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L’agriculture fait face a des défis majeurs du fait du changement climatique, de ’augmentation de
la population mondiale, des transitions alimentaires vers plus de produits carnés et de la raréfaction
des ressources naturelles. Ces nombreux défis s’ajoutent aux limites environnementales et sociales
des systemes agricoles actuels et font peser le sentiment que notre monde change a grande vitesse
en ce début de 21éme siecle. Dans ce contexte, il n’est pas étonnant que les termes de résilience,
vulnérabilité, robustesse ont, dés le milieu des années 2000, commencé a sortir de la sphére des
laboratoires d’écologie et ont fait leur apparition sur d’autres terrains, y compris dans les agendas
politiques (Dron, 2013). A travers ces concepts, ce sont des questions cruciales qui sont posées aux
collectivités humaines. Nos écosystémes agricoles et forestiers seront-ils capables de résister et de
s’adapter aux futures conditions climatiques (Dorin et al., 2010 ; de Lattre-Gasquet et al., 2016) ?
Nos infrastructures doivent-elles étre reconfigurées, modifiées, adaptées pour étre capables de
fonctionner dans les prochaines décennies ? Il se précise a travers ces interrogations et ces craintes
que nous avons peut-étre négligé la question de la robustesse en agriculture pour nous focaliser trop
exclusivement sur celles des performances moyennes.

|. Positionnement de la these

Cette thése s’inscrit en agronomie et vise a étudier la robustesse des systémes de culture, c’est-a-
dire leurs performances face a un environnement changeant. C’est une problématique d’autant plus
urgente a traiter que le développement agricole en France s’est historiquement organisé dans une
optique de maximisation des performances moyennes, d’abord en termes de rendement puis de
performances économiques. L’aprés-guerre a notamment été marqué par un objectif
d’augmentation des niveaux de productivité par unité de surface et/ou de travail afin de nourrir
une population croissante (Mazoyer and Roudart, 2002). Les avancées industrielles et les travaux
des agronomes ont permis aux agriculteurs de développer des systéemes de production trés
productifs grace a 'usage croissant de la fertilisation, ’amélioration des variétés, la motorisation,
la mécanisation, [’usage des pesticides et les aménagements fonciers (irrigation et drainage).

Ce modéle de production agricole, souvent qualifié d’intensif, présentait dans le contexte de cette
époque une grande cohérence car, face a chaque probléme, une solution technologique était
proposée (Papy and Goldringer, 2011). La fragilisation des plantes et les risques de verse liés a
Uutilisation abondante d’engrais azotés ont été résolus par la sélection de nouvelles variétés a
paille courte (Evans and Fischer, 1999) et l'usage de régulateurs de croissance. Le probléme de la
concurrence des cultures de rente avec les adventices, les maladies et les ravageurs a été résolu a
travers utilisation d’herbicides sélectifs, de fongicides et d’insecticides. La mécanisation et la
motorisation, et plus récemment le développement des systemes de guidage par Géo-
Positionnement par Satellite (GPS), ont permis l’agrandissement des tailles des parcelles et des
exploitations, et la simplification de nombreuses opérations, de la préparation du sol a la récolte.
Enfin, les problémes d’hydromorphie et d’anoxie des cultures ont été résolus par le drainage.

Progressivement, ces nouveaux outils et ces nouvelles pratiques ont permis aux agriculteurs de se
dispenser de cultiver une diversité intra- et interspécifique : les cultures annuelles ont été
dissociées des activités d’élevage et des cultures fourragéres (l’apport de fumier n’étant plus
indispensable sur les cultures annuelles), les rotations ont été simplifiées et raccourcies, parfois
jusqu’a la monoculture, et ’expression des potentiels génétiques d’un petit nombre de variétés a
été maximisée grace au « controle » des facteurs biophysiques du milieu. On parle ainsi d’une
agriculture qui s’est modernisée sous le paradigme du contréle (Tichit, 2014).
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Ce modéle agricole présente de nombreuses limites environnementales, de mieux en mieux connues
et documentées, sur les quatre composantes de l’environnement (eau, air, sol, biodiversité). La
qualité des eaux continentales a été tres négativement impactée par les pollutions diffuses de
nitrate, de pesticides et de résidus médicamenteux, induites par un recours aux intrants chimiques
qui dépasse régulierement les capacités d’absorption du milieu biophysique (MEDDE, 2014). Au titre
de la qualité de Uair, U’agriculture est la seconde source d’émissions de gaz a effet de serre a
’échelle de la France (Pellerin et al., 2015). Les sols sont exposés a des risques d’érosion et de
compactage (Gis Sol, 2011). Enfin, la biodiversité intra- et interspécifique est négativement
impactée par 'usage continu des pesticides et la spécialisation des territoires et des paysages
(MEDDE, 2014).

Ce constat n’est pas récent et a été a l'origine de nombreuses initiatives dont la plus emblématique
est celle du développement durable. Née avec les travaux du Club de Rome (Meadows et al., 1972)
puis institutionnalisée avec le rapport Brundtland (ONU, 1987), la notion de développement durable
a progressivement été appliquée a ’ensemble des activités humaines. A partir des années 1990, les
instituts de recherche en agronomie réorientent leurs priorités en définissant la durabilité des
systémes agricoles aux trois titres de l’économie, de l’environnement et du social (Godard and
Hubert, 2002). De nombreux indicateurs et méthodes d’évaluation, telles que IDEA (Vilain, 2008) et
MASC (Craheix et al., 2012), ont été développés permettant de mieux prendre en considération
Uimpact des activités agricoles sur les trois composantes de la durabilité. A partir des années 2000,
avec la mise au premier plan de la question du réchauffement climatique et de la volatilité des
marchés et des prix agricoles, ce cadre d’analyse de la durabilité est néanmoins questionné.
Comment prendre en compte, au-dela de la question de la durabilité, la capacité des systémes
agricoles a s’adapter, a résister a de nouvelles conditions climatiques ou économiques ? Comment
évaluer les performances d’un systéme agricole face a un environnement changeant ? Dorénavant, il
ne s’agit plus de mesurer la performance moyenne dans un environnement stable et controlé mais
d’évaluer la robustesse de cette performance, notamment lorsque des changements du milieu
apparaissent (Darnhofer et al., 2010; Guyomard et al., 2013). Certains auteurs ont ainsi plaidé pour
un nouveau paradigme, celui de la robustesse (ten Napel et al., 2006).

Ce nouveau paradigme de la robustesse replace les systémes agricoles dans un environnement
changeant, ou les conditions climatiques et économiques fluctuent, ou des crises peuvent survenir.
Il s’agit dés lors d’améliorer la capacité des systémes agricoles a résister a ces perturbations de
nature et d’intensité variées et de les aider a s’adapter a ces nouvelles conditions pour tirer parti
d’éventuelles opportunités (ten Napel et al., 2011; de Goede et al., 2013). Pour autant, les
questions associées a la performance moyenne et a la durabilité des systémes agricoles ne sont pas
abandonnées : elles sont replacées dans un cadre moins figé. Ce concept de la robustesse a été
notamment utilisé dans les systémes d’élevage pour étudier leurs performances face a des
variations du milieu biophysique ou socio-économique. Plusieurs travaux récents ont permis
d’améliorer son utilisation a ’échelle de ’animal et du troupeau (Blanc et al., 2013; Ollion, 2015).

Les agronomes, en revanche, ont peu étudié ce concept et ne l'ont pas appliqué au cas des
systémes de grande culture, pourtant soumis a une variabilité interannuelle des conditions
climatiques et économiques. Cette thése vise donc a approfondir nos connaissances sur ce concept
et a juger de sa pertinence pour évaluer les performances des systémes de grandes cultures dans un
environnement changeant. Plus particuliérement, nous approfondirons cette question sur le cas du
blé tendre qui représente la principale espece annuelle cultivée en France et qui est soumise a de
nombreuses perturbations au cours de son développement.

22



C’est dans cette perspective que cette thése s’interroge sur le cadre d’analyse nécessaire
pour évaluer la robustesse des performances du blé tendre dans un environnement changeant.

o 7 .

ll. Contexte et défis liés a la production de blé tendre
en France

I.1. Géographie et géoéconomie du blé tendre

Le blé tendre (Triticum aestivum L.) est [’une des premieres espéces a avoir été domestiquée par
’homme, il y a environ 10 000 ans, dans la région dite du Croissant Fertile qui s’étale sur une région
qui va, dans la géographie actuelle, du sud-est de la Turquie au nord de la Syrie (Lev-Yadun et al.,
2000). C’est aujourd’hui 'une des espéces les plus cultivées dans le monde : elle est classée
troisieme en termes de production mondiale (700 millions de tonnes produites en 2016) apres le
mais (Zea mays) et le riz (Oryza sativa), mais premiére en termes d’importance des échanges
mondiaux (150 millions de tonnes commercialisées a travers le monde).

Les cing principaux pays producteurs de blé sont, par ordre décroissant, la Chine (126 millions de
tonnes en 2014), U’Inde (95 Mt), la Russie (60 Mt), les Etats-Unis (55 Mt) et la France' (39 Mt). Mais
ces cing pays sont concurrencés sur les marchés internationaux par ’émergence d’un second groupe
d’acteurs, composé du Canada, de ’Australie, du Pakistan, de la Turquie et des pays dits de la mer
Noire (Ukraine, Kazakhstan). Ces derniers exercent une influence croissante sur les prix mondiaux
en raison de la grande variabilité des volumes produits chaque année, liée aux aléas climatiques
auxquels sont exposées ces régions du monde (L'Herbier et al., 2015). Ceci est d’autant plus vrai
qgue nombreux sont les pays qui, sous |’égide des négociations agricoles multilatérales hier du GATT
(General Agreement on Tarifs and Trade), aujourd’hui a U’OMC (Organisation mondiale du
commerce), ont réduit les politiques de régulation de leurs marchés respectifs, et qu’en dépit de la
flambée des cours des produits agricoles de 2007-08, il n’a pas été possible de mettre en place des
politiques coordonnées a |’échelle mondiale de régulation des volumes et des prix des matiére
premiéres agricoles.

Le rendement mondial moyen du blé tendre est d’environ 3 tonnes a ’hectare (t/ha), avec de
grandes disparités régionales (Figure 1). Les rendements sont les plus élevés dans les pays de
’Union Européenne (5,7 t/ha en moyenne) ou la terre est plus rare et les exploitations fortement
mécanisées et basées sur un modeéle de production intensif. Les rendements y sont également plus
stables (Duc et al., 2013), méme si 2016 fait exception en France avec une forte chute du
rendement de blé en raison des fortes intempéries au printemps, notamment par comparaison avec
des pays comme U’Australie, le Kazakhstan ou l’Ukraine, dont les rendements peuvent varier du
simple au double selon le climat de ’année (0,9 t/ha en 2006 contre 2,1 t/ha en 2011 pour le cas
australien).

! L’Union Européenne composée de 28 Etats-membres est le premier producteur mondial avec 137 millions de
tonnes de blé tendre produites en 2014 et parmi les principaux importateurs (5 a 7,5 Mt).
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Figure 1 : Carte des rendements moyens du blé tendre par hectare observés dans le monde
(Monfreda et al., 2008)

En France, le blé tendre occupe le premier rang des cultures annuelles avec une couverture de plus
de 5 millions d’hectares en 2016 (20 % de la surface agricole utile nationale). La moitié des surfaces
se situe dans le nord de la France mais la culture est présente dans la quasi-totalité du territoire
national (Figure 2). Son cycle long, d’octobre a juillet, sa large gamme de dates de semis et sa
relative adaptation aux milieux défavorisés en font, en effet, une culture facile a implanter sur une
grande diversité de milieux. Le blé tendre est toutefois une culture assez sensible aux fortes
températures et aux exces d’eau, ce qui limite son développement dans, respectivement, le sud-est
(pourtour méditerranéen) et ’extréme sud-ouest de la France (piémont pyrénéen).

Du fait des larges superficies cultivées chaque année, le blé tendre est une culture majeure des
rotations de grande culture. Sa place dans les systémes de culture est d’ailleurs en constante
augmentation du fait de la spécialisation des exploitations et des territoires (Duc et al., 2013). Dans
le bassin de la Seine, par exemple, les rotations quadriennales de type pois-blé-betterave-blé ont
été progressivement remplacées par des rotations plus courtes de type colza-blé-blé, colza-blé-orge
ou blé-blé-orge (Mignolet et al., 2007). A ’échelle nationale, le blé est précédé dans 17 % des cas
par un autre blé, ce qui favorise les adventices et les maladies inféodées a cette culture (Meynard
et al., 2013).

Cette spécialisation résulte historiquement de la combinaison de nombreux facteurs techniques,
économiques mais aussi politiques dont certains ont fortement favorisé [’augmentation des surfaces
en blé tendre. Parmi ces facteurs, le soutien des prix du blé puis les primes a ’hectare introduites a
’occasion de la réforme de la Politique Agricole Commune de 1992 ont, notamment, contribué a
cette évolution (Chatellier and Gaigné, 2012). A ’avenir, cette spécialisation devrait se poursuivre
en raison de la diminution de la main d’ceuvre disponible et des contraintes liées au colt du travail
dans les exploitations agricoles (Bureau et al., 2015). La recherche d’une moins grande pénibilité du
travail devrait également encourager le recul des activités d’élevage dans les exploitations ou
qualité des milieux et conditions climatiques permettent d’envisager une reconversion vers la
céréaliculture.
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Figure 2 : Distribution par département des surfaces de blé tendre en milliers d’hectares en 2013
(Source : Agreste, 2013)

Cette place privilégiée du blé tendre dans les rotations s’explique également par des facteurs
économiques et commerciaux. En effet, sur les 35 millions de tonnes de blé produits en France en
2015, prés de la moitié (19,4 Mt) a été exportée, en particulier vers les pays d’Afrique et du Moyen-
Orient (11,4 Mt) ol la demande est croissante (Le Mouél et al., 2015). Ainsi, tant pour des raisons
de sécurité alimentaire mondiale que pour des raisons commerciales et géopolitiques, le maintien
d’un haut niveau de production de blé tendre peut étre considéré comme étant un enjeu
stratégique pour la France (L’Herbier et al., 2015). Les ventes de blé participent en effet a
’économie nationale, mais aussi a la stabilité et au développement des pays importateurs, dont
certains (Egypte, Algérie) sont situés dans cet axe géographiquement proche et géopolitiquement
instable qu’est le pourtour méditerranéen (Abis, 2015).

Néanmoins, cet objectif de maintien d’un haut niveau de production du blé tendre en France doit
étre mis en balance avec d’autres objectifs pour améliorer la durabilité des systéemes de culture
actuels. Parmi ces objectifs, nous pouvons citer |’adaptation face aux nouvelles conditions
climatiques, la réduction des pertes d’azote (par voie gazeuse qui contribuent aux émissions de gaz
a effet de serre ou par lixiviation), la réduction de U'utilisation de produits phytosanitaires (appelés
plus communément pesticides), ’amélioration de la qualité des grains pour une meilleure
valorisation commerciale, [’amélioration des revenus agricoles et de leur stabilité dans le temps.
Dans cette these, nous étudierons plus particuliérement deux de ces objectifs : d’une part
I’adaptation face aux aléas climatiques et, d’autre part, la réduction de la dépendance des
systemes de culture actuels aux pesticides.
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1.2. Un défi majeur : le changement climatique

Le changement climatique est aujourd’hui considéré comme ’une des principales préoccupations
environnementales. Pour le Groupe d’experts Intergouvernemental sur ’Evolution du Climat (GIEC
ou IPCC en anglais), le changement climatique désigne « une variation de l’état du climat que l’on
peut déceler par des modifications de la moyenne et/ou de la variabilité de ses propriétés et qui
persiste pendant une longue période, généralement pendant des décennies ou plus ». Il se rapporte
a tout changement du climat dans le temps, qu’il soit di a la variabilité naturelle ou a 'activité
humaine (IPCC, 2014).

A Uéchelle mondiale, le changement climatique s’est manifesté par une hausse des températures
moyennes de [’atmosphere et de l’océan de 0.74°C en 100 ans (période 1906-2005). Depuis 1980,
chacune des trois dernieres décennies a été successivement plus chaude que toutes les décennies
précédentes sur la période 1850-1980 (Figure 3). Les climatologues prévoient une augmentation des
températures de 0.4°C d’ici vingt ans et de 1.8 a 4°C d’ici la fin du siéecle (IPCC, 2014). La
variabilité interannuelle des conditions météorologiques devrait également augmenter et se
traduire par une incidence plus fréquente d’événements extrémes comme des vagues de chaleur et
des sécheresses prolongées (Reidsma et al., 2010).
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Figure 3 : Anomalies annuelles et décennales des températures moyennes de surface sur la période
1850-2012 (a) et variation de la température de surface observée sur la période 1901-2012 (b)
(Source : IPCC, 2014)

Ces nouvelles conditions climatiques sont susceptibles d’avoir des conséquences sur la production
agricole, notamment sur le rendement du blé tendre. De nombreuses études ont été conduites ces
derniéres années pour étudier, a l’aide de modéles de culture, U’effet de différents scénarios
climatiques dans plusieurs régions du monde (Guo et al., 2010 ; Stockle et al., 2010 ; Ozdogan,
2011 ; Liu et al., 2016). Elles ont donné lieu a des publications soulignant des effets variables,
parfois méme contradictoires d’une région du monde a ’autre et d’un modéle de culture a 'autre.
Néanmoins, Wilcox et Makowski (2014) ont montré, a travers une méta-analyse de ces simulations,
que la probabilité pour que le changement climatique ait un impact négatif sur le rendement du blé
a U’échelle mondiale est supérieure a 50 % dés lors que le réchauffement climatique excede 2,3°C.
L’incertitude inhérente a ces simulations est due aux effets opposés sur le rendement du blé entre

d’une part, température et précipitation, et, d’autre part, teneur en CO, sur le rendement du blé.

26



En France métropolitaine, les projections climatiques convergent vers une augmentation de la
température moyenne de ’ordre +1,6°C pour la période 2020-2050, et de +3,0°C pour la période
2070-2100 (Brisson and Levrault, 2010). Les précipitations en hiver devraient diminuer dans le sud
de U’hexagone et augmenter dans le nord, alors que la baisse des précipitations devrait étre
généralisée pour les autres saisons (Braconnot et al., 2009). Ces phénomeénes devraient également
s’accompagner d’une augmentation de la variabilité interannuelle et de la fréquence des vagues de
chaleur et des risques de sécheresse estivale.

Ces modifications du climat en France devraient se traduire par un raccourcissement du cycle
phénologique et une plus grande précocité des stades de développement du blé tendre. Ces
conséquences devraient permettre de réduire ’exposition des parcelles de blé a certaines
perturbations abiotiques comme les risques de déficit hydrique au cours de la montaison. En
revanche, les problemes d’échaudage thermique risquent de s’amplifier avec l’augmentation des
températures, notamment au printemps. Des effets contradictoires sont également attendus sur le
développement des bioagresseurs. D’une part, la diminution des précipitations pendant le
printemps devrait réduire la nuisibilité des principales maladies fongiques du blé tendre (septoriose,
rouille brune et rouille jaune) mais, d’autre part, les nouvelles conditions météorologiques
pourraient entrainer l’adaptation des champignons phytopathogénes et favoriser ’émergence de
nouveaux bioagresseurs (Lamichhane et al., 2014).

Le changement climatique ne doit pas étre percu comme une préoccupation future, mais bien
comme un enjeu actuel. La responsabilité des évolutions climatiques a déja été mise en évidence
pour expliquer la stagnation observée des rendements du blé tendre depuis la fin des années 1990
en France (Brisson et al., 2010). Les agriculteurs doivent donc, dés aujourd’hui, tenir compte de ce
contexte climatique et de l’augmentation des phénomeénes extrémes. En 2016, les précipitations
trés importantes au moment de la floraison du blé et le manque de rayonnement au moment de la
méiose ont provoqué une chute de plus de 30 % des rendements par rapport a la situation de 2015
(Figure 4), alors méme que la plupart des modéles climatiques n’avaient pas prédit cette situation.
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Figure 4 : Rendements moyens du blé tendre en France sur la période 1980-2016 (Agreste, 2016)
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L’ensemble de ces résultats et des projections réalisées par les scientifiques plaident donc pour une
meilleure adaptation des systémes agricoles face au changement climatique et a ’augmentation de
la variabilité interannuelle des conditions météorologiques (Luo et al., 2009 ; Fuhrer and Gregory,
2014). Plusieurs pistes ont déja été évoquées a l’échelle de U’exploitation agricole comme les
stratégies ex-ante de diversification du risque et la souscription a des assurances récolte. Plusieurs
pistes sont également a ’étude dans le cadre des politiques publiques et notamment la mise en
place de dispositifs de gestion des situations de crise (en place avec la nouvelle PAC en vigueur
depuis 2015), linstauration d’aides contra-cycliques (élevés en conjoncture de prix bas, et
inversement), de soutien publics a des dispositifs assurantiels ou de mutualisation...

Néanmoins, a U’échelle d’une culture donnée, comme le blé tendre, les leviers agronomiques
susceptibles de réduire la variabilité des rendements face aux aléas climatiques sont moins connus.
Nous proposons donc de focaliser notre étude sur la problématique du rendement du blé
tendre en France et, plus particulierement, sur la problématique de la robustesse de ce
rendement face aux perturbations abiotiques.

1.3. Une attente forte : la réduction de ’usage des pesticides

La France se place parmi les pays les plus consommateurs de pesticides dans le monde (Zhang et
al., 2011), et au deuxiéme rang dans |’Union Européenne aprés ’Espagne (Eurostat, 2015). Méme si
cette place s’explique en partie par la surface agricole de la France qui est plus grande que celle
des autres Etats membres, |’agriculture francaise est fortement dépendante des pesticides. Cela
s’explique, historiquement, par le passage en grandes cultures annuelles, au début des années
1980, d’un régime de traitements essentiellement curatifs (interventions réalisées aprés la
détection de la présence d’un bioagresseur) a un régime de traitements essentiellement préventifs
(Meynard, 2009). Faciles d’accés et d’emploi, relativement peu chers, les pesticides se sont révélés
efficaces et fiables dans un nombre important de cas et sur de grandes surfaces (Blanck et Huyghe,
2016). Leur application a large échelle a contribué a l’augmentation des rendements et a la
régularité de la production agricole (Popp et al., 2013). Mais aujourd’hui Uutilisation de ces
produits est remise en question avec la prise de conscience croissante des risques qu’ils impliquent
pour l’environnement (Aubertot et al., 2005) et la santé humaine (Inserm, 2013).

Ces constats ont motivé, depuis plusieurs années, un encadrement de plus en plus contraignant de
’'usage des pesticides au plan européen et national. Citons notamment, dans le cadre de I’Union
européenne les réformes successives de la Politique Agricole Commune (PAC) et les renforcements
de la conditionnalité environnementale des aides agricoles (Desjeux et al., 2011) ; "application de
la Directive cadre sur ’eau (Barraqué, 2001) qui nécessite, pour respecter les objectifs de « bon
état écologique » des masses d’eau, des actions dont certaines concernent Lutilisation des
pesticides ; et enfin la Directive 2009/128 (EU, 2009) qui vise a coordonner les stratégies nationales
mises en place par chaque Etat membre pour réduire 'utilisation de pesticides. En France, le
Grenelle de UEnvironnement de 2007 a initié la mise en place de mesures volontaristes pour réduire
’utilisation de pesticides a usage agricole et non agricole. Le Plan Ecophyto (2008) puis sa nouvelle
version (Potier, 2014) démontrent la préoccupation des pouvoirs publics concernant la réduction de
’usage des pesticides en France.
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Le blé tendre ne fait pas partie des especes les plus exigeantes en termes de protection
phytosanitaire. Son Indice de Fréquence de Traitement? ou IFT (Pingault et al., 2009) se chiffre en
moyenne a 3,8 traitements par hectare et par an (Agreste, 2013), loin derriere la vigne (13,2), la
pomme de terre (15,3) et surtout la pomme (35,1). Pourtant, compte tenu de sa place
prépondérante dans la SAU francaise (5 sur 16 millions d’hectares de terres arables), le cumul
annuel de la protection phytosanitaire sur le blé tendre représente environ 35 % des doses
appliquées en France (Urruty et al., 2016). Le blé est donc U’espéce la plus consommatrice de
pesticides a ’échelle nationale. Les principales matiéres actives utilisées sur le blé correspondent
aux fongicides et herbicides, alors que les doses d’insecticides et de régulateurs de croissance sont
plus faibles.

