurrenceof
GMHT cropsincreasedin therotations,theenvironmentalimpactsof glyphosatebecamehighercom-
paredto selective herbicides(Figure2.18).In particular, therewasa signi�cant build-upof AMPA in
soil after twelve yearsof annualglyphosateapplicationsin a maizemonoculture.Thepersistenceof
AMPA in soilsneverthelessquestionsthesustainabilityof this innovation,andemphasizestheneed
for moredetailedstudieson thebehaviour of this molecule,particularlyin thelong term.

Lastly, accordingto our LCA-basedmethodology, the bene�ts of GMHT cropsvariedsigni�cantly
accordingto soil typeandcrop type.As exempli�ed on Figure2.19,this responsewasnot captured
by theindicatorI-Phy, amoresimplemethodgiving aqualitative risk of air, groundwaterandsurface
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watercontamination(Girardin et al., 1999).This comparisonjusti�es a posteriorithe selectionof a
morecomplex methodbasedon �ux esandimpacts,which provedsuf�ciently detailedandsensitive
to judgethebene�tsanddrawbacksof introducingGMHT cropsfrom thepoint of view of chemical
weeding.
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FIG. 2.19– Effect of geographicallocationandcrop type on the environmentalimpactsof GMHT
(grey bars)and non-GMHT (white bars)croppingsystems,assessedwith two methods: the agri-
environmentalindicatorI-Phy (right), andlife-cycle assessmentbasedon thePRZM andUSESmo-
dels(left). Notethatthenotesgivenby thetwomethodsarenotequivalent: I-Phy outputsanormalized
scorerangingfrom 0 (maximumimpacts)to 10 (no impacts),while theUSES-derivednoteis a �ux
of equivalentsubstance(1,4DCB), log-transformedfor graphicalpurposes.

2.7 Conclusion

Looking backon the past12 yearssinceI startedworking with INRA, I �nd myself quite lu-
cky to have hadthe opportunityto develop a researchprogrammefocusedon clear�nal objectives
(implementationof anenvironmentalassessmentmethodologyandapplicationto variousagricultural
issues),andwith a precisetack(usingprocess-basedmodelsto �ll in theagriculturalphases).I now
realizetherewasa long way from plot-scalemodellingto life cycle assessmentsinceit is only now
that thetwo arebeingbridged,asshown in theprevioussection.However, therearestill many chal-
lengesahead,asI will elaborateonin thefollowing chapteronfutureresearch.I amalsomostgrateful
to my Ph.D. supervisor, GhislainGosse,for settingthecoursesoastutelyandsupportingmeall the
way through.

The main endresultof my pastwork is thusthis evaluationschemeassociatingmodelsto simulate
�ux esat thearable�eld level, andamorecomprehensiveframework encapsulatingthe�ux es,making
it possibleto analysetheenvironmentalimpactsandpossibleimprovementsof theagriculturalsystem
at hand.In this processI cameacrossmany limitationsandresearchissues,which I alreadyhighligh-
tedin thevarioussectionsof thischapter. Thisshortconclusionsummarizesthemandproposessome
possiblewaysof addressingthem.

The �rst seriesof questionsdealswith theability of soil-cropmodelsto tackleparticularprocesses,
suchasgaseousemissions,whichseemto require�ner temporalandspatialresolutions.For instance,
ammoniavolatilizationwouldbebetterdescribedusinghourlymeteorologicaldataandthinnerlayers
in the topsoil (Riedoet al., 1998).This warrantsfurthermodeldevelopment,alongthesameline as
describedin theabove sections.
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Regardingpesticidemodelling,degradationandretentionfunctionsshouldde�nitely beimproved.In
particular, the formationof non-extractableresiduesis crucial in the long-term.Also, foliar applica-
tion raisea hostof speci�c issuesdealingwith thein�uence of plantson volatilization(from leaves),
absorptionby leaves,wash-off, anddegradationoncethe leaveshave fallen to the ground.This is
especiallyimportantfor post-emergenceherbicidesandfungicides.

