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Essais sur la volatilité des prix agricoles : éclairages sur le commerce et l'information

Les crises alimentaires de 2007-08 et 2010-11, et notamment leurs conséquences sur les ménages les plus pauvres, ont suscité un renouveau d'intérêt pour les politiques de stabilisation des prix. Cette thèse analyse trois aspects de la question de la volatilité des prix agricoles : le rôle des entreprises commerciales d'Etat pour la sécurité alimentaire ; l'effet de la qualité de l'information concernant des chocs naturels ou économiques sur les variations de prix agricoles ; et les conséquences de l'accroissement de la transparence sur les marchés internationaux engendrée entre autres par la mise en place de nouveaux systèmes d'information suite au G20 de 2011. Outre ses conclusions en termes de politiques publiques sur les politiques commerciales ou sur l'amélioration des systèmes d'information, cette thèse met en avant un outil rarement appliqué à l'économie agricole : les modèles d'information imparfaite. Les applications présentées ici prouvent la pertinence de cet outil et l'intérêt de son utilisation pour répondre à de nombreuses problématiques d'économie agricole.

General conclusion

A 

Résumé

Les chocs naturels tels que les innondations, sécheresses, invasions d'insectes, etc. expliquent que les marchés agricoles soient naturellement plus volatiles que les autres marchés. Les récents épisodes de flambée des prix agricoles ont attiré l'attention de la communauté internationale sur les potentielles conséquences négatives de la volatilité des prix des céréales sur les ménages les plus pauvres. Dans cette thèse, nous développons certains aspects de la volatilité des prix avec pour objectif de mieux comprendre comment réduire les variations de prix ou limiter leurs effets. La première partie de la thèse s'intéresse au rôle des entreprises commerciales d'Etat pour protéger à la fois les producteurs et les consommateurs contre les variations de prix. Dans une seconde partie, nous expliquons la volatilité des prix par les décisions de production des agriculteurs dans un cadre d'information imparfaite. La dernière partie analyse le rôle de l'information sur les marchés agricoles pendant les épisodes de flambée des prix. Mais avant d'expliquer plus en détails les problématiques et résultats de chaque partie, il est nécessaire de revenir sur quelques notions générales sur la volatilité des prix agricoles : les enjeux soulevés par les récents épisodes de flambée des prix, les facteurs mis en cause et les options de politique publique proposées pour réduire les variations de prix ou limiter leurs effets.

Enjeux de la volatilité des prix agricoles

La volatilité des prix agricoles peut avoir des conséquences négatives lorsque les variations de prix sont excessives, non anticipées ou ne reflètent pas les fondamentaux de l'économie. En effet les épisodes récents de flambée des prix ont eu des effets négatifs sur certains producteurs, commerciaux, consommateurs et gouvernements. La volatilité est en soi un enjeu car l'incertitude et le risque affectent les décisions économiques. Cependant, la communauté internationale est d'avantage concernée par les niveaux de prix et en particulier par les prix élevés pour les consommateurs et par les prix très bas pour les producteurs.

Les ménages les plus pauvres sont les plus affectés par les variations de prix car une part importante de leur revenu est dédié à la nourriture. Ils ont également tendance à consommer peu de biens transformés, dont les prix sont pourtant moins corrélés aux variations de prix des céréales que les biens non transformés [START_REF] Fao | Etudes de la fao sur des aspects sélectionnés des négociations de l'omc sur l'agriculture[END_REF]. Dans les périodes de forte volatilité, le nombre de ménages sous le seuil de pauvreté accroit considérablement. Von Braun and Tadesse (2012) montre que la crise alimentaire de 2007-2008 a poussé 75 à 80 millions de personnes dans une situation de faim et d'insécurité alimentaire, alors que la crise de 2010-2011 est responsable d'une augmentation de 44 millions du nombre de pauvres dans le monde. En conséquence, les dépenses de santé, éducation et les investissements agricoles sont réduits pour les ménages les plus pauvres quand les prix sont excessivement hauts, ce qui a des effets sur le long terme.

Les agriculteurs sont également affectés par les variations de prix, et particulièrement par les périodes de prix faibles. L'incertitude sur les revenus agricoles peut conduire à des décisions de production et d'investissement sous-efficaces [START_REF] Newbery | The theory of commodity price stabilization: A study in the economics of risk[END_REF]. En particulier, des agriculteurs averses au risque modifient leurs techniques de production, l'allocation des intrants agricoles, le type de cultures, etc. ce qui a des effets de court terme sur l'offre alimentaire, mais aussi des effets de long terme sur la capacité de production.

Facteurs expliquant la volatilité des prix

Les marchés agricoles sont naturellement plus variables que les autres marchés, car les plantations sont affectées par des chocs naturels comme les précipitations et les maladies qui ne peuvent être absorbés par le marché qu'à travers de fortes variations de prix. En effet les élasticités de l'offre et de la demande sont faibles dans le court et moyen terme. Ainsi un choc de production se traduit par de grandes variations de prix afin de permettre à l'offre et la demande de s'équilibrer.

Selon un rapport publié par plusieurs organisations internationales en 2011 [START_REF] Fao | Etudes de la fao sur des aspects sélectionnés des négociations de l'omc sur l'agriculture[END_REF], plusieurs facteurs expliquent les récentes crises alimentaires. Ces facteurs peuvent être séparés en deux catégories : ceux qui expliquent les tensions d'offre et de demande sur les marchés agricoles et ceux qui ont déclenché les hausses de prix.

Au cours de la dernière décennie, il y a eu une pression à la hausse sur les prix liée à une demande accrue pour les denrées alimentaires. L'utilisation de cultures agricoles pour la production de bioénergies a été mise en cause pour avoir augmenté la demande pour certaines céréales. La croissance des revenus et l'évolution des régimes alimentaires dans les pays en développement a conduit à Résumé xvii une consommation accrue de céréales, principalement pour nourrir les animaux ensuite consommés dans ces pays. La croissance de la population mondiale devrait accentuer la demande pour les denrées alimentaires dans les années à venir. En parallèle, l'offre ne semble pas pouvoir suivre la croissance de la demande : les améliorations de productivité sont faibles ; la pression sur la terre et l'eau s'accentue ; et le changement climatique commence dès à présent à impacter négativement l'agriculture dans certaines régions. Lorsque l'offre ne permet pas de répondre à la demande, les stocks accumulés les années précédentes devraient réduire la pression sur les prix. Les faibles niveaux de stocks (au regard de la consommation) expliquent en partie les crises récentes [START_REF] Wright | The economics of grain price volatility[END_REF].

L'accumulation de ces facteurs mènent à penser qu'il est probable que la balance entre l'offre et la demande reste tendue dans les décennies à venir.

Parmi les facteurs déclencheurs mis en cause dans les crises récentes, nous pouvons citer les variations de prix sur les marchés pétroliers, puisque le prix des céréales et du pétrole sont très liés, la dépréciation du dollar américain, la spéculation liée à des investissements accrus dans les marchés dérivés ces dernières années, et les baisses de production causées par des évènements climatiques, qui devraient être de plus en plus fréquents avec le changement climatique. De plus, des politiques ad hoc et non coordonnées telles que les restrictions aux exportations et les importations massives semblent avoir amplifié les crises récentes.

Politiques publiques pour faire face à la volatilité des prix

Il existe deux moyen de gérer la volatilité des prix agricoles : réduire les variations de prix ou limiter leurs conséquences. La seconde option est mise en oeuvre pour protéger les ménages les plus vulnérables des augmentations de prix. Un exemple d'une telle politique sont les réserves alimentaires d'urgence, qui permettent de fournir des denrées alimentaires aux plus pauvres lorsque les prix augmentent. Les aides internationales ou nationales ciblées sur les ménages les plus vulnérables peuvent également limiter les conséquences des variations de prix. Un exemple d'aide internationale est le "Global Food Crisis Response Program" (GFCRP) qui apporte de l'aide aux pays vulnérables depuis la crise de 2007-2008. Ce programme a apporté plus de 1,5 milliards de dollars à 44 pays, ce qui a aidé environ 40 millions de personnes [START_REF] Fao | Etudes de la fao sur des aspects sélectionnés des négociations de l'omc sur l'agriculture[END_REF].

L'option alternative est de réduire directement la volatilité des prix agricoles. Dans le long terme, Résumé xviii cela ne peut être atteint qu'en réduisant la pression sur les prix agricoles en améliorant la productivité, réduisant les déchets, changeant les régimes alimentaires, limitant les mandats d'incorporation de bio-carburants, etc. Dans le court et moyen terme, la volatilité des prix peut être réduite par des corridors de prix, des stocks-tampon, des réserves virutelles, etc. Dans le passé, plusieurs mécanismes de stabilisation des prix (dont les International Commodity Agreements) ont été mis en oeuvre, sans permettre d'atteindre les objectifs recherchés [START_REF] Gilbert | International agreements for commodity price stabilisation[END_REF].

Le rôle de l'information a également été remis en question pendant les crises de 2007-2008 et 2010-2011. Il est largement accepté que l'information sur les marchés agricoles et plus particulièrement sur les stocks est imparfaite. Pendant le sommet du G20 de 2011, les pays du G20 ont déclaré qu'une information de bonne qualité sur la production, les stocks, la demande, etc. est essentielle pour réduire le risque de crises. Le système d'information sur les marchés agricoles (AMIS) a été mis en place à la suite de cette rencontre. Son objectif est de collecter et diffuser des données sur les marchés de céréales. Il a été associé au "rapid response forum" dont le but est d'améliorer la coordination entre pays pendant les périodes de crises. Des systèmes d'alerte précoce, comme le "Famine Early Warning System Network", peuvent aussi se révéler utile pour les pays vulnérables.

Améliorer le fonctionnement des marchés à terme est encore un autre moyen à explorer pour stabiliser les prix. Cependant, il n'existe pas à l'heure actuelle de consensus sur les politiques à adopter car les experts sont toujours divisés sur le rôle exact de la spéculation sur les marchés agricoles.

Enfin, il est nécessaire de limiter le recours à des politiques commerciales ad hoc lors de crises. Martin and Anderson (2012) montrent que les comportements protectionnistes ont largement amplifié la crise alimentaire de 2007-2008. L'importance des effets des politiques intérieures, des restrictions aux exportations, ou encore des importantions massives justifie une régulation et une coordination accrues.

Les trois aspects sur la volatilité des prix développés dans cette thèse L'objectif de cette thèse est d'analyser le rôle des politiques commerciales et de l'information pour réduire la volatilité des prix. Les crises alimentaires de 2007-2008 et 2010-2011 ont attiré une attention considérable sur la sécurité alimentaire. Avec le G20 de 2011, l'information et la Résumé xix coordination ont été mises en avant en tant que moyens de gérer la volatilité des prix. Dans le plan d'action du G20, les ministres de l'agriculture se sont engagés sur cinq principaux objectifs, dont l'amélioration de l'information et de la transparence sur les marchés pour permettre de meilleures anticipations des agents économiques et des gouvernements, et une meilleure coordination des politiques internationales afin de mieux prévenir et réagir aux crises [START_REF] Declaration | Action plan on food price volatility and agriculture[END_REF].

Dans ce but, le G20 a mis en oeuvre le système d'information AMIS et le "rapid response forum", tout en encourageant les initiatives en faveur d'une meilleure information au niveau national et international, telles que les systèmes d'alerte précoce. Nous nous intéressons à la théorie derrière ces réponses politiques. Comment la littérature récente sur l'information imparfaite éclaire-t-elle ces décisions ? Cette thèse est organisée en trois parties développant quelques aspects spécifiques sur le rôle des politiques commerciales et de l'information pour réduire la volatilité des prix agricoles :

• l'utilisation de politiques commerciales par des entreprises commerciales d'Etat pour compenser l'incomplétude des marchés et en particulier l'absence de mécanismes d'assurance ;

• les décisions de production des agriculteurs possédant une information imparfaite à propos de chocs de productivité ou de demande, et les conséquences de ces décisions sur la volatilité des marchés ;

• l'utilisation de politiques commerciales pendant les crises alimentaires, lorsque l'information sur la situation économique est imparfaite.

Les entreprises commerciales d'Etat et la volatilité des prix

Les entreprises commerciales d'Etat (STEs pour State Trading Enterprises en anglais) sont des institutions auxquelles sont accordées des droits leur permettant d'influer sur les importations ou les exportations. Elles étaient des éléments centraux des marchés internationaux avant les mouvements de libéralisation dans les années 1980 durant lesquels beaucoup de ces entreprises ont été réformées.

Elles sont toujours actives, en particulier dans les pays en développement dans lesquels elles jouent un rôle essentiel pour la sécurité alimentaire [START_REF] Barrett | Marketing boards. The New Palgrave Dictionary of Economics[END_REF]. Les STEs sont remises en cause dans le cadre des négociations internationales sur le commerce (le Doha round actuellement) car elles pourraient être à l'origine de distortions sur les marchés internationaux.

Cet aspect a par conséquent été analysé de manière intensive dans la littérature [START_REF] Mccorriston | State trading enterprises as non-tariff measures: Theory, evidence and future research directions[END_REF]. Cependant, il est surprenant qu'aucune analyse théorique ne se soit intéressée à Résumé xx l'impact des STEs sur la sécurité alimentaire. Dans le contexte des négociations internationales sur le commerce, il est essentiel de déterminer si la libéralisation des STEs aurait un impact négatif sur la sécurité alimentaire des pays en développement. En particulier, de nombreux STEs rapportent dans leur notification à l'Organisation Mondiale du Commerce qu'un de leurs objectifs est la réduction de la volatilité des prix agricoles. Le secteur agricole est en effet partiulièrement affecté par différents risques qui peuvent justifier l'intervention des STEs sur les marchés agricoles. Cette intervention peut être ciblée sur les revenus des agriculteurs ou sur les prix des consommateurs.

Dans la première partie de cette thèse, nous étudions l'impact potentiel des STEs sur la volatilité des prix et des revenus.

La base de notre analyse est la littérature sur le risque et le commerce. Notre modèle est inspiré par le cadre d'analyse de Newbery-Stiglitz-Shy (Newbery andStiglitz, 1984, Shy, 1988), que nous étendons afin d'étudier la taxation optimale mise en oeuvre par une entreprise commerciale d'Etat importatrice dont l'objectif est de maximiser le bien-être. Un aspect important de la taxation à ne pas négliger est la redistribution des revenus de la taxe. En effet, en ciblant les individus recevant ces revenus, l'entreprise peut agir de manière similaire à un mécanisme d'assurance.

Dans cette première partie de la thèse, nous supposons que les STEs mettent en oeuvre des instruments de politique commerciale comme une protection contre la volatilité des marchés. Cependant, les politiques commerciales ne sont pas les instruments les plus efficaces pour faire face à des enjeux de volatilité. Par exemple l'accès aux marchés financiers peut en grande partie protéger les agriculteurs contre les risques de revenu en lissant les revenus dans le temps. Cela permet de rendre l'agriculture aussi attirante (du point de vue des risques encourus) que d'autres secteurs moins risqués naturellement, ce qui réduit la sous-production dans le secteur agricole. Cependant, les marchés financiers sont souvent imparfaits ou incomplets. En effet, la présence de risques systémiques affectant un grand nombre d'acteurs simultanément, les asymétries informationnelles, l'accès limité aux marchés internationaux de réassurance, etc. expliquent le faible développement de l'assurance, en particulier dans les pays en développement [START_REF] Mahul | Government support to agricultural insurance[END_REF].

Les interventions publiques sur les marchés de matières premières peuvent remplacer les marchés financiers pour faire face à la volatilité dans les pays développés et en développement. Cependant, les instruments classiques utilisés pour la stabilisation des prix (les stocks publics par exemple) ont perdu en popularité depuis qu'il a été prouvé que le coût d'une stabilisation des prix, même partielle, sera probablement plus élevé que les gains (Newbery andStiglitz, 1981, Williams and[START_REF] Williams | Storage and Commodity Markets[END_REF].

Selon [START_REF] Wright | International grain reserves and other instruments to address volatility in grain markets[END_REF], "la théorie prédit, et l'expérience avec les accords internationaux sur Résumé xxi les matières premières l'a confirmé, que ces programmes échouent inévitablement, même lorsqu'il n'y a pas de tendance de prix sous-jascente." [START_REF] Wright | International grain reserves and other instruments to address volatility in grain markets[END_REF] explique qu'avec des corridors de prix, "le prix tend à être proche des bornes hautes ou basses (prix plafond ou prix plancher)" ce qui a un effet ambigu sur la volatilité.

Une option alternative à la création de marchés financiers ou aux politiques de stabilisation des prix est l'utilisation de taxes ou quotas aux frontières (parfois mis en oeuvre par des entreprises commerciales d'Etat) pour compenser l'absence d'instruments privés ou d'autres instruments de couverture contre le risque. La littérature sur le commerce et le risque étudie le rôle des politiques commerciales dans ce contexte. Est-ce que le libre-échange est toujours optimal ? Dans quelles situations est-ce que les restrictions de commerce sont préférées ? Est-ce que les politiques commerciales peuvent être utilisées comme des instruments de partage de risque ? Etc. [START_REF] Helpman | A theory of international trade under uncertainty[END_REF] montrent que des nombreux théorèmes de la théorie du commerce international peuvent être étendus aux environnements incertains lorsqu'il existe des marchés internationaux de capitaux. Ainsi, le problème des marchés agricoles n'est pas le risque de productivité en soi, mais l'incomplétude des marchés vis à vis des mécanismes de partage de risque. Si les marchés étaient complets, les échanges de biens et de capitaux seraient suffisants à assurer l'optimalité.

Ainsi le libre échange est préféré aux barrières commerciales lorsqu'une assurance est fournie aux agriculteurs à travers des marchés financiers. Cependant, ces marchés sont souvent absents ou imparfaits, comme cela a été mentionné ci-dessus.

Lorsque les marchés financiers sont absents, les politiques commerciales peuvent servir d'alternative pour gérer le risque de revenu et de prix. Les STEs sont des institutions qui sont autorisées à mettre en oeuvre des politiques commerciales pour des raisons de sécurité alimentaire et particulièrement pour gérer le risque sur les marchés agricoles.

Cette première partie de la thèse se divise en trois chapitres. Le chapitre 1 étudie deux papiers centraux dans la littérature du commerce et du risque, permettant de mieux comprendre le cadre analytique de notre modèle. Le chapitre 2 apporte quelques notions historiques et quelques éléments de la littérature scientifique sur les STEs. Le modèle utlisé dans cette thèse et ses conclusions sont exposées dans le chapitre 3.

Dans ce dernier chapitre, nous montrons que les STEs peuvent en effet améliorer le bien-être des agents par une taxe sur les importations, seulement si les revenus de cette taxe sont redistribués.

Le bien-être est maximisé lorsque les agriculteurs reçoivent l'intégralité de ces revenus, ce qui peut Résumé xxii être le cas dans une coopérative agricole par exemple. Cela tend à prouver que les STEs peuvent être utiles contre la volatilité des prix. Ainsi, ces entreprises ne devraient pas être libéralisées sans une analyse approfondie de leur impact réel sur la sécurité alimentaire.

Les décisions de productions agricoles en information imparfaite

Les marchés agricoles sont naturellement sujets à des risques. Lorsque les décisions de production doivent être prises, de nombreuses incertitudes subsistent : la quantité produite suite à la météo ou aux maladies par exemple ; les prix qui ont été très variables ces dernières années ; et les coûts du travail, des infrastructures, des machines ou des intrants. Il existe une large littérature sur les choix de production agricole en environnement incertain qui s'intéresse au comportement d'agriculteurs averses au risque. [START_REF] Chavas | Acreage decisions under risk: the case of corn and soybeans[END_REF] analysent les choix de surface cultivée par des agriculteurs averses au risque maximisant leur utilité espérée dans le cas du maïs et du soja. [START_REF] Sckokai | Modeling the reforms of the common agricultural policy for arable crops under uncertainty[END_REF] utilisent des préférences aux risque de type moyenne-variance pour étudier les réactions des agriculteurs à des changements dans la politique agricole commune. Cependant cette littérature n'a pas analysé le rôle de l'information dispersée sur les décisions de production : en environnement incertain, les choix des agriculteurs sont affectés par leur information sur l'état du monde. Notre objectif est d'améliorer la compréhension du rôle de l'information dans les décisions de production agricole.

Une large branche de la littérature économique analyse les décisions avec information dispersée.

En particulier notre approche se base sur les modèles de [START_REF] Vives | Information and learning in markets: the impact of market microstructure[END_REF] et d' [START_REF] Angeletos | Efficient use of information and social value of information[END_REF]. Cette littérature est pertinente pour étudier les variations de prix dans les marchés financiers [START_REF] Pastor | Learning in financial markets[END_REF], mais, à notre connaissance, a peu été appliquée aux marchés réels et a fortiori aux marchés agricoles. Les marchés agricoles diffèrent des marchés financiers de nombreuses manières, telles que la fréquences des décisions (le trading algorithmique permet aujourd'hui aux opérations d'échanges de se faire en quelques fractions de seconde alors que les décisions agricoles peuvent être prises sur des jours, mois ou années) ou le type d'externalités stratégiques (les décisions de production des agriculteurs sont des substituts stratégiques à travers les prix, ce qui ne peut pas mener à des comportements moutonniers et bulles, phénomènes souvents observés sur les marchés financiers). Dans les chapitres 5 et 6 nous adaptons des modèles d'information imparfaite aux spécificités des marchés agricoles. Le chapitre 7 apporte une contribution théorique plus forte à la littérature sur les décisions en information imparfaite, en fournissant un cadre analytique résoluble avec information endogène et externalités stratégiques, sur la base du modèle d'Angeletos and
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Pavan (2007). Un tel modèle peut être pertinent pour de nombreux problèmes économiques (crises de change, crises bancaires, crash financier, etc.). Très peu de papiers ont réussi à modéliser ces élements ensembles, et aucun ne considère spécifiquement le cas de substituabilité stratégique entre les décisions des agents, ce que nous faisons.

Nous contribuons également à la littérature sur les volatilité des marchés agricoles. Parmi d'autres facteurs, la volatilité des marchés agricoles a été expliquée par des variations de production ayant pour source d'une part des chocs exogènes affectant les plantations, ou d'autre part les erreurs d'anticipation des agents dues à des analyses non rationnelles de la situation économique [START_REF] Ezekiel | The cobweb theorem[END_REF]. Nous proposons une source alternative de variations basée sur les décisions de production d'agriculteurs rationnels possédant une information imparfaite sur des chocs exogènes.

Dans cette seconde partie de la thèse nous proposons dans un premier temps une revue de la littérature sur les décisions en information imparfaite dans le chapitre 4. Le chapitre 5 étudie le rôle de l'information sur les décisions de production des agriculteurs et les conséquences sur la volatilité des marchés. Ce chapitre est suivi de deux extensions dans les chapitres 6 et 7. Alors que le chapitre 5 se focalise sur le cas particulier des décisions de surface agricole pouvant prendre une continuité de valeurs, le chapitre 6 analyse le choix de variétés de cultures, ce qui implique un nombre fini de possibilités. Nous développons ensuite le modèle de base dans le chapitre 7 pour incorporer des sources endogènes d'information telles que l'apprentissage social.

Une question essentielle de cette partie est de savoir si accroitre la précision de l'information des agriculteurs réduirait la volatilité des marchés agricoles. Nous montrons que la réponse à cette question dépend du type de décision de production considérée et de l'origine des chocs. Nous prouvons que l'information ne réduit pas nécessairement la volatilité des prix agricoles. Par exemple, dans le cas de chocs sur les prix des intrants, une meilleure information augmente la volatilité des prix. Cependant, quand les chocs affectent la demande ou l'offre, plus d'information tend à réduire la volatilité des prix. Ces exemples impliquent que l'amélioration de l'information sur l'offre et la demande devrait avoir un effet positif sur la stabilisation des prix, ce qui ne serait pas le cas de l'amélioration de l'information sur les prix des intrants.

La conclusion principale de cette partie de la thèse est que la transprance n'est pas toujours alignée avec la stabilisation de prix, contrairement à ce qui est souvent mis en avant dans ce débat.
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Episodes de flambée des prix et information

La Banque Mondiale estime que 155 millions de personnes ont été poussées sous le seuil de pauvreté suite à l'augmentation de prix entre janvier 2005 et décembre 2007 [START_REF] De Hoyos | Poverty effects of higher food prices: a global perspective[END_REF].

Selon [START_REF] Martin | Export restrictions and price insulation during commodity price booms[END_REF] "45 pourcents de l'augmentation des prix du riz en 2006-2007, et 30 pourcents de l'augmentation du prix du blé, étaient dus à des comportements protectionnistes", tels que des paniques sur les importations et des restrictions aux exportations. Nous cherchons à comprendre les raisons expliquant l'utilisation de politiques commerciales pendant les épisodes de flambée des prix. En particulier, nous étudions le rôle de l'information imparfaite à propos des marchés internationaux de céréales.

Cet intérêt a pour origine l'initiative du G20 de 2011 de créer le système d'information mondial AMIS (Agricultural Markets Information System), qui vise à améliorer la transparence sur les marchés internationaux. L'intuition derrière cette mesure est que des pays mieux informés seraient moins tentés de copier le comportement d'autres pays. L'idée que la transparence sur les marchés est essentielle est prédominante depuis le début du XX ème siècle et a été introduite comme l'une des cinq conditions pour une compétition pure et parfaite. Cette idée a été nuancée depuis, principalement suivant l'intuition qu'une meilleure information peut mener à des effets secondaires non voulus, tels que des bulles spéculatives et des mouvements de panique. [START_REF] Ezekiel | The cobweb theorem[END_REF] montre que fournir de l'information sur les prix passés à des agents dont les anticipantions sont naïves peut mener à des dynamiques divergentes. [START_REF] Angeletos | Efficient use of information and social value of information[END_REF] prouve que lorsqu'il y a du bruit dans le signal public, le bruit est reflété dans l'action aggrégée des agents ce qui entraine de la volatilité sur les marchés. Le paradoxe de Grossman-Stiglitz explique qu'une meilleure information publique réduit la dépendance des acteurs sur l'information privée, ce qui peut conduire dans le pire des cas à négliger totalement l'information privée. Lorsque l'information publique est générée par l'aggrégation des actions privées, alors le signal public ne contient plus aucune information [START_REF] Grossman | On the impossibility of informationally efficient markets[END_REF]. Même si la transparence est aujourd'hui le paradigne dominant, ces théories montrent que dans certains cas spécifiques, des effets contre-intuitifs peuvent se produire.

Nous étudions les justifications théoriques de la volonté de transparence dans le contexte des politiques commerciales pendant des épisodes de flambée de prix. Nous nous demandons également dans quelle contexte les gouvernements et les entreprises révèleraient leur information sur la production et les stocks. Une idée répandue est qu'il y a un manque de transparence sur les marchés agricoles, en particulier concernant les niveaux de stock. Dans leur second rapport annuel, AMIS Résumé xxv a fait part de difficultés à recueillir l'information devant être soumise par les différents pays. Nous analysons les incitation des pays à révéler leurs informations privées.

Cette troisième partie de la thèse est composée en trois chapitres. Le chapitre 8 fournit une revue historique des crises alimentaires depuis 1973, avec un accent sur le rôle des politiques commerciales lors des épisodes de flambée des prix. [START_REF] Headey | Rethinking the global food crisis: The role of trade shocks[END_REF] 

Perspectives

Nous pensons qu'une des contributions principales de cette thèse est de prouver l'utilité des modèles d'information imparfaire pour fournir un nouveau point de vue sur les politiques agricoles. En se basant sur une large littérature incluant [START_REF] Angeletos | Efficient use of information and social value of information[END_REF], [START_REF] Banerjee | A simple model of herd behavior[END_REF], [START_REF] Morris | Social value of public information[END_REF], nous avons étudié la question des anticipations des agents en information imparfaite dans deux cas spécifiques : les décisions de production agricole et les politiques commerciales. Troisièmement, les modèles d'information imparfaite pourraient être appliqués à l'analyse des stocks spéculatifs, qui semblent être des éléments centraux dans le succès des politiques de stabilisation. La prise en compte de l'hétérogénéité de l'information des acteurs permettrait de s'éloigner considérablement du modèle classique avec un agent représentatif ce qui permettrait une représentation plus réaliste des comportements des acteurs. Il est possible que cette représentation simplifierait la résolution des modèles de stockage qui s'avèrent par ailleurs très difficiles à résoudre numériquement [START_REF] Gouel | Instabilité des prix agricoles et politiques optimales de stabilisation[END_REF].

Quatrièmement, puisque la littérature sur l'information imparfaite a de nombreuses applications sur les marchés financiers, une piste de recherche évidente apparait : l'étude de la dynamique des Résumé xxviii prix agricoles sur les marchés spot et à terme. Cela permettrait probablement d'apporter un point de vue neuf sur le débat non résolu du rôle de la spéculation dans les récentes crises alimentaires.

Applications à l'économie agricole -Enfin, la littérature sur l'information imparfaite a enrichi de manière significative l'analyse des marchés financiers, mais peu d'applications peuvent être trouvées économie agricole. Dans cette thèse nous avons prouvé que cette littérature peut être pertinente pour étudier les problématiques de sécurité alimentaire. Nous pensons qu'elle peut également être utile pour de nombreux autres enjeux en économie agricole en général. Cette thèse contribue à ouvrir la voie dans cette direction.

General introduction

Agricultural markets are naturally more volatile than other markets because of natural shocks such as drought, floods, weeds, insects, etc. Recent episodes of surging food prices have drawn the international community's attention to the possible negative consequences of grain price volatility on the poorest households. In this thesis we develop a few selected aspects of food price volatility in order to better understand how to mitigate food price variations or to dampen their effects. The first part investigates the role of state trading enterprises in protecting producers and consumers against market volatility. In a second part, we explain price variations by the production decisions of farmers under imperfect information. The last part analyses the role of information about food markets during food price spikes. Before addressing the specifics of those three part, we introduce general notions about food price volatility: the issues raised by recent food price spikes, the proposed causes and the policy options to mitigate price variations or the reduce their impact. We conclude this general introduction by exposing the three aspects of food price volatility that we develop in this thesis.

Price volatility: facts and issues

Food price volatility may have negative consequences when price fluctuations are excessive, unanticipated or do not reflect fundamentals. Indeed recent episodes of food price spikes negatively affected some producers, traders, consumers and governments. While volatility itself is a concern as uncertainty and risk affect economic decisions, the international community is rather concerned about price levels and particularly high prices for poor households and low prices for producers.

Poor households are the most affected by variations in food prices as a large share of their income is devoted to food. They also tend to consume less processed commodities for which grain price variations are felt more strongly [START_REF] Fao | Etudes de la fao sur des aspects sélectionnés des négociations de l'omc sur l'agriculture[END_REF]. In periods of high volatility, the number of households under the poverty line sharply increases. Von [START_REF] Von Braun | Global food price volatility and spikes: an overview of costs, causes, and solutions[END_REF] show that the 2007-2008 food crisis pushed 75 to 80 million people into hunger and food insecurity, while the 2010-2011 food price spike led to an increase of 44 million poor people. As a consequence, spendings on health, education or agricultural investments are reduced for the poorest households when food prices are excessively high, which has long lasting effects.

Producers are also affected by variations in prices, and especially by periods of low prices. Uncertainty about agricultural income can lead to sub-optimal production and investment decisions, analysed in [START_REF] Newbery | The theory of commodity price stabilization: A study in the economics of risk[END_REF]. Specifically, risk averse farmers change their production techniques, the allocation of inputs, the variety of crops, etc., which has both short term effects on supply but also long term impacts on production capacity.

Figure 1 shows the Food and Agriculture Organization (FAO) food price index1 since 1990 and points to the sharp increase in prices since 2007. However there is no convincing evidence that volatility has increased recently [START_REF] Gilbert | Has food price volatility risen[END_REF]. In fact, until the 2007-2008 food price spike, prices have been less variable than in the 1970s. The nominal and deflated FAO food price indices since 1961 are represented in figure 2. While in real terms the recent food price spikes seem to be extraordinary compared to previous spikes, in nominal terms the 2007-2008 food crisis was similar to the one in 1973-1974. The volatility experienced over the last decades can be interpreted as a cyclical event, happening over approximatively three decades [START_REF] Timmer | Reflections on food crises past[END_REF].

In this thesis, we mostly deal with international price volatility. It must be noted though that there can be significant differences between international and domestic prices. Transmission of prices depend on export taxes, import duties, other trade measures and domestic policies that affect the extend to which world prices are transmitted into domestic markets. The gap between world and domestic prices can be relatively large in developing countries. Indeed, even without variations in international prices, developing countries often lack the ability to dampen domestic shocks which makes them more subject to market volatility. Moreover lack of coordination between the private and public sector sometimes generates higher spikes in developing countries than in world markets, as reported by [START_REF] Tschirley | Food price spikes and strategic interactions between the public and private sectors: Market failures or governance failures[END_REF].

There are also significant differences among grains, and specifically between rice and other crops [START_REF] Calpe | Rice: International commodity profile[END_REF]. The rice market is thin compared to wheat, corn and soybeans, with only 7% of total production traded on world markets in the period 2000-2005, with a high degree of protectionism.

Moreover rice markets are highly segmented with production often destined to local consumption which explains the relatively low substituability between rice and other grains.

Causes of food price volatility

Food markets are naturally more volatile than other markets. This is because crops are affected by natural shocks such as precipitations or diseases that can only be absorbed by markets through sharp price increases. Indeed elasticity of both demand and supply is low in the short and medium term. Hence any supply shock is translated into high price variations to bring supply and demand back into balance. According to an international organizations' 2011 report [START_REF] Fao | Etudes de la fao sur des aspects sélectionnés des négociations de l'omc sur l'agriculture[END_REF], several factors explain the recent crises that can be divided into two categories: factors that account for the tight supply-demand balance, and factors triggering food price spikes.

In the last decade, there has been an upward pressure on prices due to increased demand for food commodities. Diversion of food crops for biofuel use has been blamed for increasing demand for food crops. Growing income and diversification of diet patterns in developing countries has led to changes in the structure of demand, towards a higher consumption of grains. Expanding population is expected to accentuate demand growth. In parallel, it appears that supply cannot follow the growth in demand: productivity increases are small; there is an upward pressure on land and water; and climate change is already starting to have a negative impact on agriculture in some areas. When production cannot meet with demand, grain stocks should help reduce the pressure on prices. The low stocks-to-use levels of the previous decade partly explain the recent food price spikes [START_REF] Wright | The economics of grain price volatility[END_REF]. Because of those factors, it is likely that the supply-demand balance will remain tight in the coming decades.

Among factors that are believed to have triggered the recent food crises, we can cite variations in the oil market, as oil and grains are highly connected, a depreciating US dollar, speculation due to increased investment in financial derivatives in the last decade and weather related production shortfall, which are likely to be more frequent in the future due to climate change. Moreover, uncoordinated and ad hoc short term policy actions such as export restrictions and hoarding on imports are believed to have amplified the recent price rises.

Policy responses to price volatility

There are two ways to address food price volatility: by reducing food price variations or by mitigating their consequences. The latter option is designed to protect the most vulnerable from rising prices. One example of such policies are emergency food reserves, which allow food to be provided to the poorest households when prices spike. Because of the high costs of holding stocks, the World Food Program "is developing a proposal for a cost-effective system of small, strategically positioned emergency food reserves for vulnerable nations and regions" [START_REF] Fao | Etudes de la fao sur des aspects sélectionnés des négociations de l'omc sur l'agriculture[END_REF]. International and national safety nets can also help the most vulnerable cope with food price spikes. One example of an international safety net is the Global Food Crisis Response Program (GFCRP) which started providing assistance to vulnerable countries in the 2007-2008 crisis. It has provided up to $1.5 billion to 44 countries, which helped about 40 million people [START_REF] Fao | Etudes de la fao sur des aspects sélectionnés des négociations de l'omc sur l'agriculture[END_REF].

The alternative option is to reduce food price volatility. In the long run, this can only be achieved by reducing the pressure on agricultural prices by increasing agricultural productivity, reducing waste, changing diets, lessening biofuel mandates, etc. In the short and medium term, food price volatility can be lessened by price bands, buffer stocks, virtual food reserves, etc. Several international schemes, including price bands and buffer stocks, have been implemented in the past to stabilize prices. However the experience with international commodity agreements (ICAs) prove that attempts to stabilize international prices have not yet been successful [START_REF] Gilbert | International agreements for commodity price stabilisation[END_REF].

The role of information has also been questioned during the 2007-2008 and 2010-2011 food crises. It is generally agreed that information about food markets and especially about stocks, is imperfect.

During the G20 summit of 2011, participating countries agreed that providing reliable information on production, stocks, demand, etc. is essential to reduce the occurrence of food crises. The Agricultural Market Information System (AMIS) was established following this meeting, to collect and diffuse data about grain markets. It was associated to the rapid response forum, which is aimed at increasing coordination among countries during periods of crises. Early warning systems such as the Famine Early Warning System Network, can also prove useful for vulnerable countries.

Improving the functioning of futures markets is yet another path to explore to achieve more stable food prices. However, there is no consensus on the policies to adopt as it is still unclear whether speculation stabilizes or destabilizes food markets.

Last, there is a need to tackle ad hoc policy responses. [START_REF] Martin | Export restrictions and price insulation during commodity price booms[END_REF] show that insulating behaviours have severely amplified the 2007-2008 food crisis. The effect of domestic policies, export restrictions, and hoarding on imports ask for more regulation and coordination.

Three issues on price volatility developed in three parts

The objective of this thesis is to investigate the role of trade policies and of information in reducing price volatility. The 2007-08 and 2010-11 food price spikes have drawn significant attention to food security. With the G20 summit in 2011, information and coordination have been brought forward as responses to mitigate food price volatility. In the G20 action plan, the Agriculture Ministers have committed to five main objectives, including " increase market information and transparency in order to better anchor expectations from governments and economic operators" and "strengthen international policy coordination in order to enhance confidence in international markets and to prevent and respond to food market crises more efficiently" [START_REF] Declaration | Action plan on food price volatility and agriculture[END_REF].

To this end, the G20 launched AMIS and a rapid response forum, and encouraged national and international information initiatives such as early warning systems. We investigate the theory behind those policy responses. How does the recent literature on imperfect information shed light on this issue ? This thesis is organised in three parts that develop a few selected aspects about the role of trade policies and of information in reducing food price volatility:

• the use of trade policies by State Trading Enterprises (STEs) to compensate for the incompleteness of markets and particularly the lack of insurance mechanisms;

• the production decisions of farmers under imperfect information about productivity or demand shocks, and their consequences on food market volatility;

• the use of trade policies during food price spikes under imperfect information about world food supply.

STEs and price volatility

State Trading Enterprises (STEs) are institutions that are granted special rights allowing them to influence imports or exports. Part I of this thesis investigates how STEs can compensate for the absence of financial markets. Despite reforms in the last decades, STEs are still very active on agricultural markets, especially in developing countries in which they play a central role with regards to food security. They are believed to generate distortions on food markets, which raised interest in the context of the Doha round negotiations. As a consequence, the trade distorting effects of STEs have received considerable attention in the economic literature. However, to our knowledge, there is no theoretic analysis of the impact of STEs on food security, and specifically on price volatility. In the context of the Doha round negotiations, it is essential to determine whether reforming STEs would negatively affect food security in developing countries. In this part of the thesis, we wish to understand the effect of STEs on price and income volatility. We base our analysis on the literature on risk and trade and more specifically on the Newbery-Stiglitz-Shy framework (Newbery andStiglitz, 1984, Shy, 1988). The role of STEs for import liberalization is investigated, with an emphasis on the redistribution of the proceeds from import taxes. Indeed, by targeting the beneficiaries of the proceeds, the STE can serve as an insurance mechanism. We show that STEs can actually improve welfare by imposing an tariff on imports, only if the proceeds are redistributed. Welfare is optimized when farmers collect all proceeds. This can be the case in a farmers' cooperative for example.

Agricultural production under imperfect information

Part II of this thesis analyses agricultural production decisions under imperfect information. It investigates the resulting aggregate volatility. Food markets volatility has many sources, one of which is variations in production. So far, those variations have been explained by exogenous shocks affecting crops or by endogenous errors in anticipations due to non-rational expectations. Our main contribution to the literature is to provide a new explanation for agricultural price volatility under the rational expectation hypothesis: the production decisions of farmers under imperfect information about exogenous price or production shocks. We wonder if increasing the precision of information would reduce food market volatility. We base our approach on the recent literature on imperfect information, including [START_REF] Vives | Information and learning in markets: the impact of market microstructure[END_REF] and [START_REF] Angeletos | Efficient use of information and social value of information[END_REF].