Alors que plusieurs études avaient souligné la faisabilité d’une réduction de l’usage de pesticides en
France sans impact significatif sur le rendement des cultures (Butault et al., 2010), les résultats du
plan Ecophyto, huit ans aprés son lancement, ne sont pas au rendez-vous (Hossard et al., 2017). Ce
plan a toutefois permis de mobiliser de nombreux acteurs, de lancer un vaste mouvement
volontariste autour de U’objectif de réduction de ’'usage des pesticides, et de se doter de dispositifs
uniques préparant cette transition, dont on doit accepter qu’elle sera lente et longue. Parmi ces
dispositifs, citons le Bulletin Santé du Végétal, permettant d’alerter les agriculteurs sur le risque
phytosanitaire, Certiphyto, un agrément permettant aux professionnels de réactualiser leurs
connaissances sur les pesticides, et les réseaux DEPHY EXPE et DEPHY FERME, permettant de tester
des systémes de culture économes en pesticides respectivement dans des stations expérimentales et
des exploitations agricoles. Les données utilisées dans cette thése sont issues de ce dernier
dispositif (DEPHY FERME).

Parmi les raisons mises en avant pour expliquer la non diminution de l'usage des pesticides depuis
2008, les difficultés de dissocier la tendance structurelle et les variations interannuelles liées au
climat et celle d’identifier les facteurs décisionnels des agriculteurs associés a l’utilisation de
pesticides sont souvent soulignées (Potier, 2014). En effet, ces derniers modulent les doses de
pesticides en fonction de plusieurs parameétres, dont le niveau de pression maladies qui, lui-méme,
est fonction des conditions météorologiques et des caractéristiques des systémes de culture
(Meynard et al., 2003). A cela s’ajoute d’autres facteurs explicatifs, comme le contexte
économique qui influence I’objectif de rendement des agriculteurs et [’aversion au risque qui peut
les pousser a augmenter les niveaux de protection des cultures dans une optique assurantielle
(Pedersen et al., 2012).

L’ensemble de ces facteurs et de leurs interactions rend difficile la mise en place de politiques
ciblées. C’est pourquoi, il nous apparait important de mieux comprendre la relation entre ["usage
de pesticides et les perturbations qui affectent le systéme agricole. Plus spécifiquement, nous
allons nous intéresser a la variabilité de I’IFT fongicides en fonction de la pression de
maladies. Pour cela, nous allons décliner le cadre conceptuel de la robustesse afin d’identifier
des leviers agronomiques susceptibles de réduire la sensibilité des systémes de culture a la
pression des maladies.

2 . . I . .

L'IFT permet d’évaluer la « pression phytosanitaire» exercée sur chaque parcelle. |l est exprimé en « nombre de doses
homologuées par hectare » appliquées sur la parcelle pendant une campagne culturale. Les doses homologuées sont
définies pour chaque couple « culture x produit phytosanitaire ».
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lll. Problématique de la these

Cette thése se positionne dans le courant de recherche de l’ingénierie de la robustesse (Carlson and
Doyle, 2002), mais de nombreuses passerelles existent avec les travaux relatifs a la résilience des
systemes socio-écologiques (Walker et al., 2004). Tous ces travaux visent en effet a proposer des
fondements théoriques, des cadres méthodologiques, mais aussi des outils opérationnels permettant
d’améliorer la capacité de systemes complexes a faire face a des perturbations de différentes
natures et d’intensités variables.

Notre objet d’étude est la culture du blé tendre. Toutefois, nous prendrons en compte le systéeme
de culture dans lequel cette culture s’intégre en prenant en compte la succession de cultures et les
caractéristiques de litinéraire technique appliqué sur les parcelles de blé (Sebillote, 1990). Les
perturbations retenues incluent les perturbations abiotiques (variations des conditions
météorologiques) et les perturbations biotiques (variations de la pression des maladies fongiques).
Les perturbations endogénes, c’est-a-dire qui sont la conséquence directe des choix individuels des
agriculteurs, de méme que les perturbations économiques et/ou de politiques publiques, ne sont
pas étudiées dans cette thése.

La problématique de cette thése est la suivante : dans quelle mesure le cadre conceptuel de la
robustesse permettrait d’améliorer les performances productives (au titre du rendement) et
environnementales (au titre de ['utilisation de fongicides) du blé tendre face a des
perturbations abiotiques et biotiques ?

Notre hypothése de recherche est que l’impact des perturbations (abiotiques ou biotiques) sur les
performances du systéme (son rendement ou sa dépendance aux fongicides) dépend du systeme de
culture mis en ceuvre. Nous nous intéresserons donc particuliérement aux caractéristiques
agronomiques des systémes de culture permettant d’améliorer la robustesse des performances.

En conséquence, notre question de recherche est la suivante : comment caractériser et améliorer
la robustesse des performances de la culture du blé tendre insérée dans un systéme de cultures
face a des perturbations abiotiques et biotiques ?

Cette thése se concentre sur l'analyse des leviers agronomiques des systéemes de culture
susceptibles d’améliorer la robustesse des performances du blé tendre. Elle ne traite pas des
instruments de gestion des risques agricoles, tels que les dispositifs assurantiels face aux risques de
récolte ou de nuisibilité des maladies.
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IV. Démarche et organisation

Cette thése vise a enrichir les connaissances relatives a la définition, la caractérisation et
’amélioration de la robustesse des performances dans les systemes de grandes cultures. Pour
répondre a cet objectif, cette these est organisée en trois sections, découpées en chapitres rédigés
sous la forme d’articles scientifiques, publiés ou soumis pour publication (Figure 5). Les éléments de
contexte, de discussion et de confrontation avec des résultats de la littérature scientifique sont
donc présents dans chacun des chapitres.

La premiére section porte sur le concept de la robustesse et la présentation des données qui seront
mobilisées dans la suite de la thése. Le chapitre 1 s’intéresse a la définition de la robustesse et aux
différences de celle-ci avec les concepts voisins mais distincts de résilience, vulnérabilité et
stabilité. Son objectif est de clarifier les origines, les avantages et les limites de chacun de ces
concepts, et de passer en revue leurs utilisations récentes dans le domaine agricole. Le chapitre 2
présente les données mobilisées pour appliquer le cadre d’évaluation de la robustesse sur la
problématique du blé tendre face aux perturbations abiotiques et biotiques.

La deuxiéme section se compose de trois chapitres qui définissent le cadre méthodologique
d’évaluation de la robustesse du rendement du blé tendre face aux perturbations abiotiques. Le
chapitre 3 présente l'indicateur de perturbations abiotiques développé pour étudier la robustesse
du rendement. Le chapitre 4 présente le modéle économétrique utilisé pour caractériser des profils
contrastés de robustesse tenant compte du niveau de rendement moyen. Enfin, le chapitre 5
propose une approche complémentaire relativement au chapitre 4, basée sur une typologie ex ante
des systémes de culture en fonction des pratiques agronomiques et [’analyse de leur robustesse face
aux perturbations abiotiques.

La troisieme section décrit I’application du cadre d’évaluation de la robustesse a la problématique
de lutilisation de fongicides sur blé tendre. Le chapitre 6 décrit comment est construit
Uindicateur de perturbations biotiques utilisé, ainsi que les résultats de la caractérisation des
systémes les plus robustes face aux perturbations biotiques (maladies fongiques).

A la suite de ces trois sections, le dernier chapitre présente une discussion générale de la these. Les
principaux apports et limites associées sont discutés au regard des objectifs définis précédemment.
Nous concluons cette thése en nous interrogeant sur le potentiel des nouveaux dispositifs de
recherche participative tels que celui utilisé dans cette these.
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Figure 5 : Schéma d’organisation de la thése : progression et articulation des chapitres, et
matériels et méthodes mobilisés pour les traiter
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Chapitre 1 : Revue de la
littérature sur les concepts de
stabilité, robustesse, vulnérabilité
et résilience

Ce chapitre se présente sous forme d’article et a été publié dans la revue internationale Agronomy
for Sustainable Development en mars 2016. Il présente les différents cadres conceptuels
mobilisables pour étudier la variabilité des performances en agriculture. Quatre concepts sont ici
étudiés : stabilité, robustesse, vulnérabilité et résilience. Bien que communément utilisés, les
cadres conceptuels relatifs a chaque concept sont parfois difficiles a distinguer les uns par rapport
aux autres. Dans ce premier chapitre, nous cherchons a clarifier cette situation en étudiant leurs
origines et leurs applications dans le domaine agricole. Nous montrons notamment que [’utilisation
de ces concepts s’est nettement accrue dans les derniéres décennies. Malgré des frontieres parfois
floues, ils peuvent néanmoins étre distingués par la nature des systemes étudiés, les niveaux
d’échelles temporelles et spatiales, ainsi que par la nature des perturbations prises en compte. Des
obstacles méthodologiques ont également été mis en évidence, ce qui rend leur utilisation parfois
difficile. Pour terminer, nous nous sommes intéressés aux principaux leviers cités dans la
littérature scientifique pour ameéliorer les performances des systemes agricoles dans un
environnement changeant.
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Abstract

Global warming and price volatility is increasing uncertainty for the future of agriculture.
Therefore agricultural systems must be sustainable not only under average conditions, but also
under extreme changes of productivity, economy, environment and social context. Here we review
four concepts: stability, robustness, vulnerability and resilience. Those concepts are commonly
used but are sometimes difficult to distinguish due to the lack of clear boundaries. Here we clarify
the role of these concepts in addressing agronomic issues. Our main findings are: 1) agricultural
systems face different types of perturbations, from small and usual perturbations to extreme and
unpredictable changes. 2) stability, robustness, vulnerability and resilience have been increasingly
applied to analyze the agricultural context in order to predict the system response under changing
conditions. 3) the four concepts are distinguished by the nature of the system components, and by
the type of perturbation studied. 4) assessment methods must be tested under contrasted
situations. 5) the major options allowing system adaptation under extreme and unpredictable

changes are the increase of diversity and the increase of the adaptive capacity.

I. Introduction

Farming activities are regularly exposed to
unpredictable perturbations, i.e. changes in
environmental or socio-economic constraints
which anticipated.  Facing
uncertainties, farmers have to deal with urgent
and short term tactical issues (e.g. protecting a
crop from pests or taking advantage of sowing
opportunities) but also with more strategic
decisions driven by their medium to long term
objectives (Rodriguez et al. 2011). In general,
the predominant approach to mitigate the
impacts of exogenous changes on cropping and
livestock systems is based on controlling
environmental conditions (ten Napel et al.,

cannot  be

2006). Modern intensive farming, which relies
heavily on pesticides, antibiotics, mineral
fertilizers and irrigation in order to control
system conditions, has proven
successful approach to maximize productivity
per production unit and increase agricultural
production in the world. The most illustrative
example of this approach is greenhouse
production where fruits and vegetables are
grown in a highly standardized and controlled
environment. Nevertheless, evidence of
drawbacks of this approach is accumulating:
despite a strong artificialization of agricultural

to be a

landscapes and intensive use of chemical
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inputs, crops and livestock around the world
are still exposed to various types of exogenous
perturbations, such as outbreaks of infectious
diseases in animal production and development
of pest and pathogen resistances to pesticides
in crop production. Moreover, negative
environmental impacts of intensive farming
systems are evident, such as air and water
pollution and loss of biodiversity (Millennium
Ecosystem Assessment, 2005).

In recent years, social and political pressure for
more sustainable agricultural systems showed
up the need for implementing more sustainable
production systems and led to the emergence
of various methods and indicators to quantify
the sustainability of farming activities. These
methods generally include
environmental and societal pillars and are
usually based on multi-criteria approaches
addressing these different issues (Bockstaller et
al., 2009). However,
generally focused on the assessment of average
agricultural outputs (i.e. under conditions that
are considered as “normal”) and do not
consider performance changes in time and
space, particularly when exogenous
perturbations Thus, scientists and
stakeholders are currently reconsidering
agricultural system design in order to better
take into variability  of
environmental conditions (Naylor, 2008). As
part of this new changes and
adaptations are recognized as
elements: the ability to continue to achieve
goals despite the occurrence of perturbations is
becoming a central issue in the assessment of
sustainability (Tendall et al.,
2015). This concern is generally expressed
through a paradigm shift, from maximizing
average productivity in a stable environment
towards reducing performance changes in an
environment subject to greater
(Milestad et al., 2012). However, this transition
requires new knowledge and expertise to
characterize and assess the ability of

economic,

these methods are

occur.

account the

vision,
essential

agricultural

variation

agricultural systems to maintain high levels of
agricultural outputs in a non-stable
environment (Figure 6).

In the face of this challenge, different concepts
such as stability, robustness, vulnerability and
resilience have been developed in recent
decades. Despite conceptualization from
different discipline backgrounds, these four
concepts all focus on the ability of diverse
systems to maintain or recover their
functionalities in a challenging environment. An
increasing number of review articles illustrates
the growing interest of scientists from different
disciplines in these concepts (see, for example,
Mumby et al. (2014) for a review of resilience,
robustness and vulnerability applied to marine
ecosystems; Gallopin (2006) for a review of
vulnerability and resilience applied to socio-
ecological systems and Mens et al. (2011) for a
review of  robustness, resilience  and
vulnerability applied to flood risk
management). These concepts have also been
used in agricultural
equivalent terms (National Research Council,
2010), or as concepts to be combined for a
more comprehensive and integrative approach
(Callo-Concha and Ewert, 2014). Due to fuzzy
boundaries between these four concepts, we
have noticed the difficulty for some scientists
in agricultural in defining them
correctly and understanding their differences
and potential uses. Furthermore,
analytical framework associated with each
concept is still lacking and hence limits their
usefulness to assess the ability of agricultural
systems to cope with perturbations.

sciences, either as

sciences

a clear

In the present paper, we aim to clarify the
potential of stability, robustness, vulnerability
and resilience as operational concepts to assess
the ability of agricultural systems to deal with
a context of increasing uncertainty. In the
following sections, the paper will first
introduce agricultural systems and their
exposure to exogenous changes (section 2).
Then, we will review different strands of
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literature to define more clearly each concept
and assess their differences and respective uses
in agricultural sciences (section 3). Based on
recent papers, we will discuss operational
methods available to characterize and quantify
the ability of agricultural systems to cope with
various types of perturbation (section 4).
Finally, the paper will outline some key levers
to improve the ability of agricultural systems to
deal with a more changeable environment
(section 5).

Il. Agricultural systems facing a more
changeable environment

In order to explore the position of each concept
regarding the agricultural
performance in a variable environment, we
start by clarifying what agricultural systems are
and what are their interactions with external
drivers.

assessment  of

Figure 6

Agricultural systems are facing
multiple and unpredictable perturbations. The
impact on a sunflower field of salted sea water
flooding induced by Xynthia storm in 2010, in
Rochefort area (France). Photo credit: INRA

Il.1.  Agricultural systems

Agricultural socio-ecological
systems, comprising biotechnical and social
factors and dedicated to the production of
productive,
social outputs (Renting et al., 2009). On the

systems are

economic, environmental and

one hand, biotechnical factors consist of
biological and technical components linked
through feedback mechanisms (ten Napel et
al., 2011). Biological components comprise
domesticated plant and animal species but also
non domesticated species like pests and
pollinators of crops. Technical components
consist of engineering elements designed to
optimize agricultural outputs (e.g. irrigation
system and decision support tools). On the
other hand, social factors refer to farmers’
actions and attitudes and in which may be
considered separately the psychological make-
up of the farmer and the characteristics of the
farm household (Edwards-Jones, 2006).

According to this basic conceptual scheme, the
agricultural outputs of a farm are highly
influenced by the interaction between the
different components that constitute
biotechnical and However,
agricultural systems are also embedded in
larger systems such as food, institutional or
social systems. Hence, they are also influenced
by external drivers which can be a source of
unpredictable changes for farmers.

social factors.

I.2. A more changeable environment

External drivers of
encompass bio-geophysical, social, economic
and political environments that determine how
agricultural activities are performed. These
drivers can vary significantly in time and space
and therefore can affect agricultural systems
positively or negatively. Depending on the
frequency, duration and predictability of these
changes, Maxwell (1986) distinguished four
different types of perturbations that affect
agricultural systems: noise when perturbations

agricultural systems

occur on a regular basis and are usually
expected by  farmers, shocks
perturbations are unusual and difficult to
anticipate, cycles when the variation is due to
cyclical changes, and trends when the change is
gradual over time.

when
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In terms of trends, global warming is expected
to impact agricultural activities gradually in the
future: by the end of the twenty-first century,
temperature is projected to rise by 1.4 to
5.8°C while atmospheric CO, concentration
could reach three-to-four times the pre-
industrial levels (IPCC, 2014). In Europe,
simulations of future climate have suggested an
increase of average temperature and a slight
decrease in rainfall (Trnka et al., 2011).
Livestock systems may also be impacted by
global warming, directly by the effects of heat
on animal health, growth and reproduction and
indirectly, for herbivores, through impacts on
the productivity of pastures and forage crops
(Maracchi et al., 2005). Climate change is also
expected to increase the risk of potential pest
pressure in agriculture by providing more
suitable environmental conditions for exotic
pests to adapt across areas which were
previously detrimental for their survival
(Lamichhane et al., 2014). In this context of
gradual changes, farmers and researchers can
partly anticipate the impacts on agricultural
activities through mitigation and adaptation
programs (Olesen et al., 2011; Reidsma et al.,
2010). For research and
implementation projects are currently dealing
with  adaptation strategies using local
knowledge and low inputs for soil protection
and water management in the context of
climate change (Meynard et al., 2012).

example, many

Beyond average trends, agricultural systems are
also exposed to less predictable perturbations,
such as climatic or economic shocks. These
perturbations, exhibiting various intensities and
durations, can also heavily impact agricultural
activities. For example, climate variability is
considered to explain part of wheat yield
stagnation in Europe since the middle of the
1990’s (Brisson et al., 2010; Moore and Lobell,
2014), while food price volatility has negatively
impacted farmers’ income stability in recent
years (Huchet-Bourdon, 2011). In addition to
these individual perturbations, local issues may

also interact with global economic issues and
further increase overall perturbations. For
example, due to the specificities of the world
agricultural market (inelastic demand for
agricultural products, high seasonality and
relatively long production period coupled with
a short shelf-life for many agricultural
products), a severe climatic shock, such as
drought on grain production in an exporting
country, may have significant repercussions on
international, national and local markets and
therefore on food security and political
stability on local and global scales (Sternberg,
2012).

Furthermore, the relationship  between
agricultural systems and their external drivers
requires that the intrinsic sensitivity of
agricultural systems to exogenous perturbations
be taken into account. For example, the impact
of market volatility during the period 2007 to
2009 was particularly severe in Europe as the
progressive change of CAP policies
directly exposed farmers to commodity price
volatility (Enjolras et al., 2014). Moreover,
there is also increasing evidence that the trend
towards specialization and homogenization of
genetic diversity across agricultural landscapes
(Hoisington et al., 1999) is increasing the
sensitivity of many agricultural systems around
the world to various types of perturbation. In
cropping systems, for example, genetic and
crop uniformity over large areas tends to
amplify pest invasions and outbreaks (Altieri
and Nicholls, 2004), while in animal husbandry,
regional specialization of agricultural activities
can increase sanitary risks by facilitating the
spread of animal diseases (Févre et al., 2006).

more

In this context and in order to get a better
understanding of the overall context in which
agricultural  systems are implemented,
researchers have developed and used several
concepts that deal with the response of
agricultural systems when facing perturbations.
In the next section, we introduce these
different concepts, their historical backgrounds
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and their main differences according to how
the relationship between agricultural systems
and perturbations is expounded.

lll. Conceptual frameworks

We focus on four different concepts:
stability, robustness, vulnerability and
resilience. =~ These  four concepts are
characterized by having a highly

multidimensional nature and have been used in
various papers related to agricultural systems.
At first glance, they may appear to be linked by
fuzzy boundaries and to be suitable in various
contexts. Depending on authors, there is a call
for more stable (Mishra and Sandretto, 2002),
more robust (ten Napel et al., 2006), less
vulnerable (Schroter et al., 2005) or more
resilient (Naylor, 2008) agricultural systems,
and sometimes a combination of all of these
(de Goede et al., 2013; Tendall et al., 2015).

In order to clarify the specificities of each
concept, and based wupon the existing
literature, we will present in this section their
historical backgrounds and their main
differences according to how they are used in
papers related to agricultural systems. More
precisely, each concept is discussed separately
in order to highlight in which context it proved
to be the most useful. As already pointed by
Carpenter et al. (2001) concerning resilience,
these multidimensional concepts acquire
significance only if the studied object (the
system and its boundaries), the type of output
to be maintained and the nature of the
perturbations are precisely defined. Thus, we
will answer simple but essential questions when
assessing each concept: what kind of system is
studied?, what kind of output is targeted? and
against what kind of perturbation?

Table 1 summarizes the main elements for each
concept and includes some examples from
agricultural sciences. It may help readers to
choose the most suitable concept according to
the nature of their research questions.
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Table 1 : Summary of the main differences between the concepts of stability, robustness, vulnerability and resilience

Nature of the system studied

Agricultural output

Perturbations

Concepts Definition in agricultural context - - -
What part of the system is studied? To maintain what? Against what kind of perturbations?
Constancy of agricultural outputs over . . . - . .
Stability long periods of time or across various Biological components of agricultural Individual features of biological Not explicitly defined
. - systems components
spatial environments
Brancourt-Hulmel (1999) Wheat genotypes Wheat yield -
£ l Tilman et al. (2002) Cereal crops Agricultural production -
xamples
P Govaerts et al. (2005) Maize-wheat rotation (Mexico) Maize and wheat yields -
Devictor and Jiguet (2007) Farmland bird communities (France) Farm biodiversity -
Ability to maintain desired levels of . . . - . .
Robustness agricultural outputs despite the Blologlcalaar:ti:lct?:::rr:lcsalsic;nn‘lgonents ok Indw'd:::::;?z:{ ii:,]f ?:gﬁi’lscal A Short term and specified perturbations
occurrence of perturbations S Y P
Mosnier et al. (2009) Livestock systems (France) Farmers’ income Weather and price fluctuation
Dourmad et al. (2010) Pigs Sow productivity Multifactorial diseases
Examples

ten Napel et al. (2011)

Pig production unit

Various features (pig mortality, quality
of meat, ...)

Short-term variation in costs of feed, water,
medication and bedding material

Sabatier et al. (2013)

Cacao agroecosystem (Indonesia)

Cacao productivity

Pest outbreak

Vulnerability

Degree to which agricultural systems
are likely to be harmed due to
perturbations

Biotechnical and social components of
agricultural systems

Individual and integrated features of
agricultural systems

Specified perturbations

Jalan and Ravallion (1999)

Households (China)

Household income

Risk-market failures

Luers et al. (2003) Farms in Yaqui Valley (Mexico) Wheat yield Drought
Examples Reidsma and Ewert (2008) European farms Regional wheat productivity Climate variability
Simelton et al. (2009) Rice, wheat and corn production (China) Provincial harvest production Drought
- Ab'!'t.y ) G anfj kS Biotechnical and social components of Integrated features of agricultural Specific perturbations to unpredictable
Resilience anticipate future perturbations .
R . agricultural systems systems changes
through adaptive capacity
Darnhofer (2010) Family farms (Austria) Adaptability and transformability of the Changes in the economic and political
farms framework
E L David et al. (2010) Organic farms (France) Flexibility of organic farms Market fluctuations and regulatory changes
xamples

Astigarraga and Ingrand (2011)

Limousin beef systems (France)

Flexibility to match different factors of
uncertainty

Market variations and climatic fluctuations

Rodriguez et al. (2011)

Farms in Australia

Farm profit

Climate change scenarios
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lll.1. The Concept of Stability

The word stability originates from the Latin
stabilis, meaning to stand firm or steady. It has
been widely used in several scientific
disciplines (mathematics, engineering,
economic, social and natural sciences) to
express the ability of an object to maintain
equilibrium. In natural sciences, the concept of
ecological stability was first defined as the
constancy of a given attribute, regardless of
the presence of disturbing factors (Justus,
2008). For example, stable ecological
communities those with relatively
constant population sizes and compositions
(MacArthur, 1955). Later, the definition of
ecological stability has been expanded to
describe other properties of ecosystems, such
as the ability to maintain ecological functions
despite disturbances (Turner et al., 1993) or
the ability to return to the initial equilibrium
state (Ilves and Carpenter, 2007). This led to
multiple definitions and interpretations of
stability (Grimm and Wissel, 1997) and
sometimes to the feeling that it is defined in
many ways depending on how scientists wish to
look at the problem (Lin et al., 1986).

were

In agricultural sciences, the concept of stability
has been mainly used with the original meaning
of ecological stability, i.e. as a criterion to
measure the spatial or temporal constancy of
specific features of agricultural systems (Figure
7a). For example, the stability of genotypes has
been widely used in plant breeding programs in
order to identify genotypes that maintain
specific features (e.g. yield or protein content
in the grain) over a wide range of environments
(Brancourt-Hulmel, 1999; Sabaghnia et al.,
2012). Based on genotype x environment
interactions, two types of stability are
sometimes distinguished: i) static stability
which refers to a genotype for which variance
is small between different environments and ii)
dynamic stability which refers to a genotype
for which the response to various environments
is correlated to the mean response of all

genotypes in the trial (Annicchiarico, 2002). In
other terms, the first type of stability focuses
on constancy regardless of the variability in
systems environments whereas the second type
of stability includes these environmental
differences.