Secondly, modelextrapolationoverlargerareasrequiresamethodologytogeneratespatially-distributed
estimatesof modelparameters,andto testthesimulationsovertheareaconsidered.Regardingthe�rst
point, it seemsthatthemostcritical point involvesthemicro-biologicalparameters,andmostimpor-
tantly thosepertainingto theproductionof trace-gases.Discussingthis issuewith microbiologistshas
mostly convincedme that it wasnot to be overlooked - but most likely not resolved beforea long
time.Thesecondpoint is partof theclassicalupscalingproblem(Leuninget al., 2004),with several
optionsfor atmosphericemissions: usingairbornetechniquesto measurespatially-integrated�ux esat
differentpointsin time,combiningmeasuringtowersandinverseatmosphericmodelling,or ground-
basedmeasurementsat randomlocations.
Extrapolatingover long periodsof time evidencedproblemswith the simulationof inputsfrom the
rhizosphere,with N modelslike CERESgiving estimatesthatweremuchlower thanthosegivenby
dedicatedC modelslike RothC.Somecalibrationshouldthusbesought,via a morerealisticpartitio-
ningof photosynthatesto theroots.

Theapplicationof theenvironmentalassessmentmethodologyproposedheredoesnot raiseresearch
issuesperse. It is mostlyamatterof de�ning astrategy to respondto ademandthatis ontheincrease,
whetherfrom thegovernmentagencies(ADEME), privatecompanies,or otherresearchbodies(EN-
SIACET, CEMAGREF, EPFL).Partof thequeriesoriginatingfrom thesepartnerscouldbeanswered
by makingourmethodologyavailableto them(e.g. LCA Excelsheetsor simulationmodels),but most
of thetime thesetoolshadto betailoredto thequestionsat hand.This hasoftenspawnednovel and
mostrelevant, illustratingthesayingthatmodelsmake progressasthey arebeingutilized.Applying
themodelsto avarietyof purposesis thusasourceof enlightenmentaswell asagoodway to anchor
theminto concreteground.

However, adaptationis sometimesnot enoughto overcomesomelimits inherentto the framework
chosen.This is especiallytrueof conceptslike 'soil quality' or 'biodiversity', which cannotbetrans-
lated in termsof exchangesof matterandenergy. Ecologymay be expectedto play a leadrole in
de�ning indicatorsto judgethe stateof theseresourcesandthe impactsof agriculturalactivities. It
might alsobe necessaryto look at the arable�eld from a broaderperspective, to take into account
spatialinteractionsbetweenthatparticular�eld andthesurroundingagro-ecosystems,or othertypes
of ecosystems,in orderto internalizesomerulesinherentto ahigherlevel of organizationandproduc-
tion (eg, foragegrass).Suchis the purposeof 'industrial ecology', a relatively recent�eld pointing
a the needfor "an industrialecosystem"in which "the useof energiesandmaterialsis optimized,
wastesandpollution areminimized,andthereis aneconomicallyviable role for every productof a
manufacturingprocess"(FroschandGallopoulos,1989).This analogybetweena productionsystem
anda naturalecosystem,which may alsobe true of highly human-alteredagro-ecosystems,opens
new groundsfor environmentaloptimization,partly building on morefamiliar tools like life-cycle-
assessment.
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Chapitr e 3

Projet / Futur e research

3.1 Generalbackground

3.1.1 Emerging issuesin envir onmentalassessment

In 2004,I participatedin aworkinggroupcommissionedby ourscienti�c Departmentto produce
a reporton themethodologyfor theenvironmentalassessmentof agriculturalsystems.Theideawas
to conducta literary survey of currentwork on this topic, andto elaborateon new frontiersfor re-
searchbasedon trendsobservedin the literatureandon our own visionsfor futuredevelopments.In
its conclusions,thereport(78)suggestedto investigatenew researchareasandissues,andto setupva-
riousnetworksto shareandimproveassessmentmethods(includingmodels),to inventoryinformation
on currentandfutureagriculturalproductionsystems,andto collectdataon thesesystemsat various
spatialscalesto implementandtesttheassessmentmethods.Theresearchdirectionshighlightedby
thereportinvolved:

1 a betterdescriptionof the atmosphericcompartment,whetheras a recipientor a carrier of
pollutantsemittedby or depositedonagroecosystems,

2 theuseof spatially-explicit methodsthatwouldtakeinto accounttheinteractionsbetweenculti-
vated�elds andthe�ux esof pollutants,

3 the investigationof long-termeffectsof somemanagementpracticeson variableslike soil or-
ganicmatteror biodiversity,

4 thelinkageof physicalandphysico-chemicalapproacheswith theecologyof thevariousliving
organismsimpactedby agriculturalpractices,

5 quanti�cationof theuncertaintyassociatedwith theestimatedimpacts,
6 takinginto accountthesensitivity andtransportcharacteristicsof thetargetenvironmentalme-

dia (soil, water, air),
7 couplingof environmentalassessmentwith socialandeconomicalapproachesto identify better

managementoptions,
8 theco-constructionof evaluationmethods(models)betweenenvironmentalistsandmanagers.

I alsohadtheopportunityto presenttheearlyconclusionsof thatworkinggroupataconferenceorga-
nizedby thePEER(Partnershipfor EuropeanEnvironmentalResearch)initiative on theuseof envi-
ronmentalindicatorsfor sustainabledevelopment(56).Thelecturesandworking sessionscon�rmed
mostof theabove issuesasparticularlyrelevant,while emphasizingtheneedto bettercommunicate
aboutenvironmentalindicators.
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3.1.2 Short- and long-term prospects

In my pastwork I have alreadyaddressedsomepoint of the above list, or at leastconsidered
themfor futurework. Fromthebeginning,my focushasbeenon atmosphericemissions(point #1),
andwearecurrentlyconsideringincludingthedepositionof ammoniaor ozonein theCERESmodel
togetherwith colleaguesfrom my researchgroup.As part of the sameproject,a graduatestudentI
am currentlysupervisingis linking CERESwith a meso-scalemodelof atmosphericchemistryand
transport,which will make it possibleto characterizethe impactof NO emissionsfrom arable�elds
on the formationof troposphericozone- the latterbeingrelevant to point #6. I addressedlong-term
dynamicsregardingC andN turnover in soils (section2.3.2),andthequestionof uncertaintydueto
inter-annualclimatevariability in �eld emissionsin theLCA of straw to energy (section2.6.1).

Most of theseparticularpoints actually involve the re�nement of existing, or the developmentof
new methodology. They openroutesfor futureresearchasa directextensionof my pastwork, along
a line consistingin improving theaccuracy andscopeof biophysicalmodelsfor usein LCA. In the
short-term,for instance,I planon improving theammoniavolatilizationandNO emissionroutinesof
CERES,for which �ner temporalandspatialresolutionsappearnecessary. This is currentlythesub-
jectof agraduatestudentworkingwith me.I wouldalsolike to makesomeprogressontheestimation
of parametersfor trace-gasemissionson broadspatialscales- which hasproveda de�nite limitation
in thesimulationof N2O emissionsat theregionallevel (Figure2.13).

FIG. 3.1– Schematicof anintegratedapproachcouplingbiophysicalmodelswith economicmodelsat
thefarmscale.Agronomicscenariosare�rst selectedusingarandomcroppingsystemsgeneratorand
simplemodelsto evaluatetheirproductivity andenvironmentalperformances.Theresultingscenarios
aresimulatedwith a biophysical model,which outputsyield andenvironmentalimpactsdatato the
LP micro-economicfarmmodel.The latteroptimizesfarmmanagement,andoutputsthepro�ts and
socialcostsassociatedwith pollutionabatement.