Our results depend on the type of production decision considered and the origin of the shocks. We prove that information will not necessarily reduce food price volatility. For instance with shocks on input prices, more information increases price volatility. However when shocks affect demand or supply, more information decreases price volatility. These cases imply that information on supply or demand may have a more stabilizing effect on prices than information on input prices for example.

Food price spikes and information

Part III studies episodes of spiking food prices. The World Bank estimates that 155 million people were pushed below the poverty line as a result of the price increase between January 2005 and December 2007 [START_REF] De Hoyos | Poverty effects of higher food prices: a global perspective[END_REF]. According to [START_REF] Martin | Export restrictions and price insulation during commodity price booms[END_REF] "45 percent of the increase in rice prices in 2006-08, and 30 percent of the increase in wheat prices, was due to insulating behavior" such as panics on imports and export restrictions. [START_REF] Headey | Rethinking the global food crisis: The role of trade shocks[END_REF] reviews the trade story of 2007-2008. He shows that the crisis was triggered by a few individual decisions to restrict trade, followed by other export restrictions and by massive imports, which seemed irrational. The same situation had already happened in 1973-1974 and was repeated in 2011. We aim at understanding the rationale for trade policies during food price spikes. Specifically, we investigate the role of imperfect information about international grain markets. This focus originates in the G20 initiative of 2011 to create AMIS, an information system aiming at increasing transparency on international markets. The intuition behind this measure was that better informed countries were less likely to copy the behaviour of others. However, the economic theory shows that in some specific cases, counter-intuitive effects can happen: more information may be harmful. Our main contribution is to investigate the theoretic economic rationale of transparency in the context of trade policies and food crises. We also wonder in what context governments and firms would truthfully reveal their information about production and stocks. Indeed the incentives of exporting countries to reveal their information on stocks and production seem to be lacking.

We focus our analysis on exporting countries. To analyse the role of information in the choice of trade policies, we consider a model of informational cascades with strategic complementarities similar to the one proposed by [START_REF] Dasgupta | Social learning with payoff complementarities[END_REF]. We show that increasing the quality of information, either public or private, is beneficial. With better information, countries are less likely to make mistakes or to resort to the "safe" option -protectionism-because of lack of reliable data. This confirms the utility of global information systems such as AMIS, but also points to the need to improve national information systems. Coherently with the difficulties to gather information from national submissions, we find that revelation of private information is not always beneficial for exporting countries. We show that providing a minimum level of information to less informed countries is a way to ensure that better informed countries reveal their private information.

Introduction

State Trading Enterprises (STEs) are institutions which are granted special rights allowing them to influence imports or exports. In agriculture they are often referred to as marketing boards.

They were prevalent on international markets before the liberalization movements in the 1980s during which many were reformed. They are still active especially in developing countries in which they play a major role regarding food security [START_REF] Barrett | Marketing boards. The New Palgrave Dictionary of Economics[END_REF]. They are under scrutiny in the Doha round negotiations as they are believed to create distortions on international markets. This aspect has consequently received much attention in the literature [START_REF] Mccorriston | State trading enterprises as non-tariff measures: Theory, evidence and future research directions[END_REF]. However, it is surprising that no theoretic analysis has addressed their impact on food security. In the context of the Doha round negotiations, it is essential to determine whether reforming STEs would negatively affect food security in developing countries. In particular, many

STEs report aiming at reducing food price volatility in their notification to the World Trade Organisation (WTO). The agricultural sector is indeed particularly subject to risk, which leads STEs to get involved in food markets. Both farmers' revenues and consumers' prices can be targeted.

In this first part of the thesis, we investigate the potential impact of STEs on price and income volatility.

We base our analysis on the literature on risk and trade. Our model is inspired by the Newbery-Stiglitz-Shy framework (Newbery andStiglitz, 1984, Shy, 1988), that we extend to investigate the optimal taxation imposed by an importing STE aiming at maximising welfare. We feel that an important aspect of taxation is the redistribution of the tax proceeds. Indeed, by targeting the recipients of the tax proceeds, the STE can serve as an insurance mechanism. We show that STEs can actually improve welfare by imposing an tariff on imports, only if the proceeds are redistributed. Welfare is optimized when farmers collect all proceeds. This can be the case in a farmers' cooperative for example.

Before getting in details, it is important to clarify why trade instruments are used by STEs for protection against food markets volatility. Indeed, trade policies are not the first best tool for dealing with risk, which raises the following question: why aren't more efficient instruments used?

For example access to financial markets can prevent the pervasive effects of risk on farmers, such as under-production in agriculture. Indeed farmers could smooth their income to lessen the income risk in agriculture, which would make farming as attractive as the other -more stable-sectors.

However, financial markets are often imperfect or incomplete. Indeed, the presence of systemic risk (i.e. risk that affects a large number of economic units, such as farmers, simultaneously), informational asymmetries (adverse selection and moral hazard), limited access to international reinsurance markets, etc. explain the reduced penetration of insurance, especially in developing countries [START_REF] Mahul | Government support to agricultural insurance[END_REF].

Government intervention on commodity markets is a second-best tool for dealing with volatility in both developing and developed countries. However, classical instruments for price stabilization like public stocks have lost popularity since it was proven that the cost of even a partial stabilization scheme is likely to be higher than the benefits (Newbery andStiglitz, 1981, Williams and[START_REF] Williams | Storage and Commodity Markets[END_REF]. According to [START_REF] Wright | International grain reserves and other instruments to address volatility in grain markets[END_REF] "theory predicts, and experience with international commodity agreements confirms, that these programs inevitably fail, even if there is no underlying trend in price." [START_REF] Wright | International grain reserves and other instruments to address volatility in grain markets[END_REF] explain that with price band rules, "the price tends to hover at or near the upper or lower bound of the band (the ceiling or the floor price)" which has an ambiguous effect on volatility.

Apart from providing financial markets or price stabilization schemes, countries can resort to trade taxes or quotas (sometimes through STEs) to compensate for the absence of private insurance or other financial hedging instruments in uncertain environments. The literature on trade and risk investigates the role of trade policies in that context. Is free trade still optimal? In what situations are trade restrictions preferred? Can trade policies serve as a risk sharing instrument? etc. [START_REF] Helpman | A theory of international trade under uncertainty[END_REF] show that many fundamental theorems of the theory of international trade can be extended to uncertain environments when there are international capital markets.

Hence, the problem with agricultural markets is not productivity risk per se but market incompleteness with regards to risk sharing mechanisms. If markets were complete, the exchange of goods and capital would be sufficient to ensure optimality. Hence free trade is preferred to trade barriers when insurance is provided to farmers through financial markets. However, as noted above, those markets are often absent or imperfect.

Assuming the absence of financial markets, trade policies are a second best policy to tackle income and price risk. STEs are institutions that are allowed to impose trade policies for food security purposes and particularly for dealing with risk on food markets. In this first part of the thesis, we focus on the role of STEs to protect consumers and producers against market volatility.

This part is divided into four chapters. Chapter 1 reviews two central papers on risk and trade, which are essential in understanding the perspective we take for our model. Chapter 2 provides an overview of STEs, including a few historical notions and the related literature. The paper exposing our model and its conclusions is presented in chapter 3.

Chapter 1

Framework for the analysis of policy instruments

Introduction

In order to investigate the role of STEs on food price volatility, we start by reviewing two selected papers about risk and trade that bring some insights on optimal taxation under price or production risk. The objective of this chapter is to understand the role of trade policies in protecting producers and consumers against price and income risk. We will then base our analysis of STEs and food market volatility on those two models.

In the following we first introduce the baseline model and then apply it to two situations in which trade policy can help manage risk: the case of large countries with production shocks and the case of a small country facing exogenous and volatile international prices.

The first case is based on [START_REF] Newbery | Pareto inferior trade[END_REF] study on "Pareto inferior trade", which is a landmark in the literature on risk and trade when financial markets are incomplete. They show in a partial equilibrium framework that free trade may be Pareto inferior to autarky, which runs counter to the classical results of trade theory. [START_REF] Shy | A general equilibrium model of pareto inferior trade[END_REF] obtains the same results in a general equilibrium framework.

The second case builds on the study of [START_REF] Eaton | Tariffs as insurance: Optimal commercial policy when domestic markets are incomplete[END_REF] about the effects of a tax or subsidy on imports. They focus on a small country which takes prices as given and seeks to protect itself from volatile international markets. They assume the proceeds of the border tax to be equally shared among producers. As it is a costless transfer realized after uncertainty is resolved, redistribution corresponds to a partial insurance against price volatility.

The chapter is organized as follows. Section 1.2 presents the baseline model on which both papers are built. Section 1.3 reviews the Newbery-Stiglitz-Shy framework with domestic production shocks and section 1.4 provides the Eaton-Grossman model with world price shocks. A comparison between the two approaches is done in section 1.5. We conclude in section 1.6 on the modelling choice made in chapter 3.

Model

We consider two countries (home and foreign) producing and trading two goods, one of which is subject to a risk. For all notations below, similar variables can be defined for the foreign country and will be denoted by an asterisk. Let x be the sure good and y the good that is subject to risk.

There are two factors of production, capital K and labour L. These two factors of production are normalized to 1 (ie. K = L = 1). We denote by α = K x the capital invested in x and 1 -α = K y the capital invested in y. Production functions are F ji (K j , L ji ) where j ∈ {x, y} is the sector, i denotes the state of the world and L ji is the labour in sector j in state i.

Investment decisions are taken before knowing the state of the world, which implies that agents invest their capital in one sector before prices (or production) are known. In agriculture, production decisions are made before knowing the price and/or the productivity which corresponds to an expost immobile factor that must be specialized in one sector.

In state i, capital income r ji and wages w ji in sector j are given by

   r ji = P ji F ji K (K j , L ji ) w ji = P ji F ji L (K j , L ji )
where P ji is the price of good j in state i and F ji K and F ji L are the partial derivatives of the production function with respect to K and L.

The total income of a household investing ex-ante its capital in sector j and working in sector h is

Y hij = r ji + w hi + T hji . The term T
hji is an amount potentially redistributed by the government to households. In the following it corresponds to the redistributed revenues of a tariff. It depends on the state of the world i, but also on the characteristics of the household (j and h), so that payments can be differentiated according to categories of individuals.

The representative agent has preferences towards risk represented by its indirect utility function V (Y hij , P xi , P yi ) that is expressed in terms of income Y hij and prices.

In this model, the immobile factor combined to risk aversion explains the need for a risk sharing instrument. We assume there are no financial markets so that governments can only resort to trade policies to reduce price and income risk. In the following we apply this framework first to a large country with production shocks and second to a small country affected by volatile international prices.

Production shocks in a large economy

Let us start with a large country and production shocks. [START_REF] Newbery | Pareto inferior trade[END_REF] have developed such a model to understand the problems of risk sharing. Despite the simplicity of the model, the conclusions it leads to are essential. Indeed [START_REF] Newbery | Pareto inferior trade[END_REF] show that in some cases free trade is not optimal. More precisely, they show that autarky is Pareto superior to free trade when farmers' risk aversion is high enough. This result contradicts the classical theory of international trade which advocates in all cases the application of free trade.

The model represents two countries exchanging an industrial good (which production and price are known with certainty) and an agricultural good (facing production shocks). There are no financial markets to ensure against risk. With free trade, production shocks are smoothed internationally. Therefore, prices are stable. But as production varies, farmers' incomes are volatile, which makes agriculture less attractive than other more stable sectors. This causes under-investments in the agricultural sector. Autarky, as it provides a stable income in all sectors, avoids these problems. [START_REF] Newbery | Pareto inferior trade[END_REF] use a partial equilibrium model where producers and consumers are separate entities. [START_REF] Shy | A general equilibrium model of pareto inferior trade[END_REF] investigates the importance of this assumption by using a general equilibrium model. He seeks to establish whether the conclusions obtained are due to the absence of financial markets to insure against risk or to the dichotomy between producers and consumers, and reaches the same conclusion: free trade is not always optimal. Here we present the general equilibrium framework of [START_REF] Shy | A general equilibrium model of pareto inferior trade[END_REF].

We consider two countries, each with a capital K = 1. Each individual must choose ex-ante to invest in one of the two sectors. A proportion α (respectively 1 -α) of the population invests in x (y respectively). The situation is perfectly symmetrical between the two countries.

Production functions are:

F xi (K x , L xi ) = K x = α F yi (K y , L yi ) = K y θ i = (1 -α)θ i with θ i =    θ H with probability π H θ L < θ H with probability π L = 1 -π H
This means that there are two states of the world (L and H). In state L, productivity in agriculture is lower than in state H. Good x has the same productivity whatever the state of the world, while the agricultural good y undergoes production shocks. Notice that labor does not affect the production function in this model, which is equivalent to considering only one factor of production (capital).

Households' income is the sum of the revenues of capital plus the potential amount distributed by the government, ie. Y hi = r hi + T i . We will study the cases of free trade and autarky, so tax proceeds are null which implies that T i = 0. Capital income is given by r xi = P xi and r yi = P yi θ i

The indirect utility of individuals is

V =    1/(1 -ρ) Y hi P xi -a P yi -b 1-ρ if ρ = 1 log(Y hi ) -a log(P xi ) -b log(P yi ) if ρ = 1
where ρ is the coefficient of risk aversion (agents are risk averse for ρ > 0). Since ρ is constant, it is a Constant Relative Risk Aversion function (CRRA). From Roy's identity, the demand functions for an individual investing in sector h are

x hi D = aY hi /P xi and y hi D = bY hi /P yi where x hi D is the demand for good x and y hi D the demand for good y.

The elasticity of demand is equal to 1. We will see that this assumption implies that autarky prices are inversely proportional to production. So autarky completely stabilizes agricultural income. If the elasticity of demand is greater than 1, the average income of producers in autarky is also greater than 1 (and vice versa if the elasticity of demand was less than 1). Hence this assumption on the elasticity allows us to isolate the effects related to risk aversion and avoid effects on the average income.

In the following, x is the numeraire, hence P x = 1.

Autarky

When where i ∈ {H; L} and w is the total national income, ie. w = α + (1 -α)P yi θ i . The balance of supply and demand in agriculture gives

P yi = b a α 1 -α 1 θ i
Hence there are variations in the price P yi . When productivity is high, prices are low, and vice versa. But incomes in both sectors are constant. Indeed, since the elasticity of demand is unitary, farmers are fully insured against different states of nature, and there is perfect risk sharing between agents.

Free trade

Assume the two countries exchange freely the two goods. Countries are identical, so allocation choices for capital (α) are the same. Agricultural productions are supposed to be negatively correlated across countries so that world production is constant and equal to (1 -α)(θ H + θ L ). Prices come from equalization of supply and demand which are expressed in the following table where the w is the world income. It is equal to α + (1 -α)P yH θ H + α + (1 -α)P yL θ L , which is a constant. We get Prices are constant, but farmers' incomes are volatile. Due to the volatility of income in the agricultural sector, farming is less attractive which leads to an under-production of the agricultural good under free trade.

P y = b a α 1 -α θ H + θ L Supply Demand Industry 2α aw Agriculture (θ H + θ L )(1 -α) bw/P yi

Optimal allocation of production

We wonder what capital allocation gives the optimal level of production. The utility of an individual with income I is

V =    1/(1 -ρ) IP xi -a P yi -b 1-ρ if ρ = 1 log(I) -a log(P xi ) -b log(P yi ) if ρ = 1
With free trade P x = aw/(2α) et

P y = bw/[(θ H + θ L )(1 -α)]
(where w is world income) and with autarky P x = aw/α and P yi = bw/[(1 -α)θ i ] (where w is national income). Deriving the utility with respect to α in both cases, we find that the capital allocation that maximises consumers' welfare is α * = a and 1 -α * = b, which is the autarkic allocation.

Thus, the allocation of capital chosen in autarky gives a production level that maximizes welfare for a given income. However, consumption is not optimal since international trade is not possible.

And, as the productivity of countries are different, there are (ex post) comparative advantages to exchange goods internationally.

Under free trade, the proportion of capital allocated to the agricultural sector with risk averse farmers is too low compared to autarky. Hence under free trade there is an under-production in agriculture and an over-production in industry.

The Newbery-Stiglitz-Shy framework focuses on the case of large countries. In this context, they

show that there is a set of parameters for which free trade is Pareto inferior to autarky. Specifically [START_REF] Shy | A general equilibrium model of pareto inferior trade[END_REF] shows that if the coefficient of relative risk aversion is greater than 1, autarky is preferred. Otherwise, free trade is preferred. Indeed under free trade global production is constant (production shocks are negatively correlated across countries) so prices are constant too. But farmers' income is volatile which leads to an under-investment in agriculture if risk aversion is high enough. In autarky farmers' income is constant (prices are endogenously determined and inversely proportional to production) which ensures the optimality of the allocation of labor between sectors and thus the optimality of production. In this case, there is no under-investment in agriculture.

But consumer prices are volatile.

1.4 Price shocks in a small open economy: the role of insurancetrade policy

We now consider the case of a small country with exogenous and volatile international prices. To do this, we will develop the general framework along the lines of [START_REF] Eaton | Tariffs as insurance: Optimal commercial policy when domestic markets are incomplete[END_REF]. Explicit functional forms are not given, which gives more generality to the reasoning than the previous model. However, proofs are more complicated so in this chapter we will only present the model and the results (detailed computations are developed in [START_REF] Eaton | Tariffs as insurance: Optimal commercial policy when domestic markets are incomplete[END_REF]).

Unlike the Newbery-Stiglitz-Shy framework, uncertainty stems from world prices and not from domestic productivity shocks. We assume that international prices in sector x are normalized to 1. Agricultural prices in sector y are volatile and depend on the state of the world i. They are denoted P yi .

There are no financial markets to insure workers against price and income risk. To correct this, a tax on imports of good x denoted t i is implemented. Hence the domestic price of good x in state

i is P xi = 1 + t i .
Labor is mobile ex post but capital must be invested before knowing the price which means that the wage is equalized between sectors

w i = w xi = (1 + t i )F xi L (K x , L xi ) = w yi = P yi F yi L (K y , L yi )
and capital income depends on the sector

   r xi = (1 + t i )F xi K (K x , L xi ) r yi = P yi F yi K (K y , L yi )
Total income of a household investing ex-ante its capital in sector j is

Y ji = r ji + w i + T ji .
We assume that each sector receives the same amount of the tax, so T xi = T yi = tM x where M x represents imports in sector x. We can infer from the indirect utility functions V (Y ji , P xi , P yi ) the demand for each good   

x ji D = -V ji P x /V ji Y y ji D = -V ji P y /V ji Y .
It follows that

M x = αx xi D + (1 -α)x yi D -F xi (α, L xi ).

Unanticipated tax

We initially assume that the tax is not anticipated (α is constant). Hence the intervention does not affect the allocation of capital. We assume that the tax may depend on the state of the world,

i.e the government chooses the policy that maximizes ex-post welfare:

max t W = αV x + (1 -α)V y .
Since autarky is rarely observed in practice, only free trade and small deviations from this reference are studied. We consider a deviation from free trade by estimating the derivative of the welfare function at t = 0. Using the expressions of income and wages differentiated with respect to the tariff, Euler's theorem, as well as Roy's identity, we obtain (see [START_REF] Eaton | Tariffs as insurance: Optimal commercial policy when domestic markets are incomplete[END_REF] for the computations):

∂W ∂t i t=0 = α(1 -α)π i V xi Y -V yi Y ∂Y xi -Y yi ∂t i + (x yi D -x xi D ) .
We have ∂(Y xi -Y yi )/∂t i > 0. As capital is immobile, a price increase (if t i increases in sector x)

has a positive effect on the fixed factor in this sector (returns from capital in sector x). Income from labor and tax revenues is equalized across sectors, so only capital income is taken into account in Y xi -Y yi which gives the result.

If the price shock is positive (P y increases), individuals who have invested their capital in sector y are richer. The marginal utility of income is lower (V xi Y V yi Y > 0). In addition, their consumption is higher (if the goods are normal), ie

x yi D x xi D > 0.
Thus, the introduction of a tax on imports improves welfare. It redistributes income where marginal utility is higher and tax relatively more the consumption of the richest (who consume more). We do not know, however, the optimal level of the tax. If the optimal tax is too high, the optimum could be autarky.

If the price shock is negative (P y decreases), individuals who have invested their capital in sector y are less rich. The marginal utility of income is higher (V xi Y V yi Y < 0) and their consumption is lower:

x yi D -x xi D < 0.
The effect is ambiguous here. If imports of good x were subsidized (which would slightly decrease the price), it would redistribute income where marginal utility is highest.

However, this would subsidize relatively more consumption for the richest. [START_REF] Eaton | Tariffs as insurance: Optimal commercial policy when domestic markets are incomplete[END_REF] confirm numerically that when export prices are high, an import tax is optimal. Otherwise, the simulations show that an import subsidy is optimal.

Anticipated tax

We now assume that agents are rational. They anticipate the government policy and choose to invest their capital accordingly. More precisely, they choose the capital allocation α that equalizes

EV x = EV y .
The tax is chosen at each period to maximize social welfare. [START_REF] Eaton | Tariffs as insurance: Optimal commercial policy when domestic markets are incomplete[END_REF] numerically show that there are very few differences between the situation where the government takes the allocation of capital as given, and the situation where it is aware that the choice of capital allocation depends on the policy that is implemented. To better understand the effects involved, assume that the government takes the capital allocation α as given.

In this case, once the capital allocation is determined, the game is the same as in the previous section: when export prices are high, a tax on imports is optimal. Otherwise, the sign is ambiguous, but numerical simulations show that a subsidy on imports is optimal. Moreover, they show that the optimal intervention always leads to a reallocation of capital towards the import sector x compared to the situation where agents expect free trade.

In fact, if the price shock in the agricultural sector is positive, a tax on imports improves welfare because it redistributes income where marginal utility is higher (sector x) and taxes consumption of those who are richer (farmers). Conversely, if the price shock in the agricultural sector is negative, a subsidy on imports redistributes income where marginal utility is higher (farmers) but subsidizes consumption of those who are richer (sector x) .

We can see that sector x gains to some extend with the chosen policy whatever the international prices are, while the agricultural sector gains only when world prices are low. Therefore individuals tend to allocate more capital to sector x if they anticipate the governement's policy.

If the government takes into account the fact that the tax is anticipated by individuals and influences the choice of capital investment, the results are almost identical. [START_REF] Eaton | Tariffs as insurance: Optimal commercial policy when domestic markets are incomplete[END_REF] point out that in this case, the optimal tax tends to be reduced in absolute value, ie. the optimum is slightly closer to free trade. Hence the optimal intervention improves wefare primarily through the effects described in the previous section, and less through changes to capital allocation.

Contrary to the classical theory of international trade, [START_REF] Eaton | Tariffs as insurance: Optimal commercial policy when domestic markets are incomplete[END_REF] show that there exists a tax or a subsidy on imports that yields higher welfare than free trade. This is because of risk-sharing issues. Price uncertainty and the existence of an immobile factor justify the need for some kind of insurance scheme, and in this model, trade policies play this role. Indeed, they are a partial substitute for absent financial markets. The tariff itself changes consumer prices and therefore taxes or subsidizes those who consume relatively more. It also affects producer prices by increasing the income of the poorest. Last, the fact that the tax is redistributed can increase relatively more the income of those whose marginal utility is higher.

Comparison of the two approaches

Both the Newbery-Stiglitz-Shy model and [START_REF] Eaton | Tariffs as insurance: Optimal commercial policy when domestic markets are incomplete[END_REF] show that under uncertainty, the classical results of the theory of international trade can be reversed: it may be optimal for a country to restrict trade. There are several differences between the two models though. We discuss two of them in the following.

First, there are differences in the consequences of trade policies on the allocation of production factors. [START_REF] Shy | A general equilibrium model of pareto inferior trade[END_REF] showed that restricting trade tends to increase the production of the risky agricultural good and was therefore closer to the optimal production. [START_REF] Eaton | Tariffs as insurance: Optimal commercial policy when domestic markets are incomplete[END_REF] find instead that the action of the government helps relatively more the industry, which is the import-competing sector. Production will tend to increase in this sector, and thus reduce imports and exports. In fact, contrary to the model of [START_REF] Shy | A general equilibrium model of pareto inferior trade[END_REF], [START_REF] Eaton | Tariffs as insurance: Optimal commercial policy when domestic markets are incomplete[END_REF] assume that the agricultural sector initially produces more than the industry as it exports its production.

Increasing production in the importing sector restricts trade and thus reduces dependence towards the rest of the world.

Second, the source of the shocks differ in both models. It plays a central role in the incentives to implement trade policies. With shock on world prices, both domestic price and income are volatile under free trade, but they are perfectly stable under autarky as the domestic market is isolated from the source of the shock. With domestic production shocks cancelling out at the world level, free trade allows for price stability. However in that case farmers' incomes are volatile. Under autarky, income are stabilized because productions shocks are compensated by price movements.

But prices are now volatile.

In [START_REF] Shy | A general equilibrium model of pareto inferior trade[END_REF] producers prefer stable income in autarky and consumers favour stable prices in free trade. Another factor needs to be taken into account to compare autarky and free trade: the optimality of production. We showed that supply is optimal in autarky which can partially offset the price volatility effect on consumers and explain that autarky is Pareto superior to free trade.

In the case of a small country subject to price shocks from international markets, Eaton and Grossman (1985) show that it is optimal to move away from free trade (by taxing or subsidizing imports).

The fact that one of the two production sectors suffers from price shocks (rather than production shocks) from international markets fundamentally changes the possibilities of risk sharing between agents compared to [START_REF] Shy | A general equilibrium model of pareto inferior trade[END_REF]. In the case of price shocks, free trade provides both volatile prices and unstable income. Hence there is a consensus to move away from free trade, which explains the results.

Conclusion

The model we build in chapter 3 is based on the Newbery-Stiglitz-Shy framework as we are interested in the trade-off between farmers' income stability and consumers' price stability that results from the existence of domestic production shocks. However, [START_REF] Eaton | Tariffs as insurance: Optimal commercial policy when domestic markets are incomplete[END_REF] also provide essential insights into trade policies and risk. First, contrary to the Newbery-Stiglitz-Shy model, they attempt to analyse the optimal taxation level and do not restrict themselves to a comparison between free trade and autarky. Without explicitly computing it, [START_REF] Newbery | Pareto inferior trade[END_REF] explained that there must be an optimum between free trade and autarky. Indeed they showed that the loss of welfare for producers when moving away from autarky is marginal while the gains for consumers to have more stable prices are positive. Using the framework of [START_REF] Shy | A general equilibrium model of pareto inferior trade[END_REF] we show the existence of an optimum between free trade and autarky and characterize it.

Second, [START_REF] Eaton | Tariffs as insurance: Optimal commercial policy when domestic markets are incomplete[END_REF] take into account redistribution issues. As mentioned in the introduction of this chapter, we believe that redistributing tax proceeds can be used as a partial substitute for insurance mechanisms. As such, it is crucial to take it into account in our analysis. [START_REF] Eaton | Tariffs as insurance: Optimal commercial policy when domestic markets are incomplete[END_REF] assume that tax proceeds are redistributed equally among sectors. We do not restrict ourselves to a single redistribution pattern and analyse different possible redistribution schemes.

Chapter 2

State Trading Enterprises 2.1 Introduction

The World Trade Organization (WTO) defines STEs as "governmental and non-governmental enterprises, including marketing boards, which have been granted exclusive or special rights or privileges, including statutory or constitutional powers, in the exercise of which they influence through their purchases or sales the level or direction of imports or exports "(GATT 1994, article XVII). These companies must work in a manner consistent with the principles and rules of the WTO. Hence they must operate on the basis of commercial and non-discriminatory manner; they can not implement measures otherwise inconsistent with the WTO rules such as quantitative restrictions or subsidies; they must maintain the value of negotiated tariff concessions; and most importantly they must be regularly and fully notified to the WTO. Currently a lack of information about the functions and activities of state trading enterprises prevents the implementation of stricter rules. According to the WTO1 , "this situation, coupled with the fact that the relationship between governments and state trading enterprises and the activities of the latter may give rise to trade distortion, means that a significant area of potentially WTO-inconsistent practices may be escaping WTO scrutiny and regulation. Much more needs to be known about state trading enterprises so that members can assess the impact of their operations on international trade, and, perhaps, as time goes on, develop further the disciplines necessary to regulate this area of trade".

State trading is common in countries where agriculture plays an important role, especially to pursue food security or price support objectives. About 75 % percent of the STEs notified to the WTO under GATT Article XVII are involved in agriculture [START_REF] Fao | Etudes de la fao sur des aspects sélectionnés des négociations de l'omc sur l'agriculture[END_REF], in which case they often take the name of marketing boards. During the period 1973-1977, 91% of wheat imports were made by countries using STEs [START_REF] Schmitz | Grain export cartels[END_REF], and similar orders of magnitude for rice (Falcon and Monke, 1980). But since the 1980s, the number of STEs has been reduced due to liberalization and increased international rules concerning agriculture. State trading is currently under negotiation in the context of the Doha round.

In this chapter, we give an historical perspective on STEs in developed and developing countries and explain the current context of the Doha negotiations. We present the state of the art of the economic literature on state trading. It is clear from this overview that much has been said and analysed regarding the distorting behaviour of STEs on international markets. However, other issues also need to be studied, including the role of STEs in developing countries for food security and rural development.

In the following, we introduce marketing boards in developed countries in section 2.2, with examples from Canada, Australia and Japan. We then review the case of developing countries in section 2.3

with various examples from Asia and Africa. Section 2.4 presents the current concerns about STEs in the context of the Doha Round. We then turn towards the related theoretic literature in section 2.5.

Marketing boards in developed countries

Most marketing boards in developed countries are in a situation of monopoly. Some aim at maintaining high and stable income for farmers. Some also deal with brands or labels to sell their products such as the Irish Dairy Board, the Egg Marketing Board or the Milk Marketing Board in the United Kingdom. Some tend to encourage cartels for producers, processors and distributors.

Among other things, marketing boards can negotiate minimum prices for producers and other conditions for sales (total volume, date of delivery, quality, etc.), fix prices, regulate production and marketing via quotas, lead or subsidize research activities, diffuse information or promote products, buy and sell goods, etc.

Since the 1980s marketing boards in developed countries have undergone reforms and most of them are now partially deregulated. [START_REF] Barrett | Marketing boards. The New Palgrave Dictionary of Economics[END_REF] observe that "where reforms have been widespread and successful, marketing boards have vanished or retreated to providing public goods, such as strategic grain reserves or insurance against extraordinary price fluctuations".

The Canadian Wheat Board and the Australian Wheat Board are among well-known marketing boards. Their impact as exporters on the international wheat market led to a number of studies about the distortions created by STEs. Despite similar goals, their characteristics and functions are very different which is representative of the diversity of STEs that exist nowadays.

The Canadian Wheat Board is officially owned by the state. It was created in 1935 to provide stable prices after the great depression [START_REF] Barrett | Marketing boards. The New Palgrave Dictionary of Economics[END_REF]. It was a mandatory producer marketing system for some areas that had monopsony power for domestic procurement, monopoly for exports and partial monopoly for domestic sales (McCorriston and MacLaren, 2005a). The Bill C18 ended its monopsony powers in August 2012. In 1995, it represented 14,9% of world wheat exports2 and still 12 % in 2009 3 .

Unlike the Canadian Wheat Board, the Australian Wheat Board is not the property of the state.

From its creation in 1939 to 1999 the main objective of the Australian Wheat Board was to increase and stabilize income for producers (McCorriston and MacLaren, 2005a). Following the Wheat Marketing Act of 1989, the exclusive rights of the Australian Wheat Board on domestic procurement were replaced by a single desk status only on exports. In 1999 the marketing board was privatised and it entered the Australian Stock Exchange in 2001. Now it only has a monopoly on exports and competes with private firms on domestic markets. In 1995, it represented 13,3% of world wheat exports and still 13 % in 2009.

Japan possesses another significant STE in developed countries and is a key player in the Doha negotiations. The Japan Food Agency used to have exclusive rights on domestic procurement and on imports with an orientation towards producers [START_REF] Mccorriston | State trading enterprises as non-tariff measures: Theory, evidence and future research directions[END_REF]. It has been reformed like many other marketing boards and since 2002 it competes with private firms. In 1995, it represented 6,4% of world wheat imports.

Marketing boards in developing countries

Marketing boards in developing countries are rather monopsonistic (one buyer facing many sellers) which allows for control over consumer prices. They can be granted many rights: purchase of domestic production, exclusivity over trading activities, control of prices (production and consumption), subsidies for input purchases, subsidies for the consumption of agricultural products, stocks, processing, etc.

Historically, marketing boards in developing countries were created in the XX th century in colonies to stabilize prices or to ensure reliable exports at low prices towards Europe. In Africa for example, marketing boards were inherited from colonial times to stabilize prices for European consumers and colonial producers and to protect larger producers in Europe from competition [START_REF] Young | Prevalence and reform of state trading importers in world grain markets[END_REF].

They were kept after the decolonisation by local governments, but they suffered from massive inefficiencies and deficits. For example [START_REF] Barrett | Marketing boards. The New Palgrave Dictionary of Economics[END_REF] report that the deficit of the marketing board in Mali reached 80 millions dollars in 1980.

Marketing boards as they existed before the 1980s often incurred significant losses due to their practices and some inefficiencies, which explains the broad willingness to reform those institutions.

This argument has been used in the 1980s-1990s, leading to a number of reforms implemented mainly in the context of the structural adjustment programs of the International Monetary Fund and the World Bank. The objective of those programs was to liberalize markets by letting the private sector take upon the activities previously done by marketing boards. These reforms have led to better market access, but state intervention has remained very strong in developing countries. In several Asian countries such as China, South Korea or Indonesia, reforms were carried out successfully and marketing boards are now competing with the private sector.

As a consequence, marketing activities have reduced their margins and producers' incomes have increased. In China, COFCO (China National Cereals, Oil and Foodstuffs Import and Export Corporation) manages both maize exports and wheat imports for China, with a bias towards producers' income [START_REF] Mccorriston | The trade and welfare effects of state trading in china[END_REF]. When China joined the WTO in 2001, COFCO's exclusive rights were removed. Quotas are now delivered for competing private marketing firms. In 1995, COFCO represented 10% of world wheat imports. In South Korea, the ministry of Agriculture and Forest tries to support income for producers and supply low prices food to urban consumers [START_REF] Young | Prevalence and reform of state trading importers in world grain markets[END_REF]. There are 8 marketing boards with legal rights on imports that coexist with the private sector. In 1995, those boards represented 2,4% of world wheat imports.

In Indonesia, a marketing board was created in the 1930s by the Dutch to control imports and to stabilize prices during the colonial period [START_REF] Rashid | Grain marketing parastatals in asia: results from six case studies[END_REF][START_REF] Young | Prevalence and reform of state trading importers in world grain markets[END_REF]. Indonesian marketing boards evolved after the decolonisation and the actual marketing board, BULOG, was created in 1967. It manages a major buffer stock in Indonesia while competing with private traders. It also benefits from a monopoly on imports which was shortly suppressed in 1998 and re-instated in 2002.

In 1995, it represented 4,5% of world wheat imports.

Where reforms have been less successful, the general weakness of the marketing system was highlighted when some marketing boards were removed. In Africa, the reforms have had a negative impact on the availability of agricultural inputs, including credit, as the private sector did not fully take over all activities [START_REF] Barrett | Marketing boards. The New Palgrave Dictionary of Economics[END_REF]. Private firms entered in low entry barriers sectors but marketing boards kept control over a significant part of food markets in those countries. [START_REF] Tschirley | Food price spikes and strategic interactions between the public and private sectors: Market failures or governance failures[END_REF] show that marketing boards have irregular but sometimes high shares of the market. After a period of low activities for the STEs in the 1990s, there was a resurgence of the development state in Eastern and South Africa in the last decade, with marketing boards intervening sometimes even more than before the structural adjustments programs [START_REF] Tschirley | Food price spikes and strategic interactions between the public and private sectors: Market failures or governance failures[END_REF][START_REF] Jayne | Stabilizing food markets in eastern and southern africa[END_REF][START_REF] Mather | The impact of state marketing board operations on smallholder behavior and incomes: the case of kenya[END_REF]. For example in Kenya, the National Cereals and Produce Board is involved in imports, procurement of domestically produced maize and inventory management. The Agricultural Development and Marketing Corporation (ADMARC) in Malawi and the Food Reserve Agency in Zambia maintain a strong presence in the market. However, contrary to before the adjustment programs, most marketing boards now compete with the private sector.

The presence of both marketing boards and private firms give rise to a dual marketing system that often increases the fragility of the market. [START_REF] Tschirley | Food price spikes and strategic interactions between the public and private sectors: Market failures or governance failures[END_REF] show how marketing boards operations and the discretionary use of trade policies can lead to more volatile prices when there is no coordination between the public and private sector. Maize price increase in 2001-2002 is an example of such coordination issues [START_REF] Jayne | Stabilizing food markets in eastern and southern africa[END_REF]. In 2001 production of maize in Malawi was 8% under the ten-year mean. To prevent price spikes, the marketing board for cereals (ADMARC) announced in September a fixed price for sales that it would defend by importing maize from South Africa. But the ADMARC price was considered too low, so private traders stopped importing. Government imports arrived too late and in limited quantities. When it became clear that the offer could not meet demand, private buyers resumed importing, but shortages lasted several months and prices often exceeded 500 $ per tonne at the beginning of the year 2002. [START_REF] Minot | Food price volatility in africa: Has it really increased?[END_REF] observes that in Eastern and South Africa, the countries that maintained reserves and tried to stabilize prices through marketing boards (Kenya, Malawi, Zambia, Zimbabwe) suffered from a higher price volatility than neighbour countries that did not intervene actively. One interpretation is that the efforts to stabilize prices are counter-productive and cause private traders to withdraw from the market, reducing the effect of temporary arbitrage in smoothing prices over time.

Nowadays the situation of marketing boards in developing countries is contrasted. Despite the reforms, many marketing boards are still actively intervening in markets, sometimes in competition with the private sector. They obtain mixed results on their objectives, which fuels the criticisms against state trading. [START_REF] Rashid | Grain marketing parastatals in asia: results from six case studies[END_REF] shows that the market imperfections that used to explain the use of marketing boards such as poor integration of domestic markets or liquidity constraints to import are no longer relevant as countries became self-sufficient, are better integrated and are less dependent on foreign exchange.

On the other hand, STEs in developing countries encompass concerns such as rural development and food security. The importance of marketing boards for price stability, continuity of supply and rural development is recognized [START_REF] Fao | Etudes de la fao sur des aspects sélectionnés des négociations de l'omc sur l'agriculture[END_REF]. In addition market failures in developing countries (agricultural input supply, credit and marketing services) justify continued intervention of the state in agricultural markets, although in practice marketing boards have rarely achieved their objectives.

State Trading Enterprises in the Doha round

STEs are included in the current round of WTO negotiations, the Doha Round, because they are accused of anti-competitive practices on international markets. The previous round of negotiations, the Uruguay Round, did not impose new disciplines on STEs but paved the way for a stricter regulation of their activities. It has provided an Understanding on the Interpretation of Article XVII of the GATT 1994 which imposes that member states notify their STEs. The Uruguay round has also introduced agricultural products in the WTO negotiations, with the Agreement on Agriculture (AoA). While this agreement does not directly deal with STEs, it imposed a stricter regulation on agricultural trade. As most STEs are concerned with agricultural products, this opened the way for negotiations about state trading.

The criticisms about STEs are focused on price manipulation through market operations (monopoly power, monopsony power, market segmentation, price pooling, income pooling), through regulation (setting consumer prices, the level of production, limits to cultivated areas or to the quantities sold) or through direct aids. Indeed STEs in both exporting and importing countries potentially have important distorting effects on trade [START_REF] Mccorriston | Perspectives on the state trading issue in the wto negotiations[END_REF] and tend to reduce market access 4 . Importing STEs can be shown to be equivalent to an import tax as they tend to limit imports, while exporting STEs are similar to export subsidies that increase exports. Both contribute to decrease world prices, but only exporting STEs are on the Doha agenda [START_REF] Abbott | Export restrictions as stabilization responses to food crisis[END_REF]Young, 2004, McCorriston and[START_REF] Mccorriston | The economic effects of state trading enterprises: Market access and market failure[END_REF]. In developing countries, marketing boards are not large enough to influence markets so their trade distorting effect is lower than in developed countries.

Many countries are in favour of a wider deregulation of STEs. The United States have argued against the Canadian Wheat and Dairy Boards and the European Union is willing to negotiate export subsidies only if STEs are included in the negotiations. Other countries have already started a partial deregulation of their STEs through privatisation or loss of monopoly powers in some markets, such as Canada, Australia, China, Japan or Indonesia.

But the Doha negotiations have not yet resulted in concrete disciplines. One explanation is the lack of studies about the real impact of STEs on domestic and international markets. This is rooted in a scarcity of information about the function and activities of STEs. Indeed, the obligation to notify STEs to the WTO is poorly complied with, which prevents implementation of stricter rules.