Even though analysis of yield stability has been
largely confined to multi-environment trials for
comparing spatial stability of crop cultivars,
stability analysis has also been applied to
compare the temporal stability of different
agronomic treatments in long term
experiments. For example, Berzsenyi et al.
(2000) and Govaerts et al. (2005) implemented
stability analysis to evaluate the effect of
diverse crop rotations, fertilization treatments
or tillage management techniques on crop yield
stability.

Considering these first elements, it appears
that the concept of stability has been applied
in agricultural studies with a meaning relatively
close to ecological constancy, i.e. as the
stability of agricultural outputs in time or space
but without explicitly referring to the external
drivers of change and to the occurrence of
perturbations. Moreover, the concept of
stability has been mainly applied to individual
components (e.g. genotypes) or outputs (e.g.
yield or income) of agricultural systems rather
than through a more integrated approach.
Hence, it may show a low potential for
describing and explaining the behavior of
complex agricultural systems in a context of
unpredictable changes.

lll.2. The Concept of Robustness

The word robustness comes from the Latin
robustus, meaning strong. Widely used in
statistics to refer to methods that are not
affected by small deviations from model
assumptions (Maronna et al., 2006), robustness
also emerged in recent years as a major
concept for analyzing the response of diverse
objects facing perturbations. Industrialists and
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engineers first mobilized this concept in the
early 1950s in order to optimize the
manufacturing design of various devices and
reduce their sensitivity to variation over which
makers have little or no control (Taguchi and
Clausing, 1990). Subsequently, robustness
theory was applied to various engineering
processes, such as information networks,
electronic circuits or flight control systems in
airplanes in order to make them capable of
operating under a wide range of constraints
(Fowlkes et al., 1995).

More recently, the concept of robustness has
also been used by biologists to describe the
ability of living systems to maintain specific
functionalities despite unpredictable
environmental or genetic perturbations (Kitano,
2004). For example, biological robustness can
be illustrated by the ability of genomes to
compensate for the loss of function in one gene
by means of other copies of this gene (Gu et
al., 2003). Based on these observations from
engineering and biological sciences, robustness
has been described as an intrinsic property of
complex adaptive systems (Carlson and Doyle,
2002) and as an important trait for the species’
capacity to evolve through natural selection
(Wagner, 2008).

(a) Stability

Agricultural output

(b) Robustness

Agricultural output

Perturbation

Low stability =  =====- High stability Low robustness =~ ===e=- High robustness
Time Time
(c) Vulnerability (d) Resilience
Agricultural output
Exposure
l Perturbations :\Gf" -
! ==

$Vulnerability

1

Sensitivity

/ Adaptive capacity

Time

Figure 7 : Illustration of stability, robustness, vulnerability and resilience concepts (adapted from
Mumby et al. (2014) and de Goede et al. (2013)).
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Comprising both technical and biological
domains, agricultural systems can also be
defined as complex and adaptive systems.
Hence, the robustness concept was recently
introduced into agricultural sciences and has
been used in an increasing number of scientific
papers to represent the complex interactions
between the biotechnical factors of agricultural
systems and external drivers of change (de
Goede et al., 2013; ten Napel et al., 2006;
Verhagen et al., 2010). In these papers,
robustness has been mainly defined as the
ability to minimize the variability of specific
agricultural outputs despite the occurrence of
explicitly defined perturbations (Figure 7b).

A large part of the literature recently devoted
to this subject deals with robustness as a key
breeding goal for animal farms (Knap, 2005;
Sauvant and Martin, 2010; Star et al., 2008).
The aim is to select animals that achieve a high
production level in a wide diversity of
environmental conditions, including stressful
conditions. These stressors can be disease
challenges, extreme temperatures, low-quality
feed or challenges due to changes in housing or
management (Merks et al., 2012). However,
robustness has also been discussed in the
context of cropping exposed to
climatic or biotic perturbations. For example,
Sabatier et al. (2013) compared the robustness
of two contrasting types of management
strategies for a cacao agroecosystem in
Indonesia facing pest outbreaks and pesticide
changes.

systems

Applied to agricultural systems facing an
environment subject to perturbations, two
forms of robustness are frequently
distinguished and sometimes called
respectively passive and active robustness: i)
resistance, i.e. the withstanding or tolerance of
perturbations, and ii) flexibility, i.e. the ability
to adapt the configuration of the system in
order to limit damage (ten Napel et al., 2006).
For example, robustness on a pig farm level can
include genetic components of heat stress

tolerance in pigs (passive robustness) and
temperature control systems to adjust indoor
conditions in real time (active robustness).

To conclude, we might say that robustness is a
concept that goes further than stability through
a more precise description of the interactions
between agricultural systems (and their
different components) and changes in
environmental conditions. Due to its history,
robustness appears to be a concept that better
integrates biological and technical aspects of
agricultural systems than stability. However, it
rarely takes into consideration the social
aspects of agricultural systems.

lll.3. The Concept of Vulnerability

The term vulnerability originates from the Latin
word vulnus, meaning injury. Vulnerability thus
refers to a state of fragility, a disposition to be
hurt. This concept started to be used in the
1970s by geographers and social scientists in
risk management issues to describe the fragility
of certain communities or countries facing
severe environmental or socio-economic risks,
such as earthquakes (Blaikie et al., 1994) or
food exchange crises (Watts and Bohle, 1993).
In the decade after 2000, the use of the
vulnerability concept increased sharply with its
adoption by the Intergovernmental Panel on
Climate Change (IPCC) to assess the potential
impacts of global warming at regional and
global levels (Mc Carthy et al., 2001). As a
result, vulnerability recently became a very
central focus of the global change science
research community for discussing and defining
adaptation and mitigation plans (Downing et
al., 2005).

Based on the seminal work by IPCC, the
vulnerability concept benefits from a highly
operational framework to describe the
relationship between the studied system and its
environment (Adger, 2006; Luers et al., 2003;
Paavola, 2008; Turner et al., 2003). This
framework usually distinguishes between three
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distinct elements (Figure 7c): i) the level of
exposure (i.e. the frequency, intensity and
duration of perturbations affecting the studied
system), ii) the level of sensitivity (i.e. the
degree to which the studied system is affected
by exposure to perturbations) and iii) the
adaptive capacity (i.e. the ability of the
studied system to deal with perturbations and
increase the extent of variability it can cope
with).

This operational framework of vulnerability has
allowed its use in several fields, including
agriculture for which it has been applied at
various spatial scales (from farms to countries)
but with an emphasis on the regional level
(Reidsma and Ewert, 2008; Simelton et al.,
2009). The vulnerability of agricultural systems
has mainly been studied with regard to the
exposure to climatic perturbations, such as
temperature changes (Luers et al., 2003),
drought (Simelton et al., 2009) or floods
(McLeman and Smit, 2006; Silva and Lucio,
2014). It has also been used to describe the
response of agricultural systems exposed to
diverse socio-economic changes, such as
market fluctuations (Luers et al., 2003) or land-
use changes (Metzger et al., 2006). Sensitivity
level generally refers to biotechnical or socio-
economic factors that are intrinsic to
agricultural systems and interact with external
perturbations to amplify or reduce their
impacts. For example, the level of sensitivity of
a crop to drought depends to a high degree on
soil characteristics and access to irrigation
(Wilhelmi and Wilhite, 2002). At regional level,
the level of sensitivity of Indian farmers to
international trade has been evaluated as a
function of crop productivity and distance to
major ports (O’Brien et al., 2004).

The third factor of vulnerability, the adaptive
capacity of agricultural systems, is usually
described as the system’s ability to design and
implement effective changes so as to reduce
the impacts of harmful perturbations. In
practice, adaptive capacity represents the set

of natural, financial, institutional or human
resources that agricultural systems can
mobilize for coping with constraints and
overcoming them (Brooks and Adger, 2005).
Hence, the adaptive capacity of agricultural
systems encompasses both internal and
external factors that can be used to deal with a
changeable environment. For example, Tengo
and Hammer (2003) analyzed the role of both
management practices and the institutional
framework for promoting the adaptive capacity
of northern Tanzanian agro-pastoralists.

Thus, vulnerability can be seen as a concept
mainly focused on the assessment of the
potential impacts of perturbations and on the
target measures needed to reduce them.
Compared to the concepts of stability and
robustness, vulnerability appears to be a
broader concept that encompasses the
biotechnical and social factors of agricultural
systems. It benefits from an operational
framework that simplifies its use in various
agricultural contexts, including institutional,
social and financial determinants.

lll.4. The Concept of Resilience

The word resilience comes from the Latin
resilio, meaning to rebound. Resilience was
originally used in material and psychology
sciences to describe the resistance of materials
to physical shocks (Winson, 1932) and the
ability of individuals to cope with adversity,
trauma or other significant sources of stress
(Murphy, 1974), respectively. In ecology,
Holling (1973) popularized this term by defining
the resilience of ecological systems as a
measure of their persistence when confronted
by unpredictable perturbations and of their
ability to absorb change. Subsequently, the
concept of resilience has been increasingly
adopted as a generic approach to describe
social-ecological systems as complex entities
which are continually transforming themselves
through cycles of change (Carpenter et al.,
2001; Folke et al., 2010; Holling, 2005).
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Based on extensive literature from various
scientific backgrounds, resilience has been
variously characterized as a loosely organized
cluster of concepts (Carpenter and Brock,
2008), a collection of ideas (Anderies et al.,
2006) or a way of enabling exchanges across
disciplines (Brand and Jax, 2007). A first part of
this literature mainly focuses on the “specific”
meaning of resilience and is relatively close to
the concepts of robustness and vulnerability. In
such cases, resistance to perturbations and rate
of recovery after their
considered as key aspects of resilience (Holling,
1996). Specific resilience has been used for
example on vegetative systems to study the
rate of recovery after a fire (Lavorel, 1999) or
other natural hazards (MacGillivray and Grime,
1995). Accordingly, it has been discussed for
particular aspect of socio-ecological systems
and for well-characterized perturbations, such
as storms, earthquakes, floods and fires, for
which existing knowledge provides a basis for
building specified resilience (Carpenter et al.,
2012). Another part of recent literature was
more oriented towards the “general” meaning
of resilience, i.e. the capacity of socio-
ecological systems to adapt and transform in
response to unexpected and
extreme shocks (Holling, 2005). In such papers,
general resilience is studied through the way
that socio-ecological systems persist and
innovate when facing unknown perturbations
(Walker and Salt, 2006). This second aspect of
resilience is more difficult to apprehend
because it refers to potential changes outside
the scope of experience. For example, it has
been used to study how socio-ecological
systems are transforming themselves in order
to continue to achieve specific goals, to better
anticipate critical transitions in the future
(Scheffer et al., 2012) and improve
conservation plans (Standish et al., 2014).

occurrence are

unfamiliar,

Resilience thinking, referring both to specific
and general aspects of resilience, has been
applied to a wide variety of social-ecological

systems, such as everglades (Gunderson et al.
2002), marine ecosystems (Mumby et al., 2014)
and forests (Parrott and Meyer, 2012) but less
frequently to agricultural systems. This might
be explained by marked differences between
agricultural and other socio-ecological systems,
such as a smaller spatial scale, a high
controllability of the ecological structure and
processes on the farm by human activities, and
the strong influence of economic drivers to
ensure both the short-term and long-term
of agricultural systems
(Darnhofer, 2010). Moreover, despite some
extreme examples such as the Dust Bowl period
in the 1930s in North America, after which
farmers fundamentally changed their practices
and adopted planting and plowing methods that
ensured a better conservation of the soil,
critical transformations of agricultural systems
are not easy to analyze , particularly over short
time-periods.

economic survival

Nevertheless, despite these differences, the
resilience concept has recently been applied to
several studies dealing with the behavior of
agricultural systems facing various kinds of
perturbation.  Reflecting the contrasting
understandings of this concept, the resilience
of agricultural systems has been used in several
ways: sometimes to measure the degree of
resistance to shock in the face of economic
(Abson et al., 2013) or climatic perturbations
(Keil et al., 2008); but more frequently as the
ability of agricultural systems to preserve their
intrinsic functions through flexibility
(Astigarraga and Ingrand, 2011; Carlisle, 2014)
and plasticity (Rodriguez et al., 2011). In these
cases, resilience is mainly used to discuss the
factors that build the ability of agricultural
systems to respond to changes, to reorganize
their structure, to anticipate future changes
and to take advantage of new opportunities
(Folke et al., 2002).

Resilience is probably the broadest concept
among the four discussed in this paper. Applied
to agricultural systems, it appears to be a
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heuristic framework that is most relevant on a
long-term basis in order to describe and
understand farm transformations over periods
of time marked by significant economic,
environmental or sanitary crises (van der Leeuw
and Aschan-Leygonie, 2000). It embeds both a
time scale approach and a recovery process
(Figure 7d). Hence, contrary to the concept of
vulnerability which focuses on the direct
impacts of specific perturbations on a given
feature of the system, the resilience concept
mostly focuses on the consequences of one to
several perturbations, including unpredictable
ones, on the overall trajectory of the system
(Mathevet and Bousquet, 2014).

IV. From concepts to assessment in
agricultural systems

Based on review literature concerning stability,
robustness, vulnerability and resilience, it
appears that the research community has
produced an insightful and extensive literature
in recent years to describe and understand
better systems,
including agricultural systems, in a context of
unpredictable change. However,
operationalization of these concepts into
empirical assessments remains limited due to
their multidimensional nature and because they
are not directly observable phenomena (Callo-
Concha and Ewert, 2014). The situation is even
more complicated when assessments are
extended from time-limited events, such as

the behavior of various

drought, to gradual perturbations such as
climate change. Hence, there is an urgent need
to have a better knowledge of the models and
metrics available to quantify the ability of
agricultural systems to cope with various types
of perturbation.

In this section, we review existing approaches
that have been used in empirical studies to
quantify the stability, robustness, vulnerability
and resilience of agricultural systems. These
approaches are classified in three categories

according to the system level at which they
were used: i) approaches focusing on the
variability of agricultural outputs regardless of
the context of perturbations; ii) approaches
focusing on the relationship between
agricultural outputs and perturbations; and iii)
approaches including a broader scale and
taking into consideration the adaptive capacity
of agricultural systems. We illustrate and
discuss these different approaches through the
description of some case studies.

IV.1. Variability of agricultural outputs

The first approach, and probably the simplest
one, quantifies the ability of agricultural
systems to cope with a changeable environment
by characterizing agricultural outputs and their
variability across large environmental (time,
space, management practices) series. This
approach has been used in various studies and
can be carried out using different statistical
methods. A first method is to quantify the
statistical deviation of agricultural outputs
from the average or median and can be
undertaken using common indices of statistical
dispersal (e.g. standard deviation, coefficient
of variation, interquartile range). For example,
Abson et al. (2013) used the coefficient of
variation of economic returns to study the
impact of landscape diversity on economic
“resilience” in the UK between 1996 and 2010.

Other methods focus more on the behavior of
agricultural systems facing rare but extreme
perturbations. These methods are mainly used
in risk assessment studies (Iglesias and Quiroga,
2007; Luo et al., 2009) and are usually based on
the analysis of output anomaly distribution. For
example, Cernay et al. (2015) analyzed the
yield anomaly distribution of diverse grain
legumes over the period 1961-2013 in order to
compare variability in legumes yields across
Europe and the Americas. More precisely, they
used value at 10th percentile risk as a measure
to assess in which countries legume yield losses
have been the largest over this period. Lastly,

51



other methods focus on the probability of
achieving farmers’ goals and can be measured
as the probability that agricultural outputs
remain above a certain threshold. For example,
Sabatier et al. (2015) used a stochastic model
of grassland dynamics to measure, for various
grazing strategies, the likelihood of fulfilling
the feeding requirements of grazing animals.
They quantified it as the percentage of
weather sequences for which the grass resource
was sufficient to feed the herd present on the
grasslands every day.

Finally, this first approach is relatively close to
the stability concept because it does not
explicitly characterize and take into account
the intensity and variability of perturbations
that affect agricultural systems. It only
describes a part of the ability to cope with an
environment subject to perturbations and it
does not deal satisfactorily with the ability of
agricultural systems to resist and adapt to
specific perturbations.

IV.2. Relationship between
outputs and perturbations

agricultural

This second approach focuses on the response
of agricultural systems to specific perturbations
and has been used in various studies, referring
both to robustness (Mosnier et al., 2009) and
vulnerability frameworks (Simelton et al.,
2009). More precisely, this approach is
associated with the notion of resistance that is
frequently used in those two frameworks to
refer to a low sensitivity of agricultural outputs
to environmental system conditions. As a
result, resistance is measured with respect to
specific perturbations affecting agricultural
systems. Indeed, this approach requires the
characterization and quantification of the
intensity of  perturbations that affect
agricultural systems (Li et al., 2009; Wu and
Wilhite, 2004). For example, Simelton et al.
(2009) measured a drought index to assess the
resistance of agricultural production in China to
water deficit. The drought index was quantified

as a negative rainfall anomaly, i.e. by the ratio
between average amount of rainfall between
1960 and 2011 and the actual amount of
rainfall for each year. In livestock systems,
perturbations can refer to changes in
environmental conditions. For example, the
variation in the herd environment of dairy cows
(Windig et al., 2006) and breeding sows
(Herrero-Medrano et al., 2015) has also been
studied to measure the resistance of these
livestock systems to changes in environmental
conditions.

Once perturbations have been characterized
and quantified, the resistance of agricultural
outputs to changes in environmental conditions
is usually assessed through regression methods.
This method has been used by various authors
to study the relationship between agricultural
outputs and perturbations which are highly
correlated, such as yield and drought (Luers et
al., 2003) or farmers income and price
volatility. For example, Mosnier et al. (2009)
studied the sensitivity of farmers’ incomes to
climatic and economic perturbations in France
on a panel of 55 farms. Using multiple linear
regressions, they identified the influence of
stocking rates and length of production cycles
on the sensitivity of livestock systems to
weather and beef price variation. In Nicaragua,
Holt-Giménez (2002) has studied the resistance
of more than 800 farmers after Hurricane
Mitch. He discriminated “conventional” and
“agroecological” farms in order to study, under
different levels of storm intensity, the
differences of response on several indicators
(e.g. erosion or economic returns). He showed
that patterns of resistance are not easy to
describe and include complex interactions and
thresholds. However, the differences in favor
of agroecological plots tended to increase with
increasing levels of storm intensity, increasing
slope and increasing years under agroecological
practices.

Despite its potential to assess quantitatively
the response of agricultural outputs to specific
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changes in the system environment, this

approach remains limited to biotechnical
components of agricultural systems. In
particular, social components, including

adaptive capacity, of agricultural systems are
difficult to consider in this approach.

IV.3. Multiscale and adaptive capacity
assessment of agricultural systems

In order to integrate the different components
of agricultural systems, a third approach is
frequently used. Contrary to the two previous
ones, this approach focuses on the description
of internal system features through a set of
proxy indicators more than on the variability or
resistance of agricultural outputs. This
indicator-based approach is applicable to
multiple scales and can include the adaptive
capacity of agricultural systems (Darnhofer et
al., 2010). Consequently, this approach has
mostly been used for assessing and measuring
vulnerability (Gbetibouo et al., 2010) and
resilience (Quinlan et al., 2015) of agricultural
systems stability or
robustness.

rather than their

In this approach, indicators are generally
chosen to describe key aspects of biotechnical
and social components that are supposed to
increase or decrease the ability of agricultural
systems to cope with various perturbations. For
example, Cabell and Oelofse (2012) compiled
13 behavior-based indicators which cover
different properties of agricultural systems,
such as spatial and temporal heterogeneity
across landscapes and the human resources
available on farms. Systems in which these 13
indicators are positively
supposed to better resist and adapt to
perturbations, while a negative evaluation of
these indicators points to a need for
intervention. Based on the vulnerability
framework, Wiréhn et al. (2015) reviewed
indicators of exposure, sensitivity and adaptive
capacity. The latter ones describe socio-
economic factors that can assist agricultural

evaluated are

systems to adapt and rebound better after
perturbations (e.g. farm income, farm size,
crop diversification). Altieri et al. (2015) used
indicators of soil conservation practices, crop
diversity and food self-sufficiency to describe
the adaptive capacity of various agroecological
farms in Latin America. These indicators are
frequently aggregated and their results
displayed in geographic representations to
improve the identification of the most
vulnerable, or less resilient, areas within a
territory (O’Brien et al., 2004; Wilhelmi and
Wilhite, 2002). This indicator based-approach
has proven to be valuable for monitoring trends
but, as reported by Wiréhn et al. (2015), is
limited in its applicability by considerable
subjectivity in the selection of variables and
their relative weights, and by the difficulty of
testing and validating the different metrics.

To conclude this section, it appears that
various approaches are available to study the
behavior of agricultural systems in a more
changeable Despite  their
differences, these approaches can provide
additional details and improve visibility of what
improves the ability of agricultural systems to
cope with unpredictable changes. In particular
they can provide complementary findings at
different scales. In the next section, we review
the main emerge from

environment.

elements that
researches completed to date.
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V. Key levers for improving the ability of
agricultural systems to cope with
perturbations

Based on previous sections, it appears that
various concepts and methods have been
mobilized in recent years to characterize and
quantify the ability of agricultural systems to
cope with a changeable environment. Despite
fuzzy boundaries, these concepts have specific
historical backgrounds and have been applied
to describe different features and behaviors of
agricultural systems.

Based on literature focusing on conceptual

definitions and empirical assessments in
agricultural studies, some key levers are
emerging as important properties for a

transition towards more stable, more robust,
less vulnerable or more resilient agricultural
systems. These generic
summarized in two categories: first, increasing
the intrinsic diversity of agricultural systems
and second, increasing their adaptive capacity.

elements are

V.1. Increasing diversity at different levels

Based on recent literature, many authors have
emphasized the potential of increasing
diversity in its various forms to improve the
behavior of agricultural systems when facing
various perturbations (Altieri et al., 2015; Lin,
2011; Naylor, 2008; @stergard et al., 2009).
This assumption relies on the hypothesis that
implementing more diversity at different levels
provides greater functional redundancy, i.e.
system components and organization with
overlapping functions to buffer year-to-year
changes. However, diversification can be
implemented in a variety of forms and at a
variety of scales, allowing farmers to choose a
strategy that both increases their ability to
cope with perturbations and provides economic
benefits Lin (2011)..

Among biological components, increasing

genetic diversity through cultivars and animal

breeds characterized by different agronomic
features (e.g. diversity in earliness for
cultivars; diversity in disease resistance for
animal breeds) is supposed to spread the risks
of failure by reducing the overall exposure to
perturbations (Di Falco and Perrings, 2003;
Tooker and Frank, 2012). Increasing breeding of
cultivars and animals with distinctive traits is
therefore becoming a research priority to allow
farmers to choose biological components
adapted to various contexts and perturbations
(Casadebaig et al., 2014; Knap, 2005).
Similarly, increasing diversity at the species
level by using crops characterized by different
exposure periods and sensitivity features allows
the spreading of risks through the entire
cropping rotation (Lin, 2011). Following seminal
work by Hector et al. (1999), Tilman et al.
(2006) showed that greater complementary and
functional diversity among grassland species
were able to stabilize annual plant production.
As reported by Huyghe et al. (2014), the use of
mixtures of grasses and legumes has been
largely implemented in grasslands worldwide.