In thelongrun,however, simply re�ning theLCA methodologywill notbesuf�cient to answersome
of thequestionsraisedin the list of section3.1.1.In particular, for LCA to beof practicalusefor a
varietyof end-usersor managers,it shouldintegrateagronomicalandeconomicalcriteria.This is the
purposeof lasttwo itemsin thelist, calling for a linkageof indicatorsof environmentalperformance
at theproductionsystemlevel with agronomicalandeconomicalapproaches.A schematicof how this
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joint approachmight be setup is given in Figure(3.1). It shows how the productionsystemcould
be optimizedat the farm level, taking into accounttechnicalconstraintsarisingfrom farm manage-
mentandcroppingsystemsanalysis.In particular, it makesit possibleto examinehow economicor
regulatoryincentivesmaybeusedto reduceenvironmentalpollutionsform productionsystems.Such
linkagehasalreadybeenimplementedfor dairy cattlefarmsin Denmark(Vatnet al., 1999),showing
abatementcostsfor reducingnitrateleachingto bequitehigh, whetherfor the farmeror for thego-
vernment.In collaborationwith colleaguesfrom theDepartmentof Economics,we alsosetup such
a coupledsystem,with the objective of evaluatingthe bene�ts of variable-ratefertilizer application
techniques(Table3.1).

TAB. 3.1 – Effect of NPK fertilizersandwheatgrainpriceson the fertilizer andmoney savings (or
losses)incurredby theuseof variable-rateapplicationtechniques.Thesystemsimulatedis a virtual
farmof 200hawith 100haof high-andlow-fertility soils,respectively. Thenumbersin theTablecor-
respondto thedifferencebetweenthevariable-ratescenarioandthereferencescenariowith uniform
applicationof fertilizers, obtainedby combininga crop model with a micro-economic,LP2-based
model(J.-C.Hautcolas,INRA Grignon,unpublished).

Fertilizerprice Grainprice Baseline +35%
Baseline Money savings 479

�

851
�

Baseline FertilizerN savings 67kg N -33kg N
+50% Money savings 569

�

648
�

+50% FertilizerN savings 1033kg N 400kg N

3.1.3 Towards a system-basedapproach

Linking upwith agronomicandeconomicmodelsappearsasanindispensablestepto gain further
insight into the workingsanddriversof the systemsat hand.It alsoimplies working at a higheror-
ganizationlevel - the farmingsystem,the level at which decisionsaremadeon the managementof
individual �elds within thefarm.Thus,themanagementvariablesthat I usedto considerasexternal
driversto thecultivated�eld maybecomeendogenousto thesystem.This higher-level systemwould
ratherbedrivenby thecostsof agriculturalinputs,themarket priceof farmoutputs,anda setof re-
gulatorymeasuresandincentives.This is particularlyrelevant for livestockfarming,in which arable
cropsareonly partof a pictureaimingat supplyingcattlewith suf�cient feed,andrecycling animal
manure.In that kind of farmingsystems,the managementof arablecropsis thustightly connected
with livestockmanagement.Anotherreasonfor wantingto work at the farm level is that for some
agriculturalpollutantswith relatively shortresidencetime in theenvironment,the �nal impactswill
bestronglydependentof thebiophysicalenvironmentsurroundingthesource�eld. In particular, the
managementof thearablelandin thevicinity of this sourcewill play a majorrole in recapturingthe
compoundsthathave beenreleased.This is especiallytruefor ammoniaandgaseoustransport(Lou-
betetal., 2001),or pesticidestransportedvia surfacerunoff or erosion.

Moving towardsthis moreintegratedapproachleadsto multi-disciplinarywork with economistsand
agronomists,with several challenges- mostnotably the ability to modelsomepracticeswhich are
currentlynot 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 includethe hydrologicalandatmosphericcompartmentsin the vicinity of the �elds, the
objective beingto simulatethe �ux esof pollutantsin a ' landscape'comprisingvarioussourcesand
sinks.This is actuallytheresearchprojectof a colleaguein my group,with a particularfocuson N.
The developmentof suchmodelswill be very valuablein assessingthe actualimpactsof reactive
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pollutants,andI expectfruitful interactionswith thisnew researcharea.

