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Abstract

Abstract

Agriculture and the climate syam are closely linked: agricultural systems are driven by changes
in mean climate and its variability, while their expansion and intensification contribute to the
anthropogenic perturbation of the climate system. The evolution of the cliragéculture gstem relies
on numerous processes, which extend over a wide large range of temporal and spatial scale, and are
intertwined. It is necessary to integrate these processes across sgalesder to both redue the
uncertainty that overshadow the evolution tdfe system, and help clever decision making. In this work, |
focused on that integration goal in the specific case of Europe for $&or time scals in a future
horizon. | focused orypical spatial scales of decision makirigpm the smallest decisiomnit in
agriculture (farm scale) to the one of policy making regarding agricuttlireate interactiongEurope)

I continued the development ofa modelling framework relying on the coupling of a
microeconomic model of European agricultural supply (ARCBA§ generic crop model (STICS), which
account for adequate processes at farm scale, and for the factors that drive the heterogeneity in their
net effects over Europe. This tool allowed me to highlight the specific role ofdaate adaptations in
the response of Europeaagricultural supplyto climate change. In particulagccounting for these
processes alters the usual picture of climate change impacts over Europe. | further developed analytical
methods building on agronomic and statistic knowledgexplore the heterogeneity in the response of
major European cropsamong geographical locations, species, and climate change scenarios. Finally, first
results showed that at the farm scale, little interaction is expected between the adaptation to climate
change and the implementation of a greenhouse gas mitigation policy targeting the agricultural sector.
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Chapitre 1

[ | LINBaaAzy KAaU2NARI[dzS RS QI 2YYS adzaNJ f ¢
superficielle a abouti, avec un trés grand B§ RS OSNI A G dzRS> t €I LIS NJ
énergétique qui régit le climat sur Terre. Les surfaces continentales occupent environ 29% de la
surface terrestre, et jouent un réle important dans le systeme climatique. Par le développement
historique deson étendue sur les surfaces continentales, et la gestion de plus en plus intensive
de cellesOA X f QF ANK Odzf GdzZNBE Said NBaLRyaloftS RQdzS
systéme climatique.

Pour autant, les activités agricoles sont efle8mes tréesRSLISY Rl yiSa RS QS
et la variabilité du systeme climatique, et seront donc fortement affectées par son évolution
FdzidzNE® [ S& NrAazya RS OSddS so2f dzu)\zy KA&G2N
évolution future, reposent fonda®@y G t SYSy G adzNJ £ S 06Saz2iAy RS f¢
0Saz2Aya ydzZiiNAGAFad {A Lt f QSOKST ¢ é I3t 20 tS fI
alimentaires déterminent en partie ce besoin, les progrés techniques ont joué et joueront un
role importantSy O2y NI A3Jylyild F2NISYSyid €S tASy SyidNEF
FIAINRO2t S& RQdzyS LI NIX DR fAaeyyil SYSNBBR IRMF @z NI
RAAGNROdzAA2Y &LJ GAFETS RSa adzNJoh d@tead abitahNde @2t S a
localisation des principaux lieux de production et de demande, que des échanges commerciaux
permettant leur éloignement. Les échanges commerciaux, ainsi que le progrés technique et les
habitudes alimentaires, sont kurs tours gradement dépendantsle la distribution spatiale
RS&4 NAOKSaasSad [ QF ANROdzZ GdzNBE Sad R2y O AYyliAYSY
société humaine, dans lesquels les interactions spatiales sont de plus en plus fortes. De méme,

f QS @2 dziielle2d¢ ced BtdradRONS sont rapides comparées aux constantes temporelles
RQS©®2f dziA2y Rdz aeaidsyS OftAYIGAldzSo

-

f & | R2yO dzyS Ay (GSNI OGA2Y YdzidzSttS SyidN
RAYS yaxzya O2YL}X SES 4 dzNJ dzy6SS Y BRI \SRIS Rgnus%w_mo@éé
LINEOA&SYSYUd RIEya OS OF RNB jdzS &QAyaleshhdux YI K
AOASY(UATALdzSa | aaz20ASs

S0LaOBAGA gKIENL DOdz2 ¥ &8 NBRS
régionale Européenne.

ax

lestnécd al AN RS LJN@C))\&SNJ f S& SyaSdzE a0ASYy AT
RS f Q9dzNRPLISP® WS LINBOAAS F'{Ql-ozNR S NJ:fS RS f
YSOFLyArAaySa t GNI} gSNBR tSa& S \

aljdzSt a f Ql 3 Nkedmield dzNS
LISNB LISOGA DS KAaAUGZ2NRIjdzS fSa LINAYyOALNl dzE RSG SN
Y20l YYSyd €S NbxtS Rdz OfAYF{d YIAa ldzaaiA azy Lk
OSUGS IOUAGAGS SO2y2YAIl dzSka DWEF ARS  falS MRISTT MO dztSi
f QS@2ft dziA2y Rdz -GfeAavilsiveS 903 NR Oldizii NABIS LIF NI £ Sa
rattachent a différentes échelles spatiales. Je mettrai ainsi en valeur les principaux enjeux
AOASYUATAdSEA [dAS QREEY A U2NIdNROXKY t f QSOKS
Européen. Ce cadre me permettra de préciser les objectifs de cette these.
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11. [ S NxfS RS fQFIANROdzZ 6dzNB RlIya S aea

AOA f
S Of

b2dza LINBaSyl 2y 3
eausys

I OGAT RIya tS8 &

[@=N QJ<

Sa& YSOl ydétatiordaaun le G NI @S
AYFGALdzZSE SG RQF dzi NB

1.1.1.La biosphere continentale dans le systeme climatique

[ QAY Tt dz2SyO0S Rdz Of AYLFG &adzNJ £+ RAAGNRA®dziAzy
siécle, a traves labiogéographie Cette discipline considére les écosystemes naturels typiques
de différentes régions comme un miroir du climat local. En effet, les zones observées de
présence de ces différents biomes, qui peuvent étre distantes, correspondent pouuehaq
biome a des plages de valeurs identiques de valeur moyenne et de saisonnalité en température
et en précipitation (classification de Koppegiikoppen, 193§) Dans ce cadre, la végétation
naturef S oy 2y LISNIdzZNDBSS LI N £Ql 2YYS0 Said R2yO Sy
percue une contrainte externe au systéme biologique des écosystemes terrestremsphere
continentaléP [ QA RiéhSlyn&ripdeghtre le climat et la biosphére otinentale est plus
récente (deuxiéme moitié du 90° siécle). Les surfaces continentales jouent un réle important
RFrya €S oAty NIRAFGAT RS §QSy @St 2LIJIS & dzLJS NJF |
atmosphére, en échangeant continuellement ate® I G Y2 A LIKS NS RS 3INI yYRSa |
de moment et de masse

YIF22NAGS NBy@2esS t QI- Y2ALKSENEE &2dza L)X dzaASd
directementNB Ff SOKA LJ NJ f albé danjérladéurtace)\@t)ébs@kﬁa@’pﬂméf SS
surface du sol. CeldA Sy NBSYSUG dzyS LI NIAS OSNB fQlFGY2:
AYFNI NRPdzZASS NBOKIFdZFFS f QF ANJ Sy e flux teChaleut SO
sensible = SG SOFLIR2NBE f QSI dz RS acHalr laterde qubréstitiedre 3 2 f &
fl OKFfSdzNI £t fQlFIiY24LIKSENE f2NBR RS I O2yRSyal
Y2YSyd £ fQF Y233/ABINBR SBA | Y faSh SENPRIQIF A NJ & dzNJ £ |
G0dzND dzf Sy OS of QF YLI SdzNJ RS rugdsSitéde Mlsyfacd SN Sad RS

T 5Qdzy LRAyld RS @dzS sy‘NﬂsijAljdzéz fS Nreéezyys
f
S

T 5Qdzy LIR2AYyG RS @dzS Rdz O8O0t S KERNRf23IAIljdzSx f
GSNAER f QI O Yé&mEpadiéniiSol € @es eaux libres, ettlmnspirationdes plantes), les
rivieres et les océans (viafeissellement de surfageles aquiferes (via ldrainage profondl ou
stockée dans le sol.

T 9y FAYyZ (I adzNF I OS 02y AgfeSgelid maSse SoOKfbryidS | ¢
particulaire ou gazeuse (poussiéres, composés organiques volatiles, gaz a effet Yevizedes
LINE O S andissidiret e@éposition Il affecte ainsi le contenu atmosphérique en aérosol et sa
composition chimique.

La présene de végétation joue un role particulier a cette interface: le systemlsoite
dziAfAaS fQSYSNHAS &az2tlANB AYyOARSYyGSsI €S RAZEZ®R

'Les gaz a effet de serre seront notés GES dans la suite du manuscrit
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Chapitre 1

nutriments présents dans le sol pour fabriquer de la biomasse (via la photesg), tandis que

la matiére organique ainsi accumulée dans le sol et les plantes est en partie renvoyée a
f QFrdY2aLIKSNBE a2dza F2N¥S RS RA2E@RS RS OF Nb2
respiration et la minéralisation). Les processus sou$ ja¢i & | dzE S OKIl y3Sa R
moment sont appelés processus biophysiques, et ont un impact généralement local sur le
Of AYFdd [ S& LINRPOSaadza tASa t fQSOKIFIy3IS RS YI &
ont généralement un impact global ser ¢limat. Ces deux processus ne sont pas indépendants

6LI NI SESYLX Sz tSa SOKIFIy3asSa RQSIHdz a2y RS&a SOK
G§SNX¥Sa RQSOKFIy3aS @SSO fQlFiY2a4LKSENE RSLISYR R
rugosité) et biologjues (physiologie du couvert végétal, type de photosynthése) des surfaces
O2ylUAySyidalrftSaz ljdA az2yid RAFFSNBYyOASSa SyiNB 3
permettent une interaction dynamique entre le climat et la biospheére terrestre, #&reifites
SOKSffSa RS (4SyL@Aa SiG RQSaL) OSo

y S
Q3

Les interactions climatégétation, ses processus individuels et ses rétroactions restent
RAFFAOAELS £ O2yGNIAYRNB LI N fQ20aSNBLFGA2Yy S |-
FyySSa wmdpdon 3 élisatioh (Ddvig, REBO)delxci ofprogressivement évolué, des
Y2R8fS4 RQSIldzAf AONE RS @S3aASiGFGA2Y O LILINROKS ¢
végétation dynamique (avec une végétation dynamique couplant les processus biogéasthimie
biophysique), puis enfin les modéles de systeme Terre, incluant un couplage de la biosphére
continentale avec les autres composantes du systeme climatique (océan, atmosphere,
ONEB2aLIKSENBOD [ QAY Tt dzSYyOS RS f Ql 2 YO¥Blus@rdps £ | 0 A
intégrée.

A

1.1.2.0 QF INX Odzf G dzNBY dzy S Ay Tt dzSyOS RS f QK2

[ Q1 2YYS aQF LIWINBPLINRS dzyS LI NI RS&a adz2N¥Il O0Sa
FLAAFY(diZ RQdzyS LI NI Af Y2ZRATAS fSa pIIléNhBLJNJ\$u
O2ylUAySydalrtS ljdzZh NB3IA&ZaASY fQ)\yus NJ

oA

LI NI Af LISNIdzNDS f QS@2ftdziaAzy RSa 2

Les surfaces agricoles possedent des propriétés physiquasletjiques différentes des
autres écosystemes terrestres. Elles se rapprochent des prairies naturelles et des savanes,
OSLISYRIy(d fSdzNJ I3SadAzy LIN fQl2YYS @Al fSa
ecosystemes naturels. Du fait de sélections \alés successives, les especes cultivées
possedent une capacité photosynthétique améliorée, et leur couvert végétal possede une plus
grande amplitude saisonniere de densité foliaire tandis que sa densité spatiale est trés variable
(espéce cultivée, densitRS A SYA &> &AGNHzZOGdzZNE RS&a L) eéeal 3Sa
biogéochimiquZ f SdzNJ LINPRdzOGAGAGS Sy o0A2YlFaasS LiSdzi
YVAzZONRAGATFE OFSNIAETAAFGAZ2Y 0 SO RQSIFdz OANNRIALF GAZ2
du systéeme saeplante (par la récolte ou le paturage) et le carbone qui la constitue est
N} LARSYSYG NBaAGAGdzS £ fQFGY2aLIKSENBE oOF LINBa dziA
a2t adzZZISNFAOASE Sad Sy LI NIOAS thBisiqudlésdagports f QI
YAz NRGATE oy20FYYSyd fSa FSNIAtAALFyGa T 2GSac
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f QF LILI2ZNI RS NB&aARdzz RS Odzf GdzNB LISdzi adA Ydz SN
(priming effec). Du point de vuéiophysique la gestion du cycle de culture et des rotations

RQdzyS | yySS adzNJ f QlFdziNB F2yid 3ASYSNItSYSyd I L
FfGSNIyd tQFrfoSR2 RS fI ada2NFI OS® 9y KdzYARATFAL
albédo.Elleper S | dzZadaA RS ¥ 2 dzNy plareR 6n nforfeBtlodzreiddz F RS HS Y

RA&LER&S LiXdasz FEAGSNIyYyd FAyaia fF alrirazyyrtad
tQrdY2aLKSNE &a2dzd F2N¥S RS FtdzE RS OKlpduSdzNI £ I
LX dza& 3INI yRSZI o06ASYy ljdzQlaasSi @FINAFofS I ad Nz

distribution spatiale des types de végétation dans les grands bassins de productjon agricole,
GFyRAA 1jdzQSt S fF FNIF IYSyYydS nte enphis fdibfe proporBof.Sa 2 G
/ Sa (GéeLlSa RS adNMzOGdzZNBa LI &dal 38NBa AYLI OGS fQ

[ 4 &AdNFIO0Sa Odf GAPSSa EGENByd fF &FAaz2yy
Y2YSyid 8G RS YIFaas SyidNB f lere Bdrhds ke@s pldsdoyigs,i v SV (
t QS@2t dziAz2y ReylYAldzS RS t1 O2dz@0SNIUdzNB Rdz &2 f
RSa | dziNnBa O2YLRalyiSa Rdz a@adasyS Of AYLFGAIdzS
couverture végétale devient controldell NJ £ QI 2 YI)S 6 F A 3 dzNB

Figure 11 - Exemple

ROAYLJI OG RS tQs@2f
surfaces agricoles sur le

cimatd [ I RSF2NBadl dA
couvert végétal de type

forét tropicale a des fins

agricoles réduit le

FNI OGA2yySYSyid RS
NEBYy @28SS @RNE f OF
entre chaleur sensible (H) et
OKI t SdzZNJ f I G4Syas ¢
augmente ainsi la

Deforested land Tropical forest température  locale de

surface. Figure extraite de

(Levis, 2010)

Impact of deforestation on local temperature
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1.2. 9@2ft dziA 2y KA al 2 NFtgroiBantRe impact suB I&Hirdadzf (1 dzN.

5SLJzA & f RISLILIF QIR FINIR G dzf G dzZNB | dz Yy DOt dng) KA |j dzS
I dz2 2 dzZNRQKdzA = € | LJ2 LJdzf Imdirs 2l¢/ 2 riilliavslaAeyivBon $ anifliardsJ 4 & S
ROAYRAGARdzA® [ &l dGAra¥rOiArAzy RSa oSaz2iya |
croissantedl NI yaF¥2NXS f QF ANR Odzf (i dzZNB @

121 QSELI yaArz2zy RSa adaNFI O0Sa aINAO2ft Sa

t 2dzNJ &l GAaFFANB OS o0Saz2Aayz fQK2YYS &aQSa
grandissante des surfaces continentales pour un usage agricole. La part des cultures et prairies
dans les des surfacesontinentales (non englacées) est ainsi passée de moins de 1% au
YS2f AUKALdzZSE +t m:2 wmMmE: LldzZAad oy:: NHartl&aijA gsSysS
2011; Klein Goldewijk et al., 201Ru dépend de la végétation primaire (voir figdrg).

[ QS T EeSchandgeiSent historique de couverture des sols sur le climat est encore mal
O2yydzd 5Qdzy LRAY(d RS @dzS 0A23S20KAYAIldzSs Af
RSa0i201+r3S Rdz OFNb2yS O2yi(iSydz RIya I @&sS3asdal
dans le sol, impliguant une hausse de la concentration atmosphérique en dioxyde de carbone,

Si dzyS FdAYSYyililFdA2y Rdz F2Nkel 3S NIRAIFIGATP® { Sdz
radiatif associé est incertain (entre +0.27 et +0.57 W/m2 entre 1850060 (Forster et al.,

2007p = £ QAYOSNIUAGdzZRS LIER2NIFYG &dzNJ € QF YLIX SdzNJ S
transh A2y ad® 5Qdzy LRAY(d RS @dzS 0A2LIKEa&Aldz2ST f QAY
donnent une réponse tres variab{@itman et al., 2009)% la fois dans leur implémentation des
changements historiques de couvertures des sol, et dans leur effet simulé.

Fiqure 1.2 - Reconstitution de

e f OS@2t dziAz2y KAad2NRIj
i [y couverture _des sols entre les
o [ ety s e années 1500 et 2000La figure o
M |t R2YyyS fQS@2fdziAzy RS

des terres non englacées par
différents couverts végétaux, en
fraction. La part la végétation
primaire est représentée par les
couleurs vertes, tandis que les
prairies et cultures sont indiquées
par les couleurs jaune et bleues.
Figure extraite de (Hurtt et al.,
2011)

Fraction of global land area
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hy SadAYS [[dzS ft QSTFSU oO0A2LIKEaAAldzS Said LINRARY
YAGBSEdz 3t 20l t3X 0ASY dezé NEA JIFNAFofS &L GAL f
du changement de couverture dessoigd S 0 S N;SI frAassSa t €t QFARS RS
aSYoftSyid O2y@OSNHSNJ OSNE dzyS € S3ISNB +dAYSyll
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biogéochimique prenant le dessus), avec un effet net spatialement tres variable sur le climat de
surface(Pongratz et al., 2010)

1.2.2.Une utilisation de plus en plus intensive des surfaces agricoles

Cette évolution higtrique des surfaces cultivées, confrontée a des ressources
L FySGiFANBa ftAYAGSSa Sy GSNNBa OdzZ GAQGFof Sa |
NB3dzZ SN € QFdzaAYSyYydlFdAz2y G2dz22dzZNB ONRBA&alyas
inspirées ntamment des travaux des économistes britanniques Thomas Malthus {1586
et David Ricardo (177@dy Ho 0 ® 5S YIyASNB adeftAassSs asStz2y
population implique une rareté croissante de la terre et finalement des famines réglalan
L2 Lddzf F GA2yE R2yd €F GFAfES RQSIldAft AONSE RSLIS
Cependant, depuis lafin du®® 3 A 5§ Of S5 OSGGS RSNYASNB | SELX 2:
dans une théorie dans laquelle la rareté des ressourcestinohd innovation technologique
FolFAaalyd OSGGS NINBGS o0GKsaS AYyAlGASW). HIF NI £ Q
effet, depuis cette période, et plus spécifiquement depuis la fin de la Seconde Guerre Mondiale,
la productivité agricole (en termée volume de production par hectare) a tres fortement
augmenté (Hazell and Wood, 2008)ar le développement et IRAFFdzAA2Y RQAY Y
technologiques, de connaissances agronomiques, et la mécanisation mivegrds travail (voir
figure 1.3. Cependant, les évolutions respectives et les niveaux actuels de la productivité de la
terre (par exemple le rendement végéta) S G Rdz NI @F Af az2yid GNBa C
globe et reposent historiqguement sur un investissement massif en recherche et développement
dans les pays développés, ensuite diffusée dans les pays en voie de dévelopfRiesse and

Thirtle, 2010)

Fgure 1.3 - Tendances en
moyenne globale de
f OAVISYaATAOLGAZY
production agricole de 1961 a
2003 Evolutions des
rendements en céréales, de la
cereal yield quantit¢ de fertilisants par
tractors per ha cropland hectare, de la part irriguée de
irrigated share of cropland la surface agricole, du travail
agricultural labour per ha cropland humain par hetare, ainsi que
du nombre de tracteur par
hectare (%, base 100 en 1961).

4504

total fertilizer per ha cereal

400+

3504

3004

250

200+

index (1961 = 100)

1501

100 1

50

1961 1968 1975 1982 1989 1996 2003 Figure extraite quaze” and
e Wood, 2008)
[/ SGGS |dzAYSydGlradA2y RS tQAyGSyaAadsS RS tF 3¢

impact sur le climat une hausse du forcage radiatif via les émissions de gaz a effet de serre
OLINPOS&adzi 0A23S20KAYALdzZSO® [ RIOINIG e i dzWF & & O
emissions anthropogéniques de gaz a effet de s€®raith et al., 2007)et est le premier poste
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Chapitre 1

RQSYAdaArzypa [ REERA Odet G dzNB  SYSUG LINR Yy O®,Lgodr SYSy i
environ 60% des émissions anthropiques) quitésuS RS fF RSO2YLR aAaAldAz2y |
absorbé par les plantes, et du méthane (Qbbur environ 50% des émissions anthropiques) par
décomposition des composés organiques en condition anaérobie (principalement lors de la
fermentation entérique, et fus minoritairement par les riziéres). Ces émissions sont tres
KSGSNR3IsySa RlIya S GSyLa Sa fQSaLl oSz Sia |
émissions de CHet de Nh RS LJdzA & f Q8§ NB LINBAYRAzZAGNR St S

f QF INRA Odzt G dz2NB @

5 Q dzyint deJ2ue biophysique, leur impact est moins étudié, mais des etudes récentes
dAYdz Syid LI N SESYLIX S |jdzS S8 °“HSipld 2 desIefMeSy (i RS
Al Aaz2yyASNER &dzNJ €S OftAYFd RS &dz2NFIFOS I dzii 2 dzN
températures estivales, perturbation des précipitations, augmentation de la couverture
nuageuse) et des endroits plus éloignés (via une perturbatlon de la circulation atmospherlque)
(Sacks et al., 2008; Puma and Cook, 2010)/ S GeLlsS RQSTFSH Sa u Sy
observationgRaddatz, 200® Lt Fl dzi y23SNJ ljdzS € QlF dzZAYSy il A2
I RQIdzi NBANBFFSEEYy SlydzEZ y2GF YYSYy(d f QSNR&aAZY R
rivieres, et une pression accrue sur les ressources en eau douce. Ces impacts environnementaux
LI2aSyid LJ dzaASdzNBE LINPOfSYSa t LX dza SkéguMtdi ya f 2
RS ftQFrOUABGAGS ANRO2fS RIFEyad OSNIIFAYya LI e&a oSy

1.2.3.Vers une intensification des téléconnections spatiales

Parallélement a cette évolution récente de la productivité, les flux commerciaux de
produits agricoles onawussi explosé, en étant multiptigpar un facteur 10 depuis la fin de la
Seconde Guerre Mondial¢Hazell and Wood2008) Cette évolution est due a la libéralisation
RSa YINOKSa FFaNRO2fSa Fdzilyd jdzQt f QS@2¢ft dziAz2y
Les produits agricoles sont transportés sur de plus en plus grandes distances de la production a
la consommatiol SG t t QSOKSttS 3Jt20FtS £ SdzNJ LINAE t f
La production est de plus en plus structurée par ces échanges internationaux, qui ont entrainé
une évolution significative de la distribution spatiale des différentes prodostiagricole. En
STFFSGiz tSa YINOKSa R2YSaiGAljdzSa Si RQSELERNIIFGA
internationale, et baque pays ou région eppusséet. 4 S O2y OSY G NBNJ RIFya fQ
un avantage comparatif dans un contexte globaliSépendant, tous les producteurs ne sont
LJ) & SELI2asa RS fF YsYS YFIYASNB:T fF YIFI22NAGS R
protection de leur production intérieure face aux marchés mondiaux. De méme, si la part de
f QF INR Odzf (i dzNBn nRibndlé defrithesseNBEROOMOMeht Aimieudans les pays
développés, elle représente encore une part significative dans les pays émeygeagn voie
de développement.

/'S O2yGSEGS FI@2NRaS RS& (St SO2yyS®duk 2y a
NEYR fQS@2tdziAzy RS f QF ANROdz G§dzNBE RSLISYRIF yi
spatiales (local a mondial), et des échelles de temps de plus en plus courtes. Un exemple
probant de ces téléconnections spatiales est le développememntéde contrats de vente ou

R
S
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de location des terres en Afriqu@riis and Reenberg, 201@n 2 ans, ces contrats couvrent

f QSljdzA @ €t Syd RS fF &dz2NFIFOS RS I ChNingfgedhis S0 a
a forte démographie (Chine, Inde), des pays riches mais démunies de terres arables (Arabie
Saoudite, Emirats Arabes Unis, Qatar, etc.). Ces contrats sont par ailleurs réalisés par des parties

de droit public (pays) ou privés (compagnies natieaadt transnationales). Les causes sous

2 0SyiSa I @gryO0SSa NBts@Syd Ildzilyd RS adNI GdS3A
longi SNY¥S OG6RSY23ANILIKASET LINRB2SOGA2Yy RQAYLI OG Ol
politiques nationales (politiques stragiques nationales en réponse a la crise du secteur
alimentaire de 2008).

1.2.4.Et la contrainte climatique?

[ S OfAYIFd RSUSNNVAYS F2NISYSyiasz Sy O2yez2yO0d
locaux (propriétés du sol, ressources en eau douce), la faigsaliis différentes especes
cultivables et leur rendemen(Olesen and Bindi, 20Q2n effet, la production agricole repose
Sy LI NIAS &adzNJ f QSELIX 2AGFGA2Y RS o0A2YlI &&aS @S3
pour la production animal. Celd repose principalement sur la disponibilité de rayonnement
solaire incident, et les ressources du sol en eau et de nutriments via la photosynthése.
Cependant, la température et les précipitations (via la recharge dwersatau) influencent
SAFESYSyid fQlF OO0dzydzZ F GA2y RS I oA2YlF&aasS oSy |
respiration, la croissance foliaire) et la durée du cycle des plantes. Les espéces cultivées se
différencient par leur sensibilité a la vad Y2eSyyS Si& f QlF YLX AGdzRS
températures et de la disponibilité en eau. Ces criteres vont participer au choix des especes et
variétés cultivées, de leur enchainement et des pratiques agricoles associées.

Les contraintes climatiques vont dohd NI A OA LISNI £ I RSTFAYAUGAZ2Y
L2aarotSs Si | dzE OK2AE RQAy@SadtAaaasSySyid t ¢
FIAINRO2t Sasx 0Saz2 A ypropibtés Ynbyknyies RuCctipdridiles spatiplén@nt,
déterminent dac en partie la variabilité spatiale des systémes agricolesvdrebilité
interanuelle du climatcontraint une grande partie de la variabilité temporelle des rendements.

Les régimes extrémes de précipitation (sécheresses et inondations) et de temeéfjaduiodes

de gel tardifs et fortes températures estivales) peuvent aussi amener a des pertes significatives

RS NBYRSYSyiG> SiG €Sdz2NJ FNBIjdzSyOS RSTFAYA(G | dzaa
production agricole. Localement, le poids des cointes climatiques a la production agricole

est cependant tres dépendant de son interaction avec les autres déterminants de la production
FANRO2f S= lj dzQA f & azASyi SYGANRYYSYSyil dzE ol
agronomiques) ou sociéconomiques(technologie, colt et productivité du travail). A une

echelle spatiale plus agrégée, le climat a donc un impact fort sur les avantages comparatifs
entre différentes régions du monde, mais qui reste intimement lié aux autres déterminants de

f QF QUAdBA S | ANRO

Lt Fldzi OSLISYRFEyG y2GSNI [jdzS fQSyaSyofS R
Of AYFGAIljdzS &dzNJ £ QI OGAGBAGS F3ANRO2ES Said SyO2NB
fS OfAYFG 20t €S az2ft s f IntedntioyhuBaine Go2Gcgsd A NB Y
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agronomiques au sens restreint) est en constante progression. Les outils de modélisation de ces
connaissances sont en partie basés sur des connaissances empiriques dont le nombre et le poids
des différents processus en jeu estcore mal délimité. La considération supplémentaire des
déterminants culturels et soci8 O2 Y 2 YA lj dzZS&4 RS f QF ANRKR Odzf G dzZNBX RS
des échanges commerciaux internationaux, et de leur interaction avec les processus
précédemment cités,ont poussé a une redéfinition constante du périmetre des sciences
FINBY2YAldzSas | 02 dagloécaldggiDalgaizd & 2ly 2083 MezeRe 3.,

2009)

18



Enjeuxfuursy RS t QSOkSt £ S 3t JFENIEGG

N

13. 9y 2SdzE Fdzi &GNEY 2R$ f SQEOR DISOKSE £t S NBIA

WS LINBOAA&S fSa SyeSdze FdzidzNBE RS f QAY G SN O
FINRO2fS £ RAFFSNBYyGESa SOKStfSa &Lk
Nous préciserons ensuite les 8njizE 8 OASY G A FAl dzSa | 4420

1319y 2SdzE RS t Omfithatiéntetadaptation2 0 I £ S

[ S& SESNDAOSE LINPALISOGATA &adzNJ f QSP2f dziAzy
sociétés humaines, et de sa perturbation par cetlepermetent de cibler les enjeux futurs
| 8a20AS4& | dzE AYGSNY OlGAz¢a!l StamBNIK ISEVRAIl fil SHA
est tres probableque le systeme climatique subira des changements plus amples que ceux
observés au 28" siécle si legmissions de GES continuent au rythme actuel ou a un rythme
supérieur (Barker, 2007)Les impacts estimés du changement climatique pour les sociétés
humaines sont suffisamment conséquents pour nécessiter @daptation Cependant,
f QAYGSYaAridsS Rdz OKIFy3aSYSyid Of A Yau aivedudeSdapaozi dzZNJ RS
Sy NI RdzA NBitightion). Y LI S dzNJ o

La trajectoire future decette perturbation du systeme climatique est tres incertaieé,
dépend de choix collectifs qui représentent RS FTA O2YAARSNI 6f S LI dzNJ
mondiale Premiérementles effes locaux de la pollutiome peuvent étre reliés localement au
niveau @& pollutiono L2 € f dzi A2y 3Jf 261t S0X SG NBRAZANB f QF YL
&S FIANB JjdzQt (NI @SNB dzy S DélBdmdn@itAces/ derié®es S Y A .
reposenit sSNJ RS&8 OK2AE KA&AG2NAIdzS&a RQSELIX 2A0GF GA2Y
industriels et alimentaires, qui sont trés strucamts pour les sociétés humaines et sont
intimement liées a la création de richesée a4 QSy LJ 4a SNJ NBLINBZSIg G S dzy
YAAS LI OSYRGINEAAFTT RENIVA A I G Apeyf poReSun prbblémd NI R
RS O2YLISUAGAGBAGS RIya S Ennyds Sittieds pRyS deyivent SO2 v 2
avoir des intéréts et des positions stratégiques nonatmitatives, qui peuvent bloquer la mise
Sy LJ I OSrt dR ditigétiondnfemational commun En effet,f QF YLJX SdzNJ Rdz OKI y
climatique ne dépend a long terme que du cumul des émissions des GES, et la contribution
historique relative a ce cumul estys grande pour les pays développés que pour les pays en
voie de développement. Enfin, les impacts projetés du changement climatique sont
spatialement trés variables, et sont estimés plus importants dans les pays en voie de
développementEn résuméla rédizOG A 2y RS f QI YLIX SdzNJeidoutéusel y 3SY S
et nécessite deorts engagements nationaux, sur des objectifs communs au niveau mondial
I £ 2 NBE |j dzQ AntérétS pofertiéllénenR Givergents entre les natioasdzNJ f Q206 2S5Ol
atteindreeni SNY¥Sa RS NBRdzOGAZ2Y RS f QF YL SdzNJ Rdz OKI y

Il existe depuis 1992 un cadre de référence pour les négociations internationales
relatives au changement climatique, qui repose sur la Convei@exire des Nations Unies sur
les Changements Climigues (CCNUCC). Ce traité a pour objectif de réduire les émissions
Y2YRAIFIfSad RS D9{3> alyada RSFTAYANI RQ2o02S0OGA¥Fa Oz
responsabilité historique différenciée des pays développés et des pays en développ€laent.
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Chapitre 1

principe justifie la position de certains pays en voie de développement qui revendiquent un

droit & polluer équivalent aux pays développés et un report temporel de leur effort de
YAGATIIGAZ2Y S Fdz y2Y RQdzyDeRmeBokiationSragares ot deu, RIS @St 2 L
2yl LISN¥A&d RQ200G§SYAN) RSa I OO0O2NRAaY LI N SESYLX
AyaidNdzySyda RS YAaS Sy dzzNBE 2yid SisS | 0dsa
(principalement des pays développés) pour la période 20QB (protocole de Kyoto), et en

HaMmn dzy &aSdzAif RQIYLX SdzNJ Rdz OKIFy3aSyYSyid Ot AYL ()
Y28SyyS 3t2061tS LI NI NFLLER2NIG t fQ8NB LINBAYRdz
(Accord de Cancun). Cependant, tous les paysldgpés ne sont pas rentrés dans le protocole

de Kyoto (notamment les Etajsy A a 0> S R QI staprésBednonspectae iuis & 2 NIi ;
202S0GATa o6y2GrYYSyld €S /FyFRFO® 58 LI dzasx | dzO
objectifs et aux méaasismes du protocole de Kyoto. Dans ce cadr@arait de plus en plus
RAFFAOAELS RQFGGSAYRNB I OA0fS RSa Hc/ &air dzy
(Rogelj et al., 201Y) S f QFRFLIWFGA2y LINBYR dzyS LI NI RS
négociations et dans les objectifs des politiques nationales.

a Likely (>66%) maximum global average temperature rise (T) before 2100 Fiqure 14 - Traiectoires
T - ROSYA&aA2ya 3It20l
ol _iic;‘ﬂ: 335 a_respecter e_amp_leur du
B 35 < < 4°C changement climatique Les
I - °C < T, < enveloppes de différentes
couleurs estiment les
GNF 2S0G2ANBa RQSYA
B e GES a respecter pour
' atteindre en 2100 différents
______ niveaux de changementa
oF o, g TS | figure est adaptée déRogelj
etal, 2011y S f QSadAYl
des émissions de GES en
2010 (48 GtCgq) provient
du Global Carbon Project.

80
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40

Total GHG emission levels (Gt CO,e yr')

1 1 1 1 1
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1 1 |
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En termes scientifiques, les choix de développement humain futursamrdés par la
O2y&4ARSNI A2y RS &a0SylINrz2az O2YYS LI N SESYLX
(Nakicenovic et al.,, 2000)qui considérent différents fils narratifs cohérents en termes
RQS @2 f dndgdphifues, économiques, technologiques, et environnementales des
sociétés humaines. Les scénarios développés se basent principalement sur deux dichotomies. La
premiere décrit le degré de convergence et de coopération entre natigges exemple les
SOSYyFNA2a {w9{ 'm SG . wm RSONAROGSY(d dzy KI dzi RS3I
des scénarios A2 et B2. La deuxieme différencie les scénarios en termes de priorité entre
RSOSt2LIISYSY G SO2y2YAl dzS SidansIePsieBiasinl & 42, I88S f QS
considérations environnementales prennent peu de place, tandis que dans les scénarios B1 et
.HYX 0QSad fQAYOSNES® [Sa aOSYylINR2a &S RAFTSNI
RAFFSNByYyGSa L3 dzNJ OKI |j dzévoludiddldg IR fopukiiipa hutngine, Ridz Y 2 v
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ONBIFGA2Y RS NAOKSaasSz RS LINEPIANB A GSOKy2f 23Al
émissions de GES.

132 Sa Sy2SdzE Rdz aSOGSdzNJ FANRO2ES £ QS

On estime que le secteur agricole pepotentiellemet 6  dz aSya RQdzy Yl
G§SOKYAIdzZS0O O2y iNAROGdzSNI aA Ay A F(Sntth étAad Q9@Meés + O
principaux moyens reposent sur(i) la réduction des émissions du secteur agricole
OLINAYOALI £ SYSyld @Al € Ql R ik dedudtiénybles RiSissionsJbahsi A 1l dzS
R QI dzii NB X pardesedplieSlalp¥dEuction de biomasse a vocation énergétique comme une
FfTOGSNYFGABS £ fQSYSNHAS F2aaAratSuozr SG O0AAAOG €I
agricoles (principalementa un usage des sols et des pratiques appropriées).

Maximum value Minimum value

- Fiqure 1.5- Différence entre potentiels

HG mitigati ial e — - —
i Eation potential de mitigation technigue et limité

4 A (biologiguement, économiquement,
Biophysical potential Economically politiguement ou socialement) de
constrained o N/ o litic: mitigation par le secteur agricol&igure
Biologically / physically potential S‘oc"‘l]'? /.pohumlly tg't dpS ith et al 200(‘:]8 9
St bl Lun?lrii-u]it,d extraite de(Smith et al., )
(e.g. land suitability) poscOig

Cependant, ds options de mitigation les plus efficaces, ainsi que les émissions elles
mémes, sont sujettes a undorte incertitude et ont une grande variabilité spatiale
OF N OGSNRaGAl dzSa RS fI O 2 Yilith 8eE pradgetiorR & soh | NEB f
environnement(Smith et al., 2007 De méme le degré effectif de mitigation est limité par des
barrieres techniques, économiques, politiques et sociales (voir figure LhShitigation a un
coit:f S RS 3INEB spefdnddeckdimiestings est trés incertain, etaumitigation effective
nécessiteune politique dédiée. Cellei se construit a une échelleationale ou supranationale,
spatialementd A Sy & dzLJSNA SdzNBE t QS OHite bpatidle des disshonsS NRA &
De méme, elle doit intégredes mécanismesde plus large échelledans un contexte ou
f QF OGAGAGS I 3 Nhedotd cOncusrande infethakhaléurbeffort de mitigation
différé dans le temps entre nations peut fragiliskr compétitivité decertains producteurs
agricoles. La question de ceBt¥F T A O GHARIASNES GRG0 Sy GA 2y RQdzyS
donnée au moindre codt, estussidzy ONAR UGS NB SaaSyaiasSt REya 1 C
mitigation au niveau régional comme au niveaternational.

[ I ljdzSadA2y RS I NBFIftAalFldA2Y RQdzy 202SO00GA
apparaitreY R Qdzy' S cdriplékiié inhdzgrée au lien entre les systémes de production
FANRO2tS SG € SdzNJ 0Af Iy R S$ité BOck Ben Rdes déieniBantsJr NI
SYOANRYYSYSy(l dzE LIKeaAljdzSa aLlk dAaAlfSYSyid GNBa
plus large échelle/ S& LINBLINASGSa NBZStSyd RSa RSTAa aoa
RQs UNBE OF LI 6t $ 2KS yRPES MY RYQSINIGISEINI GA2y RS 0OSG
vue def QI AaRI&isidnpublique spécifique & une échelle nationale ou sup@tionale (dite
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régionaldx Af &aQlF IA0 Rdz OK2AE RSa Yz2zéeSya ROQmyidSNBS
objectif donné de mitigation.