Increasing diversity is also feasible by changing
the nature of crop rotations and introducing
perennial tree crops into annual cropping
systems. Based on complementarities between
annual crops and trees, agroforestry systems
are characterized by a strong
complexity (Jose, 2009). These systems have
demonstrated their capacity to provide a
better protection for crops from
habitual climatic perturbations (changes in
temperature and precipitation), but also from
extreme perturbations such as hurricanes (Lin,
2011). At a larger scale, increasing diversity
through regional landscape diversity is also a
strategy for minimizing the impacts of
perturbations on agricultural systems: Reidsma
and Ewert (2008) showed that diversity in farm
size and intensity (e.g. choice,
fertilizer and pesticide use) reduces the
regional vulnerability of wheat production to
climate change. Abson et al. (2013) also found

structural

annual

cultivar
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that land-use diversification in the UK was
positively correlated with the resilience of
agricultural returns in the face of uncertain
market  and environmental  conditions.
Furthermore, preserving or increasing the
diversity of agricultural systems can also
maintain or stimulate various resources
(technology, information and knowledge) at the
territorial level that can be used by farmers in
order to cope with current or future challenges
(Nelson et al., 2007). In that sense, increasing
diversity of agricultural systems can also
improve their adaptive capacity.

V.2. Increasing the adaptive capacity of
agricultural systems

Cited mainly in robustness, vulnerability and
resilience literature, adaptive capacity refers
to the ability of agricultural systems to
transform their nature or structure to cope
with an ever-changing environment (Milestad et
al., 2012). It focuses on ensuring sufficient
room for identifying transition
capabilities and extending the degrees of
freedom of agricultural systems. More often
emphasized in livestock than in cropping
systems (Blanc et al., 2010), adaptive capacity
can be improved at different levels and in
biological, technical and organizational
components.

maneuver,

Applied to biological components, adaptive
capacity has been widely discussed in
robustness literature as a key breeding goal for
animal breeding (Knap, 2005). It refers to the
ability of animals to adjust their behavior to
exogenous example, the
adaptive capacity of dairy cows may refer to
their ability to mobilize body reserves during
specific periods in order to support milk
production. Blanc et al. (2010) showed that

constraints. For

animals in extensive livestock systems are
frequently adjusting their behavior and
physiological responses to cope with low feed
intake periods. Such ability to adjust their
behavior varies between breeds and highlights

their ability to produce and maintain their
reproduction in an unstable environment.
Various research programs have focused on
increasing these properties in various plants
and animals (Knap et al. 2005; ten Napel et al.
2006) but some authors have underlined a
potential trade-off between intrinsic adaptive
capacity and the productivity of livestock
systems (Sabatier et al. 2015).

On a larger scale, improving the adaptive
capacity of agricultural systems can be based
on improvements in the design of agricultural
systems and the implementation of technical
components designed to help farmers to adjust
day-to-day operations. For example, design can
rely on the choice of renewable materials, such
as bedding material, feeder type for livestock
and new fertilizers and decision support tools
in crops to prevent abiotic or biotic risks.
Several tools are already available to inform
farmers about pests outbreaks, soil water
availability or nitrogen nutrition index and
farmers can opportunistically respond to
variability by adjusting pesticide, irrigation or
fertilizer uses (Mulla, 2013). In livestock
systems, increasing adaptive capacity can also
refer to organizational management and to the
adaptation in time and space of feed
management to secure feed supply, especially
in grassland systems that can be highly
sensitive to drought periods (Mosnier et al.,
2009; Tichit et al., 2004). By introducing more
flexibility in agricultural systems,
technical and decision making components
emerge as important characteristics of
agricultural which consciously or
automatically adjust options to reliable clues
from the environment in which they operate
(Rodriguez et al., 2011).

these

systems

Beyond farm scale, adaptive capacity can also
be improved through
between stakeholders that voluntarily share
their goals and production tools. Ireland and
Thomalla (2011) showed that collective action
between farms can promote the establishment

collective actions
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of social networks and enhance the ability of
local stakeholders to cope with a changeable
environment. It may also increase their
financial resources which can be used during
times of hardship. These new forms of
cooperation between farms are also helping
them to establish new relationships with
downstream industries and to adapt better to
changes in market context.

VI. Conclusion

The context of increasing uncertainty induces
major challenges for agricultural systems. The
need for more sustainable agricultural systems
in an increasingly changeable environment
implies a shift from the aim of maximizing
agricultural outputs in a non-disturbed
environment to the aim of maintaining desired
levels of outputs in a context of unpredictable
perturbations. For agronomists, it entails the
need for a better
quantification of the ability of agricultural
systems to cope with unpredictable changes. A
literature review of stability, robustness,
vulnerability and resilience highlighted several
differences and complementarities between
these four concepts. Depending on the system’s
scale, the type of agricultural output studied
and the kind of perturbation, each concept can
be meaningful and provide insights to better
characterize agricultural systems behavior in
the face of perturbations. This

characterization and
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Chapitre 2 : Le concept de la
robustesse appliqué a un large
réseau de parcelles de blé
tendre, présentation des
données d’enquétes mobilisées

Compte tenu de son importance alimentaire, commerciale et industrielle, le blé tendre tient
une place particuliere dans le contexte agricole francais. Mais les producteurs sont
aujourd’hui exposés a des aléas de plus en plus fréquents, notamment du fait des
consequences du changement climatique. En particulier, ils doivent faire face a une
variabilité interannuelle des conditions météorologiques qui augmente, ce qui n’est pas sans
consequence pour les rendements de leurs cultures. En parallele, [’exigence des citoyens
pour une réduction de [’usage des pesticides constitue un enjeu important pour les
agriculteurs. Ces deux défis constitueront deux cadres d’application du concept de
robustesse tel qu’il a été défini dans le chapitre précédent. Dans un premier temps, nous
analyserons la robustesse du rendement du blé tendre face aux perturbations abiotiques
(Section 2). Puis, la robustesse des systemes de culture face aux perturbations biotiques sera
étudiée a partir de la variabilité des usages de fongicides sur le blé (Section 3). Dans ce
chapitre, nous présentons le jeu de données que nous avons mobilisé pour ces deux cadres
d’analyse de la robustesse’.

3 Pour la mise & disposition des données, ainsi que leur actualisation au fil du temps, nous remercions les services
d’Agrosolutions. Plus particulierement, ces remerciements s’adressent a Martin Lechenet, Guillaume Py, Damien
Valour, Simon Lefebvre, Laeticia De Sousa, Axel Olivier et Delphine Tailliez-Lefebvre. Nous remercions également
’ensemble des agriculteurs et les conseillers du réseau DEPHY pour leur engagement dans ce projet et leur accord
pour diffuser les résultats de leurs démarches de réduction des pesticides.
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Le concept de la robustesse appliqué a un large
réseau de parcelles de blé tendre : présentation
des données d’enquétes mobilisées

|. Le réseau DEPHY

Initié en 2008 par le Ministére en charge de !’agriculture, le Plan Ecophyto s’est traduit par la
mise en place de plusieurs actions a destination des agriculteurs et des professionnels du
monde agricole. Parmi ces actions, 'une d’elles concernait la mise en place d’un réseau de
« fermes pilotes » sur le territoire francais, appelé réseau DEPHY. Amorcé en 2009, ce dernier
vise a développer, mutualiser et diffuser les expériences de changements de pratiques et de
mise en place de systemes de culture permettant de réduire lusage des produits
phytosanitaires. Ce réseau est articulé autour de trois objectifs complémentaires (Ecophyto,
2013) :

1. Démontrer que réduire Uutilisation de produits phytopharmaceutiques est

possible,

2. Expérimenter des systémes économes en produits phytopharmaceutiques,

3. Produire des références sur les systémes économes en produits pHYtosanitaires.
Pour remplir ces trois objectifs, le réseau DEPHY s'appuie sur trois blocs complémentaires. Le
premier s’organise autour d’un réseau d'exploitations agricoles (dispositif FERME) qui
rassemble plus de 2600 exploitations en 2016, engagées dans une démarche volontaire de
réduction de l'usage de pesticides. Ces exploitations couvrent l'ensemble des filiéres agricoles
et sont réparties sur ’ensemble du territoire national, outre-mer compris. Le deuxiéme bloc
se structure autour d’un réseau de sites expérimentaux (dispositif EXPE) qui réunit 41
porteurs de projets répartis sur 170 sites. Ce dispositif a pour objectif de concevoir, tester et
évaluer des systémes de culture visant une forte réduction de lusage des produits
phytosanitaires afin d'en faciliter le transfert dans les exploitations agricoles. Enfin, le
troisiéme bloc s’articule autour d’un systéeme d'information (dispositif AGROSYST) dédié a la
gestion, au partage et a la valorisation des références acquises par les deux premiers
dispositifs.

Pour cette étude, nous nous sommes appuyés sur les données du dispositif FERME. Les 2600
exploitations agricoles qui le composent sont regroupées dans environ 220 groupes
d’agriculteurs et couvrent sept types de productions : grandes cultures, polyculture-élevage,
viticulture, arboriculture fruitiére, productions légumieres, horticulture et cultures tropicales
(Figure 8). Les agriculteurs participants a ce dispositif n’engagent cependant pas la totalité
de leur parcellaire. Une partie seulement de leur sole est dédiée a ce dispositif avec la mise
en place de nouvelles pratiques pour réduire ’utilisation de pesticides.

L’animation et la coordination de ce réseau FERME a |’échelle nationale est gérée par la
Cellule d’Animation Nationale (CAN) qui regroupe plusieurs experts par filiere et des «
Ingénieurs Réseau » (IR). Ces derniers sont chargés d'accompagner les agriculteurs engagés
dans le projet ECOPHYTO a atteindre leurs objectifs de réduction des pesticides. Chaque IR
accompagne un groupe composé en moyenne de 10 agriculteurs. L’accompagnement des
agriculteurs dans [’évolution de leurs systéemes et ’atteinte de leurs objectifs associe des
rencontres individuelles et des regroupements collectifs afin de favoriser les échanges au sein
du groupe. Différents partenaires agricoles sont impliqués dans ce dispositif selon le territoire
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et le type de production concernés : coopératives agricoles, chambres d’agriculture, CIVAM,
FREDON, etc.

Arboriculture

Cultures tropicales

Grandes cultures/Polyculture-élevage
Horticulture

Légumes/Maraichage

Viticulture

e o o o o @

Guyane Guadeloupe
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Figure 8 : Localisation des exploitations agricoles engagées dans le réseau DEPHY-FERMES en
aolt 2016 (Source : Cellule d’Animation Nationale du réseau DEPHY)

ll. Présentation du sous-réseau FERMEcophyto

Au sein du dispositif FERME, ["union de coopératives InVivo a mis en place un systeme de
centralisation des données récoltées chez 325 agriculteurs faisant partis des groupes animés
par 34 coopératives adhérentes (Figure 9). FERMEcophyto est le nom donné par InVivo a ce
sous-réseau du dispositif FERME.

Depuis 2011, cette base de données centralise de nombreuses informations sur plus de 35 000
hectares et cing types de production (grandes cultures, polyculture-élevage, viticulture,
arboriculture et cultures légumieres) : caractéristiques de U’exploitation et des parcelles,
description de la conduite culturale et des rotations, performances agricoles (Tableau 2).
Grace au large déploiement de ces 325 exploitations sur I’ensemble du territoire francais, ces
données représentent un capital d’informations extrémement riche et intéressant a analyser.
L’un des principaux avantages de FERMEcophyto par rapport au reste du réseau DEPHY est la
finesse du niveau d’information retenu. En effet, alors que U'information est synthétisée a
’échelle du systeme de culture pour le reste du réseau DEPHY, les caractéristiques des 15
000 parcelles agricoles sur la période 2011-2014 sont accessibles dans le cas de
FERMEcophyto. Ces données permettent donc d’analyser beaucoup plus finement la
variabilité temporelle des performances agricoles et donc leur robustesse face a différents
types de perturbations.
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En 2015, le nombre de parcelles enquétées dans le réseau FERMEcophyto s’élevait a 15 257
parcelles réparties sur quatre années et sur 325 exploitations agricoles. En moyenne, ce sont
donc 3 800 parcelles qui sont enquétées chaque année.
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Figure 9 : Carte des principales coopératives adhérentes au groupe InVivo et engagées dans le
cadre du sous-réseau FERMEcophyto

Les parcelles sélectionnées par les agriculteurs du réseau FERMEcophyto sont généralement
sélectionnées de maniére homogéne et constituent pour chaque exploitation un échantillon
d’un «systeme de culture », c’est-a-dire un ensemble de parcelles cultivées avec des
modalités techniques homogénes (méme conduite culturale et méme succession culturale sur
les différentes parcelles). Par extension, nous avons considéré que les 325 échantillons
d’exploitations du réseau FERMEcophyto représentent autant d’échantillons de systémes de
culture. Nous utiliserons donc dans la suite de cette thése les termes « systéme de culture »
et « exploitation agricole » de maniére interchangeable.

Sur ’ensemble des 15 257 parcelles enquétées, le blé tendre est l’espéce la plus représentée
avec 3 660 parcelles (24 % du total). On retrouve des parcelles de blé tendre dans 275
exploitations différentes, signifiant que seulement 50 exploitations n’ont pas déclaré de
parcelles de blé tendre dans le cadre de ce dispositif. Toutefois, en fonction de leur date
d’inscription dans ce réseau, les exploitations ne présentent pas toutes le méme nombre de
parcelles, ni méme le méme nombre d’années enquétées. Or pour étudier la robustesse des
performances, il nous fallait pouvoir mesurer la variabilité interannuelle de ces performances
et donc disposer de plusieurs années d’enquétes par exploitation. C’est pourquoi, sur les 275
exploitations ou des parcelles de blé tendre étaient renseignées, nous n’avons retenu que les
exploitations pour lesquelles nous disposions d’au moins 3 années d’enquétes, soit 145
exploitations (Figure 10). La répartition spatiale de ces exploitations est présentée dans la
Figure 11.
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Tableau 2 : Liste des variables documentées dans le réseau FERMEcophyto

Typgs € Variables Description des variables
variables
Localisation Coordonnées géographiques (longitude, latitude)
Surface totale Nombre d'hectares
Surface engagée | Nombre d'hectares engagés dans le plan FERMEcophyto
Caractéristiques Main d'ceuvre Nombre d'UTH (Unités de Travail Humain) disponible sur l'exploitation

de I’exploitation

Filiéere

Type de production sur lexploitation (grandes cultures,
élevage, viticulture, arboriculture, maraichage)

polyculture-

Prairies

Nombre d'hectares de prairies permanentes sur l'exploitation

Matériel agricole

Adhésion a une CUMA (oui/non), puissance des tracteurs, matériel

répertorié (semoir, herse, épandeur, ...)

Caractéristiques
des parcelles

Localisation

Nom de la commune sur laquelle se situe la parcelle

Surface

Nombre d'hectares

Culture récoltée

Nom de U’espéce cultivée

Texture du sol superficiel et du sous-sol (limon, argileux, sableux, argilo-

Type de sol calcaire, ...), profondeur totale et profondeur d'enracinement (cm), teneur
en cailloux (%), présence de drains (oui/non)
Variété Nom de la variété cultivée
Semis Date et densité de semis (kg/ha), profondeur de semis (cm)
Irrigation Oui/Non, volume utilisé (m3/ha)
cszzcuriif:ig:lgﬁa:lae Fertilisation Dose totale d'azote, de phosphore, de potassium et de soufre (kg/ha),

nombre de fractionnement et dates des apports

Travail du sol

Date des opérations et outils utilisés (labour, déchaumage, herse ...)

Protection
phytosanitaire

IFT Total, IFT Herbicides, IFT Fongicides, IFT Insecticides, IFT

Molluscicides, IFT Régulateurs, IFT Traitement de semences

Anté-précédent

Espéce cultivée sur la parcelle 'année n-2

Précédent Espéce cultivée sur la parcelle l'année n-1
Description de la Rotation Succession d'espéces dans la rotation
rotation
CIPAN Présence de Cultures Intermédiaires Pieges A Nitrate avant limplantation
de la culture (espece utilisée), date d'implantation et de destruction
Résidus Devenir des résidus du précédent (enfouis/exportés)
Rendement Rendement objectif et rendement obtenu (gq/ha)
Charges opérationnelles : colts des semences, des engrais, de lirrigation,
Charges ; N
des produits phytosanitaires.
Performances
agricoles Energie Consommation d'énergie (MJ/ha)
GES Emissions de Gaz a Effet de Serre (g CO2/ha)

Temps de travail

Nombre d'heures de travail (h/ha)
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Exploitations du sous-réseau
FERMEcophyto

Exploitations du réseau FERMEcophyto
avec des parcelles de blé tendre

Ensemble du réseau o
DEPHY-FERME
(2600 exploitations)

Exploitations avec 3 ou4 années
d’enquéte

1année
(60)

—

Figure 10 : Répartition des 145 exploitations issues du réseau FERMEcophyto et mobilisées
pour la thése

Figure 11 : Localisation des 145 exploitations sélectionnées au sein du sous-réseau
FERMEcophyto
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SECTION 2 :
ANALYSE DE LA
ROBUSTESSE DU
RENDEMENT DU BLE
TENDRE FACE AUX
PERTURBATIONS

ABIOTIQUES
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Chapitre 3 : Caractérisation et
quantification des perturbations
abiotiques sur le rendement du
blé tendre

Ce chapitre se présente sous la forme d’un article soumis a la revue internationale European
Journal of Agronomy en juin 2016. La version ci-aprés comprend [’ensemble des figures et
des tableaux dont une partie avait été placée en annexes dans la version soumise. Cet article
présente l’indicateur de perturbations abiotiques utilisé pour analyser la robustesse du
rendement du blé tendre sur les 145 exploitations agricoles du réseau FERMEcophyto face a
ces perturbations.

Dans un premier temps, les facteurs abiotiques limitants du blé ont été étudiés a travers le
calcul de 15 indicateurs phénoclimatiques pertinents du point de vue de [’élaboration du
rendement. Ces indicateurs ont ensuite été utilisés pour effectuer une classification des
principaux environnements de la culture de blé tendre a l’échelle de ce réseau de 145
exploitations agricoles. Le modele STICS enfin a été utilisé afin de simuler la variabilité du
rendement du blé sur la période 1983-2014. A [’échelle de chaque exploitation et en tenant
compte des caractéristiques pédologiques de chaque parcelle, nous avons ainsi construit un
indicateur de perturbations abiotiques qui agrege ’'impact des facteurs limitants abiotiques
sur le rendement du blé.

Dans un second temps, la variabilité temporelle et spatiale de cet indicateur a été analysée
pour [’ensemble des exploitations du réseau FERMEcophyto. Les résultats montrent une trés
grande hétérogénéité spatiale, soulignant le fait que les exploitations agricoles francaises ne
sont pas soumises aux mémes types de perturbations abiotiques. Par ailleurs, [’analyse
temporelle de cet indicateur depuis 1983 montre que lintensité de ces perturbations
abiotiques a augmenté pour certaines exploitations et, plus intéressant encore, que leur
variabilité interannuelle a également augmenté dans plusieurs zones géographiques. Ces
résultats confirment le contexte d’incertitude croissant auquel sont confrontées les
exploitations agricoles francaises, de méme que [’urgence d’identifier des leviers pour
augmenter leur robustesse face a ces perturbations.
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Abstract

Characterization and quantification of wheat exposure to abiotic perturbations is of high
importance to assess the robustness of agricultural systems to future climatic conditions as
well as the identification of adequate measures to adapt to unpredictable changes. In this
paper, we propose an original approach to characterize and quantify abiotic perturbations on
wheat yield and we apply this framework to a large network of 145 French wheat-growing
farms. First, abiotic perturbations were characterized at farm level through the use of 15
indicators related to different weather limiting factors and different growth stages. Next,
these indicators were used to define a limited number of wheat-producing environments.
Finally, the STICS crop model was used to simulate wheat yields under variable weather
conditions over the period 1983-2014 and develop an index measuring the aggregated impact
of abiotic perturbations on wheat yield. Our results highlight remarkable spatial differences
in both the nature and intensity of abiotic perturbations. Results of temporal variability show
that the intensity of abiotic perturbations and their inter-annual variability have increased in
several specific climatic zones, demonstrating the growing context of unpredictability for
wheat producers. Our study contributes to a better understanding of the impact of climate
variability on wheat yields and allows the use of this index for the assessment of yield
robustness.

Key words: Bread wheat yield; abiotic perturbations; weather varibility, crop modeling;
stress index.

|. Introduction

Wheat is one of the major food crops in the world. Worldwide production reached 730 million
tons in 2015 (FAO, 2016). However, due to unpredictable perturbations such as weather
variability or pest outbreaks, its yield can vary considerably at both farm and regional level
and from one year to another (Olesen et al., 2000). By the end of this century, climate
change is expected to increase weather variability, pest dynamics and extreme events such as
droughts and storms (IPCC, 2014). Consequently, developing a better understanding of the
relationships between weather variability and crop production is crucial to effectively address
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how climate change may affect food security and propose region-specific adaptation and
mitigation strategies (National Research Council, 2010).

Recently, various concepts have been developed to discuss the sustainability of agricultural
systems in a context of global changes (Urruty et al., 2016). Among them, the concept of
robustness can be defined as the ability of agricultural systems to maintain its performances
under changing weather or economic conditions. Despite some applications in animal science
(ten Napel et al., 2011; Ollion, 2015), the empirical assessment of robustness remains a
challenge, notably in arable cropping systems. For its implementation, it is necessary to
define precisely the boundaries of the system under consideration (robustness of what?), the
type of perturbations (robustness to what?) and the performance studied (robustness for
what?). In the specific case of wheat production, an urgent need is thus to develop indexes to
assess local-level exposure to a perturbation and measure the capacity of agricultural systems
to resist and adapt to that perturbation.

Many studies have focused on the influence of meteorological drivers and weather variability
on wheat yield (Bray et al., 2000; Porter and Semenov, 2005; Lobell and Burke, 2010; Ceglar
et al., 2016). In recent years, the number of studies published on the subject has grown, at
the same time as climate change concerns have become increasingly important. However, the
quantification of local-levels of exposure to abiotic perturbations has been usually restricted
to specific factors such as drought (Luers et al., 2003; Simelton et al., 2009) or heat waves
(Barnabas et al., 2008), and/or at particular growth stages, such as during grain filling (Liu et
al., 2014). Few studies have attempted to construct aggregated indexes of local-level
exposure taking into account the combination of abiotic perturbations over the different
growth stages of wheat (Holzkamper et al., 2013, Caubel et al., 2015; Thiry et al., 2016).
These approaches are usually based on expert-assessment and, consequently, involve
subjective judgment for the aggregation of the indicators. In particular, aggregation weights
and normalization functions can vary considerably according to the expert assessment and her
(his) specific area of knowledge (Caubel et al., 2015). Other approaches are based on
mechanistic (dynamic) crop modeling (van der Velde et al., 2012) but very few have been
applied to large-scale implementations and real-farm conditions.

The aim of this paper is thus to develop an index of abiotic perturbations at farm level which
summarizes the negative impacts of weather variability on wheat growth and yield. We
provide an original approach based on both agro-climatic indicators and the use of a crop
model, and we apply this framework to a large network of 145 French wheat-growing farms.
This approach was divided into four steps (Figure 12): 1) the main abiotic limiting factors of
wheat were characterized at farm level through the use of 15 agro-climatic indicators related
to different limiting factors and different growth stages; 2) a classification of the main
wheat-producing environments was established on the basis of the average intensity of abiotic
limiting factors; 3) the impacts of weather variability on wheat yield were assessed through
crop modelling; and finally 4) an index of abiotic perturbations was calculated.
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Figure 12 : The four steps of the method and materials used to develop the index of abiotic

perturbations

ll. Materials and methods

In.1.