3.1.4 Genericpushand chain-speci�c pull

Theabovesectionsarequitegeneralandopenmany perspectives,whetherfrom thepointof view
of biophysical modelling, interdisciplinarywork, or environmentalassessmentmethodology. Loo-
king at moreconcretewaysof researchingthesepossibilities,thereseemsto bea 'generic' pushand
a 'chain-speci�c' pull. Until now, asI showed in this dissertation,I have alwaystakentheparticular
productionchainsI wasinvolvedin asasmany contexts in which to applythegenericmethodologyI
wasdeveloping.Thusbio-energy, urbanwasterecycling or chemicalweedingwereonly applications
of this methodology. However, this approachsuffers limitations in thatsomeof theaspectsconside-
redby variousstakeholdersasmostcritical to thechainwerebeyondthescopeof my methodology.
For example,heavy metalsandpersistentorganic pollutantsarethe prime concernfor urbanwaste
recycling in agriculture(HellebrautandDecaevel, 2004).Theassociatedcategoriesof impacts(eco-
toxicity andhumantoxicity) arealsothosefor which theLCA methodologyis theweakest,to date,
comparedto theimpactsresultingfrom thedynamicsof C andN. Also, asI underlinedearlier, there
arepositive effectsassociatedwith repeatedwasteapplicationthat cannot be readily translatedas
�ux es of matterandenergy, andare thereforenot yet includedin LCAs. This doesnot meanthat
my work on C-N modellingandits contribution to currentLCAs is irrelevant- thereis alsoprogress
to be madeon global warmingpotentialsandotherimpactsmoreclassicalto LCA (Hellebrautand
Decaevel, 2004).However, it would bemoresatisfactoryif all theseimpactscouldbeaddressedand
somehow balancedto provide a completeenvironmentalpictureof urbanwasterecycling. Thesame
goesto someextent for bio-energy, which mayrequireadaptationto perennial,dedicatedcropslike
Miscanthus,or to investigatetheeffectof massivecerealstraw removal onsoil quality (Wilhemetal.,
2004).

Focusingon a particularchainwould thusmeanseekingto improve the environmentalassessment
methodologyregardingtheabove-mentionedlimitations,andpotentiallyresortingto otherassessment
methodsfor morequalitativeimpacts.Althoughtheresultingworkwouldhavesomegenericvalue,the
directionstakenwould beessentiallychain-speci�c.Conversely, thealternative optionwould consist
in re�ning my currentmethodologicalframework, with a similar rangeof applicationsasnow, and
thereforefocusingon thesamemodelpollutants(N compoundsandpesticides).

3.2 Futur eprojects

Amid the rangeof directionsproposedabove for my future research,I alreadystartedworking
on some: the linkage with economicmodels,bettercharacterizationof reactive N compoundsat
the regional scale,improvementof emissionmodelsat the �eld-scale for ammoniaand pesticide
volatilization.They areall partof alreadyfundedresearchprojects,whicharedescribedbelow. Some
areyet unresolved, like thespatialestimationof microbiologicalparametersfor trace-gasemissions
from soils.
In this section,ratherthangiving out a detailedresearchplan for the5 yearsto come,I will present
emerging projectswhichareeitheron thegenericor thechain-speci�csides,andsetsomeguidelines
to easethetensionbetweenthetwo sidesof thequestion.