Pour les régionsempérées le rendement des principales espéces agricoles devraient
O0SYSTAOASNI Rdz OKIFy3aSYSyid Of AYIGAIldzS 2dzilj dzQt o
globale, puis décliner pour un réchauffement cliiqae de plus grande ampleEasterling et
al, 2007% ! £ QA Y @S NA Stbpicatds e rentlethénts N&rdidng dindinuer méme
pour un faible changememimatique (voir figure 1.65 I ya dzyS LISNRLISOGA JS 3 S
changement climatique est jugé comme faible en comparaRdd QA YIQIS@2 t BA A 2 Y
I dzi NBa RS0 SNYAY I(Fschér etRIS 20050 ¢@hdaiit, O existé deNBmbreses
a2dz2NDSa R:QAQF @2NIRAG dAR S & RA F r&@NSAnf (aS sensibiligd@ y A 4 Y S
f QF INR Odzf (i dzhlBesaltrés d&éminanks fiains$ gudeur hiérarchie respective du
OKF YL £ f QS Q408 indeidairs YRUlyrdR, 2008; Reidsma et al., 20080 Sa G A Y G A2y
de ces impacts & QS OK St Sy TSR0 G SENXVSaE ljdzh LISNXYSGaGaSyd
mitigation au niveaumondial, est trés incertain(Tol, 2009) Enfin, Il existe plusieurs formes
RQIFRILIWGFGAZ2Y t  RATTS KBsgel, 2007 A& brdzECapath®,O20E0R 2 v y S
f QF RILJG I G A guydéctit digs BéfigiorisSprise de maniére individuelle par les agesis,

L Ay i S3INBN R lesimpack QuScandemantichnmayqued® un panificateur qui

chercherait a les réduire, via urslaptationdite «planifiée» (i.e. centraliségpar exemplela

YA&AS Sy LXIFOS RQdzy a2aisYDIRYI&AGENISEFOSR GO X YN
dans la rechercheles impacts du changemeniroatique sur le secteur agricolainsi queson

adaptation font donc apparaitre le méme défi scientifigue, assokié f QA wm& BNJ u A2
O2YLX SEAGS RSa aeaitsySaz bdzibhyid LRdzNI RSa Sye

la décision publique régnale.

(c) Wheat, mid- to high-latitude (d) Wheat, low latitude
60 60

% Yield Change

-60

0 1 2 3 4 5 6
Mean local temperature change (°C) Mean local temperature change (°C)

Figurel6-t NP 2SOiA2ya ROAYLI Olla Rdz OKIFy3ISYSyidG OfAYFGAL
climatiqued [ FAIdzNB Aff dzaGNB f QSYyYERINDBIISNIRSRS NBadA (F (.
f QS@2t dziAz2y NBf | & dagsouRdiférdnies/amplens guichaRgemeat fclimatique. Les
panneaux (c) et (d) séparent respectivement les régions temperees des reglons tropicales, et les couleurs
GSNILS S 2NIy3aS aSLINByd NBaALISOGABSYSya Figuga OF a
extraite de(Easterling et al., 2007)
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133/ 2YLX SEAGS Rdz adaidasysS SiG AYyGSNI OGAzy

Lf SEA&GS LI dz&a A SdzNB a2 dzND S démeRdlimayiqOes Ngs A G dzR S
impacts sur le secteur agricole, et la contribution du secteur agricole a la réduction de son
'YL SdzNX» [ QLt// F2dz2NYyAG dzy OF RNB Y SHguk2R2f 234
j dzZA @1  y2dza LISNY S i U NeertitiiQ A dorenuzdieeteiNg (f StAQ 2| dENJZF SiaA
f Qs@2ft dziAz2y RSa Ol dzaSa RS LISNI dzNb I G-&dirg | yiK
f QS@2t dziA2y RSa a20ASiSa Kdzv¥lFAySa Sy (GSNX¥Sa
progres technologiques, de riége commerciaux et de mesures de protection de
f QSYPANRYYSYSyliad /2YYS S@2I dzS ¢aN®B GRR HECHsSy (2 |
Ré&olutions possibleset permettent de générer desajectoiresde perturbation du systéme
climatique, et donc de contraitie son évolution.Les principaux traits de ces scénarios

RSONAGSyYy (G fS8a LINAYOALN dzE RS il8 temanded eyf préductoh & G 2 N
FANRO2tSsY £S&a LINPINBA (SOKy2f23AljdzSaz €t QAyuSy
protectonRS f QSYJANBYYSYSyid [ Sa LINRB2SOlA2ya RS R

YIA&d RAFIAYy2a0GA1dzSyd G2dziSa dzyS FdzAYSyidliAaz2y>
Y2YRAIFIEST R2yG €S NBIAYS FEAYSYdl ANBné. PR NR Sy
fS NRaiGS RSa RSIOSNXYAylyGasz S a S
K2NAT 2ya RS LXdza RS 1jdzStljdzSa R
OF N OGSNR&ASYU LI N RATTFSNBY G aennent pag
maniére explicite la mitigation.

zly Si f Ql YLJ
i

yé“ RQlIyYy
nl- coripte HED S Y A &

A
A
Schematic framework of anthropogenic climate change drivers, impacts and responses Fiqure 17 - SChéma
résumant les enjeux
futurs associés au

Climate Change Changement

Sea Level Extreme Climatigue. Les 4
e e rectangles

représentent

EARTH SYSTEMS respectivement  les

E Wated A 1
Climate process drivers B reaoutes évolutions des

Concentrations Impacts and SOCiétéS h u mai nes
alriivegy’ femls vuinerability (marron, bas), les
HUMAN SYSTEMS tomy  mdaeey e perturbations

Security and society health
associées pour le
systeme  climatique

Temperature Precipitation
change change

(orange, gauche),
f QS@2ft dziA2y
Governance o, e conséquente du
Socio-Economic QU systeme  climatique
Technology o eIOPMeM o puiation (bleu, haut), et son
i e impact  pour les
race PR prelaeness sociétés  humaines
Mitigation - (vert, droite). Figure
extraite de (Barker,
2007)
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Chapitre 1

La deuxiéme étapeSa i f QSadAYlIGA2Yy Rdz OKIy3aSYSyid Of
scénarios. Pour le secteur ragple, de nombreuses variables climatiques sont importantes
ONI @2yySYSyild az2ftl ANBE AYyOARSYGIT LINBOALRKRGIGAZ2Y S
atmosphérique en dioxyde de carbone et ozone), ainsi que la caractérisation de leur évolution
aux©OKStfSa RS GSYLBA 22daNyYyIftASNBaz alAaz2yyAisNBa
donné, ces projections sont caractérisées par une large incertitude, liée a la nature du systeme
climatique, a la connaissance partielle que nous en avons, efraita &ctuelle des moyens de
projection de son évolution. Cette incertitude est différenciée entre variables atmosphériques,
et augmente avec la résolution spatiale et temporelle considérée. De plus, les impacts de la
composante OK I yISYSy (i R dglh @Burb&iSnasur & Bystéme climatique ne
az2yid Fdz22dz2NRQKdzA O2yaAARSNBA jdzS LI NJ f SdzNJ O3
O2YLRalyiaS o0A2LKeaAljdzS yQlF LI a SyO2NB SisS sol
représente une forte sourcBRS @ NAF oAt AGS aLIl GAFES £ f QSOKST

La troisieme étapeSa i f QSO t dzl GA2Yy T LI2dz2NJ dzy &aOSY [l NA
impacts sur le secteur agricole. Cette étape est aussi limitée par la connaissance que nous avons
du lien entre climat et agridture. Comme décrit dans la sectidr® (chapitre 1) le poids relatif
Rdz Of AYLIl { RFEya € QF 3NKXOdzZ GdzZNBE  Sai GNBA O NAI
RSGSNNXAYlIyGa RS fQFOUGABGAGS FTANRO2EtS® [Sa& YSOI
parcdle agricole a celle du commerce international, tandis que leur poids relatifs est
AL GALfSYSYyG GGNB&A GFNAFOESd 5QdzyS LI NI X G 2dza
(DaMatta et al., 2010; Jaggard et al., 2@10) S R QI dzi NB LI NI y2dza yQl @
AYG8§3INB G2dza RS YIYASNE aldArAaflrAralyaSo 58
déterminants non climatiques d®I OGA GAGS | ANAO2f S® 9y FAYy I QS
AYLI OGa yS3IFLUGATEA 02dz RQFYLIX AFTAOIGAZ2Y RSa A YL
LI NOZ S 1 LINRP2SOGA2Y Rdz yAGSI| dz(BageHimyletdd | G A2y
2007)

Une derniére étapeA YLIR2 NI yiS Sad tQSadAYrarazy RSa
fQFIRIFLIFGAZ2Y RS& a420AS0GSa KdzYl ASBND 3N G 25 Sixe
RS RSOSNXYAYSNI f QAYLI OG ySG adzNJ £S aeaidsys
impact, adaptation et mitigation (bilans biophysiques et biogéochimiques nets). Cette derniére
étape est sujette a une tres forte incertitudet peu étudiée.

a
t

[ QSyaSYyotS RSa YSOFryaavySa ysSOSaal ANBa Lk dz
SYGnNB OfAYFG SG FANROdMz GdzNBE aQSiGlf Syid &adzNJ RS
1.8), avec de fortes interactions entre échelles. Legeex scientifiques associés a la
problématique des interactions entre climat et agriculture reposent en partie sur la difficulté de
GNIF AGSN) fQSyasSyoftS RSa WYAISWE DONS R ¢nbe geOSNIKSH :
mécanismegDalgaard et al., 2003; Ewert et al., 201R)us précisément, les différents niveaux
décisionnels, de la plus petite échelle spatiale (exploitationicaty) a la plus grande
OYySIA20AlLGA2ya AYUGSNYIFGA2YylfSavs az2yd G2dza AYL
et reliées a travers de nombreux mécanismes a de nombreuses échelles (et donc
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Enjeux futursY RS f QSOKSt S 3t

interdépendants). Cette caractéristique rapproche le sys$emsS (i dzR dy§eme cbdnylexe
OQ&RANB OF Ny OGSNRAS RQdzyS LJ NI LI NJ 6SI dzO2 dzLJ
SOKStffSa aLIdAlfSa 2dz GSYLRNBtfSas SiG RQI dzib
déterminants environnementaux de ces interacio5 Qdzy L2 Ay d RS @dzS RS fQ
un enjeu scientifique fort est alors la détermination du bon niveau de complexité a intégrer

L2 dzNJ s UNB OF LI 6tS RS LINB2SUSNI t Qs@2tdziazy Rdz
OK2AE RSof @S;fh)\hrgRBéA 3SNE RSa yA@SIdzE KASNF ND
RQAYUGSNI OtiAz2ya Si Sy¥TAy RS fF OFNIOGSNRAIGAZ2Y

Figure 1.8 - Interaction |
Spatial upscaling/ Functional upscaling/ ROSOKSffSs O2YLJX S|
aggregation integrating complexity intégration. Etendue des

échelles  spatiales et

temporelles qui couvrent

tf QSyasSyotS RSa YSO
_— intervenant dans

» | Temporal f QAYGISNI OlAzy

upscaling/ agriculture et  climat.

aggregeion [ QAYVGSNI Ol Azy Sy i
mécanismes rend le systéeme

étudié complexe et il faut

trouver des moyens
RQAYGSANBNI fSa Ay
entre  échelles. Figure

extraite de (Ewert et al.,

2011)

t 1 T Globe

Continent

Country

Spatial scale

Region

Temporal scale

A

134 yS RSTFAYAUAZ2Y RS f QSOKStfS NBIAZ2YI

I 0N} OSNR fSa aSOiA2ya LINBOSRSyi(iSasx y2dza |

spatiales

T [ QSOKStfS Y2yRAIFIEST t tl1jdsSttS S aeaidsys
deaidisyS FTSN¥Sz SiG O2YLX SESe® /SGGS SOKSttS Sai
Sy 2Sdz 6RS ft QSOKSfttS RS f1I urwﬂ@mméf‘éMQsém$m
RQdzy LRAYydG RS @dzS RSOAaAz2yySts 0QSad fQSOKS

changement climatique.

T [ QSOKSftfS RSa aeaidsySa RS LINRRdAzOGAZ2Yy | 3N
décisionnelle du secteur agricole (lgsoducteurs). Cette échelle2 G & QSELINAYS (2
variabilité des différents déterminaatdu systeme agriculturelimat est souvent, la cible de
politique publique.
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Chapitre 1

T [ QSOKSttS 2G a2yid I NDAGNBSa f£Sa RSOksiAzZy
I dzE yS3A20AFGA2ya AYOGSNYyLFdGA2y Il £S&a adaNJ €S Of A
f QFRFLIGFGAZ2Y | dz OKFy3aSYSyd OftAYIFGAldzSSe [/ QS
SO2Yy2YAS Idziil yid 1jdzQSy & OASytode dle ptdeessiasidg geshdes
échelle de ceux dédiés a des processus de petite échelle dans les questions relatives au
changement climatique.

a
Yl
é 7
S

u
a

/] QSaid OS0idS RSNIAkES NB2 ySAOKRSI NESNRlydS Rl ya OSa i
régionale En termes de délirration géographique, elle correspond a un espace comprenant
une diversité de conditions physiques (climat, topographie, sol) et biologiques (structures de
O2dz@SNIidzNS RSa az2taosx Felyd 2dzaljdzQt €F GFAf €
économigs > OSGGS SOKStfS O2YLINBYR dzyS RADGSNAEAIGS
géographique, et différenciés en termes de conditions sécimnomiques. Enfin, cette échelle
correspond en termes institutionnels, & une institution commune guin rble décisionel
concernant les questions relevant de la politigue publique, et relatives au changement
Ot AYFGAljdz2SE FTAY&AA [jdzQt dzy OSNIIAY y2YONB RS
KdzY AySa o6dzy 9GFdX 2z RQdzy NBINRAzZLISYSYy i RQOG I

Cetteéchelle spatia@ nepermetpasRS O2yAARSNEBNJ O0S aeaidsysS 02
est inférieure en dimension spatiale a celle qui englobe tous les mécanismes et niveaux
RSOAaA2yySftaod /SGiaS GKsasS yaQi LI a LJ2dzNJ 20 2 ¢
nécessaires a description du systéen® yA RQSYy FIFANB RS& LINR2SOGA2

WQI A | dzch@s? darséttd th&Se@kplorerOS i Sy 2 Sdz &R @ualyaintS 3 NI A
fOQSTIDAYRSIAINI A2y RSa ST fdédipetiteséhelles Iiatialéded YSa N
systemes de production agricole) et temporelles (échelle annusliela formulation des enjeux
RSOAaA2yySta NBfIFIGATA t f QingauBeNsth@lg dégisionnglig G NE O

f QSOKSttS NBIAAZ2YIFIES 9dzNRPLISSYySo
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1.4. Enjeux scientifigueR S f QSOKSt S 9dzNRPLISSYyy S

- A 7 A

5Flya OSGGS LINIHGASET 2SS RNBAASNI A dzysesSial @
principales caractéristiques, son impact sur le climat, son contexte institutionnel, et le réle du
climat comme déterminant de la production agfic® 9 dzZNR LISSYyyS® 9y adzA GS=
F L2 NI & RS&a SidzRSa t RAFTFSNByiGSa SOKStEfSa adz
changement climatique.

1419010 RSa fASdzE RS f QF INRAOdz (0 dzNB 9 dzNR

5Flya £S OFRNB RS OSi(iS ndieiiriee USoh Eyfobémine & B2 y & (
membres (UEL5, voir figurel.9). Cet espace géographique comprend 15 Etats Membres, ayant
LI2dzNJ AyauAaddziazy O02YYdzyS Q! yAz2zy 9dz2NRPLISSYyS:s
L2t AGAIldzZSaA RSRASSa lture, bt@bcifaddeNantlimdtiquey G > £ QI I NA O

Studied domain

70°N

= EU-15 Member States
Other countries
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L
1
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Figure 1.9 - %2y S RQSGdz2RS 0O2ya
Q' vAZ2Y 9 dZNBIEIS)SGEWeS t  wmp
zone comprend 15 Etats Membres

(Finlande FI, Suede SE, Danemark DK,
GrandeBretagne GB, Irlande |IE, P&es

BL, Belgique BE, LuxembourgU, L

Espagne ES, Portugal PT, Allemagne DE,
Autriche AT, ltalie IT et Gréce GR).

[ QF ANA Odzf G dzNE NBLINBaSyualAld SY@ANRY 1  Y2Al
(Olesen and Bindi, 200253% de cette fraain est occupée par des terresadies, 40% par des
prairies et 7% par des friches et for@s 9y (G SNX¥S& SO2y2YAljdzSz f QF 3

Tl A0S LI NI

RSa

SYL) 244
2% du produith Yy i S NA S dzNJ 6 NHzi 0 =
mondiale agricole (10% de la production mondiale de céréales, et 16%
mondiale de viande, selgi®lesen and Bind2002)
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Chapitre 1

Figure 1.10- Grandes typologie des zones de
LINPRdAzOGA2Y | ANRO2ES. £ QS
Les différentes zones de 1 a 8 correspondent a

des typologies de conditions climatiques et de

{_ systemes de production différentes en termes

- RS GIAETRSGIIROSENLEI S RQ2NJD
production, selon(Olesen and Bindi, 2002)

[ QA5 comprend les zones suivanteZone

«Nordigue» (1), Zone des Britanniques (2),

zone «Ouest» (3), Zone dMéditerranéenne»

(4), et zone Alpine» (5).

[ QSa L) OS 3S2 3 NI5LKESH IpapehdanR 8éshdtéfbgeéne en termes
RQSYGBANRYYSYSy(G LIKeaAljdzsSs Si (GeSen andl Binds, Y8 RS
RA @A &15 ent5Q@ahdes zones, qui correspondent a différentes typologies de conditions
climatiques et de systémes de production agricole (figuf):

1 La zone 1 (dordique») est caractérisée par de fortes contraintes physiques a la
production agricole (soletclimd 0 ® [ QF OGAGAGS FANRO2E S 200dzLIS d
se compose a 89% de terres arables.

1 La zone 2 (des Britanniques) se caractérise par des conditions climatiques humides,
d2dza AYyFEdzSyOS 20Slt yAl dzS o e laBlrféog, etsk Gofnposealdh O 2 f S
deux tiers de prairies.

1 La zone 3 (@uest») correspond aux systemes de production les plus intensifs, ou la
contrainte physique est faible. Les systemes agricoles occupent 52% de la surface, se composent
aux deux tiers dél SNNBa NI o6t Sazx Sié az2yd GNBa KSGISNR3IS
RQ2NASY Ol dA2y RS LINRPRdAzOGAZ2Y @

1 La zone 4 (#éditerranéenne») se caractérise par le climat le plus sec et le plus chaud
RS mMQ® [ QI INA Odz (0 dzNBE 2 O Qolzstibée plecsysteReS def produdtidaNF | O S
tres diversifiés, une grande partie étant spécialisée en grandes cultures et cultures fruitieres.

T Lazone5 (RAlpinenv > f QFOGABAGS FANRO2ES Sad F2NIS
[QIOu7\®7\lj$ I 3 &k DFateS § 2 AGdzLIB2 Yilmza R Sy LI NI AS R
YFA& | dzaaA RS FT2N¥S&a L)X dzA GNIRAGAZ2YYSEfSEa RQI
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oyeSdze a0ASyiaTal dzSECEEEEE

[ QF ANA Odzt G dzZNBE 9 dzNRP LISSYyyS | O2yydz dzyS G N3B a
Guerre Mondiale, et la productivité a fortemeaugmenté, suite a une forte mécanisation du
travail, une forte sélection des espéces végétales et animales, et une forte hausse de
f QF LI AOFGA2Y RS FSNIAfAalydGa SG RS LINRPRdzA G a
RFya fQSYLERB BASEISt ayRiv GA2ya 2yid F2NISYSyid O
d230G8YSa RS LINPRdAzOGAZ2Y I ANRO2ftS O2NNBaLRyRSyli
(i.e. une forte mécanisation, et une forte productivité du travail et de la terre), ilistdbencore
RFya tSa T2yS8a n Si p RSa T2N¥Sa RQI3INROdzZ i«
f QF ANR Odzf GdzZNB RIya €S tL. yFEdA2ylf NBAGS AyTFS
NBLINBASYGSNI dzy S LI NI 2Adxefdinia Geecd et RI& dé 1Q% poudie2 A
t 2Nl dzart S €t Q! dziNAOKS 0R2yySSa 9dzNRPaidld wnnc

[ QF ANR OdzA-nipdzNEa (RS dz20AX t Q202S4G RS F2NIS Ay
f QSOKStfS 9dzNRBLISSYyyS RSLlzAa 1 { S0 AgRcSle D dzS NN
Commune (PAC, initiée par le traité de Rome en 1957). Depuis sa création, la PAC représente le
LINSYASNI LI2adiS RS RSLISyaSa RS fQ!'yAz2y 9dzNRBLISSY
objectifs initiaux de la PAC (premierpiier») étaient A2 & & dzZNBSNJ Sy 9 dzNP LIS
alimentaire, une libre circulation des produits (marché unigue), et une stabilité des marchés
FINAO2f S& OLINARE 3IFENIydGAraod [ S &az2dziasSy ¢t tr LJN
la marge brute des exploitations.Qdzy' S LJ NIIiZ € Sa Y2RIFIfAGSa RQAY
6SP2fdziA2yd RS& LINAE 3IFNIyidirAa OSNB dzyS I ARS F
PAC est en partie redirigé vers un secongilier», centré sur des problématiques de
déveldJLISYSyYy i NXzNI £ SiG RS LINRPGOGSOGAZ2Y RS f QSY @A NRy
aS az2yid Sy LINIAS NBRANARISSE OSNB fSa O2ff éc“)
sont de plus en plus conditionnés au respect de pratiquestifi@ées comme bénéfiques a
f QSYGANBYYSYSYyilid tINIffts§ftSYSyidsz dzy y2YoNBE ONER
LINE 0 SOGA2Y RS fQSY@ANRYYSYSyi AYLI OGSy R
agricolesd 5ANSOGADSa / F RNBA eicgzNJ £ Q9 dzZz 5ANBOGAGS

5 Qdzy LJ2 AbjbgéocRiSiqued dzS Q I 3 NA OtiiérietzitBn 2808 enfirQrD399
MtCQGeq (millions de tonnes, mesurées en équivale@@) de gaz a effet de serre,
LINAYOALI £ SYSy(d az2dza I F2NX¥S RS Y Eéskhissibns o n 0z 0
représentent environ 1% des émissions globales de GES, 10% des émissions Eurgpetamnes
LJSdz Y2AYyAd RS wmMmxkE: RS& SYAaairzya FaINARO2fSa Y2yR
SYraairzya fASSa I dzE OKI gslvd B&uKte de GRS) drais failde. LIRS & 3
oAfly ySi RSa Syiaarzya RdzS& | dzE OKIFy3aSySyia
mais aussi tous les autres usages des sols, dont la forét) est négasR@it D9 { 0 d® ! f QSO
f Q9 dzNP LIStEbioph$siqued OiHzSt & SiG FdzidzNB RS t QS @2 dzii A 2
f QAYyiSyaAaads RS I 3SadAazy RSa adza2NFIF OSa | INAKRO2;

?Selon les données de la CCNUCC, efBiNg LILI2 NIi RSSOIQL dzV & w2y R
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Chapitre 1

1.4.2.Projections futures et approches régionales

'yS LI NIGAS RSa SidzRRSa RSPOA3Ya (al 6z28A ¥dIND G Q
9dzNR LISSYyy S 02dz@NB  QSy adyaetie hesRrisch® 2t¥ll, 20955var0 2 y & A
Meijl et al., 20060 wSLR2 Al yid S O2dzlJ I 3S RS Y2Rs§fSa RQSI
Y2R8fS4 o0A2LIKe@&AljdzSa RS I NAHS SOKSftftS> Af
RS

a z
SYR23I8yS QS@2ftdziAzy & LINRA Yy OA LI dzEogiduisp OS & & d.
S@2tdziAz2zy RS fF RSYIFIYRS Sy LINPRdzZAGA F3INRO2E S35
agricoles (extension et intensification), ainsi que des effets du changement climatique sur le
rendement des grands types de production agricole. Isaltét de ce type de projection semble
O2y @SNHSN) OSNB dzy FlLA0fS SFFSG Rdz OKIFy3aSYSyi
f QK2NAT 2y wHnpnoX NBfIFIGAGSYSYyd t € QAYLI OG RS

demande en produits agricoles, et deslifques relatives a la protection du marché intérieur

9dzNR LSSy > S t € LINRPGIGSOGA2Y RS f QSY@ANRYYySY
grande dispersion dans les résultaiBusch, 20065y G SNXS&d RQS@2ft dziAzy
caactéristigues du secteur agricole Européen (rendement, surface agricole, principales
LINE RdzOGA2Y 9dzNRPLISSYYySa03> LJ2dzNJ dzy & Odfighidh 2 R2 Y
1.11 en donne un exemple illustratiff Q S @R dgoayéad Européenne des ttes en culture

projetée entre 1990 et 2050y S Y2y (i NB LJ qhi sdt @&h&rénte dpuisope/ les

différents modeles (lignes et numéros) donnent des réponses dispersées pour chaque scénario
RQS@2f dziA2y RS& &20KX@diags). KdzyYl AySa Si& Rdz Of AYIl

Global Markets Global Society Figure 1.11 - Dispersion des
1% T L LINP2SOGA2YVE RS fQ
160% i 160% de la part de surface des
B , . > terres en culture La figure
/ Y2y iNS f QS@2ft dzii A 2

terres en culture (cropland)

bt fQSOKSttS 9dzNR LIS
4 graphiques séparent 4

types de scénarios de

.31990 20.00 2610 2020 zoleo 2040 2050 développement humair(les
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1
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o +—ilk
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T e 7 (@), (b), (c), et (d) sont
160% 160% respectivement les scénarios
— . Al, B1, A2, et_ B2). Pour

chaque  graphique, les

120%

différentes  études sont
e B e ———— indiqguées par des symboles
- ...t et des traits différents.
Figure extraite de(Bu<h,

2006)
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[ QAYOSNII A (1 dzZRS Y AylieNB&laniehtafeent lié a 13 doRpleXid du
systeme: ces études se basent sur des modeles de large échelle, qui représentent de maniere
simplifiée les mécanismes impliqués dans la réponse du rendemenhangement climatique,
RS a2y tASy I8SO I LINRPRdAzOUGA2Yy > Bl fIKESaz®Rs dzR
nombreuses étudefEasterling et al., 200dediées a des mécanismes, zemgographiques, ou
systémes de production particuliers permettédRtQ Sy O2 YLINBSY:RNBE f Sa NI A a2y

T RQdzyS LJ NIz BN SUSIQ WA GRS 402 YLINBYRNE f QS @2
S3L)80Sa @sSs3asialtSa FINWOYHS Odadza (A RASLILOT QB @K €
nombreux et encore incertainduhrer, 2003; DaMatta et al., 201) 9y LJ- NIi A Odzt A SNE
les mécanismes gouvernant la réponse du systemeplante aux différentes variables
FdY2aLKSNAIdzSa a2y SyO2NB YIf OSNySaavesSi RQl
les pratiques culturales est mal comprise.

T RQI dzii NJ& pris@ edIcampte de la structure so&@oonomique (orientation de
LINE RdzOG A2y > GlFAfTES SO2y2YAldzS0 RS&a aeadasvySa R
RS f QKS{SNE ISYSIAND S Say1alAlpMmI AT SR S (RéidensayetZah, RBBAS Y SY Sy
5S YsYS:I tex&t@ariiciné de? gystémes de production est difficile & modéliser sur
de grandes échelles spatial@denseler et al., 2008) LJ- NS 1j dzS RQdzyS LJ NI f
Y O2YLINA&ax> S RQFdzNB LI NI f SdzNJ Y2RSt A&l GA2)

Ce constat pose la question de la nécesdi#éouvelles approches de modélisatioa
une échelle spatialeggionale,ou les interactions entre acteur@roducteurs institutions), ainsi
quef QKSGSNRPISYSAGS aLlkadAaArtS RSa aeaisySa R
jouent un role clé(Parker et al., 2003; Verburg, 2008) existedzy OSNI I Ay y2Y
exploratrices en ce senqui couvrent le domaine spatial considé(&wert et al., 2005;
Rounsevell et al., 2005; Audsley et al., 2006; Hermans et al., .ZBH3) ont généralement
utiliseRSa LINRP2SOiA2ya NBIA2Y I fA4SSa RS&a RSUSNWYAY
de grande échelle (évolution de la demande en produits agricoles ou de leur prix, prise en
compte des progres technologique@bildtrup et al., 2006; van Vuuren et al., 200E)es ont
adza &A AYUSANB RS& LINRP2SOUGA2Yya t KIdziS NBaz2ft dzi;
simulations de rendementAudsley et al., 2006pu des projections statistiquéMetzger et al.,

2008) Ces étudesxplorabires2 Y i F2dzNy A G € Sa LINBYASNBa SOt dz
f QABNPRSAE SFFSGa RS fF O2YLISGAGA RSUNSewelies NNS I A 2
2005; Hermans et al.,, 20I0) 2dz RS f Q2NAHlI yAal dA2y RS fQlF OGAQ
(Audsley et al., 2008) dzNJ f QS @2f dzi A2y RE ROk ANS YaA il 9zNEG SKS
solsElISa aSYoftSyid aQlF OO2NRSNJ adzNJ £ S FFHAG 1jdzS QS
déterminée par des mécanismes de large échelle (évolution de la demande en produits

agricoles, régimes commaaux, projfl\B & ( SOKy 2f 23A1jdzSa0 1jdzS LI NJ f Q

S L
o NB

/ SLISYRIYyildz S tASYy SyiNB ftQS@2tdziaAzy RS fQ
lj dz@ & dté abordéreste limité. Sa prise en compte repos®it sur des modeles statistiques
(Metzger and Bunce, 2005%0it sur des modeles de cultufdudsley et al., 2006)Dans le
premier cas, des déterminants importants ne sont pas pris en compte, tels que la distribution
des solsef QKSUSNRISYSAGS RSa aeaids ¥&amomRse, etd8® RdzO G 7
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FRFLIGFGAZ2Ya £ fQSOKSEtS RS fI FSNK¥S 6LINIT (Al dz
deuxieme cas, les projections sont effectuées pour des représentations siemlifié la
RAGSNEAGS RSa SaLklsoSa FFaANRO2f S& RQdaydes dedr NIi 6
cultures»), et du fonctionnement du systéme sgbnteLIJNJ G A lj dzS& F INKR O2f Sa R
temps mensuel, représentation simplifiee des pratiuesices et du sol). Ce type de
simplification biaisesignificativementles évolutions estimées, et reste donc inadéquate
(Challinoret al., 2009; van Bussel et al., 2015)S L)X dzax fSa ST¥F¥FSia RS
concentration atmosphérique en GOnt été pris en compte de maniére simplifiée, par une

Ydzf GALX AOIF GA2y Rdz NBYRSYSy &G L} GSy i Adpifisdtionn SG S ¥
F3a20ASS t fQFdzZAYSYy il GA2% YRISA &t LI G2 yIOSYTMNS i A :
RQdziAf A&l A2y RS fQSlIdzd 9YyFAYI € GeLRBén2IAS R
compte dans le pmaier cas, et est un diagnostposteriori dans le deuxieme cas.

[ O2YLINBKSyairzy RSa SyaSdzE aaz20Asa t fI
yQl SyO2NB 1jdzS§ (NBa LJSdz LINPINBaasS RIFEya OSaGdS
régionale EuropéennglLeip et al.,, 2008x développé un outil de modélisation couplant un
outil de modélisation économique du secteur agricole (CAPRI) avec un modéle de culture
65b5/ 0 S |jdzA LIS NNVeSilitiqies @idtives dzSshdtedir @dricoleldif@ientsR
AYRAOIFGSdzNBE Sy@ANRYySYSyilldzE oR2y (G tSa SYA&aaAa
O2YLIGS RS YIYASNBE FAYyS fQKSGSNRIASYSAGS RSa O
(pratiques agrictes). Cependant, CAPRI ne comprend pas de représentation détaillée de
f QOKSGSNRISYSAGS aLIaGAlrfS RS&a adaeaidsySa RS LINER
FRYAYAAGNT GAODSE (BelCarddtal.|200%)d G4 YISQX NBFNIBEHZ RS QK
aeaidsySa RS LINRRdAzOG A 2 y-effitacitdl HeOdfférEntespalitijiest d@ | & LIS O
YAGATIGA2ya &adzNJ €S aSO0SdzNJ I ANRO2E ST Yl A& f¢
f QOKSGUSNRIASYSAGS RS fQSYGANRBYYSYSyYy(d LIKe&a&aAl dzS
f QF ANRKR Odzft G dzZNB adzNJ £ S Of A YIS $BiyS 1SANISES OtA 2{LIKS GK

[ QA RSy (i A Thore Iniverdngegraliatz dans la compréhension des interactions
SYiNB OtAYlFG SG F3INRKROMz G dzNB dans I 80K Ftintvéau NB I A
FGOGSAYG yQlF LI a bs&wliohside Rriain sLpypathesed deAnfdd@isation
retenue pourexplorerles enjeux de décision publiqgde f QSOKSf £ S NBIA2Yy L £ S
et adaptation).
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1.5. Obijectif et plan de la thése

5FLya £S5 OFRNBE RS 0OSi (déns iédddseiEbrapéesi M SAF FTOKI2 ARXz
meilleure intégration demécanismesde «petite échelle» sur la formulation des enjeux de
RSOA&aAZ2Y Llzof AljdzS t f QS OKredafishesaBiés Asany kxS 9 dzN.
caractéristiqueR S f Q2 NHdcguktdetmé @St £ S G(GSYLRNBEtS RQdzyS
RS fQFrOGAQBAGS RS {LINPORASSHEMED ¥R FradubtbnCagricofesdéfinis
LI NJ dzy S K2Y23SYSAGS RQS y-éanNBiglis)S3ehjglxi de écigian A |j dzS
publique considérésoni f QS @I f dzl GA2Yy RSa& A YL dedadaptRions OK I y 3 ¢
ldzi2y2YSa RQdzyS LI NIL=Z | dz OK2AE RS fQ2dziAaft RS
politique de mitigation dans le secteur agricole Européen.

Les questions somés suivates:

T Quelleestlerdledeed YSOlFIyAaYSa RIya fQAYLI OG Rdz OKI
agricole Européenn@

f Quelestleurrdledans I NBLI2YaS RS f QI INR OdzZ & dzRE d& &NP
politique de mitigatiorn?

f Cesmécanismes généresls une interactio. f QS OK St f efitre addptc@BidISS v v S
changement climatique et mitigatio?

Les deux principaux enjetechniquex  a 2 y (i ReDndagéSiser lc#ts MBicanismes de
YEYASNBE AyiSIaINBS % 0 SFOMSHEEs eatdiiyiigli 36 Y SN2 ISY S,

spatiale degacteursenvironnementawauxquels ils sont sensibles.

WS YS F2O0FftA&ASNIA RQIFIO02NR adzNJ £ S rép@@sS € 2 LILIS
ces enjeux techniquescifapitre 9@ [ Q2 dzi AfA AR 8 A ¥ R 8 unef évdluationf Q206 2 S
FEt2NRASS &a2dza 1 F2NX¥S RQdzy FFNIAOES &2dzYAia
(chapitre 3.

WS YS &aSNBR SyadzAadS RS OSiG 2dziAft LI2dzNJ ljdz y
f QSOKSf f S surl&s inipacts dUSANAGESy & Of AYF GALdzS £ f QSOKS
OKIFLIAGNBE Sad ldzaair @Gl t2NRARAS az2dza f1 FT2NX¥S RQd:
(chapitre 4. Dans le chapitre 5, je préseneS & 2dziAf & RQlIylFfe&asS dadl dAail
f QA Y LI Ridz OKY IS YSYy i Of AYFGAIdzS &dzNJ f Q2FFNB |+ 3

Dans le chapitre Gg présene RS & NI & dzfsérié dé d&imuRtdugyféalisées avec
notre outil de modélisation, permettant de diagnostiquer les interactions potentielles entre
f QF R LIO Aldkely (RSENYS RS f Q2FFNB FFAINRO2ES | dz OKI
RQdzyS LRt AGAIldzZS RS YAGAIIFIGA2Y RS& SYAaaArzya | .

9y FAYS>S 2SS RS3IIF3IAS ftQAYUGUSNBG>X £Sa tAYAGSa Si
chapitre 7.
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Chaptre 2

Outil de
modelisation et jeu:
de donnee:



Chapitre 2

5lya £S OFRNF RS OSiitS GKsasSs 2QFA OKSNOKS
des systemes de production agricole, ainsi que de leur environnement physique, technique et

socioéconomiqls adzNJ £ S fASYy Sy (iNB € QF INKOdzZ Gdz2NE Si ¢
9dzNRB LISSYy ® [ ylFGdz2NBE S tQSGSYRdzS 3IS23aNIF LIKAI d
f QSELISNAYSyiGlFidAz2ys SG S8 GNIGIAf STFFSOGdzS NBLI

Le traitement @r la modélisation de cette hétérogénéité spatiale requiert la prise en
O2YLIGS Si t QF NI A Odz |-ij)\2y RS yzvoNSdzE YSOFyAray
RSONAR OGSyl tSa FIFOGSdz2NB RS Ol NJ\IoAfAu$sIme$ yS YS

Sy 28dz FAyai ljdzS tS5Sa&a 2SdzE RS R2yysSSa Faazoj
précédent(Godard, 20050 f QSOKSt S RQdzyS NBIA2Y FNIyeel AasS
LINSYASNER SadalAa RQIFLILIAOFIGAZ2Y 2yG SGS O2yRdzA

2
SOKSttS Si t t QSOE&4rd R05yGalkdy 20§7) £ S CNI yeel A &S

WQI A RQdzyS LI NI SGSyRdz OSGGS YSGK2R2f23AS
construit des jeux de donnéeK@ a A lj dzSa S GS()K)/AIj dzS & | LILINE LINR ¢
SP2tdziA2y FdzidzNB Rdz Of AYFG £ OSGGS $OKSffSCD 5
dzyS F2NX¥S RQIFIRIFILIWFGAZ2Y uSOKyAdezS RS&a aeaidsys
modificat2 Y RS f QSYGANRYYSYSy(d LIKe&aAldzsSo

(

[ Q2dziAf RS Y2RStA&alFGA2Y dziAfA&aST FAYyaa | dzS
RS OS OKIFILAGNB® 5Fya dzyS LINSYASNB LI NIGAST 28§
pour cette thése, puis dans une d@ame partie je détaille les modifications apportées et les
jeux de données associés.
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21. 5SAONRLIGAZ2Y SO LISNIAYSYyOS RS fQ2dziAft

[ Q2dziAf RS Y2RSftAalGA2Yy jdzS 2QFA dziAfAasS L
qui couple le modéle micek§ O2y 2 YA lj dzS &adF GAljdzS | yydzSt RQ2FTN
(De Cara et al., 2005; Galko and Jayet, 2@i&c le modele générique de culture (STICS).

[ Q202SOUAT B&uOsSmsadaRS RS fI NBIFIOGAZ2Y RS 02 dz\
f QS@2tdziAz2y RS aSada RSOSNN¥AYylyda LKeaAldzSaz
GSNEAZ2Y 1jdzS 2QlFA dziAf AadSS O2dzONB f Q! ¥stRY 9 dzNJ
NEIA2Y FRYAYAAUNI 0ABS Rdz wS&aSlIdz RQLYF2NXNI GAZ2Y
I dzE NB3IA2ya FRYAYAAGNI GABS&E b!¢{ LL RSFTAYyArASa

Le modéle simuldofire agricol&  Ol&sSvéliimes de productiode différents bies
agricolg les intrants consommeés, les impacts environnementdux f Q2 NBF YA &l GA 2y |
de productionP t 2dzNJ OS FIFANB:E S Y2R8tS aQl LJLJzA S &
FINRO2t Sa 62dz a2adsYSa RS LINERpe® (aAdemyande estj dzA Y ¢
exogene au modele), et dont le comportement est simulé. Ce comportement consiste a choisir
f Q2NABFYA&lIGA2y RS fQFOGAGAGS RS LINRPRdAZOGAZ2Y > R
afin de maximiser la marge brute. Parmi éegeres qui participent a définir ce comportement,
RSa @INALFofSa RQSYUNBS LISNYSGGSyd RS f SdzNJ LIN
variables météorologiques et de description des sols), technique (pratiques agricoles), socio
SO2y 2 YAl drbat desIndarits eRIQ Vente des productions agricoles, coits variables) et
institutionnel (instruments prix taxes, subventions et quantité- quotas, normes associées a
la Politique Agricole Commune et ses déclinaisons nationales, et aux politquegulation
environnementale).