Data

Our approach was performed using data from a sample of 145 farms involved in the French

governmental program Ecophyto, intended to significantly reduce agricultural and non-

agricultural pesticide use (Ecophyto Plan, 2008). The dataset include wheat yields, soil

characteristics and numerous agronomic practices of a total of 2,327 wheat parcels over the

period 2011 to 2014. The dataset was provided by the major French agricultural cooperative

group InVivo and its member cooperatives.

Daily meteorological data over the period 1983-2014 were provided by Météo-France for each

farm location. They originate from the SAFRAN/France database which combines weather

observations and model simulations at the scale of 8x8 km spatial meshes. This database has

been validated over a wide range of environmental conditions in France (Quintana-Segui et

al., 2008).
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I.2. Characterization of abiotic limiting factors of wheat
(step 1)

For each farm, the main abiotic limiting factors of wheat crop were studied through the use
of 15 agro-climatic indicators calculated on an annual basis for relevant phenological phases
(Table 3). These indicators were selected according to previous studies and expert opinions
about the main abiotic limiting factors affecting wheat yield in France (Lecomte, 2005; Gate
et al., 2008; Prost, 2008; Caubel et al., 2015). They cover five categories of perturbations
(water deficit, water excess, frost, heat and radiation deficit) and six phenological periods: i)
sowing (Zadoks 00) to emergence (Zadoks 10), ii) emergence to ear at 1cm (Zadoks 30), iii)
ear at 1cm to meiosis (Zadoks 39), iv) around meiosis (more or less five days), v) meiosis to
flowering (Zadoks 60) and vi) flowering to ripening (Zadoks 89). Phenological periods are

defined by Zadoks decimal code for the growth stages of cereals (Zadoks et al., 1974).

This approach has been used in previous studies (Mkhabela et al., 2010; Holzkamper et al.,
2013; Gouache et al., 2015). Its main advantage is that it provides more accurate information
than indicators calculated over invariant periods (e.g., 1° January-31* July), in particular
considering the effects of climate on particular plant processes occurring during specific crop

development phases (Caubel et al., 2015).

The 15 indicators were calculated annually for each farm over the period 1983-2014. The
scheduling of the different phenological phases was based on a phenological module driven by
the concept of thermal time (growing degree day) and developed as part of the STICS crop
model (Brisson et al., 2002). For each farm, the initiation of the phenological module was
based on the average sowing date observed between 2011 and 2014. The scheduling of the
other phenological phases (emergence, ear at 1cm, meiosis, flowering and ripening) was
calculated annually according to the number of growing degree days required for moving from
one phenological phase to another (Figure 13) but also according to photoperiod conditions
and vernalisation requirements (for more details about this module, see Brisson et al. (2008)).
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Figure 13 : Number of growing degree days (GDD) used to predict wheat phenological phases
(based on Gate, 1995)
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Table 3 : Agro-climatic indicators used to characterize the main abiotic limiting factors
across the 145 farms

Pheno'loglcal Categories Indicators Definition Unit References
periods
Sum of the daily water Priestley and
ggﬁg{t 32}'}‘;{ water deficit (rain - mm | Taylor (1972)
. evapotranspiration)
Sowing -
emergence
g(actees! Severe heavy rain | Number of days with total Davs (E1a ;(s)gr)\ etal.
. days rainfall above 30 mm Y
(capping)
Sum of the daily water Priestley and
g/eafﬁgrt }/I\{Zti;ziress day deficit (rain - % Taylor (1972)
E q y evapotranspiration)
mergence - ear
at 1cm Number of days with Zheng et al.
Frost Cold days_Tmin minimum temperature below | Days (2012)
-8°C
Sum of the daily water Priestley and
yater Jater stress day | yeficit (rain - % Taylor (1972)
q y evapotranspiration)
Ear at 1cm -
ME0SIS Number of days with Fuller et al.
Frost Cold days_Tmin minimum temperature below | Days (2007)
-4°C
Number of days with Thakur et al.
Frost Cold days_Tmin minimum temperature below | Days (2010)
Around meiosis (- 4°C
5 days and +15
days) . . , | Demotes-
Rad.1a.t1on Ave.rag.e daily solar Average daily solar radiation MJ/m Mainard et al.
deficit radiation /day (1995)
Sum of the daily water Priestley and
\g/ea}ggrt 32;?5{ water deficit (rain - mm Taylor (1972)
evapotranspiration)
Number of days with Thakur et al.
Frost Cold days_Tmin minimum temperature below | Days (2010)
Meiosis - 4°C
flowering
Radiation Average daily solar . - MJ/m? | Nalley et al.
deficit radiation Average daily solar radiation /day (2009)
Number of days with Saini and
Heat stress | Heat days maximum temperature Days Aspinall (1982)
above 30°C
Sum of the daily water Priestley and
\é\’e"”‘ffsft }':Ztireztcress day | yeficit (rain - % Taylor (1972)
q y evapotranspiration)
Flowering - Number of days with Acevedo et al.
‘owering Heat stress | Heat days maximum temperature Days (2002)
ripening above 25°C
Water - Easson et al.
excess Heavy rain days 'r\laL;nmft;ﬁra%foeiy;OWg:‘ total Days (1993)
(lodging)

78




1.3. Classification of the main wheat-producing
environments (step 2)

Following an analysis of correlations among the 15 agro-climatic indicators in order to
eliminate non-independent variables, an Agglomerative Hierarchical Clustering (AHC)
approach was performed using the average values of the finally selected agro-climatic
indicators calculated over the period 1983-2014. The purpose of this step was to identify the
main wheat-producing environments across the 145 farms. The Agnes function
(« agglomerative nesting ») from cluster package in R (Maechler et al., 2015) was used.

The AHC is a bottom-up approach in which each observation, i.e., each farm, starts in its own
cluster, and pairs of clusters are progressively merged as one moves up the hierarchy. At each
step of the iteration process, the closest (most similar) pairs of observations are aggregated
using the Ward’s minimum variance criterion which minimizes the increase in the total intra-
class inertia. The optimal number of clusters was defined on the basis of the Hubert-Levin C
index (Hubert and Levin, 1976), which measures, at each iteration, the difference between
the maximal intra-cluster distance and the minimal inter-cluster distance (Gurrutxaga et al.,
2011; Islam et al., 2015).

1.4, Simulation of wheat yields over the period 1983-
2014 (step 3)

For each farm, the temporal variability of wheat yield was simulated through the STICS crop
model (Brisson et al., 2002) over the period 1983-2014. The aim was not to simulate real
yields, but to estimate inter-annual yield changes due to weather variability. The previous
classification of wheat-producing environments was used to parametrize the STICS model with
constant wheat management practices in each environment over the whole period 1983-2014.
Consequently, inter-annual yield changes simulated at the farm level are solely due to inter-
annual variations in weather conditions.

Parametrization of the STICS crop model was achieved in several steps (Table 4). First, crop
management practices were parametrized homogeneously in each wheat-producing
environment according to average wheat management practices observed across the farms of
each environment. Secondly, daily meteorological data were used to parametrize weather
conditions at farm level. Lastly, soil characteristics derived from both initial database and
Arvalis Institut-du-Végétal regional soil reference base were used to parametrize soil
parameters at parcel level.

The STICS crop model has been used in numerous studies dealing with the impacts of weather
variability on crop yield in France (Ruget et al., 2009; Brisson et al., 2010; Constantin et al.,
2012). The model is based on a mathematical algorithm in which the weather, operating on a
daily time step, acts as a driving force (temperature, radiation) and as a stress generator
(water and nitrogen stresses, extreme temperatures, waterlogging). However, this model
does not take into account biotic parameters, such as diseases, pests and weeds.
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Table 4 : Parametrization of the STICS crop model for the 145 farms

. Parametrization L .
Spatial level Parametrization variables
module
Average sowing date and sowing density
Whe_aat-producmg WheaF management Average nitrogen dose and schedule
environment practices

Average variety earliness (heading stage)

Temperature (minimum and maximum)

Rainfall
Daily meteorological Wind
Farm data over the period it
1983-2014 Global radiation

Relative humidity

Potential Evapotranspiration (Penman-Monteith
method)

Clay content

Nitrogen content

Soil parameters of Thickness

each soil layer

Parcel
Water content at field capacity and at wilting point

Bulk density of fine earth fraction

Nature and volumetric content of pebbles

I.5. Index of abiotic perturbations (step 4)

An index of abiotic perturbations (ABIO index) was finally calculated for each parcel
according to temporal variability of simulated yields. For every year 1983 to 2014, this index
was calculated as the relative yield difference between the annual simulated yield and the
maximum simulated yield, i.e., as follows:

ABIOikt — (Yik;‘yikt) (1)

ik
where ABIO;,, is the index of abiotic perturbations of plot i in farm k at time t, Y, is the
maximum simulated yield of plot i in farm k over the period 1983-2014, and y;;; is the annual
simulated yield of plot i in farm k at time ¢.

Temporal variability of the ABIO index across the different farms and wheat-producing
environments was analyzed through linear regression to test whether the ABIO index is
significantly increasing or decreasing over time. To test whether year-to-year variability has
increased in the different wheat-producing environments, rolling variance (Varela, 2007) was
calculated using different rolling window sizes (from two to six years). The Student’s t-
statistics was used to test the statistical significance of the regression coefficient associated
with time.
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lll. Results

lll.1.  Abiotic limiting factors

The 15 agro-climatic indicators were calculated over the period 1983-2014 for the 145 farms.
Results show considerable spatial differences across France, they also vary according to
phenological phases. Average water deficit is higher in south-western France for the early
phenological stages (emergence to ear at 1cm) and declines thereafter (Figure 14). In the
final phases, water deficit is higher in north-eastern France. Water excess indicators are
higher in mountainous or hilly regions such as east-central France (Figure 15). Early and
winter frost indicators are higher in north-eastern France and spring frost indicators are
higher in south-western France (Figure 16). Heat stress indicators are higher in southern
France (Figure 17) and radiation deficit indicators are higher in western France (Figure 18).

The analysis of correlation coefficients among the 15 agro-climatic showed many inter-
relationships between the different abiotic limiting factors (Appendix 3.1). Strong positive
correlations (Pearson’s correlation coefficient above 0.40) were found between water deficit
indicators and heat stress indicators calculated over the late phenological phases, between
frost indicators calculated around meiosis and between meiosis and flowering, and between
the two radiation deficit indicators. Strong negative correlations (Pearson’s correlation
coefficient below -0.40) were found between water deficit and water excess indicators
calculated over early and late phenological phases, as well as between water deficit and
radiation deficit indicators calculated between meiosis and flowering.
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Figure 14 : Average water deficit indicators calculated over the period 1983-2014 and five
phenological phases. For example, the first map shows the average sum of daily water deficit
(in mm) between sowing and emergence of wheat
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Figure 15 : Average water excess indicators calculated over the period 1983-2014 and two
phenological phases. For example, the first map shows the average number of days with total

rainfall above 30 mm between sowing and emergence of wheat
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Figure 16 : Average frost indicators calculated over the period 1983-2014 and four
phenological phases. For example, the first map shows the average number of days with
minimum temperature below -8°C between emergence and ear at 1cm of wheat
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Figure 17 : Average heat indicators calculated over the period 1983-2014 and two
phenological phases. For example, the first map shows the average number of days with
aximum temperature above 30°C between meiosis and flowering of wheat
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Figure 18 : Average radiation deficit indicators calculated over the period 1983-2014 and two
phenological phases. For example, the first map shows the average daily solar radiation
around meiosis (five days prior and after it)
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lll.2.  Six wheat-producing environments

Following the analysis of correlations among the 15 agro-climatic indicators, three variables
were eliminated as they were closely linked to other indicators: i) number of frost days
around meiosis, ii) radiation deficit around meiosis, and iii) water deficit between meiosis
and flowering. Average results calculated over the period 1983-2014 of the 12 remaining agro-
climatic indicators were used to perform the hierarchical clustering approach (see Appendix
3.2 for full details). Six clusters corresponding to six contrasting wheat-producing
environments (zones A to F) were discriminated (Figure 19).
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Figure 19 : Six wheat-producing environments across the 145 farms of the FERMEcophyto
network

The average intensities of the 15 agro-climatic indicators in each wheat-producing
environment are presented in Table 5. The first environment (zone A) includes 19 farms
located in east-central France which have been mainly exposed to cold temperatures during
winter, heat days after flowering and water excess at the beginning and at the end of wheat
cycle. The second environment (zone B) includes 21 farms located in south-western France
which have been mainly exposed to heat stress after flowering and frost damages during
spring. In the third environment (zone C), the 17 farms have been mainly exposed to water
deficit after joint stage and frost damages during spring. The fourth environment (zone D)
includes 25 farms located in central and north-central France which have been exposed to
frost damages during winter and, to a lesser extent, to heat days after flowering. The fifth
environment (zone E) includes 27 farms located in north-western France which have been
exposed to lower intensities of abiotic limiting factors, except radiation deficit around
meiosis. The last environment (zone F) includes 36 farms located in north-eastern France
which have been mainly exposed to frost damages during winter, water deficit and heat stress
at the end of wheat cycle.

84



Table 5 : Average intensities of the 15 agro-climatic indicators calculated in each wheat-producing environment

Water deficit (mm)

Frost (days)

Heat stress (days)

Radiation (MJ/m?/day)

Water excess (days)

Emergence - earat | Earat 1cm -
meiosis

Sowing -

emergence

Zone A
(n=19)

Zone B
(n=21)

Zone C
(n=17)

Zone D
(n=25)

Zone E
(n=27)

Zone F
(n=36)

Meiosis -
flowering

Flowering -
ripening

E W Ik E E

Emergence
ear at Icm

Meiosis -
flowering

Ear at 1cm -
meiosis

Around
meiosis

Meiosis - | Flowering -
flowering ripening

E E K i
EEIEEED-ECIEE

Note 1: n is the number of farms in each climatic zone.
Note 2: the color code allows differentiating the zones characterized by high versus low intensity of abiotic perturbations on average over the period 1983-2014.

Meiosis - Around

flowering meiosis

Sowing -

emergence | ripening

Flowering -
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These six wheat-producing environments are also characterized by very different soil types. This is
illustrated by the variability of soil water reserves among the six geographical zones (Figure 20). In
particular, wheat crops are mainly produced on shallow soils in zones B, C and F, whereas wheat
crops in zones A, D and E are produced on deeper and more diverse soils. Because the final impacts
of abiotic perturbations on wheat yield depend on soil characteristics, in particular on soil water
reserve, it is needed to link information on weather variability and soil characteristics. To that end,
we have used the STICS crop model to estimate the aggregated impacts of abiotic limiting factors
on wheat yield while simultaneously taking into account parcel soil characteristics.

Number of
parcels (%)
100% -+
80% - Soil water reserve
B> 200mm
07
60% @[150- 200 mm[
40% — O[100- 150 mm[
O< 100 mm
20% -+ —
U% 1 1 1 1 1 1
Zone A ZoneB Zone(C ZoneD ZoneE ZonekF
Wheat-producing environments

Figure 20 : Cumulative percentage of soil types based on water reserve groups among the 2,327
parcels distributed in the six wheat-producing environments

l1I.3. Yield simulations through the STICS crop model

The STICS crop model was parametrized with the same management practices over the different
farms of each wheat-producing environment. Management practices were kept constant over the
period 1983-2014 but defined on the basis of average practices observed between 2011 and 2014
across the farms located in the corresponding zone (Table 6). Yield simulations were performed
over the period 1983-2014 for each farm and each type of soil (Figure 21).
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Table 6 : Average wheat management practices used to parametrize STICS crop model in the six
wheat-producing environments

Wheat- . Sowing Wheat variety Total Number of .
- Sowing . X X X Dates of nitrogen
producing date density (earliness at nitrogen nitrogen applications
environments (kg/ha) heading stage) | rate (kg/ha) applications
Zone A 19-oct 150 Arezzo 160 3 21/02-19/03- 17/04
(early)
Bologna 09/02-14/03-
Zone B 06-nov 150 (very early) 200 4 06/04-26/04
Zone C 24-oct 190 Arezzo 140 3 24/02-25/03- 19/04
(medium early)
Zone D 16-oct 165 Bermude 170 3 22/02-22/03- 24/04
(medium early)
Altigo
Zone E 30-oct 150 (early to 150 3 25/02-26/03- 18/04
medium early)
B
Zone F 07-oct 165 rentano 160 3 03/03-25/03- 20/04
(medium late)
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Figure 21 : Temporal variability of simulated yield (in t/ha) over the period 1983-2014 in the six
wheat-producing environments
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To assess the global quality of yield simulations, observed yields over the period 2011-2014 were
compared to simulated yields over the same period. However, as we did not use accurate wheat
management practices for the STICS model parametrization, it was not possible to compare
observed and simulated yields at farm level and even less at parcel level. As a result, we only
compared observed and simulated vyields at the level of each wheat-producing environment
(Table 7), and compared their means using Student’s t-tests. Over the period 2011-2014, no
significant differences were statistically identified between observed and simulated yields, a result
that shows that STICS simulations were consistent with observed data. In 2011 and 2012, each year
taken separately, observed and simulated yields were however significantly different: simulated
yields were lower in 2011 and higher in 2012 due to STICS. In 2013 and 2014, no significant
differences were identified.

Table 7 : Average observed and simulated wheat yields (in t/ha) over the period 2011-2014 in the
six wheat-producing environments

2011 2012 2013 2014 2011-2014

Wheat-
z:\)/(ijrlﬁrrlr?ents Obs- | Simu- | Obs- | Simu- | Obs- Simu- Obs- Simu- Obs- Simu-

erved | lated | erved | lated | erved lated erved lated erved lated
Zone A 7.0 5.5 7.1 6.9 6.6 6.0 6.9 6.2 6.9 6.2
Zone B 4.3 3.5 6.5 9.1 5.7 7.2 5.5 4.4 5.6 6.1
Zone C 5.7 3.7 6.5 7.9 6.5 7.4 6.3 7.4 6.3 6.6
Zone D 7.4 4.8 7.8 10.1 8.4 7.4 7.9 6.6 7.9 7.2
Zone E 8.1 5.5 8.3 10.4 8.1 6.2 8.2 8.0 8.2 7.5
Zone F 7.4 3.9 6.4 8.9 7.4 7.0 6.8 3.8 6.8 5.9
Total 6.6 4.5 7.1 8.9 7.1 6.9 6.9 6.1 6.9 6.6

lll.4. Quantification of the ABIO index

The index of abiotic perturbations (ABIO index) was calculated annually for each farm according to
simulated yields over the period 1983-2014. The average intensity of this index over the 30-year
period varies greatly from one region to another and from one farm to another (Figure 22). It was
significantly higher in south-western (zone B) and north-eastern (zone F) wheat-producing
environments compared to the national average (Table 8). Conversely, the intensity of ABIO index
was significantly lower in east-central (zone A), west-central (zone C) and north-western (zone E)
environments. Spatial variability of ABIO index was also very large within each wheat-producing
environment. This is notably the case in wide geographical zones such as D and F due to contrasting
soil and weather characteristics from one farm to another.
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Table 8 : Average ABIO indexes calculated over the period 1983-2014 in the six wheat-producing

environments
Wheat-producing environments Average ABIO index
Zone A 0.24 (x 0.06) ***
Zone B 0.43 (+ 0.03) =
Zone C 0.25 (+ 0.03) ***
Zone D 0.29 (= 0.06) NS
Zone E 0.26 (x 0.04) ***
Zone F 0.35 (+ 0.08) ***

Note 1: empirical standard deviations of ABIO indexes are in brackets.
Note 2: Student’s t-test of the equality of the average ABIO index in one zone A to F
compared to the average ABIO index calculated over the full set of farms (all zones) and over
the period 1983-2014 (the latter is equal to 0.31 +/- 0.08)

Zone F

ABIO index

[0.16:0.22]

[0.22:020]

ZoneD

[0.28:0.20(

9:0.35]
[0.35:0.41]

[0.41:055]

| X NCNONOXO)

Zone A

Zone B

Figure 22 : Geographical distribution of the average ABIO index across the full set of farms and over
the period 1983-2014

The temporal variability of the ABIO index in each zone A to F is illustrated by comparing its value
for the whole period 1983-2014 and for the three decades 1983-1993, 1994-2004 and 2005-2014.
Results are depicted in Table 9 and Figure 23. An upward trend of the intensity of abiotic
perturbations was observed in the farms located in east-central France (zone A). A positive trend
was also noted in the other wheat-producing environments, with the exception of zone B, but it was
not significant from a statistical point of view.
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Figure 23 : Temporal variability of ABIO index in the six wheat-producing environments over the
period 1983-2014

The ABIO index also exhibits huge year-to-year variations. To test whether the inter-annual
variability of the ABIO index has increased during the period 1983-2014, the rolling variance of the
ABIO index was calculated in each wheat-producing environment with different rolling window sizes
over the period 1984-2014 (Table 10). Regression results show that the inter-annual variability of
the ABIO index has significantly increased in zones B and E. This was true with the five different
rolling window sizes. At the opposite, inter-annual variability of ABIO index did not increase in
zones A and F. In the remaining zones (C and D), different outcomes have been obtained depending
on the window size selected and, therefore, make it difficult to conclude whether or not inter-
annual variability of the ABIO index has increased, or not.
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environments
) ; Annual growth rate of
W';rfsitrg;;de”nct‘sng 1983-1993 | 1994-2004 | 2005-2014 ABIO index of the
period 1983-2014
0.21 0.30 0.30
Zone A +0.005 (*)
(£ 0.11) (+ 0.15) (+ 0.10)
0.43 0.44 0.39
Zone B - 0.002 (NS)
(£ 0.10) (£ 0.15) (£ 0.22)
0.24 0.27 0.29
Zone C +0.002 (NS)
(£ 0.12) (£ 0.07) (£ 0.17)
0.26 0.30 0.32
Zone D +0.002 (NS)
(x 0.09) (x 0.07) (x0.15)
0.22 0.30 0.30
Zone E +0.003 (NS)
(+ 0.06) (+ 0.08) (£ 0.16)
0.34 0.35 0.39
Zone F +0.003 (NS)
(x0.14) (x0.11) (x0.17)

Table 9 : Average ABIO index calculated over the three periods 1983-93, 1994-2004 and 2005-2014
and annual growth rate of the index over the whole period 1983-2014 in the six wheat-producing

Note 1: Empirical standard deviations of ABIO index in each zone are shown in brackets.
Note 2: Student’s t-test of equality to zero of the annual growth rate calculated over the whole period
1983-2014: * significant at P<0.05; NS = not significant.

Table 10 : Results of Student’s t-tests used to assess whether the inter-annual variability of the
ABIO index has increased in the six wheat-producing environments over the period 1983-2014

Rolling window sizes
2 years 3 years 4 years 5 years | 6 years
Zone A NS NS NS NS NS
Zone B (*) (***) (***) (***) (***)
Zone C NS NS *) (*) *)
Zone D NS *) (**) (**) (**)
Zone E (**) (***) (***) (***) (***)
Zone F NS NS NS NS NS

Note: Student’s t-test of equality to zero of the coefficient associated with
time when rolling variance of ABIO index is regressed against time: ***
significant at P<0.001; ** significant at P<0.01; * significant at P<0.05; NS = not
significant.
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IV. Discussion

In this paper, an original approach was developed to characterize the main abiotic limiting factors
of wheat growth and quantify the impacts on yield. Six contrasting wheat-producing environments
were identified across the 145 farms of the studied network. The STICS crop model was used to
quantify the impacts of annual weather variability on yield and summarize the results as an index of
abiotic perturbations (ABIO index).

As a first step, 15 agro-climatic indicators calculated over five phenological phases were used to
characterize the main abiotic limiting factors of wheat growth. Agro-climatic indicators derived
from climatic variables (e.g. number of frost days, amount of rainfall over a specific period) have
been widely used for assessing the suitability of weather for agriculture in a given area and the
effects of weather conditions on crop yield (Trnka et al., 2011; Licker et al., 2013; Caubel et al.,
2015). In this paper, we used this approach to analyze spatial differences from one farm to another.
Results show that each farm is characterized by a specific weather-risk profile, some of them being
characterized mainly by water deficit perturbations, others by radiation deficit risks, etc. (see, for
example, Gouache et al., 2015 and Ceglar et al., 2016 for other studies on the French context).