Another issue of these negotiations is the case of developed countries in which STEs are still widely used. As noted above, market imperfections and food security explain the need for public intervention but few STEs have so far reached their objectives.

Related literature

Until the last decade, few models of imperfect competition had attempted to quantify the distorting effects of marketing boards. [START_REF] Krishna | Optimal policies and marketing board objectives[END_REF] show that it is optimal for a government to implement tariffs to correct the distortions created by a marketing board. According to the objectives of the marketing board and the regulatory framework, such distortions may be more or less important, but the social optimum cannot be achieved if the state does not correct these distortions. [START_REF] Hamilton | An empirical test of the rent-shifting hypothesis: the case of state trading enterprises[END_REF] study the CWB (Canadian Wheat Board) to confirm the existence of "rent-shifting" behaviours. [START_REF] Alston | State trading versus export subsidies: the case of canadian wheat[END_REF] compare a marketing board (such as the CWB) and the use of export subsidies, concluding that they have very similar effects. [START_REF] Dong | State trading enterprises in a differentiated product environment: The case of global malting barley markets[END_REF] get mixed results on the effect of marketing boards when considering products differentiation.

More recently McCorriston andMacLaren (2005a,b, 2007) have developed these approaches in a broader modelling framework to determine whether the criticisms against marketing boards are justified. Following the intuition of [START_REF] Lloyd | State trading and the theory of international trade[END_REF] and [START_REF] Meade | Trade and welfare[END_REF], they compare the effect of STEs to that of taxes 5 and show that the presence of an STE leads to transfers between consumers and producers and between importing and exporting countries, which decreases in almost all cases global welfare.

The literature on STEs and in particular the recent papers from McCorriston & MacLaren have attempted to answer to the growing international demand for more studies about state trading. It mainly covers the following question: do STEs distort trade on international markets? McCorriston and MacLaren (2012) acknowledge however that "there are remaining issues to address on STEs.

One obvious and topical one is the extent to which STEs dissipate the impact of price volatility that arises on domestic and world markets". This aspect is particularly relevant for developing countries, but also for developed countries. In the following chapter, we analyse the role of STEs for food security, and more specifically for risk sharing in the context of volatile food markets. To our knowledge, such a study has so far been absent from the literature.

5 Depending on the objectives of the STE and the legal rights granted, the STE can be equivalent to a tax or a subsidy on imports/exports/production/consumption. For instance by defining parameters values adapted to Canada and China, [START_REF] Mccorriston | Do state trading exporters distort trade?[END_REF] finds that the Canadian Wheat Board is equivalent to a $26.7 export subsidy while COFCO replicates a $16.5 tariff on exports.

Chapter 3

State Trading Enterprises And Price Stabilization

This chapter presents results from the paper "State Trading Enterprises And Price Stabilization" written with Jean-Marc Bourgeon and Sébastien Jean.

Introduction

By one often-quoted estimate, 91 percent of wheat imports were made by countries using State Trading Enterprises (STEs) during the period 1973-77 [START_REF] Schmitz | Grain export cartels[END_REF], and similar orders of magnitude were generally referred to for rice (Falcon and Monke, 1980). As a matter of fact, the use of STEs have been widespread in many commodity markets (especially staple food) for a long time. As such, they have been a contentious issue of negotiation, and the Marrakesh Agreement included stricter reporting requirements under the World Trade Organization (WTO), based on a long-awaited "working definition" of STEs, in the Understanding on the Interpretation of Article XVII of GATT 1994. 1The use of STEs is less pervasive now than it used to be, partly because of international regulation, but also largely because their inefficiencies led a number of states to reform unilaterally, sometimes in the context of adjustment programs [START_REF] Barrett | Marketing boards. The New Palgrave Dictionary of Economics[END_REF]Mutambatsere, 2008, Young, 1999). Still, STEs remain key elements of commodity markets, used by a large number of developed and developing countries, including China, India, Indonesia and Japan.

Their economic consequences have been studied in an extensive literature, mainly focused upon the monopolistic features of STEs and on the ensuing rent-seeking behaviors 2 (see [START_REF] Mccorriston | State trading enterprises as non-tariff measures: Theory, evidence and future research directions[END_REF] for a recent survey). The trade distortions originated by importing STEs have also been shown to be equivalent to those of import tariffs or subsidies [START_REF] Mccorriston | The trade distorting effect of state trading enterprises in importing countries[END_REF]. Noteworthily, this literature embeds the economic analysis of STEs in a deterministic framework.

Against this background, it is increasingly glaring to see the literature on the economic impact of STEs leaving unaddressed questions about "the extent to which STEs dissipate the impact of price volatility that arises on domestic and world markets" [START_REF] Mccorriston | State trading enterprises as non-tariff measures: Theory, evidence and future research directions[END_REF]. Filling this gap is the objective of this chapter.

The volatility of staple food prices is a growing concern at national and international levels. It has a major impact on consumers in developing countries. On the production side, farmers' income volatility tends to decrease investment in agriculture in favor of sectors deemed less risky. With access to financial markets, farmers could smooth their income so that working in agriculture or in other sectors would be equivalent. Thus it would avoid under-production of agricultural goods. However, financial markets are often imperfect or incomplete [START_REF] Mahul | Government support to agricultural insurance[END_REF].

Government intervention on commodity markets is a second-best tool for dealing with volatility in both developing and developed countries and may take the form of import STEs that allow at the same time to set import duties that stabilize the domestic price and redistribute tariff receipts to its stockholders. 3 To analyze the economic rationale of such combination of price stabilization with targeted redistribution of tariff proceeds, we consider a general equilibrium model similar to the one proposed by [START_REF] Shy | A general equilibrium model of pareto inferior trade[END_REF]. This allows us to compute the optimal trade restrictions in a world economy composed 2 STEs are accused of having important distorting effects on trade [START_REF] Mccorriston | Perspectives on the state trading issue in the wto negotiations[END_REF] as they can manipulate prices through market operations (monopoly power, monopsony power, market segmentation, price pooling, income pooling...), through regulation (setting consumer prices, the level of production, limits to cultivated areas or to the quantities sold) or through direct aids.

3 Governments have several tools at their disposal to deal with food price volatility. Public stocks are a classical instrument that have lost popularity as it became clear that the costs of even partial stabilization schemes were high, often higher than the benefits (Newbery andStiglitz, 1981, Williams and[START_REF] Williams | Storage and Commodity Markets[END_REF]. Countries also often resort to trade taxes or quotas to compensate for the absence of private insurance or other financial hedging instruments. While the use of trade policies for domestic price stabilization is by no mean new [START_REF] Anderson | Trade barrier volatility and agricultural price stabilization[END_REF], trade policy interventions aimed at sheltering domestic market from world price spikes are widely believed to have been among the key drivers of the 2007-2008 crisis [START_REF] Anderson | How do governments respond to food price spikes? lessons from the past[END_REF][START_REF] Headey | Rethinking the global food crisis: The role of trade shocks[END_REF][START_REF] Martin | Export restrictions and price insulation during commodity price booms[END_REF], pointing to the need of international coordination for price stabilization purposes.

of two large countries that trade an agricultural commodity affected by productivity shocks and an industrial (non-risky) good. Idiosyncratic risks affecting the agricultural productivity of the two countries cancel out at the global level. Under free trade, while the staple food price is stabilized, farmers face an income risk which discourages investment in agriculture. Under autarky, the farmers' revenue is stabilized but consumers face a price (and availability of the agricultural good) risk. International financial markets would restore the optimality of free trade, but we assume such markets unavailable4 . This framework leads us to four main results. First, welfare improvements from non-prohibitive trade restrictions can only be expected from the redistribution of custom duty proceeds. Indeed, assuming dissipative trade frictions like iceberg costs [START_REF] Samuelson | The transfer problem and transport costs: The terms of trade when impediments are absent[END_REF] we show that the optimum is either autarky or free trade depending on the level of agents' risk aversion. If risk aversion is low, free trade is preferred: consumers enjoy a stabilized crop price while farmers are subject to an income risk without compensation. Since the corresponding risk premium is relatively low, in this case the contraction of the agricultural sector is not too prejudicial. If risk aversion is high, opening borders induces a large rural exodus and the reduction of price volatility is achieved around an average agricultural price exceeding its optimal level. Autarky is optimal in this case.

Second, when custom duty proceeds are collected, it is optimal to make farmers recipient of them all. Redistributing to farmers allows their income variability to be reduced, thereby limiting the contraction of the agricultural sector. Third, assuming farmers collect these border revenues, global welfare is maximized when both countries agree ex-ante upon a non-zero, non-prohibitive import tariff. Such policy makes it possible to reap the benefits of partial farmers' compensation while maintaining some degree of price stabilization. Fourth, this cooperative policy corresponds to higher restraints than the trade policy chosen non-cooperatively. Each country benefits from its partner committing to higher tariffs, because this increases the umber of farmers in the partner country, thus reducing import prices when the commodity is affected by a negative shock. Whatever the policy chosen, it can be implemented by farmers cooperatives such as marketing boards as long as it is the government which sets the level of the trade barrier.

The literature on STEs does not explore the market stabilization objective often assigned to them.

Instead, they mostly focus on the distorting effects that they provoke. [START_REF] Krishna | Optimal policies and marketing board objectives[END_REF] show that it is optimal for a government to implement tariffs to correct the distortions created by a marketing board. [START_REF] Hamilton | An empirical test of the rent-shifting hypothesis: the case of state trading enterprises[END_REF] study the Canadian Wheat Board (CWB) to confirm the existence of "rent-shifting" behaviors. [START_REF] Alston | State trading versus export subsidies: the case of canadian wheat[END_REF] compare a marketing board (such as the CWB) and the use of export subsidies, concluding that they have very similar effects. [START_REF] Dong | State trading enterprises in a differentiated product environment: The case of global malting barley markets[END_REF] get mixed results on the effect of marketing boards when considering products differentiation. McCorriston andMacLaren (2005a,b, 2007) use a partial equilibrium model in which marketing boards seek to protect a group (producers or consumers) or to maximize profits like a private firm. They show that this action may be equivalent to the use of tariffs, with strong transfers between consumers and producers and between importing and exporting countries.

But as far as we know market stabilization objectives have been left aside in those analyzes, even though it is a major objective of marketing boards. As it is our focus, we use a competitive model with risk to understand the effects of marketing boards on price and income stabilization in the spirit of [START_REF] Newbery | Pareto inferior trade[END_REF] which study on the effect of trade when financial markets are incomplete is a landmark in the literature on risk and trade. They show in a partial equilibrium framework that free trade may be Pareto inferior to autarky, which runs counter to the classical results of trade theory. 5 Shy (1988) obtains the same results in a general equilibrium framework. Here, we study the optimality of a trade barrier that corresponds to an intermediate situation between free trade and autarky. [START_REF] Eaton | Tariffs as insurance: Optimal commercial policy when domestic markets are incomplete[END_REF] also analyzes the effects of a tax-subsidy on imports on a small country that seeks to protect itself from volatile international markets, assuming that the proceeds of the border tax are equally shared among producers. As it is a costless transfer realized after uncertainty is resolved, redistribution corresponds to a partial insurance against price volatility. We generalize this approach by allowing any sharing of the border tax proceeds between the two sectors of the economy and we show that it is optimal to allow farmers to collect the entire revenue of the trade restrictions. In an approach very close to ours, [START_REF] Basu | Agricultural trade with production uncertainty[END_REF] develop the Newbery-Stiglitz-Shy framework to include gains from trade due to comparative advantages. They compare the respective gains from comparative advantages to those of restricting trade for risk sharing purposes in the context of a small country. When uncertainty is high enough, autarky is the optimum. However, the optimality of free trade is restored with income tax or subsidies that provide domestic risk sharing. In our model, domestic risk sharing comes from the collection of tax proceeds by producers. The tax on imports also allows us to investigate international risk sharing between two large countries.

The rest of the chapter is organized as follows. In the next section, we describe our setup. Trade policies are analyzed in section 3.3. The results are discussed in section 3.4. Section 3.5 concludes.

All proofs are in the appendix.

The model

Consider a world economy composed of two countries. Each country has a population normalized to one -which also corresponds to the labor supply-and comprises two sectors, agriculture and industry. We denote by α (α * ) the share of workers that choose to work in the industry in the domestic (foreign) country and 1 -α (1 -α * ) those who work in agriculture. Industry uses one unit of labor to produce one unit of good which serves as the numeraire. Hence, we have p x = 1 and assuming competitive markets, the industrial wage in industry satisfies w x = 1, where subscript x refers to the industrial sector.

Productivity in agriculture (hereafter sector y) of both countries is stochastic: with one unit of labor, production is either θ H or θ L < θ H , with equal probabilities. We assume that at the worldwide level, the idiosyncratic risks of the two countries cancel each other. If the share of agriculture is the same in the two countries (i.e., α = α * ), there is not systemic risk at the global level.

The preferences of the representative individual on her consumption of goods x and y are given by

U (x, y) = -(x a y b ) -ρ /ρ
where b = 1 -a and ρ > 0 measures risk aversion (ρ + 1 corresponds to the coefficient of relative risk aversion). With income w and prices equal to 1 in the industry and p in agriculture, these preferences lead to the demand functions x D = aw and y D = bw/p and thus to an indirect utility function

V (w, p) = -κ(w/p b ) -ρ where κ = (a a b b ) -ρ /ρ is a positive constant.
Individuals must decide on the sector they will offer their unit of labor before uncertainty is resolved. In autarky, equilibrium on the agricultural market leads to a constant agricultural revenue irrespective of the productivity level. Indeed, denoting by p k the price of the agricultural good in state k ∈ {H, L}, and by w k = θ k p k the corresponding equilibrium wages, state-k total demand of agricultural products is equal to

b[α + (1 -α)w k ]/p k = b[α + (1 -α)θ k p k ]/p k while total supply is (1 -α)θ k , leading to an equilibrium price p k = (1 -a)α a(1 -α)θ k
and thus

w k = (1 -a)α/[a(1 -α)]
for all k. Individuals are indifferent between the two sectors if the revenues in both sectors are equal, which leads to α = a. The revenue in the agricultural sector is constant. However, consumers bear the cost of the productivity risk.

The situation is reversed under free trade since it is assumed that the productivity risks of the two countries are perfectly anti-correlated. The equilibrium price satisfies

p w = b a α + α * θ L (1 -α) + θ H (1 -α * ) ,
when the productivity at home is low, and

p w = b a α + α * θ H (1 -α) + θ L (1 -α * ) ,
when the productivity at home is high. The variability of prices is lower than in autarky and if the share of agriculture is the same in the two countries (i.e., α = α * ) the equilibrium price is constant, given by

p w = bα a(1 -α) 2 θ L + θ H . (3.1)
Hence, albeit free trade cancels out idiosyncratic risks, individual farmers face an income risk. This risk leads to a lower level of labor supply in the agricultural sector ex-ante (α is lower than under autarky) which in turn induces a lower level of agricultural production. As a result, welfare is lower under free trade than under autarky. This is the main result of [START_REF] Newbery | Pareto inferior trade[END_REF]: with uncertainty and incomplete markets, free trade may be Pareto inferior to autarky. However the optimality of free trade is restored if there exist international financial markets as shown by [START_REF] Helpman | A theory of international trade under uncertainty[END_REF]. These markets can be used as an insurance scheme whereby agricultural producers in the country affected by a negative productivity shock receive a financial transfer X = (θ H -θ L )p w /2 from those in the other country. Income in agriculture is then constant across periods and equal to w = (θ H + θ L )p w /2.

Both goods (industrial and agricultural) are produced in the two countries if expected utilities are equalized across sectors, implying that incomes are also equalized. Using (3.1), this gives a = α.

The result is an optimal situation where there is no income risk (thanks to the financial transfers), no price risk (thanks to free trade) and no under-production of the agricultural good6 .

When such international financial markets are missing, governments may resort to contingent income redistribution across their citizens. With such state-contingent transfers X k , revenues are 1 -X k /α and θ k p w + X k /(1 -α) in the industry and in agriculture respectively. Governments use these transfers to perfectly share risk across their citizens, leading to revenue

w k = α + (1 -α)θ k p w and expected utility EV = - κ 2 (w -ρ H + w -ρ L )p bρ w
where p w is given by (3.1). Deriving this with respect to α shows that the optimum is reached for α = a. Notice that this value of α also equalizes transfers across dates (X H = -X L ) so that the agricultural sector gives as much in state H as it receives in state L. While this income redistribution scheme increases welfare, it does not allow these economies to reach the first best level: risk is perfectly shared across agents within each economy, but is not removed at the macroeconomic level.

Trade policies

Because of the impossibility to share risk between agents due to defective financial markets and of the government inability to mitigate this market failure by engaging in a contingent redistribution of agents' incomes 7 , governments may consider implementing trade restrictions on the agricultural good through a STE which profit is shared by its stockholders. We formalize such a policy as an import tariff applied on the agricultural good and we suppose that the proceeds (if any) are collected without cost. A "redistribution" policy of the tax proceeds between industrial workers and farmers (with respective shares denoted β and 1 -β) is equivalent to defining a specific allocation of the marketing board's property rights. A farmers' cooperative corresponds to 100% of the rights given to farmers (i.e β = 0).

Trade restrictions on agricultural goods create a price wedge between the countries that we formalize as p L = (1 + t)p * H where t ≥ 0 when the domestic country experiences a low productivity level, and a symmetric expression when the foreign country is adversely affected.8 Free trade corresponds to t = t * = 0 while autarky prevails if t ≥ θ H /θ L -1.

We formalize the regulation problem as a game between the governments and the individuals. Such a game entails the following two steps:

1. First, states announce their tax levels (t, t * ) and the sharing rules of the tax proceeds (β, β * ) simultaneously.

2. Individuals then use this information to compute prices and incomes in all states and decide on the sector they will offer to work simultaneously.

At equilibrium, expected utilities in both sectors must be the same, resulting in a distribution of labor between the two sectors (α, 1 -α) with α ∈ (0, 1). In this approach, individuals' choices are either the result of a mixed strategy (the individuals choose the sector according to a random device) or the result of incentives (not modeled) given by governments that allow individuals to coordinate on the equilibrium repartition of workers. Alternatively, and consistent with this second interpretation, we can also consider the one-step game where the governments choose simultaneously t, β and α under the constraint that α must correspond to individuals' expectations. We pursue this simpler approach in what follows.

The optimal level of tariff maximizes the ex-ante welfare of the representative agent. In order to have diversified economies, the representative agent must be indifferent between working in industry or in agriculture.

International trade discipline

Consider first the case where governments cooperate in defining common trade rules with the objective of global welfare maximization. As noted above, reaching the first-best outcome requires international risk-sharing arrangements. Absent such arrangements, some aggregate risk remains at the national level that trade policy may influence through two effects: import duties by state-L country reduce the smoothing effect of trade on the domestic price -a welfare loss for consumers but an increase in farmers' revenue -and tax proceeds can be shared among agents. The first effect allows for risk sharing between countries, while the second provides risk sharing at the national level.

In order to disentangle the corresponding welfare impacts, we first insulate the former effects by neglecting tax proceeds. This corresponds to the so-called "iceberg cost" assumption, where trade costs are assumed to be purely dissipative. In this framework, trade taxes only impact farmers' income and the consumer's welfare through agricultural prices. We then consider the effect of tax revenues on the agents' welfare and determine the best way to share these proceeds before assessing the optimal level of protection.

With iceberg cost, the expected utility of an industrial worker is given by

EV y = -κ(p bρ H + p bρ L )/2
while for a farmer it is given by

EV x = -κ([θ H p 1-b H ] -ρ + [θ L p 1-b L ] -ρ )/2.
At a symmetric cooperative equilibrium, a trade policy leading to

p L = (1 + t)p * H = (1 + t)p H equalizes these expected utilities if p H = θ -ρ H + θ L (1 + t) (1-b) -ρ 1 + (1 + t) bρ 1/ρ . (3.2)
Maximizing the resulting global expected utility EV (t) with respect to t allows us to obtain Proposition 3.1. In a context of international cooperation and domestic commitment, if trade restrictions are purely dissipative and agents are strongly risk averse (ρ > 0), global welfare is maximal under autarky.

Proof: See appendix A.

The fact that autarky is optimal when no border revenues are collected means that the benefits of moving away from autarky, i.e. more stable prices, are outweighed by the reduction of agricultural supply.

Consider now that revenues from trade restrictions are fully collected and shared between agents following a distribution rule chosen by the government. More specifically, imports of the country with productivity θ k are given by M = y D -y S where y S = (1-α)θ k is the production, y D = bI k /p k the demand and, where I k is the income in state k. These incomes can be expressed as

I H = α + (1 -α)θ H p H I L = α + (1 -α)θ L p L + T (3.3)
where T = tM p H denotes tariff receipts. Thus, the country with a negative productivity shock (state L) imports:

M = bα -a(1 -α)θ L p L (1 + at)p H (3.4)
which leads to a revenue equal to

I L = α(1 + t) + (1 -α)θ L p L 1 + at .
Balance of supply and demand on the world market allows us to express the prices as

p H = p L 1 + t = bα a(1 -α) 2 + at (θ H + θ L )(1 + t) -btθ H (3.5)
which reduces to p H = p L = p w given by (3.1) when t = 0.

A redistribution policy is characterized in the following by parameter β ∈ [0, 1] which corresponds the share of the tax revenues collected by industrial workers. Hence, if β = 0 the proceeds are fully collected by farmers (the STE can be compared to a farmers' cooperative) while if β = 1 they are fully collected by industrial workers (i.e., agents other than farmers).

Equalization of the expected utilities gives an expression of the size of the industrial sector, α, as a function of the tax level t and the sharing rule β. Another distribution of the labor force across sectors would not be consistent with agents' expectations and could not be implemented.

The government maximizes the global expected utility EV (β, t) with respect to β and t. We show in the appendix that Proposition 3.2. It is optimal that farmers fully collect the revenue of the trade tax.

Proof: see appendix B.

Tariff receipts allow farmers to benefit from a partial insurance on their income risk to which they are negatively correlated. It is optimal to let farmers fully collect these receipts which do not fully compensate the income loss they suffer during an adverse productivity shock episode.9 

When tariff receipts are fully collected by farmers (β = 0), we obtain the following result Proposition 3.3. In the cooperative situation, welfare is maximized by imposing a non-zero, nonprohibitive import tariff (i.e., the optimal trade tax level t cc verifies 0 < t cc < θ H /θ L -1).

Proof: See appendix C.

Letting farmers perceive the entirety of tariff receipts is a cost-efficient risk-sharing arrangement: the benefits associated with the improved stability of farmers' income outweight the costs of distortions associated with import tariffs. Noteworthily, part of this benefit is channelled through labor force allocation across sectors: by limiting income uncertainty in agriculture, this state-contingent import tariff prevent an under-allocation of labor in agriculture, which would be detrimental to the whole economy. This can be understood as a way to counteract the excessive rural exodus induced by the uncertainty attached to farming activities. While this stabilization is not complete, unlike under autarky, it nevertheless allows the government to reduce the distortive cost of trade. 

(θ H = 1, 2; θ L = 0, 8; a = b = 0, 5; ρ = 1).
Simulations reported in Table 3.1 illustrate. They were carried out assuming θ H = 1, 2, θ L = 0, 8, a = b = 0, 5 and ρ = 1. With these parameter values, the agricultural share of labor is lower under free trade (49%) than under autarky (50%). The import STE leads to a very high tariff (28,7%), even though it is only a fraction of the tariff level that leads to autarky, equal to 50%. The optimal policy limits very substantially the under allocation of labor to the agricultural sector (by 20%), and significantly improves welfare compared to autarky.

The case where tariff receipts are equally redistributed among the labor force (β = 0, 5) as in [START_REF] Eaton | Tariffs as insurance: Optimal commercial policy when domestic markets are incomplete[END_REF] is also reported Table 3.1. The need to stabilize the farmer's income commend a higher tariff (29,8%), but does not allow the government to limit the rural exodus in the same proportion.

International competition

International cooperation of the sort characterized above supposes that governments are able to commit to a given course of action. Indeed governements cooperate with their trading partner, in the sense of adhering to ex-ante commonly defined disciplines. They also commit nationally to the policy to allow workers to allocate adequately in each sector. We now investigate the cases where they are unable to do so.

Commitment at the national level without international cooperation

Without international cooperation, the maximization problem takes the foreign policy t * and the repartition of labour α * as constant. As previously, governments move first by chosing and announcing a tax level t (t * for the foreign government) that maximizes ex-ante expected utility of their agents. Then agents choose the allocation of labour that equalizes expected utilities across sectors. Consistently with the previous section, we consider the one-step game where governments choose simultaneously t, β and α under the constraint that α must equalize expected utilities. In this game however, trade policies at home and abroad do not result from cooperation but are instead a Nash equilibrium between the two states: countries maximize their domestic agents' welfare taking both the foreign tariff and the workers allocation abroad as given. We focus on a symmetric equilibrium, i.e. t = t * and α = α * .

We consider the case where revenues from trade restrictions are fully collected by farmers, i.e. β = 0. Incomes I H and I L are still given by (3.3) but with p L = (1 + t)p * H and T = tM p * H . The country with a negative productivity shock (state L) imports:

M = bα -a(1 -α)θ L p L (1 + at)p * H (3.6)
which allows us to obtain

p H = [α(1 + at * ) + α * ] b/a θ H (1 + at * )(1 -α) + θ L (1 + t * )(1 -α * ) (3.7)
and the symmetric expression for p * H .

Individuals are indifferent between the two sectors if EV x = EV y , which yields

φ(α, t) ≡ p bρ H + [(1 + t)p * H ] bρ -[θ -ρ H p -aρ H + R -ρ (1 + t) -aρ p * H -aρ ] = 0 (3.8)
where

R = θ L + at (θ H + θ L )(1 + t) -btθ H -(2 + at)(1 + t)θ L (2 + at)(1 + t)(1 + at) .
This expression defines α as a function of t, t * and α * . It follows that the expected utility is given by

EV = - κ 2 p bρ H + (1 + t) bρ p * bρ H .
Governments maximize this expression with regards to t under the constraint (3.8). At the symmetric equilibrium, p * H = p H and (3.7) collapses to (3.5). However, as countries do not cooperate, their optimal policy differ from the collusive situation.

Numerical simulations give us the same qualitative result as previoulsy: welfare is maximized by imposing a non-zero, non-prohibitive import tariff that we denote t cn (i.e., the optimal trade tax level t cn verifies 0 < t cn < θ H /θ L -1).

No international cooperation nor national commitment

Without commitment, the country with a low productivity shock maximizes ex-post welfare, i.e. welfare in state L after the labour allocation has been chosen. Hence without international cooperation nor commitment at the national level, the government takes the foreign variables t * and α * as given, as well as the national repartition of labour α. This corresponds to a Nash equilibrium between the two states where countries maximize their domestic agents' welfare taking both the foreign variables t * and α * and the domestic workers allocation α as given. At equilibrium, the labour allocations result from equalization of expected utilities and symmetry ensures that t = t * and α = α * .

As previously we assume β = 0. Equations (3.6) and (3.7) still hold in the case of no cooperation and no commitment. However, the government takes t * , α and α * as given. It maximizes welfare in state L with regards to the tax, which is expressed as

W L = -κ (I x /p b ) -ρ + (I y /p b ) -ρ /2
where I x = 1, while for a farmer it is given by

I y = θ L p L + T /(1 -α) = p L R
where, using (3.6),

R = θ L + t[bα -a(1 -α)θ L (1 + t)p * H ] a(1 -α)(1 + t)p * H (1 + at)
.

Using numerical simulations, we find that the government maximizes welfare in state L by imposing a non-zero, non-prohibitive import tariff that we denote t nn (i.e., the optimal trade tax level t nn verifies 0 < t nn < θ H /θ L -1).

Analysing how cooperation and commitment interact with trade protection requires comparing the optimal tariff levels in all three cases:10 the international cooperation case of the previous section and the two cases of international competition above. While a direct analytical comparison is not possible, we use numerical simulations to illustrate how tax levels differ between the cooperative and non-cooperative equilibria (see Figure 3.1).

The role of commitment

For a government, the possibility to commit toward domestic agents can be used to limit the negative impact of uncertainty upon the attractiveness of the agricultural sector. Indeed, by committing to tax significantly import in bad years, the government can signal that it will limit the unstability of farmers' income, actually supporting their income. As a result, a lower level of tariff is necessary to obtain the same size of agricultural sector than in the previous cases. This is why simulations show that t cn > t nn .

The role of international cooperation

While it is usually held that the main interest of international cooperation through trade disciplines is to limit the extent of protection, the opposite holds here: international cooperation actually prevents countries from decreasing their protection level. To disentangle the various general equilibrium effects, we first consider the case α = a. Labor allocation is optimal in this case, allowing us to focus on other aspects. To ensure a constant value of α, we assume that revenues are equalized between sectors so that both sectors are equivalent for workers.

When countries cooperate on a common trade policy, imports are given by (3.4) and prices by (3.5). Contrary to section 3.3.1 however, α is considered constant and incomes are equalized across sectors. It follows that w

L = α + (1 -α)θ L p L + T and w H = α + (1 -α)θ H p H where T is defined in appendix B. The expected utility for an agent is EV = -κ w -ρ H p bρ H + w -ρ L p bρ L /2 which is maximized by governments.
Without international cooperation, each country takes the foreign policy as given, so p H is expressed by equation (3.7) and the symmetric expression for p * H . Incomes are equalized across sectors so

w L = α + (1 -α)θ L p L + T and w H = α + (1 -α)θ H p H where T is given by T = t[bα -a(1 -α)θ L (1 + t)p * H ]/[a(1 + at)].
Gouvernments maximize the expected utility given by EV

= -κ w -ρ H p bρ H + w -ρ L p bρ L /2.
Numerical simulations were carried out for a = b = 0, 5, ρ = 0, 5, θ H = 1, 5 and θ L = 0, 5. With these parameter values, the cooperative tax amounts to 0, 194 and the non-cooperative tax to 0, 342.

When considering α = a -and thus avoiding second-round effects due to reallocation of labor-we find that the tax level reached in the cooperative case is lower than that of the non-cooperative case which is coherent with the usual rationale for international cooperation. When governments take labor allocation issues into account, the results are reversed and cooperation leads to higher taxes which suggests that the results are mainly driven by the objective of maintaining a minimum level of agricultural production.

The intuition is the following. Suppose that cooperating is expected by everyone, but that one of the two governments decides to deviate from the agreed level of protection, t cc , if its agriculture is affected by the negative productivity shock, a change in the policy that is anticipated neither by the other government nor by individuals (α and α * are thus at the cooperative level). This deviation only materializes if this country is indeed affected by the negative productivity shock and is importing. In such case, the deviant government is tempted to increase imports to reduce its domestic agricultural price which is as its highest level p L . As a result, farmers revenues from tax proceeds are slightly reduced (the custom tax is lower but quantities imported are higher), but total agricultural production remains the same and all individuals benefit as consumers of the lower price of agricultural products. Such a deviation leads to an ex-ante expected utility gain.

However, this is not the case at the non-cooperative equilibrium where both countries are worse-off compared to the cooperative situation.

Put differently, the short term effect of cutting protection is to lower the domestic price of agricultural products, hence limiting economic distorsions. The long-term cost of such policy lies in its impact upon the distribution of the workforce across sectors. Indeed, a lower expected protection level will limit the share of the workforce employed in agriculture. In the present context of risk-averse agents, agricultural output is already inferior to its optimal level, meaning that this decrease deteriorates welfare. In other words, the interest of international cooperation lies in the possibility for each country to benefit from the commitment by its partner to produce a minimum level of agricultural output, hereby putting a floor to international prices.

Discussion

In this section we briefly review some core assumptions of our model and see how they affect the results.

Perhaps the most simplifying assumption of our model is the constant production at the world level. Indeed we assume that idiosyncratic shocks cancel each other out so that free trade perfectly smoothes production shocks. In practice shocks are imperfectly correlated which attenuates volatility on world markets but does not completely eliminate risk. [START_REF] Newbery | Pareto inferior trade[END_REF] show that as long as production shocks are not perfectly positively correlated, the results found previously are still qualitatively correct. For example in the small country case with exogenous world prices and domestic production shocks, import taxes with redistribution can be used as a risk sharing instrument as long as world prices are not perfectly correlated with domestic prices.

In the line of [START_REF] Newbery | Pareto inferior trade[END_REF] we chose a unitary price elasticity of demand, which leads to perfect income insurance in autarky. This assumption is made to separate two effects of price volatility: risk and mean changes in income. Indeed, if the elasticity of demand is different from 1, then the mean income of farmers is affected by mean preserving changes in the price distribution [START_REF] Newbery | The theory of commodity price stabilization: A study in the economics of risk[END_REF]. [START_REF] Newbery | Pareto inferior trade[END_REF] show that the results can be affected if the price elasticity is significantly different from 1. However, "for elasticities of demand near unity, the qualitative properties remain unaffected: free trade may be Pareto inferior to no trade, provided farmers are sufficiently risk averse; if the elasticity is greater than unity, a slight liberalization of trade from the no trade position is Pareto improving; if the elasticity is less than unity, producers are strictly worse off; a slight restriction on trade from the free trade position is Pareto improving provided producers are sufficiently risk averse" [START_REF] Newbery | Pareto inferior trade[END_REF]. [START_REF] Newbery | Pareto inferior trade[END_REF] also point out that there are no long term comparative advantages in the model. Differences across countries only come from a short term comparative advantage due to productivity shocks. When trade policies are used to dampen the effect of production shocks, Bigman and [START_REF] Bigman | Strategic trade policies under instability[END_REF] show that long term comparative advantages can lead to balance of payments deficits or fiscal deficits, if there are differences in structural parameters like demand elasticities and supply volatility. In our model, there could be comparative advantages if the probability of the good state differed across countries. Suppose for example that production is more likely to be high abroad than at home, so that on average the income of farmers abroad is higher. In that case, farming would be more appealing abroad so the proportion of farmers in the foreign country would be higher than at home, i.e 1 -α * > 1 -α. This implies that the foreign government does not need to implement a high level of tax to reduce the under-production in agriculture. Hence the optimal tax in the foreign country would be lower than the optimal domestic tax, leading to difficulties in cooperation.

We assumed that STEs aim at maximizing welfare, which is not a realistic assumption. Indeed

McCorriston and MacLaren (2012) observe that STEs in developed countries are often biased towards farmers' income. With our framework the optimal level of tax for a producer oriented STE would be a prohibitive tax equivalent to autarky, leading to a stable income for farmers. On the other hand, a consumer oriented STE would prefer perfect price stabilization under free trade.

In practice efforts to stabilize prices and manage markets through STEs have been counterproductive [START_REF] Minot | Food price volatility in africa: Has it really increased?[END_REF]. We can find many reasons why it is the case: STEs suffer from sometimes high administrative costs; they create distortions; they lead to inefficiencies; they are believed to be less responsive to the market than private firms; tariffs reduce market access which reduces the benefits from trade; public policies that provide insurance (such as the tariff/redistribution scheme we introduced) create disincentives for private insurances and financial markets; etc. Fulton and Reynolds (2012) describes the political features of STEs in Vietnam and argue that they take advantage of food price spikes by monopolizing the rent from ad hoc export restrictions. The same mechanism should be expected with import taxes. We show that as long as the costs of the mechanism are not higher than the tax proceeds, it still improves welfare. In the present context, rent-seeking behaviours may be investigated by assuming that part of the tax revenue is kept as a rent to be used for some other purposes. We denote λ the share of the tax revenue that is kept as a rent. As tax proceeds are partly lost for farmers (in a proportion 1-λ), the optimality of STEs is questionable. The coefficient λ could also be interpreted as a measure of the inefficiency of the marketing board. Given administrative costs for marketing boards in developing countries, it is not clear whether the tax would be fully redistributed. As reported in Figure 3.2, as λ moves away from 0, welfare decreases slowly but remains higher than what would be obtained under autarky:

as long as some tariff proceeds remain, autarky is not optimal. This warrants the desirability of such a policy even when a proportion of the tax revenue is kept as a rent. However, the experience of stabilizing STEs in Africa show that such a policy show be carefully monitored.

Conclusion

Marketing boards and more generally STEs play a key role in international trade of commodities, but the rationale has significantly evolved over the last decades. Accordingly, the purpose of this chapter is to complement the economic analysis of the rationale for the use of STEs: while the economic literature has focused on their rent-seeking behavior and on their restrictive impact on market access, we analyze their price stabilization capabilities. We focus on import STEs, emphasizing the possibility they offer to implement tariff-like interventions while targeting the redistribution of tariff proceeds to a specific group of agents, namely their stakeholder. We use a two-country general equilibrium model with production shocks in agriculture, and assume that international financial markets (the first best) are absent. While income redistribution within the country appears to reduce welfare losses more than trade policies, trade policy instruments may also be used as alternative tools to compensate for the absence of financial markets. Under these assumptions, we show that trade policies can actually improve global welfare: a non-prohibitive, non-zero level of import tax maximizes global welfare when tax proceeds are fully redistributed to farmers. This illustrates how import STEs may be used to achieve both price stabilization and risk-sharing across agents within the importing economy.

Introduction

Agricultural markets are naturally risky. At the time production decisions are made, there are many uncertainties: output because of diseases, weather or other events; prices which have been extremely volatile these past few years; and costs through labour, infrastructures, machinery or inputs. There is a large literature about agricultural production choices under uncertainty that focuses on the behaviour of risk averse farmers. [START_REF] Chavas | Acreage decisions under risk: the case of corn and soybeans[END_REF] analyse the acreage supply response of risk averse farmers under expected utility maximization in the case of corn and soybeans. [START_REF] Sckokai | Modeling the reforms of the common agricultural policy for arable crops under uncertainty[END_REF] use mean variance risk preferences to investigate farmers' reactions to changes in the Common Agricultural Policy for arable crops. However this literature has not investigated the role of dispersed information on production decisions: under uncertainty, farmers' choices are affected by their information about the state of the world. Our objective is to improve the understanding of the role of information in agricultural production decisions.

There is a wide branch of the economic literature that analyses decisions with dispersed information.

In particular our approach is based on the models of [START_REF] Vives | Information and learning in markets: the impact of market microstructure[END_REF] and of [START_REF] Angeletos | Efficient use of information and social value of information[END_REF]. This literature has proven relevant to analyse price variations in financial markets [START_REF] Pastor | Learning in financial markets[END_REF], but to our knowledge has not yet been applied to real markets and a fortiori food markets. Food markets differ from financial markets in many significant ways such as the frequency of decisions (algorithmic trading now allows trading operations to be carried out in fractions of a second while agricultural decisions are made within days, months or years) or the type of strategic externalities (farmers' decisions are strategic substitutes through prices, which cannot lead to rational herding and bubbles, phenomena often observed on stock markets). In chapter 5 and 6 we adapt imperfect information models to the specificities of agricultural markets.

Chapter 7 brings a more significant theoretical contribution to the literature about decisions under imperfect information, as it provides a solvable framework of endogenous information with strategic externalities, based on [START_REF] Angeletos | Efficient use of information and social value of information[END_REF]. Such a model can prove relevant to several important economic problems (currency crises, bank runs, financial crashes, etc.). Very few papers have managed to model it, and none considers strategic substituability between agents' decisions, which we do.

We also contribute to the literature on food market volatility. Among other factors, food markets volatility has been explained by variations in production originating either in exogenous shocks affecting crops or in errors in anticipations due to non-rational expectations [START_REF] Ezekiel | The cobweb theorem[END_REF]. We propose an alternative source of variations based on acreage decisions from rational farmers subject to imperfect information on shocks.

Part 2 of the thesis is organized as follows. We first review the recent literature on decisions under imperfect information in chapter 4. Chapter 5 investigates the role of information on farmers' decisions and the resulting aggregate volatility. It is followed by two extensions in chapters 6 and 7. While chapter 5 focuses on the special case of acreage decisions with a continuous decision set, chapter 6 investigates the choice of crop varieties, which implies a discrete decision set. We then develop the baseline model in chapter 7 to allow for endogenous sources of information such as social learning.