WS RSGFAfESNIA OKIFOdzy RSa&a RSdzE Y2RS8f Sa |jdz
principe et la mise en place technique de leur couplage. Enfin, je détaillerai comment est prise
Sy O02YLIiS ft QKSISNPABNESALEINRORSI 66 RS 8Sa RSO
YIAa | dzaaAr £ fQAYGSNASdIZNI RS OSa NBIAZ2YaEOD

211y Y2R8tS RQ2FFNBE FFINARO2tS 9dzZNRLISSYy Y

Le modeéle micr 02y 2YAljdzS !wht! 2 &aAaydzZS S 0O2Yl
RAAGNRAOdzIA2Y RQlI BFREF G WNR R dzG $SdzREzZNL ¥ BELIR2Y Y SS
Comptable Agricole. CeliA F2dzNy Al dzyS 6l aS RS R2yySSa RQS)
FAY £Sa R2yySSa O2YLINilFoftS |yydsSttSa RQdzy Syas
prendre encompte de maniere statistiguement représentative la diversité des exploitations
NEStftSa Sy GSNN¥S& RQ2NASYy Ul GA2y -tagoichRtRIezOG A 2y
GFrAftES SO2y2YAljdzS o0c OflaasSauv t fQSOKStfS RQdz

Pour définir la distd dzi A 2y RS& F3Syida t fQSOKStftS NB:
OSNIFAYySa OFO0SI2NASE RQ2NASY(GlFGA2y RS LINBRdzO
LI dzNRA | yydzSttSa 6 Nb2NRKROdzZ §dZNBES DAY A Odzt G dzNBO
caractére puriannuel de leur gestion. Ensuite, les exploitations de la base de données sont
NEINRdzZLJISSE LI NJ Of  aaAFAOFGA2Y KASNI NOKAIldzS o0&
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de production) en <4erme-types» virtuelles, assurant ainsi le respect d& clause de
O2YFARSYUGAILFIEAGS adzNJ ft QdziAt AaliAz2y RSa R2yySSa
Y2Y0ONB @ NAI o ferfetpesh @Sy lia oSden g2y 1jdzS 2QF A dzi A€
sur les données RICA 2002, et comprend 101 régionsrer 1 F 3Sy & AYRSLISYRI Y
(voir figure2.1).

AROPA| regions & agents

z
S
Figure 2.1- Régions et nombre
> ROFISYyG 1IN NBIAZY R
:oo - Agents [indiv]: (versic_)n UE15)Avec 1074 agents
: répartis sur 101 régions, le
0 1o 55] modéle représente un peu moins
E%gﬂ] RS W YAttAzya RQSELX
z | m > 14 plein,tempsA, pour une surface
S O NO DATA G2d+FtS RS ¢n YAfEARY
[ S Y2YONB Y2eSy RQl
région est de 10.6. Un agent
- représente en moyenne 1770
o . exploitations réelles et 81000
= = . hectares.

| | | | 1 -r I
30°W  20°W  10°W  0° 10°E 20°E 30°E

[ Q2FFNB AINRO2f SsT NBadzZ (F yid Rdd G0 23aYALY2dXETISS VS v
de la programmation mathématique. Chaque agent organise son activité en vue de maximiser
son profit, indépendamment des autres. Formellement, le comportement un agBn@! wht ! 2
est décrit par le programme mathématique linéaire mix® Guivant:

ou " ¢ est la marge brutex et z représentent respectivement les vecteurs des variables
RQlI OGAGAGS S alorsRy8e eNdr depreésdatl&speltivement la matrice des
O2Yy NI Ayi(iSa (GSOKyYyAljdzSa Si f Q2LISNI 4§$SdzZNJ RS YI NB.
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[ Sa T OUGABAGSA RQdzy | 3Sy( Iés2yalacthigdvédetléssSa S
et le comportement des producteurs est définit par les variables de décision suivantes

T tQltt20FGA2y RS fF &dzNFI OS [3INARO2fS | dzE R

T t QL 2dzadSYSydG Rdz OFLIAGIE FTYyAYLF(f X

71 le niveau et la nature des intrants dpsoductions animales et végétales (fertilisants,
alimentation animale),

1 le niveau de production de chaque activite,

1 le choix de mise en vente de la production ou de son utilisation sur la ferme comme
intrant.

Un ensemble de contraintes techniques et degmeétres, propres a chaque agent, vont
LISNYSGGNB RS RSTAYANI £Sa LI2aaroAftAiSa RQ2NHI Y.
les agents. lls décrivent

1 les liens entre les intrants, les productions ainsi que les interactions entre les
dff SNBy(iSa FOUGADGAGISE 602y GNIAydSa 3INRY2Y
épandage des déjections animales, colts variables etc.),

1 les ressources a disposition (cheptel animal et sa démographie, surface agricole utile
totale, etc.),

1 les contraintes deypologie (les activités et leurs parts admissibles dans la marge

brute et la surface agricole utile),

les marchés (prix des intrants et des productions),

1 les instruments de politique publique (normes, taxes et subventions de la Politique
Agricole Communeet ses déclinaisons nationales, ainsi que les régulations
environnementales)

=

[ YF22NAGS RSa LI NIYSGUNBa GSOKyAldzSa LINE
Y2R8fS az2yid SadAaAyYSa RANBOGSYSyid t LI NIGAN RSaA
enstite re-calibrés (environ 130 parametres, principalement des parametres liés aux contraintes
RS NROGFGA2Y ANRBY2YALdz2SSET RQFEAYSYyldFrGAz2zy | yAYL
mixte de gradients conjugués et de Mortel NI 2 ® t f dzd Re3SentdfinteOl G A2y
techniques et la calibration peuvent étre trouvés daiixe Cara et al2005)et (Galko and Jayet,

2011)

lwht! 2 LI NLGASYG t 1 OF GdS@aanNderSweR&d Y2RS
Peterson, 2009) reliant les intrants aux productions par des contraintes techniques
particulierement détaillées. Ce type de modele ne représente pas de maniére endogene
t Quiibre offredemande des facteurs de production, des intrants et des produits agricoles avec
fSA& dziNBa NB3IA2Yya Rdz Y2Y RS RI \eduilibtedartielSpari S dzNJ |
exemple FASONAdams et al., 19), ou ou CAPB)| ni avec les autres secteurs économiques

®  Common Agricultural Policy Regionalized Impact Modeliystem, see http://www.capri-

model.org/dokuwiki/doku.php
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6Y2R8f Sa RQSI dzA £ A 6 NB (Hersly1Sa)l ARGPA] Skt NonSpELSappdpri@ D¢ !
b £t QSGdzRS RS YSOFIyAaYSa RS fIFNHS SOKStfS AYLR
O02YYS S O2YYSNOS 2dz I Q308Y ddjidz@¥f RSz & a RSYS ¥ R

YFYASNB SE2358ySd 58 YsYS: Af S&aid AYLRNIFIYyG RS
a0FdAldzS £ fQSOKStEtS IyydsStftS>x Si yS LINByR LI
production que sont le avail, le capital matériel (batiments, machines) et financier (liquidités).

I f QAYOBSNES RQI dzii NB Y FHgpe & al., 2008)il NS répteerd dors | I NA
pas les possibles évolutions structurellesldng terme (surface agricole totale, orientation de

LINR RdzOiG A2y T NBGSydza K2NB SELX 2A0GFGA2yZ STFSOO.

Pour le questionnement de cette these, AROPAJ est cependant trés intéressant, car |l
O2 dz@NB Q9 dzNP LIS pré&entant §nedBeht les RedzliconPlgxes Nltre activités
FIAINRO2t Sasx fSdzNJ £t ASy 3SO t QSY@ANRYYySYSyid LK
f QSOKSt S AYFNINBIAZ2YyLFES® | OSd S3IFNRI asSa LI
détaillés (mas de couverture géographique restreinte). En revanche, il est moins bien
approprié pour intégrer des processus économiques de plus large échelle (évolution de la
demande, commerce) et de long a moyen terme (progrés technologique, évolution structurelle
def Q2FFNB FFANRO2fS 9dzNRPLISSYySod

212 4SY&AAOAfTAGS t fQSYOANRYYSYSy(d LK@

[ aSYyaArAoAfAdS RS ftQ2FFNB FINRO2ES t azy |
incluse dans AROPA|. Afin de pouvoir prendre en compte une évolution éaietnnement,
un couplage a été réalisé avec un modéle biophysiue / S O2dzLJ I 38 NBf § oS |
NBEfFGAGSYSYd Of F adaAljdzsS -Sof (Jaen%é\mandh/anﬂttagjm K287 S R
pour une revue de littérature détailléeY I A & NI NBYSy (i S Séenndz3e vais £ QS O
détailler rapidement le modele biophysique, et son intérét pour un tel couplage.

STICS est un modele générique de culture qui simule aux échelles annuelle et
LI dzNRA | yydzSt S f QS@2tdziAzy RQdzyS a(svsatalla2y RS
2003) Il simule ainsidz LJr & RS (G SYLJA 22 dzNYy I L8t SN (it S0 SRARdzyd&) ALl
a2dza tQAYFEdzSYyOS RS {QAYUSNBSYyGA2y KdzYl AyS
SYGANRYYSYSyillt 6a2tz YSUS2NRt23IAS0 RS YIyAS
processs de développement du couvert végétal, sa croissance en biomasse, sa croissance
NI} OAYEFANBZ tQStlF02N)r A2y Rdz NBYRSYSyids |FAyaa
f QAVOSNF I OS SYyiGNB fQFiY24LKSENE:E S i@sufdesStG € |
F2NX¥IFEAAFTGA2YE RS LINRPOSaaddza LIKeaAljdzSa SG oAazf
OFNb2yS Sl RQIT 23S RVégdiation Smasphdre, (hétosynthésep ktyeri S NJF |
partie sur des relations empiriques (durée et natwles stades physiologiques de la plante,
allocation et remplissage des différents organes de la plante, effets des températures et du
contenu en eau du sol sur le développement du couvert végétal). La version du modele que

Y12y F2NNSYSYG £ fQdzal 3S  RIn/appelk lici nfodeié higoNysigudziBoutisde@2 y 2 Y A |j
Y2RStAal GA2Y eRtSphysdigRes of BibldogRue yd&sYsystemes de production. Ce qualificatif est a
différencier de la distinction entre processus biophysiques et biogéochimiques, pour la communauté de la
modélisation de la biosphére terrestre dans le systéme climatique.
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2QdziAtAasS Saild &) ave SuelgueaNanodificatios Sshéifiqaeg (concernant
LINAYOALI £ SYSyld I &aLISOAFAOFGAZ2Y RS QI LILRNI R
description détaillée du fonctionnement du modele peut étre trouvée d@Bsgsson et al.,

2008)

Développement

Croissance aérienne Fiqure 22 - Processus et
compartiments _du__systeme
solplante représentés dans
STICSSchéma basé s(Brisson
et al., 2008)et issu du rapport
de stage de M2 de Marie
Combe, avec sa permission.

Elaboration du rendement

Interactions techniques —
cultures — sol — microclimat

Croissance racinaire

Bilans azoté, hydrique

Transferts en eau, chaleur,
nitrates

Le premier intérét de ce modéle pour un couplage avec AROPAjoestaractere
ISYSNARIjdzSs | ada20AS t ¢t RAOGSNERAGS RSa RAIF3y:
permettent a la fois de prendre en compte les principales cultures Européennes, et de
caractériser leurs diverses propriétés. A travers différentcané&mes et jeux de paramétres
FRIFILIGISasY {¢L/{ LISdzi NBLINBASY(HGSNI dzyS FaasSi I N
fQF @ yidF3S LI NJ NI LILIRNI t RQIdziNB&a Y2RS8§f Sa Sl
(Jones and Kiniry, 1988) WS f QI I&s pdadigalesicdlt@res leifag@ednes dans le cadre de
cette these: blé dur, blé tendre, orge, mais, colza, tournesol, soja, pomme de terre, et betterave
sucriere. Sont notamment simulés la quantité et la qudjitér exemple le contenu en azote
rendement de ces espéces, et leurs impacts environnementdes pertes azotées sous formes
311 SdzaSa o00SNE fQlFIiY2AaLKSENBZ LINRPG2E&RS RQII
YAGNI GSavs SG €S oAftly RQSI dz deysal profond; Rigselé, f S a
et évapotranspiré par le systeme gubante).

2 0
%

[ S RSAzEASYS I @Lyidl3aS RS {¢L/{= Said |ljdQArt L
principaux déterminants physiques et techniques de ces diagnostiques, ce qui permet de
prendreen compte finement leur hétérogéneéité spatiale

1 Le modele prend par exemple en compte les effets associés au type de sol
profondeur totale et distribution en plusieurs horizons de taille, texture, acidité,
perméabilité et contenu initiaux en eau et enatiere organique différentes. Les
processus décrivent la dynamique du contenu en eau du sol discrétisés en horizons
de 1 cm, en intégrant la fraction disponible des précipitations pour le sol
(interception par le couvert végétal et pertes latérales), pasflux verticaux entre
horizons (microporosité, perméabilité et infiltration vers les nappes). lls décrivent
aussi la dynamique de la matiere contenue dans les différents horizons sous formes
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minérales et organiques, via la minéralisation de la matiergaoique, les
transformations chimiques des espéces minérales (nitrification, dénitrification), et

f SdzZNBE  Ff dzE OSNIAOlIdzE 61 0&2NLIiAZ2Y LI NJ f I
AYFAEOGONI GA2y 0 / QS&0G LI N SESYLX S ,qay | Oty
excluent ce déterminant des rendemer{idetzger and Bunce, 2005)

Lf AYy(i83aINB RS YIYASNBE (GNBa RSOGFAfESS fQ
moyenne et amplitude de la température atmosphérique, ainsi que ldsurs
22dzNY I f AS§NBa Rdz Nl e2yySYSyid &az2trFrANBI RS
vent) et de la concentration en dioxyde de carboaedzNJ f QSyaSYo6t S RSa
modele. Ainsi le développement et la croissance de la biomasse aérienne eintu fro
racinaire dépendent journalierement du rayonnement solaire intercepté par le
couvert végétal et absorbé par le sol (rayonnement direct et diffus), de la
température aérienne et du sol (respiration autotrophe et hétérotrophe, calendrier

des stades écoplsjologiques, optimum de photosynthése). La concentration en
dioxyde de carbone a un effet sur la croissance en biomasse (via un mécanisme de
LIK2G2aeyikKsasS /o 2dz /nx Sid f Q2dz0SNI dzNB
RQdziAf Aal A2y RS A88QSILNPRIZHASS LIRNI dzf 2 ¥ B

[ QKdzYARAGS RS tQFANI SG €S @Syl FFF¥FSOGSyi
f S4 FTtdzE RS OKIFfSdzNJ tFGSydsS Si aSyarofSo
RFya S az2f RSLISy Récigiiatioy & des perdisigadsimdatioR @S | dz 0
fQFrT 2GS SG GNYyaLANIGA2Yy RQSFdz LI NJ £ L3
ROQ2NHIYS NBO2fiSada RSLSYR RS I @AaiSaasS ¥
rayonnement, de la température et du contenu eauedu sol) sur les quelques jours

avant le début du remplissage. Le remplissage et la qualité des organes (contenus en
carbone, eau, azote, sucre) dépendent des valeurs journaliéres de toutes les

G NAFo6fSa YSUS2NRE 23AldzZSa hiSn/dr Hayrécolte dza lj dzQ
5QF dziNBa | LIWINPOKS&a dziAfAalyld RS& Y2RS8f Sa
mensuel, ne prennent pas en compte ces effétadsley et al., 2006)

Lt LINBYR Sy O02YLIOSzyt QSRAYSINI RNBJDKIE DKy ARj
combinaison de plusieutechniques cultural§ssur le systeme sqllante: la gestion

du cycle cultural (date de semis et de récolte, précocité des variétés utilisées), la
densité du couvert (densité de semis plli S& RdzS& | dz ISt 2dz t
FgFyid tS@SSs S@2tdziazy RS ft QAYRAOS F2f Al A
RS Odzf GdzNBavz tF FSNIAEAAFIGAZ2Y O LI NI S
minéraux commerciaux ou organiquesiidza RS RS2SOUA2ya FyAY
(volume et fractionnement), et la décision de récolte (a un stade écophysiologique
particulier, ou pour un seuil donné de contenu en eau, carbone, azote ou sucre des
organes récoltés). Enfin, il prend en compte ¢b®ix de succession de culture, en
AYOGSaANIyld ftQSTFSU RQdzy LINBOSRSyd Odzt  dzNJ €
ROAYGSNEGS (2dzi Sy O2y NI AIYylyd €S LI2arda
Rdz O0&8 O0f S Odzft (idzNF f Rdtraintla mbidza padablIBecolR@E y (i S Nb
précédent).
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Il faut cependant noter que STICS ne prend pas en compte tous les facteurs qui
déterminent le rendement, notamment les facteurs de réduction du rendement (adventices,
maladies, ravageurs et pollution atmosgique, voir figure 2.3). Il simule donc un rendement
limité, supérieur au rendementéel mais inférieur au rendemerpotentiel pour reprendre la
terminologie de(van Ittersum et al., 2003)

defining factors defining factors defining factors

[t =+ a3
- radiation
- temperature limiting factors
- crop characteristics 5 .

= physiology, Phenologv : :‘:u:;nu =

e e oL R Figure 23 - Schéma conceptuel

* phosphorus q u D u

- weeds

“beets des facteurs déterminants le
“Fhree rendement Du rendement
potentiel au rendement limité,
puis au rendement réeExtrait de

(van Ittersum et al., 2003)

Potential Water- and/or Actual
nutrient-limited

Enfin, ce modele a été concu pour des régimes climatiques typiques de la France
actuelle. Si cellei concentre une grandpartie des régimes climatiques Européens actuels, ce
yQSad LI a F2NOSYSyid S OFa RSa NBIAYSa Of AYLI
STICS est cependant assez fin dans sa prise en compte des effets des variables météorologiques,
du pas de temgp journalier aux effets annuels. Les réponses de STICS au changement climatique
ont été récemment testées dans un projet sur les impacts du changement climatique sur les
principales espéces cultivées en FrarfBeisson et al., 201® Lf | RQdzyS LI NI S
RQIF dziNBSa Y2Rs8ftSa RS OdzZ §dz2NB= SiG RQI dzipdlB LI NI
plusieurs jeux de données de changement climatique et de pratiques agricoles, ce qui permet
RS G(SaidSN) dzaar tQSTFSG RSa LINAYOALNl dzE FI OGS
climatique (le climat de référence, le sol, les pratiques agricddssscénarios de perturbation
du climat, les modeles utilisés pour le faire évoluer et les méthodes utilisées pour le
NEIAZ2YFfAASNDD 5QdzyS LI NI fSa LINAYOALI dzE  LINE
réponses cohérentes entre eux et avec lescdndad  y 0Sa | Ol dzSttSazx SiG RC
OK2AE Rdz Y2R8tS &dzNJ f QKSGSNRISYSAGS aLl GAl S
gue la variabilité des facteurs physiques et techniques du systenmasuk.
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2.1.3.0bjet, méthode et implémentatiordu couplage

[ Q202SOGAF Rdz O2dzLJ I 3S SyiNBX tSa H Y2RS
environnement physique (climat, sol) et technique (itinéraire technique) les variables de
rendement et les impacts environnementaux des principales cultures Européetares le
Y2R§tS RQ2FFNBE [ANRO2fSod LE &aQk3IAd RS LI dza F
f QSOKSt S NBIAZ2YI S [ YSGK2R2f23AS OK2AaAS
antécédents, et décrite dans les détails dd@odard et al., 2008)e pnncipe est de générer
une «fonction de production> Ye NYNBf Al yiG S NBYRSYSyG o6,0 t
OKIl Odzy S RSa Odz GdzNBa / RS fQF3Syid | FlLAalyl
identifiées (couple «ulture-agent»). Cette procédwe se déroule en 3 étapes (voir figure 2.4).

Modelling framework summary

FADN REGIONS |

] FADN REGIONS |

] FADN REGIONS |

FADN REGIONS Regionr: K, Farm-types

Climate maps
ITK maps
Farm-type 1
Farm-type 2

Farm-type k

* Agentkin regionr

¢ Maximizes gross margin
through farm-scale organization of
activities x,:
(P} max[m (xJ]
s.t. technical constrains

AROPAj model

“ .

| e.g., crops {Cy };

« ©
Simulates

cop Coupling procedure:
productivity Generate yield response to N input for AROPAj agents

Physical
&
technical
data

STICS model

9crops

3

Figure 24 - Schéma résumant la procédure de couplage entre STICS et AROPAjQ2 6 2 S OUA T LINR
de rendre des systemes de production hétérogénes dépendant de leur environnement physique et
technique. Laé NHzO (0 dzZNB RQ! wht ! 2 LISNX¥SG RS RSUSNNAYSNI f QKS
une distribution spatiale de couplesculture-agentn 6 Sl LIS MO ® hy RSGSNXAYS fQ
et technique de ces couples, et on simule pour chaque coupkniement et sa sensibilité au niveau de
fertilisation (étape 2). Cette réponse est ensuite interpolée en une forme fonctionnelle utilisable par
AROPA| (étape 3).
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Dans une premiere étape, on définit une distribution hétérogene de systemes de
production, € Sadire les couples eulture-agent» du modéle AROPA,.

Dans une deuxieme étape, on définit uneité de simulatioravec le modéle STICS, qui
détermine les entrées physiques (sol, climat) et technique (itinéraire technique) du modele
STICS (voir figar25). Dans cette unité de simulation, deux cycles culturaux sont considéres, le
O0e0ftS RS tF OdzZ GdzNE RQAYGSNBG o0ljdzS 2S5 OKSNDI
OLISNXYSGGIYG RQAYAGAIFTAASNI f QSGlI G FRdppéatdde | dz R
résidus provenant de la culture précédente). Les composantes de gestion de positionnement et
RS Rdz2NBS Rdz O20f S RS NBO2fiSxX RS FSNIAtAALl G.
précédent cultural et celui de la culture principalBour cette derniere, les modalités de
FSNIAEtA&ALFGAZ2Y R2AQOSY(d siNBa RSTAYASA LIdzNJ G2d
R2YyySSa RQdzyS F2yOiA2y RS LINRBRdAzOGA2YZ | SO dz
fonction de la dose totale ggrtée. Les parameétres de description du sol doivent étre
déterminés, ainsi que les données météorologiques des 3 ans pendant lesquels se déroule
f QdzyAGS RS &aAYdzZ I GA2Yy® hy &aAYdZ S SyadzidsS €S |
ONRPAAdal FHBARROIRIWUS 6RS n t cnn {1 3bkKFOLD

Technical environment: Eiqure %5 Deﬁnition . N
RQdzy S dzy A U S F
(T lpreceding Croly 17K (major crop): simulation __pour __un
* cyc\.e.len_gth &posi| cycle length & positionment COUDIe «CUIture-aqent»
+ fertilisation schem{ . yfa tijisation schemes } -0 sookgn/na (|e major Crop) et
* irrigation scheme | . ioation scheme , . !
* residue Managemd . regidye management entrée physiques (sol,
/ « choice of preceding crop 1 climat) et technigues
| (ITK) associées du
VPP S S ~
///////1 ‘ 1 ﬁ I w\ ) /////////é time (years) Y2RSf S { ¢ L/ { )] [ Qd
< 1 L= L . .
| ,1 y | T | R 4 1 A simulation pour une
v-2oo [ v-1 oy I recd 0SS Sy fQFyys$SS
E | receding cron ' major crop ' déroule sur 3 ans (de-Y
b — 1 (%)= baresoil period ay), avec le cycle de la
AN ! culture précédente puis
Physical environment: Ce”e de Ia Culture
» daily meteorological variables (3 years) & [CO,] level RQ 7\ y u $ N\E u S y u NB
[ soil data de période de sol nu.

5Fya dzyS UGNRAAASYS SidFLIST 2y AYyGSN1LRES €I
azottenu® FT2NXS F2yOUiA2yySttST ljdzA &SN} dziAfAass
de production et le rendement définissant le niveau de production par hectare, cette courbe
correspond au concept économique de fonction frontiere de production, qui s
NBLINBASYGlrGA2y OflaailjdzsS Sy SO2y2YAS Rdz fASY
facteurs de production associée. Le choix de cette forme fonctionnelle correspond a une
O2KSNBYOS SyiNB I @GArarzy R@Godar@QeoEaNRyYy2YSs> Si O
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Lf aQF3ad dzyS F2N¥S SELRYSY
rendementnonf A YAGS Sy 1 240 )2 (
2.6 (a)), comme suit

DA O q
I nlg @ =5 dm"™

{a) simulation and interpolation {b} optimal fertilization rate

L . ! — D
non MN-limited yield (B) \\L Optimal N input
i . | o
w0 oy =
=
. | | - %
— interpolated Y (M) e k v = production function L oy 4,
*+  sirmulated points % = E = = rmarginal gross margin =
< SRR
n\l(o Minputyield (A) > ~ =
b S o Total GM ™ , 2
<= yield sensitivity to N input (1/x) [ e s O 5
o - . L -
[ I I I I I 1 [ I I T I I 1
] 100 200 300 400 500 800 0 100 200 200 400 500 600
I input [k I input [ka]

Figure 26 - La fonction de produdbn et son utilisation dans AROPA(ja) Interpolation des simulations

STICS en fonction de productiog(X) pour chaque couple gulture-agent» {C,k} (b) détermination du

taux de fertilisation optlmlsant la marge brute (GM), en fonction du rapportLd]NsP\ E RQlI OKF{i RS
FT20S Si RS @SyiGS RS ftF Odz idzNBd t N RSFAYAGAZ2Y X

marginale (en tirets gris).

Dans le modéele AROPA), le niveau de fertilisation est choisi de fagon a maximiser la
margebru6 £ f QKSOUOFNBE RS OKLFIljdz§ Odzft G§dzZNE> Sy T2y Of
5S LI NI fF F2N¥S F2yO0uAiAz2yySttS RS I FT2yO0uAzys:
NEYRSYSyd>X YIA& RS Y2Aya Sy YahalgmenieNddose | dz 7
RQIT 23S OS ljdA NBLINBaSyidS dzyS KeLRiKsaS NBIf
Sad L)X dza FlLA0ES 1jdzS €S 60SYSTAOS FRRAGAZ2YY St
b £ QF LILI A lj dzS N pSINRE RASY @ SINBNIDS y@S fLd2AdzNI OK | lj dzS  dzy

R2yid S O2HiG RQIFOKI G Sad LI dza 3 NlayeRte. Pufsit £ S 0 ¢
R2y O fQKeLlRiKsasS ljdzS I R2aS 2LIAYIFES RQAYGN
laquelle sonSTFSG adzNJ £ S LINRPFAG t f QKSOGFNB RS I C
RQIT 238 2LWGAYIFHES Said fI R2aS$s L2 dzNJ £ 1 ljdzSt €S €t
azoté (oumarge brute «marginalex t f QKSOG I NB @I dajuelle 19 NE@ivEe 2 dz Sy
RS fI F2yO0iA2y RS LINRPRdAzZOGA2Y LI NJ NI LILIR2 NI +t f
fQAYGNI yid T 20S adzaNJ OStdza f1 RS @SyidS RS f1
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RQIFIT20S LJ2dzNJ f I |j dzSf t Sa fdndtion diSpfodustiorRvaut de lrapport dg 3 Sy { €
prix.

Dans la pratique, cette interface entre les modéles AROPAj et STICS est gérée par
f QdziAf A&l GA2y O2y22AyidS RQdzyS o6lFasS RS R2yySSa
routine en R. La base de donrsdgermet de stocker toutes les informations relatives aux agents
SO2y2YAljdzSa Rdz Y2R8fS RQ2FFNBI f SdzNA Odz § dzNB &
stockage des résultats de simulation STICS. Le code Java permet de faire le lien entra les cas
simuler (couples ¢ulture-agent») définis par AROPA], la base de données et le modele STICS. I
ISNB y20FYYSyld (G2dziSa tSa aAiayvydzZ dAz2ya SaG tSa
Ff2NR 1jdzS fSa NRdAziAySa w duiSNderients stiiles Rapdégsi S N1J2
de la base.

2141 SGSNRPISYSAGS aLF GAFIES RS tQ2FFNB 3

. ASY 1jdzQAf SEA&GS dzyS OSNBRA2Y aL) GAlfA&SS
RS OSidGS (KsasS I+ NBaRANHAA2Y &LV & B ([[DSKIR MR .
SO2y2YAljdzS: LIKeaAldzS SiG GSOKyAldzS RS f Q2FFNB
RQdzyS NBIA2Y t dzyS [dziNE O0KSUOSNRISYSAGS AyidSI
RQdzyS NB3IAZ2Y wlnfrarégian#e$ (LS MiRsIeSdes$ doiines du RICA et des
différents jeux de données de sol, de climat, et de pratique agricoles me permettent de prendre
en compte une partie de cette hétérogénéité. Les grandes lignes de cette prise en compte sont

schématisés dans la figure 2, et réesumées dans les deux paragraphes suivants.

5Qdzy LIRAYylG RS @dzSécthmigid, le IRodAeSARA@PARrapréserdepar2
O2yaiGNHzOGA2Y dzyS ai0NHzOGdzZNBE NBIA2Yy IS RS tQ27FF
dOF 3Syia SO2y2YAljdzSar RAFTFSNBYOASaA LI NI GFAff
(hétérogénéité infrarégionale). lls se différencient donc par leurs dotations (surface agricole
totale par exemple) et leurs utilisations (liste et interrelations entréédentes activités) des
ressources, mais aussi par des co(ts variables et des prix de vente différents. Le modéle intégre
R2YyO Sy LI NIGAS f QKSGSNRISYSAGS AdgeandbigNSEHeh2y | £ S
que sa représentativité et son réali§n a2ASyd fAYAGSA LI N £tSa O2
R2yySSa wL/! ® 5SS YsYSS LI N O2yaidNHzOGA2y I &
f QF dzINBE OKSUGSNRISYSAGS AYUSNNBIAZ2YIfSOO

{A £S& |3Syia RQdzyS NBIAZ2Y &adeyidnelsamipass RA T
f20FfA4aSa LXdza LINBOA&ASYSyd Sd €S wL/! F2dz2NYA
physique (climat, sol) et technique (pratiques agricoles) des exploitations recensées. Ces
données étant des facteurs déterminants du rendemenNd#igO2t S SiG (GNB & G NA |
RQdzyS NB3IAZ2Y wL/ !> Af SadGd ysSOSaalANB RS LINB
infrarégionale. Il me faut donc déterminer pour chacune des coupleslture-agent» un
environnement physique et technique réabstLes jeux de données a disposition ont une
NBaz2ftdziAzy LISNYSGalryd OSGGS FGONROGdzIAZ2Y RQdzy
dzy AT2NXS t f QSOKSttS AYyFNINBIAZ2YIESE SG R2y O -

47



Chapitre 2

s )

Real variability in the environment
AROPA| structure in regional supply

A of a farm continuum

Regroups sample farms in the FADN data :
* by a classification
[incl. altitude class, economic size &
production orientation]
* ina distribution of economic agents
(“farm-types”)

physical & technical dimension

L
rd

socio-economic dimension

Represented variability in the
environment of a distribution of agents

s ™\

Attributing a physical & technical environment

* Collect data
[soil, climate and management practices]
« Attribute a climate
[for each altitude class]
« Attribute a soil and management practice
[for each “crop-agent” case]

physical & technical dimension

v

socio-economic dimension

Figure 27 - Hétérogénéité spatiale imrégionale dans ARTiXDescription schématique de la prise en
O2YLWiS RS tF GINRFOAfAGS &AGNHz2OGdNBEtS RS f Q2FFN
SY@ANRYYSYSyd LIKeaAaAldzS 0 GSOKYAIldzS OHO ®nditd dzd LINE
RQdzy O2y GAydzzy RS aeai RS LINPRdzOGAZ2YyAa t f QSOK
dimensionsocil O2y 2 YA dzS 02NARSyidl A2y RS LINRRdAzOGA2y Sid 4l
On attribue ensuite un environnement phgee et technique réaliste (2). Les deux étapes reposent sur

fSa 20aSNBIGA2ya O2YLJilofSa Rdz wL/ !> S&G RS& R2yyS
données du Joint Research Center).

La méthode de couplage définie p@Bodard et al., 2008)ermet doncR QI NJi A Odzf S NJ
YSOFYyAadaYSad RS NBLRyaS RS O02dzNIi GSNXYS RS fQ27FF
physique et technique, et ce a une résolution spatiale permettant la prise en compte de la forte
KSGSNRISYSAGS aLld ALl itofe, dhndzées dmenkions Sdgidhhomi§ues, Q2 F T N
LIKeaAldzSax Si (SOKyAldzSaed 9ftfS Said R2y O I LILINR
SGSYRdzS RS f QSOKSffS RS f-15. NBIA2Y FTNIyee A&dS t

Cependant, le domaine spatial que je cons&lése caractérise par des sources
ROAYTFT2NXI GA2ya LKeaAljdzsSa SG GSOKyAldzSa 204aSND
géographique et leur résolution. De plus, ces dimensions possedent une cohérence interne, et
f QSY@ANRBY Y SYSy i qua Se@rayien§ dz8olubriide maaidrd donjointe dans le
OF RNBE RQdzy OKIFIy3aSYSyid RS OfAYIl (o
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Dans le chapitre suivant, je présente donc les développements effectués dans le cadre
de ma thése, a savoir:
f SGSYRNB RS YIYyAsSNE O2KSNBY lsSet téchiuesR®2 Yy S S 2
f QSOKSt-155 RS f Q9!
T Y2RATASNI f Q2dziAf RS Y
f QSYGANRBYYSYSyYy(d LIKeaa

2RStAaAlFGARZY LJ2 dzNJ
j dzS S G§SOKYyAljdzS RIYy
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2.2. Jeux de données physiques et technigjet apports de la these

2.2.1.Les contraintes pour ldétermination dS erivi€bnnementphysique et
technique

Cet environnement concerne les types de variable suivantes:

1 des variables atmosphériques: le modéle a besoin des valeurs journaliéres des
températures atmosphériqgues minimales et maximales, de la pression de vapeur
RQSlI dzz RS ©@AGSaasS Rdz 9SyiGs Rdz NI &2yySySy
précipitations. Il tient aussi compte de la concentration atmosphérique en dioxyde
de carbone.

1 de variableselatives au sol: les propriétés de surface du sol nu (albédo, pourcentage
RS4 LINBOALMAGEFOAZ2Yya NHzZAaaStsSSz fAYAGS RS
composmon du sol de surface (teneur en argile et en calcaire, pH), les propriétés
physiquesRQdzy y2YONB @I NAIIo6fS RQK2NAIT 2ya Rdz
cailloux, densité apparente de la terre fine, humidité maximale, humidité minimale
exploitable par la plante) et la teneur en azote organique (pourcentage massique
2dzalj dzQt f QKLAKNPATR2AYOR SidzNB Y= LINR F2 Y RS dzNJ RQK dzY

T RSa OFNAIo6fSa RQAGAYSNI ANBE &S OKIgdedtionS > NI f
du positionnement et de la durée du cycle cultural (date de semis, choix de la
variété), les modalités de récolte (seuil &m en eau limite des organes récoltés
RSOt SYyOKIyd tF NBO2tfGS SiG RIFGS 0dzi2ANDZI
(dates, quantité et qualité), les modalités de fertilisation (dates et doses des apports,

G LJS RQSY3IANI A & seff&iliée BReQrahddhadtbmatig@ey(caractiedzA S & i
irrigué ou non, seuil de déclenchement, dose maximale journaliére).

La premiére contrainte qui se pose est la cohérence des jeux de données (atmosphére,
sol et itinéraires techniques). Chacun de ces types dmhar possede en effet sa cohérence
interne (par exemple le respect de bilans énergétiques et hydrologiques qui lient les variables
YSUS2NREt 23AljdzSa SyaNB StfSaox SG az2yd -dedAt A&sS
Cette contrainte impliqudj dzS f QSy aSYof S RSa JFNAFof Sa O2NNJ
particulier, on doit vérifier leur cohérence avec le modele STICS, et la bonne représentation du
fASYy SyYyuNB fSa RAFFSNBYyOISa OFINAIOfSad 6&Ql dzi NX
AGAYSNIANBE (GSOKYyAljdzSO az2yid tASSa fQdzyS t f Ql
AGAYSNI ANBA GSOKyAldzSa Salyd dzyS F2N¥S RQlI RI L
physique. Les jeux de données doivent donc étres cohérents eres tye données (probleme
de cohérence externe).

I GAGNB RQSESYLX S Aftdza0NF GAF RQdzy LINROGE SY
de variables atmosphériques simulé qui surestime la valeur moyenne des températures, le choix
des entrées concernaré gestion du cycle de la culture (positionnement et longueur du cycle,
gAl £ RIFIGS RS asSvyaa Sa t1 @GFINASGSO Ol OKS dzy
ASYA&A | dz LX dz& LINRPOKSA& RS fQ20aSNII GdARyce 2y LJ
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différente de celle observée (celte étant déterminée par un cumul de température). On peut a

f OAYOBSNBSE FTRYSGGNB S OK2AE RQdzy AUGAYSNI ANB
les conséquences en terme de positionnement et de longwe cycle par rapport au cycle des
GSYLISNI dzNB&a t RA&ALRAAGAZ2Y Sad LX dza O2KSNByd
Cette question ne se pose pas quand on dispose de jeux de données qui correspondent
parfaitement aux observations, tout esorrespondant exactement a la définition des variables
ROQSYGNBS Rdz Y2R8tS® / SLISYRFYy (G LJ2dzNJ LI dza A S dzNA

5QF02NRXZ S R2YFAYS 3S23INYLKAILddZS O2yaARSND
2QIA 0Saz2Ay R&aalr@goy RISA) reddidifii€il§ MIkdbstruction de jeux de
R2yySSa O2KSNBydaed ! fQSOKStfS 9dzNRPLISSYyySs L
NEBazftdziazy ozyOSNyl- yi tSa AUGAYSNIANBE GSOKYAI
existe des jeux de données concernant la distribution des sols, elles ne concernent pas toutes
fSa GFENARIFIotSa R2yd 2QFA 0Saz2Aaysx SiG At Sad yso
RQSELISNI LRdzNJ fSa 02 YL} S SdNdlima, O exste Hd8 doyintes RS
20aSNWSSa FaasST LINBOAaSa adzNJ f QSyaSyotS Rdz R2
irréguliere et une couverture temporelle partielle. Elles nécessitent donc un traitement assez
f 2dzZNRZ t Y2Aya éBRsQdeiimotidlea Sistkbude Spius rBoligrgment mais
généralement moins réalistes que les données observées.

AAAAA

9YFAYSI 2SS LINBW2AS RlIya S OFRNX RS O0SddasS
O2dzLJ I 3S Sy (GSN¥S& RS aAavydzAdil@ RO2 yiziRE LMAFT RESID
RQdzy OKIy3aSYSyld OftAYIF(GAljdzZSd /S R2dzofS 262S00A
différenciées dans la construction des jeux de données. En particulier, les données
atmosphériques telles que vues par les modeadesclimat (qui permettent de projeter leur
évolution) different par nature du climat observé. Par exemple, en termes de données
climatiques, le premier objectif nécessite des jeux données les plus proches possibles des
20aSNUIFGAZ2ya L2 dE ROt W2RS TS IV TISNBYWHAAHOS (F
un jeu de données qui garde une grande cohérence interne sur les différents scénarios de climat
considérés.