The calculation of the 15 agro-climatic indicators over the period 1983-2014 allowed us to
discriminate six contrasting wheat-producing environments, corresponding to six contrasting profiles
of abiotic limiting factors on wheat yield. Clustering results across France exhibit a strong spatial
coherence, gathering farms spatially close to each other into the same environments. Our clustering
results are in accordance with previous works based on the same methodologies, such as Maillard et
al. (2013) in which different wheat-producing environments were identified across France. There
are also strong parallels between our clustering results and those of Joly et al. (2010) in which
different types of climates were identified across France: zone A corresponds to the “semi-
continental climate”, zone B to “south-western basin climate”, zone C to “altered oceanic
climate”, zone D to “degraded oceanic climate”, zone E to “open oceanic climate” and zone F to
“mountain climate” (despite low elevation in northeastern France).

Based on clustering results, the STICS crop model was parametrized for each farm and each parcel
in order to assess the impacts of weather variability on wheat yield. The main advantage of using a
crop model approach is the comprehensive characterization of crop production systems. In
particular, using a crop model allows assessing the impacts on vyield of successive abiotic
perturbations and their interactions with soil characteristics and crop management practices.
However, the main disadvantage of using crop models at this large scale is the requirement of an
extensive set of input data. More specifically, the STICS model requires a lot of information to
describe soil parameters (Le Bas et al., 2015) and yield predictions can be highly sensitive to
uncertainty in soil textures (Jégo et al., 2015). Since available data about soil characteristics of the
2,327 parcels did not provide such a high degree of precision, estimates had to be made. It was
achieved thanks to the ARVALIS-Institut du Végétal regional soil reference database which describes
in each region the parameters of the most representative types of soil.

The comparison between observed and simulated yields at regional scale over the period 2011-2014
(Table 7) shows that yield predictions through STICS were fairly accurate despite the lack of
precision of soil parameters. This result confirms that large scale implementations of crop models
can reproduce average observed vyields (Liu, 2009; Balkovic et al., 2013) and that the STICS model
performs efficiently under various agro-climatic constraints (Coucheney et al., 2015). This result is
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even more remarkable given that the STICS model was not parametrized in order to predict “real’’
yields but to estimate the impacts of weather variability on wheat yields. For each farm, we used
average and constant wheat management practices observed in the corresponding wheat-producing
environment. In practice, of course, this is not the case because farmers are adjusting yearly
management practices according to yield target, meteorological conditions, the use of new varieties
and materials, etc. (Meinke and Stone, 1997).

Simulated yields over the period 1983-2014 were used to develop the index of abiotic perturbations
(ABIO index). Pearson's correlation coefficients between the ABIO index and the 15 agro-climatic
indicators calculated over the same temporal period show that the ABIO index is positively
correlated to water deficit and heat stress indicators calculated at the end of wheat cycle.
Conversely, it is not correlated, or negatively, to frost, radiation deficit and water excess indicators
(see Appendix 3.3 for full details). These results indicate that STICS, in line with other crop models,
is capable of capturing the negative impacts of droughts and heat stress on crop yields, while it fails
to reproduce negative impacts of heavy rain, frost and very specific perturbations such as radiation
deficit, due to poor representations of critical factors affecting plant growth and management (van
der Velde et al., 2012). Given that extreme weather events are expected to increase in frequency
and perhaps severity in coming decades (IPCC, 2014), improved model representation of crop
damage is warranted.

The spatial and temporal variability of the ABIO index was analyzed across the six wheat-producing
environments and over the period 1983-2014. Our results show significant differences from one zone
to another and from one year to another. In particular, the strongest intensities of abiotic
perturbations were found in southwestern and northeastern France due to hotter and drier weather
conditions and lower water reserves of soils. We also showed that the average intensity of ABIO
index has significantly increased in zone A during the period 1983-2014 and that its inter-annual
variability has increased in two other areas (zones B and E). These results are consistent with other
studies and confirm that climate changes since the 1990s have produced unfavorable conditions for
wheat production in France (Brisson et al., 2010). But, conversely, our results show no significant
trend in other wheat-producing environments. This shows that not all regions are affected in a
similar way by climate changes. It consequently implies that adaptation measures to climate change
will have to be customized region by region.

Over the recent period 2011-2014, farms have been exposed to highly contrasting intensities of
abiotic perturbations (see Appendix 3.4 for full details). On average, the ABIO index ranged from
0.09 in 2012 to 0.54 in 2011. This amplitude is the largest in zone B while it was much lower in zone
A (Figure 24). In 2011, the ABIO index was higher than the 30-years average in each climate zone,
reflecting the very dry conditions during wheat growth cycle. This result is of great importance for
the continuation of our work about the robustness of cropping systems to abiotic perturbations
because it means that the period 2011-2014 was sufficiently contrasting to apply the robustness
framework to the 145 farms of FERMEcophyto network.
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Note: red curves are distribution curves of the ABIO index calculated over the period 1983-2014; blue lines are
the average intensities of this index over the 30-year period and dotted lines are the average intensities of
ABIO index for the four years 2011 to 2014.

Figure 24 : Distribution curve of the ABIO index in the six wheat-producing environments over the
period 1983-2014 and results between the years 2011 and 2014
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V.Conclusion

In this paper, an original approach was developed to characterize the main abiotic limiting factors
on wheat growth and quantify their impacts on wheat yield. This approach was applied to a large
network of 145 farms distributed in various regions of France. As a first step, 15 agro-climatic
indicators were calculated on specific phenological phases over the period 1983-2014. They have
allowed identifying six contrasting wheat-producing environments across the 145 farms. The impacts
of weather variability on wheat yield were then assessed through crop modeling and
parametrization of STICS model with constant wheat management practices over the period 1983-
2014. Temporal variability of simulated yields at farm level was used to construct an index of
abiotic perturbations that summarize the impacts of weather variability on wheat yield (ABIO
index). Our results show considerable spatial and temporal variability of ABIO index from one
wheat-producing environment to another and from one year to another. In particular, we showed
that the intensity of abiotic perturbations have increased in one specific zone while inter-annual
variability has also increased in two other zones.

This paper provides an original approach based on crop modeling which could be used for other
purposes and for longer period of time. Understanding likely effects of weather variability on
agricultural productivity at local scale can benefit farmers for tactical management of their crops.
Characterization and quantification of abiotic perturbations can also help farmers to develop
protective and avoidance strategies that lead to higher yield robustness. To this end, the index of
abiotic perturbations could be useful to assess yield robustness of the 145 farms under various
weather conditions.
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Chapitre 4 : Caractérisation et
évaluation de la robustesse du
rendement du blé tendre face a
des perturbations abiotiques

Ce chapitre se présente sous forme d’article et a été soumis a la revue internationale European
Journal of Agronomy en septembre 2016. Dans ce chapitre, un cadre d’évaluation de la robustesse
du rendement du blé tendre face aux perturbations abiotiques est développé et appliqué sur les
145 exploitations agricoles du réseau FERMEcophyto. L’indicateur de perturbations abiotiques
défini dans le chapitre précédent est utilisé dans un modéle économétrique afin d’évaluer la
robustesse du rendement a [’échelle de chaque systéme de culture.

Les résultats économétriques indiquent un <« effet systéme de culture », c’est-a-dire des
différences importantes de robustesse d’un systeme de culture a [’autre. Les performances de
chaque systeme de culture en termes de rendement moyen et de robustesse du rendement face aux
perturbations abiotiques sont ensuite étudiées. Quatre profils contrastés sont discriminés a
[’échelle de chaque zone géographique puis a [’échelle nationale : les systemes de culture avec
rendement moyen élevé et sensibilité forte vis-a-vis des perturbations abiotiques (Q1), les
systémes de culture avec rendement moyen élevé et sensibilité faible vis-a-vis des perturbations
abiotiques (Q2), les systémes de culture avec rendement moyen faible et sensibilité forte vis-a-vis
des perturbations abiotiques (Q3),et les systemes de culture avec rendement moyen faible et
sensibilité faible vis-a-vis des perturbations abiotiques (Q4).

Les caractéristiques de ces différents profils de systemes de culture sont ensuite étudiées et
comparées au regard de trois types de pratiques agronomiques : les pratiques relatives a conduite
technique du blé, celles relatives a la succession culturale et, enfin, celles relatives a la flexibilité
des pratiques. Les résultats indiquent des différences importantes entre les systémes de culture a
haut versus faible rendement moyen, notamment en termes de conduite du blé tendre et de
succession culturale. En revanche, les différences sont moins nombreuses pour différencier les
systemes de culture a haute versus faible robustesse du rendement face aux perturbations
abiotiques. Parmi elles, la flexibilité de la conduite technique du blé tendre apparait comme un
facteur clé de [’adaptation des systemes de culture a un environnement changeant.
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Abstract

To face increasing uncertainties, future farming systems must be sustainable not only under average
or normal conditions but also in extreme climatic and economic situations. Various concepts such as
stability, robustness, vulnerability or resilience have been proposed to analyze the ability of
agricultural systems to adapt to changing production conditions. The operational effectiveness of
these concepts remains nevertheless limited. In this paper, we developed an original analytical
framework allowing characterizing and quantifying crop yield robustness, as well as identifying
agricultural practices linked to cropping systems differentiated according to their robustness
pattern. This framework was applied to 2 300 bread wheat crops belonging to 145 cropping systems
in various regions of France over the period 2011-2014. The analysis was performed at the scale of
the cropping system. In a first step, we defined an econometric model allowing us to link wheat
yield variability to an index of abiotic perturbations constructed using the STICS agronomic model;
the cropping systems were taken into account through the use of dummy variables. In a second
step, the different cropping systems were positioned within four quadrants using the regional
average wheat yield in conditions of normal abiotic perturbations and the regional average
estimated robustness to abiotic perturbations as cut-offs for the quadrants. In a third step, the
cropping systems of the different spaces defined by the four-quadrant approach were compared on
the basis on three types of agronomic practices, i.e., management intensification, rotation and
flexibility practices. Empirical results show that abiotic perturbations have an impact on wheat
yield variability and this impact differs from one system to another; in other words, there is a
cropping system effect of abiotic perturbations on wheat yield robustness. While several
management intensification and crop rotations practices differentiate high versus low wheat yield
cropping systems, much fewer practices distinguish robust versus sensitive cropping systems.

Key words: Bread wheat vyield; robustness; cropping system, abiotic perturbations; agricultural
practices.
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|. Introduction

Even if hunger is primarily a question of insufficient access to food due to poverty, and even if there
is currently enough food worldwide for a sufficient diet for everyone, there is a consensus that
global demand for agricultural products will rise significantly by 2050, e.g., by 60% with respect to
2007-09 levels according to the FAO (Alexandratos and Bruinsma, 2012), under the combined effect
of demography, urbanization, and economic development. As in the past, the increased demand for
food is projected to be satisfied mainly through productivity gains with much more modest changes
in crop area and livestock numbers (Godfray et al., 2010). For example, according to the OECD/FAO
agricultural outlook 2016-2025, yield improvements should account for 80% of the crop output
increase in the next decade (OECD/FAO, 2016). A large part of the huge rise in agricultural
production and productivity across the second half of the 20th century can be attributed to the
massive use of chemical inputs, notably mineral fertilizers and pesticides (Kropff et al., 2001).
However, increasing environmental and health concerns associated with the intensive agricultural
production model are prompting more and more research, development, and innovation efforts to
define and promote more sustainable farming practices and systems. In many countries, these
efforts are accompanied by public policies aimed at reducing pesticide use, nitrate leaching, fossil-
fuel energy consumption, biodiversity loss, etc. (Underwood et al., 2013). This is notably the case in
the European Union (EU) Member States (MS) within the framework of the successive reforms of the
Common Agricultural Policy (CAP).

In this context, considerable debate exists as to whether these alternative farming practices and
systems offer better productive, environmental, public health, economic, and social outcomes. This
can be illustrated by the expanding literature on organic farming performances: since crop yields
are generally lower in organic farming than in conventional agriculture (De Ponti et al., 2012;
Seufert et al., 2012), more land is required to produce the same amount of food, leading to
unambiguous environmental benefits on a per-hectare basis but more ambiguous gains on a per-unit
of product basis or when land use changes are taken into account (Tuomisto et al., 2012). In
addition, there are growing concerns about the ability of agricultural systems, whether alternative
or conventional, to resist and adapt to unpredictable conditions, such as abnormal weather or
economic shocks (Naylor, 2008; Darnhofer et al., 2010).

Concepts such as stability, robustness, vulnerability, and resilience have been developed and
applied to assess the ability of agricultural systems to maintain or recover functionality in
challenging environments. These concepts have been used both as equivalent notions (National
Research Council, 2010) and as ideas to be combined to arrive at a more comprehensive and
integrated approach (Callo-Concha and Ewert, 2014). Following Urruty et al. (2016), which provided
a literature review of the similarities and differences of these four concepts within the agricultural
context, this paper uses the concept of robustness as the latter corresponds to the ability of a
system and its components (crops, varieties, herds, animals, etc.) to maintain performances in the
face of perturbations (ten Napel et al., 2011; de Goede et al., 2013; Urruty et al., 2016). Based on
ecological principles, the outstanding management strategy cited in the literature to reduce the
impacts of weather variability on crop yields is to increase agroecosystem diversity, including
temporal and spatial diversity (Tilman et al., 2006; Lin, 2011; Wezel et al., 2014; Altieri et al.,
2015). Although the idea of building robustness has been studied in various agroecosystems
(Sabatier et al., 2013) and in livestock systems (ten Napel et al., 2011), it has not been well studied
with respect to individual crops. In this paper, we focus on winter wheat yields in cropping systems
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in France over the period 2011-2014. We designate as more robust those systems with lower
variations or losses in yields in response to specific weather patterns.

Winter wheat (Triticum aestivum) is the most important annual crop in France. The increased
frequency and magnitude of extreme and adverse agro-climatic events are considered a major
threat for wheat production (Trnka et al., 2014). Although many studies have described the effects
of wheat management practices and crop rotation characteristics on average yield (Easson et al.,
1993; Meynard et al., 2003; Brisson et al., 2010), to our knowledge no one has attempted to
explicitly analyze their effects on yield robustness, especially under changing weather conditions.
Understanding the role of agricultural practices on crop vyield response to environmental
perturbations may help in the design of cropping systems able to maintain high yields under
abnormal weather scenarios.

To address this question, we used wheat yield, weather, and agronomic data obtained from a large
farm network in France surveyed over the period 2011-2014. Yield robustness was studied through
an analytical framework that links wheat yields to weather conditions expressed as an index of
abiotic perturbations. The framework allowed us to test whether yield sensitivity to abiotic
perturbations differs from one cropping system to another. Next, we divided the different cropping
systems into four quadrants on the basis of their yield under average or normal conditions (high
versus low yield) and yield robustness to abiotic perturbations (high versus low robustness). Lastly,
the effects of management intensification, rotation and flexibility practices on yield robustness
were studied.

Il. Materials and methods

I.1. Data

Inputs for the analysis of wheat yield robustness were based on a sample of 145 cropping systems
corresponding to the same number of farms for which wheat yields, soil characteristics and weather
conditions as well as numerous agronomic practices were observed on a total of 2,327 wheat plots
over the period 2011 to 2014 (see Appendix 4.1 for more details). All 145 farms are involved in
Ecophyto, the French national program intended to significantly reduce agricultural and non-
agricultural pesticide use (Ecophyto plan, 2008). The farms are distributed across six contrasting
geographical regions as shown in Figure 25 (Urruty et al., 2016, submitted). Information on farm
location was used in the analysis to disentangle the impact of geographical conditions on wheat
yields in terms of both average levels and robustness. The dataset was provided by the leading
French agricultural cooperative group InVivo.
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Figure 25 : Geographical distribution of the 145 farms in six geographic regions

Each farm was thus described by one cropping system applied on different wheat plots, i.e., on
different types of soils; and in different years, i.e., under variable weather conditions. Each
cropping system was characterized by several agronomic practices classified into three groups:
management intensification practices (Group 1), rotation practices (Group 2) and flexibility
practices (Group 3). These three groups of practices are detailed in Table 11. Group 1 practices
include nitrogen management, fungicide and pesticide use, sowing conditions, three wheat variety
characteristics, and one variable for tillage practices. Group 2 practices define the rotation in terms
of species diversity, preceding crops, and the frequency of wheat, cereals and temporary meadow
within the rotation. Group 3 practices are “flexibility practices” measured for each cropping system
by the empirical spatial standard deviation of corresponding management intensification practices
over the different wheat plots. More specifically, for a given cropping system and a given
management intensification practice, the indicator is calculated as the mean over the four years
2011 to 2014 of the standard deviation of this practice measured each year over the different
plots®. This third group of practices captures farmers’ ability to manage in a flexible way their
practices because of spatial differences (e.g., soil types, weeds, fungal diseases, etc.). The more a

cropping system is flexible, the more management intensification practices vary from one plot to
another.

2014k
* That is: f’; = %ﬂr”" ; Where f’; is the flexibility of practice p in cropping system k and U’;ﬁ,t is the empirical

spatial standard deviation of practice p in year t (t € [2011-2014]) over the different plots of the cropping
system k.
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Table 11 : Characterization of wheat cropping systems using three groups of agronomic practices

Practices

Description

Total nitrogen rate

Average amount of nitrogen fertilizers (mineral and organic)
per hectare (kg/ha)

Number of nitrogen
applications

Average number of nitrogen applications per hectare on the
entire wheat crop cycle

Fungicide use intensity

Average number of fungicide treatments per hectare on the
entire wheat crop cycle

Total pesticide use intensity

Average number of pesticide treatments (fungicides,
herbicides, insecticides and others) per hectare on the
entire wheat crop cycle

Management
intensification Sowing date Average sowing date for wheat
practices
(Group 1) Sowing density Average sowing density for wheat per hectare (kg/ha)
Variety earliness at joint Average earliness score at joint stage of wheat varieties
stage used over the entire wheat crop cycle
Variety earliness at heading | Average earliness score at heading stage of wheat varieties
stage used over the entire wheat crop cycle
. . . Average disease resistance score of wheat varieties used
Variety disease resistance .
over the entire wheat crop cycle
Soil tillage intensity Average number of soil tillage operations during the entire
wheat crop cycle
Rotation diversity Average number of different species in the rotation
F Percentage of wheat preceded by summer crops (maize,
requency of summer crops
sunflower, potato...)
e Frequency of legume crops SPgrgggrt]age of wheat preceded by legumes (alfalfa, pea,
practices Y )
(Group 2)

Frequency of cereals

Percentage of cereals, including wheat, in the rotation

Frequency of wheat

Percentage of wheat in the rotation

Frequency of temporary
meadow

Frequency of temporary meadow in the rotation

Flexibility
practices
(Group 3)

Flexibility of total nitrogen
rate

Empirical standard deviation of total nitrogen rate between
the different wheat plots

Flexibility of total pesticide
use intensity

Empirical standard deviation of total pesticide use intensity
between the different wheat plots

Flexibility of sowing date

Empirical standard deviation of sowing date between the
different wheat plots

Flexibility of sowing density

Empirical standard deviation of sowing density between the
different wheat plots

Flexibility of variety
earliness at joint stage

Empirical standard deviation of variety earliness scores at
joint stage between the different wheat plots

Flexibility of variety
earliness at heading stage

Empirical standard deviation of variety earliness scores at
heading stage between the different wheat plots

Flexibility of variety disease
resistance

Empirical standard deviation of variety disease resistance
scores between the different wheat plots
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The soil characteristics of each plot were measured by the available water capacity (AWC) defined
as the average available water that can be stored in soil and be available for growing crops (Cassel
and Nielsen, 1986). Weather conditions were summarized by an index of abiotic perturbations
ranging from 0 (lowest theoretical abiotic perturbations) to 1 (highest theoretical abiotic
perturbations). This index was calculated for each farm, each type of soil and each year using
weather data provided by METEO-France and the STICS crop model (for further details see Urruty et
al. 2016, submitted).

1.2. Characterizing wheat vyield robustness to abiotic
perturbations

The robustness of wheat yields to abiotic perturbations was analyzed by estimating a linear
regression model linking wheat yields to the index of abiotic perturbations. The AWC was added as
an additional explanatory variable to help capture yield variability linked to differences in soil
characteristics. We tested the possibility of a ‘’cropping system effect’’ by differentiating both the
index of abiotic perturbations and the AWC at the scale of cropping system using dummy variables
to see whether the estimated parameters associated with these dummy variables were statistically
significant or not. The estimated model was thus:

YVike = € + [ax. D(k)]. AWC; + [by.D(k)].ABIO;; (1)
where y;.; is the wheat yield of plot i in cropping system k at time t, D(k) is the dummy variable
corresponding to the cropping system k, AWC; is the available water capacity of plot i, and ABIO;;

is the index of abiotic perturbations for plot i at year t; with t € [2011-2014] and c, a, and b,
representing the parameters to be estimated.

Each [¢ + [a,.D(k)]. AWC;] term can be interpreted as the maximum wheat yield achievable on plot
i using the cropping system k when abiotic perturbations are null. The [b,.D (k)] parameters capture
the sensitivity of the cropping system k to abiotic perturbations. If the estimated parameters b,
were significantly different from a common constant, the sensitivity of wheat yields to abiotic
perturbations varied according to the cropping system that was used. In other words, the cropping
system influenced the sensitivity of wheat yields to abiotic perturbations. The constancy of the b,
parameters was evaluated using a Fischer test.

I.3. Four patterns of wheat yield robustness

Regression results were then used to define four patterns of wheat yield robustness taking into
account both the sensitivity of each cropping system to abiotic perturbations and the average wheat
yield attainable by each cropping system under conditions of average or normal abiotic
perturbations. We thus used two classification criteria to define four groups of cropping systems.

The first criterion was the wheat yield of each cropping system in normal or moderate or average
weather conditions. For each cropping system, Equation (1) was used to estimate wheat yield using
the observed soil available water capacity and the average value of the index of abiotic
perturbations over the thirty-year period 1983-2014 for the AWC and ABIO variables, respectively.
This estimated wheat yield was then used to rank the cropping systems from lowest to highest
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estimated yields within each geographical zone A to F (Figure 25). The median value of these
estimated wheat yields for each zone was then used to separate the cropping systems into two
groups, those with high yields in average weather conditions and those with low yields in average
weather conditions.

The second discrimination criterion was provided by the estimated b, parameters in Equation (1).
We proceeded in the same manner, using the median value of this parameter calculated for the
different cropping systems within a given geographical zone to separate the cropping systems into
two groups, those robust to abiotic perturbations and those sensitive to abiotic perturbations.

On the basis of these two criteria and using their median values defined above as cut-offs, the
cropping systems were distributed into four quadrants as shown in Table 12: high yield, high
sensitivity (Q1); high yield, low sensitivity (Q2); low yield, high sensitivity (Q3); and low yield, low
sensitivity (Q4).

Table 12 : Four patterns of wheat yield robustness

Second criterion: Yield sensitivity to abiotic perturbations
(estimated b; parameter)
Classification criteria
Below the median of the Above the median of the
criterion criterion
First Above the (Q1) High yield (Q2) High yield
criterion: median of the & &
Wheat yield criterion High sensitivity Low sensitivity
in normal Below the (Q3) Low yield (Q4) Low yield
weather median of the & &
conditions criterion High sensitivity Low sensitivity

11.4. Agronomic characterization of the four quadrants and
identification of the main drivers of robustness

The last step of the analysis consisted in comparing the agronomic practices of the four groups of
cropping systems defined above on the basis of management intensification, rotation and flexibility
practices (as defined in Table 11) in an attempt to explain the different patterns of wheat yield
robustness. To arrive at this comparison, each variable defining a management intensification or
rotation practice was calculated for each cropping system in reference to its respective regional
average. This standardization rule was used in order to perform the analysis at the French national
scale while taking into regional particularities that did not depend of the cropping system. This
point can be illustrated by the example of the wheat variety earliness. Wheat varieties differ from
one zone to another: farms located in northeast France use later varieties, whereas farms in
southern France use earlier varieties in order to prevent the risk of heat stress at the end of the
cycle (Worland et al., 1994). To test whether wheat variety earliness explains the robustness of
wheat yields in one quadrant with regard to another quadrant, it was thus necessary to disentangle
this regional effect. This was done by expressing the earliness score of the variety of each cropping
system in a given geographical zone, at joint and heading stage, as a percentage from the average
value of the earliness score for the region where this cropping system is located. An exception was
the variable of sowing date which was calculated in absolute terms (number of days), i.e., as the
arithmetic difference between the sowing date of each cropping system and the relevant regional
average. Variables corresponding to flexibility practices were not normalized because their values
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were already measuring deviations. In addition, flexibility practices are not spatially dependent in
the way that management intensification and rotation practices are. For comparative purposes,
Wilcoxon signed-rank tests were used.

lll. Results

In a first step, Equation (1) was estimated for the 145 cropping systems of the database. We
decided not to keep 11 observations corresponding to ‘“’extreme’’ cropping systems for which the
estimated parameters ay or b, were 1.5 times lower than the bottom quartile or 1.5 times upper
than the top quartile. We considered that such extreme values did not lie in expected ranges of
parameters. Equation (1) was thus finally estimated for 134 cropping systems. Regression results
show that the model fits the data relatively well as it explains 74 % of the wheat yield variability as
shown by the adjusted R? criterion. Many estimated parameters a, and by are statistically different
from zero, 45 % (respectively 35 %) for the parameters a, and 44 % (respectively 36 %) for the
parameters by at the 10 % level of significance (respectively 5 % level of significance). In addition,
the test of constancy of the parameters by is not accepted at the 0.1 % level of significance. In
other words, regression results show that one can econometrically identify a ‘’cropping system
effect’’ explaining part of wheat yield variability (for full statistical results, see Appendix 4.2).