Chapter 4

Literature review on dispersed information and application to farmers' production decisions

Introduction

In this chapter we review the literature about dispersed information and then provide a few applications to agricultural production decisions. Cropping choices are affected by the expectations of farmers about the economic and environmental context, which in turn depends on the available information about the state of the world. The current relevant framework for modelling expectations is the rational expectation hypothesis, but this has not always been the case. We provide a historical overview of how to model agents expectations about future economic conditions in section 4.2. In accordance with the recent literature, we use a rational expectation model, in which information is not owned by any single agent but instead is dispersed among the population. Section 4.3 introduces some general features of models with dispersed information. We then focus on the two general class of models that are commonly used and that we find particularly relevant to agricultural issues. In section 4.4 we develop models with discrete decision sets that can be applied to the choice of crop varieties or to the discrete decision to sow or to invest in farmland. In section 4.5 we present a model with a continuous decision set that can be used for acreage decisions. In both cases, we develop the frameworks and show why they are relevant to farming decisions. Section 4.6 provides two applications of imperfect information models in the context of agricultural production decisions: optimization of input use and adaptation to climate change. The former is a direct application of the models reviewed in this chapter, that brings new insights on how to improve input decisions and how to reduce their negative impact on the environment. The latter is based on the thin literature investigating learning about changes in climate. Section 4.7 concludes.

Formation of expectations

Rational expectations is a modelling technique widely used by economists. In particular, it is central to the literature on decision making under imperfect information that we review in this chapter.

We start by an historical overview of the origins of this theory. It was first proposed by [START_REF] Muth | Rational expectations and the theory of price movements[END_REF], and became influential in the Lucas island model [START_REF] Lucas | Some international evidence on output-inflation tradeoffs[END_REF]. It is relevant in many economic situations in which the outcome depends on endogenous variables such as prices. This is the case in agriculture, in which farmers make cropping decisions based on their expectation of future prices, which in turn depends on farmers' cropping decisions. This is closely related to the notion of economic coordination: how do agents coordinate their economic decisions to reach an equilibrium?

The idea of coordination problems was first mentioned by Adam Smith, with the famous "invisible hand" idea [START_REF] Smith | The Theory of Moral Sentiments[END_REF]. The intuition is that coordination emerges naturally from individuals pursuing their own interests. Later, Keynes mentioned "waves of optimism and pessimism" to refer to agents' expectations about future economic conditions (Keynes, 1936, Ch. 12). The explicit modelling of expectations evolved during the last century, with the cobweb model, adaptive expectations, and rational expectation, among others.

We take the example of farmers forecasting agricultural prices. To illustrate the various ways to model agents' expectations, consider the following linear model of agricultural production1 . Supply (Q t ) and demand (D t ) functions at time t are linear

Q t = C + Dp e t + u t D t = A -Bp t
where A, B, C, D are positive constants, u t is a shock on supply with mean 0, p t is the price at time t and p e t is the expectation of p t at time t -1. Forecasting errors were first described by the cobweb theorem in [START_REF] Ezekiel | The cobweb theorem[END_REF]. Expectations are "naive" in the sense that agents expect the price at t to be equal to the price at t -1:

p e t = p t-1 .
Equalization of supply and demand with naive expectations lead to

p t = A -C -u t B - D B p t-1 (4.1)
There can be different regimes for price dynamics depending on D/B. If D/B < 1 prices converge towards p * = A-C B+D with only small oscillations. Figure 4.1 shows such converging dynamics without supply shocks 2 : if farmers expect a price p 0 they produce Q 0 which in turn leads to a market price p 1 . The following period, if they expect p 1 , supply is Q 1 which entails a price p 2 and so on. This dynamics converges towards the intersection of supply and demand curves. If D/B > 1 the price diverges with explosive oscillations. If D/B = 1 oscillations are steady (they do not converge nor diverge). In agriculture demand is very rigid, especially for essential food products such as cereals.

In that case, prices should follow explosive dynamics, with diverging prices.

Endogenous volatility appears in the cobweb model because of inaccurate expectations. Agents have simple backward-looking expectations that lead to systematic forecasting errors. The naive 2 For simplicity, figure 4.1 illustrates the special case ut = 0 for all t. expectations model described above suffered several critics. Explosive dynamics entail more loses than gains for farmers which is not coherent with a sustainable economic activity. Concerning expectations, the model is not satisfying because agents ignore the important source of information of the past prices. Instead of exploiting only the price from the last period they might use the whole sequence of past prices. This is called adaptive expectations. One way to formalize this is

p e t = (1 -γ)p e t-1 + γp t-1
where γ is a constant in [0, 1]. The case γ = 1 corresponds to the cobweb model. For any γ < 1 farmers react less to price changes than in the cobweb model, so the range of parameters that allow convergence of prices is widened.

The problem with adaptive and naive forecasts is that agents make systematic forecasting errors when predicting the future. This is not a satisfying assumption, and it seems fair to assume that at some point, agents will notice those systematic errors and try to correct them. [START_REF] Muth | Rational expectations and the theory of price movements[END_REF] proposed to use the rational expectations hypothesis. He defines it as expectations that are the same as the predictions of the relevant economic theory. In other words, agents' expectations are the true statistical expected values. Rational expectations are model-consistent expectations, because agents assume that the model's predictions are right. The rational expectation hypothesis later became influential in Lucas island model [START_REF] Lucas | Some international evidence on output-inflation tradeoffs[END_REF]. It changes equation ( 4.1) into

p t = A -C -u t B - D B E(p t )
The expected value of the price is then

E(p t ) = A -C B + D
which leads to the following price dynamics:

p t = A -C B + D - u t B .
Note that in this case, volatility is exogenous and comes from production shocks u t . In this model, there is no endogenous source of volatility and all variations in prices come from real shocks.

With rational expectations, agents do not accurately estimate the price compared to the perfect information case because they are unable to forecast the exact realization of the term -u t /B.

However, errors are random: agents do not make systematic mistakes when predicting the future.

In the above model, all agents are facing the same problem and have the same knowledge about this problem. This is not the case in most economic issues. This idea was introduced by Hayek (1953): "there are particular people who have certain concrete knowledge about the way in which particular things can be used for particular purposes. This knowledge never exists as an integrated whole or in one mind, and the only knowledge that can in any sense be said to exist are these separate and often inconsistent and even conflicting views of different people". This was formalized afterwards with the notion of dispersed information, which is the focus of this literature review. In that case, the underlying fundamental is uncertain but each agent receives a private signal about it. Expectations thus differ across individuals which leads to different choices for the same state of nature.

We now present the current state of the art about dispersed information. As mentioned above, the rational expectation hypothesis is the relevant framework in most economic studies and in particular in game theory analyses to forecast future economic conditions. Accordingly, we assume in the following that all expectations are rational. We analyse how agents form their anticipations under rational expectations with dispersed information.

Introduction to models of dispersed information

We first define some essential notions about dispersed information.

What is dispersed information?

In the literature on dispersed information, one might encounter several different specifications for the information structure: incomplete information, imperfect information, asymmetric information or dispersed information. Let's first review why they are all valid characterisations of the type of games we are studying.

We assume agents are playing simultaneously a Bayesian game (first described by [START_REF] Harsanyi | Games with incomplete information played by "bayesian" players, i-iii part i. the basic model[END_REF][START_REF] Harsanyi | Games with incomplete information played by "bayesian" players part ii. bayesian equilibrium points[END_REF], which is a game where one does not have all possible information about the characteristics of other players. Each agent receives a different set of information. The beliefs of each agent (or equivalently his set of information) are called his "type". Agents have a prior belief about the type of each player and the state of the world. They update their beliefs according to Bayes' rule as they receive additional information.

Complete information requires that every player knows the strategies and payoffs of the other agents. Perfect information requires that players know the moves previously made by other players.

In a Bayesian game, as agents do not know the type of other players, information is incomplete.

Moreover, incomplete information games can be converted into games of complete but imperfect information under the common prior assumption3 . It is indeed assumed in Bayesian games that agents have a common prior about the state of the world (they know the probability distribution over the states of the world) but this state is not known by everyone.

Authors refer to those frameworks as asymmetric information problems, i.e. problems in which agents may have different pieces of information, or dispersed information, which is the terminology we will use in the following.

Imperfect information and strategic uncertainty

The major concern in the agricultural sector is the uncertainty stemming from prices or productivity shocks. The state of the world needs to be guessed or learned given the available information. This uncertainty can be called "intrinsic uncertainty".

In most economic situations there is also a second source of uncertainty, that we call "strategic uncertainty". Indeed the economy is not composed of a single agent but of many farmers trying to guess future prices and to anticipate real shocks. There can be interdependence between agents when the aggregate action affects the agents' payoffs. An obvious example of interdependence is through prices: more aggregate production decreases prices and so decreases returns. However a farmer can not know for sure what the production choice of other farmers will be. In this context, learning or guessing the actions of others is essential. As we will see, strategic uncertainty tends to lead to multiple equilibria and raise the question of the convergence of beliefs toward a single equilibrium even without any fundamental uncertainty. In this game between several agents, how do they coordinate their expectations on an equilibrium?

There are two types of interdependencies between agents which can both be relevant to agriculture: complementarity and subsituability. Complementarity concerns situations in which coordination is desirable. We propose here a few instances of such situations, but the list is not exhaustive.

First, the existence of common farming equipments or infrastructure for a neighbourhood justify a reduction of individual costs as the number of users increase. Second, the presence of upstream and downstream chains incite farmers to coordinate their cropping choices with that of nearby farmers.

Third, spillovers across crops can also justify common cropping decisions in a neighbourhood. This is the case for GMO (Genetically Modified Organism) cultivation or organic farming, for which seed or input spillovers make it hard for a farmer to guarantee a GMO-free product or an organic product if his neighbours plant GMOs or use agrochemicals. A fourth example of strategic complementarity in agriculture is animal disease [START_REF] Hennessy | Coordinating to eradicate animal disease, and the role of insurance markets[END_REF]. Epidemics for which there are no curative treatments (bovine spongiform encephalopathy for example) ask for coordination between actors to prevent the spreading of the disease. In that case if everyone takes prevention measures the disease may stop spreading. However, taking action when no one else does is costly and will not prevent the disease from spreading. Those first instances illustrated localised positive externalities between cropping decisions. They partly explain the high polarisation of crops observed in particular areas (corn in south western France for instance). Apart from localized externalities, farmers may find an interest to coordinate their decisions if there is a need to develop a new sector with upstream and downstream production and marketing stages. This was the case for biofuels a few years ago for instance. Reputation effects may also justify coordination among agents. A label bringing together a high number of producers will certainly have a higher impact on consumers than one with few farmers. Such a reputation effect may have positive repercussions on producers' prices.

Substituability is a negative strategic externality imposed upon the other agents. The most obvious example is the price effect: prices are decreasing in the aggregate supply which decreases the incentives to produce. The effect of total production on costs is another example: more aggregate production leads to a higher demand for inputs (water, fertilizers, pesticides, etc.) which increases the price of those inputs and thus increases costs for the farmers. In the following, we will provide models for both cases of strategic uncertainty: complementarity or substituability.

Conceptual framework

We consider rational expectations equilibria under a common prior: all agents know the probability distribution over the states of the world, from which they derive a belief about the state of the world. Moreover every agent knows that the other agents share the same prior, and knows that every agent knows that the other agents share the same prior, and so on. This is called the common knowledge assumption.

During the game, each agent receives an information set w i composed of a noisy private signal s i that is only observed by himself and a noisy public signal z observed by everyone. Agents update the prior belief with their information set to form a private posterior belief. Farmers make their production decision based on their beliefs. As we focus on agents' understanding of the situation, we assume that the game is simultaneous: it is a one-shot game where all decisions are made simultaneously. We consider two different types of Bayesian games.

First we analyse games with discrete decision sets (section 4.4). The equilibrium is found using the iterated elimination of dominated strategies 4 . Each agent plays a cutoff strategy: he takes one action if the signal is under the cutoff point and takes another action if the signal is above the cutoff point.

Second we study games with continuous decision sets (section 4.5). All variables are Gaussian and the payoff structure is quadratic. The joint distribution of shocks and noises yields affine conditional expectations. We focus on the Bayesian Nash equilibrium when all agents have rational expectations and take their decision at the same time5 . The game leads to strategies that are linear in the private signals.

We conclude this chapter by three applications of dispersed information models to agriculture in section 4.6.

Models with discrete decision sets 4.4.1 Global Games

Taking into account higher order beliefs6 is the main difficulty in games with rational expectations.

In a seminal paper [START_REF] Carlsson | Global games and equilibrium selection[END_REF] build a simple framework that avoids the direct modelling of higher order beliefs. [START_REF] Morris | Social value of public information[END_REF] analyse in detail this framework, called "global games". In the complete information version of a global game, there are multiple equilibria. The main result of [START_REF] Carlsson | Global games and equilibrium selection[END_REF] is that introducing uncertainty and dispersed information in a model of coordination with complementarity can pin down to one the number of equilibria.

To understand how global games work, let's focus on [START_REF] Carlsson | Global games and equilibrium selection[END_REF]. There are two farmers making a discrete decision to sow or not: q i ∈ {0; 1}. Their expected payoffs are U (q i , q j , θ) that depend on the agent's action q i , on the action of the other player q j and on an unknown fundamental parameter θ called the yield-in-value of the crop. By yield-in-value we mean the expected return of one unit of land, which aggregates both price and productivity effects7 and corresponds to the farmer's revenue from sowing one unit of land. This yield-in-value θ represents the state of the world in this game. This model is a example of strategic complementarity between farmers' decisions, i.e ∂U (q i , q j , θ)/∂q j ≥ 0. More precisely payoffs are defined by: The yield-in-value θ is a random variable normally distributed with mean θ and variance σ 2 θ8 .

q 2 = 1 q 2 = 0 q 1 = 1 θ, θ θ -1, 0 q 1 = 0 0, θ -1 0, 0
Depending on the realization of θ, there can be three different games:

• If θ > 1 then there is a dominant strategy to sow for each farmer.

• If 0 ≤ θ ≤ 1 then there are two Nash equilibria: both farmers sow or both do nothing.

• If θ < 0 then there is a dominant strategy to do nothing.

However farmers are uncertain about the value of the fundamental state of the word θ. They only have an exogenous private signal about it: s i = θ + ξ i , where ξ i ∼ N (0, σ 2 ξ ). They update their beliefs with this private signal and the knowledge of the distribution of θ. Then given the properties of conditional expectations with normal variables (see footnote 4), agent i considers θ to be distributed normally with mean

τ θ θ + τ ξ s i τ θ + τ ξ
and variance 1 τ θ + τ ξ .

Instead of using the variance in the above equations, we use the notation τ which is the precision of the variable that is equal to the inverse of the variance.

Agent i knows that the private signal of the other agent is equal to θ plus a noise which variance is σ 2 ξ . His belief about the variance of the other farmer's signal s j is the sum of the variance of his belief about θ plus the variance of the noise

1 τ θ + τ ξ + 1 τ ξ = 2 + τ θ /τ ξ τ θ + τ ξ .
We can now turn to the strategies of farmers. There is a discrete set of actions {0; 1}. [START_REF] Carlsson | Global games and equilibrium selection[END_REF] define a strategy as a function specifying an action for every possible private signal. They consider a cutoff strategy where an agent sows if the signal gets above some cutoff point k. We call this strategy the switching strategy around k:

   a i = 1 if s i > k a i = 0 if s i ≤ k
If agent i believes the other agent (agent j) follows a switching strategy around k, he thinks that agent j will sow if

τ θ θ+τ ξ s j τ θ +τ ξ ≥ k or equivalently if s j ≥ k + τ θ τ ξ (k -θ).
So he assigns the probability

π = 1 -Φ   k + τ θ τ ξ (k -θ) -E i (θ) 2+τ θ /τ ξ τ θ +τ ξ  
to the fact that agent j sows, where Φ(.) is the cumulative distribution function of the standard normal distribution. Expected payoff of sowing is

πE i (θ) + (1 -π)(E i (θ) -1) = E i (θ) -1 + π = τ θ θ + τ ξ s i τ θ + τ ξ -Φ   k + τ θ τ ξ (k -θ) - τ θ θ+τ ξ s i τ θ +τ ξ 2+τ θ /τ ξ τ θ +τ ξ  
If this expression is negative the farmer will do nothing. If it is positive he will sow. Then he follows a switching strategy around

s i = b(k) where b(k) is the solution to v(b(k), k) = τ θ θ + τ ξ b(k) τ θ + τ ξ -Φ   k + τ θ τ ξ (k -θ) - τ θ θ+τ ξ b(k) τ θ +τ ξ 2+τ θ /τ ξ τ θ +τ ξ   = 0 As v(s i , k
) is an strictly increasing function of s i there is a unique b(k) solution of this equation. [START_REF] Morris | Social value of public information[END_REF] show that for a high enough variance of the fundamental θ, there is only

one fixed point such that b(k) = k solution of v(k, k) = τ θ θ + τ ξ k τ θ + τ ξ -Φ √ γ(k -θ) = 0 where γ = τ 2 θ τ ξ τ θ + τ ξ τ θ + 2τ ξ
For a high enough variance of θ or equivalently if γ is low enough, the unique fixed point is 1/2.

In equilibrium the only admissible strategy is the switching strategy around 1/2. To understand this result, observe that if 0 ≤ θ ≤ 1 there are two Nash equilibria: both farmers sow or both do nothing. The cutoff point of 1/2 is exactly at the middle of the interval where there are multiple Nash equilibria. In the original example of [START_REF] Carlsson | Global games and equilibrium selection[END_REF] this interval was [0, 4] so the cutoff point was k = 2. However, if the variance of θ is low enough or equivalently if γ is high enough, there can be multiple equilibria. This framework allowed us to determine the outcome of the game, depending on the private signals

of agents:    a i = 1 if s i > 1/2 a i = 0 if s i ≤ 1/2.
Global games are an example of strategies obtained through iterative elimination of strictly dominated strategies as defined by [START_REF] Guesnerie | An exploration of the eductive justifications of the rational-expectations hypothesis[END_REF]. Indeed, each agent identifies the strategies that are strictly dominated for any admissible strategy, which reduces the set of admissible strategies. The reasoning is then repeated until the limit is found. With global games, for a high enough variance of θ (low γ) there is only one rationalizable outcome of the game. [START_REF] Morris | Social value of public information[END_REF] develop this framework with different distributions for θ and for a continuum of players. Global games highlight the idea that agents might take an action because they believe others are taking it. In general, taking into account higher-order beliefs with strategic externalities is complex. Global games is an elegant and simple way to solve such problems in the case of strategic complementarities. It was first used for equilibrium selection issues. In the situation analysed above, there are two Nash equilibria with perfect information. Introducing some noise in the farmers signals can select a unique outcome for the game. The perfect information game is obtained as a limit of the above imperfect information game when the noise in private signal tends to zero. Hence the unique equilibrium strategy selected under perfect information is the one where both farmers sow if θ > 1/2 and none sow if θ ≤ 1/2. 

q 2 = 1 q 2 = 0 q 1 = 1 θ, θ θ + 1, 0 q 1 = 0 0, θ + 1 0, 0

Alternative framework for strategic substituability

Global games are very useful to study strategic complementarities, which are illustrated by localized externalities such as the use of common equipment or infrastructure, the existence or downstream and upstream chains, etc. However farmers' decisions can also be strategic substitutes. An example is the price effect: prices are decreasing in the aggregate supply which decreases the incentives to produce. Unfortunately, the global games framework presented above can not be used as such to study strategic substituability.

Heterogeneity in costs

Harrison ( 2003) and [START_REF] Harrison | Strongly rational equilibrium in a global game with strategic substitutes[END_REF] develop an adaptation of global games with strategic substitutes. They observe that in [START_REF] Morris | Social value of public information[END_REF] there is a unique equilibrium strategy obtained as the limit of the imperfect information game when the noise in private signals tends to zero. This happens because there are dominance regions for which some strategies are strictly dominant for any choices of the other players. Starting from those dominance regions, they extend the regions for which the strategies are chosen by iterative elimination of strictly dominated strategies (see footnote 4). The strategy in which both farmers sow is dominant for θ > 1 and is the selected strategy under perfect information if θ > 1/2. The strategy in which none sow is dominant for θ < 0 and is the selected strategy under perfect information if θ < 1/2. The selected strategies are each a unique Nash equilibrium in one of the dominance regions.

However they show that such a process is not possible with strategic substituability. Assume for example that the payoffs are defined by table 4.2.

Under perfect information dominance regions are clearly defined: for θ > 0 there is a dominant strategy to sow for each agent and for θ < -1 there is a dominant strategy to do nothing, as represented in figure 4.3. However, if -1 ≤ θ ≤ 0 there are two pure strategy Nash equilibria where only one farmer chooses to sow (either the first one or the second one). None of those strategies is q 2 = 1 a unique equilibrium in one of the dominance regions, so the equilibrium selection result of [START_REF] Morris | Social value of public information[END_REF] can not be applied here. [START_REF] Harrison | Equilibrium selection in global games with strategic substitutes[END_REF] introduces heterogeneity in costs to obtain unique equilibrium strategies. We modify the previous structure of payoffs so that player 2 has an additional cost ξ compared to player 1 (see table 4.3).

q 2 = 0 q 1 = 1 θ, θ -ξ θ + 1, -ξ q 1 = 0 0, θ + 1 -ξ 0, -ξ
Player 1 still has a dominant strategy to sow if θ > 0 and a dominant strategy to do nothing if θ < -1. However there is a shift in the dominant strategies of player 2: it is optimal to sow if θ > ξ and to do nothing if θ < -1 + ξ. Hence, for -1 ≤ θ ≤ -1 + ξ, the dominant strategy is not to sow for player 2 so the Nash equilibrium is unique and corresponds to the case where only player 1 sows. Similarly, for 0 ≤ θ ≤ ξ, only player 2 sows. These overlapping dominance regions are shown in figure 4.4. Harrison (2003) uses these dominance regions to start the process of iterated deletion of strictly dominated strategies. He shows that for signals close to dominance regions, the chosen strategy is that of the dominance region. This leads to equilibrium strategies with different cutoff values for each player (see figure 4.4). The cutoff point of player 1 is -1 so he sows if and only if his private signal s 1 > -1. And player 2 sows if and only if s 2 > ξ. Harrison and Jara-Moroni (2011) develop this model and show that with sufficient players' heterogeneity, this equilibrium is a strongly rational equilibrium9 .

Global games with substituability

Morris and Shin (2009) provide us with an hint on how to use [START_REF] Guesnerie | An exploration of the eductive justifications of the rational-expectations hypothesis[END_REF] to solve the substitutable actions case. We assume there is uncertainty about private costs10 and that agents' decisions are strategic substitutes through prices. Consider a utility function U = q i (yp -c i ), where yp is the yield-in-value decomposed into a yield y and a price p, and

c i = ζ + i is the uncertain cost with ζ ∼ N ( ζ, σ 2 
ζ ) and i ∼ N (0, σ 2 ) and cov(ζ, i ) = cov( i , j ) = 0 for all i = j. The price is determined by the equalization of supply and demand, where supply is S = 1 0 q j dj and demand is D = 1 -p.

As in global games, farmers can only take discrete decisions: sow (q i = 1) or do nothing (q i = 0). Agent i will decide to sow if the returns are higher than the costs:

yp ≥ ζ + i .
Let's first assume that ζ is fixed. The farmer knows his own yield-in-value and the distribution of the yield-in-values is common knowledge. Then he knows that the other agents will sow if they have a cost lower than yp. The total supply will then be S = 1 0 q j dj = F (yp) where F (.) is the cumulative distribution function of the costs.

If agents expect a price p 0 , then supply would be F (yp 0 ). But then the market price would be p 1 = 1 -F (yp 0 ). So agents would rather expect p 1 which would lead to a supply F (yp 1 ), and so on. A rationalizable expectation would then be p * solution of

p * = 1 -F (yp * ) = b( * p).
Notice that b (p) = -yf (yp), where f (.) is the density function of the costs:

f (yp) = 1 σ √ 2π e -1 2 yp-ζ σ 2 .
A necessary condition for convergence is | -yf (yp * )| ≤ 1. Given the Banach fixed point theorem, a sufficient condition for convergence is | -yf (yp)| < 1 for every possible p. In that case, the theorem states that there is a unique fixed point which implies that expectations converge toward this solution. We rewrite the condition for convergence:

y 1 σ √ 2π e -1 2 yp-ζ σ 2 < 1
which must be true for all p, or equivalently (because e The regions of uniqueness and multiplicity are represented in figure 4.6-A. In this first case there are private costs but no aggregate uncertainty. Consider now that there is not only an heterogeneity of costs between farmers, there is also an aggregate uncertainty. Instead of having ζ constant, we will

assume that ζ ∼ N ( ζ, σ 2 ζ ).
Then the condition becomes (see [START_REF] Morris | Coordinating expectations: Global games with strategic substitutes[END_REF] for detailed computations)

τ 2τ + τ ζ τ + τ ζ < 2π y 2 .
This condition is represented in figure 4.6-B. More generally we can assume that people have a common cost ζ but they all get a private signal s i about it. Then the condition for unicity is represented in figure 4.6-C and corresponds to the following inequation (see [START_REF] Morris | Coordinating expectations: Global games with strategic substitutes[END_REF] for detailed computations)

(τ ζ + τ )(2τ + τ ζ ) τ < 2π y 2 .

Conclusion

Global games and similar frameworks with discrete action sets are very useful for equilibrium selection issues. Similarly to what is done in the literature, we focused on the number of equilibria for each specification of the model. We showed that including both issues of prediction and strategic uncertainty, even in a very simple model with discrete actions, can lead to multiple equilibria that depend on the model's structure: common/private costs, aggregate uncertainty or not, strategic complementarity/substituability and on the parameters of the information structure.

All the models presented in this section are devoted to discrete decision sets. They can answer questions such as: should a farmer decide to produce or not? Which variety should be chosen?

Should one invest in new technologies or new seeds? Other production decisions are better modelled by continuous choice sets. One example is acreage decisions for each type of crop. We now move to different types of models of dispersed information with continuous decision sets.

4.5 Models with continuous decision sets without knowing what the state of the world will be at the harvest. More specifically each farmer decides the quantity q i of a crop to grow, while having only partial knowledge about productivity, costs and price. Fundamental volatility comes from θ, the yield-in-value of the crop.

Agent i makes his production decision by maximizing a concave payoff. For simplicity we will assume quadratic payoffs, but the main assumption is that they are not convex so that people do not prefer aggregate volatility. Payoffs are given by U (q i , Q, σ 2 Q , θ) where θ is the yield-in-value, q i is the individual action, Q the aggregate action, and σ 2 Q = [ (q i -Q) 2 dΨ(q i )] 1/2 denotes the dispersion of individual actions with Ψ the cumulative distribution function for action q i . To make the problem interesting, we impose U qθ = 0. The partial derivatives satisfy U qσ = U Qσ = U θσ = 0 and U σ (q, Q, 0, θ) = 0 for all {q; Q; θ} so that dispersion only has a second-order external effect on utility.

To ensure a unique and bounded equilibrium, we have the following assumptions:

U qq < 0 and -U qQ /U qq < 1.
The former imposes concavity at the individual level, so that best responses are well defined. The latter is equivalent to ensuring the uniqueness of the equilibrium11 . This hypothesis is central because it avoids any problem of multiple equilibria due to strategic effects.

To have a unique and bounded first best allocation, we also assume that U qq + 2U qQ + U QQ < 0 and that U qq + U σσ < 0.

Farmers observe an exogenous private signal s i = θ + i and an exogenous public signal z = θ + u.

The noises i are independent and identically distributed with i ∼ N (0, σ 2 ) and cov(θ, i ) = 0.

We assume individual noises cancel out on average which means that 1 0 i di = 0. Similarly u ∼ N (0, σ 2 u ) and cov(θ, u) = cov( i , u) = 0. We will use z * = E (θ|z) which is also a normal variable.

The farmers choose q i as the solution to max

q i E U (q i , Q, σ 2 Q , θ) | s i , z .

Market equilibrium

Let's first have a look at the perfect information equilibrium. In that case, there is a unique market equilibrium κ solution of U q (κ, κ, 0, θ) = 0. In equilibrium, all agents choose to produce κ because they anticipate an aggregate production κ. Eventually, anticipations are equal to realisations and aggregate production is indeed equal to κ. Given that U is quadratic, this equilibrium is linear in

θ so that κ = κ 0 + κ 1 θ. Moreover U q (q, Q, σ, θ
) is a linear function of its arguments and U qq , U qQ and U qθ are constants. It follows that U q (κ, κ, 0, θ) = U q (0, 0, 0, 0) + κU qq + κU qQ + θU qθ = 0 which gives κ 0 = -U q (0, 0, 0, 0)/[U qq + U qQ ] and

κ 1 = -U qθ /[U qq + U qQ ].
We now analyse the incomplete information problem. We are looking for an equilibrium linear in s i and z * . Given the structure of the model, this equilibrium is symmetric. We know that any solution q i must verify

E U q (q i , Q, σ 2 Q , θ)|s i , z = 0
or equivalently with a quadratic payoff function

E (U q (κ, κ, 0, θ) + (q i -κ)U qq + (Q -κ)U qQ |s i , z) = 0.
Using the fact that κ solves U q (κ, κ, 0, θ) = 0 we get

q i = E (αQ + (1 -α)κ|s i , z) (4.2)
where α = -U qQ /U qq is called "the equilibrium degree of coordination".

Equation (4.2) shows the optimal production choice is an affine combination of one's expectation of the complete information solution and of his expectation of the aggregate activity. The "equilibrium degree of coordination" (the slope α of the first best response with respect to aggregate action) represents how much agents value coordination. Note that if α = 0 we have a pure prediction model (we will see an example of such a model in 4.5.2). If α = 0 we can have either strategic complementarity or substituability.

In the following we will use the notation (see appendix D for the computations)

z * = E θ | z = τuz τu+τ θ . Note that E θ | s i , z = E θ | s i , z * = (1 -δ)s i + δz * where δ = τu+τ θ τu+τ θ +τ .
We are looking for a symmetric equilibrium q i linear in s i and z * :

q i = as i + bz * + c.
Summing over all individuals we have Q = aθ + bz * + c. Equation (4.2) becomes

q i = αc + (1 -α)κ 0 + E (θ|s i , z * ) (αa + (1 -α)κ 1 ) + αbz * .
We can identify the two previous equations of q:

as i + bz * + c = (1 -δ)(αa + (1 -α)κ 1 )s i + δ(αa + (1 -α)κ 1 )z * + αbz * + αc + (1 -α)κ 0 which gives          a = (1 -δ)(1 -α)κ 1 /(1 -α(1 -δ)) b = δκ 1 /(1 -α(1 -δ)) c = κ 0
Replacing, we get the following linear equilibrium

q i (s i , z * ) = κ 0 + κ 1 [(1 -γ)s i + γz * ] where γ = δ + αδ(1 -δ) 1 -αδ(1 -δ)
The equilibrium depends on both public and private information, with weighs that reflect the relative precision of public and private information (δ) and also the equilibrium degree of coordination α. Complementarity raises the relative sensibility to public information whereas substituability increases reliance on private information.

With perfect information, farmers would choose q i = κ. Incomplete information changes the equilibrium action in two ways. First, reliance on public noise generates non fundamental volatility.

Second, reliance on private noise generates dispersion in actions. Basically, complementarity lowers dispersion and increases non-fundamental volatility.

Team solution

We now compare the market solution to the team solution defined as the decision rule that maximizes aggregate welfare. Prior to any information, agents agree on the relative weight they put on public and private signals to maximise aggregate welfare W (Q, σ 2 Q , θ). Similarly to the market solution, [START_REF] Angeletos | Efficient use of information and social value of information[END_REF] find a linear rational expectations equilibrium defined by

q i (s i , z * ) = κ * 0 + κ * 1 [(1 -γ * )s i + γ * z * ]
where

κ * 0 = -W Q (0, 0, 0)/W QQ , κ * 1 = -W Qθ /W QQ , α * = 1 -W QQ /W σσ and γ * = δ + α * δ(1 -δ) 1 -α * δ(1 -δ)
.

The optimal degree of coordination α * decreases with social aversion to volatility W QQ and increases with social aversion to dispersion W σσ . Indeed, a higher degree of coordination leads to a lower sensitivity to the noise in the private signal (which entails lower dispersion) and a higher sensitivity to public noise (which entails higher non fundamental volatility).

This model is very useful for analysing dispersed information and strategic uncertainty. However, as in global games, this is a model with exogenous information. Endogenous information structures in general are interesting because they allow for inefficiencies in the aggregation of information, as we will see in section 4.5.2.

Endogenous information without strategic effects

Bru and [START_REF] Bru | Informational externalities, herding, and incentives[END_REF] analyse the effect of endogenous information when there is no strategic issue. This is ensured by an exogenous payoff: agents' actions do not have any impact on productivity and prices, so the yield-in-value θ is exogenous. This could be the case in a small country taking prices and technologies as constant. This assumption simplifies the model as it avoids any strategic effects.

Agents are merely trying to predict the future yield-in-value, and are not taking into account any effect of their action (and of the action of others) on the price.

Farmers decide the quantity q i of the crop to grow based on signals about the realized value of the yield-in-value:

• They have an exogenous private signal about the yield-in-value s i = θ + i . The i are independent and identically distributed with i ∼ N (0, σ 2 ) and cov(θ, i ) = 0. Individual noises cancel out on average (

1 0 i di = 0).
• Agents also observe a public signal about the average choices of the agents (plus a noise12 ):

z = 1 0 q i di + u with u ∼ N (0, σ 2 u ) and cov(θ, u) = cov( i , u) = 0.
This public signal gives some insights about the realized value of θ. This is an endogenous public signal which allows us to study the efficiency in the aggregation of information.

Agent i solves the following problem:

max q i E θq i - 1 2 q i 2 | s i , z (4.3) 
where 1 2 q i 2 represents the quadratic cost of growing a surface q i . Notice that costs are functions of the surface allocation only.

Market equilibrium

We look for the symmetric rational expectations equilibrium. Given that there is a continuum of agents, individual actions q i have a negligible impact on the public signal. In other words, for a given agent i, z is supposed to be independent of q i .

The maximization problem (4.3) is equivalent to max

q i E [θ | s i , z] q i - 1 2 q i 2 .
Then maximizing (4.3) with respect to the surface allocation gives the following first order condition

q i = E[θ | s i , z].
We assume that E[θ | s i , z] is a linear combination of the signals s i and z, so we are looking for a linear expression for q i :

q i = as i + bz + c. (4.4)
Then the public signal z =

1 0 q i di + u becomes z = 1 0 as i di + 1 0 bz di + 1 0 c di + u = aθ + bz + c + u = z * + [bz + c]
It follows that the public signal is a linear transformation of z * ≡ aθ + u which means that z conveys exactly the same information about the realisation of θ than z * . We denote

θ * = E[θ | z * ]
which is total public information. Using the properties of conditional expectations with normal variables (see appendix D) allows us to obtain that

q i = E(θ | s i , z) = τ s i + (τ u a + τ θ )θ * τ + τ u a 2 + τ θ .
Identifying to equation (4.4), we find that

a = τ τ + τ u a 2 + τ θ (4.5)
which allows us to rewrite 

q i = as i + (1 -a)θ * . ( 4 
= τ u a τ + τ u a 2 + τ u a + τ θ and c = τ θ θ τ + τ u a 2 + τ u a + τ θ .
Using equation (4.5) and the implicit functions theorem we have

da dτ = τ a 2 + τ θ (τ + τ u a 2 + τ θ ) 2 + 2aτ u τ ≥ 0 and da dτ u = -τ a 2 (τ + τ u a 2 + τ θ ) 2 + 2aτ u τ ≤ 0.
When the precision of private information increases, a increases, i.e. agents rely more on their private signal in their production decision. This entails a higher sensitivity to private noise which leads to dispersion in production decisions. Indeed,

q i -Q = q i - 1 0 q j dj = as i + bz + c -(aθ + bz + c) = a i .
An increase in the precision of private information leads to a higher difference between individual decisions and the aggregate production.

Similarly a higher precision of public information reduces reliance on private information. From equation ( 4.6) we can see that is also increases reliance on total public information θ * and thus on the public noise. This framework can then be used to see how dispersed information increases or reduces volatility.

Endogenous information and multiple shocks

Bru and Vives ( 2002) is based on a single fundamental shock. Amador andWeill (2012, 2008), [START_REF] Gaballo | Price dispersion and private uncertainty[END_REF] and [START_REF] Manzano | Public and private learning from prices, strategic substitutability and complementarity, and equilibrium multiplicity[END_REF] show that adding shocks (with different sources of information for each shock) creates endogenous private learning which leads to complementarity in information acquisition. In that case, multiple equilibria can arise. This could be seen as an additional source of volatility on agricultural markets.

We use a framework similar to that of [START_REF] Amador | Learning from private and public observations of others? actions[END_REF]. Instead of having only a productivity shock θ ∼ N ( θ, σ 2 θ ), we add a shock on costs η ∼ N (0, σ 2 η ) (with a mean 0 to simplify the computations) where cov(η, θ) = cov(η, u) = cov(η, i ) = 0.

The information w i available to farmers contains noisy signals of both shocks and the observation of the aggregate action so that w i = {θ i , η i , z} where • The private signal about productivity is θ i = θ + i where i ∼ N (0, σ 2 ).

• Farmers know their private cost, which is normally distributed around the common cost:

η i = η + ξ i where ξ i ∼ N (0, σ 2 ξ )
which is uncorrelated with any other variable.

• The public signal is the aggregate action z = 1 0 q i di. Note that contrary to what we did previously, there is no noise affecting the public signal. That is because the combination of a productivity shock and a cost shock already leads to a signal extraction problem (the public signal will be a weighted sum of both shocks so agents cannot extract perfect information about one specific shock) so there is no need to bring additional uncertainty.

Agents payoffs are θq i -1 2 q 2 i -η i q i , so the optimal decision of agent i is q i = E [θ + η i |w i ]. We assume that E [θ + η i |w i ] is affine and we are looking for a linear solution for q i :

q i = aθ i + bη i + cz
The aggregate action is z =

1 0 q i di = aθ + bη + cz. It follows that (1 -c)z = aθ + bη = z * which shows that z is informationally equivalent to z * ≡ θ + η/A (4.7)
with A = a/b. The information set w i = {θ i , η i , z} is also equivalent to:

         θ i = θ + i z * = θ + η/A η * i = z * -η i /A = θ -ξ i /A
We have (see appendix D)

E [θ|θ i , η * i ] = τ θ i + A 2 τ ξ η * i τ + A 2 τ ξ E [θ|z * ] = A 2 τ η z * + τ θ θ τ θ + A 2 τ η E i [θ] = E [θ|θ i , η * i , z * ] = αE [θ|θ i , η * i ] + (1 -α)E [θ|z * ]
where

α = τ + A 2 τ ξ τ + A 2 τ ξ + τ θ + A 2 τ η .
This leads to

q i = E i [θ] + η i so the public signal is z = αθ + (1 -α)E [θ|z * ] + η. As E [θ|z * ] is public
knowledge, z is informationally equivalent to θ + η/α. By identification with (4.7), we deduce that α = A or equivalently that A solves

A = τ + A 2 τ ξ τ + A 2 τ ξ + τ θ + A 2 τ η .
This equation can have up to three solutions depending on the various precisions of the signals.

Multiplicity here comes from strategic complementarities in information acquisition. To understand how, let's call φ = τ + A 2 τ ξ the precision of the private signals and Φ = τ θ + A 2 τ η the precision of the public information. Then α = φ φ+Φ = f (φ, Φ).

Notice that ∂f /∂Φ < 0. It means that the weight on private information α decreases with the precision of public information Φ. Then increasing A, the aggregate weigh on private signals, increases the precision of the public signal generated by agents' actions so farmers tend to rely less on private information and more on public information. This effect tends to make farmers' actions strategic substitutes.

On the other hand, ∂f /∂φ > 0.The weight on private information α increases with the precision of private information Φ. Then an increase in A, the aggregate weigh on private signals, increases the precision of the public signal. This increases the precision of the private signal derived from the public signal η * i . Thus the farmer has an incentive to rely more on his private signal. The endogenous private signal generated by the public signal tends to make farmers' actions strategic complements. [START_REF] Amador | Learning from private and public observations of others? actions[END_REF] shows that the dominant effect depends on the relative precision of the signals. On the normative side, this paper shows that the release of more public information can lead to more uncertainty and to multiple equilibria.

In related papers [START_REF] Amador | Learning from prices: Public communication and welfare[END_REF], [START_REF] Gaballo | Price dispersion and private uncertainty[END_REF] and [START_REF] Manzano | Public and private learning from prices, strategic substitutability and complementarity, and equilibrium multiplicity[END_REF] use multiple signals to create endogenous private learning. They all show that it entails strategic complementarity in information acquisition which might lead to multiple equilibria.

Conclusion

Angeletos and Pavan (2007) and [START_REF] Bru | Informational externalities, herding, and incentives[END_REF] are two complementary papers about production decision with dispersed information. [START_REF] Angeletos | Efficient use of information and social value of information[END_REF] use a general framework to analyse how uncertainty and strategic issues are related. In this model, information is exogenous. On the contrary [START_REF] Bru | Informational externalities, herding, and incentives[END_REF] explicitly study endogenous information but leave aside the questions raised by strategic externalities. In chapter 7, we will develop models with both endogenous information and strategic externalities.