2.2.2.Jeux de données climatiques

5lya fQ202S0O0ATFT RQSOI f dzSNJ ck OSrfodek (A siRuder O 2 dzLJX
f Q2 FFTNB I-HNJ\osz I OGdzSt £ ST 2QFA OK2AAA RQdziAf
YFEYASNE aLJ)l GAFES NBIdzZ ASNBX (G2dzi Sy Silyid O2y

réanalysg@ | dz)\ NB & dzf fic® a Pesuyors du atdmysizobbservé, guidé par les
20aASNBFGA2yad [/ 2yONBGOSYSYyidx OS 3ISYNB RS R2yy
meéteorologique, pour laquelle a chaque pas de temps, les observations servent a contraindre

f QS@2t dziAzy RS $ Bt aVE alLike NER QK dzies R&ditE issas2 dzZND S
RS tQ9/a2C OLINRRdz "® LB RAUZA @&z KR/SO tfklb /B wlold  WQd:

° European Center for MediunRange Weather Forecasts (organisation intergouvernementale), et National
Oceanic and Atmospheric Administration (agence gouvernementale). Ont entre autre missions la collecte et
f QI NOKA@GI 3S RSa R2YyySSa r¥gliers@p@viseribimpyastéarmeS.i f QSt | 6 2 NI G A :

51



Chapitre 2

OSNAA2Y RSa LINPRAA (A LFESNRYLE2 GAdBNBRYANYEAEE SY W
besoin au pas de temps sefdi2 NI ANBE & dzNJ dzyS 3IAINREES NBIdzZ AS
f2y3AAGdzRAYFES SG YSNARAZ2YIES RS niIpc 6az2iait Sy
I dz2 2 dZNRQKdzA 2dzalj dzZQSYy Hnamm O2 Y LINA sinduldtiors STICEF A (i |
RQdzy LINBOSRSy(d Odzf GdzNF £ 2QFA SEGNIAG tQlyysSS
est a noter que ce genre de données présente généralement des biais par rapport a

f Q20 a S(SkErypiaketal;2051) ljdzA F2y i t Q2062853 RS O2NNBOGA?2
le produit ERAnterim était la seule réanalyse a disposition qui aille jusque 2002 inclut, et les
corrections ne sont pas encoreddlLJ)2 Yy Ao f Sa t f QSOKSt S 9dzNRBLISSy:
dénommé IERA dans le reste de la théese.

Dans le cas du changement climatique, les données de climat futur proviennent de
modéeles climat. Ceusi fonctionnent généralement a une résolution spatialsezsgrossiere (de
f Q2NRNB RS Hnn t onn 1Y0X SiG LINByySyid YIE Sy
plus fine. Il existe plusieurs types de méthodes pour améliorer la résolution de ces projections
de changement climatique, la plus simple n@éthode des anomalies. Celté consiste a
additionner a des données plus précises du climat actuel (observations ou réanalyses) la
différence en moyenne saisonniere entre climat présent et futur des simulations de modeles de
Ot AYIFG® . ASy anlpgkQdef dréServel Aali cohéredde Dinterne des variables
météorologiques et leur variabilité spatiale, elle fait une hypothése tres forte de non évolution
RS fF @GFENRFOATAGS aLIGAFES SG GSYLRNBt{tS Rdz
pat RS&4 YSiGiK2RSa adl dAaadAaljdzSa oLI NI SESYLX S ¢
méthodes dynamiques (modéles régionaux de circulation atmosphérique). Les premieres se
basent sur des relations statistiques entre des variables climatiques de grandeeéehdbs
variables locales de climat, estimées sur des données observées puis utilisées pour générer de la
variabilité locale du climat a partir du climat simulé par les modéles de climat (en faisant
f QK@ LR 1KsasS 1jdzS I NBt I Gvalileyen Sidal futMrs Be déuyidmedE S OF
type de méthode se base sur la modélisation de méme type que les modéles de climat sur un
domaine réduit, forcées au bord par les simulations de modeles de climat. lls ont une meilleure
résolution spatiale et une rep@Sy (I G A2 Y L) dza FAYyS RSa LINROSa
ALk GAFES Rdz OfAYI G O62NRBINFLKASS dzal 3S RSa&a a:
a2a0SYFGAljdzZSa Rdz Y2R8fS RS OfAYlLG az2yid FAyaa
utilisé des données de changement climatique du modéle régional de climat(B&AGelsson
et al., 2011) forcés par des simulations continues 19800 du modele ECHAMS qui fait parti
RSa Y2R8fSa dziAf AasSa (K@tdahwdefab 2011)NP2SOGA2ya RS

C
S

Cette méthodeantroduit une contrainte @ncernantla cohérence des scénarios de climat
entre la période de référence et le scénario futues modelesutilisés pour laprojection de
changement climatiquepeuvent présenter des biais en termes de climat présent simulé par
rapport aux données météorologiquesbsewnées. Il est donc essentiel de considérecette
différence de réalisme, et de séparer dans les projections de changement climatique la
RATFSNBYOS RQdzyS LI NI SyiNB S OftAYIG NBSt Si
climat présent etdtur® 9y RQI dzénNdBsade pr&estiérSen Tlimat futuun jeu de
donnée de climat présent simulé par le méme modele doit étre utili@dddnc utilisécomme
« climat présent> (CTLUnN jeu de donnéesssues de la méme simulation que celle udigoour
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le climat futur RCAJorcé par ECHAMS5), en extraydat période de référencd9762005 Je
pourrai ainsi séparer les effets du changement climatique simulé &iala de cette source de
donnée par rapport au jeu de donnépeecédent(ERANterim, années 200€2002)

Pour le climat futur, on considére 2 jeux de données, correspondants aux 2 trajectoires
fS& LIXdza SEGNxYSa Sy GSN¥Sa RQSyrAaaAirzya RS DO
RS FAf VYINNIGAT RQSJ2desineixseedarioR & Taraktéri€ehtpar 865 K dzy
RSAINBA NBALISOIAGSYSYyd NILARS SO NIAazyysS RQ
economique. Le deuxieme scénario (B1l) se différencie par une prise en considération plus
intense des problématiques environmentales et un développement économique plus centré
ddzNJ f QSOKSttS NBIA2YIfSd !'LINBA |lylrfteasS RSa R
scénarios a un horizon proche (202250) et lointain (2072100), les changements saisonniers
de température moyenné& i RS OdzYdzt RS LINBOALRAGFGAZ2Y a2yl
f2AYy0FAYS YIFAA | dzA&dA L dza RAFTFSNBYOAS SyiNB ¢
f QK2NAT 2y f2AYy0FAYZEZ FFAY RQ200GSYAN) dzyi®deSy @St 2
plus contrastée entre les deux scénarios. Ces jeux de données seront dénommés A2t ehd1
LISNXYSGGNRYG FIFEANB RS fI &adFdAljdzS O2YLI NI GA DS
RQ! NX A -

I 2YYS L2dzNJ £ S 2Sdz RS R2 yeg SUscessiled des Eux 8Q A
R2yySSa OfAYFGALdzSa NBfIFGATA £ € QSidzRS RS f Q)
construction, les années calendaires du forcage climatique CTL ne peuvent pas étre reliées a la
YSGUS2NRE 23AS 20 4SS NPBo8r laopériode de\ ngfegrébEicBmmR Qduid les!
A0SYIFNA2a&d RS OfAYlIF(G FdzidzNEZ tSa GNBAA FyySSa
considérées comme représentatives du climat simulé sur la période temporelle de chaque jeu
RS R2YyySSaudne Wahbde podziéfalliicat® représentativité. Elle se base sur un
algorithme «espérancemaximisation» (voir (McLachlan and Peel, 2000)on camsidére une
série de 30 années (décrites chacune par un ensemble de M variables réelles, ou descripteurs),

b LI NLOAN) RSaljdzsSttSa 2y SadAyYS dzyS RSYyaiaidsS RS
RAYSyaArzyad hy SadAYS Sy adoaduSandée a paitiRela valéut A G S
de ses descripteurs, interprétée comme un score de représentativité du climat.

Dans notre cas, il y a 30 années, et le choix des descripteurs est une étape importante
L2 dzNJ f QAY G SNIINBGIF 0A 2y BriséeflLe rendSreit &tadayfaisiseéndini@A (i S
aux propriétés saisonniéres de température et de précipitation, et a leurs valeurs extrémes.
/| SLISYRIYyG 2SS yS YQAYGSNBaasS LI a RlEya €S OF RN
rechercle plutét une année «anoyennen ® WQIF A R2y O OK2A&A RQdziAf A&
et les valeurs moyennes, au pas de temps mensuel. Le choix de la dimension spatiale des

RSAONALIISdzZNRE Sad | dzaaA AYLERNIFYyOG LR2dzZNJ £ NBLN
zond S& SO YSNARAZ2YIFfES&a FFFAY RS OFLIGdZNENI £ Sa LI
fQ!'9mMp® [ RAYSYyaiazy RS& RSAONALIISdzZNE RSa Iy

NBfl 0AGSYSyld 3ANIYRS>S S Said NBRdzA GS indipal&dNd dzy S
individuelle & chaque scénario climatique (on ne garde que les composantes qui permettent
RQSELX Alj dzSNJ Odzydzt | GABSYSylG opz RS €1 GFNRIyO!
généralement apparaitre 1 ou 2 années vraiment trés représentatide chaque scénario
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Of AYFOAIljdzZSZ LI NF2A& LINBOSRSS RQdzy 3INRdAzZLIS& F
représentativité significatif. Le critere de choix pour extraire les 3 années de chaque scénario a
donc été en priorité les 3 années permettant au cyatecdlture (pour la culture principale) de

&S RSNRdzZ SNJ LISYRFyYy(d fQlFlyySS € LJ dza NBLINBaSyi
fort pendant le cycle du précédent cultural si le premier critére ne permet pas de discriminer

entre 2 groupes de 8nnées consécutives.

'yS F2Aa £S OK2AE RS o lyysSa 02yasoOdziigsSs
F3Syd Rdz Y2R8fS !wht! 2 Sy RSTAYyAaaly(d LI dzNJ
RICA, en 3 étapes (voir figuré82 On commence par ar6 dzSNJ dzy' S Of  aaS RQl ¢

LWEStE RS I 3INARfttS RS R2yysSSa OtAYlFGAljdzSa oSy
R2YyySSa (2L323INILKALJddZSa0d 9y AdzA ST 2y RSGSNYAY
nombre et la part de sfiace des pixels de la grille de données climatique qui recouvrent les
régions. Enfin, on effectue une moyenne des données de climat sur les pixels concernés par
OKIljdzZS§ NB3IA2Yy Si OflFraasS RQIfdAGdzZRST LRYIRSNBS

région.
\ Legend , o

B ,.:J FADN regions Figure 28 - Attribution
{//2 [ FADN region R spatiale des données de
e 5 —| Climate data grid climat. Pour chaque

4 | Altitude Class Ani e AN :

. ) (
\g % P region (|g| la région R), il y
777777 | [ class 2 [300 - 600 m] ?— un C|I[T]at ,parv cJasse
)/) % [ class 3 1~ 600 m) RQFf OAUdzRS 00
(\9’ {/ Cr?ntribut_fon to climate in region R maximum). Par ce cas de
s W/— for altitude class 1 . .
4 % figure, le climat pour la
< | ) Of FaasS RQFft GAGdZRS
<Y i, I, , .

/'//f . ///3 o o5 1° région R est la moyenne
. % du climat de ch ixel
% 3 u climat de chaque pixe
el - beige en partie hachuré
Procedure: en rouge, pondéré par la

part de surface hachurée.

» attribute an altitude class for climate grid pixels
* compute area share of pixels contributing to region R by altitude class
* compute mean climate for region R by altitude class

La différence entre les jeux de données IERA et CTL, et de chacun de ces jeux de données
L2 dzNJ f I LISNF2NXI yOS Rdz Y2 Réefd&ritedans fe RICA dibldelle Q2 F ¥
j dzS§ &AYdz SS LI NJ !'wht! 2 &aSdzZ &aSNI fQ202Sid Rd:
différences entre les données de climat A2 et B1 par rapport au scénario CTL est présenté en
annexe X1.
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2.2.3.Jeux de données de sol et degtigues agricoles

[ S4 R2yysSSa RS az2f j dzS 2QF A dziAf A&aSSa RIY
travaux précédentgGodard, 2005)dans lesquelles la collecte et la construction des jeux de
R2yySSa 2yi RS2t SiS NBFfAaSSad WS yQlFA L} a
O2NNBOiGA2Yya LRyOGdzSttSa RS @I t S dziwdon, StkeNBig S S a ©
b £ SO00GdzNBE RS& GNIF O dzE LINBOSRSy (& LJ2dzNJ LX dzd R
provient principalement de la carte Européenne des sols (version 1.0), qui décrit de maniere
harmonisée au millioniéme une typologie simpkfifles sols et de leur variabilité spatiale sur
f QSyaSyotS Rdz R2YIAYS O2yaARSNB® /SGdS olFasS ¢
wL/ ! dzyS fAaGS RSa p az2fa tSa LJdza LINBaSyida
identifi¢ comme agré t S RI'yad fSa R2yysSSa RQdzal3S RSa az
2000 (CLC200, version de décembre 2000). Ces 5 sols par région RICA forment une liste de sols
LINPOFOf S& L}2dz2NJ £ Sa RAFFSNByda F3ISyida RQ! wht! 2
sol dans STICS sont ensuite déterminés par une méthode de-tpgddert développée
O2y22AYyiSYSyld | @SSO tQ!lyAluS {2f RS fQLbw! RQh!I
données additionnels (contenu en carbone organique des sols du Joint ReSsantehn- JRG
de la Commission Européenne, et carte des rapports C/N de la matiere organique des sols
(Batjes, 20069) On considere que pour un agent AROPAj donné, les cultures peuvent étre
LINBASYyiSa AYRAODGARIzZSSE f SYSy (G &adzNJ dzy aSdz a2tz |-
peuvent étres présentes sur des sols différents. La pro&@duR QF G G NA 6 dzi A 2y R Qdzy
chaque couple €ulture-agent» est traité conjointement avec les pratiques agricoles, et sera
détaillé plus loin.

Pour chaqgue culture simulée, je considére une simulation de 3 ans, qui inclut la culture
du précédent cultwal (cf. figure 50 ® [ S& LINAYOA LI f Sa O2YLkRalyiSa
STICS a besoin sont la gestion du précédent cultural (espece et entrées techniques), la gestion
de la durée et le positionnement du cycle cultural (date de semis et variéliééa), les
modalités de récolte (seuil de contenu en eau des organes récoltés et date butoir de récolte),
des apports de résidus de culture (calendrier, quantité et qualité des résidus issus de la culture
précédente), de la fertilisation azotée (calermdri qualité et quantité des apports), et de
f QANNRIFGAZ2Y O6OF NI OGSNBE ANNAIAzZST &aSdzif RS &aidN
22dzNY I f ASNO D / SNIIFAYySa SyiuNBsSa (SOKyAldzsSa azy
pas a des donnéedirectement observables (par exemple le seuil de stress hydrique de la plante
RSOf SYOKSYSyid RS fQANNARIFIGA2Yy0 SiG R2AQSyaG 7
RQ206aSNUlIGA2yad 58 FILAGE At yQSEAAGS ljdz2 aAYS
LINF GAljdzSa FaINRO2tSa £ fQSOKSfEfS 9dzNRLISSYyySs ¢t
LI NJ Odzf GdzNB® ! vS LI NIAS RSa LI NFYSUONBSaA G§GSOKYA
K2Y238yS &adzNJ £ Q9 dzNRB LIS 0 & S dzkétolteReSdatd Buioig emitdeSy S| ¢
techniques du précédent cultural, densité de semis pour chaque espece, seuil de stress hydrique
RSOf SYOKFYyd fQANNARIIGAZ2YE FNIOUGA2YYSYSYyl RSa
autres entrées techniques sont esttes de maniére spatialisée a partir de jeux de données
FRRAGAZ2YYySta SiGtRQIOGNE OROQSBLIENINA 3dzS 2dz Y2y R
G201t S ANNAIIZSS RS QI 3ISyd RSOfFINBS RlIya ¢S
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culturesf £ S (eéLS RQSyYy3aINIrAa |120S 6R2yySSa RSa Sy
données ont été construit dans un travail de these précéd@&udard, 2005)dans lequel on
trouvera plus de détail.

Les jeux de données relatives a la gestion de la durée et du positionnement du cycle
(dates de semis et les variétés utilisées) ont été reconstruits dansdle cke cette these. Le
a4Sdz 2Sdz RS R2yySSa aLl aAlrfirassSa £ fQSOKSftftS
semis est celui du JR@Villekens et al., 1998)qui contient des estimations de dates de
RAFTFSNByGa adlrRSa LIKeaA2f 23AljdzSa LIR2dzNIMRATF TS NE
YIGA2Y Il dzE SG RSa&a LINRPOSRdAzZNBAa RQAYGSNLILREIFGAZ2Y &
pas toutes les cultures que je considere (pgemple le soja), ributes les aires de distribution
RS 0Sa SaLksO0Sa Sy 9dzNP LIS wWa@éndrer ehgueaur @ 8d 2 LILIS
dates de semis, qui permet de plus de résoudre le probléeme de cohérence externe entre date
de semis et cycle saisonnier de la température. La méthode est issue de celle utilisée dans le
modeéle de biosphére continentale LPJ(Bonckau et al., 2008) SG NB L2 AaS adzNJ f QK
fSa F3INROdzZ §SdzNE a8YSyid t dzyS RFGS ljdzA O2 NNBa
ont du cycle saisonnier des températures. Cette méthode est plus amplement décrite dans le
chapitre 3. Cett méthode permet de générer des dates de semis qui sont adaptables au forcage
RS OfAYlIGX (2dzi Sy NBLRalyd &adz2NJ RSa KelLRdikKsas
permet aussi de distribuer spatialement une date de semis sur le domaine corsidéfé Q dzy” S
maniéere cohérente avec les données de climat. Ces deux propriétés permettent de garder une
cohérence externe entre jeux de données de climat et itinéraire technique.

Pour le choix des variétés utilisées pour chaque culture (qui different par téaogité,
Si R2y O LI N £ SdzNJ RdzZNB3S RS 0e 0t Suos Af yQSEAAGS
est restreint par les variétés disponibles dans le modéle STICS, certaines cultures ayant
seulement de 1 a 2 variétés différentes (betterave, pommetatee, colza, orges, tournesol,
azaloe WS fQFIA R2yO O2Y&aARSNB O2YYS RSUSNX¥YAY
tournesol, soja) ou indéterminée parmi 3 variétés possibles parmi les différentes variétés
disponibles dans le modéle STICS (cas éudldre, blé dur, mais), en prenant des variétés
contrastées en termes de groupe de précocité si plusieurs sont possibles (voir tahau
descriptif des variétés en annexe X2). La variété de chaque couwpléure-agent» est ainsi
déterminée dans un€JN2 OSRdzNBE L) dza € I NHS RQlI GGNAodziA2y O
f QAGAYSNIF ANBE G§SOKyYyAIljdzS S Rdz a2t RSGFAfTESS R

Lf SadG RAFFAOALS QF G0ONROdzZSNI dzy &dtdre SO dzy
agent» tout en prenadl Sy 02 Y LJi f OKSGSNRISYSAUGS AYTFNIF N
NEYRSYSyYy (> LJ32dzNJ RSdzE NI Aaz2yad 5QdzyS LI NI f Sa
NEIAZ2ya wL/ !> SiG RQlIdziNB LI NI fSa 2SdzE RS R2)
ceNI F AySa O2YLRalyiSa RS fQAUAYSNIANBE (G§SOKYyAI|
NBazftdziAzy aLIl GAFEfSd WQIA dziAfAasS dzyS YSiK2RS
(Godard, 2005) LJ2dzZNJ RSGSNIXYAYSNI RS YIYASNBE O2ye22Ayl
technique indéterminées et le sol propre a chaque couptelture-agent». Le principe consiste
a considérer plusieurs combinaisons plausibles, pour lesquelles les fonctions de productions
a2yt aAydzZ SSa 9SO {¢L/ {3 LWzAa t RSGSNNXAYSNI t

R
S
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A 7 ~

RICA (rendement et prix de vente de la culture observés @ddrt [j dzS  3Sy G0 S RQl
de données (prix des engrais utilisés par pays, FAO/EUROSTAT).

Les difféerentes possibilités considérées font varier le sol parmi les 5 plus représentatifs
de la surface agricole régionale, et font varier deux composaRt&s t QA G A Y SNI A NB (!
gestion du positionnement et de la durée du cycle est déclinée en 3 options différenciées par
culture: soit 1 variété et 3 dates de semis possibles (date de semis calculée précédemment + 3
semaines) ou 3 variétés possiblesugte date de semis (comme calculée précédemment), en
fonction du nombre de variétés a disposition (voir paragraphe précédent). Le choix du
LINBOSRSyU Said ldzaaAiA O2yaARSNB O2YYS AYRSUSNNA
printemps (qui permet déaisser un plus grand contenu en azote dans le sol).

[ S OK2AE RS tQ2LJiAz2zy O2Y06AYSS 9az2tx LeYY f
options (5 sols x 3 options de gestion du cycle x 2 précédents). Ce choix se fait en 2 phases, sur
les critéres sivants:

. 2y StAYAYS RQFr0o2NR fSa F2yO0GAz2ya RS LINEBR
renseigné dans le RICA, avec une marge de tolérance de 20% (ou 40% pour le mais et
le tournesol) si aucune courbe ne remplit ce critere. On élimine ensuite celles pou
f SaljdzSttSa 1 R24S RQFT 2GS | dzA sarftAras
supérieure & 400 kgN.Ha

i. hy &asStSOUiA2yyS SyadzaiidS LI NYA tSa 2LWA2ya
égalise le rendement avec le rendement RICA est la plus proche dedabgdtimale
ROAYOINI yi 602NN F5I3dpNES RSTFAYAG LI N fSa |
azoté et de vente de la production. Graphiqguement, cela correspond a la fonction de

LINE RdzOG A2y R2yd fF LISYyGgS RS I élley3dSyids
rendement au rendement RICA) est la plus proche du rapport de prix observés
RQIFIOKFG RQAYGNI yG FT 23S LI NJ NI LILI2 NI+ dz LIN

/ SGGS LINPOSRdAz2NE LISNXYS{ R Qultireiayéntd deSsblEt uhJ2 dzNJ O
itinéraire techniqueNB | f AaiGS SiG O2KSNByYyid SyiNB SdzES | Aya
LIK&aAljdzS o0OfAYIFId0d [ QSyaSyof -
Sy T2y OiA2y Rdz Ot AYLl { ozyé)\ﬁe
OLO9wW! 0 LIdzNJ ft QFyySS RS NBTS
changement climatique (CTL) sera traitée dans le chapitre 3.

224 QAUGAYSNI ANB (0SOKYAljdzS Sy Of AYlF G ¥Fdz

S RS tQSY@ANRYYySY
SNBE® [ FRafisBF SNByC
NEyOS Rdz Y2RS§f S

[ S O2yO0S LJu RQAGA y $NI A NBE (S Oiry del différeniedld R dzA
0§SOKYAIljdzS&a Odz (dzNF £ Sa Si RS fSdzZNB Ay 3iSNF OGAz2 2y
R2YyYyS® {A fF GFNARIFIOGATAGS &AL GAFES AYLERNIIFYQ(:
régionale exprime plus la diversité des objec®f§ LINP RdzOi A2y t f QSOKSft S
RAAUONAROGdzAAZ2Y RS&a &az2fasx al LXdz 3INFYRS G NRIF o6
différences des contrastes climatiques a cette éch@esen ad Bindi, 20020 h NJ f QS @2 f dz
locale du milieu induit par le changement climatique est estimé plus proche des différences
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SEA&GlI YO | dz22 dz2NRQKdzA Sy dNB 3INI yRS T2ySa Ot AY!l
f QSOKSTt £ S Ay T NIaN&émplg ges viartatiodse plubidurnis Geyrés dés) moyennes
alAaz2yyAs8NBa RS (GSYLISNI GdzZNE t RAFTFSNBydGSa al
climatique a itinéraires techniques constants est donc une hypothese pour le moins forte,
surtout dans le cadll RS f QS dzRS RS f QFRIFILIWIFGA2y RS 02
changement climatique, ce que je propose de diagnostiquer (chapitre 4).

Pour autant, il est difficile de projeter leur évolution en contexte de changement
Of AYIF GAljdzSE ROdAASSEF Slii QHzNILSS lj WS4 GSOKYyAljdzSa
F LIIINBKSYRSNJ | dz22 dz2ZNRQKdzA = S RQI dzi NB LI NI LJ N.
RSONI ASYyd FFFFSOGSNI dzy INF YR y2YONB RS LINRPOSA:
technigques culturalefDaMatta et al., 2010)Ces points seront particulierement mis ealeur
RFya €S OKFLAGNBE pd t2dz2NJ AyOf dzZNB f QF RIF LIl GA2Y
AYLI OGa Rdz OKFy3aSYSyid OtAYIFGAILdz$SET 2QFA R2y O 3
itinéraire technique constant dans un premier temps, &pui a2 dza f QSFFSG RQdzy
nouveaux itinéraires techniques, dont avons retenu le plus rentable (en utilisant le critere de
maximisation de la marge brute par hectare, sec2ah3).

Figure 29 -
| Adaptation des
i b . . ez .
ITK (preceding crop) g (major crop): itinéraires
) cycl‘e‘len‘gth & posi cycle length & positionment (3 options) techniques On
: fer.t|l|ts§t|on|'s]chem « fertilisation scheme X considére 3 OptiOnS
: 'm_ga lon scheme | jrrigation scheme (2 options) de estion du
: re5|dL;e Managemy . residue management . 9
choice of preceding crop \ (2 optlons) pOSItlonnement ou
de la durée du cycle,
7 ‘ ft QI R2LIUAZ2Y L2 a
R W g @ mebear)  RQANNRAILGAZ2YS
= /‘ I | 1 précédents

culturaux possibles.

L J

preceding crop major crop

| Adaptationin ITK: 12 new ITKs simulated  =» Most profitable selected |
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La gestion de la age ou du positionnement du cycle (en fonction de la culture) permet de
jouer les problémes potentiels de réduction des cycles végétatifs et reproducteurs des cultures,
ou de stress hydrique estival (date de semis du climat présent + 3 semaines, ouainaixes
3 variétés initialement indéterminées en climat présent). Le choix du précédent (une
f SAdzYAySdzaS RS LINAYy({iSYLWA 2dz dzy o6fS RQKAGSND
f QS d KeRNRIdzS SG RS tF (Sy3daNd RS Ii2 i0%z YAAIgNS
9YFAYSI fQFR2LIGAZ2Y RS fQANNRIILGAZ2Y | SOGS | dzi2
NBRdzOGA2ya RS tQSldz RAALIRYAOGES LI2dzNJ fF LI FyasS

/| SLISYRIYyi(dz Sa NBXaazdzNOSa Sy Sldz dziAfAalo
évoluer en cas de changement climatigif@lloon and Betts, 201D) S 2QlF A 02y (i NI A
f QF R2LIGA2Y RQA NN Idulfure-gggnt» LigndzNgust eb limad drézedit 6t4 ¢
RQIdziNBE LI NI fF LI2dz2NERdZAGS RS f QANNARIAFGAZ2Y Sy
/] SGGS O2yGNIXAYyGS Said oFasSS adzaNJ dzy oAfly KeRN
O2yaARSNB |jdzQdzyS Oy ANIIMBYS RNOBIHE ARSIOSA (S aYiA yiA Y d.
ySOSaalANB | dzE | dziNB&a dzal 3S& | yGiKNRLAIdzSa RSa
RSa F2yOiAzya SO2f23Al1dzSa RS O0S&a NAGASNBad !
maniére suivante les précipitations (P) non directement évapotranspirées (ETR) par le systeme
solLJt I yiS £ f QSOKS(t bléue»REETR),lauxduielldElds fetfaSchedeSvblaime
RQSI dz LINBf SOSS  inigulJ2 teRILINENENA YT SiyAlR v € DS émeslj dzA O
hydrologiques de surface, et ne doit pas étre inférieure a un flux minimuymU@ [ QA NNA 3 |
yQSaid R2y O Ll2aairofS jdzS ar €S oAftly adzgdlyi
simulation:

[ P- ETRi}igué' Virrig - Qmin >0

La valeur de @, est interprétée comme un débit minimum spécifique annuel des
NADASNBEAE ORSOAUO YAYAYdzY FyydzSt RQdzy ol aairy o
AYGSAINB &adzNJ f QSyaSyofS RS €t LISNA2RG, R®e & A Y dz
sur une valeur de 0,003 frs®.km’” estimée par(Gustard and Gross, 1988)r 139 riviéres en
Europe. Il faut noter cependant que les problemes de prélevement de ressources se posent
surtout de maniére saisonniére, quand la demande évaporative est la plus grande en période
estivale et que le débit des rivieres est le plus faible.drdrainte est donc probablement faible
LIF NI NJF LILI2ZNIG + fF NBFEEAGSS FLINBa AYGSINI GAZ2Y &
du débit minimum spécifique est estimé pour le NovddlzSa 0 RS f Q9 dzNB LIS & Sdzf S
doute tres variable spalement. Cependant, un approfondissement de cette question sort du
cadre de la thése. Je ne prends pas non plus en compte de codts supplémentaires liés a
f QI R2LIAZ2Y RQANNAIFIGA2Y T 0ASY 1jdzS 2SS yQl dzi 2 NR
technigue non irrigué équivalent en termes de marge brute a 10% pres.

De maniere plus générale, si je sélectionne le nouvel itinéraire technique le plus rentable
parmi ceux testés, je ne prends pas en compte les colts associés a chaque option. Cette
questiofy Said LI NIASEEtSYSyid LINR&AS Sy 02YLWGS Sy Of A
couple {sol, ITK} realiste confrontant les rendements simulés aux rendements observés).
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bSIyY2Ayasz At SEA&EGS GNB& LSdz RQAmam&@eNpus (A 2 y &
ISYSNI S OSGGS ljdzSadiAz2y RS fQFRIFLGIFGAZ2Y R
RFrya £S OFRNB Rdz OKFy3aSYSyd OfAYIF{GAldsSSo |
propose doivent donc plutét étre considérées comme potelgiglplutdt que réalistes.

Sa
Sa

2.3. Conclusion

5dz2NF yid Yl (K&8&aS:I 2QFA R2y O dziAfA&S dzy 2d:
RQIF NIiAOdzZf SNJ RSa YSOFIyAavySa NBftFGAFa £ fF RSLIS
environnement physique. Il est particiNB YSy & F RFLIGS £ tF LINR&S Sy
fASYy RS fQKSGSNRIASYSAGS aLl dAlf S Ré&ondnigsey A NB Y
RS fQ2FFNB | IANAKRO2fS 9dz2NRPLISSYyySo

I fQ2NRAIAYS RSOSE2LIIS t f QSOKSt t &helkQdzy S |
9dzNR LISSYyySs OS jdzA | ySOSaaAadasS 1 3ISYSNIGAzZY
FGY2ALKSNRAIdzSaos SiG GSOKyAldsSa o6tSa RAFFSNBYU
a2A0 RIya tQ202SO0AT RdeySf$@|Rﬂc;é|U)¢-y R Sradzt LIS
FIANRO2tS 20aSNIWSSs 2dz RlIya fI LINR2SOGA2Y RQAY
des contraintes de cohérence dans la génération de ces jeux de données.

5Lya tS 02y GSEGS RQdzy Sid&éichpédis mndthyodes pimpedNS R dz
bt LINRAS Sy O02YLIWGS RS tQFERFLIFGAZY R
SyasSyotS RS Y2RATAOI(GA2ya LIaairofsSa RS f i
la gestion de la durée du cycle, @A NNA I §A2y d t 2dzNJ OS RSNY A SNJ
YIF'YASNBE adetrass ftQs@2tdziazy LlaairofS RSa N
0§SOKYAIldzS | RFLIIS O2YYS OStdzA ljdzA 2LJaAYAAaS f1
traitement conjoint des entrées physiques et techniques tel que développé précédemment.

5lya tS& OKFLAGNBA &ddaAagryiaz 2S5 LINBaSyd
RSOSt2LIIS 6O0OKIFLIAGNBE o0 LlzAia azy | ed4is5et®) A

N
<U‘))
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5Frya OS OKFLAGNBT y2dza LINBaSyidz2ya dzyS S@IFf dz
202SO00GAFd LEf aQr3aixd RQdzyS LI NI RQSOI t dESSNI ff 02 FLB\NER
agricole Européenne simulée pour une année observée. Pour ce premier objectif, nous utilisons un jeu
RS R2yySSa LKeéeaAljdsSa Si GSOKyAljdzSa S LJ dz& LINB &
L2 dzNJ AAYdz SNIJ f Q2 FFNGEA | QANRIO2NBY 59 dAPRALHBSYY SHLQDBT NS
aAYdzZ SS | dzE R2yySS&8 wL/! HAAH® 5Ql dzZiNB LI NI = V2 dz
fQ2FFNB FINAKRO2tS 9dzNRBLISSYyYyS aAYdzZ SSz  2NAEIjdzS y 2 dza
ad- LJGS t fQS@lIfdad GA2y RS&a AYLI OGAa Rdz OKFy3aSyYSyid Of
partir de données de climat actuel, tel que vu par les outils de modélisation qui fourniront les données
de climat futur (CTL)Ce travail a été finalisé ded I F2N¥S RQdzy I NIAOES aoOA
encadrants de thése, et soumit au jourdgjricultural Systemsjue nous restituons icia version finale
de cet article est amenée a évoluer

Understanding the farmscale response of European agritiire to climate change: Evaluation of a
coupled economiecrop model

Leclére Davi@ ®, PierreAlain Jayet, Nathalie De Noblet DucoudPé
aw RQ9O2Yy2YAS tdzof AljdzS3 L b-Grignoh, Brafiet | NA 4 ¢ SOKZ Tyypn ¢KA

® |PSL/Laboratoire des Sciences di €Il & S RS f QOYGANRYYySYSyids 'aw /9! «k/b
France

ABSTRACT. For more than two decades, climate change impacts on agriculture have been appraised with
various methodologies and tools. They cover a wide range of issues from kablagicesses at the crop

level to the economy worldwide. However, the role of fasgale processes in response to changes in
climate has not yet been assessed at a continental scale. We herein present and evaluate an integrated
modelling framework that aim to diagnose this role for the current European agricultural supply. Our
framework couples the STICS generic crop model to the AROPAjaoieromic model of European
agricultural supply. It simulates the productivity of major crops and fscale outcome such as the
partitioning of resources among agricultural activities including land uses, and resulting agricultural gross
margin and norCQ greenhouse gas emissions. Evaluating its performances is far from being
straightforward as there is insufficiersvailability of management practices and weather datasets at
such a resolution over the whole of Europe. We first use best available datasets to force our coupled
model and evaluate its performances under various scenarios with respect to the Commoritégticu
Policy, agricultural goods and inputs prices. We show that despite some biases, the modeled gross
margin, and norCQ greenhouse gas emissions, as well as the gradients in regional distributions of yield
and land use of major crops are all capturéthwever, climate change impact assessment give rise to
additional methodological issues with regards to the modeled pregaegtbaseline, and we thus tested

the sensitivity of modeled outputs to an alternative baseline explicitly designed for climategehan
assessment. We show that changes in modeled outcomes are moderate and consistent, leading us to
deem the proposed modelling framework adequately robust enough to undertake climate change
impact assessments.

Keywords farm-scale optimization; land usegdcultural supply; Europe; climate change; evaluation
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Introduction

3.1. INTRODUCTION

The impacts of future climate change on agriculture have been under study for more
than 20 years, but they are still shadowed with uncertaififgsterling et al., 2007Agriculture
is fundamentally of an intertwined nature, involving agronomic, environmental and socio
economic dimensions. Among numerous issues, understanding the impact ofecthmtge on
these interactions remains a challenge: firstly these dimensions interact over a wide range of
time and spatial scales. Secondly, the projected changes in each of these dimensions exceed the
historical record upon which our understanding of pegses has been based. This has lead to a
wide variety both in the outcomes assessed, and in the tools and methods used for that purpose
(Smit and Wandel, 2006; Antle and Capalbo, 2010)

A part of the studies put to use global scale integrated modelling tgtdsenzweig and Parry,
1994; Parry et al., 2004; Fischer et al., 2005; van Meijl et al., 200@y rely on general or patrtial
computable equilibrium models for theconomic dimension, while the specific effect of climate is
appraised by coupling them to large scale models of managed ecosystems. Their main contribution was
to provide a relatively complete picture of the-salledglobal changeby comparing the evolidn of
the climate, and the other largscale determinants of future agriculture (e.g., technological progress,
changes in demand, trade, and environmental regulation). However, in such models the spatial
resolution is generally rough (a mixture of contig and individual or aggregated countries), ahd
representation of the complexity and heterogeneity in agricultural systems is very c(Rosmsevell
and Arneth, 2011) They reveal a large amount of uncertainty at the European q&lech,2006;
Verburg, 2006)

Another part of the studies provides much more accurate insights into the processes and their
net effects at field to territorial scales. Firstly, there are several processes by which increased
atmospheric carbon dioxide concentrai ((CQ]) and changes in climate can affect the functioning of
the soilplant system at the field scaléDaMatta et al., 2010)According to the results of field
experiments and detailed crop models, their net effects in terms of either yield or economic value is
highly and noHinearly sensitive to the local environment physicag(esoil), chemical (e.g. tropospheric
ozone concentration), biological (e.g., pests, diseases, weeds), and technical (e.g., management
practices) environmentgOlesen and Bindi, 2002; Porter and Semenov, 2005; Raid$nal., 2007)
Secondly, the various agricultural land uses and activities are interacting at the farm scale, and several
means of autonomous adaptations can oc¢8mit and Skinner, 2002; Antle et al., 2004; Fiissel, 2007)
Such processes are studied with farm economic modelassen and van Ittersum, 200@jten coupled
02 Wo A 2 LK épioidng theinkYaicRaSdesiin the physical environment (€Rpunsevell et al.,
2003). Furthermore, at landscape to regional scales, complex interactions taking place, involving
farmers, the local struare of demand for agricultural goods, various institutions (such as regional to
supranational agricultural and environmental policies), as well as other economic sectors (through the
competition for production factors, and natural resources). These aut@yns were appraised with
agentbased models (ABM, e.gHappe et al., 200%)

All these approaches converge towards a gap in knowledge between field and continental spatial
scales(Ewert et al., 2011)which remains to be bridgedRounsevell et al., 2006; Hermans et al., 2010)
provided European wide assessments of global change, accountingWosdaled proxies of larger scale
economic processes, e @\bildtrup et al., 2006)However, the accounting of changes in crop yields from
climate change was limited: they relied on a statistic approach that does not accountdortant local
determinants such as soil, management practices, and -farate processe@vietzger and Bunce, 2005;
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Metzger et al., 2008)(Audsley et al., 200&urther included farmscale processes, and used a simple
crop model (the RIMPEL crop model) to jointly account for changes in climate ang] f[GOvarious

ONR L) wielLlSaQd 1 26SOSNE GKSANI I O02dzyiAy3a 2FIno20K
the mean time (Reidsma et al2007, 2008, 201()ave pointed out the importance of these effects.

In an effort to help close this gap, we extended to the European level the methodology
developed by(Godard et al., 2008)that couples a micreconomic model of European agricultural
supply (AROPAjpta generic crop model (STICHROPA{De Cara et al., 2005; Galko and Jayet, 2[311)

a detailed model of European agricultural supply. It takes into consideration distrisutof
heterogeneous agricultural systems at a resolution similar to NUTS Il regions, over Europe. AROPA|
provides the spatial grounding of our modelling framework, while its coupling to the STICS generic crop
model (Brisson et al., 2003)llows the modelling framework to account for the liok9 major European

crops to the physical (soil, climate) and technical (management practices) environments of the regional
distributions of agricultural systems. The methodology(@bdard et al., 2008llows this link to be
heterogeneous across crops and agricultusgbtems at an infraegional resolution. Our modelling
framework thus simulates the agricultural supply at a regional resolution over Europe, with an explicit
accounting of both (i) farascale behaviour of regionally heterogeneous agricultural systents,(i§n

their regionally heterogeneous physical, technical and secanomic environments.