Figure 26 depicts the positioning of the 134 cropping systems across the four quadrants Q1 to Q4 (as
defined in sub-section 2.3). In Figure 26, both the average wheat yield in normal conditions of
abiotic perturbations and the average wheat yield sensitivity to abiotic perturbations were
calculated with respect to their respective average values in the geographical zone where the
cropping system (farm) is located. In the same way, all figures in Table 13 were calculated with
respect to average values of the geographical zone where the cropping system (farm) is located (see
sub-section 2.4 for details and Appendix 4.3 for absolute figures and details at the level of each
geographical zone).

Table 13 : Average yield and average yield sensitivity for each pattern of yield robustness

Ouadrant n Avgragfa wheat Avera.gt.a wheat yield

yield in t/ha sensitivity parameter
(Q1) High yield and high sensitivity | 33 7.7 (£ 1.1) -28.7 (x13.1)
(Q2) High yield and low sensitivity | 34 8.2 (x0.9) +9.6 (£17.1)
(Q3) Low yield and high sensitivity | 34 6.6 (+1.1) - 33.6 (= 24.5)
(Q4) Low yield and low sensitivity | 33 6.3 (x1.3) +3.3(£16.0)

Note: n is the number of cropping systems per quadrant and the values in brackets are the standard deviations
of the estimated criteria in each quadrant
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Figure 26 : Wheat yield in average weather conditions (y axis) and wheat yield sensitivity to abiotic
perturbations (x axis). For each cropping system, the two criteria are calculated with respect to the
mean of the geographical zone A to F to which the cropping

Table 14 presents the average values of agronomic practices used in each cropping system and
grouped in three sets of practices (as defined in sub-section 2.4) and Table 15 presents the results
of the Wilcoxon signed-rank tests corresponding to the comparison of agronomic practices of
cropping systems in one quadrant (or two quadrants) with those of cropping systems in a different
quadrant (or two different quadrants).

The first test compares cropping systems with high wheat yields in average weather conditions and
cropping systems with low wheat yields in average weather conditions independently of their
sensitivity to abiotic perturbations (Q1 and Q2 versus Q3 and Q4). Wheat yields in average weather
conditions were 11 % greater in Q1 and Q2 (high yields) and 10 % lower in Q3 and Q4 (low yields).
The total nitrogen rate, the number of nitrogen applications, the fungicide treatment frequency
index (TFI) and the total pesticide TFI were significantly higher in Q1 and Q2 than in Q3 and Q4. The
flexibility of total pesticide TFI was also higher in Q1 and Q2 than in Q3 and Q4. Other statistically
significant differences were related to sowing density (lower in Q1 and Q2), the flexibility of variety
earliness at joint stage (higher in Q1 and Q2), and three variables linked to rotation practices. In Q1
and Q2, rotation length was higher, the presence of legumes as prior crop was higher and the
frequency of cereals in rotation was lower. These results suggest that the systems with higher
wheat yields under average weather conditions relied more on chemical inputs (nitrogen and
pesticides) and used more complex and diversified rotations.
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Table 14 : Average relative values of agronomic practices in the four quadrants (values in brackets are empirical standard deviations calculated for each

quadrant)

Agricultural practices

High yield and
high sensitivity

High yield and low
sensitivity (Q2)

Low yield and
high sensitivity

Low yield and
low sensitivity

Q1) (Q3) (Q4)

Total nitrogen rate +6% (+ 18%) +8% (+ 15%) -7% (x 22%) 1% (£ 17%)

Number of nitrogen applications +4% (£ 21%) +9% (+ 16%) -1% (x 18%) 10% (+ 23%)

Fungicide use intensity +11% (+ 38%) +17% (+ 28%) -17% (+ 28%) 19% ( 35%)
Total pesticide use intensity +12% (+ 36%) +11% (+ 28%) -9% (x 30%) -16% (£ 33%)

Management -

intensification | Sowing date -1.6 (£ 9.8) +1.3 (x 6.1) -0.6 (x6.3) +1.6 (£ 9.0)
?é‘ra::::‘is) Sowing density -5% (+ 16%) 0% (+ 15%) 0% (£ 13%) +6% (£ 15%)
Variety earliness at joint stage 0% (£ 19%) +1% (= 15%) +2% (= 30%) 0% (x 20%)

Variety earliness at heading stage 0% (+ 5%) -1% (= 6%) 0% (£ 7%) +1% (x 6%)

Variety disease resistance -1% (= 16%) -5% (x 17%) +3% (+ 23%) +3% (+ 23%)

Soil tillage intensity -1% (+ 60%) +3% (x 63%) +2% (= 70%) -6% (+ 47%)

Rotation diversity -1% (+ 27%) +9% (x 39%) -8% (+ 27%) 3% (+ 30%)

Frequency of summer crops -2% (= 25%) +4% (£ 27%) +1% (+ 23%) +2% (+ 23%)

Rotation Frequency of legume crops 0% (+ 16%) +10% (+ 24%) 3% (+ 9%) -6% (+ 13%)
FGI’?,;S;(;S) Frequency of wheat -1% (= 7%) 0% (£ 9%) +1% (= 9%) 1% (= 9%)
Frequency of cereals -2% (= 12%) -4% (= 12%) +3% (+ 8%) +3% (+ 11%)

Frequency of temporary meadow -4% (x 18%) 0% (x 16%) -1% (£ 12%) +4% (+ 19%)

Flexibility of total nitrogen rate 8.2 (28.6) 11.9 (x 12.2) 9.8 (x 8.0) 8.8 (x7.6)

Flexibility of total pesticide use intensity 0.3 (x0.3) 6 (x0.3) 0.4 (x0.2) 0.3 (x0.2)

Flexibility Flexibility of sowing date 3.7 (£ 4.3) 1(£5.7) 3.2 (£ 3.4) 3.6 (x3.7)
practices Flexibility of sowing density 2.1 (£5.7) 0(+6.8) 4.6 (x9.4) 2.8 (£ 5.6)
Ve &) Flexibility of variety earliness at joint stage 0.4 (x 0.3) 4 (x0.4) 0.3 (+0.3) 0.4 (+ 0.4)
Flexibility of variety earliness at heading stage 0.2 (£0.2) 2 (x0.2) 0.1 (x0.2) 0.2 (x0.2)

Flexibility of variety disease resistance 0.6 (x 0.5) 7 (£ 0.5) 0.6 (+ 0.6) 0.7 (+ 0.6)
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Table 15 : Results of Wilcoxon signed-rank tests used to compare agricultural practices between cropping systems (*** significant at P<0.01, ** significant
at P<0.05, * significant at P<0.10, and NS for not significant)

High yield (Q1 &

High sensitivity (Q1

High yield and high

Low yield and high

. : & Q3) vs low sensitivity (Q1) vs sensitivity (Q3) vs
B Qz)(éé Igvax;eld sensitivity (Q2 & High Yield and low low yield and low
Q4) sensitivity (Q2) sensitivity (Q4)
Total nitrogen rate *** (HY > LY) NS NS NS
Number of nitrogen applications *** (HY > LY) NS NS NS
Fungicide use intensity **% (HY > LY) NS NS NS
Total pesticide use intensity *** (HY > LY) NS NS NS
Management -

intensification | Sowing date NS NS *(Q1<Q2) NS

(pGractice1$) Sowing density ** (HY < LY) ** (HS < LS) NS **(Q3 < Q4)

rou
P Variety earliness at joint stage NS NS NS NS
Variety earliness at heading stage NS NS NS NS
Variety disease resistance NS NS NS NS
Soil tillage intensity NS NS NS NS
Rotation diversity * (HY > LY) NS NS NS
Frequency of summer crops NS NS NS NS
Rotation Frequency of legume crops ** (HY > LY) NS NS NS
practices

(Group 2) Frequency of wheat NS NS NS NS
Frequency of cereals ** (HY < LY) NS NS NS
Frequency of temporary meadow NS NS NS NS
Flexibility of total nitrogen rate NS NS NS NS
Flexibility of total pesticide use intensity ** (HY > LY) * (HS < LS) ***(Q1<Q2) NS
Flexibility Flexibility of sowing date NS (HS < LS) (Q1 < Q2) NS
practices Flexibility of sowing density NS NS NS NS
IEmELE &) Flexibility of variety earliness at joint stage ** (HY > LY) NS NS NS

Flexibility of variety earliness at heading stage NS ** (HS < LS) NS *(Q3 <Q4)
Flexibility of variety disease resistance NS * (HS < LS) *(Q1<Q2) NS
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The second test compares the robust and sensitive cropping systems independently of their yield
performance under average weather conditions (Q2 and Q4 versus Q1 and Q3). In that second
comparison, substantially fewer agronomic characteristics were different. The only variables that
were statistically different were sowing density, flexibility of total pesticide use, flexibility of
sowing date, flexibility of variety earliness at heading stage and flexibility of variety disease
resistance which were greater in Q2 and Q4 than in Q1 and Q3. This comparison of robust versus
non-robust cropping systems independently of yield performances under average weather conditions
suggests that a large number of combinations of agricultural practices can be used to increase
robustness to abiotic perturbations and that among these, flexibility practices seem to be crucial. In
other words, there is no single pattern of wheat yield robustness.

Quadrants Q2 and Q1 allow us to compare robust versus sensitive systems with high yields in
average weather conditions. Only a few variables were statistically different, i.e., sowing date
(later in Q2), flexibility of the total TFI (higher in Q2), flexibility of sowing date (more important in
Q2) and flexibility of variety disease resistance (higher in Q2). We can also note that cropping
systems in quadrants Q2 and Q1 relied rather intensively on chemical inputs and that systems in Q2
were more complex and diversified than their counterparts in Q1 even if differences were not
statistically significant and even if one rotation practice contradicts this observation, i.e., the
frequency of wheat in rotation that was higher (although not statistically different) in Q2 than in
Q1.

Even fewer agronomic practices differentiated cropping systems in Q3 (low yield, high sensitivity)
from those in Q4 (low yield, low sensitivity), with only sowing density and flexibility of variety
earliness at heading stage showing a statistical difference (greater in Q4 than in Q3).

IV. Discussion and conclusion

In this paper, we first developed an econometric model allowing us to define and assess wheat yield
robustness of wheat cropping systems to abiotic perturbations (Equation (1)). These perturbations
were expressed as an index of abiotic perturbations (ABIO index) calculated through the STICS crop
model (Brisson et al., 2003). Wheat yield robustness to abiotic perturbations was simply defined by
the estimated parameters associated with the ABIO index. The latter as well as the second
explanatory variable (the soil available water capacity or AWC) were expressed at the cropping
system scale through the use of dummy variables. The soil AWC was used as an additional
explanatory variable in order to take into account wheat yield spatial variability among the
different cropping systems linked to soil characteristics.

Regression models have been widely used in the scientific literature to study the yield response of
crops to various factors (see, for exemple, Chevalier-Gérard et al., 1994; Berzsenyi et al., 2000;
Brisson et al., 2010). Despite its simplicity and parsimony, the model developed in Equation (1) is
statistically satisfactory, explaining nearly 75 % of wheat yield variability. Furthermore, slightly less
than 50 % of estimated parameters associated with the two categories of dummy variables were
statistically significant and different. These results highlight that there is a “cropping system
effect” and in particular that wheat yield robustness to abiotic perturbations varies from one
cropping system to another.
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The initial database included 145 cropping systems. However, Equation (1) was estimated for only
134 observations after elimination of 11 cropping systems for which estimated parameters appeared
not realistic. It is likely that this equation is too simple to assess properly wheat yield variability for
the 11 cropping systems that were not included in the estimation procedure. In addition, several
estimated parameters associated with the ABIO index variable were positive, a few of them being
positive and statistically greater than zero. Such results are contrary to a priori expectations and
can also be explained by the simplicity of Equation (1), i.e., an incomplete appreciation of the very
numerous factors that influence wheat yield and wheat yield variability. For example, Equation (1)
does not include as explanatory variables either the pressure of diseases or the crop protection
programs used to fight them. One can reasonably formulate the hypothesis that at least some
farmers react to this pressure by increasing their use of pesticides and more generally by relying
more intensively on chemical inputs with a likely positive effect on yields. Many other factors such
as damages caused by animals are not taken into account as well.

A similar econometric approach could be used for assessing the robustness of other performances to
abiotic perturbations, for example the robustness of various economic outcomes. The sensitivity of
productive, economic and environmental performances as well as of agronomic practices to other
types of disturbances could be even assessed, for example the sensitivity of fungicide use to fungal
pressure in an attempt to identify cropping systems able to maintain a low use of fungicides despite
increasing fungal pressure. In the two cases aforementioned, it was also econometrically possible to
highlight a cropping system effect for the farms of our sample.

The estimated parameters by linked to the ABIO index suggest that wheat yield robustness to abiotic
perturbations varies considerably from one system to another. This means that the different
cropping systems considered here do not stand on an equal footing with regard to abiotic
perturbations. Beyond weather conditions and soil characteristics summarized by respectively, the
ABIO index and the AWC, it appears that the cropping systems considered in this paper vary also in
terms of agronomic practices. This variability of agronomic practices is noteworthy in so far as the
farms are all engaged in the Ecophyto network and hence are all committed to substantially reduce
pesticide use.

In the second part of the paper, we have thus tried to differentiate and characterize the different
cropping systems on the basis of their robustness patterns according to agronomic practices used.
To that end, the latter were classified in three groups corresponding to respectively, management
intensification, rotation and flexibility practices, and the systems were positioned within four
quadrants using the regional average wheat yield in conditions of normal abiotic perturbations and
the regional average estimated sensitivity parameter in Equation (1) as cut-offs for the quadrants:
high yield, high sensitivity (Q1); high yield, low sensitivity (Q2); low yield, high sensitivity (Q3); and
low yield, low sensitivity (Q4). This quadrant method was also used by Long and Ketterings (2016) to
analyze yields and yield stability over time of corn and alfalfa/hay mixtures on a 1000-cow dairy
farm in Wyoming County, New York.

Several agronomic practices differentiate the cropping systems with high yields (quadrants Q1 and
Q2) and the cropping systems with low yields (quadrants Q3 and Q4). Most of differentiating
practices correspond to management intensification practices, notably a strong reliance on nitrogen
fertilization and pesticides in systems belonging to high yield quadrants Q1 and Q2, as well as three
rotation practices. The first result is not surprising and is abundantly documented in the literature
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(see, for example, Evans and Fischer, 1999; Oerke, 2006; Spiertz, 2010). The second result is
perhaps more interesting as it suggests that the rotations of cropping systems with high yields are
more diversified, with more frequently legumes as preceding crops and a lower frequency of
cereals. An even more interesting result is that the agronomic practices aforementioned do not
differentiate the high versus low robustness cropping systems (Table 16). In practice, very few
agronomic practices were statistically different when one compares either the high yield cropping
systems of quadrants Q1 and Q2, or the low yield cropping systems of quadrants Q3 and Q4, or the
robust versus sensitive cropping systems independently of their performance in terms of yield levels
in average weather conditions (quadrants Q1 and Q3 versus Q2 and Q4). Only four agronomic
practices are significantly distinct in Q2 w.r.t. to Q1, i.e., sowing date, flexibility of the sowing
date, flexibility of the total pesticide TFI and flexibility of variety disease resistance. In the same
way, only two practices were statistically different in Q4 w.r.t. Q2, i.e., sowing density and
flexibility of variety earliness at heading stage.

Table 16 : Agronomic practices differentiating robust versus sensitive cropping systems

Robust versus sensitive cropping systems

High yields

Low yields

All yields

Discriminatory
practices

Sowing date (R>S)
Sowing density (R>S)

Flexibility of the total
pesticide TFI (R>S)

Flexibility of the
sowing date (R>S)

Flexibility of variety
earliness at heading
stage (R=S)

Flexibility of variety
disease resistance
(R>S)

Sowing date (R>S)
Sowing density (R>S)

Flexibility of the total
pesticide TFI (R<S)

Flexibility = of the
sowing date (R>S)

Flexibility of variety
earliness at heading
stage (R>S)

Flexibility of variety
disease resistance
(R>S)

Sowing date (R>S)
Sowing density (R>S)

Flexibility of the total
pesticide TFI (R>S)

Flexibility of the
sowing date (R>S)

Flexibility of variety
earliness at heading
stage (R>S)

Flexibility of variety
disease resistance
(R>S)

Note: Statistically significant differences are in bolt; differences not significant are in italics; R>S
(respectively R<S) means that the variable considered is greater (respectively lower) for robust
cropping systems denoted R than for sensitive systems denoted S.

From these three comparisons, one can conclude that intensification management and rotation
practices with the exception of sowing date and density do not allow distinguishing robust versus
sensitive cropping systems while several of these intensification management and rotation practices
differentiate high versus low yield wheat cropping systems. In practice, robust versus sensitive
cropping systems are differentiated by the two sowing variables (date and density) and various
flexibility practices. Even when the difference is not significant from a statistical point of view, the
most robust cropping systems (Q2 w.r.t. Q1, Q4 w.r.t. Q3, and Q2 & Q4 w.r.t. Q1 & Q3) are
characterized by a later sowing date, a higher sowing density, a higher flexibility of the total
pesticide TFI (with the exception of low yield systems but the gap is not statistically significant), a
higher flexibility of the sowing date, a higher flexibility of variety earliness at heading stage and a
higher flexibility of variety disease resistance (Table 16).
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These results highlight the power of adjusting sowing dates and densities, phytosanitary protection
programs and variety genetic characteristics in reducing exposure to increasing abiotic
perturbations and maintaining yield objectives. These results thus echo numerous other studies in
which flexibility or plasticity is presented as one essential driver of agricultural systems’ robustness
(Hanson et al., 2007; Rodriguez et al., 2011; Sabatier et al., 2015). For example, Rodriguez et al.
(2011) showed that the more flexible farms in Australia had a greater ability to respond to and
profit from variability by adjusting practices from year to year and plot to plot.

But these results do not confirm the potential interest suggested by various authors of relying less
on chemical inputs as well as diversifying crop rotations for increasing the robustness of cropping
systems, even if this reduced sensitivity is obtained at the price of lower yield objectives (Holt-
Giménez, 2002; Lin, 2011; Altieri et al., 2015; Gaudin et al., 2015). This point is all the more
interesting to note that several intensification management and crop rotation practices
differentiate low versus high yield cropping systems (Table 16). This lesson does not mean that
relying less on chemical inputs and diversifying crop rotations do not allow, at least in some cases,
to improve crop yield robustness and more generally productive and economic robustness of farms;
let us not forget that our results apply only to a specific sample of French crop farms belonging to
the Ecophyto network. One can additionally formulate different assumptions for explaining such a
lesson. One possible interpretation is that farmers first set a yield objective to be reached in
average or normal weather conditions and only secondly consider the issue of yield robustness to
abiotic perturbations (Risbey et al., 1999). A second and not exclusive interpretation can be
suggested in connection with the agricultural practices that have been analyzed in this paper.
Indeed, several agricultural practices were not documented in the database and therefore not
included in the study: nitrogen formulation and timing, phosphorus and potassium inputs, soil
management detailed practices, etc. In a similar perspective, beyond agricultural practices, little
information was available to describe local cropping conditions, for example soil characteristics
other than the AWC (soil compaction, drainage or irrigation materials and operations, etc.) or
farmer characteristics (sociological profile, age and position of the farmer in her/his life cycle,
education and formation, involvement in professional networks, use of farm advisory services, etc.).
A third and again not exclusive interpretation is that our decomposition in four quadrants and thus
in only four robustness patterns is too simple. Exploring these three interpretations and very likely
other possible explanations are avenues for further research. A final word to remind that our
analysis was centered only on wheat yield robustness and that it would be obviously very interesting
to extend the work at the scale of the entire crop rotation.
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Chapitre 5 : Analyse de la
diversité des systemes de culture
et évaluation de la robustesse du
rendement du blé tendre face a
des perturbations abiotiques

Ce chapitre se présente sous forme d’article et a été soumis a la revue internationale Field Crops
Research en novembre 2016. Une approche complémentaire a celle utilisée dans le chapitre
précédent pour analyser la robustesse du rendement face aux perturbations abiotiques est ici
présentée.

Cette approche est basée sur une typologie des systemes de culture sur [’ensemble du réseau
FERMEcophyto. Six types de systemes de culture ont été identifiés sur la base de deux types de
successions culturales (simplifiée versus diversifiée) et trois types de conduite technique du blé
tendre (conduite intensive et peu flexible, conduite modérément intensive et trés flexible,
conduite extensive et peu flexible). L’analyse des rendements moyens montrent que les systémes
modérément et fortement intensifs sont les plus productifs lorsque les conditions météorologiques
sont « normales ». En revanche, les résultats en termes de robustesse du rendement sont moins
marqués et suggere une tres grande variabilité a Uintérieur de chaque profil de systéme de
culture. Les systémes de culture caractérisés par les conduites les plus flexibles ressortent
toutefois comme les plus robustes dans cet échantillon d’exploitations. Cela confirme les résultats
entrevus dans le chapitre précédent.

117



Assessment of wheat yield performances under
average and changing weather conditions

Nicolas Urruty™®’, Hervé Guyomard®, Delphine Tailliez-Lefebvre®, Christian Huyghe®

(a) INRA, CODIR Agriculture, 147 rue de [’Université, F-75338 Paris, France

(b) University of Poitiers, PRES France Centre Atlantique Université, 15 rue de [’Hbtel Dieu, 86073
Poitiers, France

(c) InVivo AgroSolutions, Avenue de la Grande Armée, Paris, France

Abstract

Bread wheat production can suffer from multiple abiotic perturbations, and this effect is liable to
increase with future climate change. However, the impacts of rotations and management practices
on wheat yield robustness to abiotic perturbations have rarely been investigated. This paper
develops a methodological framework based on a statistical typology of wheat cropping systems and
an econometric equation relating wheat yield variability to an index of abiotic perturbations. This
framework is applied to a sample of French wheat-growing farms participating in the pesticide-
reduction plan known as Ecophyto. Our goal is to analyse wheat yield performances under both
normal and changing weather conditions. The typology includes six classes of wheat cropping
systems differentiated on the basis of two types of rotations (simplified versus diversified) and three
types of management practices (high-intensive, inflexible management practices; moderately
intensive, flexible management practices; and low- intensive, inflexible management practices).
Wheat yield performances in normal or average weather conditions were significantly greater in the
high- and moderately intensive cropping systems compared to extensive cropping systems. By
contrast, very few differences were statistically significant for wheat yield robustness to abiotic
perturbations. This can be explained by the high variability of the robustness parameter within each
cluster. However, flexibility emerges as a key lever for increasing wheat yield robustness in the face
of changing weather conditions.