3.2.1 Expanding on N cycling with Nitr o-Europe

NitroEuropeis a recentlyfundedEU integratedprojectthat hasbeendevelopedto “addressthe
prime issuesof EuropeanN budgetsin relationto C cycling andgreenhousegasexchange,while at
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thesametimebeingawareof theinteractionswith otherenvironmentalissues.A key pointof integra-
tion is the recognitionthat climatechangepolicy requiresintegratedassessmentof Net Greenhouse
gasExchange(NGE) ratherthan just CO2. This is vital for future strategy development,sinceap-
proachesthatmaximiseCO2 uptakemaynotoptimizeNGE.Apart from theobviouslinks betweenN
andC cycles,thereis a requirementto assessoverall ecosystemN budgets,sinceotherN losses,e.g.
NH3 emissionsandleachingof nitrate,areconsideredasindirectsourcesof N2O emissionsunderthe
IPCCmethodology(IPCC,1996)”.
AlthoughNEU focuseson greenhousegases,its conceptdraws on thenotionsof life cycle andinte-
gratedimpactassessment.NEU hasseveralcomponentsinvolving experimentalandmodellingwork
atvariousscales(plot-scale,landscape,andpan-European).I will beessentiallyinvolvedin plot-scale
modellingof gaseousN emissionsfrom arable�elds, with varioustasks: sensitivity anduncertainty
analysis,model developmentand improvement,multi-local test on a network of monitoring sites
throughoutEurope,andscenarioanalysis.Theprojectthusprovidesastrongbasisto addresstheme-
thodologicalissuesinvolvedwith modellingpresentedin chapter2, from thepointof view of trace-gas
emissions.It alsogivesanopportunityto link with largerspatialscales,at landscapelevel, andthus
furthertheanalysisof theimpactof N lossesfrom a givenarable�eld. Theprojectshouldthusresult
in improved genericmodellingcapacityin an areawhich is critical for the the chainsI have been
lookingat.

3.2.2 Linking up with agronomyand economicswith Praiterr e

In cattle farmingsystems,grasslandandforagecropsprovide key ecosystemservices,whether
in maintainingsoil quality, regulatingtheN cycle andwaterquality, sequesteringcarbonin soilsor
safeguardingthebiodiversityof soil habitats,plants,insectsor otherorganisms.Grasslandsalsohave
indirect effectson the environmentvia their interactionsover spaceandtime with arablecropland.
However, thereis a long-standingtendency in Francefor grasslandto beconvertedto arable,together
with asimpli�cation of croprotations.Thedecouplingof CAPsubsidiesmayprovide anopportunity
to counterthis trendby striking a betterbalancebetweencerealproductionandcattlefarmingin a
giventerritory. Suchis theobjectiveof PRAITERRE,aprojectcoordinatedby GillesLemaire(INRA
Lusignan),andcurrentlyin thestartingblocks.

Theprojectdeploysamulti-disciplinaryapproachcombiningagri-environmentalengineering,socio-
economicanalysisof productionsystems,andextensionactivities to promotecattlefarmingsystems
relyingmostlyongrasslandandlocally-grown foragecrops.(Figure3.2).Theprojectthusproposesto
developthesystemicapproachI advocatedearlieron,on a rangeof integrationscales: croppingsys-
tems,cattleproductionsystems,andagriculturalregion. Eachsystemwill be investigatedat its own
organizationlevel, but they will ultimatelybeconnectedthroughaspatially-explicit approach.Thatis
to say, croppingsystemswill for instancebenestedinto animalproductionsystems,whosemanage-
mentwill determinetheneedsfor foragesandgrasslandon farmland.On a higherlevel, farmsmay
interactwithin abroadergeographicalzone.Lastly, theorganizationof '�lieres' andpossiblenichesat
theregionallevel will determinethetrajectoriesof individual farmsor groupsof farms,andultimately
thespatialpatternsof landuse.A pilot region wasselectedthat includesnaturalecosystems(Natura
2000zones),to determinehow agriculturallandusearoundthesezonesmayin�uence thepopulations
of birdsandotherspecies.This regionallevel is indeednecessaryto tacklesuchecologicalissues.

This projectcombiningsystemicapproachesat variousorganizationlevels, anddisciplinessuchas
agronomy, economicsandbiogeochemistry, is thusemblematicof the genericdevelopmentsI envi-
sionedin theprevioussection.
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FIG. 3.2– Theresearch- innovationloop in thePRAITERREproject(G. Lemaire,pers.comm.)
.