However, our approach requires large input datasets of various natures to properly capture this
heterogeneity, and the scarcity and possible inconsistency of &laildatasets over Europe could
substantially limit such an approach. When addressing climate change impacts, these factors could be all
the more compromising, e.g., due to the difference in nowadays climate as seen by observation and
climate modelgChallinor et al., 2009; Soussana et al., 2010)

The questions we address in this study are thus twofold:

1 How does the agricultural supply as simulateg the modelling framework compare to
observations, from the regional to the European level?
1 How are these performances affected by the use of an alternative baseline designed for climate

change impact assessment?

In section3.2, we present the modellingdmework, the input datasets constructed and the
methodology used to answer those questions. In sectidd) @e present and idcuss the results. In
section 3.4 we conclude.
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3.2. MATERIAL AND METHODS

In this section, we describe the modelling framework (sghisa 3.2.1), and the constructed
datasets for the physical and technical environment of the European agricultural supply (subsection
3.2.2). Finally, we expose the evaluatimmcedureof our modelling framework (subsecti@=2.3).

3.2.1.Modelling framework description

3.2.1.1. The agricultural supply model (AROPA))

The European agricultural supply is simulated with AROPA], a ssigplynodel based on a
micro-economic approach applied to a distribution of virtual fatypes. The distribution of farrypes is
construced against the Farm Accountancy Data Network (FADN) survely datanfidentiality clause in
FADN data use constrains the regional fagme distribution in AROPA|, thus delineated by regrouping
FADN sampled farms in homogeneous altitude, economic sidepaoduction orientation classes of a
minimal sample size. Here we use a version of the model covering the former 15 Member European
Union (hereafter referred to as ELb). It includes 1074 farstypes delineated after 2002 FADN survey
data, and distributedicross 101 regions. The model can thus be considered as representative of about 2
millions realworld ful-time farms, over 90 millions of hectares. A region contains on average 10 agents,
and an agent represents on average 1770 real farms over 81008rksct

Each farmtype is considered as an autonomous priaker economic agent, fed with FADN data
such as total agricultural land, animal capital, existing activities and related variable production costs,
yields, prices, and policy bindings. Its prodoctactivities are organized to maximize its gross margin.
The decision variables include the allocation of land resource to various activities, the animal number for
each category, the level of inputs (such as purchased animal feeds and commerciaérertli
outputs (distinguishing between efarm and marketed production). Each agent can have up to 31
animal activities and 41 vegetal activities. An ensemble of technical constrains and parameters
extensively describes the link between inputs and ouspfrharket prices, premiums and variable costs,
input-output production functions), the interrelations between activities (fertilization from-fam
manure, rotational constrains between land uses, animal capital demography, on farm use of animal
feed souces), and public policy interventions (norms, taxes and subventions from the CAP and
environmental policies). Formally, an agektis modeled by the following mixed integer linear
mathematical programH):

i H 0. i og I g Peg ,
e we EFE % [2]
I hegg

% K S NBendtes gross margin, and z reé'pec"tively denote activities and resources vectors,
and g and A respectiely denote the gross margin operator and the matrix of technical constrains.

® FADN is an annual accountancy survey sample of the agricultural holdings, harmonized across the European Union. For
each FADN region, the sampling methodology selects holdings in order to provide accountancyatiaforthat is
representative of the regional diversity of reabrld farms, in terms of production orientation and economic size. See
http://ec.europa.eu/agriculture/rica/concept en.cfrfor more information.
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Most of the parameters are taken directly from FADN data, while some are determined from
expert knowledge, the reminding parameters being determined through a calibration proze(e
Cara et al., 20059dded a detailed module of neBQ GHG emissions from varisactivities, based on
IPCC guidelines. Detailed information on the model, its technical constrains and the calibration stage can
be found in(De Cara et al., 2005; Galko aagiet, 2011)

The modelling of land allocation can be summarized as follows: the optimal area allocation is the
one maximizing total gross margin, within a set of constraints reflecting rotations and typology limits.
Related parameters are calibrated foaah farmtype, and are describing: (i) the maximal area share of
each crop within cropland, (ii) the maximal area share of each aggregated groups (cereals, oilseed crops,
fodder crops) within cropland, the maximal area share of oilseed crops with respeeré¢als, and of
fodder crops with respect to meadows. More details can be four{@@Cara et al., 2005)

lwht! 2 o0Sft2y3a (2-2dM8dz20 FYRIRSAZQG dAMIGTS IR Wikddz2 F Y 2
der Werf and Peterson, 2009This type of model is chacterized by a detailed description of the
diversity and complexity of production systems, while it has no endogenous representation of-supply
demand dynamics for agricultural inputs and outputs in the agricultural sector and trade with other
regions of tte world (contrary to models such as CARPRIROPA| does not account endogenously for the
interactions with the other economic sectors (contrarily to models such as GHARel, 1997).
Although the model considers a distribution of agents whose behavior is modeled, it differentiates from
agentbased models (e.g(Happe et al., 2008) since the agents do not learn nor interact one with
another, and the regional typology of agent does not change. For instance, we do not model farm exit,
land reallocation beveen agents, and offarm labor. It is thus closer to the ACRE mdéignseler et al.,

2009) except that this later is based on positive mathematical programming. Our model has also a larger
spatial resolution (c.a. NUTS Il regions instead of NUTS lll), but considers a region specific typology of
agent (insteadof one unique agent), and its domain is much larger-1BUinstead of Upper Danube
Basin).

3.2.1.2. Coupling to the STICS generic crop model

In order to account for changes in either the physical (climate, soil properties) or technical (crop
management practic§senvironment of agents, we extended to BB the methodology developed by
(Godard et al., 2008)lts objective is to replace observed FADN crop yields and nitrogen inputs by
simulated ones. As shown on Fig84, we simulate the yield of nine European major cr@fpead
wheat, durum wheat, barley, maize, rapeseed, sunflower, soybean, potato and sugarbeet) with the STICS
crop model(Brisson et al., 2003jsing spatialized inputs for soil, weather and management practices.

"Common Agricultural Policy Regionalized Impact Mod&Siygjem, seéttp://www.capri-
model.org/dokuwiki/doku.php
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Modelling framework summary

FADN REGIONS |

] FADN REGIONS |

] FADN REGIONS |
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Climate maps
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* Agentkin regionr

Farm-type 1

Farm-type 2

¢ Maximizes gross margin
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Figure 3.1 - Modelling framework overview AROPA]j agricultural supply side micasmmic model
considers regional distributions of agents for which crop distribution, market prices, local soil,
management practices (ITK options) and weather data can be stored in a PostgreSQL database. Java
application Artix links the database to STIEH enodel to generate sets of production functions linking

yield to Ninput level. The optimal fertilisation rate is then determined under price scenarios.

For each crop C (within the 9 major crops) of each economical agent k considered in AROPA|
(hereaftqNJ NBEFSNNB R Ay (héa 02 dalNPOULI G KS LINPOSRdAzZNE Aa 02Y

i. We simulate with STICS the response of crop yields to nitrogen input for increasing
nitrogen inputs.

ii. We interpolate it as production functiong x (as formulated in equadin [2]), defined by
3 parametersAc k(no fertilisation yield)Bc «(N non limited yield) andc «(yield sensitivity to N input):

JLHEDH O q [3]
Inlae la == dm"

iii. The fertilization rate is determined for a price specific context, by maxigiiper
hectare crop gross margin, using additional information from AROPAj concerning fertilization costs
(including orfarm manure availability and commercial fertilizer price), and market price for the crop
specific agricultural good

Although the couphg of farm economic models to biophysical models is relatively common
(Janssen and van Ittersum, 200€)mate change is a challenging issue for such coupled models. There
are large uncertainties in the potential changes of the determining factors of thelsoil system, and
in their net effects on outcomes relevant for agricultural production. While the consideration of the
former source of uncertainty requires the use of different scenarios, the latter is highly constrained by
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the biophysical tool used. STICS runs at dailg-8tap and simulates the interaction of the splant

system with management practices. It has a relatively complete accounting of the effects of various

meteorological variables and [G]Ostresses from heat, and soil water or nitrogen availability aioua
processes: crop ecophysiological development, biomass production, wséeefficiency, grain filling,

etc. It also has a well detailed accounting of management practices: sowing date, cultivar cycle length,

fertilisation, irrigation, initial soil stte and residual biomass incorporation from preceding crop, etc.

Lastly, STICS is a generic crop model, allowing us to simulate most major European crops. However, it has

to be noticed that STICS does not account for some reducing factors such as biotis fa.g. pests,
weeds, and diseases) and tropospheric ozone pollution. It thus proiiidéed yields, according to the
terminology used byvan Ittersum et al., 2003and may overestimate actual yields.

Technical environment:

ITK (preceding crop): ITK (major crop):

* cycle length & posi

* fertilisation schem

* irrigation scheme

* residue managems
»

* cycle length & positionment

* irrigation scheme
* residue management
* choice of preceding crop o\

* {fertilisation schemes } .o _sookgn/ha

| w\ ) 1 time (years)
i
|

_ _— —
| I | T
I |

Y-2 | o Y-1 * Y

v L .

i ‘ preceding crop major crop 3 (*) = bare soil period

A i

\\ Physical environment:
AN
AN

.| ® daily meteorological variables (3 years) & [CO,] level
e soil data
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Figure 32 - STICS
simulations set up For each
crop-agent couple (major
crop), we simulate vyield
values for increasing
nitrogen (N) input a full crop
cycle harvested in year Y,
under a predetermined

physical (soil, daily
meteorological variables and
atmospheric Co

concentration) and technical
(ITK) context. The simulation
is run over 2 crop cycles,
including the preceding crop
(different from the major
one) harvested in the
preceding year (Y1).



Material and methods

As described in Figurg.2, for a given crojgent couple the simulation sefp consists in
simulating 2 crop cycles over the simulation time period, one for the major crop and one for the
preceding crop. The sodescription, [Cg), and daily meteorological inputs are provided for the
simulation period. Management practices (hereafter referred to as ITK) consist in: the choice of crop
cycle length and timing (through sowing date, crop cultivar precocity groughangst modalities), the
choice of the preceding crop (winter wheat or spring leguminous), the use of irrigation (if available,
irrigation is norlimiting and automatically managed), and finally the fertilisation schemes (type, timing
and fractionation oftotal nitrogen input) associated with increasing nitrogen inputs, by steps of 20
kgN.h& from 0 to 600 kgN.h& Vegetation cover is considered as bare soil during the part of the
simulation period before the sowing of the preceding crop, and betweervtleecrop cycles.

3.2.2.Construction of datasets describing the physical and technical
environment

Our modelling framework considers at the resolution of a FADN region a distribution of farm
types, which are not further localized in space. However, we intenddioide the heterogeneity in the
physical (climate and soil) and technical (management practices) environment at -eegsobal
resolution, and these datasets are different for each eagjent couple.

As inputs, STICS needs information regarding weathdr,characteristics, and management
practices. Because there are few available and consistent datasets that provide such information,
(Godard et al., 2008Jefined a methodology to attribute for each cr@gent couple a realistic physical
and technical context. Climateath input is considered as homogeneous for agents of the same altitude
class within a region. Part of the management practices are considered as determined (the irrigation
availability, the fertilisation schemes, the harvest modalities) and generated dra@itiable datasets and
expert knowledge.

On the contrary, soil parameters and part of the management practices (crop cycle length and
timing, and the preceding crop) are considereduageterminedior each cropagent couple. A set of 30
different combinatons of soil and management practices are simulated, among the 5 major agricultural
soils per region (based on Corine Land Cover 2000 and the European soil database v1.0 datasets) and 6
plausible management practices (3 options for crop cycle length aridgjnand 2 different preceding
crops). After determination of the optimal fertilisation rate, the final combination for each-aggmt
couple is determined by a confrontation to FADN crop yields, fertilisation rates and prices, and crop
market prices.

The procedure excludes from coupling the cragent cases for which unrealistic values are
generated, that is to say, cases for which the range of simulated yield values does not match FADN yield.
Such cases are not coupled, and the original FADN yielditnogen input is kept in AROPA. In this
study, we included some technical modifications to the procedure (Appendix 1), and more thoroughly
worked on climate and sowing dates, as discussed in the following sections.

3.2.2.1. The choice of climate scenarios

IERA baeline Evaluating the performance of our modelling framework against observations
requests that the weather data used is as close as possible to real weather while being continuously
distributed over time and space with physical consistency. Atmosphedonatysis provides all the
needed atmospheric variables with sufficient consistency, although they generally contain systematic
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biases. We use the latest available atmospheric reanalysis produced by the European Center for
Medium-range Weather Forecast, ¢hERANterim product(Berrisford et al., 2009)at a 0.5° latitude
longitude resolution for the 2002 agricultural campaign. Our simulations span over the years 2000, 2001
and 2002, to include preceding crops (see secdi@rnl.2).

CTL baselinelf our modelling framework is used for an assessment of future climate change
impacts, IERA cannot be used as the baseline (or control) simulation. Projections of future climate
change are carried out using global climate models (GCM). Such models also simulate-gagsent
conditions, but generally with biases. What is importantuphb is the difference between simulated
future and simulated present climates. Thus, a proper present day baseline simulation for our modelling
framework uses the preserttay climatology as seen by a GCM, while the deviations of such baseline
compared to nore realistic climate data must be previously assessed. We have used the results of the
ECHAMS5 GCM forced with the A2 SRES scenario over the peric@ @s0downscaled at the 0.5°
latitude-longitude resolution by(Kjellstrom et al., 2011using tke regional climate model RCA3
(Samuelsson et al., 2011)he time period 1976005 was considered as the present climate, and to
carry out our simulations we have selected the 3 consecutive years that best represent the climatology
of this time period.

CTL and IERA baselines differ, due to the above mentioned diffeseén sources, time period
and type of climate concept they aim at representing, and their biases. Theses biases and the differences
between CTL and IERA are detailed in Appendix 2.

3.2.2.2. Crop cycle length and timing

Similarly to(Godard et al., 2008we consider that theindetermined options are differentiated
by crop with respect to the management of crop cycle length and timing: either the crop cycle length is
adjusted, among 3 cultivar precocity groups for one sowing date (for bread and durum wheat, maize,
and sunflowey, or the crop cycle timing is adjusted through the choice of 3 sowing dates for one cultivar
(for rapeseed, barley, potato, sugarbeet and soybean). Since no dataset is available at the European level
concerning the cultivars, they are taken from the aaalé STICS cultivars (based on main cultivars
available in France).

Concerning the distribution of sowing dates for major European crops, the only dataset available
at the EU15 level is the crop calendar constructed by the Joint Research Centre (JR®) KOARS
project (Willekens et al., 1998 Considering that a reanalysis was used to generate climate data for IERA
baseline (thus possibly containing biases), and that for CTL scenario we need to generate management
practices that are representative of the 192605 time period as simulated sy GCM, we decided to
use our own computation of sowing dates. This methodology is adapted (&fteha et al., 2012)and
considers that the sowing date is determined, within a predefined time window, by the seasonality of
temperature. The method, its different implementations, and the resulting differences in sowing dates
under CTL and RA baselines are presented in Appendix 3.
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3.2.3.Procedure for the evaluation of modelling framework performances

We first validate our modelling framework, under a realistic baseline (IERA) for year 2002. Then
we evaluate the implications for our modelliigamework performances of the use of an alternative
baseline designed for climate change impact assessments (CTL). To do so, simulations were carried out
with our modelling framework, and evaluated using different metrics: the coupling rate achieved
(subsetion 3.2.3.1), and a set of modelling framework metrics addressing simulated distributions of
regional crop yields, areas, and productions (subse@iar8.2).

3.2.3.1. Assessing coupling effectiveness

As explained in sectiod.2.2, the coupling of cropgent caes is restricted to realistic simulated
production functions. Prior to any AROPA| simulation, the analysis of the resulting coupling rate provides
useful information for the coupling methodology in terms of realism and effectiveness, for various crops
and regions. We thus computed eoupling coveragenetric, measuring the proportion of successfully
coupled cropagent cases. However, from an aggregated point of view, the importance of coupling
successfulness depends on cragent case, since they differ srea shares. We thus weighted the
contribution of each cromgent case by its area, as provided by the original FADN dad)( For a
given subset of crop-agent cases (e.g. a country or a crop), the coupling coverage is thus computed as
described by gquation [3]:

|

- BQ';E:N :l +
b0 mmdi du ot ] st
e AQ@GEDDE 6 f a Q0 [4]
with 1o o B o o

3.2.3.2. Assessing modelling framework performances

Simulated distributions of regional yield, area and production distribution&/e confronted the
simulated EL5 distributions of regionally averaged yields, and of total regional areas andigtiods
of vegetal activities with the 2002 FADN data. For yields, the contribution of eactagenp case to the
regional level is weighted by its area share. As AROPA] is constructed and calibrated on these data, it
provides gpartial validation for IER baseline. The simulations were carried out under a secamomic
context designed to be representative of 2002 conditions (REF scenario). It is based on FADN and
EUROSTAT data for input and output prices (hereafter referred to as 2002 price scematian a
implementation of 2002 Common Agricultural Policy, extensively describing European and national
specific CAP rules and interventions (Agenda 2000 CAP scenario).

To capture the specific bias of the coupling and the use of different baselines facadtgrsd
technical environments, we run these simulations with simulated production functions under the IERA
and CTL baselines. However, in its uncoupled version the AROPAj model presents some biases, which
have been isolated with an additional baselinghout any production function (NONE baseline, see
Table3.1). We looked at two different issues:

1 the comparison okimulated distributions of regional crop specific yield, area, and production
valueswith FADN data. Since these distributions are geneea{jynmetric, we use the median (m), the
interquartile range (dQ) and the skewness values of simulated and FADN regional distributions.
Skewness is a measure the asymmetry of distributions compared to a normal distribution. Positive
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(respectively negative) alues indicates a left (respectively right) tail higher than for a normal
distribution, while the absolute its absolute value is proportional to the deviation compared to the
normal distribution.

9 the distribution of the regionaérrorsin simulated valuesompared to FADN, and their impact
on the modelling frameworkbility to simulate regional disparitiegVe look at the median regional error
(m_DIFF, [%], relative to the median regional FADN value), the typical range of the error compared to the
typical mnge of FADN values (defined as the ratio of the interquartile range of regional differences over
the interquartile range of regional FADN values, hereafter referred to as the noise ratio). Additionally, we
dza S G KS { LIS Nidrlrafikd &R_JpetediNGs the: abilikty2oythe reproduce the ranking across
regions according to FADN data.

Sensitivity of EU15 land use, gross margin and n®@Q GHG emissionsWe conducted a
sensitivity analysis with respect to prices and CAP regime for each bapetinieling information of the
effects of the coupling for outcomes that are typically assessed with AROPA|. For this sensitivity test, we
measured at theEU15 aggregated levahe changes iand allocationbetween different landuses, in
total agriculturd gross marginand intotal agricultural nonCQ GHG emission@nethane and nitrous
oxide).

Table3.1 provides a summary of the different baselines (NONE, IERA and CTL) for the physical
and technical input datasets, and the two additional semtonomicscenarios considered. The CAP
scenario considers an alternative Common Agricultural Policy, corresponding to the CAP changes since
2002. Sugarbeet production quotas were lowered (resulting from 2006 sugar Common Market
Organization reform), partial decolipg was introduced (resulting from 2003 Luxembourg agreement)
and compulsory seaside is suppressed (resulting from 2008 CAP He&didck). The DPrices scenario is
an idealized experience of a price shock comparable to the swap in prices for agrictdmrabdities
around years 2007 and 2008. We have considered this price changes to be homogeneously implemented
over EU15, based on Eurostat statistics (from 2002 to 2008): + 50% for wheats, barley and oat, +40% for
grain maize, potato and other cereals,085 for purchased fertilizer, +20% for purchased animal feed,
+15% for milk, + 27% for poultry, + 5 % for pig and calves1286 for sheep.
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Baseline Scenario

Name characteristics Name characteristics

(a) Evaluate simulatedJA5 distributions of regional yield, area and production levels

NONE FADN 2002 yields
IERA Simulated yields if successfuly] REF Agenda 2000 CAP & 2002 Prices
CTL coupled, FADN 2002 otherwisg

(b) Evaluate sensitivity ofJEL5 aggregated land allocation, gross margin and8GhGHG emissions

NONE
IERA (same as above) CAP 2010 CAP & 2002 Prices

CTL

NONE
IERA (same as above) DPrices Agenda 2000 CAP & 2687Prices

CTL

Table3.1 - List and detailecconfigurations of our humerical experiments

3.3. RESULTS & DISCUSSION

We first present the coupling effectiveness under IERA and CTL baselines (3&fipnWe
then look at the modelling framework performances in terms of simulated distributions ofrralgydeld,
area and production levels (secti@®.2). Finally, we present the results of the sensitivity test (section
3.3.3).

3.3.1.Coupling effectiveness

Table3.2 presents the achieved coupling coverage per (a) crop and (b) country for the whole EU
15, underlERA and CTL baselines. In addition, the area shareslf fithl Utilized Agricultural Area
(UAA) are given for each subset. Under IERA baseline, the mean coupling coverage accounting for all
coupled crops is 80%. The crops covering the largest stid&d b5, i.e. wheat, barley, maize, rapeseed
and sugarbeet have in general selection rates above 75%, while relatively minor crops (i.e. potato,
soybean and sunflower) have a selection rate lower than 50 %. When looking at country specific values,
the couging coverage is above 80% for Northern and Central =tbuntries, while they are quite lower
for Mediterranean countries (34%, 50% and 60% for respectively Portugal, Spain and Greece). In these
countries, the low coupling coverages are essentially dueither too low (wheat, sunflower, soybean)
or too high (barley) simulated yields, that does not pass the realism criteria (see sg&i@nIn some
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cases, STICS simulates crop failures, e.g. for potato in the Netherlands, sunflower in Portugal, and
soybean in Italy. Most of those failures occur for crops that have been validated over very few regions
when simulated by STICS, and in regions for which the ensemble of simulated crop management
practices may not capture reality (e.g. use of cultivars witbroved drought resistance).

The mean selection rate accounting for all major crops is better in CTL (85%), and for six out of
the nine crops considered, the coupling coverage is larger hence increasing country specific coupling
coverage for all EW5 Menber States except for Italy. The coupling coverage for maize is lower in CTL
(62%) compared to IERA (84%), and cases not coupled anymore are mainly located in Italy. Sunflower
and barley coupling coverages are unchanged in CTL baseline, while for pdtatgesicantly increases
from 26% to 82% (particularly in France, Germany and the Netherlands). These differences between IERA
and CTL result from the differences in weather patterns, especially precipitations. In some regions of
Northern Italy for examie, precipitation is three times lower in CTL than in IERA, thus triggering a hydric
stress in early vegetative stages for maize. In contrary, precipitation is roughly 50% higher in CTL
compared to IERA, in Northern France and in the Netherlands. Potateesibject to high water stress
under IERA baseline.

Share in EX15 | Coupling coverage| Subsetof | Sharein EX15  Coupling coverage
Subset of %] IERA [%]| CTL[%] ~ cases %] IERA [%]| CTL [%]
(a) by crop (b) by country

Bread wheat 156 86 99 France 12.6 83 97
Barley 12.1 80 78 Germany 7.7 95 96
Maize 4.3 84 62 Spain 7.1 50 52
Durum wheat 3.3 75 86 UK 5 98 100
Rapeseeg 3.2 85 93 Italy 4 80 63
Sugarbeet 2.2 85 93 Denmark 1.8 98 99
Sunflower 1.6 49 52 Greece 60 78
Soybean 0.2 29 43 Sweden 1 90 93
Potato 1.3 26 81 Austria 0.9 68 85
ALL 43.8 80 85 Finland 0.9 65 78
Netherlands 0.6 59 98
Belgium 0.5 87 98
Ireland 0.4 96 100
Portugal 0.3 34 73
Luxembourg 0 97 97

Table3.2 - Coupling coverage(a) by crop, and (b) by cougt For each subset, figures are the share (in
%) of each subset in the total I3 Utilized Agricultural Area (UAA), and the coupling coverage achieved
under IERA and CTL baselines (see definition in seHdhl).
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Results & discussion

3.3.2.Simulated distributions of crop sgcific regional yields, areas and
production

Figure3.3 shows the comparison of regional FADN values to simulated values of average yield,
total covered area, and production levels for wheat and potato. For these two crops, 3:algeovides
the descripive values of FADN and simulated regional distributions (mediaimterquartile rangedQ,
and skewnesk the median regional value of the errors of simulated values¥IFF, the noise ratioand
the Spearman correlatioR_s For the other crops, a visuaummary ofm_DIFFnoise ratioand R_s
values is provided indure3.4.

(a) Regional yields (b) Regional areas (c) Regional productions
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Figure 33 - Simulated ELIL5 distributions of regional valuesf (a) yield, (b) area, and (c) production
level compared to FADN data The values are plotted for whaggrégated; upper panels) and for
potatoes (lower panels). The dotted black line shows the 1:1 line, while simulated values for the NONE,
IERA and CTL baselines are respectively plotted in red, black and blue colors.
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CROF VARIABLE Scenarigl m dQ skewnesg m_DIFF noise ratio correlation
FADN | 5.1 3.6 0.01 - - -
Yield  [tha] NONE || 5.3 35 -0.04 0 0.03 0.99
IERA || 6.3 3.1 0.44 4 0.56 0.71
CTL | 6.8 35 -0.24 20 0.70 0.61
- FADN | 114 229 3.14 - - -
5 Surface  [kha] NONE | 102 200 3.48 -4 0.14 0.97
g IERA | 96 185  3.63 -2 0.15 0.96
CTL | 108 222 3.43 0 0.10 0.95
FADN | 449 1393 4.13 - - -
Production [ki] NONE || 383 1122 456 -4 0.15 0.98
IERA || 473 1055 4.22 0 0.25 0.95
CTL | 634 1716 4.69 10 0.27 0.89
FADN (242 14.3 0.56 - - -
Yield [tha] NONE | 24.5 135 0.01 -2 0.16 0.86
IERA || 25.3 16.4 1.39 1 0.55 0.73
CTL | 34.0 27.0 0.48 24 1.26 0.73
o FADN | 3.3 8.1 5.23 - - -
'<T: NONE || 10.5 30.4 2.30 237 2.83 0.86
? Sutace  khal IERA [[12.4 41.0 2.11 237 3.80 0.85
CTL |[12.3 45.8 2.01 238 3.38 0.86
FADN | 78 170 5.22 - - -
Production [ki] NONE || 202 855 2.86 151 3.82 0.71
IERA | 353 914 2.53 280 4.26 0.68
CTL | 294 1391 3.20 282 6.04 0.69

Table 3.3 - Modelling framework performances in simulated regional distributienand regional
disparitiesfor wheat and potato, in terms of yield, covered area and production level. See s8&iGr2

for the definition of the different variables. Figures are given for original FADN EAaN for variables

m, dQ and skewness) aridr simulated values under three distinct baselines for physical and technical
datasets (NONE, IERA and REF), for the REFesonmmic scenario (see Taldd).

NONE baselineAs suggested from thiggure 3.3 (b, red dots) and from the Tab83 (figures
relative to area distributions for NONE baseline), the realism of AROPA]j regional land allocation greatly
differs from one crop to another. While for example the areas covered with wheat are very well
represented (median error 6#1%), they are largelyerestimated for potato (much higher median value
and interquartile range, and much lower skewness). However, such large errors for relatively minor
crops actually represent quite small absolute area (~11.1 kha, i.e. one tenth of the median regional area
dedicated to wheat). To a much lower extent, maize and sunflower simulated area shares have a similar
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bias, with respectiven_DIFFvalues of +33% and +16%. Soybean is present in 18 regions according to
FADN data, while AROPA]j simulates its presence in8ordgions without coupling. This bias is higher

under IERA (5 regions) and CTL (2 regions) baselines. The values of the evaluation metrics used are thus
not very informative, and soybean is excluded from further analysis.

The variability across regionstbe error in area is relatively small (noise ratio less than 0.25, see
figure 3.4 (b), red dots), except for potato, and to a lower extent for maize and sunflower (noise ratios of
respectively 2.82, 0.38 and 0.30). Consequently, the correlation betweariaded and FADN regional
individual crop areas are very good (between 0.93 and 0.98), although a bit lower for potato and
sunflower (respectively 0.86 and 0.88).

Such bias is relatively usual for mathematical programming models(fRayinsevelt al., 2003;
LotzeCampen et al.,, 2006)> FTNRBY @gKAOK NBadzZ 6a GSyR G2 LINRY2(GS
significantly different landise configurations have very little difference in terms of total gross margin,
then the most profitable will B chosen. In AROPA|, this issue is treated by imposing rotational
constraints (as described in secti@®.1.1). Individual crops are only bounded by a maximum area
share, reflecting agronomic knowledge in simple stylized forms: for example, potato iskaotbe
difficulty cultivated in the same field two years in a raw, and in our model the area share of potato is
hence limited to half cropland. Furthermore, the parameters involved in these constraints are calibrated
through a least square process (s@&alko and Jayet, 2001)in which the sum of squared absolute
errors on land allocation is minimized. Thus, the majaps at farm scale (e.g., wheat) according to
FADN data have a tendency to be better simulated than the minor ones (e.g., potato).

This systematic bias in land allocation has consequences for the simulated distributions of both
yield and production levelsAs itcan be seen in Tablg3 and fgure 3.3a, it induces firstly a bias in
simulated regionally averaged yields. However, it is negligible ovel5Ednly potato has a median
error different from 0O, i.e-2%) and weakly variable across regions: this@weatio in yields is less than
0.1, except for potato and sunflower (respectively 0.16 and 0.22). Consequently, the correlation in yield
values is above 0.9, except for potato and sunflower (respectively 0.86 and 0.71). Secondly, the
distribution of simuated regional productions is affected, with a bias very similar to the drsgmulated
areas (red dots inidure3.3c and3.4c, and Tabl8.3).
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CORRELATION vs. NOISE RATIO
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Median error [%, relative to FADN median]

Spearman correlation

(a) Regional yields (b) Regional areas (c) Regional productions
8] -, . . . R .
5 " T 8! ™ T o -
o k- ' : g 8- '
N M [ ma 1]
: wh o g .| g : .
: g " 58 %1 -
e 1 2 : : £ '
| e 841 ma 2 $:
' ' ' .
2 2
e |1 . 2 H £ g ma
: = s 84! s ° 7
, 13 H v T = S .
w 4 = o |1 = |
' .o E 24! g : -
! ©ow oo 5 ! . s o! L
\ ma ba g | e g i bap Wi T
P Y Ty S -§ o deremmmr o L -g ' . sg
Sppa o uma r = e ""Egss.,hh ’pb. s ©- ‘.';g ----- L L et
1 1 wi a M
I T g T T T 1 T T T T T
0.0 0.2 04 0.6 0.8 1.0 1.2 0.00 0.10 0.20 0.30 0.40 0.50 0.00 0.10 0.20 0.30 0.40 0.50
Noise ratio Noise ratio Noise ratio
Baseliies: © NONE @ IERA e CTL
Q Q@ _ o _
- ‘. - ' - Ve . .
’ . wh e = = . .
i s:tz"%“:a i E“’ wigh : h?b‘i ma mana 4 Esg s?p . b’“r'p"”'\;.fﬁ', . ma ma ma
@ |1 . o | Tom o, o | L] tra
=7 Wh = ; 27 ;
EH Ma = 5 ! g H!
o |1 o "o g oo |t g o |
s 7. w g s, £ o7
1 ba 8 1 8 11
, u g ‘ § ‘
= | - E x| E < |
= Q. ~H o —
) [ ' [ H
Ll 1 1
31 “ s 3
1 4 1
' ' '
T o . o b .
o b o b o b
t T T T T T 1 | I S S S . S —— | I D D B R R N . S
0.0 0.2 04 0.6 0.8 1.0 1.2 0.00 0.10 0.20 0.30 0.40 0.50 0.00 0.10 0.20 0.30 0.40 0.50
Noise ratio Noise ratio Noise ratio

Figure3.4 - Graphical display of evaluation metrics for simulated cropsnder NONE, IER#d CTL
baselines. For each crop, the evaluation metrics are presented of the simulaté8 Hidtributions of
regional (a) yields, (b) areas, and (c) productions values. Upper panels display median regional errors vs.
noise ratios, while lower panels digy the Spearman correlations vs. noise ratios (see se8tih8.2 for
definitions). Crops are labeled, and include: wheh,(i.e. durum and bread wheat aggregated), maize
(ma), barley ba), sugarbeet gg), rapeseed rp), and sunflower tf). Potato is &cluded (figures are
displayed in Tabl&.3), as well as soybean (the low number of regions where soybean is simulated
hampers the interpretation of evaluated metrics). Colors indicate the baselines: NONE (red dots), IERA
(black dots), and CTL (blues dots) the upper panels, simulations having high noise ratio and median
error can be considered as less realistic. In the lower panels, a realistic simulated point should have a
correlation close to 1 and a small noise ratio. Note that the range of noigevalues (»axis) in panels

(a) is about twice the one in panels (b) and (c). Similarly, the range of values for median -@xis:; (y
upper panels) is different in panels (a), (b), and (c).
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IERA baselineCompared to NONE baseline, the main differesdbé introduction of simulated
production functions. As it can be seen igdres3.3a and3.4a (black dots), and in Tal8e3, the median
error in regional yields is overall smaR o +4%) for all crops, with the exception of sugarbeet (+19%).
However compared to NONE baseline, the error is much more variable across regions, and the noise
ratio is generally about 0.2 to 0.5, with larger values for sunflower (0.66) and sugarbeet (0.7). The ability
of the modelling framework to capture the disparitieyselds across regions is therefore smaller than
under NONEREF. However, the correlation remains quite good (about 0.7 to 0.8), except for sunflower
and barley (0.57), and sugarbeet (0.44).

There are two explanations for IEREF being less realistibat can be separated regarding first
the scale of a crojgent case, and then the scale of-E& regional distributionsAt the scale of a
specific crogagent casethe realism of simulated yields relies both on the range of simulated possible
values of tle production function, and the optimal fertilisation rate. For most crops, FADN yields are
generally in the lower bound of the range of values simulated by the STICS crop model. This can be partly
explained by the fact that STICS does not account for yéeldcing factors (sectio3.2.1.2). For the
specific cases of potato, and sugarbeet, the simulated values can even be significantly higher than the
range of FADN values, thus providing unrealistic values. For these crops, the harvesting date is weakly
constrained, and is simulated about one to two months later than in reality. During that time, the
harvested organ is still accumulating biomass, and the yields are finally overestimated. Furthermore, the
optimal fertilisation rates are determined by marketiqes of nitrogen input and crop output, as a proxy
for implicit prices (which theoretically determine the optimal fertilisation price). Market and implicit
prices however differ for vegetal activities subject to eitherfarm use (e.g., wheat), or to gtas (e.g.,
sugarbeet, see Appendix 4). This results in choosing a fertilisation rate under IERA baseline that is
globally (i.e. for all crops aggregated) higher (14%) than under NONE baé¢lthe. scale of EU5,
errors at the field scale combines witlie coupling coverage. For example, although the simulated yield
values are generally overestimated for sugarbeet and potato, the median regional error remains large
only for sugarbeet. This difference is explained by the coupling coverages of the twe (2&% for
potato and 85% for sugarbeet).

These biases in simulated regional yield distributions have however very few consequences for
the simulated distributions of both regional areas (Fig8réb and3.4b, black dotsand Table3.3) and
productions (fgure 3.3c and3.4c, black dots). Simulated areas are very similar to NONE baseline. The
main differences are a slightly higher noise ratio for the crops already identified as being subject to
systematic biases (potato, and to a lower extent maize and ewefl), and a generally slightly
overestimated area share dedicated to crops (+1% to +7% in median error). Consequently the ability of
the modelling framework to capture the disparities across regions in dedicated area is weakly affected by
the coupling: caelation values are almost identical to those of NONE (slightly decreased by 0.01 to
0.02). This is also true for production levels (correlation slightly decreased by 0.01 to 0.04).

CTL baselineThe biases in simulated yields are consistent with thas¢ERA, while more
pronounced (Table.3, andfigure 3.3a and3.4a, blue dots): the median error is positive for wheat,
sugarbeet and potato (about 20 to 25%), as well as for barley (10%). The variability in the error across
regions (as well as the corrélan) is roughly equivalent to IERREF. It means that CTL baseline do not
induce additional bias in the simulated regional disparities higher than the coupling itself. Furthermore,
the interquartile range and the skewness of simulated distributions arg senilar to those of IERA
baseline. The overestimation of some crop yields may be explained by the slight overestimation of yearly
cumulated values of incoming shortwave radiation and precipitation (se@i@r2.1). In addition, the
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fertilisation rate mr hectare of cropland is generally higher than in IERA (leading to a deviation of +30%
compared to NONE baseline).

In terms of simulated distribution afegional area there are weak differences in the median
error, the noise ratio and the correlation fahe various crops compared to IERA baseline (Tal3le
figures3.3b and3.4b, blue dots). In terms of regional productions, the overall performances are thus
driven by the AROPA| bias in land allocation: except for potato (and to a lower extent for) mhaize
median deviation idbetween +6% and +10% (Tabl8,3igures3.3c and3.4c, blue dots). Similarly, the
noise ratio is increased for potato and sugarbeet, but the differentiation among crops is still very close
NONE baseline. Finally, the correlatismaltered {0.03 to +0.07), thus being comparable to the NONE
and IERA baseline.

In summary, the simulated ELb distributions of regional yield, area and production differ. On
the one hand, the coupling generates slightly overestimated yield values gaderal weakening of the
modelling framework ability to capture the regional disparities in regional yield values. The correlation
dramatically decreases for sugarbeet, and unrealistic yield values can be simulated (also true for potato).
On the other had, the distributions of the simulated regional area and production level are
systematically overestimated for potato, maize and sunflower, and the ability to capture regional
disparities for these crops is lower. Soybean is not properly simulated. Tégse Hiases are clearly
attributable to AROPAj modelling of land allocation, and are weakly affected by the coupling. The use of
an alternative baseline (CTL) that will allow further analysis of climate change impacts does not
significantly deteriorate th simulated land allocation and production levels.

3.3.3.Simulated sensitivity to alternative CAP and prices scenarios

Figure3.5 displays at the EW5 aggregated level the changes in (a) land allocation to various
land uses, (b) total gross margin, and {@tal nonCO2 GHG emissions (methane and nitrous oxide,
aggregated in tCq) for CAP and Dprices scenarios of secimnomic environments (compared to
REF), under NONE, IERA and CTL baselines for physical and technical environments.

NONE baselineCAP eéform reduces the area dedicated to cereals and fodder crops (respectively
-3.4 and-1.5 Mha, i.e.-10 and-15% in their respective area; FiguBba), while the removal of
compulsory setside leads to a reduced land allocation to-aside (1.8 Mha i.e.-17% for category
W2 i KSBE2 WIRYYRQ OFiS3aA2NBOV® . 20K OKlFy3aSa o0SySF¥AaAa
+24%). In the DPrices scenario, the high increase of all marketed crop prices redunesdhmel per
hectare gross margin of meadow.ithe increase in gross margin from an additional land unit devoted
to meadow. Consequently meadows decrease by 129 Mha), in favor of cereals (+2.3 Mha, i.e. +7%)
and to a lower extent to oilseed, root and tuber crops.