Key words: Bread wheat yield; robustness; cropping system, abiotic perturbations; agricultural
practices.

|. Introduction

Global food security is threatened by climate change, notably because of its uncertain impacts on
crop vields. The positive effects of increased CO, concentrations and longer crop growth periods in
some latitudes may be counterbalanced by negative consequences linked to changes in temperature
and rainfall on water availability, soil degradation, the incidence of pests and diseases, etc. (Kang
et al., 2009). While Anwar et al. (2007) concluded that climate change could reduce median wheat
yields by 25% in south-eastern Australia, Luo et al. (2003) suggested that wheat yields could
increase under all CO, levels in South Australia. Despite these uncertainties, however, there is a
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growing consensus that crop production and productivity will be negatively affected by climate
change without adaptation of agricultural practices and systems. According to Challinor et al.
(2014), for example, losses in aggregate production are expected for wheat, maize, and rice in both
tropical and temperate regions within a climate change scenario of +2° Celsius, without adaptation.
In France, Brisson et al. (2010) showed that cereal yields have tended to stagnate since the 1990s
essentially because genetic improvements have been counteracted by the unfavourable impacts of
climate change, including heat stress during grain fill and drought during stem elongation.

There is thus an urgent need to reduce the sensitivity of current agricultural systems to climate
change while at the same time reducing greenhouse gas emissions from agricultural sources. The
challenge is unprecedented, and a large number of options have been proposed and are being
experimented with worldwide to develop adaptive and mitigating management systems (see, for
example, Fuhrer and Gregory (2014)). Another difficulty is that farms must at the same time
improve their productivity and economic performance. What is true at the global level also applies
in developed countries, such as France, where crop yields are high and agricultural systems are
generally intensive, relying heavily on chemical inputs (mineral fertilisers, synthetic pesticides,
concentrated feeding stuffs, veterinary pharmaceuticals, etc.).

In this paper, we propose an original analysis of wheat yield performances in France. Our study is
based on a typology of wheat cropping systems and an innovative analytical framework that allows
us to study the yield performances of contrasting wheat cropping systems under average weather
conditions and under variable weather conditions. While a number of researchers have considered
the effects of farming characteristics, practices, and systems on average yields (for example,
Easson et al. (1993); Meynard et al. (2003); Brisson et al. (2010)), to our knowledge only one study
has explicitly focused on wheat yield robustness in French agriculture (Urruty et al., 2016
submitted1).

In that article as in this one, robustness is defined as the capacity of agricultural systems (in this
case wheat cropping systems) to maintain yields under changing weather conditions, more
specifically changing abiotic perturbations. Urruty et al. (2016, submitted1) have shown that the
impact of abiotic perturbations on average wheat yields and robustness differ from one wheat
cropping system to another, highlighting a “cropping system effect.”’ In addition, while several
agricultural practices can be statistically related to high- versus low-yield wheat cropping systems,
fewer practices can be reliably linked to robust versus sensitive systems. This paper proposes a
deeper analysis of wheat yield performances in French wheat cropping systems, in terms of both
yield levels under average weather conditions and yield robustness to changing weather conditions.
Toward that end, we rely on a more detailed disaggregation of the cropping systems than that used
by Urruty et al. (2016, submitted1). The latter distinguished only four categories (high yield/high
sensitivity, high yield/low sensitivity, low yield/high sensitivity, low yield/low sensitivity), using
average wheat yields in normal weather conditions and average sensitivity of wheat yields to abiotic
perturbations as cut-off lines for the four quadrants. In addition, Urruty et al. (2016, submitted1)
began with an analysis of wheat yield performances and then sought to assess to what extent
performance gaps could be explained by different agronomic practices. In this paper, we begin by
defining a typology of wheat cropping systems, and then analyse to what extent the different
clusters of this typology exhibit contrasting wheat yield performances.
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The remainder of the paper is organised as follows. In part 2, we present the database and
frameworks used to define our typology of wheat cropping systems and the robustness of these
systems to abiotic perturbations. The typology is original, while the robustness analysis framework
was developed and applied in Urruty et al. (2016, submitted1). Results are presented in part 3 and
discussed in part 4.

Il. Materials and methods

I.1. Data

Data inputs were based on a sample of 145 cropping systems corresponding to 145 farms for which
wheat yields, soil characteristics, and weather conditions as well as nhumerous agronomic practices
were observed on a total of 2,327 wheat parcels over the period 2011 to 2014 (see Appendix 4.1 for
more details). All 145 farms are involved in the French governmental program Ecophyto, intended to
significantly reduce agricultural and non-agricultural pesticide use (Ecophyto plan, 2008). The farms
are distributed across six geographical regions corresponding to six contrasting climatic zones
(Urruty et al., 2016, submitted2). The dataset was provided by the major French agricultural
cooperative group InVivo and its member cooperatives.

1.2. Defining a typology for French wheat cropping systems

As proposed by Sebillotte (1990), a cropping system can be described as the combination of a crop
succession and a set of management practices used on each crop in the rotation. It follows that
defining a typology for the 145 wheat cropping systems in our database can be broken down into
three steps. The first step requires describing the main crop rotation practices; it defines a first
typology on the basis of rotation practices. The second step involves identifying the key
management practices used on the wheat crops; it defines a second typology on the basis of wheat
management practices. The third step combines information from steps 1 and 2 to create a full
typology of wheat cropping systems on the basis of crop rotation and wheat management practices
(Figure 27).
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Figure 27 : Defining a wheat cropping system as a combination of crop rotation and wheat
management practices
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11.2.1. First typology, based on rotation practices (step 1)

Rotation characteristics were described by the set of variables presented in Table 17. In addition to
the average number of species in the rotation, two variables sought to take into account the
previous crop (respectively, the percentage of wheat preceded by a summer crop and the
percentage of wheat preceded by a legume), while two further variables captured the relative
importance of cereals and temporary grassland in the rotation. The value of each of these five
indicators was normalized by calculating them as the relative percentage difference between the
observed value for each cropping system and the average value for that variable in the geographical
zone where the farm is located.

To define the first typology based on rotation practices, the five variables in Table 17 were
transformed into non-correlated variables using a Principal Component Analysis (PCA). The principal
components of the PCA were then used as input variables in an Agglomerative Hierarchical
Clustering (AHC). The AHC is a bottom-up approach in which each observation, i.e., each farm,
starts in its own cluster, and pairs of clusters are progressively merged as one moves up the
hierarchy. At each step of the iteration process, the closest (most similar) pairs of observations are
aggregated using the Ward’s minimum variance method which minimizes the increase in the total
intra-class inertia. The optimal number of clusters was defined on the basis of the Hubert-Levin C
index (Hubert and Levin, 1976), which measures, at each iteration, the difference between the
maximal intra-cluster distance and the minimal inter-cluster distance (Gurrutxaga et al., 2011;
Islam et al., 2015; Tomassen et al., 2016).

A key advantage of combining a PCA and an AHC is that it produces very homogeneous clusters. This
approach has been used in several domains, including to define farm typologies (Bellon et al., 2001;
Maseda et al., 2004; Blazy et al., 2009).

Table 17 : Variables used to describe rotation practices and construct the first typology

Rotation practice Acronym Description
Rotation diversity ROTA Average number of species in the rotation
Frequency of summer crops SUM Percentage of wheat preceded by a summer crop

(maize, sunflower, potato, etc.)

Frequency of legume crops LEG Percentage of wheat preceded by a legume
(alfalfa, pea, soybean, etc.)

Frequency of cereals CER Percentage of cereals, including wheat, in the
rotation
Frequency of temporary grassland | MEAD Frequency of temporary grassland in the rotation
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11.2.2. Second typology, based on wheat management practices
(step 2)

The same approach was used to define a second typology on the basis of wheat management
practices. The variables used are presented in Table 18. They can be classed in two groups.

The first group corresponds to management intensification practices: nitrogen management (as
measured by two indicators - the average amount of mineral and organic fertilizers applied per
hectare and the number of nitrogen applications), total pesticide use (measured by the Treatment
Frequency Index, or TFl), sowing date, wheat variety resistance to disease (measured by a score for
all wheat varieties), and soil tillage (measured by the average number of soil tillage operations
during the entire wheat cropping cycle). All these management intensification practices were
calculated in relative terms (relative percentage difference between the observed value for the
cropping system and the average value for the variable in the geographical zone where the farm is
located).

The second group corresponds to flexibility practices, defined as the spatial variations in the
management intensification practices in the first group. Each flexibility practice was calculated as
the mean over the four years 2011-2014 of the empirical standard deviation of the corresponding
management intensification practice measured each year in the wheat plots. These were not
normalized with respect to geographical means since they were calculated from variables already
normalized. Flexibility practices capture farmers’ ability to manage their wheat plots in a way that
is flexible according to the spatial heterogeneity of cropping conditions (Urruty el al., 2016
submitted1).

As with the first typology based on rotation practices, the second typology elaborated from these
management practices used first a PCA and next an AHC.

Table 18 : Variables used to describe the wheat management practices and construct the
second typology

Wheat management practice Acronym Description

Management intensification practices (Group 1)

Total nitrogen rate NMIN Average amount of mineral and organic fertilizers
applied per hectare (kg/ha)

Number of nitrogen applications NFRAC Average number of nitrogen applications per
hectare over the entire wheat crop cycle

Average number of pesticide treatments

Total pesticide use intensit TFI
P y (fungicides, herbicides, insecticides and others)
per hectare over the entire wheat crop cycle
Sowing date DATE Average sowing date for wheat
Variety disease resistance RESI Average disease resistance score of wheat
varieties
Soil tillage intensity SOIL Average number of soil tillage operations during

the entire wheat crop cycle
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Wheat management practice Acronym Description

Flexibility practices (Group 2)

Flexibility of total pesticide use | F_TFI Empirical standard deviation of total pesticide use
intensity intensity across the different wheat plots
Flexibility of sowing date F_DATE Empirical standard deviation of sowing date across

the different wheat plots

Flexibility of variety earliness at | F EARL Empirical standard deviation of variety earliness
heading stage - scores at heading stage across the different wheat
plots

11.2.3. Full typology (step 3)

The third and last step merged the first and second steps to construct a complete typology of wheat
cropping systems defined on the basis of both rotation and wheat management practices.

1.3. Assessing wheat yield performances for the different
clusters of the full typology

The full typology of wheat cropping systems defined above was then used to assess whether wheat
yield performances of the different cropping systems varied from one cluster to another. The wheat
yield performances considered were wheat yields in average weather conditions and wheat yield
robustness to changing weather conditions. Weather conditions were summarized by an index of
abiotic perturbations (Urruty et al., 2016, submitted2) constructed from the STICS crop model
(Brisson et al., 2002).

The two variables of interest were calculated from Equation (1) relating wheat yield variability to
the index of abiotic perturbations and estimated at the scale of the cropping system:

Yike = ¢ + [ax.D(k)]. AWC; + [by.D(k)]. ABIO;; (D

where y;,; is the wheat yield of plot i in cropping system k at time t, D(k) is the dummy variable
corresponding to the cropping system k, AWC; is the available water capacity of plot i, and ABIO;;
is the index of abiotic perturbations for plot i at year t; t € [2011-2014]; and c,a, and b, are
parameters to be estimated.

Average wheat yields under normal (or moderate) weather conditions for each cropping system
were calculated from Equation (1) using the observed water capacity and the average value of the
ABIO index over the thirty-year period 1983-2014 in the right-hand side term of this equation. The
wheat yield robustness of each cropping system was defined by the estimated parameter b.

123



lll. Results
lll.1.  The typology

IH.1.1. Two clusters of wheat cropping systems based on rotation
practices

The PCA on rotation practices allowed us to reduce the number of initial variables (five) by
selecting the first three components which together explained 84% of the total variance (and the
two first explaining 64% of the total variance). The loadings of the initial variables on the first two
principal components (Appendix 5.1) allowed us to highlight two features. The first axis
discriminated wheat cropping systems with a high frequency of cereals in the rotation from more
diversified cropping systems with higher frequencies of legumes as preceding crops. The second axis
differentiated wheat cropping systems including temporary grassland in the rotation from those
which did not include temporary grassland.

The first three principal components were retained to develop the AHC. The latter led us to define
two clusters of wheat cropping systems based on rotation practices (Table 19). Farms belonging to
the first cluster (Rotation 1) were characterized by weakly diversified rotations, a lower frequency
of legumes as preceding crop, a higher frequency of cereals, and a lower frequency of temporary
grassland in the rotation. Farms in the second cluster (Rotation 2) had the opposite features,
notably a higher frequency of summer crops and legumes as preceding crops and a lower frequency
of cereals in the rotation (variables significantly different from regional averages). One will note
with interest that the standard deviations for the five rotation practices were much higher for the
second cluster than for the first one.

Table 19 : Rotation characteristics for the two clusters of the first typology, defined from rotation

practices

Rotation practice Rotation 1 Rotation 2

P (n = 67) (n = 67)
Diversity of the rotation (ROTA) 19 % (+/- 16 %) *** +19 % (+/- 38 %) NS
Frequency of summer crops as preceding crop (SUM) -2% (+/-22 %) NS +5% (+/-27 %) *
Frequency of legumes as preceding crop (LEG) -8% (+/- 6 %) *** +9 % (+/- 21 %) ***
Frequency of cereals in the rotation (CER) +5 9% (+/- 9 %) *** 5% (+/- 11 %) =
Frequency of temporary grassland in the rotation 3% (+/-4 %) *** +3% (+/-22 %) NS
(MEAD)

Note 1: n is the number of observations; values shown are the average percent difference with respect to
regionalized averages followed by the empirical standard deviation of the gap (in brackets).

Note 2: Student’s t-test of equality to zero of the variable: *** significant at P<0.01; ** significant at P<0.05; *
significant at P<0.10; NS = not significant.
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1.1.2. Three clusters of wheat cropping systems based on wheat
management practices

The five first components of the PCA on wheat management practices explained 75% of the total
variance. The loadings of the nine initial variables onto the first two components, which explained
46% of the total variance, allowed us to highlight two characteristics (Appendix 5.1). The first axis
differentiated the wheat cropping systems using intensive management practices and notably
relying heavily on chemical inputs, from the cropping systems using lower rates of fertilisers and
pesticides, later sowing dates, and more disease-resistant wheat varieties. The second axis
differentiated more flexible from less flexible management practices.

The five first principal components of the PCA were then used to develop the ACH. The latter
allowed us to distinguish three clusters (Table 20). The wheat cropping systems belonging to the
first cluster (Management 1) used more total nitrogen, more nitrogen applications and more
pesticides. Sowing dates were earlier, varieties were less disease-resistant, and soil tillage
operations were more frequent. Farms in this first cluster were also less flexible, the flexibility
being measured by the spatial variation of total pesticide use, sowing date, and variety earliness at
heading stage.

Table 20 : Management practice characteristics in the three clusters of the second typology,
defined from management practices

Wheat management practice

Management 1
(n=41)

Management 2
(n =62)

Management 3
(n =31)

Total nitrogen rate

Number of nitrogen applications
Total pesticide use intensity
Sowing date

Variety disease resistance

Soil tillage intensity

Management intensification practices (Group 1)

+6 % (+ 11%) **
+10 % (& 15%) ***
13 % ( 31%) ***
3.7 (£7.7)
-4% (+ 18%) *

¥22 % (+ 49%) ***

+6 % (+ 16%) **
+5 % (+ 15%) **
+4% (+ 31%) NS
1.9 (£ 7.1) =
+0 % (+ 12%) NS

+2 % (+ 54%) NS

24 % (+ 19%) ***
220 % (+ 22%) ***

27 % (+ 31%) ***

+1.9 (+7.7) *
+5 % (+ 32%) NS

-36 % (+73%) ***

Flexibility practices (Group 2)

Flexibility of total pesticide use
intensity

Flexibility of sowing date

Flexibility of variety earliness at
heading stage

0.29 ( 0.2) **

2.9 (£3.3)

0.10 (+ 0.2) ***

0.59 (+ 0.3) **

6.2 (+ 4.9) **

0.23 (+ 0.3) ***

0.19 (+ 0.2) **

1.8 (£ 3.3) ***

0.19 (+ 0.3) NS

Note 1: n is the number of observations; values shown are average percent difference with respect to regionalized
averages, with empirical standard deviations given in brackets.

Note 2: Student’s t-test of the equality of the variable to zero (first group) or to the standard deviation calculated
over the full set of wheat cropping systems (second group, the reference standard deviations are equal to 0.41, 4.2
and 0.18, respectively): *** significant at P<0.01; ** significant at P<0.05; * significant at P<0.10; NS = not significant.
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Farms in the second cluster (Management 2) were also characterized by intensive management
practices, but to a lesser extent than the farms in the first cluster. Farms in the second cluster also
used management intensification practices in a more flexible way. The cropping systems of the
third cluster (Management 3) were characterized by low-intensity (extensive) management
practices. It is interesting to note that no cluster of cropping systems characterized by extensive,
flexible management practices emerged from the automatic classification.

.1.3. The full typology

By combining the two partial typologies, we ultimately defined six clusters of wheat cropping
systems: simplified rotation, high-intensive, low-flexibility management practices (R1M1);
diversified rotation, high-intensive, low-flexibility management practices (R2ZM1); simplified
rotation, moderate-intensive, high-flexibility management practices (R1M2); diversified rotation,
moderate-intensive, high-flexibility practices (R2M2); simplified rotation, low-intensive, low-
flexibility management practices (R1M3); and diversified rotation, low-intensive, low-flexibility
management practices (R2ZM3).

Average characteristics of the six clusters in terms of rotations, management intensification, and
flexibility practices are detailed in Table 21. In each cluster, a large majority of variables were
significantly different from zero (rotation and management intensification practices, expressed here
as the relative percentage difference with respect to regionalized means), or from the average
standard deviation of the variable calculated over the full sample of farms (flexibility practices).
This means that the typology approach was successful in differentiating contrasting cropping
systems on the basis of the variables employed.

Figure 28 presents their geographical distribution across six zones, designated A through F. The
unequal numbers of farms in each cluster (ranging from 13 in R2ZM3 to 31 in both R1M2 and R2M2)
and each region (from 17 in zone C to 30 in zone F) means that the map in Figure 28 must be
interpreted with caution. Nevertheless, the following points may be highlighted. There was no
cropping system belonging to clusters R1M3 or R2ZM3 in the lowland zone B (southwestern France),
where all farms in the sample were managed in a relatively intensive way. Similarly, in zone D
(north-central France), only two farms of the type R2ZM3 were identified. The two extensive clusters
R1M3 and R2M3 were proportionally well represented in zones A, C, and F, largely made up of
intermediate or mountainous areas. These three zones were also characterized by a higher presence
of diversified rotations compared to the territory overall.

126



Table 21 : Rotation and wheat management practices in the six clusters of the full typology

Practices

Rotation 1 &
Management 1

(n = 18)

Rotation 2 &
Management 1

(n = 23)

Rotation 1 &
Management 2

(n = 31)

Rotation 2 &
Management 2

(n=31)

Rotation 1 &
Management 3

(n = 18)

Rotation 2 &
Management 3

(n=13)

Rotation practices
Rotation diversity

Frequency of summer crops

Frequency of legume crops
Frequency of cereals
Frequency of temporary grassland

-18% (+ 14%) ***
-15% (& 15%) **=*

-6% ( 6%) ***
+3% (£ 7%) *
-2% (x 4%) **

+25% (+ 46%) NS
+3% (+ 35%) NS

+13% (+ 24%) **
-6% (+ 12%) **
+4% (+ 23%) NS

-16% (+ 17%) ***
7% (+ 16%) **

-8% (x 5%) ***
+3% (x 9%) *
-4% (x 4%) ***

+30% (£ 29%) **
+7% (£ 23%) *

+6% (+ 20%) *
-8% (+ 9%) **
-6% (+ 15%) **

-24% (+ 13%) ***
+17% (+ 22%) ***

-8% (+ 7%) ***
1% (+ 7%) ***
-1% (+ 3%) *

-15% (+ 18%) ***
+4% (+ 19%) NS

+9% (+ 18%) *
+4% (£ 9%) *
+21% (£ 25%) ***

Management intensification pract
Total nitrogen rate

Number of nitrogen applications
Total pesticide use intensity
Sowing date

Variety disease resistance

Soil tillage intensity

ices

+6% (+ 11%) **
+11% (£ 12%) ***
+3% (+ 24%) NS
2.4 (+ 4.6) ™

-3% (+ 17%) NS

+21% (+ 43%) **

+6% (+ 12%) **
+10% (+ 18%) ***
+22<7( + 32%) ***

6 (+9.3)*

-5% (i 19%) NS

+23% (x 53%) **

+4% (£ 13%) *
+1% (£ 14%) NS
+4% (£ 31%) NS
+1.8 (£6.3)*
-1% (+ 14%) NS

+6% (+ 52%) NS

+8% (+ 18%) *
+8% (£ 15%) ***
+5% (£ 30%) NS
+1.9(x7.8)*
+1% (+ 10%) NS

-2% (+ 55%) NS

-27% (+ 18%) ***
-21% (+ 19%) **
17% (+ 28%) **
+0.5 (+ 5.8) NS
+8% (+ 27%) NS

-44% (+ 88%) **

-19% (+ 20%) ***
-21% (x 24%) ***
-41% (+ 30%) ***
+3.8 (9.5 *
+1% (£ 37%) NS

-25% (+ 42%) **

Flexibility practices

Flexibility of total pesticide use
intensity

Flexibility of sowing date
Flexibility of variety earliness at

heading stage

0.32 (£ 0.2) *
3.8 (+ 3.8) NS
0.10 (+ 0.1) ***

0.27 (+ 0.2) **
2.3 (+2.6) ***
0.11 (+ 0.2) **

0.60 (& 0.3) ***
1 (+5.0) **
0.22 (+0.2) *

0.57 (+ 0.3) ***
6.3 (+ 4.7) **
0.24 (+ 0.1) **

0.19 (£ 0.2) ***
1.5 (£ 1.6) ***

0.18 (+ 0.2) NS

0.20 (& 0.2) **
2.3 (+4.6)*
0.21 (+ 0.2) NS

Note 1: n is the number of cropping systems; values shown are the average percent difference with respect to regionalized averages (empirical standard deviation shown in

brackets).

Note 2: Student’s t-test of the equality of the variable to zero (rotation and management intensification practices) or to the average standard deviation calculated over the full

set of wheat cropping systems (flexibility practices, the reference standard deviations are equal to 0.41, 4.2 and 0.18, respectively): *** significant at P<0.01;

P<0.05; * significant at P<0.10; NS = not significant.
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Figure 28 : Geographical distribution of the six clusters in the full typology

lll.2. Yield performances

1.2.1. Estimation of Equation (1)

Equation (1) was estimated for the 145 cropping systems in the database. We decided to eliminate
11 observations corresponding to ‘“’extreme’’ cropping systems for which the estimated parameters
a; or b, were 1.5 times lower than the bottom quartile or 1.5 times greater than the top quartile,
considering that such extreme values lay outside the expected ranges of parameters. Equation (1)
was thus finally estimated for 134 cropping systems. Regression results show that the model fits the
data relatively well, explaining 74% of wheat yield variability (for more details, see Appendix 4.2
and/or Urruty et al. 2016, submitted1).

11.2.2. Wheat vyield performances for the six clusters in average
weather conditions

Equation (1) was used to estimate wheat yields for the 134 wheat cropping systems under conditions
of average abiotic perturbations (hereafter average yields). The objective of this first analysis was
to ask to what extent average wheat yields were different across the six clusters. Results are
presented in Table 22. In column 2, the means of the average yields calculated in each cluster are
compared to equivalent yields calculated over the whole sample of 134 wheat cropping systems.
The remaining columns show the pair-wise comparison of means among the six different clusters.
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Table 22 : Mean wheat yields under average weather conditions and pair-wise comparisons among

the six clusters

Note 1: Yields in column 2 are expressed in reference to average yields (percent deviation) for the region in which the
cropping systems are located. (figures in brackets correspond to the empirical standard deviation of the mean in each
cluster). Student’s t-test of the equality to zero of the mean: *** significant at P<0.01; ** significant at P<0.05; * significant

at P<0.10; NS = not significant.

Note 2: RiMj < RKMl means that average yields in cluster RiMj are significantly lower that their equivalents in cluster RkMl

with a probability P<0.01 (***), P<0.05 (**) and P P<0.10 (*), or NS if not significant.

Six Mean
clusters | yields vs R1M1 vs R2M1 vs R1M2 vs R2M2 vs R1M3 vs R2M3

+1 % (x

R1M1 9%) NS
+6 % (£

R2M1 12%) **
+2 % (

R1M2 10%) NS NS
+5 % (£

R2M2 10%) ** NS NS 