Applications to agriculture

Agricultural issues have hardly been studied in the literature about dispersed information. An exception is the literature about the diffusion of innovations which is to our knowledge the only branch of the literature that uses imperfect information models to analyse farming decisions (see chapter 9 of [START_REF] Chamley | Rational herds: Economic models of social learning[END_REF], for a review). An innovation such as irrigation or new seeds is adopted depending on farmers' knowledge about it and on other farmers choice. We now provide two other possible applications to agriculture. We start by analysing input choices under exogenous environmental shocks. This is a direct application of the linear Gaussian model. It contributes to the literature by bringing new insights about input use and its consequences on the environment.

The second application is a simple model of learning about change in climate.

Input adjustment under environmental shocks

The use of inputs in agriculture depends on many environmental and economic factors, such as weather and prices. The linear Gaussian framework allows us to analyse input use when information about such factors is imperfect. Using a target-input model we show that having access to a reliable source of information about weather and pests has positive effects on farmers' expected profits and results in positive environmental impacts. For instance investments in precise measurement tools should both increase profits and reduce negative environmental externalities. This result has been confirmed empirically by [START_REF] Tey | Factors influencing the adoption of precision agricultural technologies: a review for policy implications[END_REF], who show that precision farming allows farmers to increase yields and save inputs13 .

Context

Throughout the season, farmers practices rely heavily on exogenous factors such as meteorological events, pests, weeds, or agricultural policies that affect the optimal production choices through taxes, subsidies, restrictions, etc. Depending on the available technology and on the resources allocated to information gathering, farmers have access to more or less precise information about those shocks. It can be based on past and current observations of the crops and the environment: past level of rainfall or other meteorological events, size of plants, presence of weeds, insects, soil content in nutrient, etc. Recently more precise tools have been developed as part of a modern farming management concept called precision agriculture. Satellite imaging systems or measurement instruments are used to adjust input use spatially and temporally by localising infections or weeds for example. However such methods have not yet been widely adopted 14 .

Besides observation of past and current events, forecasts are essential in determining optimal quantity and timing. Diseases, weather, extreme meteorological events certainly need to be taken into account, as well as policies that may affect prices or availability of inputs (such as water restrictions in case of drought).

Given forecasts and the current state of the crops, farmers adjust their production choices. According to [START_REF] Ramaswami | Risk management in agriculture[END_REF], "when crop failure is foreseen, households begin salvaging byproducts and other low value operations that would not be worthwhile in normal years". Management of inputs such as fertilizers, pesticides, water, etc. is also flexible. Even though input use can be planned early in the season, it is adjusted given observations and forecasts.

Knowing the precise amount of inputs and the time of application requires very precise information, but allows farmers to avoid suboptimal returns at the end of the season. According to [START_REF] Hansen | Review of seasonal climate forecasting for agriculture in sub-saharan africa[END_REF] the cost of uncertainty for the profit-maximizing maize farmer in Kenya amounts to 15-30% of the average gross value of production and 24-69% of average gross margin. Lessening uncertainty increases the efficiency of input use: it reduces the amount of inputs and the associated costs while increasing yields. Moreover, inadequate use of chemical inputs has severe environmental consequences on crops, soils, surface and ground water. We are particularly interested in the benefits of information on environment.

Our model is close to the model of [START_REF] Chamley | Rational herds: Economic models of social learning[END_REF] where farmers accumulate information about how to use a new technology in a dynamic model. There are two types of learning: experience (learning by doing) and learning by observing others. The model is very similar to a growth model with information accumulation instead of capital accumulation.

We analyse input choices by farmers under imperfect information about environmental conditions.

To model this complex management problem from the point of view of the producer we use a targetinput model, inspired by [START_REF] Foster | Learning by doing and learning from others: Human capital and technical change in agriculture[END_REF] and [START_REF] Chamley | Rational herds: Economic models of social learning[END_REF]. We assume that there is an optimal amount of input use depending on exogenous shocks. Errors in the estimation of the exogenous factors lead to costs depending on the variance of the shocks and on the precision of information: the higher the precision of information the lower the cost. Similarly if the shocks have a low variance the cost is reduced.

We conclude about the environmental externalities due to overuse of inputs. We show that the environmental cost is proportional to the cost of uncertainty for farmers. Reducing this cost is equivalent to reducing environmental externalities.

Model

We consider a continuum of farmers indexed by i ∈ [0, 1]. Agents face two successive decisions: the level of inputs x i , and then the quantity to produce q i . In this section, we focus on the first decision concerning the optimal quantity of input farmer i should use given the exogenous shock θi affecting the crops 15 . The targeted amount of input is defined by ξ( θi ) which is a linear function of θi . The shock follows a normal distribution N (0, 1/τ θ ). It includes meteorological events, pests, weeds but also agricultural policies that affect the optimal amount of input use. Any choice x i away from the target creates an inefficiency that results in a quadratic cost.

The payoff function is

π i = pq i - 1 2 q i 2 -pq i E ξ( θi ) -x i 2
where q i is the production of farmer i and p the price. The last term is the cost of missing the target. It is proportional to the value of the crop pq i . We define C = E ξ( θi ) -x i
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. If the farmer has a belief N (m, σ 2 ) about ξ( θi ), then his input decision is x i = m and C = σ 2 .

We now turn to the resolution of the problem with regards to the quantity of inputs. We look for the symmetric rational expectations equilibrium (REE). Farmers minimize C with respect to input choice and get the following first order condition

x i = E[ξ( θi ) | s i ]
where si is the available information of agent i. It is a vector of several signals sik = θi + ˜ ik about θi where the noises ˜ ik are uncorrelated and follow a centered normal distribution with respective precisions τ ik . We assume a linear expression for ξ( θi ) = B + θi . The constant B is the optimal amount of input when there is no shock. Using the properties of conditional expectations with normal variables (see appendix D) we obtain that

x i = E(B + θi | s i ) = B + k τ ik s ik k τ ik + τ θ
. 15 We account for the intensity of shock but the model does not allow us to differentiate between types of shocks (drought and flood for example). A possible development would be to take into account the diversity of shocks and the variety of solutions to deal with them.

Hence we have

C = E ξ( θi ) -x i 2 = E θi - k τ ik s ik k τ ik + τ θ 2 which gives (see appendix D) C = 1 k τ ik + τ θ .
This allows us to rewrite the cost term pq i C. It can be reduced by technology changes increasing the precision of the signals or reducing the variance of the shocks 16 . Hence more accurate information increases farmers' expected profits.

Environmental externalities

We assumed that farmers aim at minimizing the error term pq i C but do not take into account environmental externalities generated by overuse of inputs. Degradation of soils, leakages of inputs into surface and ground water are examples of environmental consequences of a misuse of agricultural inputs. They all arise when the quantity of inputs is higher than the target amount that is optimal for the plants. In the rest of this section, we focus on the environmental costs that come from overuse of inputs.

The negative externality on environment is defined similarly to the quadratic error term for the farmer. We assume that total environmental cost is proportional to q i C e where C e is defined by

C e = E ξ( θi ) -x i 2 | x i > ξ( θi ) .
In this expression, only overuse of agricultural inputs are taken into account (ie. when x i > ξ( θi ))

because most environmental damages due to inputs come from overuse of inputs.

Because ξ( θi ) -x i is a sum of normal variables, it is a normal variable. It is centered around 0 as the average error is 0. Note that for a centered normal variable X with a density f (.) and a cumulative distribution function F (.) we have

E X 2 = +∞ -∞ x 2 f (x)dx = 2 +∞ 0 x 2 f (x)dx = 1 1 -F (0) +∞ 0 x 2 f (x)dx = E X 2 | X > 0 . It follows that E ξ( θi ) -x i 2 | x i > ξ( θi ) = E ξ( θi ) -x i 2 = C.
16 It is often unrealistic to reduce the variance of the shocks. However, it is possible to obtain an equivalent effect by reducing the impact of the shocks on crops, by using more resistant varieties for instance.

The environmental cost is then proportional to q i C. As farmers minimize C, they also minimize the environmental cost with regards to input use 17 . Hence incentives for farmers in terms of input use are aligned with the government's objectives. When farmers minimize their cost, they also reduce environmental externalities. This expression yields important implications for public policy about environment. Imperfect information is here the source of environmental externalities. Increasing precision of information or reducing the variance of shocks can significantly lessen the environmental impact of inputs. This translates into investments for satellite imaging systems, availability of data, subsidies for variable-rate systems, R&D on more resistant varieties, etc.

Learning about change in climate

According to [START_REF] Reynaud | Adaptation à court et à long terme de l'agriculture au risque de sécheresse: une approche par couplage de modèles biophysiques et économiques[END_REF], decisions taken during a season can only have limited adaptive impacts. In the long-run however, farmers have the opportunity to adapt to the evolutions of climate. There are reasons to believe that average temperatures, rainfall patterns and probability of occurrence of extreme events are evolving. Anticipating and adapting to those changes is a central issue for farmers.

With changes in climate, production choices must take into account farmers' beliefs about future shocks. This implies forming beliefs about the distribution (and maybe evolution) of climate shocks given current observations, and then making investment choices that may improve profits over the following years. In the following we first introduce the effects of climate change and the possible adaptations to climate change. We then review a few papers dealing with learning about climate change.

Adaptation to climate change

The fifth assessment report of the IPCC (IPCC, 2013) highlights the major changes in climate: "warming of the climate system is unequivocal, and since the 1950s, many of the observed changes are unprecedented over decades to millennia. The atmosphere and ocean have warmed, the amounts of snow and ice have diminished, sea level has risen, and the concentrations of greenhouse gases have increased". In the future, increased temperatures, higher sea levels, extreme events, etc. are expected.

17 Farmers' input choices are aligned with environmental objectives, but this is not the case of their acreage choice. It is clear that to reduce total environmental cost, the cultivated acreage qi should be reduced to the minimum, but it does not correspond to farmers' optimal acreage. Investigating acreage choices is out of the scope of this section but will be the focus of chapter 5. Changes in climate will affect agriculture through water resources, increased insect outbreaks, rise of sea levels (salinisation of water), etc. Extreme events such as heat waves, droughts, floods, cyclones, and wildfires will lead to damages to crops, soil erosion, damage to infrastructure, inability to cultivate land due to waterlogging of soils, etc. According to IPCC (2013), "based on many studies covering a wide range of regions and crops, negative impacts of climate change on crop yields have been more common than positive impacts (high confidence)". This trend is likely to continue. "Projected impacts vary across crops and regions and adaptation scenarios, with about 10% of projections for the period 2030-2049 showing yield gains of more than 10%, and about 10% of projections showing yield losses of more than 25%, compared to the late 20th century". This report also points out that there exists many possibilities of adaptation (see figure 4.7) such as adjustment of planting dates, of crop variety 18 , crop relocation, erosion control and soil protection through tree planting, irrigation, etc. [START_REF] Reilly | Irreversibility, uncertainty, and learning: portraits of adaptation to long-term climate change[END_REF] investigate the various types of adaptation in agriculture and the underlying costs. They point out that a major difficulty is to detect that climate has changed. Indeed, farmers are not always perfectly informed about regional projections. Even if they were, those estimations are still subject to uncertainties. Hence they have to estimate climate variables from imperfect information based mostly on observations.

Learning about climate change

Kelly and Kolstad (1999) investigate learning about climate change in a model where agents are uncertain about the sensitivity of weather to variations in the concentration of greenhouse gas in the atmosphere. This is represented by a constant which can take one of two values. [START_REF] Kelly | Bayesian learning, growth, and pollution[END_REF] compute the expected time of learning with 95% confidence the true value when information exogenously arrives each year. They find that learning may take much longer than is currently believed. [START_REF] Kolstad | Adjustment costs from environmental change induced by incomplete information and learning[END_REF] provide a simple model of bayesian learning about changes in climate where farmers observe the realized shocks in climate. Contrary to the previous sections, farmers try to infer the underlying distribution generating the shocks which is not known with certainty.

New information arrives at the end of every season when the realisation of the shock becomes public knowledge. Then farmers update their belief about the distribution given past and present observations. As learning takes time, production decisions are suboptimal (compared to the perfect information case) which leads to profit losses. We present the learning model used in that paper.

We assumed in the previous sections that the shocks were normally distributed with mean 0 and variance 1/τ θ . Here we assume that the mean is unknown. Each year, agents observe the realizations of the shock and update their beliefs about the mean accordingly. Taking the example of the droughts in California between 1987 and 1991, agents are initially unaware that the climate had become drier. After observing five successive years of drought, their belief of the average shock reflects the frequency of droughts.

We assume that the variance of the shocks does not change 19 . Farmers, indexed by i ∈ [0, 1], know that the shocks are normally distributed with an unknown mean µ and variance 1/τ θ . Agents have a prior belief about µ that is normally distributed with mean µ 0 and precision τ 0 . This precision represents the initial uncertainty agents have about the value of µ. Each year, they learn a new realisation of the shock θt where t ∈ N. This is equivalent to a signal about µ with precision τ θ .

At the end of the first year, agents update their belief about µ to a normal variable with mean µ 1 = (τ 0 µ 0 + τ θ θ1 )/(τ 0 + τ θ ) and precision τ 1 = τ 0 + τ θ . Similarly, at the end of year t we have µ t = (τ θ θt + τ t-1 µ t-1 )/(τ θ + τ t-1 ) and τ t = τ θ + τ t-1 . This allows us to find the general terms of the series

τ t = τ 0 + tτ θ and µ t = τ 0 µ 0 + t n=1 τ θ θn τ 0 + tτ θ .
Every year, farmers update their beliefs about µ given the available information. For example if they observe a drought one year that will translate the belief about µ closer to the bottom of the distribution. Observing drought five consecutive years, will intensify this effect and lead farmers to believe that droughts have become the norm.

The marginal effect of new information on the estimation of µ is reduced each year because the combined precision of the previous signals is becoming higher. In the long run, additional information will have no impact on farmers' beliefs.

Another way to interpret the previous formula is to consider that at t = 0 the climate evolves and the shocks are drawn from a new distribution. Before that, agents have a prior belief about µ that is normally distributed with mean µ 0 and precision τ 0 that is based on previous observations. At t = 0 the mean changes to µ. Then after t years, the belief about µ is

µ t = τ 0 µ 0 + t n=1 τ θ θn τ 0 + tτ θ
where the sum tends to tµ as t increases.

Notice that even if the climate has changed, the previous observations (contained in µ 0 ) that were generated by a different distribution are still taken into account. Their impact on µ t is reduced as t increases, but never disappears. Hence if farmers update their beliefs in this manner, changes in climate can be hard to notice, especially if farmers already have a few years of experience (and thus of observations). This result led [START_REF] Maddison | The perception of and adaptation to climate change in africa[END_REF] to conclude that farmers are not Bayesian learners. If they were, the most experienced farmers would not react to changes in climate, which does not appear to be the case. However, this conclusion results from the simple model used before. More sophisticated Bayesian methods can be used to model learning when agents are aware that the distribution may evolve. [START_REF] Behrens | Learning the value of information in an uncertain world[END_REF] use such a model to prove that individuals actually update their beliefs in a Bayesian manner and learn about the mean of the distribution, its variance, but also about the possible changes in the mean and the frequency of changes.

Learning about climate variables results in lags in adoption because farmers are not certain about the mean shocks. This is similar to the consequences of waiting games, but in this case, farmers do not consciously wait for more information. Instead they base their decision on their current beliefs and it takes several observations (such as several droughts) to entail significant changes in their beliefs that lead them to invest in adaptation technologies or new seeds. Patterns of delays or turning points where additional information leads to massive investments are observed in practice in adoption of new technologies or in land use. For example [START_REF] Reynaud | Adaptation à court et à long terme de l'agriculture au risque de sécheresse: une approche par couplage de modèles biophysiques et économiques[END_REF] noted a 40% increase of drip irrigation for vegetables in California at the beginning of the 1990s. The intensification of irrigation followed five years of drought between 1987 and 1991. Farmers interpreted the repeated droughts as a signal that the local climate was dryer now (or that the probability of drought had increased) and that irrigation was necessary to lower the impact of climate on their profits.

Conclusion

The literature on dispersed information is particularly relevant for analysing agricultural issues.

We focused on two specific frameworks: models with discrete decision sets such as global games and models with continuous decision sets based on a linear gaussian framework. In the following chapters we will build on these models to study farmers' production choices.

The literature on dispersed information can have broad applications in agricultural economics.

In the following chapters, we investigate farmers' production choices, with a specific focus on prices volatility. We saw that both discrete and continuous models can be used to investigate how dispersed information is related to excess volatility on agricultural markets. Actually, we found three main effects through which intrinsic and strategic uncertainty generate excess volatility in the model. First, there might be additional volatility with dispersed information because of noises in information (see section 4.5). Second, in some cases, dispersed information can lead to multiple equilibria (see section 4.5.3). Third, strategic uncertainty can also lead to multiple equilibria, especially in models with discrete action sets (see section 4.4). All this shows that dispersed information possibly has an important effect on volatility in agricultural markets. In chapters 5, 6 and 7, we build models of agricultural production choices where excess volatility stems from farmers' endogenous reactions to information. It provides an explanation of endogenous price volatility with rational expectations, which is new in the literature.

Chapter 5

Food price volatility and farmers' production decisions under imperfect information

Introduction

A wide range of explanations have been proposed to account for food price volatility: weather shocks, interest rates, stocks, speculative bubbles, trade policies, biofuel demand, etc. [START_REF] Wright | The economics of grain price volatility[END_REF]. As far as production is concerned, variations are shown to either come from exogenous shocks or from errors in forecasting due to non-rational expectations. The latter explanation is illustrated by the so-called cobweb model [START_REF] Ezekiel | The cobweb theorem[END_REF] which assumes that agents form naive expectations. The main contribution of this chapter is to show that food price volatility may be the result of farmers' behaviour under the rational expectation hypothesis. In this framework, imperfect information is an alternative cause of price volatility.

Farmers' information requirements range from weather forecasts, agronomic practices, guidance about input use, pest management, market demand and prices [START_REF] Aker | Dial "a" for agriculture: A review of information and communication technologies for agricultural extension in developing countries[END_REF]. Climate predictions are a particularly important source of information for farmers [START_REF] Hansen | Review of seasonal climate forecasting for agriculture in sub-saharan africa[END_REF][START_REF] Ramaswami | Risk management in agriculture[END_REF], especially in the context of climate change, since farmers need to adapt by "altering inputs such as varieties/species to those with more appropriate thermal time and vernalization requirements and/or with increased resistance to heat shock and drought" [START_REF] Howden | Adapting agriculture to climate change[END_REF].

We present a model of acreage choices with Bayesian learning that can be adapted to several types shocks. Farmers are assumed to decide what surface of a specific crop to grow before planting. To simplify, we assume such choices are made once a year, even if for some crops there can be several harvests a year. The acreage decisions are based on imperfect private and public information about the realisation of an exogenous shock affecting production, demand or costs1 . We wonder how the precision of information affects inter-annual price volatility (defined as the variance of the variables). In the following the precision of information can be interpreted in several different ways: as a measure of the quality of weather, pest or price predictions; as the ease of access to various sources of information; or as the ability of farmers to process information thanks to experience and education.

First, we show that volatility of aggregate acreage allocation tends to be increased by better information. The intuition is the following: increasing the precision of information allows farmers to make their choices contingent on the underlying state of the world, which is variable. With public information, a second effect appears: if farmers rely on the public signal, they also rely on the noise in the public signal, which brings additional volatility.

A second important conclusion of this chapter is that while better information increases variations in acreage allocation, it may reduce price volatility, depending on the type of shock. For a shock affecting the production decisions of farmers, but not directly affecting prices, increasing the precision of information actually increases price volatility. This is the case with a shock on input costs for example. However for a shock directly affecting food prices, the effect of information on price volatility can be reversed. For example with a shock on global supply or demand, better information reduces price volatility. Those results could be interpreted in the light of the recent improvements in food market information systems or in forecasting technologies for example: better information on production shocks may help reduce food market volatility. Our results imply that information on weather events, changing diets or biofuels should have a more stabilizing effect on prices than information on oil prices.

A few empirical papers show that improved information through mobile phones [START_REF] Aker | Does digital divide or provide? the impact of cell phones on grain markets in niger[END_REF], 2010[START_REF] Allen | Information frictions in trade[END_REF][START_REF] Jensen | The digital provide: Information (technology), market performance, and welfare in the south indian fisheries sector[END_REF] or internet kiosks [START_REF] Goyal | Information, direct access to farmers, and rural market performance in central india[END_REF] helps integrating markets which reduces both temporal and spatial price variations. Similarly [START_REF] Steinwender | Information frictions and the law of one price: "when the states and the kingdom became united[END_REF] finds that new information channels reduce price dispersion across locations, but that it also increased the volatility of trading volumes. In this chapter we assume that markets are integrated, and find that more information does not necessarily reduce agricultural market volatility.

Our theoretical model is based on the literature on decisions under imperfect information. Central to this literature is the reference book of [START_REF] Vives | Information and learning in markets: the impact of market microstructure[END_REF], that provides a unified framework to study social learning with continuous choices. Our model is close to [START_REF] Angeletos | Efficient use of information and social value of information[END_REF] who investigate the value of information with strategic externalities. They show that volatility is increased when coordination is valued, while dispersion is increased with substituability. Angeletos and Werning ( 2004) consider a financial market with dispersed private information. Volatility is shown to come from multiple equilibria or from non fundamental disturbances due to the noise in the signals. While our framework only allows for a unique equilibrium, we also find that noise in information generates food price volatility.

Several other applications of the literature about imperfect information can be found for finance, that analyse the link between information and volatility [START_REF] Timmermann | How learning in financial markets generates excess volatility and predictability in stock prices[END_REF], [START_REF] Bossaerts | Learning-induced securities price volatility[END_REF], [START_REF] David | Option prices with uncertain fundamentals[END_REF] and [START_REF] Guidolin | Option prices under bayesian learning: implied volatility dynamics and predictive densities[END_REF]. [START_REF] Pastor | Learning in financial markets[END_REF] review the main findings of this literature. Among other results, it is shown that high uncertainty about dividend growth entails high stock prices and high volatility, or that volatility of stock returns is high relative to the underlying dividends. [START_REF] Adam | Stock market volatility and learning[END_REF] find the same qualitative results with endogenous information about prices in financial markets. [START_REF] Veronesi | How does information quality affect stock returns[END_REF] investigates the role of the precision of information on volatility. He shows that the volatility of stock returns increases with the precision of the signals. [START_REF] Dumas | Equilibrium portfolio strategies in the presence of sentiment risk and excess volatility[END_REF] study how overconfident agents generate excess volatility in financial markets.

A few papers have investigated empirically the role of new information on asset price volatility. [START_REF] Ederington | How markets process information: News releases and volatility[END_REF] show that the arrival of macroeconomic news increases volatility for a few hours. This is confirmed by [START_REF] Fleming | Price formation and liquidity in the us treasury market: The response to public information[END_REF] in the case of the US Treasury market. According to [START_REF] Cutler | What moves stock prices?[END_REF], macroeconomic news can explain one third of the variance in stock prices. Using a natural experiment, [START_REF] Koudijs | The boats that did not sail: Asset price volatility in a natural experiment[END_REF] shows that 50 to 80% of stock return variance can be explained by information, with 25 to 50% due to public information.

While imperfect information is shown to have an impact on volatility in financial markets, to our knowledge those results have not been extended to real markets and a fortiori agricultural markets. Contrary to trading operations on financial markets, agricultural production decisions such as acreage allocation are far less frequent. They are also strategic substitutes through prices and cannot lead to rational herding and bubbles, phenomena often observed on stock markets.

Adapting imperfect information models to those specificities of agricultural markets is one objective of this chapter. We also differentiate between several types of shocks. The above models either investigate uncertainty about dividend growth or do not specify the source of uncertainty.

The rest of the chapter is organized as follows. Section 5.2 introduces the model and derives the main results about variations in aggregate allocation and prices. Section 5.3 applies the framework to several types of shocks: a productivity shock in a small country, a shock on input prices, a global supply shock, and a demand shock. We provide a discussion and some perspectives in section 5.4.

Section 5.5 concludes.

Model

We consider a continuum of farmers indexed by i ∈ [0, 1]. Each farmer makes a landfarm acreage decision y i ∈ R. Strategic effects appear in this model because a higher aggregate acreage Y = 1 0 y i di reduces prices. Hence the production decisions of farmers are strategic substitutes. The profit of farmer i is given by π(y i , Y, θ) and depends on the acreage allocation, on the choices of others through prices, and on an exogenous shock θ. For tractability the profit function is assumed to be quadratic. To make the problem interesting, we impose π y θ = 0, meaning that the impact of the shock on profits at least partially transits through the individual decision y. Moreover, to ensure a unique and bounded equilibrium, we have the following assumptions: π yy < 0 and -π yY /π yy < 1.

The former imposes concavity at the individual level, so that best responses are well defined.

The latter is equivalent to ensuring the uniqueness of the equilibrium2 . This hypothesis is central because it avoids any problem of multiple equilibria due to strategic effects. To have a unique and bounded first best allocation, we also assume that

π yy + 2π yY + π Y Y < 0.
The realisation of the exogenous shock θ is drawn from a normal distribution with mean θ and variance 1/τ θ . Farmers are imperfectly informed about it. They observe an exogenous private signal s i = θ + ˜ i and an exogenous public signal z = θ + ũ. In concrete terms, the private signal may be interpreted as local observations by farmers, and the public signal as climate forecasts or public statements about agricultural policies. The noises ˜ i are independent and identically distributed with ˜ i ∼ N (0, 1/τ ) and cov( θ, ˜ i ) = 0. We assume individual noises cancel out on average which means that 1 0 i di = 0. Similarly ũ ∼ N (0, 1/τ u ) and cov( θ, ũ) = cov(˜ i , ũ) = 0. In the following we will refer to the variables τ θ , τ and τ u as the precision of the corresponding random variables. Defining the relative precision of public information δ = (τ u + τ θ )/(τ u + τ θ + τ ),

we have E θ | s i , z = (1 -δ)s i + δZ, where Z corresponds to E θ|z , i.e total available public information (see appendix D).

Farmers choose y i as the solution to max

y i E π(y i , Y, θ) | s i , z .
Angeletos and Pavan ( 2007) provide a solution for this type of model. With perfect information, there is a unique market equilibrium κ solution of π y (κ, κ, θ) = 0 where anticipations are equal to realisations. Given that π is quadratic, this equilibrium is linear in θ so that κ = κ 0 +κ 1 θ. Moreover π y (y i , Y, θ) is a linear function of its arguments and π yy , π yY and π y θ are constants. It follows that π y (κ, κ, θ) = π y (0, 0, 0) + κπ yy + κπ yY + θπ y θ = 0 which gives κ 0 = -π y (0, 0, 0)/[π yy + π yY ] and κ 1 = -π y θ/[π yy + π yY ].

Let's now turn towards the imperfect information problem. Following [START_REF] Angeletos | Efficient use of information and social value of information[END_REF] we define "the equilibrium degree of coordination" α = -π yY /π yy which shows how much agents value coordination. If α = 0 we have a pure prediction model. If α = 0 we can have either strategic complementarity or substituability. In the following, we restrain ourselves to the case α ≤ 0, i.e to strategic substituability. Indeed, farmers' production decisions are mainly strategic substitutes through prices: higher individual acreage allocations lead to a higher production which in turn reduces prices.

We can show that (see proof in appendix E):

y i (s i , Z) = κ 0 + κ 1 [(1 -γ)s i + γZ] where γ = δ + αδ(1 -δ) 1 -αδ(1 -δ) . (5.1)
With incomplete information the decision depends on (1 -γ)s i + γZ which is an estimation of θ based on both public and private information, with weighs that reflect the relative precision of public and private information δ and the equilibrium degree of coordination α. Substituability increases reliance on private information compared to the pure prediction case.

Propositions 5.1 and 5.2 imply that for reasonable levels of strategic substituability, and if private information is not too precise compared to public information, more information leads to more variable acreage allocation. This is a general result about the effect of information on economic decisions, that has been recently highlighted by [START_REF] Steinwender | Information frictions and the law of one price: "when the states and the kingdom became united[END_REF]. [START_REF] Steinwender | Information frictions and the law of one price: "when the states and the kingdom became united[END_REF] investigates an increase in information precision through the establishment of the transatlantic telegraph connection in 1866 and its impact on cotton export volumes between the United States and the United Kingdom. She shows theoretically and confirms empirically that trade volumes became more volatile after the telegraph, which corroborates proposition 5.2 about public information.

Two factors explain this result: the weight that farmers put on the noise ũ in the public signal, and the weight on the fundamental θ. First, in the presence of a public signal, farmers take into account the noise in the public signal which brings non fundamental volatility, i.e volatility that is not due to the underlying shock θ.

Second, better information allows farmers to put more weight on the fundamental. The more information farmers have the more their actions are contingent on the state of the world, which increases variations in aggregate acreage allocation. To understand the intuition, we compare the situation with no information to the perfect information case. Without any signal, Y is equal to κ 0 +κ 1 θ which implies that there are no changes in allocation across periods so the variance is equal to 0. With perfect information Y is equal to κ 0 + κ 1 θ with a variance κ 2 1 /τ θ . Perfect information allows agents to have a perfect estimation of the shock. As θ is variable, their allocation decision is variable too. However, propositions 5.1 and 5.2 show that there are constraints on the level of strategic substituability and on the precision of the signals to observe this effect. To understand why, we rearrange the term containing the weight on the fundamental in the expression of aggregate acreage allocation in equation ( 5.2) and get

κ 1 τ u + τ τ θ + τ u + τ -α τ τ θ (τ θ + τ u + τ ) 2 -α(τ θ + τ u )τ .
The term on the left corresponds to the weight without strategic substituability, i.e for α = 0, in which case an increase in the precision of information makes aggregate acreage allocation more variable because agents put more weight on the fundamental. However, adding strategic issues reduces this effect. Indeed, because of substituability, agents tend to avoid coordination which creates an asymmetry in the role of private and public information: because public information is common to all farmers, it is less valued than private information. On one hand farmers appreciate increases in the precision of information, but on the other hand they do not value the coordinating role of the public signal. If public information is not precise enough compared to the private signal (τ u < τ * u (α, τ u , τ θ )) or equivalently if the private signal is too precise compared to public information (τ > τ * (α, τ u , τ θ )), the second effect can dominate: with better public information, farmers put a lower weight on the fundamental to avoid coordination. This leads to lower variations in aggregate acreage allocation. Simulations reported in figure 5.1 show that as strategic effects become stronger (|α| increases), the constraints on τ and τ u become more important: τ * (α, τ u , τ θ ) increases and τ * u (α, τ u , τ θ ) decreases.

Consequences on price volatility

When provided with information, farmers adapt their production decisions to the shock in order to maximize their expected profits. If their choices are correlated, this leads to variations in total food supply, which in turn affect the price. In some cases the price can also be directly affected by a shock on demand or on production for example. The effect of the precision of information on price volatility can then be divided in two cases: either the price is affected directly by the shock and indirectly by the production decisions of farmers, or it is only indirectly affected by farmers' choices.

In the latter case, the price is a function p(Y ) of the aggregate acreage allocation. Second order

Taylor expansions with the delta method [START_REF] Oehlert | A note on the delta method[END_REF] provide an approximation of the variance of the price in this case, as long as the variance of Y is not too high and p(.) is not highly non-linear: (5.4) This equation implies that if the variance of the aggregate acreage increases, then the variance of the price increases too. In particular, more precise information should increase food price volatility in this case.

Var [p(Y )] ≈ p (E [Y ]) 2 Var [Y ] .
When the price is affected both indirectly by the production decisions of farmers and directly by the shock, the result is ambiguous. To understand the intuition, take the following example: assume that there is a global demand shock that reduces prices. Farmers should react to information about it by producing less, which will in turn stimulate prices. The direct effect of the shock and the indirect effect through the decisions of farmers go in opposite directions, and sometimes compensate each other. Hence, depending on the relative importance of each effect, a better precision of information can either increase price volatility or decrease it.

Applications

In the previous section we used a general framework to investigate the role of information on farmers' acreage decisions. We now analyse specific cases to see how those results can shed light on the effect of information on food markets volatility. We develop four applications: shocks on productivity in a small country, shocks on input prices, shocks on production, and shocks on demand.

Productivity shocks in a small country

We start by the case of a small country facing productivity shocks. World prices are exogenous and are assumed to be constant. Let p w denote the world price and θ a stochastic yield. Farmer i chooses his landfarm acreage y i , with returns p w θy i . He bears a quadratic cost y 2 i /2. Hence his profit function is given by

π = p w θy i - y i 2 2 .
This expression fits the model described in the previous section. It is an example of a pure prediction model: the decision of each farmer does not depend on the aggregate decision Y , but only on the stochastic yield θ.

We investigate the effect of information on food market volatility. The equilibrium degree of coordination α is equal to 0. In that case, increasing the precision of private and public information increases the variations in aggregate acreage allocation, according to propositions 1 and 2. Indeed, following equation (5.1) and developing we have

y i (s i , Z) = p w [(1 -δ)s i + δZ] = p w τ s i + τ u z + τ θ θ τ + τ u + τ θ .
Summing over all individuals, total acreage is

Y = 1 0 y i di = p w τ θ + τ u z + τ θ θ τ + τ u + τ θ
because individual errors cancel out on average. The variance of Y is

p 2 w (τ u + τ ) 2 /τ θ + τ u (τ u + τ θ + τ ) 2 .
It is easy to check that the variance increases with both τ u and τ , without any constraint on the precision of information.

Because total acreage allocation is positively related to productivity shocks (as Y = 1 0 E p w θ | s i , z di), a better precision of information not only increases variations in aggregate acreage allocation, it also increases the volatility of total production Y θ.

Corollary 5.3. In a small country facing constant exogenous prices and domestic productivity shocks, volatility of production is increased by a higher precision of information.

For instance, corollary 5.3 applies to the end of the 1990s and the beginning of the 2000s, period during which the world price of cereals could have been considered as quite stable. According to the corollary, during that period, more accurate information about local production shocks would have increased inter-annual variations in production for small regions well-integrated in world markets.

Farmers' anticipations of supply shocks would have been more accurate, hence amplifying variations in supply. For example, more precise climate predictions about the 2003 drought in France would have increased the drop in cereal production (in favour of more adapted crops).

We also wonder how expected profits are affected by information. Ex-ante, the expected profit of farmer i is E[π] = E p w θy i -y 2 i /2 . Rearranging and replacing y i by its expression, we have

E (p w θ) 2 2 - (y i -p w θ) 2 2 = p 2 w 2 + p 2 w 2τ θ - p 2 w 2(τ θ + τ u + τ ) .
The first two terms correspond to expected profits with perfect information and the last term represents the losses due to individual errors in forecasting, i.e the cost of imperfect information.

It is easy to check that increasing the precision of the public or the private signal has a positive impact on expected profits: farmers benefit from a higher precision of information (increase in τ and τ u ), as it lowers the mistake due to imperfect information. This is coherent with empirical findings showing that improved climate predictions [START_REF] Sivakumar | Climate prediction and agriculture[END_REF] or precision agriculture [START_REF] Tey | Factors influencing the adoption of precision agricultural technologies: a review for policy implications[END_REF] improve production decisions which boosts yields and quality.

For Indian farmers, [START_REF] Birthal | The impacts of information on returns from farming: evidence from a nationally representative farm survey in india[END_REF] finds that information increases net incomes by 12%.

Note that with productivity shocks incentives for volatility reduction are the opposite of those for expected profit maximization. If a decision maker was looking for a trade-off between expected profits maximization and volatility minimization, there should be an optimum between perfect public information and infinitely noisy signals.

The case of productivity shocks in a small country illustrates in the most simple way the results of propositions 5.1 and 5.2. However, because of the assumption of small country, prices are exogenous so variations in aggregate allocation do not translate into price volatility. In the following applications, prices are endogenously determined by the production decisions of farmers. "from $60 per barrel to $80 per barrel in just 6 months" [START_REF] Timmer | Reflections on food crises past[END_REF]. We wonder whether more accurate information about input prices would mitigate or amplify food price variations.

Shock on input prices

We assume that total production costs are the sum of input costs θy i and of a quadratic cost y 2 i /2 due to other inputs not affected by the shock. Returns are assumed to depend on a constant yield r and on the output price, expressed as p(Y ) = A -rY , where A is a constant and rY is total production. This framework corresponds to our model, as profits for farmer i are given by

π = y i rp(Y ) - 1 2 y i 2 -θy i .
This equation implies that the equilibrium degree of coordination α is equal to -r 2 . Here α < 0 corresponds to strategic substituability. It comes from the price effect: a higher aggregate acreage allocation decreases prices and decreases incentives to produce. For r ∈ [0; 1], more private information increases variations in aggregate allocation, according to proposition 5.1. For r > 1, the same result stands only if the precision of the private signal is not too high (τ < τ * (α, τ u , τ θ )). In parallel, improvements in the precision of the public signal increase variations aggregate allocation

only if τ < τ * * (α, τ u , τ θ ).
How is price volatility affected by the precision of information? The price is given by p(Y ) =

A -rY . In that case σ 2 p = r 2 σ 2 Y , i.e if a higher precision of information, either public or private, increases price volatility if and only if it increases variations in aggregate allocation. Actually the approximation given by equation (5.4) is exact because we use a linear expression for the price.

Corollary 5.4. In the case of shocks on input prices, a higher precision of information increases price volatility if the private signal is not too precise.

Rising oil prices are believed to be one of the triggers of the 2007-08 food price spike. If such a situation should happen again, our results predict that increasing the quality of predictions about input prices would make production more variable and thus increase the variations in food prices.

The fact that more information about oil prices leads to higher food price variations may at first appear counter-intuitive but can be explained in this context: given their profit function, farmers anticipating a surge in input costs tend to reduce their production. This puts in turn an upward pressure on grain prices. As long as oil is an essential input used by most farmers around the world, any anticipation of oil price variation will translate in global food price variations. If information tends to amplify price variations, what can be done to avoid excessive volatility due to farmers' anticipations of oil prices ? A first solution would be to maintain relatively stable agricultural input price through financial transfers such as tax and subsidies. Another solution would be to reduce the dependence of agriculture on fuel. This could be achieved by using less input-intensive varieties for instance, which is otherwise recommended both for environmental purposes and for the necessary energy transition.

Correlated production shocks

The previous application has shown how information may increase both production and price volatility. We now illustrate a case in which information has a stabilizing effect on prices. We assume that crops are affected by production shocks that are correlated across locations. It is generally considered that agricultural production shocks cancel out at large scales, allowing for a relatively stable world grain production. However, there are frequent exceptions to this rule.

Unrelated environmental shocks may happen by chance the same year in different countries, as in 1973-74 for several crops or in 2007-08 and 2010-11 for wheat. There also exists significant weather events such as El Niño that affect several regions of the world simultaneously. This section investigates the role of information in the case of such a global supply shock.

We consider additive shocks on the acreage decision y i . Specifically, farmer i produces y i + θ + ηi , where the production shock is decomposed into a global supply shock θ and a local component ηi . The local shocks are assumed to cancel out at the aggregate level, i.e 1 0 ηi di = 0. Hence total production is equal to Q = 1 0 (y i + θ + ηi )di = Y + θ. The price is given by the p = A -Q. In that case, the returns for farmer i are

π(y i , Y, θ) = (A -Y -θ)(y i + θ + ηi ) -y 2 i /2,
where the second term represents the quadratic cost associated with the acreage decision y i . This is a special case of our base framework, in which "the equilibrium degree of coordination" is α = -1.

It follows that more private information increases variations in acreage allocation. Similarly more precise public information increase variations in aggregate allocation as long as private information

is not too precise.

The price is defined by p = A -Y -θ. Using equation (5.2) to replace the acreage allocation by its expression we get

p = A -κ 0 -θ 1 + κ 1 (τ u + τ θ -γτ θ ) τ u + τ θ - ũ κ 1 γτ u τ u + τ θ
where κ 0 = A/2 and κ 1 = -1/2. Consider the hypothetical case where prices are only affected by exogenous shocks. Adding strategic effects reduces the direct impact of the shock on prices, because aggregate acreage is negatively correlated to the shock. The volatility of prices is

σ 2 p = 1 τ θ 1 + κ 1 (τ u + τ θ -γτ θ ) τ u + τ θ 2 + κ 2 1 γ 2 τ u (τ u + τ θ ) 2 .
(5.5)

Figure 5.2 illustrates the magnitude of the direct impact of the shock on prices and the indirect impact through farmers' production decisions, on aggregate acreage allocation and prices. Note that the indirect effect through Y is lower than the variance of θ.

Corollary 5.5. When agriculture is subject to correlated supply shocks, volatility of prices is decreased by a higher precision of private information. More precise public information reduces price volatility if private precision is not too high compared to public information.