Gross margin slightly incrédsi Ay GKS /!t &aO0OSyl NBR5). Thib@sulEis A &S d
in line with the decoupling reform, introducing more flexibility in production systems while guaranteeing
producers their income level (by premiums). In the DPrices scenario grossnnigrgignificantly
AYONBIFaSR 6bHndc aeX ADPSD® buHpE:L Fa F NBadAZ G 2F KA
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Results & discussion

Methane emissions are highly related to livestock and its feed sources: in all our experiments,
the livestock remains fixed, while the adiments in feed source are insignificant. Methane emissions
stay stable in all scenarios and are excluded from the analysis. In contrary, nitrous oxide emissions are
strongly related to the area share of the different lamses, differing by their emissidactors (reflecting
differences in fertilisation rate and nitrogen losses). Nitrous oxide emissions decrease ifb@ARR (

7.7 MtCQeq), as a result of an overall reduced area dedicated to crops (generally more fertilized than
meadows). Inversely, #y increase moderately in DPrices (+2% i.e. +3.9 Mif)@ue to the conversion
of meadows to cereals and fodder crops.
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Figure3.5 - EU15 aqggregated sensitivitpf (a) land allocation, (b) total gross margin, and (c)-Gah

GHG emissions. Changetfative to the (NONE x REF) configuration are displayed for all nine simulations
listed and described in TabB1. Agricultural categories considered for land allocation (a) are: cereals,
oilseed crops, root and tuber crops, fodder crops, other cropsdffopland), and permanent meadows,
and other (fallow, setside & forested area). Agricultural n@Q GHG emission (b) is the sum of
methane and nitrous oxide emissions (aggregated iseGO

IERA baselineAs detailed in sectiof.3.2, the area dedicad to arable crops in IERA is slightly
higher compared to NONE baseline. At the scale el EkI|(Figure3.5a) the area dedicated to crops is
increased in REF scenario by 3.2 Mha i.e. +6% (respectively +2.3 Mha i.e. +7% for cereals, +0.3 Mha i.e.
+6% for rod and tuber crops, +0.3 Mha i.e. +7% for oilseed crops) hence significantly reducing area
dedicated to meadows-83.3 Mha, i.e-14%). It results from a slightly higher per hectararginalgross
margin for cropland compared to meadows than under NONE inasel

Due to its higher marginal per hectare marginal gross margin, cropland is less sensitive to CAP
and DPrices scenarios. The direction of changes resulting from both scenarios is therefore similar in IERA
than under NONE baseline, but of lower magnityoleboth relative and absolute terms). CAP induces
less reduction in cropland (e.g. for cerealk9 Mha i.e-6% for IERA instead 8.3 Mha i.e-10% for
NONE), and less increase in meadows (+16% instead of +24%). Similarly, the amount of laneldconvert
from meadows to cropland under Dprices is smaHl8?q i.e-1.9 Mha instead 0f12% i.e-2.9 Mha).

Gross margin is increased in the REF scenario (8165 A ®S® bmmM:> 03X 02 YLI NBR
(consistently with slight higher productions). Nevertheless, IERA baseline responds to CAP and price
changes in the same proportions than under NONE baseline: +2% instead of +3% for CAP, and +25% for
DPrices (similato NONE).
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In REF scenario, ndBQ GHG emissions are also affected under IERA baselifeeiissions
are increased by 5%, since both per hectare fertilization rate and cropland area are increased. Compared
to NONE baseline, the nitrous oxide emissiomsler IERA baseline are slightly less decreased (resp.
more increased) in CAP (resp. DPrices) scenadi#ss ifistead 0f5% under CAP changes; +7% instead of
+2% under price changes). This result is in line with the difference irulndhanges betwee&RA and
NONE baseline (lower increase in fertilizer intensive -lagek). It is less intuitive under price changes:
compared to NONE baseline,QNemissions are more increased under IERA baseline despite a lower
conversion from meadows to croplands. Thesdue to the supplementary degree of freedom in IERA
baseline, by which fertilization rate is increased: while the amount of additional cropland is lower, the
increase in purchased fertilizers is more than doubled (+26% instead of +11%).

CTL baselineFigue 3.5 shows that under REF scenario and CTL baseline, the overestimation of
cropland area is slightly higher than under IERA baseline (e.g., +8% i.e. +2.8 Mha for cereals, instead of
+7%, i.e. +2.3 Mha) at the expense of meadowls6(Mha i.e.-19%, instad of -14% under IERA
baseline). However, landse responses to CAP and price changes are very similar to IERA baseline: the
same relative amount of land is gained by meadows (+16%) in CAP. Under price changes the EU15
aggregated landise response is alsqualitatively very close to IERA baseline, except that more
meadows are convertedd.5 Mha instead 0f1.9 Mha in IERA baseline) to cropland.

Compared to NONE baseline,-E&gross margin is further increased than under IERA baseline:
+16%, instead of +24 under IERA baseline. However, relative changes under CAP and DPrices are very
close to values obtained under IERA baseline: respectively +2% and +26% (compared to +2% and +25%
under).

Nitrous oxide emissions also show the same type of deformation uB8dér and IERA baseline,
although with higher intensity under CTL: due to a higher area share of cropland and an increased
fertilization rate, NO emissions are overestimated by 10% under CTL baseline (compared to +5% under
IERA). Under alternative CAP amitgs, CTL baseline provides similar relative changes: respecB¥ely
(instead of-2% for IERA), and +8% (instead of +7% for IERA).

In summary The coupling (IERA baseline) generates a higher fertilisation rate, and a higher share
of cropland area over padows. This leads to an increased gross margin. Nevertheless, the modelling
framework responds in a very similar way to CAP and price changes in terms of land allocation, although
the sensitivity of area dedicated to crops is lower. The use of an alieenhaseline specific to climate
change impact assessment (CTL baseline) further enhances the above mentioned biases in fertilization
rate, land allocation and gross margin. However, the responses to CAP and price changes are very
similar. These findingsidghlight that our modelling framework performances are not much affected
when using an alternative physical and technical baseline designed for climate change impact
assessment.

3.4. CONCLUSION

In the literature of climate change impact on agriculture assesgmthe role of farmscale
processes has not yet been quantified at the European scale. We present a modelling framework
designed to diagnose the impact of such processes in European agricultural supply response to changes
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Conclusion

AY TFTIFENXYSNERQ L#e sodictcbrioric hét&rdyengoudndironment. Building on existing
methods, this modelling framework couples STICS generic crop model to AROPAjamicnmic model

of European agricultural supply, by replacing fixed yields and fertilisation rates byatgchylield
response to nitrogen input for major European crops. The coupling methodology, already evaluated at
the scale of two French regions, is here extended telkldnd partially validated against FADN data.

We faced different issues in the validatiprocedure, relatively usual for this kind of modelling
framework. Firstly, no dataset exists concerning observed weather and management practices over all of
Europe at such resolution, while respecting consistency criteria. Secondly, the modeled piodaati
fertilization rates are not always realistic, although we use as realistic as possible reconstructed weather
and management practices datasets. To prevent our modelling framework from relying on a too
unrealistic coupling, we had to consider alis@ criterion in the coupling procedure and consequently
accept an incomplete coupling coverage. In this respect, we reached an effective coupling rate of 80%.
Thirdly, the realism of the modeled productivity and lamgk is also constrained by the naturé the
economic model representation of land allocation, by its calibration and by the approximation of
theoretical criterions used in the coupling procedure and in the determination of fertilization rates.

We find that our modelling framework model is labto capture the observed gradients in
regional yield values for almost all crops, despite an overestimation of yields and a high variability in
yield realism, especially for root and tuber crops. These findings rely as much on imperfect reconstructed
weaher and management practices as on the crop model performances and on the approximation of
theoretical criteria used in the coupling procedure and in the determination of the fertilization rate.
Although we also capture gradients in regional distributiohsrop specific area, the realism of modeled
land use, and hence production, present more variability among crops. This bias is primarily attributed to
the modelling of land allocation, and major crops at the farm scale are more realistically modeded. Th
findings rely more on the economic model itself and although they need to be accounted for, they are
little affected by the coupling procedure. At a European scale, the coupled model responds consistently
to different market price and Common AgriculiPolicy scenarios, despite an overestimated cropland
area share.

As climate change impact assessment places additional constraints on the design of our modeled
baseline for presentlay climate, we tested our modelling framework under an alternative lrzesel
designed specifically for such an experiment. As expected, there are some differences in the coupling
coverage and its realism, but no specific additional biases. Finally our modelling framework
demonstrates its ability to be used to appraise faspak processes under changes in climate,
agricultural prices, and policies.
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APPENDIX 1ADAPTATIONS TGodard et al., 2008)

As explained in sectiol.2.2, part of the input to STICS crop model are considered as
undetermined when generating a coupling for each eagpnt case. Since firstly, the optimal crop yield
and fertilisation rate are highly sensitive to the interpolated parameters, and secondly STICS model did
not always generate reasonable simulated values, a few adaptations were added to the method
developed ly Godard et al. 2008:

0)

(i)
(i)
(iv)

Yields have been generally capped by a 0.2% increasing linear trend for fertilization
rates higher than NO=400 kgN/ha;

Cases were reference vyield is reached for a fertilization rate higher than NO are
excluded;

During the interpdation procedure, yields with a fertilization rate higher than 300
kgN/ha have been given a higher weight to better capture curvatures; and

A tolerance is allowed if the range of simulated yield values do not match the
reference yield for all of the 30d8 x ITK) options considered. The selection is to the
cases for which the range of simulated values match the reference yield with a
tolerance ofh (h=20% for all crops, excepted maize and sunflower for whiet0%).

L¥ AdQa y2i0 (KSctighcand& geyetated iR iduiedticoufe, T dzy
and FADN reference yield and fertilization rate will be kept.
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APPENDIX 2CLIMATE DATASETS

We consider 2 different baselines for climate:

1 IERA baseline is extracted from HRt&rim reanalysigproduct (Berrisford et al., 2009)
for years 2000 to 2002, and ispaosed to be close to observed weather for those years.

1 CTL baseline is constituted of 3 consecutive years extracted from the simulations of the
RCAZ3 regional climate model (driven by ECHAMS simulations of historical climate), and is
supposed to be represgative of 19762005 climate (Kjellstrém et al., 2011)An
expectationmaximization methodMcLachlan and Peel, 200@8s been used to analyze
the monthly latitudinal and longitudinal spatial gradients of the 12D®5 averaged
temperature and cumulated precipitation. The 3 consecutive years that show the closest
similarity to those gradients have been selected and used to produce our CThdaseli

Whatever the nature of climate data these baselines aim at reconstructing, they contain biases
with respect to corresponding observed climate. For instarizczypta et al2011) compared ERA
Interim to a higher resolution weather product over France, and found that-IB®Am has a good
timing in precipitation but underestimates precipitation volume of about 27%. It also overestimates the
incoming solar radiation by abodd W.n". The RCA3 model has been evaluated for present day climate
over Europe(Samuelsson et al., 2011yvhen forced with reanalysis data. In winter and fall, RCA3
simulates a slightly overestimated temperature and incoming solar radiation in northern Europe, while it
is the opposite in southern Europe. Precipitas are slightly overestimated, particularly over
mountainous regions. When RCAS is forced by ECHAMS5 climate instead of redKghisisom et al.,
2011) a cold bias appears over Europe in summer, the warm winter temperature bias in northéen win
is enhanced, and the mean absolute error in seasonal cumulated precipitations may reach locally 41% to
48%.

Differences between IERA and CTL baselines. Due to their differences in terms of sources, time
period and type of climate concept they aim a&presenting, the two baselines are expected to show
large differences. The analysis of their differences thus provides insights into the difference of
performances of the modelling framework under IERA and CTL baselines. The mean and standard
deviations oer land grid cells of the differences between IERA and CTL datasets are displayed in Table
3.A2, at the yearly and seasonal time scales. Atyirarly time scaleaveraged temperature are close in
both scenarios, while in CTL cumulated precipitations arger by 15%, and cumulated incoming
shortwave solar radiation lower by 7% than in IERA. As illustrated by a standard deviation over the
spatial domain of about 40%, the two datasets differ in their spatial patterns for cumulated
precipitations, while theyseem to have more similar spatial patterns of average temperature and
cumulated incoming shortwave solar radiation (standard deviations are respectively 0°C and 10%).

At the seasonal time scalét can be seen that CTL is especially wetter than IERAumawand
winter (for SouthiWestern EUL5) and in spring (for Northern ELb), respectively +43%, +27% and +17%
in average. Moreover, the mismatch in the spatial patterns of yearly cumulated precipitations between
the two datasets is larger at seasonal tirmeales (standard deviations of 54% to 72%). In terms of
seasonal temperature cycle, CTL has a lower amplitude than IERA (a warmer winter and a cooler
summer), this difference being located mostly in EasterAlEUThe lower incoming shortwave radiation
in CTL is generalized (3 seasons out of 4), but the spatial patterns of baseline differences are a slightly
more variable, and season dependant.
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In summary, at yearly time scale CTL and IERA baselines are mainly differing by the cumulated
precipitations (15%more important in CTL, with significantly different spatial patterns). Temperatures
are much closer in the two baselines, while incoming shortwave radiation is a little bit lower for CTL.
However, the seasonal time scale reveals stronger differences @natterage differences between

baselines, and in their spatial variability.

IERA CTL CTL IERA
Variable unit time slice [%, except °C for T
year 10+4 10+4 0x1°C
Air [°C] SON 1145 11+4 0x2°C
temperature  averaged over time DJF 2+6 4+5 2+92°C
(2m) averaged over EW5
MAM 10+£4 9+4 -1+1°C
JJA 194 174 2+x1°C
year 814 + 318 934 + 494 15+£37%
Total [mm] SON 215+ 93 292 + 158 43+ 70 %
C cumulated over time DJE 219+ 130 237 + 133 27 + 72 %
precipitation ;5\ eraged over EUS . - - ’
MAM 170+ 71 190 £ 111 17+54%
JJA 202 + 108 203 +158 058 %
year 464+£1.18| 4.39x1.40 -7 +10 %
- 0
Incoming SW [GJ] . SON 0.76 £ 0.36 0.73+0.35 4+12 %
radiation  CUMulatedovertime  pjp 044+0.29 | 0.43%0.26 5+18 %
averaged over E5
MAM 1.54 +0.27 1.49 +£0.30 -3+8%
JJA 1.86 £0.29 1.70£0.49 -10£16 %

Table3.Al: IERA and CTL weather properties overlEUNumbers are mean + 1 standard deviation
averaged over the land points of the followinggion: [12°W,30°E] x [35°N,75°N]. Variables displayed
are: averaged 2 meter air temperature, cumulated precipitation (rainfall and snowfall) and incoming
short wave solar radiation. The values are cumulated over the time slice considered, except for
temperature (average). The time slices considered are the year, and the 4 seasons: winter
(DJF=DecembelanuaryFebruary), spring (MAM=MarehpritMay), summer (JJA=JudalyAugust) and

fall (SON=Septembé&dctoberNovember).
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APPENDIX 3SOWING DATE DASRATS

As explained in sectioB.2.2.2, we adapt a method fronjWaha et al., 2012)Jo generate
spatialized sowing date datasets. Our calculation relies on the hypothesis that sowing dates can be
determined by temperature seasonal trends. The underlying hypothesis (considered as reasonable by
(Sacks et al., 2010)s that under the temperate regions of the #5, the decision to sow is mainly
RNAGSY o0& FIFINY¥SNRa (yz2e¢t SR3ST)AadundarkeSpridii 8meldthdalv i dzZNB 3
(W) overD years, based on favorable temperature thresholds for sowing (e.g., avoiding late spring frost
for spring crops). More precisely, a smoothed temperatirg i6 first generated by interpolating linearly
the monthly mean tenperature to a daily resolution. The sowing dase)(is designated as the mean
over a predefined number of yearB)(of the dayd when the smoothed temperature reaches a certain
threshold {T), within a certain time windowW/) of the year.:

i CORYho a QO "Yho B

0@ ™ h 0"V i ED R £ EDI 00 Q

where for each year of the D time period, d(T, W) is the day wherl reachesT, if it exists
within W, or the first day ofV time window (default date).

We calibrated the temperature thresholds for each of the nine crops considered, by minimizing
the difference of simulated sowing dates to the XR@p calendar datgWillekens et al., 198), using a
least square procedure. However, the method was adapted differently under IERA and CTL baselines:

1 Under IERA baseline, the time window W was limited in earlier possible sowing date to 15 days
before JRC reference sowing date for each pixedrever reference was available (in order to fit to JRC
reference). The sowing dates were computed over the whole studied domain with linearly interpolated
2001 (for winter crops) or 2002 (for spring crops) HR&rim monthly temperatures (assuming thateth
farmer has a fine understanding of the seasonal temperature of the weather trends for the crop cycle
year).

1 Under CTL baseline, the whole 192®06 time period was used for computation and calibration
66S GKdza O2yaAiARSNI (KS 7T lraNd¢ Sedddaal cgtle 3ypical Zrdm d climétg S+ y Q
scenario). The time window was also enlarged to give a higher weight to temperatures as a determinant
of sowing dates, and starts sooner. It reflects what would be expected in the design of a present climate
basline for climate change impact assessment: the calibrated temperature thresholds are more
sensitive to the temperatures (because the sowing dates are less constrained to remain close to the JRC
reference), making it more consistent to reuse them to conepuew sowing dates under an alternative
climate.

Differences in IERA and CTL sowing dagimilarly to differences in climate datasets under IERA
and CTL baselines, the analysis of the differences in sowing date datasets helps understanding the
differences in the simulated agricultural supply under CTL and IERA baselines. For IERA, most dates are
within +15 days of JRC crop calendar reference where available (not shown), except for winter wheat in
Greece where actual sowing occurs about 3 weeks later tbimence in IERA. In CTL on the other hand,
sowing dates are not as close to the reference calendar: differences have a standard deviation of about 3
weeks and can present regional differences up to 2 motlesg. around the Alps, southern France,
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centrd Spain. This result is consistent with IERA weather data being expected to better capture regional
temperature patterns, and IERA implementation of sowing date computation method being more
constrained by JRC reference.

Crop IERA CTL CTL:- IERA

Specie Sowing seasor
Durum wheat Oct. 8" + 16 days Sep. 22th + 25days | -16 + 20 days
Bread wheat Winter Oct. 13" + 17 days Oct. '+ 27 days -12 + 18 days
Rapeseec Sep. 1'+ 2 days Aug. 28 + 21 days -4 + 21 days
Barley Oct. 12" + 23 days Sep. 27" + 23 days -16 + 20 days
Barley Mar. 2+ 24 days Mar. 16"+ 33 days | +13 * 23 days
Potato Apr. 12" + 14 days Apr. 28" + 17 days +12 + 21 days
Sugarbeet Spring Mar. 30"+ 13 days | Apr. 12"+ 20 days +12 + 15 days
Maize Apr. 21st + 13 day Apr. 29" + 30 days +7 + 26 days
Sunflower Apr. 8"+ 9 days Apr. 28" + 26 days +19 + 25 days
Soybean Apr. 23th £ 9 days May 13" + 26 days +19 + 25 days

Table3.A2: Computed sowing dates for various crop types, under IERA and CTL basdlinesheas
are mean * 1 standard deviation, averaged over all FADN EU15 regions.

Table 3.A2 presents the computed sowing dates by crop for both scenarios, and their
differences. The simulated sowing dates show systematic differences in their mean European values:
winter crops are systematically sown earlier in CTL (~4 to 16 days), while spring crops are systematically
sown later (~7 to 19 days). As sowing dates are mainly depending on temperaturel &) #i$ result is
guite consistent with the differences disaesl earlier between CTL and IERA weather data as CTL
displays warmer winter and colder summer temperatures. This mean change varies quite a lot spatially
as the standard deviations of differences are higher than their mean.

Nevertheless, reconstructing sing dates is a difficult task. First, JRC crop calendar is rather
homogeneous at the national scale while having some discontinuities around administrative borders and
its accuracy at sub national scale may thus be questionable. Our calculations attorejly on
seasonal temperature trends which are more variable at sub national scale than JRC reference: most
EU15 countries have regions with various topography and distance to coastal zones. Secondly, our
method rely on the assumption that sowing date® mainly determined by temperature seasonal cycle,
which may not be sufficient, since farmers may have to allow their labor to several activities at the same
time, wait a certain time after preceding crop harvest, and consider soil humidity both fareeng
intervention possibility on fields and seed bed moisture isg@@esen and Bindi, 2002; Rounsevell et al.,
2003; Audsley et al., 2006)
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APPENDIX40PTIMAL FERTILISATION RATE ASSUMPTIONS

For each baseline, the selection of a unigggseindN) production function among simulated
possible production functios {Y,(N)}-1.30is based on a minimal difference between the price ratio of
purchased nitrogen input over marketed crop production and the derivative of each possible production
function Y{(Noyt, ) at Nopti , defined by the fertilization rate for whiokach production function reaches
the FADN vyield °Y. We thus assuméGodard et al., 2008)hat in reality farmers reach economic
optimality with respect to the fertilization rate, and that the most realistic production function is the
closest to this economic optinity, defined by the maximization of per hectare crop specific gross
margin with respect to N input. Based on mathematical programming theory, in case the optimal
nitrogen inputNoy is strictly positive, the derivative of the production function has todogial to an
implicit price ratio (instead of the market price ratio) as summarized by the following equation:

T o, ;

[X1] o 0 -

with implicit pricesvand” respectively referring to the fput and to the crop yield.

Due to the elatively complete description of internal fartyipe activities links and to the mixed
integer and linear approach used (allowing to represent CAP measures such as quotas), there are several
reasons for the implicit and market prices to be different. Thety lead to a biased estimation of
implicit prices ratio by marketed prices ratio, and then to lower realism performance in the choice of
both baseline production functions and in modeled fertilization rates.

Let us consider the economic farm model, acamm for (i) possible mineral and organic
nitrogen contributions (the organic source of nitrogen is provided byaom recycling of manure, and
converted to mineral nitrogen input by a constant factdii) a limit in manure application rate (based
on Euopean Nitrate Directive)(iii) limits to crop production (e.g. quotas) or area share (e.g. rotation
bindings),(iv) a choice between marketed or darm use of production as animal feed. If the crop is
assumed to be produced and assumed to use a strmibitive nitrogen input, the optimal yield and
nitrogen input can be theoretically determined according to two cases:

In the first case, when at least a part of mineral nitrogen is used and at least a part of the
production is marketed, the optimal degtive is equal to or greater than the market price ratio (strictly
equal when production and nitrogen limits do not hold).

In the second case, when mineral nitrogen input is null or when the share of marketed
production is null, the derivative and the nkat price ratio differ. In this case, the optimal derivative is
lower than the market price ratio. This result means that either production is more valuable through on
farm consumption than through market exchange, or organinpuit is more valuable thapurchased
mineral nitrogen source (formal proof can be provided on request).
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Farmlevel autonomous adaptation of European agricultural supply to climate change
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ABSTRACT

The impact of climate change on European agriculture is subject to a significant uncertainty, which
reflects the intertwined nature of agriculture. This issue involves a large number of processes, ranging
from field to dobal scales, which have not been fully integrated yet. In this study, we intend to help
bridging this gap by quantifying the effect of fasnale autonomous adaptations in response to changes

in climate. To do so, we use a modelling framework couplingsti€S generic crop model to the AROPA|
microeconomic model of European agricultural supply. This study provides a first estimate of the role of
such adaptations, consistent at the European scale while detailed across European.rEgromscale
autonomouws adaptations significantly alter the impact of climate change over Europe, by widely
alleviating negative impacts on crop yields and gross margins. They significantly increase European
production levels. However, they also have an important and heterogemn@npact on irrigation water
withdrawals, which exacerbate the differences in ambient atmospheric carbon dioxide concentrations
among climate change scenarios.

Keywords climate change; agriculture; Europe; residual impact; autonomous adaptation; -wseer
efficiency; modeling
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4.1. INTRODUCTION

The impacts of climate change on agriculture have come under scientific scrutiny for more than
two decades, but are still shadowed with uncertainty. Agriculture is fundamentally of an intertwined
nature, involvig agronomic, environmental and soeconomic dimensions. Studies set out to
disentangle what is at stake from these points of vi¢iRarry et al., 2007)The estimates and the tools
used to carry them out varied greatly.

Recentstudies covering at least the European continéidarry et al., 2004; Fischer et al., 2005;
Rounsevell et al., 2005; Audsley et al., 2006; van Meijl et al., 2006; Alcamo et al., 2007; Hermans et al.,
2010)generally appraisglobal changedealing with issues covering more than changes in climiatee.
Indeed, they pay much attention to accounting for the evolution of the main determinants of agriculture
other than climate itself, in accordance with the assumptions underlying the different pathways leading
to the anthropogenic perturbation of thelimate. More specifically, these global change assessments
include the determinants of the future agricultural supply (e.g., technological progress, climate change,
land use change), and the future demand for agricultural goods (e.g., glidaldemograhy and its
food diets, trade regimes, and economic growth rates). On the one hand, glohlal partial and general
equilibrium models endogenously model changes in technological progress, demand for agricultural
goods and land use consistently across giveen spatial domain, and dynamically over tifkéscher et
al., 2005; van Meijl et al., 20068pn the other hand, finescale lad-use modelgfRounsevell et al., 2005;
Audsley et al., 2006; Hermans et al., 2048 downscaled and static versions of these determinants
(Abildtrup et al., 2006; van Vuuren et al., 200Mp matter the means, these studies suggest that climate
change may be a relatively naindriving force behind the evolution in the European agricultural supply
(Ewert et al., 2005; Audsley et al., 2006; van Meijl et al., 2006; Hermans et al., 2010)

We have reason to believe that in these recent studies the complexity of agricultural system
not fully reflected in the way the impact of future climate on agriculture is accounted for, from both
conceptual as well as methodological points of view. To better understand the various facets of
adaptation, the Intergovernmental Panel on Climateagge (IPCC) has defined a conceptual framework.

It separates thepotential impactsof climate change on a particular system from tesidual impacts
including theeffective adaptation(defined byadaptation optionsand the ability of the system to
implement them, i.e. theadaptive capacity Adaptation is further differentiatedFissel, 2007ccording

to various criteria, including its purposefulness (autonomous vs. planned), planning horizoAdsmort

or longterm), form (technical, institutional, financial, behavioral or educational), and the actors
involved. In this respect, the most comon pattern in the previously diagnosed changes in the European
agricultural supply are a reduction in the agricultural share in land use as a result of technological
progress, and global spatial redistribution of agricultural supply through dynamic tegiees. They

refer to longterm structural changes in the agricultural supply, and the adaptation possibilities of
holdings at the farnscale were only partially accounted for, such as changes in management practices,
or in the crop portfolio at the farmscale(Smit and Skinne2002; Antle et al., 2004; Bindi and Olesen,
2010; Olesen et al.,, 2011These adaptations are of autonomousnature, defined as the ongoing
implementation of existing knowledge and technology by farmers themselves, in response to
experienced changes alimate. They are known to have played an important role in Eu(Beédsma et

al.,, 2010) and have been identified as a key uncertainty in climate change impact assessments
(Easterling et al., 2007)
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From the methodéogical point of view, the tools used to assess the effects of changes in climate
alone may not be able to fully capture the spatially heterogeneous link between outcomes of the
agricultural supply and its physical, technical and secimnomic environmentFirstly, the atmospheric
variables (such as atmospheric carbon dioxide level and weather) have impacts on several processes of
the soilplant system(DaMatta et al., 201Q)and their net effects as well as their spatial variability is
heavily dependent on the species under consideration and the distribution of the physical (ciintate
soil), and technical (management practices) environment. In this respect, tools such as the AEZ
methodology used irfvan Meijl et al., 2006)the ROIMPEL agmimatic model used ifAudsley et al.,

2006) or the Environmental Strata metho@etzger et al., 2008used in(Rounsevell et al., 2005;
Hermans et al., 2010have a relatively coarse representation of this link. Secondly, this link has been
measured across Europe as spatially heterogeneous, and very dependent on thecowimic context

of agriculturalsystems (e.g., farm economic size and production orientation(Re&lsma et al., 200)7)

This latter context also strongly influences the fasoale adaptationgReidsma et al., 2010and has not
been accounted for in the studies cited above.

In this paper, we propose to quantify the specific role of sttenn autonomous adaptations in
the European agricultural supply response to climate charejging on the coupling at the farscale of
a microeconomic European agricultural supigle model (AROPA(De Cara et al., 2005; Galko and
Jayet, 201D)with a generic ®p model (STIC8risson efl., 2003, 2008) This modeling framework is
designed to perform a quantitative analysis of the European agricultural supply, through the diagnosis of
agricultural supply outcomes at the farm to continertédble aggregated level. It models the behavibr o
a distribution of economic agents, who optimizes the use of resources and the agricultural activities at
the farm scale by maximizing profit. The effects of changes in climate and management practices for
various crops are accounted for by the couplioghe crop model. Moreover, the model has a regional
spatial resolution and a fine accounting for the infesgional heterogeneity in the physical and secio
economic determinants of agricultural activities. It consequently provides an adequate tool tesaddr
autonomous adaptations, and it opens the door to addressing the following set of questions:

1 How do farmscale adaptations alter the projected changes in yields, production levels, gross
margins and environmental impacts of the European agriculturgblg@p

1 Do they alter the nortksouth geographical gradient generally associated with climate change

impact on agriculture over European?

1 Would they alter the place of climate change in the ranking of the determinants of future

European agricultural supply?

In the next section, we detail the modelling framework and the scenario under consideration. In
section4.3, we present our findings in terms of changes in crop productivities, production levels, and
finally gross margins and the environmental and resowrse impacts. In sectiod.4, we discuss our
results with respect to any limits in the modelling framework and previous studies, before highlighting
their importance and implications for future climate and global change impact assessments on European
agricuture.
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4.2. MATERIAL AND METHODS

We first briefly detail the modelling framework, and then the scenarios constructed to assess the
effect of both climate change and faratale autonomous adaptations.

4.2.1.The modelling framework

The European agricultural prodimt is represented by AROPA|, a sugptle model belonging
G2 GKS Wl 3834 dzdiii dzNI2 R SX A 1Qdz{O(vail GeB\®exiiand Pdefsyni 200¥MaS R 0 &
is basedon a micreeconomic approach applied to a distribution of virtual fatypes representative of
realworld farms (excluding horticulture, wine and grapes, and arboriculture). The distribution of farm
types is constructed against the Farm Accountancy Datavdik (FADN) census data, a harmonized
annual survey sample of the agricultural holdings in the European Union. For each of the FADN regions
(figure 4.1), the FADN sampling methodology selects holdings in order to provide a representative (in
terms of praluction orientation and economic size) accountancy information of agricultural holdings.
The regional farmtype distributions in AROPA|j are delineated by regrouping FADN farms in
homogeneous elevation, economic size and production orientation classeamifiimal sample size.
Here we use a version of the model covering the former 15 Member European Union (hereafter referred
to as EUL5), including 1074 farrtypes delineated after 2002 FADN census data, distributed across 101
regions.

Each farmtype is conglered as an autonomous pritaker economic agent, fed with FADN data
(total agricultural land, animal capital, existing activities and related variable production costs, yields,
prices, and policy bindings), who organizes its production activities tammxits gross margin. Thus an
agentk is modeled by the following mixed integer linear mathematical progim@n (

A © Q éw
0 . 0 fw o
| 88 ! "ﬁbﬁ T
where ~ ¢ denotes gross margin, and z respectively denote activities and resources vectors,
and gand A respectively denote the gross margin operator and the matrix of technical constrains.

[5]

An economical agerin AROPA| can thus react to changes in demand (via prices) or policies (via
premiums or other incentives) by adjusting its activities (e.g. land allocation to different uses, adjustment
in animal capital and its feed sources, allocation ofamm grain poduction to market or animal feed, of
on-farm sources of manure as fertilizer, etc ..(Pe Cara et al., 2008eveloped an additional module
that computes a detailed accountancy of G GHG emissions related to the various activities. More
information on the technical description of the AROPAj model can be foufDenCara et al., 2005;
Galko and Jayet, 2011)
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Modelling framework summary
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Figure 4.1 - Schematic view of the modelling frameworkThe coupling procedure consists in (1)
identifying the distribution of European crops aescribed by AROPA| agricultural supply model, (2)
providing them with different scenarios of the physical and technical determinants of their yields (soil,
climate, management practices), (3) to feed AROPA| back with yield responses to this envirasment,
simulated by STICS generic crop model. Within each FADN rediBOPA| considers a distributionkpf
farm-types (1074 in total, over 101 regions). Each faype k is considered as a pritaker economical
agent, whose behavior is modeled by a mattagical program B). The agent behavior consists in
organizing production activities Jjxto maximize gross margin,J. Major European crops (bread wheat,
durum wheat, rapeseed, barley, maize, sunflower, soybean, potato, and sugarbeet) of each agent
delineate cropagent couples, for which we simulate yield response to nitrogen input with STICS crop
model.

In order tobe able to account for changes in crop yields due to changes in either climate or crop
management practices, we extended to-fEB the methodology developed lgodard et al., 2008nd
replaced observed FADN crop yields and nitrogen inputs by simulated (beekere et al., n.d.)As
shown on figure4.1, we simulate for each AROPA] agent the yield of nine European majof witips
the STICS generic crop mod@Brisson et al., 2003, 2008%ing spatialized inputkr soil, weather and
management practices. STICS is a detailed generic crop model, working at dadiefnaed simulating
the interaction of the soiplant system, including management practices. In this procedure, we first
simulated the response of @p yields to nitrogen input, and then interpolated it as production functions
Yex¥F2NJ SIFOK ONRBLI / 2F SIFEOK SO2y2YAOIf |3Syid -1 O2ya
F3ASyGé O02dzld S0 a F2N¥dzZ I GSR Ay SljdzZ A2y @wHBY

8 namely bread wheat, durum wheat, barley, maize, rapeseed, sunflower, soybean, potato and sugarbeet.
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Wp DA O [6]
0 M6y 65 O #Q 0f
with the crop C and farm groupdependant parameters A (no fertilisation yield), Bx(N non
limited yield) and ¢ (yield sensitivity to N input).

Finally, the fertilization rate is determined by maximizing per hectare crop gross margin, using
additional information from AROPA]j concerning fertilization costs (includidfgrom manure availability
and commercial fdilizer price), and market price for the crop specific agricultural good.

4.2.2.Scenario description

Three different climate data sets have been derived from two continuous runs for the time
period 19562100 used for the fourth assessment report of the IPETHAMS global circulation modegl)
under respectively the A2 and B1 SRES sceng@Miakicenovic et al., 2000fKjellstrom et al., 2011)
downscaled these runs at the 0.5 ° longitddétude resolutionwith the RCA3egional climate model
(Samuelsson et al., 201WWeextracted from these downscaled simulations the time period 12065
(from the A2 run) as th@resent climate baselineand the time period 2072100 for both A2 and B1
scenarios a$wo future climate scenariodVe considered a time horizon by thedeof the 2£' century
for future climate to get an upper range of climate change, while having more contrast between the two
SRES scenarios. A further extraction of three consecutive years for each scenario was done, using an
Expectatioamaximization algathm (McLachlan and Peel, 200@) select the 3 consecutive years that
best represent the climatology of each scenario. These 3 years data seesehpclimate baseline and
two climate change scenarios are hereafter referred to as respectively CTL, A2 and B1 climate scenarios.
The future [Cg] levels used were 724 ppm and 533 ppm for respectively A2 and B1 scenarios.

In CTL baseline, the soil andmagement practices inputs are designed to be as close as possible
to the observed data while being consistent with the weather ddteclére et al., n.d.)AIl together,
these inputs have been used to simulate a unique set of production functions for the CTL baseline (figure
AMO GAGK GKS {¢L/{ ONBNWI¥Y2RORMMAI B2NI S| OK & ONZ LJ

Thetwo climate change scenarios have been considered through the simulation of addlition
production functions with STICS being imposed new weather (while keeping CTL inputs for soil), from A2
and Bl climate data sets. However, we considered different scenarios with various degrees of
adaptation.

To account for the adaptations afop managment practicestwo different sets of production
functions were derived for each future climate scenario, using respectively the same management
practices as in CTL, and a new set of management practices. These new management practices were
generated forS | OK -laDNPRLEd O02dz2L) S o6& aAavydzZ ldAy3a it GKS 02
the choice of the preceding crop (spring leguminous or winter wheat), the management of crop cycle
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length or timing, and the availability of water resource for irrigatioThe adapted management practice

is defined as the one maximizing the crop specific per hectare gross margin among all these possibilities.
While the distribution of irrigated crops is defined by the FADN data in CTL scenario, we considered that
due to danges in water resources, irrigation could become both available (for cases not irrigated in CTL)
or unav?ilable (for cases already irrigated in CTL), based on a simple per hectare water resource
balance®.

We also accounted for the possibility md-allocating agricultural land at farrscale e.g. to
switch between crops, but also to extend (or reduce) cropland over pasture. This second level of
adaptation has been implemented by allowing or not the land allocation to change in the AROPAj model,
with respect to its state in CTL scenario. It should be noted that the possibilities of land reallocation are
however restricted by the typology bindings of AROPA]j agents, limiting the relative shares among
different land uses given the production orientation of bagent.

Finally, we considered a set of 7 scenarios, encompassing one present day climate baseline with
observed management practices (CTL scenario), and two future climate scenarios (A2 and B1) along with
three adaptation scenarios (see tallel): (i) alaptation of neither crop management practices nor land
allocation (DUMB scenario); (ii) adaptation of crop management practices only (AGRO); and (iii)
combined adaptation of crop management practices and land use (SMART scenario).

ADAPTATION SCENARIO CUMATE SCENARIO
Name managc;:er%%nt aIIocIZ':letlirg)i A2 Bl
DUMB - - A2oumB Blouws
AGRO X - A2xcro Blacro
SMART X X A2smarT Blsmart

Table4.1 ¢ Future climate and adaptation scenario$n addition to CTL baseline, we considered two
climate change scemi@s (A2 and B1), at the horizon 202100 under respectivelA2 and B1 SRES
scenarios. For each climate change scenario, 3 levels of adaptation are consBMrAdRTadaptation of

both crop management practices and land allocatiohf;RO(adaptation of nanagement practices
solely), andDUMB (no adaptation, i.e. land allocation and management practices identical to CTL
baseline).

9According to the op concerned, we considered either the use of an alternative cultivar among 3 possibilities
(thus altering crop cycle length), or a shift in the sowing date by + 3 weeks (thus altering crop cycle timing)

%\We corsidered that due to water use competitiomd resource preservation, the flux of blue water ([B], the
amount of precipitations [P] not directly evaporated by the gént system [ETR] nor irrigated [I]) transferred to
river flows must be maintained superior to a critical flow{{). Thus irrigtion was not allowed if [B <,Q] i.e. if
[(P- ETR)igaed- | < Quin] Over 3 years. Q,was interpreted as an ecological flow and its value taken equal to
95 mm.yea};L (as evaluated byGustard and Gross, 1989)
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4.3. RESULTS

We first present in sectiod.3.1 the changes in climate, the subsequent changes in simulated
crop yield, and the simated adjustments in both crop management practices and in fievel
organization of agricultural supply. We then derive in secdd®2 the consequences for European
agricultural supply in terms of agricultural production, agricultural gross margineandonmental
impacts. Finally, we analyze in sect#8.3 the spatial patterns of these changes acrosd kltkgions.

4.3.1.Changes in climate, simulated crop yields, and resulting fescale
adjustments

4.3.1.1. Changes in climate

Climate change scenarios are meliwith expected impacts over the European contingkltamo
et al., 2007)with temperatures increased everywhere in any season by at least 1° C to 2°C (respectively
in B1 and A2 scenarios) and a higher increase in Northern (resp. Southern) Eussimem(resp.
summer), up to more than 4°C and 6 °C respectively in B1 and A2 scenarios.

In terms of cumulated precipitations, there is a clear North East to South West gradient with
greater (resp. smaller) cumulated precipitations in Nefhstern (respSouthEastern) Europe. However,
trends in precipitations are much more seasonally marked in the A2 scenario, with the increase in
precipitations in NorthEastern regions being larger in winter and spring (up to +50%), while the
reductions in SouttWestan Europe are larger in summer and autumn (up56%). In the B1 scenario,
the seasonality is less marked and cumulated precipitation can even increase in some Mediterranean
coastal areas, especially areas under Atlantic influence (e.g. Portugal andriw8pten) all year long,
and under Mediterranean influence for summer.