3.2.3 Finalizing Life CycleAssessmentwith BioEnergy

BioEnergy is an EU-fundednetwork of excellence(NoE) set up in 2003,with the purposeof
supportingincreaseduseof bioenergy throughtechnologydevelopmentandimplementation,policy
actionsandmarket strategies.The RTD programmeof the NoE “coversall processes,components
andmethodsnecessaryfor establishingsuccessfulbioenergy chainsto produceheat,electricity and
biofuelsfor the energy endusemarket : Plantingandharvestingof biomass; solid fuels from agri-
culturalandforestryresiduesandorganicwastecomponents; combustion,gasi�cation andsynthesis,
pyrolysis,anaerobicdigestionandfermentationof biomassfeedstock; productionof liquid biofuels
andhydrogen; heatandpower productionplants; analysesof socio-economic,policy, market and
environmentalissuesincludinggreenhousegasbalances.”

The network has8 corepartners,anda thematicstructurein work-packages(Figure3.3). I contri-
bute to the work-packageon environmentalassessment,which is mostly methodologicalandbased
on LCA, andto thaton agrobiomass,coordinatedby GhislainGosse(INRA). After a mappingof the
competencesandactivities of the variouspartners,the NoE reportedon the barriersto the develop-
mentof bioenergy for thevariouschainsconsidered.Currently, thepartnersaredesigningcase-studies
in which thesebarrierswill betackledthroughparticularactivities of researchanddevelopment.The
objective is to go beyond 'paper studies'until a pilot implementationshowcasinga particulararea
of bioenergy. Economicpartnersarethusbeinginvolved,suchasfamers'cooperatives,SMEs,and
local authorities.In France,thecase-studyconsideredwould bein line with thecerealstraw studyof
section2.6.1,andsupportedby theFrenchNationalBioenergy Programme.
Theinterestsof this NoE arethustwofold for me: i/ on themethodological,genericside,it provides
anopportunityto collaboratewith EuropeangroupsonLCA in agriculture; ii/ ontheapplicationside,
it may be expectedto show how this methodologymay contribute to the practicaldevelopmentof
bioenergy in agivenregionalcontext, in particularto optimizeits environmentalbene�ts.
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FIG. 3.3– Structureof partnershipin theBioEnergy NoE
.

3.3 Epilogue - Challengesahead

My futureprojectsinvolve bothsomecontinuityandsomemoreabruptchangesin my research,
alongtwo major lines: developingbiophysically-basedenvironmentalassessmentmethodsfor agro-
ecosystems,on the one hand,and fosteringtheir applicationto agriculturalactivities in areaslike
bioenergy or chemicalplant protection.Ultimately, the �rst challengewill consistof balancingthe
two sidesof thisquestion,soasto comeupwith asoundmethodologyassociatedwith relevantappli-
cationto meettheneedsof theend-usersanddecision-makers.Sincethesecondline hasapotentially
muchbroaderscopethanthe�rst, thenext challengewill beto teamupwith otherresearchgroupsto
tackletheenvironmentalissuesthatemergeascrucial in theassessment.For instance,the recycling
of urbanwasteraisesthequestionof heavy metalsandPOPs,which have to beaddressedwithin the
evaluation.In thisareaI alreadystartedsomecooperationwith achemistrygroupfrom theUniversity
of Toulouse.Broadeningthescopeof theassessmentmayalsomeanusingothermethodsthanLCA
to complementits outcomewith otheraspectsof theproblemathand.

Lastly, if theultimateobjective is to usetheenvironmentalassessmentto make recommendationson
a large-scale,thenotheraspectsmaycomein : theoverall economicsof theproposedchanges,social
acceptability, the willingnessof the varioussocio-economicpartnersinvolved to changetheir prac-
tices,...This meansthatmy activities shouldbe integratedwithin a wider, interdisciplinaryresearch
programme,while beingakey driver in it. Suchis actuallythegoalof the'non-fooduseof agricultural
produce'programmethatis beingsetupby INRA, in coordinationwith variousR&D partners.Toge-
therwith GhislainGosse,I intendto coordinatethis programmein thenearfuture,which is probably
themostchallengingtaskamongthework ahead- albeitso�tting with an'habilitation' to supervise
research!
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