Proof in appendix H.

With a shock on input prices, we showed that a higher precision of information increases price volatility. We find the opposite here, which suggests that the origin of the shock is a decisive factor to analyse the impact of farmers' information on price volatility. With production shocks, the price is affected by the shock both directly and indirectly through variations in aggregate acreage allocation. Because acreage is negatively correlated to the shock, both effects go in opposite directions. Hence the results about acreage variations are reversed for price volatility: increasing the precision of private information leads to a decrease in price volatility.

We believe that this case is of particular relevance, as global supply shocks already affect agriculture and are likely to be more frequent because of climate change. According to corollary 5.5 improving climate predictions or anticipating pest invasions will be crucial in mitigating food price volatility.

Demand shocks

We now investigate the case of food demand shocks, such as changing diets in Asian countries or the development of biofuels. The latter is an instance of an unanticipated food demand shock that is cited among the main underlying causes of the 2007-08 food price spike [START_REF] Wright | Global biofuels: key to the puzzle of grain market behavior[END_REF].

With more information about biofuel policies and their global implications on food demand, would farmers' adaptations to the structural changes in the market have mitigated the food crises ?

We consider that demand for food commodities is affected by a stochastic shock θ ∼ N (0, 1/τ θ ).

Demand is expressed as A -θ -p where A is a constant and p is the price. Total production is equal to rY where r is the constant yield. Equalisation of supply and demand leads to a price3 p = A -θ -rY.

Profits for farmer i are given by

π = pry i - 1 2 y 2 i .
This formalization is very similar to the previous case. As with correlated production shocks the price is affected both directly by the stochastic disturbance and indirectly through Y , which leads to the same conclusion (the proof is very similar to that of the previous case):

Corollary 5.6. When the price of agricultural commodities is subject to exogenous demand shocks, volatility of prices is decreased by a higher precision of private information. More precise public information reduces price volatility if private precision is not too high compared to public information.

There are many examples of demand shocks in agriculture. Among others we can cite the introduction of biofuel mandates or changing diets in Asian countries. Our model predicts that more precise information about those shocks would reduce food price volatility. This points to the importance of providing reliable predictions about demand patterns, for meat consumption in Asia for instance, to prevent excessive food price variations in the future.

Discussion

This chapter was based on several core assumptions, that we briefly discuss now. First, we assumed that each farmer plants a single type of crop. For several reasons including risk management, environmental concerns and recent regulations (for example in the European Common Agricultural Policy), crop diversification is increasingly favoured by farmers. Hence the assumption of a single crop is not realistic. However explicitly introducing different crops is out of the scope of this chapter4 . Another way to investigate diversification in this model would be to consider a reduction of the exposure to exogenous shocks. Indeed diversification is shown to have a risk-reducing effect, because different crops are not affected the same way by an environmental shock. This is equivalent to reducing the amplitude of environmental shocks which could be modelled by an decrease in the variable σ 2 θ .

Second, we focused on acreage decisions and left aside other agricultural decisions which are also affected by farmers' information. Long term investments depend on knowledge about future climate changes or about the potential returns of an innovation. Input use is highly dependent on weather forecasts and pest and soil observation. Investment on futures markets depend on market predictions. Exploring the role of information on investments, input use or marketing choices will bring a more complete picture of the relation between information and farming.

Third, we assumed that farmers were identical except for their set of information, which is not a crucial assumption (the same results would have been obtained with only public information). In practice farmers are heterogeneous in their land constraints, their income level, their adaptation possibilities, their access to information, etc. The mechanisms described in this chapter would not fundamentally change by including heterogeneity. Farmers would still adapt to exogenous shocks under some constraints about their information and abilities, so that the amplitude of the aggregate adaptation may change, but not the direction.

Fourth, many models of imperfect information study social learning, i.e learning from one's pears or neighbours. [START_REF] Chamley | Rational herds: Economic models of social learning[END_REF] shows that social learning is particularly relevant for agricultural decisions such as the adoption of an innovation. A possible extension of this chapter would be to include learning from the decisions of other farmers, by differentiating between 'informed' and 'uninformed' farmers. This is a classic method in this literature (see Vives, 2010, chapter 5, for instance) used when a share of the population is significantly less informed that others and observes the choices made by the more informed ones. This method is justified in agriculture as farmers' use of information is unequal depending on individual characteristics such as income level, social origin or education [START_REF] Birthal | The impacts of information on returns from farming: evidence from a nationally representative farm survey in india[END_REF].

Last, we only allowed for common exogenous shocks that affected all individuals equally. The model may be modified to allow for asymmetric shocks such as exchange rate variations, local productivity shocks (the green revolution in India), local extreme weather events, etc. The aggregate reaction to the shock is likely to depend on the relative size of the region affected compared to the rest of the world.

Conclusion

Food markets volatility has many causes, one of which is variations in production. So far, those variations have been explained by exogenous shocks affecting crops or by endogenous errors in anticipations due to non-rational expectations. In this chapter we propose an alternative source of food market volatility: the production decisions of rational farmers under imperfect information about exogenous shocks. We wonder how the precision of information about those shocks affects their choices and food markets volatility.

We assume that farmers make continuous acreage decisions, based on private and public information. We show that if private information is not too precise compared to public information, better signals lead to endogenous volatility in total acreage allocation. The intuition behind this result is that more precise information makes farmers' decisions more contingent on the state of the world, which is variable. Moreover if they rely on the public signal, they also put weight on the noise in the public signal, which brings additional volatility.

Another important result of this chapter is that while improving the quality of information tends to increase variations in aggregate acreage allocation, it does not necessarily reduce price volatility.

If the price is only indirectly affected by the shock through the production decisions of farmers, it is actually the opposite: when the precision of private information is not too large, more information increases price volatility. If the price is affected by the shock both directly and indirectly through Chapter 6

Crop variety choice under imperfect information

Introduction

In chapter 5, we analysed a specific type of agricultural production decision, farmland acreage.

This chapter is a first extension of that model. We investigate how farmers choose seed varieties.

Specifically, they choose between two types of crops that are affected differently by exogenous shocks. They consider for example a drought resistant variety compared to a classic variety of rice, to adapt to changing climate conditions. Technically, this issue allows us to study the difference between a discrete and continuous decision set. In the previous chapter, decisions very made on a continuous decision set. We wonder if the results are affected when the decision belongs to a discrete decision set.

We investigate how volatility is affected by the precision of information and wonder if uniqueness of equilibrium prevails when farmers face discrete choices. For tractability, only global demand shocks are considered. Depending on the variance of the shocks and on the precision of information, two situations can happen. First, when there is information with poor precision and highly volatile shocks, there is a unique rationalizable equilibrium. In that case, a higher precision of information increases production volatility, as in the previous chapter, but only decreases price volatility for the crop that is the most affected by the shocks. The intuition is the following: a positive shock directly increases prices, but also leads to an increase in the production of the crop that gains most from this shock, which indirectly decreases the price of that crop and increases the price of the other crop. For the most affected crop, it follows that price volatility decreases with higher precision of information, and the reverse is true for the least affected crop.

Second, when information is precise or the variance of shocks is low, multiplicity can arise, which increases uncertainty in agricultural markets. This is a source of volatility that did not appear in the acreage decision model, because continuity in the signals and the decision set prevents herds or sunspot equilibria from happening. However, it may have substantial effects in agricultural markets.

In the literature, multiple equilibria rarely appear in models with continuous choices. One exception is frameworks with endogenous learning when there is complementarity in information acquisition. This is the case in Amador andWeill (2012, 2008), [START_REF] Gaballo | Price dispersion and private uncertainty[END_REF] and [START_REF] Manzano | Public and private learning from prices, strategic substitutability and complementarity, and equilibrium multiplicity[END_REF]. In those papers, several shocks (with different sources of information for each shock) create endogenous private learning which leads to complementarity in information acquisition. In that case, multiple equilibria can arise. For example in [START_REF] Amador | Learning from private and public observations of others? actions[END_REF], agents use public information to extract more precise private information. Increasing the reliance on private information leads to better public and private information. It gives an incentive to rely more on the private signal. There is complementarity in information acquisition: if others rely more on private information, one has an incentive to put more weight on his private signal too. Depending on the relative precision of the signals, multiple equilibria can arise.

We now leave aside continuous choices and move toward a discrete model. In the literature on imperfect information, the possibility of different outcomes unrelated with the fundamentals of the economy can be found with rational herds [START_REF] Chamley | Rational herds: Economic models of social learning[END_REF]. This happens when agents act sequentially and observe each other. The information they extract from the action of others quickly becomes null as people rely less and less on their private signal. In such models, the outcome depends on the actions of a few agents who play first: there is path-dependency in herding models. Most of this branch of the literature focuses on learning without strategic externalities.

Strategic externalities and especially complementarity are a significant source of multiple equilibria in economic models. We saw an example of this with global games: with perfect information, agents can coordinate on two different outcomes. The choice of one of those equilibria is unrelated to the underlying state of the world.

We analyse a model where farmers make a discrete decision that depends both on the expected production shock and on what other farmers will decide. The problem is very similar to the global games framework [START_REF] Morris | Social value of public information[END_REF] in which there is strategic complementarity and imperfect information. Agents form private beliefs about the state of the world and about the others' beliefs based on a private signal. [START_REF] Morris | Social value of public information[END_REF] consider a threshold strategy around a cutoff point: agents choose one action as long as their signal is below the cutoff point and the other action when it is above. This is possible because there are extreme values for the state of the world for which agents have a dominant strategy whatever the choices of others. Between those values the decision depends on the aggregate action. Agents use their private beliefs to estimate the aggregate choice and infer the equilibrium threshold strategy. For some values for the precision of public and private information there can be multiple equilibria.

Global games rely on the fact that actions are strategic complements and they cannot easily be extended to more general situations. In our model though, farmers' decisions are strategic substitutes through the price effect. [START_REF] Morris | Coordinating expectations: Global games with strategic substitutes[END_REF] manage to solve this problem. We build on their framework to model farmers' choice of varieties. Most of the computations are adapted from [START_REF] Morris | Notes on strategic substitutes and complements in global games[END_REF].

The rest of the chapter is organized as follows. Section 6.2 presents the model and derives the conditions for the existence of an equilibrium. Section 6.3 investigates the properties of this equilibrium, and in particular market volatility. The conditions for multiplicity are derived in section 6.4. Section 6.5 concludes.

Model

We consider a continuum of farmers indexed by i ∈ [0, 1]. Each farmer chooses between two crops (a or b). Total farming acreage is fixed and equal to 1. It is divided equally among farmers. Moreover we assume that the yield is constant.

A global shock θ ∼ N ( θ, 1/τ θ ) affects demand, but at different scales for each crop. The factor δ k ∈ [0, 1] represents how much crop k is affected by the shock. We assume that δ a > δ b . Uncertainty comes from that exogenous shock and from strategic substituability through the price effect. Prices for both crops are determined on two separate markets with possibly different demand Each farmer observes a private signal about the shock s i = θ + i where i follows a normal distribution with mean 0 and variance 1/τ . Unlike the previous chapter, we assume there is no

parameters 12 : pk = A k + δ k θ -Q k with k ∈ {a, b}.
public signal 3 . Farmer i chooses crop a over crop b if E [p a | s i ] > E [p b | s i ] and the expected gain from choosing a over b is E [p a | s i ] -E [p b | s i ].
We denote Q k the proportion of the farmers choosing crop k which also corresponds to the production of crop k. Note that

Q a + Q b = 1 because
total farming acreage is fixed and equal to 1.

With private information, agent i updates his belief about θ to a random normal variable with mean (τ s i + τ θ θ)/(τ + τ θ ) and variance 1/(τ + τ θ ). He knows that the other agents receive a private signal centered on θ with a noise ˜ j . For agent i the variance of the signals of other agents

is 2τ + τ θ τ (τ + τ θ )
.

Thus the expected proportion of agents observing a signal less than

s * is Φ   τ (τ + τ θ ) 2τ + τ θ s * - τ s i + τ θ θ τ + τ θ  
Suppose that all players follow the threshold strategy around s * , ie. everyone receiving a signal lower than s * chooses b and the rest chooses a. Indeed for a negative shock, farmers want the shock to have the lowest impact possible so they prefer crop b while for a positive shock they prefer crop a (see Figure 6.1). Then the expression above is exactly

E [Q b | s i ].
We define the expected gain of choosing a over b by u(s i , s * , θ) 4 . We have

u(s i , s * , θ) = A a + δ a E θ | s i -E [Q a | s i ] -A b -δ b E θ | s i + E [Q b | s i ] . Using Q a + Q b = 1 we have u(s i , s * , θ) = A a -A b -1 + (δ a -δ b )E θ | s i + 2E [Q b | s i ] .
This translates into

u(s i , s * , θ) = A a -A b -1 + (δ a -δ b ) τ s i + τ θ θ τ + τ θ + 2Φ   τ (τ + τ θ ) 2τ + τ θ s * - τ s i + τ θ θ τ + τ θ   .
A necessary condition for the existence of a unique threshold equilibrium is the existence of a unique s * such that u(s * , s * , θ) = 0. A sufficient condition for this to be an equilibrium is du(s i , s * , θ)/ds i > 0. Indeed if this condition holds, farmers' incentives to choose crop a increase as their private signal increase. Hence all agents receiving a signal lower than s * would choose b and the others would choose crop a. We show that

δ a -δ b ≥ 2τ (τ + τ θ ) π(2τ + τ θ )
is a necessary and sufficient condition for the existence of a solution. In this case the solution is unique (proof in appendix I).

Production and price volatility

When there is a unique equilibrium, all agents with a signal lower than s * choose crop b. Farmers' private signals follow a normal distribution around θ with precision τ , so total production of crop a and b are

Q b = Φ √ τ (s * -θ) and Q a = 1 -Φ √ τ (s * -θ) .
Notice that Q a and Q b are random variables that do not follow a normal distribution, so we have to approximate the variance. Second order Taylor expansions with the delta method [START_REF] Oehlert | A note on the delta method[END_REF] give good approximations as long as the variance of θ is not too high and τ is low5 . We obtain the following approximations for the variance of the aggregate productions

Q a and Q b Var [Q a ] = Var [Q b ] ≈ τ τ θ φ √ τ (s * -θ) 2 .
As in the previous chapter, increasing the precision of private signals increases production volatility. Prices are

p k = A k + δ k θ -Q k for k ∈ {a;
b} so the variance of prices is approximated by

Var [p a ] ≈ δ a - √ τ φ √ τ (s * -θ) 2 /τ θ and Var [p b ] ≈ δ b + √ τ φ √ τ (s * -θ) 2 /τ θ .
For crop b, a positive shock directly increases prices. It also indirectly increases prices through a lower production of crop b. In that case, a better precision of private information increases prices volatility. We find opposite results for crop a, because a positive shock directly increases prices but also indirectly decreases prices through a higher production of crop a. Hence, a better precision of private information tends to decrease prices volatility. In the previous chapter about acreage decisions we found that better information reduces prices volatility in the case of a demand shock.

Here, it is only true for the crop that is most affected by the demand shock, because a higher positive shock increases the production of that crop, as illustrated in figure 6.2.

Uniqueness and multiplicity

Morris and Shin (2009) use the notion of rationalizable decisions6 (Guesnerie, 1992) to argue that uniqueness does not ensure that the equilibrium is reached 7 . In some cases, the set of rationalizable strategies is not reduced to a unique strategy. Then, the alternative is a multiplicity of rationalizable strategies, or equivalently a multiplicity of equilibria.

We show that there is a unique rationalizable strategy if and only if

1 [δ a -δ b ] 2 (τ + τ θ )(2τ + τ θ ) τ ≤ π 2 (proof in appendix J).
If the precision of private information is high enough, multiplicity can occur. For a low precision of private information, there can still be multiplicity if the variance of the shock is relatively high. (which allows for the less restrictive condition possible). Then for a variance of the shock that tends to 0, the precision of private information has to be lower than π/4. In most cases, this condition will not be verified, and there will be "multiplicity" as defined by [START_REF] Morris | Coordinating expectations: Global games with strategic substitutes[END_REF].

strategies is reduced and the same argument is used in the next step. Iterating this, the limit of the sequence of sets is the set of rationalizable strategies.

7 Usually, the method of [START_REF] Guesnerie | An exploration of the eductive justifications of the rational-expectations hypothesis[END_REF] is used to select a single equilibrium when there is a multiplicity of possible equilibria. This is the case in global games for example [START_REF] Morris | Social value of public information[END_REF]. Here it is the contrary: the same method is used to show that there can be multiple rationalizable strategies.

Specifically we can define an interval [z, z], such that for all private signals comprised in that interval, farmers could rationally choose any crop, which gives an infinity of equilibria. In that case, production of crop b is comprised between

Q = Φ( √ τ (z -θ)) and Q = Φ( √ τ (z -θ)).
Because prices are defined by

p k = A k + δ k θ -Q k , they are also comprised in an interval [p, p].
If the shock is far from the interval [z, z], then the proportion of farmers for which any choice is rationalizable is low. In that case, the upper and lower bounds of total production Q and Q are close from each other. However if the realized shock is contained in [z, z], the proportion of farmers with a signal within the interval is high. In that case, Q and Q can be far from each other so production and prices can be highly volatile. This is a form of volatility that did not appear in the previous sections with continuous decision sets.

Conclusion

In this chapter we analysed the effect of variety choice on production and price volatility in the case of a global demand shock. For low levels of information precision, there is a unique equilibrium and we can compare our results to that of the previous chapter. As in chapter 5, we find that a higher precision of private information increases production volatility. Moreover, a necessary condition for a better precision of private information to reduce price volatility is that the direct effect of the shock on prices and the indirect effect of the shock on production go in opposite directions. This condition held in chapter 5 when only one variety was considered. With two varieties, it holds only for the crop that is most affected by the shock, i.e that gains most from a positive shock. Hence for the most affected crop, more information reduces price volatility while for the other crop it increases it.

The model of variety choice allows us to study another form of volatility in agricultural markets that was absent from the previous chapter. With discrete choices, when the precision of private information is high enough, production and prices can be highly volatile as multiplicity arise. This result implies that when private information about demand shocks is precise, price volatility is high due to a multiplicity of rationalizable strategies. The improvement of information provision and diffusion may then be a factor accounting for the increased volatility observed in the recent years. In the previous chapter with continuous acreage decisions, more information about demand shocks was shown to decrease price volatility. With discrete variety choice, we find the reverse when private information is precise enough to allow for multiplicity. Additional theoretical and Chapter 6. Crop variety choice under imperfect information 123 empirical studies are needed to encompass both types of decisions in a single framework in order to determine the relative importance of both effects.

Chapter 7

Acreage allocation in two countries with overlapping crop calendars

Introduction

This chapter is a second extension of chapter 5, and more specifically of the model of acreage decisions under imperfect information about global demand shocks, presented in section 5.3.4. In that chapter, farmers took their acreage decision simultaneously. However, in practice, grains are produced in different regions of the world with slightly different crop calendars, which implies that farmers' choices are made sequentially. In this chapter, we introduce two countries to understand the implications of having overlapping crop calendars across the world in terms of information. To our knowledge, this issue has not been analysed yet.

We use a sequential model in which the world is divided into two regions. Both regions are affected by a global demand shock. Agents in region 2 observe the choices of agents in region 1 which gives them information about aggregate production and about the exogenous shock. We wonder how informational externalities affect total production volatility and expected profits for farmers. We find that volatility is reduced compared to the exogenous information case, because the proportion of farmers receiving public information is reduced, which implies that the noise in the public signal has a lower impact on total volatility. Expected profits are increased in region 2 compared to region 1 because the first player advantage of region 1 is lower than the two-fold informational advantage (information about the exogenous shock but also about the others' actions) of region 2.

2008), [START_REF] Gaballo | Price dispersion and private uncertainty[END_REF] and [START_REF] Manzano | Public and private learning from prices, strategic substitutability and complementarity, and equilibrium multiplicity[END_REF] show how endogenous information can lead to multiple equilibria when there is complementarity in information acquisition.

While the literature on endogenous information is quite large, it has rarely been extended with strategic externalities. A few papers deal with endogenous information and strategic complementarity, such as [START_REF] Angeletos | Crises and prices: Information aggregation, multiplicity and volatility[END_REF] or [START_REF] Challe | Market microstructure, information, aggregation and equilibrium unqueness in a global game[END_REF]. They use a framework very close to the models of [START_REF] Vives | Information and learning in markets: the impact of market microstructure[END_REF]. In a trading stage, private information is aggregated into a price that is then used as a public signal in the coordination stage of the game. The financial market provides an endogenous source of public information that allows agents to forecast one another's action in order to coordinate. [START_REF] Angeletos | Crises and prices: Information aggregation, multiplicity and volatility[END_REF] extend this framework in two ways.

First, note that the two stages of the game are both based on the same underlying state of the world, but are unrelated in any other ways. They enrich this by allowing for a feedback between the coordination stage and the trading stage. Second, agents are supposed to interact only in the coordination stage: they coordinate based on a noisy signal of the aggregate action. [START_REF] Angeletos | Crises and prices: Information aggregation, multiplicity and volatility[END_REF] allow for direct information within the coordination game about what others are doing. For example if some agents decide to attack a currency the other agents can observe it on markets and use this as an information both about the state of the world, and about what others are doing and thinking. This literature is limited to endogenous information and strategic complementarity, which can have many applications in macroeconomics or finance (currency crises, bank runs, financial crashes, etc.). In agriculture however farmers' production choices can be considered as strategic substitutes through the price. To our knowledge, there is no similar model with endogenous information and strategic substituability.

In the previous models, endogenous information came from the aggregation of agents' actions.

Another way to have endogenous information is to allow for sequential decisions and let agents observe their predecessors. This is the case in herding models for example [START_REF] Chamley | Rational herds: Economic models of social learning[END_REF]. Each agent takes a decision with private information and with the knowledge of what his predecessors have done. This literature focuses on the occurrences of informational cascades (when individuals ignore their private information) and herds (when agents take identical decisions). The sequential decision problem leads to informational externalities that are similar to the notion of endogenous information. A branch of the literature about social learning and herding allows for the presence of strategic externalities. Models with strategic complementarities are the most frequent but substituability has also been studied. [START_REF] Choi | Herd behavior, the" penguin effect," and the suppression of informational diffusion: an analysis of informational externalities and payoff interdependency[END_REF] was one of the first to introduce payoff externalities in herding models. He provides a framework for technology choice with strategic complementarity that includes risk aversion. He shows that herding arises to avoid revelation of further information. However, production of fresh products is bound to be consumed very quickly after the harvest. On the contrary, the price effect that we have analysed in the previous chapters and that will be central to the results of this chapter, comes from the fact that production from all regions is aggregated in a single market with a unique price. Tomatoes produced by the Netherlands in summer are not sold on the same market and at the same price as those produced by spain in winter.

Our model is more relevant for other agricultural products such as grains. In that case, storage makes it possible for regions with different growing seasons to sell their products on the same market. Farmers can actually observe what other regions have sown before making their choice, while knowing that the final selling price will depend both on their decision and on that of the other regions. Figure 7.1 illustrates the overlapping crop calendars in different regions of the world for a few grains including wheat and rice.

The literature about crop calendars is mainly focused on agronomic issues such as the impact of planting date on yields or on pest management. [START_REF] Sacks | Crop planting dates: an analysis of global patterns[END_REF] reviews a number of issues that farmers take into account when choosing a planting date: precipitations, temperatures, soil moisture, availability of labour and tractors, etc. To our knowledge, information issues linked to crop calendars have not been studied. We wonder how the information available because of the different planting dates across regions affects farmers' expected profits. We focus on the farmers' point of view, but such information about production may also be relevant for policy makers, or for experts willing to release forecasts about annual world production.

Strategic externalities with a subset of the population

We now turn to the model itself. The first consequence of the sequential decision model is that agents don't anticipate the choices of the whole population but instead of a subset of the population.

We slightly modify the framework of [START_REF] Angeletos | Efficient use of information and social value of information[END_REF] for a population different than 1.

We analyse a general framework where agents maximize a quadratic utility function U (q, Q, θ)

where q is the individual acreage decision, Q the aggregate acreage and θ the global price shock.

Assume that total population is P and consider a continuum of farmers indexed by i ∈ [0, P ]. Then the perfect information market equilibrium is the unique solution κ of U q (κ, P κ, θ) = 0. Given that U is quadratic, its second derivatives such as U qq or U qQ are constants. The perfect information market equilibrium is the solution of U q (κ, P κ, θ) = U q (0, 0, 0) + κU qq + P κU qQ + θU qθ = 0.

Rearranging we get κ = κ 0 + κ 1 θ, where κ 0 = -U q (0, 0, 0)/[U qq + P U qQ ] and

κ 1 = -U qθ /[U qq + P U qQ ].
In the incomplete information problem, farmers receive a private signal s i = θ + ˜ i where the ˜ i are independent and identically distributed normal variables with mean 0 and precision τ . The noises i cancel out at the aggregate level so that P 0 i di = 0. Farmers also receive a public signal z = θ + ũ where ũ is a normal variable with mean 0 and precision τ θ . We will use z * = E (θ|z) which is also a normal variable. Any solution q i must verify

E[U q (q i , Q, θ) | s i , z * ] = 0. Using U q (q i , Q, θ) = U (κ, P κ, θ) + (q i -κ)U qq + (Q -P κ)U qQ
and the fact that, by definition, U (κ, P κ, θ) = 0, this equation becomes

q i = E (κ -(Q -P κ)U qQ /U qq | s i , z * )
Using α = -U qQ /U qq we can rewrite this

q i = E (αQ + (1 -P α)κ|s i , z) .
As E θ|s i , z * is linear, we are looking for a symmetric equilibrium q i linear in s i and z * :

q i = as i + bz * + c.
Then Q = P a θ + P bz * + λc. Using E θ|s i , z * = (1 -δ)s i + δz * where δ = τu+τ θ τu+τ θ +τ , the expression of q i becomes q i = (1 -δ)(P αa + (1 -P α)κ 1 )s i + δ(P αa + (1 -P α)κ 1 )z * + P αbz * + P αc + (1 -P α)κ 0 which gives the following linear equilibrium

q i (s i , z * ) = κ 0 + κ 1 [(1 -γ)s i + γz * ] where γ = δ + P αδ(1 -δ) 1 -P αδ(1 -δ) .
Given those equations, we can now solve the sequential decision problem.

Sequential decision problem

We assume the world is divided into two regions affected by a global demand shock θ: region 1 with a population 1 -λ and region 2 with a population λ. Every farmer observes a private signal s i about the shock. There is no exogenous public signal. Moreover farmers in the second region (hereafter R2) observe the aggregate acreage decision Q 1 of the first region. We note the world acreage

Q 1 + Q 2 = Q.
We postulate (and prove in the following) that observing Q 1 in region 2 is equivalent to observing a signal z 1 = θ + ũ1 where ũ1 ∼ N (0, 1/τ u1 ). This is an endogenous public signal observed solely by agents in region 2.

Profits are given by π i = pq i -q 2 i /2 with prices p = A -Q -θ where A is a constant. We can now solve the problem using backward induction. In the second region, maximization with respect to the acreage decision gives the following first order condition

q i = E A -Q 1 -Q 2 -θ | s i , z 1 .
Using the method from [START_REF] Angeletos | Efficient use of information and social value of information[END_REF], this leads to

q i = κ 0 + κ 1 ((1 -γ)s i + γZ 1 ) where                      κ * 0 = A/2 κ * 1 = -1 + λκ 1 1 -γ τ θ τ u1 +τ θ 1+λ 2 γ * = δ * + (1-λ)α * δ * (1-δ * ) 1-(1-λ)α * δ * (1-δ * ) δ * = τ θ τ θ +τ α * = -1 1+λ .
The first implication of this equation is that

Q 1 = (1 -λ)[κ * 0 + κ * 1 (1 -γ * )( θ + ũ1 ) ] where ũ1 was defined as i∈R1 ˜ i /(1 -λ). The observation of Q 1 is informationally equivalent to z 1 = θ + ũ1 .
The precision of the noise depends on the correlation between the private noises i and also on the proportion of farmers living in region 1.

Note that the equilibrium degree of coordination in region 1 differs from region 2. In region 2, α = -1 as previously. In region 1 however there is a spillover due to endogenous information.

Indeed there is a first player advantage as the aggregate action in region 1 is already known by agents in region 2 when they take their decision. Because of strategic substituability, the choice of agents in 2 is negatively related with the aggregate action in 1, and agents in 1 anticipate this. This reduces the strategic effect for the agents that play first. While agents in region 1 have a first player advantage, agents in region 2 have informational advantages. They already know Q 1 so the uncertain part in the prices is reduced. It makes it easier for agents in region 2 to anticipate prices. Moreover Q 1 is equivalent to a signal about θ so agents in region 2 have more information about the state of the world. Those two sources of information lead to fewer mistakes and consequently less losses in region 2.

Total production

Total production in region 1 is

Q 1 = (1 -λ)[κ * 0 + κ * 1 (1 -γ * )( θ + ũ1 )]
and in region 2

Q 2 = λ(A -Q 1 )/(1 + λ) + λκ 1 (1 -γ)( θ + ũ2 ) + γ τ u1 z 1 τ θ + τ u1 .
Expressing Q 2 as a function of θ, ũ1 and ũ2 we get

Q 2 = λA 2 + λ κ 1 1 -γ τ θ τ u1 + τ θ - 1 -λ 1 + λ κ * 1 (1 -γ * ) θ + λ κ 1 γ τ u1 τ u1 + τ θ - 1 -λ 1 + λ κ * 1 (1 -γ * ) ũ1 + λκ 1 (1 -γ) ũ2 .
Variability of total production Q = Q 1 + Q 2 depends on the coefficients affecting θ and the noises ũ1 and ũ2 .

The coefficient before θ is very close to what we found previously without sequentiality or exogenous information. With this framework, it mainly varies according to λ. Because agents in region 2 have more information, they are able to estimate θ better than without public information. If there are many farmers in region 2 (λ high), the coefficient before θ is high and so is the resulting volatility.

On the other hand, if agents mainly live in region 1 (λ low) then volatility is low.

Without sequentiality or endogenous information, there is no noise in aggregate production (as long as there is no noisy public signal). Notice that Q is a function of ũ1 and ũ2 here, which tends to increase total volatility. The variance of ũ1 and ũ2 appear in the expression of total volatility for two reasons. First there is a public signal so the noise of in the public signal is taken into account in the aggregate production. Second, the errors in the private terms from region 1 and region 2 do not cancel out because agents in different regions put different weight on their private signals.

Even assuming that individual errors cancel out (basically the assumption we carried out in the previous sections), there will still be an effect on aggregate volatility.

The role of the noises ũ1 and ũ2 explains aggregate volatility in production. Volatility is increased compared to the private information case (no public signal so no noise), but not as high as in the private and public signal case (noise in the public signal taken into account by both countries).

Indeed, there is noise in the public signal, but it is only taken into account by the fraction of the population that lives in region 2 which reduces the effect of the noise.

The role of the precision of information has already been studied in the previous chapters. With a continuous decision set and a global demand shock, the results were the following. First, more variable shocks increase production and prices volatility. Second, more precise information entails a higher production volatility but reduces prices volatility. We find similar results in the two-countries model of this chapter. When the variance of the shocks increases, production and prices volatility increase too. When the precision of information (either private or public) increases, production volatility increases: more precision entails higher production volatility. Moreover prices volatility decreases when precision increases. Simulations were performed to illustrate those results (see figure 7.2).

Hence the impact of information on market volatility is similar when information is endogenous as when it is exogenous. The only difference stands in the order of magnitude of price volatility. With endogenous information, volatility is reduced compared to the exogenous information case, because the proportion of farmers receiving public information is reduced which implies that the noise in the public signal has a lower impact on total volatility. This result should be taken carefully, as we have neglected any exogenous source of noisy information in this chapter for the sake of tractability.

A more realistic (but more complex) framework would encompass both endogenous and exogenous information, which will change the magnitude of volatility.

Expected profits

Expected profits for agent i are

E p2 2 - (q i -p) 2 2 .
Assuming (1 -λ)ũ 1 + λũ 2 = 0 1 the first term in expected profits is

p = A -Q 1 -Q 2 -θ = A 2 - 1 -λ 1 + λ κ * 1 (1 -γ * ) + λκ 1 1 - γτ θ τ θ + τ u1 + 1 θ - 1 -λ 1 + λ κ * 1 (1 -γ * ) -κ 1 (1 -λ)(1 -γ) - γλτ u1 τ θ + τ u1 ũ1 . Then E p2 2 = A 2 8 + 1 -λ 1 + λ κ * 1 (1 -γ * ) + λκ 1 1 - γτ θ τ θ + τ u1 + 1 2 1 τ θ + 1 -λ 1 + λ κ * 1 (1 -γ * ) -κ 1 (1 -λ)(1 -γ) - γλτ u1 τ θ + τ u1 2 1 τ u1 .
This term is common to all agents and encompasses the welfare with no information (A 2 /8) and the gains due to variability and strategic substituability.

The second term in expected profits depends on the individual prediction and forecasting errors made by agents. In region 1 we have

q i -p = κ * 1 (1 -γ * )˜ i + γ * 1 + λ 1 + λγτ θ τ u1 + τ θ θ + 1 -λ 1 + λ κ * 1 (1 -γ * ) -κ 1 (1 -λ)(1 -γ) - γλτ u1 τ θ + τ u1 ũ1
and in region 2

q i -p = κ 1 (1 -γ)˜ i + γτ θ τ θ + τ u1 θ + κ 1 (1 + λ) γτ u1 τ θ + τ u1 -(1 -λ)(1 -γ) ũ1
Agents in region 2 have more information about the fundamental and about ũ1 . They tend to make less mistakes in their expectations. Moreover, they rely less on their private information so the mistake they make due to private noise is smaller. Because of these effects, agents in region 2 tend to have better anticipations which improves their expected profits.

On the other hand, agents in region 1 have a first player advantage. When the proportion of people in region 1 is high enough, expected profits in region 2 are reduced, which is illustrated by 1 In this chapter, the sum of individual errors is

1 0 idi = i∈R1 idi + i∈R2 idi = (1-λ)ũ1 +λũ2.
Hence assuming that errors cancel out can be written (1 -λ)ũ1 + λũ2 = 0. simulations in figure 7.3. In most cases however, expected profits are improved for agents in region 2 compared to those of region 1.

Note that the noise in the endogenous public signal is ũ1 = i∈R1 ˜ i /(1 -λ). It does not depend on any other parameter such as the precision of the other signals. Most models with endogenous information assume on the contrary that the endogenous public signal is dependent on the model's parameters, such as in [START_REF] Vives | Information and learning in markets: the impact of market microstructure[END_REF]. In that case agents actions have an impact on the precision of public information and then on expected profits or volatility. This feature does not appear in our model.

Expected profits are dependent on the precision of information and on the variance of the shocks.

As in the previous chapters, expected profits are increased by more variable shocks. Moreover, agents in region 2, who observe a public signal, benefit from an increase in the precision of public information. As long as the precision of private information is low, increasing it benefits all agents.

However, when the precision of the private signal is high enough compared to public information, farmers in region 2 lose their informational advantage. In that case, the first player advantage of farmers in region 1 is the main effect at stake, as illustrated by simulations in figure 7.4.

Considering information about market conditions (supply, demand, stocks), public information is likely to be more precise than private information. In that case our results imply that farmers' expected profits should be higher in regions with lagged crop calendars, because the first player advantage of the regions planting first is lower than the twofold informational advantage (information about the exogenous shock but also about the others' actions) of the regions planting afterwards. It is hard to estimate the concrete magnitude of this effect as many factors impact agricultural development, other than crop calendars. However information has been proven to bring substantial benefits to economic actors in many problems, especially in uncertain environments such as agriculture. This was shown in chapter 5 for example. Further research is needed investigate empirically the relation between farmers' income (or agricultural development) and crop calendars.

Conclusion

In this chapter we introduced two countries with overlapping crop calendars, which implies that production decisions are made in two regions at different dates. This allows farmers in the second region to observe endogenous information about the first region. Products from both areas are then sold on a common international market in which the price depends on total production and on an exogenous global shock.

Compared to the simultaneous case where public information was exogenous, volatility is reduced because the number of farmers receiving a public signal is reduced (it consists only on farmers in region 2). Hence the noise in the public signal has a lower impact on total volatility.

The main contribution of this chapter is to provide a better understanding of the implications of having overlapping crop calendars across the world in terms of information. For farmers in region 1, there is a first player advantage: they know that their actions impact those of farmers in region

Introduction

The World Bank estimates that 155 million people were pushed below the poverty line as a result of the price increase between January 2005 and December 2007 [START_REF] De Hoyos | Poverty effects of higher food prices: a global perspective[END_REF].

According to [START_REF] Martin | Export restrictions and price insulation during commodity price booms[END_REF] "45 percent of the increase in rice prices in 2006-08, and 30 percent of the increase in wheat prices, was due to insulating behavior" such as panics on imports and export restrictions. We aim at understanding the rationale for trade policies during food price spikes. Specifically, we investigate the role of imperfect information about international grain markets. This focus originates in the G20 initiative of 2011 to create AMIS (Agricultural Markets Information System), an information system aiming at increasing transparency on international markets.

The intuition behind this measure was that better informed countries were less likely to copy the behavior of others. The idea that transparency on markets is essential has been prevalent since the beginning of the XX th century and was introduced as one of the five conditions of pure and perfect competition. This idea has been nuanced since then, mainly following the intuition that more information may bring unwanted side effects when it is inaccurate, such as speculative bubbles and panic movements. [START_REF] Ezekiel | The cobweb theorem[END_REF] shows that providing information about past prices to agents with naive expectations may lead to divergent dynamics. [START_REF] Angeletos | Efficient use of information and social value of information[END_REF] prove that when there is noise in the public signal, this is reflected in the aggregate action of agents which entails volatility in the markets. The Grossman-Stiglitz paradox explains that better public information reduces reliance on private information, with in the worst case scenario no reliance at all. When public information is generated by the aggregation of private actions, then the public signal becomes uninformative [START_REF] Grossman | On the impossibility of informationally efficient markets[END_REF]. Even if transparency is the dominant paradigm nowadays, those theories show that in some specific cases, counter-intuitive effects can happen. We intend to investigate the theoretic economic rationale of transparency in the context of trade policies during food crises. We also wonder in what context governments and firms would truthfully reveal their information about production and stocks. It is commonly acknowledged that there is a lack of transparency in food markets, especially regarding stock levels. In their second annual report, AMIS noted difficulties in gathering data from national submissions. We investigate the incentives of trading countries to reveal their information on stocks and production. Similar behaviour can be found in financial markets with bubbles and herding behaviour. Our intuition is that the literature about herds and informational cascades may help understand the recent food crises. Chapter 9 reviews this literature and explains how informational cascades models can prove relevant to investigate trade policies during food price spikes.

In chapter 10, we consider a model of informational cascades with strategic complementarities similar to the one proposed by [START_REF] Dasgupta | Social learning with payoff complementarities[END_REF] to analyse the role of information in the choice of trade policies. We focus our analysis on exporting countries. We show that increasing the quality of information, either public or private, is beneficial. With better information, countries are less likely to make mistakes or to resort to the "safe" option -protectionism-because of lack of reliable data.

This confirms the utility of global information systems such as AMIS, but also points to the need to improve national information systems. Coherently with the lack of transparency about stocks and supply, we find that revelation of private information is not always beneficial for exporting countries.

Chapter 8

Food price spikes and trade policies

In this chapter we take an historical perspective on food crises. Examples of food price spikes are found in the crisis of 1973-1974, the food price surge of 2007-2008 or more recently in 2010-2011, among others. We review those examples in section 8.1 and their consequences in section 8.2.

Section 8.3 investigates the causes underlying the crises, with an emphasis on export restrictions in section 8.4. In section 8.5 we review the proposed solutions, including more transparency and better international coordination, which introduces the rationale for the informational perspective taken in the following chapters.

Review of past crises

Since the beginning of the 1970s, up to six food price spikes have been observed. Reactions from the agricultural sector and consumers have been unequal in each of these events. The crises of 1973-1974 and 2007-2008 are now famous examples of food crises, but spikes also happened in 1981, 1989, 1996 and 2010-2011, as shown in figure 8.1. This figure tends to show that the amplitude of the recent crises exceeded that of the previous ones. However this depends on the price index represented. For example [START_REF] Wright | The economics of grain price volatility[END_REF] uses deflated price indexes to compare the magnitude of the various crises and shows that the 1973-1974 spike was much higher than the recent ones. [START_REF] Timmer | Reflections on food crises past[END_REF] examines the history of the 1973-1974 crisis. It was rooted in a severe food shortage due to weather events, with a shortfall reaching almost 8% of consumption in 1972. In the case of rice, this was due to an important el Niño event in Southeast Asia in summer 1972. This led to a ban on rice exports from Thailand, the world's biggest rice exporter, in April 1973. In January 1974, rice exports from Thailand resumed and the world prices "were four times their level in early 1972" in real terms [START_REF] Timmer | Reflections on food crises past[END_REF]. Rice was not the only food commodity affected: in fall 1972, wheat and corn supplies were also reduced by bad weather in the northern hemisphere.