Finally, although the spatial trends are comparable in the two climate change scenario, Bl
scenario is essentially differentiated from A2 scenario by less intense annual trend andaiasn the
projected changes for both mean temperature and cumulated precipitations. A further differentiation is
the much lower increase in atmaospheric concentrations in the B1 scenario (533 ppm) compared to A2
scenario (724 ppm).

4.3.1.2. Crop response to ghate change and management practices
adaptations

For each crop whose production function is computed, its yield affitid levelis determined
partly by the crop model inputs (daily weather derived from climate scenarios, soil inputs, and
management pactices), and partly by the price scenarios, which further determines the fertilisation
rate. At thefarm-level land allocation also needs to be accounted for to explain the changes in yield
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once aggregated by crop groups (through changes of the respeataa share of different crops in a
crop group). At theegional level mean regional yield values of specific crops or crop groups are also
determined by the relative area share dedicated by each agent located in the region to each crop or crop
group. Fgure 4.2 illustrates the regional distribution of changes in averaged regional yield for different
crops and crop groups, relative to their median across FADN regions under CTL climate scenario.

The regional yield changes exhibit highly variable and astnic distributions across regions,
and are hereafter described by their mediandd), first and third quartiles@1and Q3), and their inter
guartile range valuesDQ. The European aggregated valuét)(are the mean of regional changes
weighted by thei regional area share in the European total area dedicated to each crop or crop group,
and are thus different from median regional change. These figures for all crops and crop groups are
gathered in appendix.

Without adaptation of management practices (BB scenario), the distribution across regions
of yield changes aggregated at the crop group level are highly variable for most crop groups, but their
aggregated values at the European level are relatively small (changes in EU values for B1 and A2 are
respectively: +1% and +1% for cereatb3% and1% for root and tuber crops, and +15% and +15% for
oilseed crops). When further disaggregating crop groups into individual crops, the distributions of yield
changes are generally more differentiated in terms offbmedian and intelquartile values. The crop
group aggregates thus hides a significant heterogeneity among crops (e.g. for B1 sdedathianges
are respectively +17%31% and +4% for wheats, maize, and barley). When adaptation is accounted for
(SMARTscenario), a huge gain is obtained: almost all regions experience a positive climate change
impact on yield, while median and EU aggregated values are highly increased (around +40% in median
value relative to CTL scenario, and around +50% in Europeaggaten value, see appendix). However,
the variability in yield difference to CTL scenario is also enhanced, especially for oilseed crops, and root
and tuber crops (their intequartile ranges are roughly multiplied respectively by a factor 4 and 2),
meanirg that the gains from adaptation are unevenly distributed across regions while enhancing the
spatial variability in climate change impacts.

After decomposing the adapted scenario in management practices adaptation on one side
(AGRO scenario), and furthedaptation from land reallocation on the other side (SMART scenario), we
found that adaptation gains in crop yield are provided essentially by adopting new management
practices (figure4.2). These adaptations are briefly described in appendix, but aepth analysis of
these changes is beyond the scope of this article, and will be analyzed in future work. However, it is
important to note that irrigation use becomes impossible for about 10% of cases (due to lack of water
resources) for both scenarios, big adopted in other cases (especially in B1 scenario), leading to an
overall higher fraction of irrigated crops (from 27% in CTL to 32% in A2 and 42% in B1). Additionally, all
cases see an increase in the irrigation intensity, even up to +50% relatire toadian intensity in CTL
for 25% (A2) to 36% (B1) cases. Changes in the irrigation strategies are thus more differentiated across
climate change scenarios concerning irrigation: although the trend in irrigation abandonment is of the
same magnitude, irr@tion adoption and intensity are more intense for B1 scenario. Both results are not
straightforward since precipitations are more reduced in A2 scenario than in B1 scenario.
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Distribution of changes in regional yields by crop
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Figure4.2 - Simulated changes in regional vield valudsor each crogroup (and each crop for cereals)

under DUMB, AGRO and SMART scenarios for both climate change scenarios, the distribution of regional
yield changes across HI3 regions are presented using box and whisker plots. The relative changes are
given in percentges of the median regional yield value acrosslbUegions in CTL. The central value,

the upper and lower bounds of boxes respectively denotes medidrantl 3° quartile values of the
regional distribution of relative changes. Lower (resp. upper) whiskews last points that are withid3
(resp.1*) quartiles plus (resp. minus) half the inigmartile range.

4.3.1.3. Adjustments at the farm level simulated by AROPA,|

In response to these heterogeneous yield changes across crops and regions, the agents in the
AROPAj model play on three main adjustmeiifschanges in thdertilisation rate of each crop (as a
response to a change in crop valorization of N input, i.e. production function curvaftiyejanges in
animal feeding mixo satisfy their animal feg needs (between offiarm use of cereal productions,
fodder crops, grazing, and purchase of feed concentrates), (aBcchanges in theidand resource
allocationto various land uses (mainly among crops, unmanaged land, and paStufid)e first two
options are active in all scenarios (DUMB, AGRO and SMART), while the adjustment of land allocation
was only activated in the SMART scenario. Tdlflepresents the statistical estimates of the regional
distributions of the previous three adjustments across fltd FADN regions (see firsf paragraph of
section4.3.1.2 for an explanation &U Q1, med Q3andDQvalues).

1 A last adjustment is the changes in the share of different fertilizer sources (purchasing commerciarfertiliz
and using on farm manure from animal capital dejections) in the total fertilizer application. This adjustment is
active in all scenari@s o0dzi 62y Qi o6S IFylrftedl SR KSNBE aiayO0S Al R2Sa vy
simulate adjustments in animal herds, but we considered this option to be more of a long term reaction nature,
and deactivated it.
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Climate scenarig

] ) B1 A2
Adaptation scenarig
(a) Fertilization rate EU Q1 med Q3 DQ| EU Q1 med Q3 DQ
DUMB| -4 -12 -2 2 13| 3 -3 1 7 10
Fertilization rate Add. AGR(| 12 1 8 19 18 | 10 2 8 13 11

Add. SMART 8 0 5 13 13 9 0 4 12 12
SMART|[ 16 0 14 29 29| 22 1 16 32 31

(b) Land use EU Q1 med Q3 DQ| EU Q1 med Q3 DQ
Pasture * SMART|[ -6 -9 -3 0 9 -6 -8 -3 0
Cropland * SMART[ 4 0 2 5 5 4 0 2 5

Cereals SMART| 5 0 4 11 11| 5 0 4 9 9
Wheats SMART|| 25 3 12 43 40 | 24 2 10 37 35
Barleys SMART|[ -10 -11 0 6 17 | 5 -6 0 8 14
Maize SMART|[ -5 -6 1 18 24 | -12 -3 1 14 17

Root and tuber crops SMART| 7 0 1 14 14| 6 0 1 16 16

Oilseed crops SMART| 5 0 1 13 13| 5 0 2 10 10

Fodder crops SMART| O -1 0 1 2 0 -1 0 1 2

Other * SMART|[ 2 0 1 4 4 2 0 1 3 3
" = absolute change in % regional U,
(c) Animal feed sources EU Q1 med Q3 DQ| EU Q1 med Q3 DQ
DUMBI|f 2 -2 0 4 6 5 -2 0 5 7
Onfarm cereal consumption Add. AGRC| 10 O 3 17 17 | 8 0 3 19 19

Add. SMART 29 0 11 48 48 | 28 0 13 41 41
SMART|[ 41 5 30 70 65| 42 4 26 59 55

DUMB| -1 -2 0 1 3 -2 -2 0 0 2

Purchased feed concentrates Add. AGR( -4 7 -1 0 7 -3 -7 -1 0 7
Add. SMART 2 -1 0 4 5 2 -1 0 3 4

SMART|| -3 -8 -1 1 9 -3 -7 -1 0 7

Pasture SMART|| -23 -39 -12 0 39|-24 -33 -10 0 33

Table4.2 - Adjustments at farmlevel to climate changeFor the various scenarios considered, the table
presents the statistical properties of the regional distributions acrosé &k¢gions of relative changes in
regional (a) fertilization rate per hectare of agricwél land, (b) land allocation between pasture and
cropland, further detailed in crop groups (and further detailed in crops for cereals), and (c) sources of
animal feed mix between ofarm cereal consumption, purchased feed concentrates, and grazed
pasture. EU, Q1, med and Q3 respectively to changes in the EU aggregated value, the first and third
guartiles, and the median of the regional distribution. Except otherwise stated, all figures are expressed
as the percentage of change in the regional per hecatragricultural land value, relative to the median
regional per hectare of agricultural land value in CTL scenario. In section (b), the changes in broad land
use categories (pasture, cropland, and otheegrouping unmanaged or forested land), anotedhnét ,

are expressed as absolute changes in the share of eachulsndategory in the regional UAA. In all
aSO0GA2yas WI RR® ! DwhQ |yR W!I RR® {a!w¢Q RSy24G4S (KS
DUMB, and SMART and AGRO, relative to the medgional per hectare of agricultural land value in

CTL scenario.
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Fertilization rate Without adaptation of management practices (DUMB scenario), the changes in
fertilizer rate are slightly variable, but the median and aggregated European values are sthall a
opposite in the two climate change scenarios considered. When full adaptation is considered (SMART
scenario), the overall fertilization rate is clearly increased (e.g. +16% and +14% in median value
respectively in B1 and A2 scenarios). This increasmmsnon in almost all regions (positive values of first
quartile), however with an uneven intensity. It is due mainly to a rise in crop valorization of nitrogen
input after the adaptation of management practices (add. AGRO), and to a lower extent to fiamnker
re-allocation, which promotes fertilizer intensive landes (add. SMART).

Land use The main signal is lass of land devoted to pastuia some regions, leading to an
overall loss of more than 20% in the total European pasture area (equival@&sb tof total agricultural
land), converted for approximately two third to arable crops. In very few regions, it is converted to
unmanaged land. This signal is equivalent for the two climate change scenarios, and is explained by the
fact that the rise in crp yield from management practices adaptation decreases the economic land
valorization of grazed pastures relative to arable crops and fodder. This underpinningsdalen
optimization logic is also related tanimal feeding mix optimizatiofisee next paragph). Another
interesting aspect of land use reallocations is the switch among crops: despite the share of land use is
increased for all crop groups, it is not equally distributed among all crops within each crop group. For
example, cereals area gain alid@? at the European aggregated level, but while the area dedicated to
wheat is increased by roughly 25%, the area dedicated to md&i%ei6 A2;12% in B1) and barleyl0%
in A2,-5% in B1) are declining. This highlights the rolsulfstitutions betwee crops captured by the
AROPAj model through land allocation constrains reflecting both the agronomic rotation possibilities and
the typology bindings: hence crop substitutions are allowed within crop groups (but limited by
agronomic possibilities) and amg crop groups (within typology bindings). This phenomenon is
responsible for significant yield increase at the crop group level (up to 25% of the fully adapted gain, for
cereals, see appendix).

Animal feeding mix In case no adaptation occurs (DUMB sg@), on farm consumption of
cereal production follows roughly the changes in cereal yields: the regional distribution of its change is
variable but neutral across Europe (where yields increasdamn cereal consumption do so but in
lower proportions).Expenditures of feed concentrates are thus varying across regions, but the overall
effect is a small reduction at the European aggregated level. For agents having herds, the changes in
cereal production imply a change in-farm used vs. marketed sharespbduction. Where production
decreases, the feed equivalent from on farm cereal consumption is replaced by purchasing concentrates,
and vice versa. Once agronomic adaptations are accounted for (AGRO scenario), cereal production is
clearly increased (by 30 at the European level). The major part of that rise in production is sold on the
market, but the share of ofarm cereal consumption in the feeding mix clearly increases and feeding
expenditures are finally reducedd@o at the European level). The pi@us getting more complex when
land reallocation is allowed (SMART scenario): for agents having herds, allocating land to crops or fodder
becomes more profitable than allocating land to pasture, even if it means that the feed equivalent needs
to be replace by alternative sources. It is illustrated by the rise in both the share ofamn
consumption of the cereal production gain (+28% / +29% at the European level, compared to +15% for
marketed production), and in feed concentrates expenditures (+2% dEtnepean level).
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4.3.2.Economic and environmental consequences for European agricultural
supply

4.3.2.1. Agricultural productions and gross margins

In our modelling framework, only vegetal activities are directly affected by climate change.
Although the economiwalue of animal activities is also affected by climate change and adaptations
through changes in sources and costs of animal feed, their production levels are identical to present
climate. We will thus only detail changes in production levels of vegeiaitass.

Table4.3 presents the changes in production levels (per hectare of agricultural land). Without
adaptation (DUMB scenario), the changes in production for each crop group follow yield changes and are
thus variable across FADN regions while reddyi modest from the aggregated point of view.
Adaptations allow the changes in regional production levels to be positive almost everywhere (SMART
scenario). At the European level, production levels are thus increased by roughly 50% to 80% for all crop
groups, with a higher increase for roots, tuber and oilseed crops. This increase is not equally distributed
across FADN regions, and the intgrartile range of production changes is highly increased. This gain in
production levels is provided by the adaptati of management practices solely for two third, and by
further land reallocations for one third (not shown here).

These significant changes in productions and in the underlying-$aaie reorganization of
production systems lead to changes in the prade value of agricultural land. Tab4e3 also presents
the change in gross margin per hectare at the aggregated European level and its regional distribution for
the various climate change and adaptation scenarios. If not accounting for adaptation (DdhBia),
climate change induces a change in land productive value rather neutral at the aggregated scale (0% for
median regional changes in both climate change scenarios) but variable: 50% of the regions see a change
between-11% to +5% (for B1 scenarim) -6% to +4% (for A2 scenario), and 95% of the regions see a
change within-36% to +43% (B1) an82% to +30% (A2). After full adaptation (SMART scenario), there is
general gain in land productive value (95% of the regions are betwsrto + 100% for Bdnd-6% to
+114% for A2). At the European aggregated level, this is roughly equivalent to a +20% increase for both
scenarios. In particular, autonomous fasunale adaptations allow to reduce the number of regions
experiencing a negative impact from 35 JAR 41 (B1) to only 4 regions. Land reallocations contribute
solely to about one tenth to the adaptation gain at the aggregated level (not shown here).
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Climate scenarig

Bl A2
Adaptation scenarid

(a) Production levels EU Q1 med Q3 DQ|BJ Q1 med Q3 DQ
DUMB| 4 -8 1 15 23 13 5 5 19 24

SMART|| 53 10 42 79 69 | 55 13 43 76 63

Cereals *

* marketed part of production only

DUMB| -13 -34 0 6 40 4 -13 0 14 27
SMART|| 51 0 17 116 116 | 55 O 37 116 116

Roots & tuber crops

DUMB| 14 0 0 14 14 | 10 O 0 23 23
SMART|| 75 0 13 178 178 | 77 O 19 197 197

Oilseed crops

(b) Gross margin per hectare EU Q1 med Q3 DQ|EU Q1 med Q3 DQ
DUMB| -2 -11 0 5 16 3 -6 0 4 10

SMART|| 18 4 15 27 23 |19 6 16 29 283

Gross margin/ha

(c) Impacts on GHG emissions & water resource use EU Q1 med Q3 DQ|EU Q1 med Q3 DQ
DUMB| O -4 -1 1 5 1 -1 0 3 4

SMART|| 6 0 4 9 9 7 0 5 10 10
DUMB| -4 -12 -2 2 14 3 -3 1 7 10
SMART|| 16 0 14 29 29 | 22 1 16 32 31
DUMB( O 0 0 0 0 0 0 0 0 0

SMART|| -2 -3 0 0 3 2 -3 0 0 3

Total norCQ GHG emissions

Vegetal based activis

Animal based activities

DUMB| 12 -1 0 1 2 -19 5 0 0 5
SMART|| 318 2 15 75 73 {95 O 3 21 21

Irrigation volumé’

# relative to the 95 quantile of CTL regional values

Table4.3 - Consequences for European agricultural supp8tatistical estimates of the distributions of
regional changes in the various scenarios are gmeed for (a) production levels for the different crop
groups, (b) gross margin per hectare, and (c) the environmental & resource use impacts, respectively in
terms of nonCQ GHG emissions (further differentiated in emissions from animal and vegetal based
activities), and in terms of irrigation volume. All figures are expressed in percentages of changes relative
to the median regional value in CTL scenario, except for the irrigation volume (for which changes are
relative to the maximum CTL irrigation ra@5™ quantile of regional values in CTL scenario).
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4.3.2.2. Environmental and water resource impacts

In this section, we analyze the consequences of previously detailed changes in the European
agricultural supply, in terms of ne@Q GHG emissions and wategsource use. The changes in HOG)
GHG emissions per hectare of agricultural land (further differentiated into emissions related to vegetal
and animal based activities), and the changes in irrigated volume are presented i Bable

Non-CQ GHG emissios. The emissions from vegetal activities are mainly driven by fertilization,
which experiences small and almost neutral changes at the European level without adaptation. Despite
small changes in animal feeding mix, the emissions from animal activitiesaddle without adaptation,
and total nonCQ GHG emissions are thus weakly affected by climate change solely. When full
adaptation is considered (SMART scenario), a moderate increase occurs at the European level (+6% to
+7%). This increase mainly resultsm an increase in the emissions from vegetal activities (+16% to
+22% at the European level), partially moderated by a decrease in those from animal actRifiest (
the European level). The former increases due to higher fertilization rates: asedataection4.3.1.2,
the adaptation of management practices triggers higher fertilization rates, and fertilizer intensive land
uses are increased once land is reallocated. In this context, a more significant change of the animal feed
mix occurs (as detigid in sectior.3.1.2), and the emissions from both enteric fermentation and manure
management are decreased in the regions where the feed equivalent from lost grazed pastures are
substituted by on farm cereal consumption and purchased feed concentrates.

Irrigation. As shown on tablé.3, the volume of water consumption used for irrigation purposes
significantly changes when climate change is considered solely (DUMB scenario), but in an opposite
direction for the two climate change scenarios. It increasgd2% at the European aggregated level in
B1, while it decreases by 19% in A2. However, once we account for autonomous adaptations (SMART
scenario), the changes in water consumption are more dramatic: in both climate scenarios, almost all
regions use morewater than in the present climate. In B1 and A2 scenario, median increases are
respectlvely +15% to +3% of the maximum reglonal |rr|gat|on rate iff.GQ¥_seen in sectio#.3.1.2,

Mp: 02 pr | RASKYAZY A aGGNROLNES & LIS Ods)lugeSriigationfc@npairedm | Y R
to CTL scenario. At the European level, the total irrigation volume is thus roughly doubling (A2 scenario)
to quadrupling (B1 scenario).

These results are quite striking, firstly because water consumption increases dramaticaft
adaptation is accounted for, and secondly because the need for irrigation is systematically higher in B1
than A2 (with or without adaptation), although both the reduction in precipitation and the increase in
temperature that occur in Mediterraneanegions are less intense in B1 than in A2. Indeed, the
differentiated changes in the ambient atmospheric ,C€@ncentration (underlying climate change
scenarios, respectively 533 and 724 ppm for B1 and A2 scenarios) need to be considered for a consistent
expanation. Both the dramatic increase of irrigation needs and its differentiation between the two
climate scenarios cannot be explained without confronting the changes in yields to the simulated
OKI y3Sa watgr-us® Bificiediy@efined as the quantjt of plant biomass produced per unit of
water transpired, which is expected to increase with atmospherig €@@centration(Easterling et al.,

2007) To integratethe changes of this quantity at the regional level, we derived a wader efficiency

12 defined as the 98 percentile ofregional irrigated volume per hectare of agricultural land in CTL scenario, i.e.
61 mm.y1 per hectare of agricultural land.
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index per hectare of agricultural laltd Figure4.3 presents the regional distribution of its change due to
climate change solely (DUMB scenario), then the additionahgés due to adaptations (AGRO and
SMART additional changes), and finally the change including climate change and full adaptation (SMART
scenario). With the underlying changes in the ambient atmospheric CO2 concentrations, theuseater
efficiency of cropsncreases more in A2 than in B1 (respectively +45% and +19% for median changes
across FADN regions). This explains the differentiation between A2 and B1 scenarios without adaptation
concerning changes in the irrigation volume. But unlike crop yields,rwate efficiency does not change

with adaptation. Since yields are heavily increased with adaptation, the underlying additional amount of
water resource needed is related to watese efficiency: the lower the water use efficiency is, the
higher water congmption increases. As water use efficiency increases less in B1 scenario, much more
farm types adopt irrigation under this scenario, and the irrigation intensity is enhanced.

Distributions of changes in regional water use efficiency index
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Figure 4.3 - Regional distributions of changes in the water use eifisccy index per hectare of
agricultural land. Box and whisker plots display the statistical estimates of the regional distribution of
relative changes under each climate change (see legend of figRyeDUMB (resp. SMART refers to
absolute changes in & index between climate change without (resp. with) adaptation scenarios
differences, and CTL scenario. The gains from adaptatiod. @dap) are decomposed in additional
changes to the DUMB scenario due to the adaptation of respectively managementesagifference
between AGRO and DUMB scenarios) and then further land reallocation (difference between SMART and
AGRO scenarios).

®This index is constructed as follows: first the crop differences are homogenized by normalizing theseater
efficiency (in tos of fresh matter per mm of transpiration) of each crop by ftsd@cile value under CTL scenario.
Then, an average fartevel value is constructed by computing a value per hectare of irrigated area, summing the
crop specific watewse efficiencies of ilgated crops weighted by their area share. Finally, the regional level index
is computed by the same way (as the sum of farm level waser efficiencies weighted by the irrigated area of
each farmtype).
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4.3.3.Main spatial patterns

Figure4.4 maps the regional changes in cereal yields for B1 climate change scenario, (a) without
and (b) with accounting for autonomous adaptations, as well as the evolution of pasture due to land
reallocations (c). Without adaptation, the geographical pattern of yield changes fit into the common
picture of a latitudinal gradient in climate change impawegative impacts are obtained mainly in the
Mediterranean countries (Greece, Italy, Spain, Southern France) while the positive impacts are located in
Northern and Central Europe (Noriast France, UK, Austria, the Netherlands, Denmark, Germany,
South $veden and Finland). NorttWest France is departing from this picture by experiencing a negative
impact, mainly due to a reduction in almost all yields from hydric stress and low nitrogen absorption. In
the case of A2 scenario, the patterns are similar desfew minor differences: Central and southern
Spain experience a more neutral impact, while Austria, the UK and central France experience a positive
gain. The difference between climate change scenarios are less pronounced once autonomous
adaptations areaccounted for (figurel.4b): while the Mediterranean countries are experiencing a more
contrasted neutral to positive gain (except in very few regions), the latitude bandwidth from Northern
Italy to South Sweden is experiencing a highly positive gairogalsuperior to +33% everywhere). The
geographical distribution of the other crop groups presents roughly the same spatial patterns (not shown
here), however with some marked differences in the spatial patterns. The high reductions of pasture
area are obtied mainly in the same bandwidth experiencing generalized high gains in cereal yields,
encompassing regions from Northern Italy to Southern Sweden.

(a) Climate change impact (cereal yields) (b) Adaptated impact (ceral yields) (c) Adaptated impact (pasture area)

(B1, DUMB) - CTL (B1, SMART) - CTL (B1, SMART) - CTL
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[rel. to median value under CTL [%] 6.82 t/ha] [rel. to median value under CTL [%] 6.82 t/ha] [absolute change in % ag. land]

Figure4.4 - Maps of climate change and adaptation impacts on cereal yields and pasture.afba
changesin cereal yields (a) without adaptation (DUMB scenario) and (b) with adaptation (SMART
scenario) are relative to the median regional yield value under CTL (6,82 t/ha). The changes in pasture
area share (c) are absolute changes expressed in percentatfesrefyional total agricultural area.

The changes in regional per hectare gross margin values are mapped in4flyiog, under the
B1 scenario (with or without adaptation, respectively left and middle panels, and the impact of
adaptation in right panel)The changes are normalized by the median regional per hectare gross margin
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Without adaptation, the changes in the productive value of land follow pieture of a latitudinal

gradient in climate change impacts over-E&) with a generalized negative impact in Mediterranean
countries(Spain, Portugal, Italy, Greece) and Austria, and neutral to positive impacts northwards. While

in B1, Belgium and Nor#n France experience a severe negative impact, these regions as well as the
Iberian Peninsula experience a more neutral impact in A2 scenario (not shown). Autonomous
adaptations allow almost all regions to experience a neutral to positive impact, withich mgher gain

from climate change in the central El3 latitude bandwidth.

(a) Climate change & adapt. impacts (GM/ha)
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Figure4.5 - Maps of gross margins/ha(a) Changes due to climate change and adaptation in regional
values of gross margin per hectare of agricultural land (relative the meaile in CTL). Maps display

first the effect of climate change without adaptation ((B1, DUME)TL, left panel), then with full
adaptation ((B1, SMART)CTL, middle panel), and finally the role of adaptation (B1, SMARIMB,

right panel). (b) Distribtions of gross margins per hectare of agricultural land regional values relative to
their median value in each scenario are mapped for CTL (left panel) and for SMART and DUMB scenario
under B1 climate change (respectively middle and right panel).

To test i these changes could significantly alter the current geographical gradients in regional
land productive value, we also present in figyr® (a) the distributions of regional per hectare gross
margin valuesn present climate and in the case of B1 climat@nge without or with accounting for

109



Chapitre 4

autonomous adaptations (left, middle and right panels, for respectively CTL, DUMB, and SMART
scenari®). The regional values of per hectare gross margins are normalized by the median value across

FADN regions for eachcenario. Without accounting for autonomous adaptations, climate change

weakly enhances the already high geographical disparities in land productive value actidssegions.
Once adaptations are accounted for, the gradient between low value regioas(SYordic countries)

and the central Europe latitude bandwidth is further enhanced. However, the major effect of adaptation
0§KS YSRALFY NBIAZ2YL
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(a) Non-CO2 GHG emissions

(b) Irrigation volume
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Figure4.6 - Map of changes in regional values of (a) r@O GHG emissions and (b) irrigation volume

Upper panels display the map of regional changes in@@nGHG emissions under Blesario relative

to CTL regional values. Lower panels map these changes for the irrigation volume, but relative {6 the 95

LISNJ KSOG I NB 3INEP

oM

percentile of CTL regional values (61 mm/ha). For each variable, left and right panels give the effect of
climate change respectivelyithout (DUMB) and with adaptation (SMART).

irrigated flux (lower panels) per hectare of agricultural land for the B1 climate scenario, without or with

Figure4.6 presents the regional changes in G GHG emissions (upper panels) and in the

adaptation(respectively left and right panels). We normalized the regional changes in each scenario by a
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reference in CTL scenario in order to identify hotspots of absolute chény¥ithout adaptation, the
emissions of not€Q GHG increase (respectively decrease}he regions where crop yield increases
(resp. decreases), while the irrigated volume changes in few regions. When accounting for autonomous
adaptations, the increase in nedQ GHG emissions is more general, following patterns of crop yield
increases. Tdincrease in the irrigation volume follows the spatial patterns of the increases in crop yield
only up to the latitude of Northern France. While relatively similar for-@@» GHG emissions, the
patterns of changes in the irrigation volume are signifibantifferent for A2 climate change scenario:

the irrigation volume is generally stable or sometimes decreases in regions already irrigated under
current climate (without adaptation). When accounting for adaptation, the irrigation intensity increases
onlyin Mediterranean countries (Spain, Italy, Greece), while remains stable northwards.

* However, while we use the median value of regionan-CQ GHG emissions across-Eb as a reference,
the 95" percentile of regional irrigated volumes per agricultural hectare in CTL scenario was preferred to the
median value, as the regional distribution of the irrigation fluxes is much more contras@dL than for ne€Q
GHG emissions. All changes in the irrigation volume per hectare of agricultural land are thus relative to the
maximum value in CTL.
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4.4. DISCUSSION

In this section, we discuss the consistency of our results with respect to existing literature
(section4.4.1) and their implications for both the future ofi®pean agricultural supply, and for climate
change impact assessments (sectioh.2).

4.4.1.Consistency of the modelling framework results

Simulated agricultural supply under current climatePreliminarily to this assessment, we
assessed the performances afir modelling framework at representing B8 agricultural supply under
the CTL scenario, and evaluated them as satisfaftaylére et al., n.d.However, it has to baoticed
that CTL scenario is characterized by slightly overestimated crop yields compared to FADN values,
explained by the fact that yield reducing factors, such as biotic stress (pests, diseases, weeds) and
damage from exposure to high ozone concentratioare not included. It leads to a slightly
overestimated share of land allocated to crops, and finally slightly overestimated production levels. But
this bias should affect all scenarios in the same way, and is not expected to hamper the consistency of
our results.

Simulated climate change impact and adaptation at field scalBur results rely heavily on the
changes in crop yields simulated by STICS crop model, under highly heterogeneous inputs with respect to
climate, soil, and management practices. Alilgh the net effects of the various processes involved in
climate change impact on the s@ilant system are highly uncertain (see g@hallinor et al., 2009;
DaMatta et al., 2010) we have reasons to believe that our modelling framework do perform reasonably
well with respect to existing methods. The STICS crop model itself is a well evaluated generic crop model,
and has furthermore been compared to alternative crop models of various complexity levels for climate
impact assessment at French level under CLIMATOR national réSeWehtherefore believe that we
capture significant sources of spatial heterogeneity, ahdt the high simulated sensitivity to
management practices makes sense. The considered adaptation options in management practices (cycle
length or timing management, preceding crop, irrigation adoption) are rather commonly implemented
throughout Europe (g. (Olesen et al., 201} put mostly studied separately. Here we assume that the
best combination is employed among all the possibilities offered, and we finally expect the effect of
agronomic adaptationto b& A AKX KAt S LlRaaArofe 20SNBAGAYFGSR 068
change in associated costs. Finally, the order of magnitude of both climate change and agronomic
adaptation effects on crop yield are in line with reported estimations (Egert et al., 2005; Fischer et
al., 2005) (Alcamo et al., 200&ection 4.7 (Easterling et al., 200,7figure 5.2).

Simulated changes in war-use efficiency, and irrigation availability and intensityin our
results, the increase in atmospheric £fOncentration (underlying changes in climate) heavily increases
the role of water resource in agricultural production by significantly altefiregamount of water needed
to support an increment of biomass. The simulated gains in wagerefficiency associated with the two
climate change scenarios considered are important and contrasted between scenarios. These results rely
on relatively well undestood processes of plant physiology reaction to changes in the atmospheric

1 freely available at
http://www?2.ademe.fr/servlet/getDoc?cid=96&m=3&id=76705&p1=02&p2=04&ref=17597
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carbon dioxide concentratidfy and we think that the processes underpinning the changes in waser
efficiency are robust. We constrain irrigation availability per crop with respe resource availability

(see sectiord.2.2), thus limiting roughly 10% of irrigation adoption cases (mainly in Mediterranean
countries) in the context of climate change. However, there is no restriction concerning the widespread
adoption of irrigationfor several crops at farm level if the water resource constrain is satisfied at the plot
level for each crop. Our experiment may thus allow possibly unrealistic development of irrigation, but
future water resource availability and use is still poorly addesl in the literature, and very few studies

are available for comparisonBor examplgFader et al., 201(stimated that changes in virtual water
content (i.e. the inverse of crop water efficiency) of maize and wheat would be significantly decreased
(i.e. the wate-use efficiency would be increased) by climate change (including changes in atmospheric
CQ) over Europe under the A2 SRES scenario. But their future area of irrigation availability is identical to
the one in present climate, the simulated changes igation intensity are not detailed for Europe, and

a contrasted SRES scenario has not been included. This issue has however been identified as a key issue
under future climate change, since water resource availability should be seriously altered by climate
change (Falcon & Betts, 2011).

Simulated climate change impact and adaptation at farm scaRecent irdepth analyses of
FADN data suggest that alongside environmental and management factors, produceecwuionic
properties (e.g. production orientatioand economic size) are also important determinants through
farm-scale organizatior{Reidsma et al., 2007, 2010)To this respect, thelesign of our modelling
framework, accounting for farmcale organization and considering a representative typology of
producers at regional level, strengthens our confidence in its realism. The simulated role of crop
switching at farrdevel as an adaptain tool to changes in various crop yields under climate change is
noteworthy, and has been previously explored with econometric models for South An{&ecaand
Mendelsohn, 2008)Africa(Kurukulasuriya and Mendelsohn, 20@8)US regiorfAntle et al., 2004)The
substitutions among sources of animal feed are less explored in the literature, and we do not consider
changes in either grassland or fodder crop productivities. However, these souraesmat feed should
also see their yields altered by climate changer example(Hermans et al., 201@imulated a small
increase in grassland productivity by 20fmedian relative change over regions of about 10% from
climate change and GGolely), mainly on Northern EU due to water stress constrains in Southern
Europe. Our simulated substitutions among animal feed sources and the reduction in pasture area may
thus be slightly biased. However, the simulated gains in crop productivity (after adaptation) are very high
compared to the increase in grassland productivity foundtgrmans et al., 2010and our simulated
reduction in pasture may remain consistent. Furthermore, the simulated effects of adaptation rely much
more on the use of alternative management practices than in land reallocation, and the overall
conclusions o changes in production levels, gross margins,-86h GHG emissions and water use
should thus be weakly affected.

®When [CQ rises, at the stomata level the carbon assimilation per unit of energy available for photosynthesis
is increased while plant transpiration is reduced. This process has long been identified, and have more recently
been confirmed to be true ahe canopy level from Freair CQ Enrichment experimentd_eakey et al., 2009This
process is implemented in the STICS model combining two well established formu(dEms1991; Stockle et al.,
1992)
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4.4.2.Constrains on future European agricultural supply and on climate change
impact assessments

This study provides the first evaluation dfet role of farmscale autonomous adaptations to
climate change at the European scale. However, in the scope of diagnosing the evolution of future
European agricultural supply, it has limitations. We did not appraise important effects such as changes in
agficultural products demand or input supply, or technology. We also did not consider changes in the
structure of the agricultural supply (e.g. evolution of agricultural area, number and typology of producing
agents, production costs, and producer resourcé#tshimplies that since the structure of the European
agricultural supply will be different by the end of the century, our estimate remains to be transposed in
this future context. Nonetheless, we believe our findings to be relatively robust, because dlyey r
heavily on well established and already widely diffused adaptation op{iOtesen et al., 2011 Another
missing but crucial information is a complete uncertainty assessment, quantifying and hierartiizing
main sources of uncertainty. However, such a diagnosis would require a huge effort, beyond the scope of
this paper.

The role of such farmscale autonomous adaptation has been missing in the climate change
component of the previously cited projectioriuglies. These studies generally acknowledge climate
change to be an overall small driver of change for European agricultural supply compared to
technological progress and the evolution of international demand for agricultural goodEevgrt et al.,
2005), international trade flows and dwestic policies affecting the agricultural sectean Meijl et al.

2006; Hermans et al., 2010)\fter adaptation, climate change may trigger changes in production levels
more important than diagnosed in those studies, and more comparable to their estimated change due to
technological progress, and finally possiblygagng important market feedbacKs.

Regarding climate change impact and vulnerability assessment literature, this study provides
interesting insights. First, from an historical perspective, the potential of autonomous adaptations to
alleviate negative imacts or enhance benefits from climate change has been thought to be high (e.g.
(Easterling et al., 200)))but has not been evaluated at the European scale. Stigoi highlights some
dependencies across scales: for example while the computation of agronomically adapted crop yields
requires a high spatial resolution to capture its heterogeneity, we found that emerging properties at
continental scale (e.g. produon levels) are also dependant on land optimization made by land owners
specialized in terms of production orientation. Thus any change in both land use and production levels
diagnosed while ignoring the specialization of land owners will provide diffeesotts.

It could be argued that our approach is limited in the sense that linear mathematical
programming profit maximization models based on perfect information inaccurately reflect the decisions
of realworld farmers. It is of particular importanceinse many barriers to effective adaptation have
been identified, and the scientific literature on climate change impact, adaptation and vulnerability has
put the breaking of these barriers to adaptation adoption on top of the agdfrdasel and Klein, 2006;
Howden et al., 2007)However, the huge gap between the different processes needed to fully evaluate
the impact of climate change (e.g. from fagate to international trade flow regimes) and promote
sustainable pathways for planned adaptation calls for a variety in approackésdh our study finds its
place. It specifically supports the incorporation of such fewel optimization models (i.e. the smlled
WA Y-FINEXY SN F LILINRZF OKO | a [|situ@articiyatosy appridehds/ard tabva 6 SSy A
largerscale assessmentFussel and Klein, 2006; Kenny, 20Hgr example, another important issue
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Discussion

identified by the scientific literature on adaptation is the ideho WY I Ay ad NS YAy I QI KA 3IK
to frame adaptation studies in the context of existing policies governing the agricultural sector. To this
respect, our model has a relatively fine representation of CAP implication for farmers, and we found no
significant differences in the role of autonomous adaptations under the previous CAP implementation
(Agenda 2000, not shown here), because they rely mainly on the adaptation of management practices.
However, future reforms of European policies targeting eitanagement practices or environmental

impacts of agricultural production (e.g. through wider emnditionality to CAP premiums, or stronger
constrains on water resource and pollution through the EU Water Framework Directive) could constrain
adaptation pesibilities.

4.5. CONCLUSION

To our knowledge, this paper provides a first estimate of the role of fsgate autonomous
adaptation to climate change, consistent at the European scale while detailed across European regions. It
relies on a modelling framewoidesigned to capture the effect of high spatial heterogeneity in both the
environmental and socieconomic structural determinants of European agricultural systems.

The overall dominant picture of the simulated climate change impact orlEW@gricultural
supply follows a latitudinal gradient, with Southern regions being more negatively impacted or less
favored (accounting or not for adaptation) than central and northern European latitudes. Although the
response is variable among major European crops, autmus adaptation makes climate change much
more beneficial to crop yield, especially in central Europe (i.e. roughly from Northern Italy to South
Sweden) where reductions in pasture could occur in favor of cropland. It significantly increases
production lerels and finally allows a general shift in the impacts of climate change from a situation in
which the European aggregated impact on gross margin is small (with winners and loosers) to a situation
in which almost all regions gain from climate change withigh aggregated gain. To a lower extent, it
also further enhances the small increase induced by climate change in the current geographical
disparities in per hectare gross margins across European regions.

However, this high benefit from autonomous adagda may be at the expense of a moderate
increase in nofCQ GHG emissions, and much larger increase in water consumption. Indeed;usater
efficiency increases due to climate change only, but in lower proportion than the final gains in crop yield
after adaptation (especially for low increases in atmospheric carbon dioxide concentration).

In light of our results, we believe that the previous literature has underestimated the impact of
climate change by only partially accounting for faspale autonomous aptations. Firstly, the yield of
various crops can be significantly enhanced under climate change through the adaption of their
management practices. Secondly fastale reorganizations allow farmers to fully benefit from the new
possibilities offered bylienate change, building upon the various crop responses to climate change while
keeping their specialization in terms of production orientation. Due to both the resulting high increase in
production levels at the aggregated level and their dependency te thgional distribution of
agricultural systems, the inclusion of such adaptations in lasgalte models should change both market
equilibriums and landise changes between agriculture and the other sectors.