In addition to the food shortage, the Organization of the Petroleum Exporting Countries months" [START_REF] Timmer | Reflections on food crises past[END_REF], which was the first trigger of the crisis.

There was no drastic food shortage in 2007, but only a 3.9% reduction in wheat production, which implied a necessary small increase in wheat prices that year. Corn prices were under pressure because of biofuel production. However, rice supply had actually increased. From late 2006, panic started to arise on international markets for all grains. In the example of rice, export restrictions were implemented by several exporting countries, including Vietnam, India, China and Egypt, while some importers (including Saudi Arabia, Philippines and Nigeria) facilitated rice imports.

Starting in May 2007, there was an increase in wheat prices with a peak in February 2008, later followed by corn and rice prices. In the light of the price dynamics of the last decades, [START_REF] Timmer | Reflections on food crises past[END_REF] observes that food price spikes seem to be cyclical events occurring approximatively every three decades. The interpretation is the following. Spikes tend to be followed by investments from the agricultural sector, which brings prices down and allows for a period of relatively low and stable prices. Eventually low prices entail disinterest in agriculture which brings prices up and sets the scene for a new price spike.

Consequences of food price spikes

Episodes such as the price spikes described above have serious consequences, especially on poor Haiti, and Yemen". The long term effect of such riots can hardly be estimated, as "political unrests may have short term costs and long run benefits for societal change and political reforms, or they may lead into perpetuated political conflicts with adverse consequences".

Causes of food price spikes

In the general introduction of this thesis, we reviewed the main causes of food price volatility, including the underlying trends leading to upward pressure on prices: growing population, diversification of diets which increases demand for animal products, biofuels, low stocks-to-use, slow growth of productivity, etc. These factors account for the tight supply-demand balance which explains why any disturbance can lead to a crisis.

In this section, we focus on the specific triggers of the crises: adverse weather events that reduced the available food supply on world markets and induced a panic on international markets. Indeed we saw that most food price spikes were rooted in weather related production shortfall, that justified at least some of the increase in prices. Ad hoc policy responses, such as export restrictions, significantly amplified the initial shock. According to a report from several international organizations [START_REF] Fao | Etudes de la fao sur des aspects sélectionnés des négociations de l'omc sur l'agriculture[END_REF], "it is generally agreed [...] that policy responses were mainly ad hoc in nature, that some decisions were taken hastily, and that measures were somewhat inconsistent and largely uncoordinated at international level". [START_REF] Demeke | Country responses to the food security crisis: Nature and preliminary implications of the policies pursued[END_REF] report surveying 81 developing countries, among which 43 reduced tariffs and customs fees on imports and 25 restricted or banned exports during the 2007-08 food price spike. [START_REF] Shama | Food export restrictions: Review of the 2007-2010 experience and considerations for disciplining restrictive measures[END_REF] expands this analysis to 105 countries over a larger period including the 2010-11 food price spike, and shows that 31% of the countries resorted to export restrictions. It must be noted that trade reactions in 2010-11 appeared to be less significant than in 2007-08 [START_REF] Howse | Agricultural export restrictions and international trade law: A way forward[END_REF]. While in the case of wheat trade policies only exacerbated the price increase originating in food shortages, this is not true for rice.

In 2007-08, the rice market had no reason to suffer from price increases: rice stocks were not low;

rice is not used for biofuel and there is little substitution between rice and other grains. The price increase resulted from the decision from several major trading countries including Philippines to build stocks in case of a price surge [START_REF] Anania | Agricultural export restrictions and the wto: What options do policy-makers have for promoting food security? ICTSD Programme on Agricultural Trade and Sustainable Development[END_REF]. As international rice trade is thin compared to world production, such behaviours immediately led to a price increase which induced further panic.

Apart from weather events and ad hoc policy responses, a few other factors are cited as triggers of the 2007-2008 crisis [START_REF] Fao | Etudes de la fao sur des aspects sélectionnés des négociations de l'omc sur l'agriculture[END_REF]. First food and oil markets are increasingly connected and shocks are likely to move from one market to another. In 1973-1974, OPEC's embargo happened after the food prices started to rise, so it could only have amplified the price rise. In 2007-2008, the oil prices had already increased when food prices started to spike, and can thus be cited among the triggers of this crisis. Second, exchange rate swings can also have some impact on food markets. In 2007-2008, the depreciation of US dollar was proposed as a cause of the spike. A third factor that has gained in importance in the recent years is the amount of investment in financial derivatives.

The impact of speculation on food crises is still under debate, as it could have both disturbing effects through bubbles and stabilizing effects. [START_REF] Tschirley | Food price spikes and strategic interactions between the public and private sectors: Market failures or governance failures[END_REF] point to another factor that affected some developing countries: uncoordinated actions between the private and the public sector. It does not explain why the crisis was triggered, but accounts for the overshooting of prices above world prices in some regions. Let's take the example of maize in Kenya in 2008. Since early 2008, import requirements were estimated to be 1 million tonnes. However the government had only imported 135 000 tonnes by December while maintaining a 50% tariff on imports for private traders. Millers and traders assumed the tariff would be lifted and waited until it was done in January 28, 2009 to resume imports. At that point, inland transport facilities were saturated and maize prices continued to rise well above import parity. Had the import tariff been lifted earlier as expected by private actors, import requirements would have been met in 2008 and prices would not have risen above world prices, according to [START_REF] Tschirley | Food price spikes and strategic interactions between the public and private sectors: Market failures or governance failures[END_REF]. Similar examples can be found for several other developing countries and account for the extend of the food crisis in some areas.

Export restrictions

Trade policies are believed to have had a major impact on food crises, and will be the focus of the remaining of this thesis. We present a brief overview of insulating behaviours, and specifically of export restrictions which are currently discussed in the Doha round.

Many reasons can explain why trade policies are used when price surge. It is probable that the most relevant is food security: "from a political economy point of view, for a country with a large segment of poor among its population intervening either to contain price increases or to limit their effects on the poor is a necessity" [START_REF] Anania | Agricultural export restrictions and the wto: What options do policy-makers have for promoting food security? ICTSD Programme on Agricultural Trade and Sustainable Development[END_REF]. It is generally used as a second best emergency measure. For exporters, restricting exports can prove quite effective at insulating domestic consumers from soaring prices [START_REF] Abbott | Export restrictions as stabilization responses to food crisis[END_REF][START_REF] Anderson | Food price spikes, price insulation and poverty[END_REF][START_REF] Jones | Policy responses in emerging economies to international agricultural commodity price surges[END_REF].

But while insulating behaviours can reduce domestic price variations compared to international markets, it also increases world price volatility. This affects the other countries which are in turn incited to resort to border measures. Importing countries that cannot successfully insulate their domestic markets suffer from the resulting price increase [START_REF] Rutten | Sit down at the ball game: How trade barriers make the world less food secure[END_REF]. [START_REF] Anderson | How do governments respond to food price spikes? lessons from the past[END_REF] concludes that the "beggar-thy-neighbor dimension of each government's food policies ought to be of concern. It is worrying because it reduces the role that trade between nations can play in bringing stability to the world's food markets: the more countries insulate their domestic markets, the more other countries perceive a need to do likewise, exacerbating the effect on world prices such that even greater changes in each nation's NRAs [Nominal Rate of Assistance, which corresponds to the difference between the producer price and the comparable international price] are desired. By increasing the volatility of world markets as they seek to reduce domestic volatility, such actions by national governments are collectively self-defeating. Clearly there is scope for multilateral agreement to desist". Reviewing the chronology of the 2007-2008 crisis, [START_REF] Headey | Rethinking the global food crisis: The role of trade shocks[END_REF] strongly links weather events, export restrictions and hoarding on imports to the price increase.

Confirming this idea, [START_REF] Martin | Export restrictions and price insulation during commodity price booms[END_REF] show that insulating policies account for 45% of the increase in the international rice price between 2006 and 2008, and 30% of the increase in the international price of wheat between 2005-20081 .

Given their impact on international markets, border measures are under scrutiny in the Doha round. While tariffs on imports had already been regulated by the Uruguay round Agreement on Agriculture (AoA), export restrictions only gained in visibility in the 2007-08 food price spike and are now under negotiation in the Doha round. There are several types of measures that can be considered as export restrictions: export taxes (specific, ad valorem, mixed, variable, differential), minimum export price, quota and export bans or prohibitions.

For now, export restrictions are covered by both the GATT 1994 and the AoA rules, but this regulation is not believed to be binding enough [START_REF] Shama | Food export restrictions: Review of the 2007-2010 experience and considerations for disciplining restrictive measures[END_REF]. Article XI of GATT 1994 specifies that only tariffs and duties can be applied, which should prevent measures such as export bans.

However this does not apply to "export prohibitions or restrictions temporarily applied to prevent or relieve critical shortages of foodstuffs or other products essential to the exporting contracting party".

Article 12 of URRA regulates the application of export prohibition and restrictions on foodstuffs:

"the Member instituting the export prohibition or restriction shall give due consideration to the effects of such prohibition or restriction on importing Members' food security; before any Member institutes an export prohibition or restriction, it shall give notice in writing, as far in advance as practicable, to the Committee on Agriculture comprising such information as the nature and the duration of such measure, and shall consult, upon request, with any other Member having a substantial interest as an importer with respect to any matter related to the measure in question.

The Member instituting such export prohibition or restriction shall provide, upon request, such a Member with necessary information". It must be noted though that "the provisions of this Article shall not apply to any developing country Member, unless the measure is taken by a developing country Member which is a net-food exporter of the specific foodstuff concerned".

Hence, there is virtually no binding regulation on export restrictions yet. Following the 2007-2008 food price spike, experts have discussed the policy options to discipline border measures on exports.

A few proposals have been made in the context of the Doha negotiations, that can be classified in two categories: proposals aiming at strengthening article 12 of URAA by setting more binding rules on information provision, and those directly disciplining export restrictions [START_REF] Shama | Food export restrictions: Review of the 2007-2010 experience and considerations for disciplining restrictive measures[END_REF].

No agreement has been reached yet, in either of these negotiating options.

8.5 How to prevent future crises?

Liberalization has been the dominant doctrine for food policies in the last decades. Recent food price spikes have challenged this idea, and intervention on markets is now considered a necessity if food crises are to be prevented, or at least managed. There are two ways to improve the situation:

reducing the occurrence of food price spikes, and lessening the impact of the price rise on households.

The latter option concerns measures such as safety nets or emergency food reserves. Those are necessary in developing countries, but the former option is the most broadly analysed. An intuitive solution to reduce the occurrence of food price spikes is to act on the fundamentals that put an upward pressure on prices. This solution mainly corresponds to increasing agricultural production and stocks. Other solutions exist, that are supposed to diminish the magnitude of the crisis once prices have already started to rise. First, it has been proposed to punctually reduce pressure from demand when price start to rise, by relaxing biofuel mandates and diverting grains from animal feed and industries. Second, speculative bubbles should be prevented by regulation of futures markets.

However, as noted above, there is disagreement on the actual impact of increased financialization of commodity markets. Third, disciplining policy responses is another option to prevent panic from arising on international markets. We saw above that this is currently negotiated in the Doha round.

A concrete achievement towards reducing food price volatility was made at the G20 summit presided by France in 2011. The final agreement aimed at providing more transparency and better international coordination. In the G20 action plan (G20, 2011), countries committed to the following objectives, among others: "increase market information and transparency in order to better anchor expectations from governments and economic operators; strengthen international policy coordination in order to enhance confidence in international markets and to prevent and respond to food market crises more efficiently". This led to the creation of the Agricultural Market Information System (AMIS) that is now providing key information on grain markets.

This intuition behind AMIS is that the major food crises were exacerbated by panic movements, which are believed to be caused by a lack of information. Greater transparency and coordination should prevent panics from arising when fundamentals do not justify increases in prices, such as in 2007-2008. Because information is disseminated among the public and private sector, the system is based on different sources of information: organisations, governments, private sector, etc.

Gathering data from different sources when some information may be confidential or strategic is proving difficult. Indeed in their second year progress report, AMIS noted difficulties in obtaining national data, especially on stocks.

In the following chapters we take an informational perspective to analyse food price spikes. How does information affect the probability of crises? Does it help reduce the occurrence of food price spikes as suggested by the G20? We are also interested in the incentives for the private and public sectors to submit information to a centralized information system. In what context would countries, organisations and firms truthfully reveal their information about grain markets ?

Chapter 9

Herding models and trade policies during food price spikes

Introduction

In the previous chapter, we observed that the recent food price spikes were amplified by ad hoc trade policies such as export restrictions and hoarding on imports. The objective of this chapter is to examine the relevance of the literature on herding to explain such behaviour. While those trade policies looked like irrational panic reactions, we show that they can be explained by the rational herding theory.

In this chapter, we consider trade policies such as export restrictions or facilitation of imports.

In the case of grains, such measures are adopted essentially for food security reasons, when a price increase is expected. Price spikes are anticipated when world supply is low because of a negative production shock for instance, or because of insulating trade policies that reduce total available grain supply on international markets1 . We assume that there is an uncertainty about world production and each country has some information about it from its domestic production and international information systems for instance.

In the context of price spikes, trade policies generate both informational externalities and strategic externalities. First, ad hoc trade policies are interpreted as signals announcing a food crisis, which is an informational externality. This characteristic fits the basic model of herding which examines situations in which an action is taken sequentially by players, who can observe the actions taken by their predecessors. In section 9.3 we review the basic model of herding and show that in those situations herding happens very frequently (almost surely if the number of players tends to infinity).

Specifically we show that it is possible that all countries use trade policies because they mimic the behaviour of others even if the underlying fundamentals are good. In that case we say that herds are "wrong" in the sense that they would not be optimal in a perfect information world.

Second, increasing imports or restricting exports reduces supply on world markets which increases prices and in turn increases the incentives of other countries to resort to trade policies: there is complementarity between trade policies. This is a strategic externality imposed on the other countries. Section 9.4 reviews the thin branch of the herding literature that includes both informational and strategic externalities. This literature shows that complementarity increases the probability of herding compared to the basic model.

Hence the combination of both informational and strategic externalities explain why crises can rationally happen even if the fundamentals are good. This theory predicts that rational herds are very likely. We investigate in section 9.5 some factors that may explain why food crises are not as frequent as predicted.

We start this chapter by defining the conceptual framework in section 9.2. Section 9.3 reviews the basic model of informational cascades with only information externalities. Models with both informational and strategic externalities are exposed in section 9.4. Section 9.5 investigates other factors that may reduce the probability of occurrence of herds. Section 9.6 concludes.

Cascades and herds: definitions

Consider a set of rational agents indexed by n who choose an action from a limited action space A.

For example A = {0; 1} that can represent the decision to adopt or reject an investment. Decisions are taken sequentially. The resulting payoff depends on an unknown variable, the state of the world. Agents receive a private signal about the underlying state of the world but don't know that of others. They can however observe the actions of their predecessors.

In that context, we define two related notions: informational cascades and herds. Cascades are said to happen when agents ignore their private information while herding takes place when everyone takes the same action. An informational cascade implies a herd, while herding may happen without agents disregarding their private information. We use the following more formal definitions from [START_REF] Gaigl | Observational learning & strategic externalities[END_REF].

An informational cascade occurs when agents disregard their private information and instead follow their predecessors choices. Formally, an informational cascade occurs if there is an agent n 0 and a choice a ∈ A such that for all n ≥ n 0 , a n = a.

We also define a run (anti-run) at position n 0 of length m N n 0 which verifies a n = a n 0 (a n = -a n 0 ) for all n = n 0 +1, n 0 +2, ..., n 0 +m N n 0 where N is the total number of agents in the economy. If there is an infinity of agents, a herd (anti-herd) is said to occur if there is some n 0 such that m N n 0 = ∞. If N < ∞, a herd (anti-herd) is said to occur if there exists some n 0 such that lim

N →∞ m N n 0 = ∞ (i.
e. a run (anti-run) that grows arbitrarily large as the size of the economy goes to infinity).

Basic model of herding

Trade policies can be regarded as discrete choices made sequentially by rational decision makers.

Each country may observe the policy choices made previously by others and has also access to private information about world production. In that situation cascades and herds can occur. In this section, we review the basic model of herding with informational externalities that was first introduced by [START_REF] Bikhchandani | A theory of fads, fashion, custom, and cultural change as informational cascades[END_REF] and [START_REF] Banerjee | A simple model of herd behavior[END_REF] and that was more recently developed in [START_REF] Chamley | Rational herds: Economic models of social learning[END_REF].

Assume that there is a sequence of exporting countries choosing to adopt trade barriers. There is a social cost of adoption equal to 1/2 as the country's gains from free trade are reduced. However, the gain of adopting trade barriers is V ∈ {0; 1}. In the case of a price spike, restricting trade protects consumers from high prices which results in a social gain which is assumed to be equal to 1. In the absence of a food crisis, there are no benefits from restricting trade. Decision makers have a prior belief that the probability of occurrence of a price spike is 1/2. Each decision maker receives a signal x i ∈ {H; L}, with Pr[V = 1 | H] = Pr[V = 0 | L] = p where p > 1/2. He also observes the policies of the countries that played before. The order in which countries take an action is exogenous. Given their private information and the observation of others, decision maker i form a posterior belief about the probability that the true gains of protectionism is V = 1 that we denote γ i . The expected benefits from restricting trade are E

[V | x i ] -1/2 = γ i -1/2. If γ i = 1/2,
the decision maker is indifferent between adopting or rejecting trade barriers. We assume that in that case, he has a preference for his own signal: he adopts trade barriers if and only if x i = H.

The decision maker in the first country only takes into account his own signal for his decision. If he receives a signal H (respectively L) he adopts (rejects) trade barriers. From the observation of this decision, the second decision maker can infer the underlying signal and base his decision on two signals (his own and the one inferred from the action of the first agent). With two H signals (L signals) he will unambiguously adopt (reject), while if the signals are different, he will follow his own signal. If the first two decision makers have both adopted or both rejected, the third will do the same. The following countries will copy this behaviour, hence creating a cascade. However, if the first two have chosen different actions, then the third country has a prior belief about the probability of state V = 1 that is equal to 1/2. He is thus in the same situation as the first country.

The fourth decision maker would then be in the same situation as the second and so on.

The probability of an adoption cascade starting with the third player is equal to the probability that the first two countries receive a signal H, which is p2 P r(V = 1) + (1 -p) 2 P r(V = 0) = (p 2 + (1 -p) 2 )/2. Equivalently the probability of a rejection cascade starting after the first to players is (p 2 + (1 -p) 2 )/2. The probability of no cascade is 2p(1 -p)P r(V = 1) + 2p(1 -p)P r(V = 0) = 2p(1 -p). After an even number of countries n, the probability of no cascade becomes 2(p(1 -p)) n/2 , and the probability a cascade happening is the complementary, 1 -2(p(1 -p)) n/2 , which is the sum of the probability of an adoption cascade 1/2 -(p(1 -p)) n/2 and a rejection cascade 1/2 -(p(1 -p)) n/2 . The probability that an informational cascade occurs in a finite time tends to 1 as the number of countries increases.

The main conclusion is that this model leads almost surely to informational cascades and thus to herds as the number of players increases 2 . Note that it is possible that countries herd on the wrong outcome, i.e that they adopt trade barriers when V = 0 or reject them when V = 1.

The model presented above is the standard model of informational cascades, which has been extended in many ways. [START_REF] Smith | Pathological outcomes of observational learning[END_REF] develop the notion of "confounded learning" in a model with different types of agents displaying heterogeneous preferences. Agents cannot learn from a person's actions because they are unaware of its type. At the end of the game agents split up in two groups choosing two different actions and there is no social learning. [START_REF] Scharfstein | Herd behavior and investment[END_REF] study herding driven by reputational concerns. The idea is that it is better to be conventionally wrong than unconventionally wrong, which leads people to herd for their reputation.

Informational and payoff externalities

Trade policies not only generate information externalities but also strategic externalities. Indeed when a country resorts to export restrictions or import facilitation, it reduces supply on world markets which leads to an increase in world prices. As a result, other countries are in turn incited to protect their economy from rising world prices by restricting export or facilitating imports.

Hence there is strategic complementarity between countries' trade policies.

Queues in stores, choosing a social network, investment in real estate, buying an option on stock markets or entering a market with a first mover advantage are other examples of situations with both informational and payoff externalities. Only a handful of models analyse this issue theoretically. [START_REF] Choi | Herd behavior, the" penguin effect," and the suppression of informational diffusion: an analysis of informational externalities and payoff interdependency[END_REF] investigates positive network externalities in a simplified model of investment with only public information. Once an agent has chosen an investment, its returns are perfectly known: the game becomes a perfect information game. [START_REF] Vergari | Herd Behaviour, Strategic Compleentarities and Technology Adoption[END_REF] enriches [START_REF] Choi | Herd behavior, the" penguin effect," and the suppression of informational diffusion: an analysis of informational externalities and payoff interdependency[END_REF] by adding a second source of uncertainty, the economic environment. [START_REF] Dasgupta | Social learning with payoff complementarities[END_REF] provides an analysis of cascades in the special case of extreme complementarity. Agents are concerned with learning from their predecessors, coordinating with everyone, and signalling to followers. If the private signal is bounded, there can be strong herding behaviour, i.e imitation of others. If it is unbounded, there is overoptimism, which can lead to temporally limited herds. [START_REF] Gaigl | Observational learning & strategic externalities[END_REF] studies another specific framework where externalities are imposed only on successors. He allows for limited observation of the predecessors' actions. With a continuous signal, he proves that with complementarity, herding always happen: all decision makers mimic the trade policy choice of the first decision maker. In the case of substituability, an informational cascade with anti-herding starts after some finite and random point in time. [START_REF] Jeitschko | Local discouragement and global collapse: a theory of coordination avalanches[END_REF] proposes a different framework to analyse strategic complementarity and herding, without information externalities. They show that there can be extreme forms of cascades, coordination avalanches, that happen even when agents cannot observe each other, which tends to confirm the intuition that complementarity increases the probability of herds. In an empirical study, [START_REF] Drehmann | Herding with and without payoff externalities-an internet experiment[END_REF] confirms that positive payoff externalities reinforce herding while negative externalities reduce the strength of herds. An important field of application is that of IT (information technology) adoption. For example [START_REF] Kauffman | Payoff externalities, informational cascades and managerial incentives: a theoretical framework for it adoption herding[END_REF] provides a theoretical framework to analyse IT adoption in terms of herding, including informational externalities, positive network externalities and reputation herding. He argues that all those specificities of IT technologies enhance the probability of herds.

The literature including both strategic and informational externalities is still thin, but the results seem consistent across studies. It tends to prove that strategic complementarity increases the probability of occurrence of herding while substituability reduces it. Because of strategic complementarity, the choice of the first decision maker is essential: if the first country believes a food crisis is looming and consequently decides to restrict exports or facilitate imports, then all the other countries will follow, which will entail an international price spike even if the world supply is high enough to avoid it.

Endogenous order of action and positive payoff externalities

Up to now we have assumed that countries take their decisions sequentially, in an exogenous order. This can be explained by the fact that each country receives his private signal at a different time and acts whenever he receives it. However, it is more probable that the timing of the decision is endogenous and that each decision maker can decide to act at any time or to wait. In the literature, choosing to act quickly can be motivated by the existence of a first mover advantage or by the possibility to reveal information to others or to signal one's private information such as in [START_REF] Corsetti | Does one soros make a difference? a theory of currency crises with large and small traders[END_REF]. Waiting can have positive effects if exogenous information is likely to be provided in the future, or if countries can learn from others as in waiting games (chapters 6 and 7 of [START_REF] Chamley | Rational herds: Economic models of social learning[END_REF]. [START_REF] Frisell | On the interplay of informational spillovers and payoff externalities[END_REF] finds that with complementarity the most informed players act first, while the least informed play first in the case of strategic substituability. [START_REF] Brindisi | On the role of information and strategic delay in coordination games: Theory and experiment[END_REF] confirm this result for strategic complementarity. [START_REF] Yoon | Effects of payoff externalities on timing of actions and truthfulness in information revelation games[END_REF] presents a model with two heterogeneous agents. If the cost of waiting is high enough, either both players choose in the first stage or the most informed player acts first, which may lead the second player to herd on his action. Bhalla (2011) develops a two countries game and shows that with negative payoff externalities no herding happens and all agents act in the first period. Under positive externalities, the highest precision individual acts first. The other agent is willing to wait until the second period before acting if the informational benefits are higher than the waiting costs, i.e if the informational advantage of the first player is high enough. Else both agents play simultaneously in the first period.

Again, the literature is thin but the results are consistent: when the order of action is endogenous, the most informed players tend to act first.

Factors that reduce the occurrence of crises

The above sections tend to prove that food markets are prone to herding. Among other things, this is due to informational externalities, strategic complementarity and potentially the endogenous timing of action. In this section, we review some factors that may lessen those effects.

Bias towards inaction due to endogenous timing

With endogenous timing, the absence of changes in trade policies, i.e maintaining trade at its usual level, can be interpreted by observers either as a good signal about the economy, or as a decision to wait, or as the absence of relevant private information. On the other hand, only a bad signal about the economy can lead a country to restrict trade. In a model with pure informational externalities, [START_REF] Chamley | Information revelation and strategic delay in a model of investment[END_REF] show that in such situations, there is a bias towards inaction. A failure to act can be due to good private signals about the economy or to the fact that everyone has delayed his action to wait for more information. This effect would tend to reduce the use of protectionism.

Countries are susceptible to maintain free trade even if the underlying state of the economy is bad, because they misinterpret a failure to restrict trade as a good signal about the economy.

Social dilemma

During the 2007-2008 food price spike, many countries resorted to export restrictions or imported large quantities of food. Assuming no other country would do the same, such policies unambiguously increase their welfare. However, if all countries decide to intervene the resulting economic situation may be worse than the status quo. [START_REF] Bigman | Strategic trade policies under instability[END_REF] show that when trading partners try to stabilize domestic prices, it leads to tariff escalation which tends to increase volatility on international markets. This leaves at least one country worse off. [START_REF] Martin | Export restrictions and price insulation during commodity price booms[END_REF] argue that when all countries use trade barriers to reduce domestic volatility, the policy is ineffective.

They underline the resulting collective action problem. This could be considered as a social dilemma: even if countries have individual incentives to use trade policies, it is socially preferable to cooperate in order to prevent trade restrictions. Here cooperation refers to the situation where countries agree not to choose the individually optimal action but instead to abide by the socially preferable policy. Without explicit binding contracts, it will be hard to prevent some countries to defect. For example, imagine that all countries except one have already chosen to cooperate. Then the last country will be able to get the highest possible payoff by restricting trade unilaterally. Knowing this, his predecessors won't have an incentive to cooperate. [START_REF] Best | When do we learn to cooperate? the role of social learning in social dilemmas[END_REF] provides an intuitive model of such social dilemma. He shows that with payoff externalities, the first player may abide by the cooperative outcome to avoid a herd leading to a lower level of social welfare.

Reputation

Last, reputation issues are relevant to exporters and importers with regards to their buyers and suppliers to maintain trade relationships in the long run. Trade restrictions or unexpected imports over a short period could impact mutual confidence and hence affect future trade flows.

Conclusion

When a food crisis is looming, countries tend to resort to trade policies to reduce the impact of rising international prices on consumers. This behaviour has been shown to amplify price movements.

While such trade policies have been described as irrational panic, we argue that they can actually be explained by the rational herding theory.

Trade policies can be considered as discrete actions taken sequentially under imperfect information about world food supply. We show that in that case, herds happen almost surely when the number of players tends to infinity. The likelihood of herds is increased by the complementarity between trade policies, especially if the most informed countries act first. The presence of both informational and strategic externalities explain why crises can rationally happen even if the fundamentals are good. While this implies that panics on world markets are very likely, a few other factors tend to temper that conclusion. First, when a country does not act, it either means that he believes world production will be high enough, or that he does not have any relevant information at all. This leads to a bias towards inaction that may lessen the occurrence of herds. Second, if a country has reliable information about world production he has an incentive to play the cooperative outcome even if he knows that production may be low, in order to avoid a socially bad outcome. Last, there might we investigate the economic rationale of transparency in the context of trade policies and food crises. We also analyse the incentives of actors in food markets to reveal their information about information and stocks truthfully. Indeed there is a lack of transparency on international grain markets, in particular regarding the levels of stocks. Governments and firms are reluctant to submit data about production and stocks, as observed in the second annual report of AMIS.

During food price spikes, trade policies can take various form for a wide array of commodities and be justified by different reasons In this chapter we focus on grain export restrictions and leave aside the responses of importing countries1 . During the recent food price spikes, export restrictions were implemented as a emergency measure to protect consumers from soaring prices. From a political economy point of view, countries with a large share of poor non-farming households find it optimal to temporarily restrict exports to prevent social unrest. Insulation is only a second best solution as subsidies in cash or in food, or price stabilisation through buffer stocks, may be more efficient.

However in many cases, such solutions are not available in the short run. We analyse grain markets in general, while acknowledging that there are significant differences across commodities. The rice price surge for instance appeared to be essentially driven by export restrictions in 2007-08, while the wheat price increase was only exacerbated by those reactions, both in 2007-08 and again in 2010-11 [START_REF] Anania | Agricultural export restrictions and the wto: What options do policy-makers have for promoting food security? ICTSD Programme on Agricultural Trade and Sustainable Development[END_REF][START_REF] Headey | Rethinking the global food crisis: The role of trade shocks[END_REF].

We consider a model of informational cascades with strategic complementarities similar to the one proposed by [START_REF] Dasgupta | Social learning with payoff complementarities[END_REF]. We focus our analysis on two exporting countries facing uncertainty about world grain production and prices. Each of the two countries has some private knowledge about domestic and world production coming from data on domestic production, climate predictions, indices about world prices, etc. Depending on its beliefs about the fundamentals, a country chooses to maintain free trade, or to use export restrictions such as export bans, quotas or taxes to protect domestic consumers 2 in case of high world prices. We assume that the two countries act sequentially and that the second country observes the choice made by the first one. Payoffs from maintaining free trade or from restricting trade are affected by the actual level of production, but also by the decisions of others through prices. When choosing to maintain its usual trade policy, a country is worried that his successor will not make the same choice and leave him stranded by choosing to restrict trade. This beggar-thy-neighbor characteristic implies that trade policies are strategic complements. It actually corresponds to a 'prisoner's dilemma' problem, where countries would in most cases benefit from the cooperative outcome, free trade. In this framework, food crises can be induced by a low world supply, by the panic reactions of trading countries, or by both.

We provide two specifications for the information structure: bounded signals and Gaussian signals.

We start by the former case, which is solvable analytically. We then illustrate the main effects at stake and some further results with numerical simulations in the case of Gaussian signals.

In those two cases, we show that increasing the quality of information, either public or private, tends to be beneficial. With better information, countries are less likely to make mistakes or to resort to the "safe" option -protectionism-because of lack of reliable data. This confirms the utility of global information systems such as AMIS, but also points to the need to improve national information systems. With bounded signals, more public information can in some cases increase the occurrence of crises, but this is only due to the existence of bounds: if information is either too good or too bad, strategies may consist in always choosing free trade or always choosing protectionism. In that case, there is no social learning as it is impossible to learn from the actions of others.

Coherently with the reluctance of private and public actors to reveal information about production and stocks, we find that revelation of private information is not always beneficial for exporting countries. Moreover in the case of unbounded information, we show that if the first country is sufficiently informed compared to the second one, the former prefers to hide his private information to ensure that the latter will herd and mimic his behaviour, which is beneficial because of strategic complementarity. We analyse the situations in which truthful revelation of private information is optimal, and show that providing a minimum level of information to less informed countries is a way to ensure that better informed countries reveal their private information3 .

A large literature inspired by the seminal papers of [START_REF] Banerjee | A simple model of herd behavior[END_REF] and [START_REF] Bikhchandani | A theory of fads, fashion, custom, and cultural change as informational cascades[END_REF] analyses sequential decisions with social learning under imperfect information. They aim at understanding the occurrence of herds and informational cascades by focusing on informational externalities, but do not include strategic externalities. Imperfect information and strategic externalities have been extensively studied in continuous models with simultaneous decisions such as [START_REF] Morris | Global games: theory and applications[END_REF] and [START_REF] Angeletos | Efficient use of information and social value of information[END_REF]. [START_REF] Morris | Global games: theory and applications[END_REF] provide a method for equilibrium selection with strategic complementarity. [START_REF] Angeletos | Efficient use of information and social value of information[END_REF] study the optimal use of information with both imperfect information and strategic externalities. This branch of others. Indeed a country benefits from free trade only if the state of the world is good and if the other country also maintains free trade, which corresponds to strategic complementarity between countries' decisions. If the state of the world is bad, or if the other country resorts to export restrictions, protectionism is the optimal decision in terms of payoffs. We consider the structure for payoffs for country i in table 10.1, where a j denotes the choice of the other country and c is a constant cost 4 . Each country has a prior belief about the probability of the good state π > 0, 5. He also receives a noisy signal s i about the state of the world. For instance this signal could be information about domestic production or climate previsions about future weather shocks affecting grains. We consider two types of information structures: one where signals are Gaussian and one where they are bounded. We define the likelihood ratio r(s i ) = P r(s i | B)/P r(s i | G) for i ∈ {1, 2} and impose that r(.) is decreasing.

Following [START_REF] Dasgupta | Social learning with payoff complementarities[END_REF] we restrict our attention to threshold strategies defined by

• a 1 = F T if and only if s 1 ≥ t 1 ;

• a 2 = F T if and only if the first country chooses free trade and s 2 ≥ t 2 ;

where t i for i ∈ {1, 2} is the threshold value, that is assumed to be common knowledge. The threshold of country i is the value for which the expected utility of choosing free trade is equivalent to that of restricting trade. The expected utility of choosing free trade over protectionism is EU i =

P i + (1 -P i )(-c) = P i (1 + c) -c where P i = P r(G, a j = F T | s i ) for j = i.
The latter notation corresponds to the probability of being in a good state while the other country maintains free trade, given the private signal s i . 4 We acknowledge that the chosen specification of the model may seem overly simplistic. The next step would be to include different types of export restrictions such as tariffs, quotas and bans, and to make the cost c dependent on supply or prices. However, as mentioned above, very few papers analyse informational cascades in the presence of strategic externalities. So far, no general framework with analytical solutions has been found, to our knowledge. The specification chosen in this chapter is one of the few existing specifications that allow for analytical solutions. While we wish to extend it to more general situations, we believe that it still provides useful insights on the question of transparency on grain markets.

For the first country, this probability can be developed with Bayes' rule:

P 1 = P r(G, a 2 = F T | s 1 ) = P r(G)P r(a 2 = F T, s 1 | G) P r(s 1 )
.

Using the likelihood ratio we have

P 1 = P r(G)P r(a 2 = F T, s 1 | G) P r(G)P r(s 1 | G) + P r(B)P r(s 1 | B) = πP r(s 2 ≥ t 2 | G) π + (1 -π)r(s 1 ) . 
Hence EU 1 = 0 for

r(t 1 ) = π 1 -π 1 + c c P r(s 2 ≥ t 2 | G) -1 .
For the second country protectionism is optimal if a 1 = P . We leave aside this case and focus on the situation where a 1 = F T . The probability P 2 depends on the prior probability of the good state and on the information obtained by observing the first country playing free trade. We denote π 2 the prior belief of the second country after observing the decision of his predecessor. We use Bayes' rule to compute π 2 :

π 2 = P r(G | s 1 ≥ t 1 ) = πP r(s 1 ≥ t 1 | G) πP r(s 1 ≥ t 1 | G) + (1 -π)P r(s 1 ≥ t 1 | B) which leads to π 2 1 -π 2 = π 1 -π P r(s 1 ≥ t 1 | G) P r(s 1 ≥ t 1 | B) .
We have

P 2 = P r(G | s 2 , a 1 = F T ) = P r(G)P r(s 2 | G) P r(G)P r(s 2 | G) + P r(B)P r(s 2 | B) = π 2 π 2 + (1 -π 2 )r(s 2 )
.

The value t 2 that verifies P 2 (1 + c) -c = 0 also verifies

1 + 1 -π 2 π 2 r(t 2 ) = 1 + c c
or, replacing π 2 by its expression,

r(t 2 ) = π 1 -π 1 c P r(s 1 ≥ t 1 | G) P r(s 1 ≥ t 1 | B) .
This gives us a two equations system with two unknowns t 1 and t 2 :

   r(t 1 ) = π 1-π 1+c c P r(s 2 ≥ t 2 | G) -1 r(t 2 ) = π 1-π 1 c P r(s 1 ≥t 1 |G) P r(s 1 ≥t 1 |B) (10.1)
There exists a first trivial solution where no trade ever happens. Borders are closed whatever the private signal of the countries. In other words, the thresholds are set to the maximum possible value.

We wonder if there exists an equilibrium with trade. [START_REF] Dasgupta | Social learning with payoff complementarities[END_REF] shows that with some constraints on the information structure, there exists such an equilibrium. Defining U 2 = r -1 π 1-π 1 c , those conditions are for a bounded information structure:

∞ U 2 f (x | G)dx > c/(1 + c). (Φ 1 ) π 1 -π 1 + c c P r(s > U 2 | G) -1 > B, (Φ 2 )
where B is the lowest bound for the likelihood ratio r(.). For an unbounded information structure, only Φ 1 is needed. The rationale behind those conditions is explained in appendix K.

For a unique equilibrium to exist, we need to impose another constraint: that P r(s 1 ≥t 1 |G) P r(s 1 ≥t 1 |B) be an increasing function of t 1 . In that case we can see from system (10.1) that t 1 is an increasing function of t 2 and t 2 is a decreasing function of t 1 . A few properties of equilibria with trade directly follow.

First, the triggers are increasing in the triggers of the successors and decreasing in the triggers of the predecessors. Second, the previous property proves that there is a unique equilibrium with trade in the two countries game. Last, comparing the expressions of r(t 1 ) and r(t 2 ) it is obvious that r(t 1 ) ≥ r(t 2 ), so t 2 ≤ t 1 . Hence the threshold of the second country is lower than that of the first.

In the following we investigate two different structures of information: bounded signals and Gaussian signals. We first provide an analytical solution in the case of bounded signals. While the later case cannot be solved analytically, it illustrates the main effects of information on trade policies during food price spikes and allows us to derive a few more results.

Bounded information structure

From the baseline model defined in section 10.2, we specify a simple bounded distribution for the private signals. We define the probability densities on

[0, 1] by f (s | G) = 1 and f (s | B) = 2(1 -s).
The likelihood ratio r(s) is defined on [0, 1] by r(s) = 2(1 -s).

If the information structure is reliable enough, there exists a unique equilibrium to the system (10.1) which is5 

   t 1 = max 1 -1 2 π 1-π 1 c ; 0 t 2 = 0 (10.2)
Notice that t 2 = 0, which means that the second country always plays free trade when the first played free trade, whatever his private signal. We call this property 'strong herding'. This property and the existence of bounds for the signals sometimes lead to counter-intuitive results which do not hold with an unbounded information structure. For example, we show in the following that more information may increase the probability of food crises when threshold strategies are close to the bounds, which is not the case with Gaussian signals.

Is better information beneficial?

Does more public information, in the form of predictions about global supply or stocks, decrease the probability of occurrence of food price spikes ? In the case of a bounded signal, we show that it tends to be the case, except when threshold strategies reach the bounds.

We consider the probability of occurrence of crises when the underling state of the world is good.

We denote that probability P r(F T | G). We have P r(F T | G) = P r(s 1 > t 1 | G) because of the strong herding property. We assume that countries have access to a binary public signal z with precision p such that P r(z = 1 | G) = P r(z = 0 | B) = p. When receiving the signal z, countries update their prior belief about the state of the world with Bayes' rule: .4) Case 1: the first country has all the information in the game

P r(G | z = 1) = pπ pπ + (1 -p)(1 -π) = π + > π (10.3) and P r(G | z = 0) = (1 -p)π (1 -p)π + p(1 -π) = π -< π. ( 10 
In the former case, the second country reveals his information, so that the first country knows all the information of the game. If he does not reveal his information, the second country will mimic his behaviour because of the strong herding property. If he shares his information, both countries will possess the same information set and thus take the same decision. Hence, because of strong herding, both cases are equivalent and country 1 is indifferent between sharing his information or not.