Finally, our approach can provide a common grbetween: (i) the largescale climate change
impact, adaptation and vulnerability assessment tools needed to consistently project the impacts of
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global changes on the agricultural sector over long time scales, and (ii) sewler participatory
approahes identified as crucial to trigger effective adaptation to climate change, and to design
appropriate policies aiming at enhancing the adaptive capacity of agricultural systems. We believe that a
significant research effort is needed to develop and immat such bridges among the existing
approaches in order to provide useful information for policy design.
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APPENDIXDetail of changes in regional yield values by crop, and management

Climate scenarid B1 A2

Crop Adaptation scen. EU Q1 med Q3 DQ EU Q1 med Q3 DQ
DUMB 1 -12 3 14 26 1 -8 10 22 30

CEREALS add. AGRd| 31 9 24 39 30 | 28 9 21 38 29
add. SMART| 9 0 4 11 11 10 0 3 10 10

SMART|[ 42 18 38 56 38 39 21 38 54 33

DUMBI| 11 -4 17 45 49 17 0 32 55 55

wheat add. AGRJ 44 14 34 59 45 | 37 12 32 50 38
add. SMART| 4 0 0 1 1 5 0 0 1 1

SMART|[ 59 34 63 87 53 59 40 64 87 47

DUMB| -24 -54 -14 0 54 -31 -46 -14 0 46

maize add. AGRJ| 31 0 16 63 63 | 21 0 15 47 47
add. SMART| 13 0 0 4 4 18 0 0 3 3

SMART|[ 20 -1 2 62 63 7 -4 4 36 40

DUMB 8 -4 4 19 23 4 0 7 19 19

barley add. AGR(Q| 18 1 9 24 23 27 2 12 29 27
add. SMART[ -1 0 1 1 -3 0 0 0 0

SMART|[ 25 1 20 43 42 27 10 24 48 38

DUMBI| -13 -33 0 8 41 -1 -18 0 12 30

ROOTS & TUBERS add. AGRQ| 47 2 21 59 57 39 6 24 59 53
add. SMART[ 9 0 0 4 4 4 0 0 2 2

SMART|| 43 1 37 61 60 42 1 36 62 61

DUMB -5 -45 0 6 51 -1 -18 0 10 28

potato add. AGRJ| 44 0 13 72 72 | 581 0 30 86 86
add. SMART[ 6 0 0 0 0 4 0 0 0 0

SMART|| 44 0 20 89 89 53 0 30 94 94

DUMB | -20 -45 0 14 59 -1 -26 4 20 46

sugarbeet add. AGRd| 49 8 19 8 8 | 20 6 15 42 36
add. SMART[ 2 0 0 0 0 -1 0 0 0

DUMBI| 15 -2 0 23 25 15 0 3 30 30

OILSEED CROPS add. AGR(| 42 0 32 80 80 47 1 30 72 71
add. SMART[ 5 0 0 2 2 3 0 0 1 1

SMART|[ 61 3 47 112 109 65 2 48 99 97

DUMBI| 22 -4 10 40 44 21 -2 20 50 52

rapeseed add. AGRJ| 56 22 52 92 70 | 59 21 49 78 57
add. SMART[ 3 0 0 0 0 2 0 0 0 0

SMART|[ 81 46 92 116 70 83 42 75 118 76

DUMB 2 0 2 18 18 4 -2 2 20 22

sunflower add. AGRJ| 22 0 23 58 58 | 36 O 20 65 65
add. SMART[ 5 0 0 2 2 4 0 0 1 1

SMART|[ 29 0 34 77 77 43 1 40 68 67
DUMB 0 0 0 0 0 0 0 0 0 0
soybean add. AGRC| O 0 0 0 0 0 0 0 0 0
add. SMART| 2 0 0 0 0 0 -2 0 0 2
SMART|[ 2 0 0 0 0 0 -2 0 0 2
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Table4.Al - Distribution of changes in regional yields for major crops, iffferent scenarios The table

4

displays the European aggregated valBé)( and the ¥ quartile, median, 3 quartile and interquartile

range (respQ1, med Q3andDQ values of the distributions across regions of changes in regional yields,
by crop &ad crop groups. Theidures are in percentages of changes for each scenario difference, relative

to the median regional yield in CTL scenario for each crop or crop goddigBand SMARTdescribe

changes between future and CTL climate, respectively withoutvétid full adaptation for A2 and B1
scenarios.add. AGRGdenotes the difference between AGRO and DUMB (effect of management
practices adaptation, additional to climate change effect), and add. SMART denotes the difference
between SMART and AGRO (effedtaof] reallocations, in addition to climate change and adaptation of

management practices).

w
o o s <
© o = = = () —
5 | 6= |8 |38 2 S g _ 8 _ S _
e |l 2 |Z2E 8 S Q= TS ES
E|ET F|EE |5 | 27 5= = 2
< - i~
o
e] =)
c : 3 2 =
< - o = L (&) 8] - ° i )
s S 3 2L 2R %3y & 3B 6Bl o823
o s o ¥ |© o < o ) o R ) ) = : < ) ) ) n Q9
s T - T 2w REEBZZI8EE 22 218 285 25 %
< = n |2 = = £ 5§ |® N 9 A
CRO| CTL Bl
bd | 7 | 74| 26 | 18 | 60 [318] o | 0 | 21 | 31 | 48| - 76 | 7 | 17|12 61| 27| 0o | 67| 0 | 33
bl | 21|57 43| 9 |152/223| 0 | o |20 37 | 43| - 37|38 | 25| 0 56| 44| 0 | 48| 4 | 48
oh| 15|64 36| 20|19 20| 3| o |17 40| 43| 6 | 41| 53 19 81, 0| 0 99| 0 | 1
op| 6|6 32|09 |20 200 019 35 46|47 26 27 8 |87 5| 0 9| 0 6
ma| 14| 60 40| 68 | 168|520 11 | 13 | 12 | 35 | 40 | - 56 | 5 | 26|17 51| 19| 0o | 29| 5 | 53
pt | 8 | 69| 31| 44 |195 450| 9 | 7 |13 33 47|56 26 11 2 |46 45| 0 | 12 7 | 73
bt | 12| 73 27| 35 |270|570| 2 | 0 | 23| 23 | 54|91 3 | 6 9 | 72 19| 0 55| 2 | 43
cz| 10|61 3| 1|97 280l 1 | o 2|48 | 50|31 22/ 46 1 8 |10| 0 9 0 | 7
tr 5 | 61| 39| 25 |220/468| 0 | 6 | 11 | 38 | 45 | - 71 1 21| 0 57| 37| 0 | 38| 2 | 54
sj | 1|8 17 |8 |120 261| 4 2 |15 37 46|39 43 15 13 78 7 | 0 24| 0 | 74
ALL| 00| 64 | 36 | 27 | 146 | 502| 3 | 3 | 16 36 | 46 | 22 | 13| 41 9 | 12| 8 | 66| 23| 0 59 3 | 36
sd [ 52 ] 67 33|24 [120[550] 3 7 1 [ 15[ 36| 48] 43 25 31 9 [ 76 14| 0 72| 2 | 25
cu | 48| 61| 30 |30 168|470 3 | 5| 17| 35| 43| - 5219 | 24| 7 55|33 | 0 | 44| 3 | 48
wi | 54|62 38| 12|20 268 1 | o |16 39 45| 7 | 15 49 | 16 12| 7 70 23| 0 | 73 2 | 25
sp |46 |66 34|44 |170 550 6 6 |16 32 46|39 10| 33 2 11| 9 67 24| 0 42 4 49
A2
ALL|100| 64 | 36 | 27 | 146|502 3 | 3 | 14 | 32 51|22 | 15 | 41| 11| 9 |10 72 | 15| 0 | 69 | 3 | 25
sd [ 5267 3|24 [120[550] 3 7 1 [ 1330 |56/ 42 28 29 9 [79 11| 0 77] 3 [ 19
cu | 48| 61| 39|30 168|470 3 | 5 | 16| 33| 45| - 53 | 23 19| 7 67| 21| o | 60| 3 | 32
wi | 54|62 388|122 268 1 | 0o |14 34 52| 6 16 51|19 9 | 7 81 12| 0 8 0 | 15
sp |46 |66 34|44 |170 550 5 6 |15 29 49|40 13| 20 2 10| 9 66 19| 0 50 6 37

Table4.A2 - Management practices Simulated management practices under CTL scenario, and their

changes due to adaptation under B1 and A2 for climate change scenarios (under SMART adaptation
scenario). The ch@es in management practices are detailed for all crops for B1 scenario, and for all
crop groups (defined in this legend) for A2 and B1 scenarios. Management practices encompasse the
choice of the preceding crofPfecCropi.e. a spring leguminoug or winter wheatbl), the use and the
intensity of irrigation (respectivelyrriUse andlrriVol in [mm/ha]), and the choice of crop cycle length
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(through cultivar) or starting date (through sowing daid. Crops are: durum wheabd), bread wheat

(bl), winter karley ©h), spring barley gh), maize na), potato @t), sugarbeet lft), rapeseed q2?,

sunflower {r), and soybeans|). ALL denotes all crops, further divided between crops whose sowing date

or cultivar can be adapted (respdandcu), and between winteand spring crops (resmpi andsp). Each

ONR L) aKINB Ay (KS G(20H{3ISYde¥o NIASE aARY RS(IG SR SROMI
percentage), as well as their failure rate under SMART and DUMB scenarios. Details of CTL and changes
inmanagemedi LN} OGAOS&a I NB SELINBaaSR Ayl BSWHSyOrasSa z2F
crop, except for the median and 9%ercentile values of the irrigation volume per crop under CTL. For
changes in preceding crop, crop cycle length or starting tamd, irrigation useN.C.means no change.

Changes in preceding crop are detailed in both directions (figoie bl and bl to Ig). Changes in crop

cycle management are detailed in 2 possible directions by crop (either an earlier or a later sowing date,

or the use of shorter or a longer cycle cultivar). Changes in irrigation use are detailed between
abandonment for cases irrigated in CTL, and adoption for cases not irrigated in CTL. For irrigation
volume, the changes in the irrigated volume are relativetlte tnedian irrigation flux for each crop in

CTL, and detailed between 4 classes according to the change in irrigation volumei(x T  &-b ®/ D& T ¢
25%:25%)], [25%;50%)], and > 50%).

Table4.A2 provides the typology of crop management practices adaptations, arehie the
diversity of fieldlevel optimization of management practices. Adaptation options are rather
homogeneous across crops and climate change scenarios concerning the choice of the preceding crop
(around 30% of adapted production functions have thensapreceding crop, while around 50% are
shifting from winter wheat to spring leguminous). This may be due to a higher preservation of soil
nitrogen content in the case of a leguminous preceding crop (through its atmospheric nitrogen fixation),
however somecases also shift from spring leguminous to winter wheat. On the contrary, the changes in
the management of crop cycle length or timing are more differentiated by crops. In particular, the
adaptation changes in crop cycle length or timing are oppositewiioter and spring crops. Spring
(respectively winter) crops whose crop cycle timing can be adapted are sown earlier (resp. later) than in
present climate, while spring (resp. winter) crops whose crop cycle length can be adapted generally use
cultivars withlonger (resp. shorter) cycle. These changes can respond to different strategies (e.g. for
spring crops, changing the cultivar to a shorter cycle cultivar may allow to avoid summer water stress,
but changing to a longer cycle cultivar may allow to enlatye grain filling period if temperature
increase critically shortens it) and it is difficult to get a clear picture at the European scale. For example,
the contrast in seasonal changes in temperature between the two climate change scenarios do not really
reflect in the respective changes concerning crop cycle length and starting date, except for a reverse
trend in the choice of alternative cultivars for winter crops.
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Chapitre 5

hy SadAyYS 1jdzS f QS@2fdziAzy Rdz Oft AYIFdO SG RS
un impact fort sur le fonctionnement des espéces cultivéEasterling et al., 2007)En
particulier, la température, le contenu en eau du sol, et la concentration atmosphérique £n CO
et en ozone affectent différents mécanismes des bilans biophysiques et biogéochimiques des
especes cultivéefOlesen and Bindi, 2002; Fuhrer, 2003; Hatfield et al., 2Cdif¥i que leur
développement physiologique. Les interactions entre ces mécanismes sont encore mal
O2YLINR&ASAaX S fQSTFSG ySi RQdzy yAOSlezstR2yyS

~ A

fI NBESYSYy(d RSLISYRI Y S tQSYOGANRYYSYSyYy(l LIKe&aAl

On projette un impact net du changement climatique sur la productivité relativement
faible au niveau agrégé Européen, mais avec une démarcation claire emr2 KR RS f Q9 dzN.
002y RAUAZ2YAE FlLO@2NrofSa Si KIdzaasS RS fI  LINERdzC
hydrique et thermique, et baisse de la productivité). Cependant, ces résultats reposent sur une
O2 YL f I G A ZAlcaniR @tSall, 260%)dui sont dédiées a des régions et des espéces
LJ NI A Odzf ASNBasx Sid dziaAtAaSyid RSa 2dziata RS Y2R

Les simulations réalisées dans le cadre de cette tHésenissentune opportunité
relativement unique pour ELJX 2 NBNJ £ S& YSOIyAaavySa Sy 2Sdz Si
O2y OSNYySyiG dzyS RATIAYS RQSaL}Bs 0Sa RATFSNByGSa
dzy S NBaz2tdziazy |aasSi TFAyS fQKSGESNRISYSAGS RS
économique des systemes de production Européens. Dans le chapitre 4, nous avons vu que les
S22t dziAz2zya Rdz NBYRSYSyid Si RS fQSTFFAOASYOS RS
cultures, et scénarios de changement climatique. Si le rendement esnferit affecté par
fQFIRFLIFGAZ2Y RS fQAGAYSNIANBE (SOKyAljdzsSE OS yQ
fQFRFLIFGA2Y RSa AGAYSNIANBA 0§ SOKY Al dzSa lj dzA
SO2y2YAljdzSz S yQAyG8w@NB LI & RQlIylFfeasS F3aINRy2

A travers une étude plus approfondie du comportement des principales cultures
européennes en réponse au changement climatique, les objectifs de ce chapitre sont: (i) de
OSNYSNI £S& LINAYOALIl dzE GNIAGE RQSO2ftdilide2y RS3
développer des méthodes de traitement statistique appropriées pour quantifier leur évolution a
f QSOKSt S 9dzZNRPLISSYyySed [ S GNIFYGFAf LINBaSyidsS RIY
de stages de niveau Master 2 ¢/ (i 2 Qlé suje & §oEricafiéla réalisation, avec Nathalie
de Noblet (LSCE, UMR CEA/CNRS/UVSQ). Nadine Brisson (INRA, UMR Agroclim INRA), et Thierry
Doré (AgroParisTech, UMR Agronomie INRA/AgroParisTech) ont par ailleurs été activement
impliqués dans ce travail. lleBt2 y O £ S FTNHZA G RQAYGSNI OGdAazya Syid
deux stagiaires: Hajer Najlaoui (2010), et Marie Combe (2011). Dans une premiere partie on
OF N OGSNRAS tQS@2fdziA2y Rdz O2YLRNILISYSYyil RSa L
chang&r Sy & Of AYI GAljdzSd 5Fya dzyS RSdzZEASYS LI NIASE
développés pour traiter de la variabilité de ce comportement, et leurs résultats.
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51. [ QS@2t dziA2y RS& Odz G§dzZNSaAY Rdz NBYRSYS
5Fya OSG0S 336 prin@pyuXx traBsli BoSigoiten@nt des cultures sous
changement climatique. Nous nous appuyons pour cela sur les simulations de fonctions de
production présentées dans le chapitre 4 (CTL, A2 et B1), dans le cas de pratiques agricoles
identiques en clmats présent et futurs. Les individus de notre analyse sont constitués
uniqguement des couples cultw@gent qui sont couplés dans le scénario CTL (soit 85% des
couples cultureagent, et 3853 individus). Dans les scénadesclimat futur la simulation du
OO0t S O02YLX S RS RS@Sft 2LIISYSY l-age@upeutaBoNtli. | Ay V
Ainsi, des 3853 individus correctement simulés en climat présent, 3584 (93%) et 3499 (91%) le
sont sous les lienats respectivement A2 et B1, le restaétant consdéré comme des cas
ROQAYFIAA&AIOAETAGS Sy Of AYF G ¥Fdzi dzNJ

I FAY RS aQF FFNIYyOKANI RSa RSINBA RS fA0SNIS
adz2NF I OS Si RS yA@Sldz RS FSNIAtAAIFIGAZY RQdzy &
couple cultureagent £ méme poids (pas de pondération des individus par leur part de surface
NEIA2Yy IS RS OKI ljdzS Odz §dzZNS0 X S RQI dzi NB LJ NI
identique pour chaque scénario (CTL, A2 et B1) et chaque culture (160 KgNCeasignifie
j dzQt dzyS SOKSffS NBIA2YI S 02dz L} dza | ANBIASSOL X
représentatifs en part de surface des changements simulés. La flylirda) présente la
NBLI NHAGA2Y RSa OF & LI NJ Oaduhtpd=el (saénario THLP K&t f S
FAIdzNBA Silyd Sy ly3atlAa REya OS YIFydzaONRGS f
dans la figuré.1 (b).

(@) Share of speciesinONRA Sy (1 ¢ O2dzL) S& (b) Speciesnames

Dur. wh
Potato Sugarbeet\ ,‘ . 286 eat Winter crops Cultures d'hive
321 427 Durum wheat Blé dur
Bread wheat Blé tendre
Soybean Bread whez Winter barley Orge d'hiver
46 \ e 828 Rapeseed Colza
Sunflower_,\ Spring crops Cultures de printemps
205 Winte Spring barley Orge de printemps
Spring Maize Mais
Maize (n-irr.) _~ Sunflower Tournesol
173 Soybean Soja
Potato Pomme de terre
Maize (irr.)_/ \ Barley (wi.) Sugarbeet Betterave sucgre
374 Barley (sp.) Rapeseed 583
242 368

Figure5.1-5S{dF Af RS& S&LIB®SEF RSwILASNIKA (A t BFA AYRA DA
Européenne. La population considérée contient%s@le céréales a paille (blé et orge),%4de mais,

1672 R Qu@dtéSgineux et protéagineux (tonesol, colza, soja) et P8 de pomme de terre et de

betterave. Figure adaptée du rapport de stage de Marie Cor(fBembe, 2011)(b) Nom anglais et

francgais des espéces.
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511.902f dzi A2y RSa NBYRSYSyiGa t fQSOKStfS

La figure5.2 présente les distributions de rendement simulées par culture, en climats présent

(CTL) et futurgA2, B1). Afin de rappeler le réalisme des simulations (traitée dans le chapitre 3),

la figure5.2 contient aussi les rendements RICA. On retrouve une surestimation des rendements
LJ2dzNJ £ S 06fS RdzZNE f Q2NHS 6 LINR y ( S Yavi suS@idre. KA @S N
f QOAVOSNESS €S NBYRSYSy(d Rdz YI O4d 0a&tdéeNBE A OA S

Yield by crop and scenario
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Figure 5.2 - Distribution des rendements par culture Distributions de rendements simulées,

respectivement dans les scénarios QTair), A2 (rouge) et B1 (bleu), et observées par le RICA en 2002
(FADN, gris). Les distributions sont représentées par un rectangle délimité p&rde8®1® quartiles. La
médiane est indiquée par une barre blanche dans le rectangle. Les valeursdéenesit sont exprimées

en tonnes de matiére fraiche par hectargfha].

La plupart des cultures voient leur rendement augmenter en climat futur, quelque soit le
AO0SYI NA2 OfAYIFGALdzSE £ fQSEOSLIiA2Y Repn¥t 0az R
le méme pour le scénario A2 et le scénario B1 et ce pour toutes les cultures. Toutefois, ces
hausses ou baisses de rendement moyen sont plus importantes sous le climpbuBl
beaucoup de culturex f Q S HI&S QR N §dunarK oikidéRiu tournesol,du soja
etdef I LI2YYS RS UGUSNNBo {lya lyrteasS O2YLX SYSy il
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O2YLRNISYSYy:G SyiNB Odz GdZNBa RQKAGSNI S RS LINR
de photosynthése est en C4 (mais) ou C3€rdss cultures).

[ GFENRFOATAGS aLI dAFrES RS&a NBYRSY®EY(Ga &aai’
augmente du scénario présent, au scénario A2 puis au scénario B1, excepté pour le blé dur (la
variabilité au climat présent est supérieure a lavadiA t AGS &a2dza Ot AYF G ! HO

variabilité change faiblement).

Lafigure5o LINBaSydS fQS@2ftdziazy RSa NBYRSYSyiGa
En particulier, une différentiation Nord/Sud des impacts semble trés réductrice, et celgpour
majorité des cultures considérées (non montré ici). De plus, il peut exister localement des forts
contrastes entre scénarios climatiques, par exemple en Espagne pour le cas du blé tendre, ou le
signe est opposé entre les scénarios A2 et B1.

(a) Change irregional yield (A2) (b) Change in regional yield (B1)
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Figure5.3 - Carte des évolutions relatives du rendement régional moyen (blé tendre) en climat futur
(@) A2, et (b) B1. Les variations relatives (par rapport au scénario CTL) du rendement sont exprimées
pourcentage du rendement en climat présent (CFigure extraite d¢Combe, 2011)

5.1.2.Traits comportementaux: le blé tendre en Castileeon (Espagne)

/'S OlF& LI NILAOdz ASNJ Rdz 6fS GSYRNB Sy 9a&LJ =
AAYdz SS Rdz O2YLRNISYSyd RS&a OdzZ GdzNBEa agfdza OK
particulierement au cas de ka#gion RICA de Castileén(voir figure5n 02 SiG 2SS Y QI LI
f QF yI f &aldBatioR §u rendemedt Sy &ASLI NI yadG €1 RSyYyaaasS RS
Y2&8Sy RS& 3INIAya RQIdziNBE LIANTdES LRI y&EQIHIAI | RS
rendement (Combe and Picard, 19%4) / SGGS YSGK2RS LISNYSiI RQSELX
rendement, et de cibler les différences de comportement durant différentes phases du cycle de
croissance: les deux composantes de rendentgendent de mécanismes différents qui sont
séparés dans le temps, et sensibles a différents facteurs techniques et physiques.
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Fiqure54-52 Y AVYS RQS{GdzRS LI N
la région de Castillbéord® WQI A OK2Z2 A

Castille Leon FADN region

g~ ) cette région car elle présente des
z ) BE évolutions de rendement de signe
3 | A opposé entre climat présent et climat
futur pour le blé tendre. Cette région
& ?Ksﬁriizions E FR correspond a la region RICA n°545, et
z | Castille-Leon comporte dans le modéle AROPAj 21
A\ agents qui cultivent du blé tendre dans le
scénario CTL, ainsi que dans les sdémar
. FdzidzNE 6'H SG . wmZ APSo
Z. W+E PTd VEs . t I Odzt[’ldzN\B()dnv[Q)\ij)\ySNJ-A
L | Y suivantY LI & ROANNAIF (A2
T légumineuse de printemps  pour
) . précédent, une variété précoce est
Z utilisée pour 60% a 80% des fermes
” types, et le semis a lieu dates premiére
| | o | | | | I dszT Ay S ﬁQh()dzo_N;Scb [
W 25W 20°W  15W 10W 5w o0 soE sol varie entre 80 et 110 cm en fonction

du groupe type.

Dans STICS, pour les cultures déterminées (et donc pour le blé tendnemlee de
grainspar metre carréest déterminé pendant la phase végétatide la croissance, comme une
F2yOiAz2y FTFTFAYS RS I+ @GAlSaasS yvYz2eSyyS RQl O00dn
précédent le remplissage des grains. Durant cette période spécifique, la vitesse moyenne
RQI OOdzydzt [ GAZ2Y RS 0 A 2 Y la dedsité Sfaligire, HeS LIGnaRds y G S
météorologiques, de la concentration atmosphérique en dioxyde de carbone])[&D de
stress hydrique, azoté et thermique. Cependant, la densité foliaire a cette période dépend du
RSOSt 2LIISYSyYy G RS bielde ldjfhasg iggetative)zN st darfs yhtedBaifice des
G NRAFoO6fSa LINSBOAGSSa adzNJ f OS¥VBRSE YV 2 & SeRERiQdzy LE N&
fl o0A2YladaS a8O0OKS | OOdzydzZ SS &adz2NJ £t QSyaSyof S R
dernier est @terminé comme est une fonction linéaire de la durée de remplissage des grains,
qui est elleméme dépendante de la température de culture pilotant le développement
LIKeaA2f 23AljdzSd t I NI O2yasSljdsSSyias €S LR2ARa Yz2eSy
LISNRA2RSa GSYLRNBfftSay Af RSLISYR RQdzyS LI NI R
O2dzaNIIS o6t LKFAS RS NBYLX Aaal3IsSosz Sd RQF dzi NB
du cycle, via la biomasse totale accumulBasson et al., 2008)

! frigdK @ la fin du 2" siécle, le rendement du blé tendre augmente de 54% sous

le climat A2 et diminue de 26% sous le climat B1 (cf. tabfeawd) @ [ QF dzZ3AYSy Gl GA2Y

NEYRSYSy(G &a2dza €S OftAYIFG !''w NBadzZ 0S (B86azy S F2I
GFyRAA 1jdzS a2dza S OfAYIG . wmX OQB®H)quifedt ol A A
responsable de la chute du rendement (malgré une petite augmentation du nombre de grains).

{A £Q2y AQAYGSNB&aasS t LINBaSY fes dedeiderentdoh Got RS f
RFya tS& RSdzE OFa jdzQAt yS &aQlF3IAd LI & RQdzy &
KERNRARIjdzS 0fS NI LILERNI RS fQSOFLRGNI YALIANI GA2Y
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aux alentours de 1. Sous le climat A2 @ f SdzNJ RS f QAYRAOS RS ydz
végeétative augmente légerement, ce qui peut laisser penser que la condition de nutrition azotée

y est plus un peu plus favorable. Quant au blé tendre sous climat B1, sa phase reproductrice est
nettement raccourcie, et un nombre (limité) de jours échaudants apparait. Le stress thermique,

et surtout le raccourcissement de la phase reproductrice, font diminuer le poids moyen des
grains.

De facon plus générale, la durée du cycle est raccourcie en clindatNilt & 2dza f QA Y ¥
de la hausse des températures. Sous le climat B1, le raccourcissement du cycle, déja trés
conséquent (un mois contre 10 jours en climat A2), ne suffit pas pour éviter le stress thermique,
dont les conséquences apparaissent alors suetelement. Ce résultat est relativement contre
AYOGdZA GATSE OF N £ QldAYSYGlraAz2y RS& GSYLISNI (dz2NB
YIFNJdzSS L32dzNJ €S OfAYlFG Rdz aOSYFNA2 ! Hd | LINB A
région considérée, la teperature au début de Ia période de rempllssage des gralns (fin du
LINAyGdSYLEo Sad Sy FrAG LXdza 3IND yRs Sy . m [jdzQS
jdzS tSa ly2Y+rtASa Sy !'nm RSLI aaSyda OSttSm RS .
stress thermique en phase reproductrice.

Enfin, les évolutions de [G]Osont tres importantes (+51% en B1, et +106% en A2), et
permettent une plus grande accumulation de biomasse (effefedllisation), de maniére plus
YINJjdzSS Sy 'H P&YSE yadas$ QLID&EEE TH& @A S ¢2z0 8K R Q4]
RS faGgfentz mais de maniére contrastée en réponse aux changements de 6@ en
B1, et +47% en A2. Le modele STICS permet de simuler ces deuBeiffst: et al., 2008ke
qgui explque dans les deux scénarios le bon maintien du statut hydrique des plantes, et ce
surtout en A2, ou la production de biomasse est fortement augmentée. La différence
RQS@2f dziA2y Rdz NBYRSYSyid RlIya tSa a0SylNRZ2aA
LINA Y OA LI dzZEY RQdzy S LI NI = §]ldand I aindat A2 NdrmeRuSe plusiza Y Sy
AN} YRS | OOdzydzt F GA2Y RS 0A2YlFaasS &adzNJ £t QSyaSyof
phase reproductricesttres raccourcie et soumise a un stressriinique plus important.

/| SLISYRIYy(z y2dza yQl @2ya LI a SyO2NB Lldz RSO
des liens de cause a effet en jeu, tels que simulés par le modele STICS. Au vu du nombre de
simulations effectuées dans nos scénarios, stocker lesSsarti 22 dzNJy/ | € A8 NBa Rdz Y32
Syoral 3SroftS t fQSOKSttS 9dzZNRPLISSYyySd® [ QARSY A
cultures a récupérer est donc une difficulté importante. A cet égard, il nous manque quelques
variables clés, notamment la detesifoliaire a différents stades physiologiques, qui permettrait
de mieux seéparer la temporalité des processus spécifigues aux deux composantes de
rendement.

Néanmoins, cette analyse a permis de mesurer la complexité des évolutions de
comportementdes cutNB & ® [ S& G NAF GA2ya RS RdINBS RS 0&0
RS fQStdzz aSyofSyid O2yadAddzSNI dzyS O2YLRalyids
climat futur, notamment en termes de rendement.

127



Chapitre 5

Variable (mean over region) CTL A2 Bl

(a) Yield & its components

Yield [tw.ha1] 5.05 7.76 3.73
Grain number [.rn2] 11787 19241 12307
Mean grain weight [gi] 0.04 0.04 0.03

(b) Length of physiological stages

Emergence to physiological maturitjd] 263 248 231
Emergence to grain filling onset [d] 222 206 201
Grain filling onset to physiological maturity [ 41 43 31
Physiological maturity to harvest (dehydration) [d] 19 16 16

(c) Heat stress & nitrogen and hydric nutiti

HEAT Days under heat stress for grain filling [d] 0 0 3
WATER Real ET / potential ET [full cycle, 0.98 0.98 0.99
NITROGEN Nutrition index [vegetative phase],” 0.79 0.86 0.79

(") 1 = no stress; 0 =Ifstress

(d) weather indexes
Accumulated from emergence to harvest

Temperature [Degreday units] 2803 3169 2816
Precipitation [mm] 721 789 690
Incoming solar shortwave radiation [MJoules] 4184 3559 3554
AtmospheriaCQ concentration 352 724 533

Changes relative to CTL, for A2 and B1 scenarios [%]

20 P F [ ] >+20
-Hn 5 bp f X

Tableaus.1-! vI £t 84S RS f QSf I Hdd mddénferdt gourfeddé teddber Satiffel/edn

entre le climat présent (CTL) et les climats futurs (A2 et.BlLg tableau est diviséne3 parties. (a) Le

rendement et ®s composantes: le rendement est en tonnes de matiere fraiche par hectare, le nombre

de grain par 1= SG S LIARa Y2éSy RQdzy 3INIAYy Sy 3INIYY
agronomiques: le stress thermique pendant laripde de remplissage (nombre de jours ou les
températures empéchent le remplissage), les indices de nutrition hydriqgue pendant tout le cycle (rapport
évapotranspiration réelle sur potentielle) et azotée pendant la période végétative (indices enpasl

de stress et 0-stress maximalo ® 600 [ S& AYRAOSAa YSUiS2NRf23AljdzSay
levée a la récolte (en degjéurs), le cumul de précipitation de la levée a la récolte (en mm), le cumul
RQOQSYSNHAS a2t ANB a&nyMIGuBSS ¢tilaSon&eytratdry/aftrdspl@aqdeNshh Goxydle

RS OFINb2ySd t2dzNJ £ S OfAYIFG FdzidzNE RS&a O2RS&a RS 0O:
rapporta CTL. R LJ0 S (Go@bel INA)a
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52. / 1 AaaAFAOFGAZ2Y SO (eLkRf23IAS RQS@2f dzi

I TAY RS L}Rdzg2ANJ SELX 2 NB NiEtionsy daNdifférefc® ydad SYo f S
comportement entre cultures, régions, et scénarios de changement climatique, nous avons mis
dz LRAYG dzyS YSGiK2RS RS OflaaAFAOrLGdA2yd Lt
typologies privilégiées (par culture, régioru scénario climatique) dans les grands traits
RQS@2ft dziA2y RS&a Odz §dzNBax ARSYGAFTFASA LINBOSRSH
RQdziAf A&l GA2y RS tQStdz0® 5Fya OSGGS Ofl aaAFAac
qualifier les évoluB Y& Rdz O2 YL NI SYSyd RSachobdzpriordze® & > & d:
G NRIFo6fSa AYLRNIFydSao Lf aQlF3aIAd RS al @g2aAN .
identifiees ou non. Nous avons pour cela utilisé une méthodeldssification automatique
ascendante hiérarchiqueNous allons détailler la classification et ses résultats dans les sections
suivantes.

5.2.1.Méthode de classification hiérarchique

Nous nous sommes restreBaux cultures ditesléterminéed  GaBedpdur lesquelles
les phases végéta®y S NBLINR RdAzOGNAROS ad2yid o6ASYy &aSLI}I NBS
O2YLISGAGAZ2Y SYGNB tSa FSdzaffSa Si tSa 2NHIySa
22dzNY It ASNBYSYyliod [ S F2yOuA2yySYSyld tieSdeses 0 S
composantes de rendement repose sur des mécanismes différents de ceux détaillés dans la
section5.1.2. Nous avons donexclu la betteravele notre jeu de données, ét QS OK | YU At f 2
compose de 2743 points en climat A2, et 2649 points en clBiat

Nous avons retenu3 dimensionsLJ2 dzZNJ RSONANBE RS YIyASNE 3f
comportement des cultures sous changement climatiqlee productivité, la durée du cycle, et
f QSTFAOASYOS RQdziAfAal A2y RS  QSohsdedienu I8sdzNJ NI |
grandeurs suivantes: iendement(rdt, en tonnes de matiere seche par hectare)llaée entre
les stades de levée et de maturité physiologi@lecycle, en jours), et l@pport de la biomasse
aérienne totale a la récolte sur la transgioam cumulée du semis a la récoli@ue, en kg de
matiére séche par fTRQ S | dz0 ®

[ S NBYRSYSyd S fQSTFAOASYOS RQdziAfAal GA
caractéristiques assez différenciées par culture. Nous avons donc harmonisé les valeurs de
rendemg/ i S RQSTFFAOASYOS RQdziAftA&alrGAZ2Y RS f QS dz
meilleure performance (par culture) dans le scénario CTL. Cette meilleure performance est
définie (par culture) comme le rendement maximum atteint au niveau Eunopgeur le
rendement, et comme e®*RSOAE S | dz YA BSE dz 9dzNRLISSY LJ2dzNJ f
(la valeur maximum étant tres supérieure a la moyenne par culture, et donc non
représentative). Ces nouvelles variables harmonisées seront notée®iRRiItue. Nous avons
aussi exclu les points en climat futur qui ont une valeur supérieure a 200% de gain en efficience
RQdziAf AalGAz2zy RS fQSIdzz OFNJ OSNIIFAya RS O0Sa LI
classification.
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[ QS @2 tiffl2ll de2cyfacune de ces 3 variabl&sest ensuite calculée comme la
différence entre les scénarios de climat futur et présent, pour chaque scénario de changement
climatiquef (A2 ou B1)

diff_V(f) = V(f} V(CTL)

Pour chaque scénario de changement climatiqueaoele individu de notre échantillon
est donc défini par 3 coordonnéediff Rrdt diff _durcycle et diff Rwug, qui définssentun
espace a 3 dimensions. La classification ascendante hiérarchique (CAH) consiste a regrouper de
maniére successive tous les n@@A Rdza o6 LJdzAi a 3INRdzZLIS&a RQAYRA GA Rdza
ONA(GS8NBE RS YAYAYFIfA&arGA2Y RS fF RAAGFHYOS SyidN
LINE OSRAzNB>X G2dza fSa LRAydta az2yd F3INBISE Sy
RQSy@iSSa adz00SaaArfa RQFINBIFGA RS LI dza Sy LI d:
fQFf A2NRAGKYS0O® t 2dzNJ OKI Odzy RSa SyaSyofSa RQI 3
moyennes chaque agrégat aux deux agrégats plus petits qui les consti@es informations
peuvent étres résumées sous forme graphique dans un dendrogramme (voir exemple pour 4
individus, dans la figurg.5).

Figure 55 -
Dendrogramme simple
Distances  d'un  agrégat pour une population de 4
4t (ensemble 3) aux agrégats individus. La CAH agrége
que le constituent LJF NJ $ L] | LJS a fQ S y a S \
35r (ensemble 2). e e
individus (Ensemble 0) en

45F

Q
é il Ensemble 3: un agrégat dzy S ya SYots RQF 3
B ol ' (Etape 1, regroupe 4
= AYRAGARdIzZA RS f QSy:
3 g Ftape 3 3 agrégats, i.e. Ensemble
é 15} Ensemble 2 (2 agrégats) 1), f’t_ ce itérativement o
a2 2dzalj dzQt YyQ20USYAN
Etape 2 seul agrégat. La distance
05f Ensemble 1 (3 agrégats) entre agrégats de niveaux
s [ ; Etape 1 hiérarchiques  différents
! = : i est  représenté  en

Ensemble 0 (4 individus p \
ai ) ordonnée (fleches vertes).

Adapté de http.//frwikipedia.org/wiki/Fichier:Dendro.jpg

On peut ensuite décider de découper nos échantillons en plusieurs classes, comme les
FAINB3IlFGa 20GSydza t dzyS SGF LIS LI NI AOdzZ AS§NB R
F6&az2fdza LJ2dzNJ RS OA RSIBDIUR dpprgphiéd & ketini résite duNcBoikideél A 2 Y
f QdzOAf A&l 0SdzN» [ Sa ONARGSNBa ISYSNItESYSyid FRYA.
j dzZA  LISNX SO RQIF @2AN) AdzF FAal Ya¥dBe/dont IBRsSdistanteds auk S& 0 )
agrégatsdy A @S dz ddzA @ yi RQFINBIAFGA2Yy az2yd | aasSli 3|

S

Cette méthode peut donner des résultats assez variables en fonction du choix de
certains parametres. Il existe en effet plusieurs métriques de distance entres agregats, et
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plusielNB YSiK2RSa RS OIFfOdzZz RS tF RAadlIyOS asLly
retenu une distance Euclidienne, et une méthode de Ward (la distance est mesurée entre les
barycentres de chaque agrégat). Les distributions des variadiféesRrdt diff _durcycle et
diff_Rwuesont au préalable centrées et normeées.

- A s 4 ooAa

9YFAYS OSGGS YSGiK2RS RS OflFraaAafTaololriarazy S3
descriptives sont indépendantes les unes des autres. Si les variables descriptives sont corrélées,
onpeutréaliS NJ dzy S FylFfeasS Sy 0O02YLRalyidS LINAYyOALN S
de construire de nouvelles variables descriptives non corrélées, comme combinaisons linéaires
des variables descriptives fournies en entrée. Cette méthode repose sur uryseuwal variance
de jeu de données, et les nouveaux axes sont construits successivement par ordre décroissant
RS O NAIyOS SELI AldzSSd® hy O2yaARSNB | 2NAE | dz
RQSELX AljdzSNJ | dz Y2AYya dmdonRé. Lé désawdntagd de yrocBderaz G | ¢
fQl/t Fdz LINBIFIflIofS: Sad ljdzS tSa OfraasSa NBGSYy
par des variables qui sont des combinaisons linéaires des variables explicatives initiales.

5.2.2.Résultats de la classifation

Nous avons réalisé une CAH sur notre jeu de données toutes cultures confondues, pour
les climats A2 et B1, sans ACP préalable. La flg@rprésente les dendrogrammes obtenus
pour ces deux scénarios: pour A2, la classification retenue comporgsdes| bien séparées, et
ROSTFTFSOUATFA SldAGlIfSydad t2dz2NJ . mX 2y NBGASY
bien distinguées avec des effectifs équivalents, mais faibles comparativement a la derniére
classe, qui par ailleurs semble regroupes individus au comportement moins marqué (ce qui
se traduit dans le dendrogramme par des distances faibles aux agrégats des ensembles de
KASNI NOKAS adzLISNASdzZNE 2dz AYFSNASAZNBO® /S LINRO
au préalable, et ©K2 A E RQdzyS Of I 8aAFTAOLGAZ2Y FAYIES Sai

Figure 5.6 - Dendrogrammes des classifications en climat futa) A2 et (b) B1 Les deux
dendrogrammes sont coupés a 4 classes (rectangles rouges), et sont réalisé&s ag@mblesliff_Rrdt,
diff_durcycleet diff_Rwue dont les distributions des variables sont au préalable centrées et normées.
Les distances sont euclidiennes, et on utilise la méthode de Ward pour calculer la distance entre
agrégats.
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