Case 2: the first country only has his own private information

We now assume that the second country does not reveal his private information, which is a simplified version of a multi-country game as explained above. Assume that country 1 reveals his private information. This changes the choice of trade policy of country 2: if s 1 is high enough, the latter may deviate from strong herding. This affects negatively the expected utility of country 1, which would prefer the second country to herd and mimic its behaviour. We denote the new thresholds ti for i ∈ {1, 2} and the expected utility with information sharing ÊU i . We have

Ê U 2 = P r(G | s 1 , s 2 )(1 + c) -c where P r(G | s 1 , s 2 ) = 1 1 + 1-π π r(s 1 )r(s 2 )
.

Given s 1 , the threshold of country 2 is

r( t2 ) = 1 c π 1 -π 1 r(s 1 )
which depends on the signal of the first country. When that signal is high enough so that the right hand term is higher than 2, there is strong herding and t1 = t 1 . This corresponds to s

1 > s * 1 = 1 -1 4c π 1-π . When s 1 < s * 1 , then t2 = 1 - 1 2c π 1 -π 1 r(s 1 )
.

Given this, the threshold of country 1 is defined by This equation in r( t1 ) has a unique positive solution which is

r( t 1 ) = π 1 -π 1 + c c P r(s 2 > t2 ( t1 )) -1 or equivalently r( t1 ) 2 + π 1 -π r( t1 ) - (1 + c) 2c 2 π 1 -π 2 = 0.
r( t1 ) = π 1 -π 1 c √ 2 + 2c + c 2 -c 2 .
By comparing this expression to the threshold without information sharing r(t 1 ) = π 1-π 1 c and to r(s * 1 ), it is easy to check that r(s * 1 ) < r( t1 ) < r(t 1 ) so t 1 < t1 < s * 1 , which implies that with information sharing, the first country is more cautious in choosing FT because he is unsure of the choice of the second country. Figure 10.2 compares the situation with information sharing to that without information sharing.

For [START_REF]Balance of supply and demand in free trade[END_REF] there is no differences between the two cases. However, for s 1 ∈ [t 1 , t1 ], protectionism is chosen in the case with information sharing because the first country has become more cautious, which brings a lower level of expected utility. Moreover for s 1 ∈ [ t1 , s * 1 ], instead of strong herding the second country takes into account his private signal: there is a positive probability that he wrongly chooses P which also lowers expected utility. Hence information sharing at best brings the same welfare and at worse reduces welfare for the first country. It follows that the first country never reveals his private information in order to maintain strong herding. We wonder is this result stands when countries receive signals of different precision. Because of the constraints on the information structure, we cannot investigate analytically this case. In the following section we provide numerical simulations for this case.

s 1 ∈ [0, t 1 ] ∪ [s * 1 ,

Gaussian information structure

We now turn towards an unbounded information structure with Gaussian signals. This case can only be solved numerically, but is useful to illustrate the role of information in the choice of trade policies during food price spikes. First we show that more information is likely to reduce the occurrence of crises. Second, if the most informed country has an important informational advantage, he may want to hide his private knowledge to force the other country to herd.

We assume that the signals follow a normal distribution with variance σ 2 centered around 0 in the bad state and around 1 in the good state. Hence

f (s | G) = 1 σ √ 2π e -1 2 ( s-1 σ ) 2 and f (s | B) = 1 σ √ 2π e -1 2 ( s σ ) 2 which leads to r(s) = e -2s-1 2σ 2 .
From equation ( 10.1) we deduce that the threshold strategy is the solution to the following system:

     e -2t 2 -1 2σ 2 = π 1-π 1 c 1-Φ t 1 -1 σ 1-Φ( t 1 σ ) e -2t 1 -1 2σ 2 = π 1-π 1+c c (1 -Φ t 2 -1 σ ) -1 (10.5)
where Φ(.) denotes the cumulative distribution function of the standard normal distribution. As noted previously there exists a unique solution if condition Φ 1 is respected. We need

∞ U 2 f (x | G) dx > c/(1 + c) where U 2 = σ 2 1 2 -ln π 1-π 1 c
. Hence Φ 1 is equivalent to

1 -Φ U 2 -1 σ > c 1 + c
which holds for c not too high, for σ small enough or for π high enough.

If this condition is verified, there exists a unique solution. However, system (10.5) can not be solved analytically. We provide some numerical simulations in figure 10.3. Note that t 1 is higher than t 2 , which means that the second player is more optimistic about the possibility to maintain free trade after observing the choice of the first country. As the standard deviation increases, the signal becomes less informative and the first country is far more cautious when choosing free trade.

Is better information beneficial?

We wonder how private information affects the occurrence of crises not justified by the fundamentals. The probability of maintaining free trade when the state of the world is good is

P r(F T | G) = P r(s 1 ≥ t 1 | G)P r(s 2 ≥ t 2 | G) = [1 -F s (s 1 )][1 -F s (s 2 )]
where F s (.) is the cumulative distribution function of the private signals. We performed numerical simulations for different precisions of private information. Figure 10.4 shows simulations results.

As the standard deviation increases, or equivalently as the precision of the private signal decreases, the probability of maintaining free trade in state G decreases. Hence better private information increases the probability of free trade, and thus decreases the occurrence of crises.

Moreover, more public information also lowers the probability of crises. Assume that countries have access to a binary public signal z as defined in the previous section. When receiving the signal z, countries update their prior belief about the state of the world with Bayes' rule to π + and π -as in equations (10.3) and (10.4). These new prior beliefs modify countries thresholds, which in turn 

Information sharing

We now investigate the incentives to reveal private information. As in the bounded signals case, the second country always has an incentive to reveal his private information to lessen the probability that the first country mistakenly chooses P instead of FT.

Let's focus on the choice of the first country. As before two cases can be considered: the basic case

where country 1 has all the information in the economy, and the case where country 1 only has his private signal which is a simplified representation of a multi-country model as noted in the previous section.

Case 1: the first country has all the information in the game

If the second country reveals his information, then the first country has all the information in the game. He chooses between sharing his information (in which case both countries possess the same information set) or hiding his information, which reduces the cases in which free trade is maintained. Indeed consider that both countries reveal their information. There are some cases in which, even if the second country receives a low signal, both countries maintain free trade because the first signal is high enough. If this first signal was not revealed, the second country will choose protectionism based on his low private signal, which is not in the interest of the first country.

Specifically, if the first country knows s 1 and s 2 , he updates his belief about the probability of the good state P r(G | s 1 , s 2 ) = 1 1 + 1-π π r(s 1 )r(s 2 )

.

A necessary condition to choose free trade is that the expected utility of choosing free trade over protectionism is positive, i.e P r(G | s 1 , s 2 )(1 + c) -c > 0 or equivalently r(s 1 )r(s 2 ) < π/(1 -π)/c.

If the second country only has access to s 2 , he does not know s 1 perfectly. He only knows that s 1 > r -1 (π/(1 -π)/c/r(s 2 )) = t 1 (s 2 ) which defines an interval ]t 1 (s 2 ), +∞[ for s 1 . He will choose free trade when s 2 > t 2 where r(t 2 ) = π 1 -π

1 c P r(s 1 ≥ t 1 (t 2 ) | G) P r(s 1 ≥ t 1 (t 2 ) | B)
.

With information sharing, both countries play if r(s 1 )r(s 2 ) < π/(1 -π)/c. Without information sharing, they only play if r(s 1 )r(s 2 ) < π/(1 -π)/c and if s 2 > t 2 . Not revealing the first signal strictly restricts the cases in which free trade is maintained. There is a risk that the second country leaves the first one stranded by choosing protectionism because of lack of information. Hence the first country prefers to share his information.

Case 2: the first country only has his own private information

We now focus on the later case where country 1 only has access to his own private signal. To analyse the role of the precision of information, we add heterogeneity in the model by assuming that the two countries have private information of different precision. Well-informed countries can for instance have better statistic services, or account for a large share of the world grain production in which case information about their domestic production will allow for quite precise estimations of world production. In the literature about informational cascades and strategic externalities, when countries have information of different precision, it is generally shown that the most informed participant plays first [START_REF] Bhalla | Endogenous order and information aggregation[END_REF][START_REF] Brindisi | On the role of information and strategic delay in coordination games: Theory and experiment[END_REF][START_REF] Corsetti | Does one soros make a difference? a theory of currency crises with large and small traders[END_REF][START_REF] Frisell | On the interplay of informational spillovers and payoff externalities[END_REF][START_REF] Yoon | Effects of payoff externalities on timing of actions and truthfulness in information revelation games[END_REF]. Denoting σ 1 and σ 2 the standard deviations of the signals of the two countries, we assume that σ 1 ≤ σ 2 , in coherence with this literature.

Without information sharing, the system of equations to determine t 1 and t 2 is

     e - 2t 2 -1 2σ 2 2 = π 1-π 1 c Φ 1-t 1 σ 1 /Φ -t 1 σ 1 e - 2t 1 -1 2σ 2 1 = π 1-π 1+c c Φ 1-t 2 σ 2 -1
In that case the expected utility for the first country is (1 + c) -c and before receiving his private signal it is

E[U 1 | s 1 ] = πΦ 1-t 2
EU 1 = +∞ t 1 πf 1 (s 1 | G) Φ 1 -t 2 σ 2 (1 + c) -c -c(1 -π)f 1 (s 1 | B) ds 1 .
Now assume that the first country reveals his private information when he plays. This changes the game into one were the threshold equilibrium is described by ti for i ∈ {1, 2}. The expected utility with information sharing is denoted ÊU i . When observing the private signal of the first country, the second one decides to follow a threshold strategy where the threshold value is uniquely defined by t2 (s

1 ) = 1 2 -σ 2 2 ln π 1 -π 1 c - σ 2 2 σ 2 1 (s 1 -1/2).
From this equation, we know that t2 (s 1 ) is decreasing. Indeed, observing a higher signal makes a country more optimist about the state of the world so a lower private signal is needed to maintain The left hand side of the second equation is strictly decreasing in t1 while the right hand side is strictly decreasing in t2 so strictly increasing in t1 . Thus there is a unique threshold equilibrium.

We compute the expected utility with information sharing given the private signal s 1 :

E[ Û1 | s 1 ] = πΦ 1-t2 (s 1 )
σ 2 π + (1 -π)e

1-2s 1 2σ 2 1

(1 + c) -c.

Before the private signal is known we have

Ê U 1 = +∞ t 1 πf 1 (s 1 | G) Φ 1 -t2 (s 1 ) σ 2 (1 + c) -c -c(1 -π)f 1 (s 1 | B) ds 1 .
Figure 10.6 represents the expected utility for country 1 without and with information sharing (EU and ÊU respectively). It shows that for high values of σ 2 , the first country has an incentive to hide his private information, while for small values he prefers to provide him with more information.

The intuition is the following: if the second country knows that his information is of poor quality, he will neglect it and mostly follow the actions of the first country. This is a form of herding 8 .

8 The limit case where the second country has no private information corresponds to a strong herding case. Indeed with no signal, the second country chooses free trade if

πΦ 1-t * 1 σ 1 πΦ 1-t * 1 σ 1 + (1 -π)Φ -t * 1 σ 1 > c 1 -c
In that case, the first country has no incentives to provide him with more information. On the other hand, if country 2 already has enough information not to blindly follow the choice of the first country, then the latter always gains from helping him make a better choice. Hence there is a threshold value for the precision of the signal of the second country before which the first country will hide his information. If the precision of the signal of the second country is higher than this level, the first country will reveal his private signal.

The case where the second country does not reveal his private information can be interpreted as a simplified version of the multi-countries game, which is more realistic than the two-countries game.

In that case, we find that improving national information system in less informed countries is a way to improve information submission at the international level.

Discussion

The model presented in this chapter is based on a very simple specification. As mentioned in footnote 4, developments of this framework should differentiate between different types of export restrictions and take into account the role of global supply and prices in the payoff structure.

However, there exists very few models of informational cascades with strategic externalities, and none of them allows for such a general structure of payoffs. A possible path for future research would be to find a general specification of models of informational cascades with payoff externalities.

For simplicity, we used a two-countries framework. One perspective is to enrich this model by allowing for a higher number of countries. The existing literature on informational cascades with strategic externalities has already taken on this issue. [START_REF] Drehmann | Herding with and without payoff externalities-an internet experiment[END_REF] empirically shows that with a high number of participants, cascades are rarer and shorter than predicted by theory. One possible explanation is that "decisions are more difficult on average when 20 subjects decide in sequence rather than the usual 6". With complementarity, [START_REF] Choi | Herd behavior, the" penguin effect," and the suppression of informational diffusion: an analysis of informational externalities and payoff interdependency[END_REF] shows that when the number of firms increases, the risk premium for investing in a risky technology increases. In other words, with strategic complementarity between agents' decisions, coordination on the risky outcome becomes less likely as the number of players increases. [START_REF] Dasgupta | Social learning with payoff complementarities[END_REF] confirms this idea in a framework with extreme complementarity. As the number of participants increases, it is harder to persuade the first player to coordinate on the risky but socially optimal decision. Investigating the role of the number of countries is important to make our model more realistic, but can also be

where t * 1 = 1/2 -σ 2 ln[ π 1-π 1 c
]. This is a condition on π, c and σ 2 . If this condition is verified then there is strong herding: the second country always mimic the behaviour of the first. Otherwise, there is never free trade. useful to analyse trade agreements for example. [START_REF] Drehmann | Herding with and without payoff externalities-an internet experiment[END_REF], [START_REF] Choi | Herd behavior, the" penguin effect," and the suppression of informational diffusion: an analysis of informational externalities and payoff interdependency[END_REF] and [START_REF] Dasgupta | Social learning with payoff complementarities[END_REF] tend to show that reducing the number of players on international markets (by regional trade agreements for example) might help countries coordinate on the cooperative outcome without trade restrictions. Further research is needed to investigate this idea.

We also assumed that trade policies were implemented to protect consumers from rising world prices. [START_REF] Bouet | The economics of export taxation: a theoretical and cge-approach contribution[END_REF] review the different rationales for export taxation : domestic consumption issues including food security, income redistribution and price stabilization, and also considerations about terms of trade, intermediate consumption price or public receipts. In this chapter we focused on consumption, but export restrictions can also increase public receipts and change the terms of trade. Indeed for large exporters, raising export taxes leads to an increase in world prices, which improves the terms of trade. Actually, for countries seeking to increase public receipts or to improve terms of trade, the market mechanism described in this chapter could be used to rise world prices. For example a world exporter could momentarily restrict trade in order to induce panic on world markets. Exports would then take place at a significantly higher world price. Hence, taking into account the consequences of his trade choices, a country with terms of trade objectives can find it optimal to restrict trade and wait for the price increase before resuming exports.

This chapter has focused on exporters, but we believe that the role of importing countries during food crises is at least as important. When prices spike, importing countries tend to import a lot in a short period, as illustrated by the behaviour of Philippines in 2007-08 which bought his normal annual quota in only four months [START_REF] Headey | Rethinking the global food crisis: The role of trade shocks[END_REF]. There is competition among importers to have access to grains. A branch of the literature about informational cascades and strategic externalities seems particularly relevant in that case: bank run models [START_REF] Diamond | Bank runs, deposit insurance, and liquidity[END_REF].

Investigating food price spikes through bank run models is a possible path for future research.

Conclusion

In this chapter we investigate the rationale for trade policies during food price spikes. We focus on the apparent panic reactions of grain exporters, as observed in the case of rice in 2007-08 for instance. We use a model of informational cascades with strategic complementarities to analyse the role of information in the trade decisions of exporting countries. Specifically, we aim at answering the two following questions: is more public and private information useful to limit the use of export Chapter 10. Export restrictions during food price spikes explained by informational cascades 185 restrictions? What are the incentives for exporting countries to reveal their information to public information systems? Using successively a bounded and a Gaussian information structure, we first show that more information reduces the use of trade restrictions. This confirms the usefulness of the G20 initiative AMIS but also the need to improve national information systems. This also supports the proposal to improve the enforceability of existing WTO disciplines, and in particular the notification requirement for export restrictions [START_REF] Anania | Agricultural export restrictions and the wto: What options do policy-makers have for promoting food security? ICTSD Programme on Agricultural Trade and Sustainable Development[END_REF]. Second, we show that in the two-countries game, both countries have incentives to reveal their private information. However, using a simplified form of the more realistic multi-countries game, we find that this is not the case. Less informed countries still have incentives to share their private information. But more informed countries only have such an incentive if their information advantage is not too high. If they have very precise information about world production, they prefer to hide their information in order to force less informed countries to herd. This implies that providing a minimum level of information to countries with an informational disadvantage should incite all countries to reveal their data on production and stocks.

General conclusion

The recent food price spikes have placed price volatility at the core of world food security issues. To mitigate price variations and their effects, two opposite solutions have been brought forward: liberalism and interventionism. The recent crises have raised a renewed interest in public intervention even if, in the past, economists have provided arguments in favour of both solutions depending on the dominant paradigm. In this thesis we reviewed three aspects of food price variations that are of particular relevance for public policies. All three parts of the thesis prove that public intervention is legitimate for dealing with food price variations, in the form of either state trading enterprises, public information systems or subventions for information technologies.

Main results

PART I -State Trading Enterprises are currently under scrutiny in the Doha Round negotiations because they are believed to distort international markets. They are also major actors in developing countries for development and food security. In part I we use a general equilibrium model to show that STEs can indeed increase domestic and world welfare by improving risk sharing among agents and countries. This points to the fact that trading enterprises can be useful against food price volatility and thus should not be liberalized without further investigation about their impact on food security.

PART II -Much of the literature about price volatility assumes that all variables are perfectly observable. In practice this is not the case: output prices, weather or costs are not known with certainty at the time farming decisions are taken. The choices of crop, acreage or input levels are affected by the expectations of farmers, which in turn depend on the available information about the economy and environment. In part II we show that imperfect information may either stabilize or destabilize food markets depending on the origin of the uncertainty. For instance more reliable information about demand or production shocks is shown to stabilize food prices while the reverse is true for information about costs. An important conclusion of part II is that transparency is not always in line with price stabilization, contrary to what is often put forward in this debate.

PART III -The G20 summit of 2011 emphasized the need for more transparency to prevent excessive price movements. In part III we investigate the theory behind this idea thanks to the recent literature on imperfect information. The analysis focuses on the role of information in preventing ad hoc export restrictions during price surges. We show that the apparent irrational panic that arose on food markets in 2007-2008 can actually be explained by the rational decisions of policy makers under imperfect information. Two results are derived. First, we show that more transparency is likely to prevent insulating policies. This is coherent with the line of action currently followed, which includes developing market information systems such as AMIS. Second, we prove that when a country has a relatively large informational advantage he prefers to hide his private information, which explains why actors seem to be reluctant to reveal data on production and stocks. For a public policy point of view, this result implies that providing a minimum level of information to the least informed countries may be a way to improve national contributions to international information systems.

Limitations

In the chapters of this thesis, we noted several limitations of the models, that can be separated into two main critics.

First, our models necessitated strong assumptions to allow for closed form analytical solutions. More research is needed to have a more complete picture that takes into account several other factors such as the long term effects of food price variations on the poorest households for instance, and also to validate empirically our results. Acknowledging those limitations, we still believe that the models presented in this thesis are useful to start a reflection and provide many relevant intuitions about the role of STEs in price stabilization, the impact of information on farmers' choices or the consequences of transparency on export restrictions.

Second, we chose to investigate theoretically some issues with mathematical formalisation and left aside data analyses. Providing an empirical validation of our theoretical findings would enrich the conclusions of this thesis.

Perspectives

We believe that one of the main contribution of this thesis is to prove the usefulness of imperfect information models to shed a new light on agricultural policies. Building on a large existing literature including [START_REF] Angeletos | Efficient use of information and social value of information[END_REF], [START_REF] Banerjee | A simple model of herd behavior[END_REF], [START_REF] Morris | Social value of public information[END_REF], we have addressed the issue of expectations under imperfect information in two specific cases: farming decisions and trade policies. In those examples, imperfect information frameworks have proven relevant to analyse food price volatility. As a general rule, imperfect information is useful to explain apparent irrational economic behaviours without using the assumption of irrational agents. It allows thorough analyses of the costs and gains of imperfect information, and of phenomena closely linked to agents' anticipations such as bubbles. We believe that this literature could be extended to many other important agricultural issues not developed in this thesis, that we briefly discuss in the following among three lines: extensions of this thesis, analyses of other issues linked to food price volatility, and more general applications to agricultural economics.

Extensions of this thesis -First, our analysis of trade policies during food price spikes ignored the role of non-governmental actors such as private traders. Trading enterprises such as Bunge, Cargill, Dreyfus or ADM play a major role on grain world markets and possess a large share of information, especially about stocks. Imperfect information models such as the one developed in part III would help analysing the incentives of private firms to reveal information about prices, production and stocks.

Imperfect information models applied to other food price volatility issues -A second issue linked to private traders has been put forward by [START_REF] Tschirley | Food price spikes and strategic interactions between the public and private sectors: Market failures or governance failures[END_REF]. It is shown that interactions between private and public sectors can lead to price spikes exceeding import parity in developing countries. The situation analysed in [START_REF] Tschirley | Food price spikes and strategic interactions between the public and private sectors: Market failures or governance failures[END_REF] implies both uncertainty about world prices, and strategic externalities between the decisions of the government about tariff levels and those of the private sector about trading volumes and stocks. More research on this issue would help decision making in developing countries during episodes of rising prices.

Third, imperfect information models could be applied to the analysis of speculative stocks, which appear to be central elements in the success of stabilisation policies. Considering the heterogeneity in traders' information would significantly differ from the classic model with a representative agent and allow for a more realistic representation of traders' behaviours. It is possible that this representation will simplify the resolution of stocking models that are otherwise tricky to solve numerically [START_REF] Gouel | Instabilité des prix agricoles et politiques optimales de stabilisation[END_REF].

Fourth, as the large literature on imperfect information has many applications in financial markets, an obvious path of research would be the study of food price dynamics on spot and futures markets. Using p H = [g(t, β)/f (t, β)] 1/ρ and EV x = -κf (t, β)p bρ H /2 gives the equilibrium expected utility EV (t, β) = -κf (t, β) a g(t, β) b which is the same for all agents in both countries. Hence, the optimal international discipline is solution of max β,t EV (β, t). We have where

∂EV ∂β = -κf (t,
f ( t) = bρ (θ H /θ L ) bρ-1 g (t) = -ρ(1 + t) -aρ R -ρ [a(1 + t) -1 + R -1 R (t)]
with

R ( t) = -a tA ( t)θ L A( t)(1 + a t) = -a(θ H -θ L )θ 2 L bθ L + aθ H A ( t)
which gives

g ( t) = -aρ(θ H /θ L ) -(aρ+1) θ -ρ L 1 - θ H -θ L bθ L + aθ H θ H A ( t) .
We finally obtain

EV ( t) = -κabρθ -bρ+1 L θ H -θ L bθ L + aθ H A ( t)
where A ( t) > 0 which implies EV ( t) < 0.Consequently, there is an optimal tax level t * ∈ (0, t). As dσ 2 p /dτ u is a continuous function of τ on ]0; +∞[, there exists a τ * * (τ u , τ θ ) such that for all τ < τ * * (τ u , τ θ ), aggregate acreage allocation volatility decreases with the precision of public signals, i.e dσ 2 p /dτ u > 0. More precisely, computations confirm that for all τ < max(τ u , τ θ ), a higher precision in the public signal leads to lower price volatility.

Condition for the existence of an equilibrium

We define v(s, θ) = u(s, s, θ). A necessary condition for a threshold equilibrium is the existence of a value s such that v(s, θ). Note that lim which is strictly positive so v(s, θ) is strictly increasing in s. Hence there is a at most one threshold equilibrium around s * , where s * is the solution of v(s * , θ) = 0 or equivalently u(s * , s * , θ) = 0.

A sufficient condition for this solution to be an equilibrium is that d ds i u(s i , s * , θ) ≥ 0

We have

d ds i u(s i , s * , θ) = (δ a -δ b )τ τ + τ θ -2 τ 3 (2τ + τ θ )(τ + τ θ ) φ   τ (τ + τ θ ) 2τ + τ θ s * - τ s i + τ θ θ τ + τ θ   ≥ (δ a -δ b )τ τ + τ θ -2 τ 3 2π(2τ + τ θ )(τ + τ θ )
.

Hence (δ a -δ b )τ τ + τ θ ≥ 2 τ 3 2π(2τ + τ θ )(τ + τ θ ) garanties the existence. Now assume that this condition does not hold. We prove that for some value θ of θ the unique solution ŝ of u(ŝ, ŝ, θ) = 0 leads to d ds i u(ŝ, ŝ, θ) < 0. Then there exists > 0 so that farmers receiving a signal s ∈ [ŝ, ŝ + ] will prefer crop b to crop a, which contradicts the definition of the threshold equilibrium (all agents with a signal higher than the signal should choose crop a). We Hence a strategy survives iterative elimination of strictly dominated strategies if and only if when s i < z * ( θ) one chooses plant b and when s i > z * ( θ) one chooses plant a. By construction, z * ( θ) ≥ z * ( θ), u(z * ( θ), z * ( θ), θ) = 0 and u(z * ( θ), z * ( θ), θ) = 0.

We show that z * ( θ) = z * ( θ) for all θ if and only if

1 [δ a -δ b ] 2 (τ + τ θ )(2τ + τ θ ) τ ≤ π 2 .
Assume that z > z, u(z, z, θ) = 0 and u(z, z, θ) = 0. Rearranging the two equalities we get If this condition is verified, then for ∆ > 0 sufficiently small we have

(δ a -δ b )τ τ + τ θ τ + τ θ τ (2τ + τ θ ) ∆ < 2[Φ(∆) -Φ(0)]
that trigger, the first country maintains free trade if

s 1 > U 1 = r -1 π 1 -π 1 + c c P r(s 2 ≥ U 2 | G) -1
For U 1 to exist, we need P r(s 2 ≥ U 2 | G) > c/(1 + c). We call this condition Φ 1 . Rearranging, we have

∞ U 2 f (x | G)dx > c/(1 + c). (Φ 1 )
We also define condition Φ 2 :

π 1 -π 1 + c c P r(s > U 2 | G) -1 > B (Φ 2 )
where B is the lowest bound of the likelihood ratio r(.).

If conditions Φ 1 and Φ 2 are respected, U 1 is defined and strictly lower than the highest possible signal s. We denote U = (U 1 , U 2 ). Let's define L = (L 1 , L 2 ) where L 2 = β 2 (U 1 ) and L 1 = β 1 (L 2 ). Given that

U 1 = r -1 π 1 -π 1 + c c P r(s 2 ≥ U 2 | G) -1 β 1 (t 2 ) = r -1 π 1 -π 1 + c c P r(s 2 ≥ t 2 | G) -1 L 1 = r -1 π 1 -π 1 + c c -1 P r(s 1 ≥ U 1 | G) P r(s 1 ≥ t 1 | B)
the above inequality implies that L 1 < β 1 (t 2 ) < U 1 . Similarly

π 1 -π 1 c < π 1 -π 1 c P r(s 1 ≥ t 1 | G) P r(s 1 ≥ t 1 | B) < π 1 -π 1 c P r(s 1 ≥ U 1 | G) P r(s 1 ≥ U 1 | B) .
Given that 

U 2 = r -1 π 1 -π 1 c
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 4 2 illustrates the different solutions depending on the values of γ. It shows that the equation v(k, k) = 0 can have up to three solutions when γ is high enough.
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 43 Figure 4.3: Dominance regions with strategic substituability in Harrison and Jara-Moroni (2011).
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 45 Figure 4.5: Equilibrium strategies with heterogeneous costs in Harrison and Jara-Moroni (2011).
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 51 Strategic externalities with uncertaintyAngeletos and Pavan (2007) provide us with a more general framework than the global games approach by allowing general payoffs and a continuum of actions q i . Consider a continuum of competitive farmers indexed by i ∈ [0, 1]. Farmers make production choices

  .6) Equation (4.5) implicitly defines a as the unique positive real solution of the cubic equation. It represents the weight agents put on their private signal in their production decision. By identification we also have b
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Farmers' reactions to

  stochastic input prices can be analysed with our framework by interpreting θ as an exogenous shock on input prices per surface unit. A typical illustration of such a global shock on input costs would be oil crises. Indeed oil prices are highly related to input prices in agriculture. The 1973-74 food crisis was closely linked to the first oil crisis and one of the triggers of the 2007-2008 food crisis is believed to be oil prices, which accelerated their rise December 2006
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 52 Figure 5.2: Direct and indirect effects on aggregate acreage allocation and prices volatility (A = 1 and τ u = 10).
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 63 Figure 6.3 illustrates how restrictive this condition is. Assume for example that δ a = 1 and δ b = 0
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 71 Figure 7.1: Crop calendars for wheat, maize, rice and soybean. Source: AMIS (Agricultural Markets Information System) market monitor, June 2015.
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 72 Figure 7.2: Production and prices volatility (τ u = τ θ = 1; A = 1; λ = 0.5).
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 73 Figure 7.3: Expected profits with regards to the proportion of farmers in region 2 (τ u = τ = τ θ = 1; A = 1).
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 74 Figure 7.4: Expected profits with regards to the precision of private information (τ u = τ θ = 1; A = 1; λ = 0.5).

Part 3

 3 of the thesis is composed of three chapters. Chapter 8 provides an historical overview of food crises since 1973. The emphasis is put on the role of trade policies in the price spikes. Headey (2011) reviews the trade story of 2007-2008. He shows that the food crisis was triggered by a few individual decisions to restrict trade, followed by other export restrictions and by massive imports, which seemed irrational. The same situation had already happened in 1973-1974 and was repeated in 2011.
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 81 Figure 8.1: Food price spikes since 1970. Source: Trostle (2011).

  (OPEC) decided to embargo oil exports to Europe and the US in October 1973, which led to an increase in agricultural input prices and aggravated the food price spike. Despite their importance, the 1981, 1989 and 1996 crises have not received as much attention as the 1973-1974 spike. The next most remembered surge happened in 2007-2008. The attention it attracted can be explained by its magnitude, but also by the widespread media coverage of the resulting food riots. The crisis started in a context of five years of rising grain and oil prices. In December 2006, oil prices accelerated their rise "from $60 per barrel to $80 per barrel in just 6
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 82 Figure 8.2: Evolution of the four-crop index during the 2010-2011 food price spike. Source: Trostle (2011).

  households, that are reviewed in Von[START_REF] Von Braun | Global food price volatility and spikes: an overview of costs, causes, and solutions[END_REF]. The 2007-2008 food crisis pushed an increase of 44 million poor people. During price increases, consumers suffer from several factors, including a reduction in real income; changes in calories intake which has long-lasting impacts on children's health; debt and sale of assets such as farmland and animals which affects the long-term production capacity. Poor households are the most affected because they spend a higher share of their income on food, while consumers of developed countries are less sensitive to commodity prices.Besides the consequences on poor households, food price spikes also lead to inflation, budgetary issues (because of the cost of safety nets and other measures taken to mitigate the impact of the crisis), exacerbation of the income gap between the poor and the rich, volatility in foreign exchange earnings, distortions of markets signals which lead to misallocation of production factors, reduction of trade due to the pursue of self-sufficiency in many importing countries, etc.The consequences of food price spikes most covered by medias are the riots that took place in 2007-2008. According to Von Braun and Tadesse (2012) "more than 40 countries had significant food-related riots in late 2007 and early 2008. The riots affected parts of Asia and Africa (for instance Cameroon, Cote d'Ivoire, Egypt, Mauritania, Morocco, and Senegal) as well as Bolivia,
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 102 Figure 10.2: Comparison of the cases with and without information sharing depending on the value of s 1 .
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 103 Figure 10.3: Thresholds t 1 and t 2 for normal signals with standard deviation σ.
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 104 Figure 10.4: Probability of keeping free trade given the standard deviation of private signals (π = 0, 9, c = 10 and σ = 1).
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 105 Figure 10.5: Probability of keeping free trade given the precision of public information (π = 0, 9, c = 10 and σ = 1).
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 106 Figure 10.6: Incentives for the first country to share private information when the second country is less informed, i.e σ 2 > σ 1 (π = 0, 9, c = 10 and σ 1 = 0, 2).

1

 1 It may bring new insights to the extensive discussion about the role of speculation in the recent food crises.The individuals are indifferent between the two sectors if EV x = EV y which yieldsp H bρ + I -ρ x p L bρ = (θ H p a H ) -ρ + I y p -b L -ρor (dividing by p ρb H and usingp L = p H (1 + t)), f (t, β) = g(t, β)p -ρ H where f (t, β) = 1 + I -ρ x (1 + t) bρ and g(t, β) = θ -ρ H + [(1 + t) a R] -ρ .Using (B.1), we obtain α as a function of β and t satisfying α

  R = A(t)θ L + (1 -β)a[1 -A(t)θ L ]t/(1 + at) = [A(t)θ L + at]/(1 + at) -βa[1 -A(t)θ L ]t/(1 + at) ≤ 1 -βa[1 -A(t)θ L ]t/(1 + at) ≤ 1 ≤ I x we deduce that β = 0 at the optimum. and [1 -A(0)θ L ]/A(0) = (θ H + θ L )L /θ H ) ρ+1 -1} < 0 and thus EV (0) > 0. For t = t ≡ θ H /θ L -1 we have A( t) = 1/θ L , R( t) = θ L , f ( t) = 1 + (θ H /θ L ) bρ and g( t) = θ -ρ H + (θ H /θ L ) -aρ θ -ρ L = θ H -ρ f ( t).Consequently EV ( t) = -κ[af ( t)θ -ρb H + bθ ρa H g (t)]

  With n signals si = θ + ˜ i , where the noise terms have a mean 0 and are independent of θ and of each other, the conditional mean and precision of θ becomeE( θ|s 1 , .., s n ) = θ + 1 τ θ + n i=1 τ i n i=1 τ i (s i -θ) τ θ|s 1 ,..,sn = τ θ + n i=1 τ i .If the n signals are zi = θa i + ũi where a i are constants and the noises ũi have a mean 0 and are independent of θ and of each other, we getE( θ|z 1 , .., z n ) = τ θ θ + τ u n i=1 a k z k /τ n τ n = τ θ + τ

  define θ = -A a -A b δ a -δ b .For θ = θ, the unique solution of u(ŝ, ŝ, θ) = 0 is ŝ = -(A a -A b )/(δ a -δ b ) in which case d ds i u(ŝ, ŝ, θ) < 0. Hence δ a -δ b ≥ 2τ (τ + τ θ ) π(2τ + τ θ )is a necessary and sufficient condition for the existence of a solution. In this case the solution is unique.

A

  a -A b -1 + (δ a -δ b ) A a -A b -1 + (δ a -δ b ) τ z + τ θ θ τ + τ θ = -2Φ   τ (τ + τ θ ) 2τ + τ θ z -τ z + τ θ θ τ + τ θ + τ θ ) τ + τ θ (z -z) .Then substracting equation (J.2) to equation (J.1) we get(δ a -δ b )τ τ + τ θ τ + τ θ τ (2τ + τ θ ) ∆ = 2[Φ(w + ∆) -Φ(w)]. (J.3)Now note that by property of function Φ(.), Φ(w + ∆) -Φ(w) < ∆/ √ 2π. Then the equation canonly hold if (δ a -δ b )τ τ + τ θ τ + τ θ τ (2τ + τ θ ) ∆ < ∆/ √ 2π or equivalently if (δ a -δ b ) 2 τ (τ + τ θ )(2τ + τ θ ) 2π < 1.

Because

  U corresponds to the highest possible triggers, L < U . Let t ∈ [L, U ]. Given that U < s, t is interior in [s, s]. We have P r(s 2 ≥ U 2 | G) < P r(s 2 ≥ t 2 | G) < 1 and P r(s 1 ≥U -1|G) P r(s 1 ≥t 1 |B) > 1s 1 ≥ U -1 | G) P r(s 1 ≥ t 1 | B) .

Figure M. 1 :

 1 Figure M.1: Probability of keeping free trade given the precision of public information.
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  a étudié les détails chronologiques de la crise de 2007-2008. Il montre que la crise a été déclenchée par quelques décisions de restreindre le commerce, qui ont rapidement été suivies par d'autres décisions de resteindre les exportations ou d'importer massivement. Ces décisions sont apparues commes irrationnelles. Une situation similaire avait eu lieu en 1973-1974 et s'est répétée en 2010-2011.

	Limitations
	Plusieurs limitations peuvent être mises à jour dans les différents chapitres de cette thèse. Elles
	peuvent être séparées en deux critiques principales.

Des comportements similaires peuvent être trouvés dans les marchés financiers avec les bulles et comportements moutonniers. Notre intuition est que la littérature sur ces phénomènes devrait nous aider à comprendre les crises alimentaires récentes. Le chapitre 9 fournit une revue de cette littérature et explique comment les modèles de cascades informationnelles peut être pertinent pour étudier les politiques commerciales lors des épisodes de flambée des prix.

Dans le chapitre 10, nous présentons un modèle de cascade informationnelle avec des complémentarités stratégiques similaire à celui proposé par

[START_REF] Dasgupta | Social learning with payoff complementarities[END_REF] 

pour analyser le rôle de l'information dans le choix des politiques commerciales. Nous ciblons plus particulièrement notre analyse sur les pays exportateurs.

Nous montrons que l'amélioration de la qualité de l'information (que l'information soit publique ou privée) est bénéfique. Avec une meilleure information, il est moins probable que des pays fassent des erreurs et décident de choisir l'option la plus sûre (le protectionnisme) par manque d'information. Cela confirme l'utilité de systèmes mondiaux d'information tels qu'AMIS, mais justifie aussi l'amélioration des systèmes nationaux d'information. En cohérence avec le constat du manque de transparence sur les stocks et la production, nous trouvons que la révélation de l'information privée n'est pas toujours dans l'intérêt des pays exportateurs. Nous prouvons que lorsqu'un pays a un avantage informationnel relativement large, il est optimal de ne pas révéler son information pour influencer les autres acteurs. Du point de vue des politiques publiques, cela implique que fournir un minimum d'information aux pays les moins informés pourrait accroitre les incitations à diffuser les informations nationales à des systèmes centralisés d'information.

La conclusion principale de cette troisième partie de la thèse est que la panique observée sur les Résumé xxvi marchés internationaux en 2007-2008 n'est pas nécessairement liée à des comportements irrationnels. Au contraire, cette panique peut être expliquée par les décisions rationnelles de décideurs politiques dont l'information est imparfaite. Premièrement, les modèles utilisés ont nécessité des hypothèses fortes pour permettre l'obtention de solutions analytiques. D'avantage de recherche est nécessaire pour avoir une image plus complète des situations économiques étudiées, notamment en prenant en compte d'autres facteurs comme les effets de long terme des variations de prix sur les ménages les plus pauvres par exemple. Cette limitation prise en compte, nous pensons néanmoins que les modèles présentés dans cette thèse sont utiles pour démarrer une réflection sur les enjeux soulevés et pour apporter quelques intuitions pertinentes sur les rôle des entreprises commerciales d'Etat dans la stabilisation des prix, l'impact de l'information sur les décisions des agriculteurs ou les conséquences de la transparence sur le recours aux restrictions aux exportations. Deuxièmement, nous choisissons d'analyser d'une manière théorique certains enjeux en formalisant mathématiquement un problème, mais sans analyser de données réelles. Les conclusions de cette thèse seraient enrichies par une validation empirique des résultats obtenus.

  Extensions directes de cette these -Premièrement, notre analyse des politiques commerciales lors des épisodes de flambée des prix a ignoré le rôle des acteurs non gouvernementaux comme les entreprises privées de commerce. Ces entreprises, et notamment Bunge, Cargill, Dreyfus et ADM jouent un rôle central sur les marchés internationaux de céréales et possèdent une part importante

Dans ces exemples, les cadres d'analyse de l'information imparfaite se sont révélés pertinents pour analyser la volatilité des prix agricoles. De manière générale, les modèles d'information imparfaite sont utiles pour expliquer des comportements économiques qui semblent irrationnels, sans recourir à l'hypothèse de l'irrationnalité des agents. Ces modèles permettent également des analyses précises Résumé xxvii des coûts et gains liés à l'information imparfaite, et de phénomènes économiques très liés à la qualité de l'information comme les bulles. Nous pensons que cette littérature pourrait être étendue à de nombreux autres enjeux en économie agricole qui n'ont pas été développés dans cette thèse. Nous citons trois types d'extensions : les extensions directes de cette thèse, les études d'autres aspects de la question de la volatilité des prix agricoles, et les applications plus générales à l'économie agricole.

de l'information, en particulier sur les stocks. Les modèles d'information imparfaite comme celui développé dans la partie III aideraient à analyser les incitations des entreprises privées à révéler leur information sur les prix, la production et les stocks.

Les modèles d'information imparfaite appliqués à d'autres problématiques liées à la volatilité des prix agricoles -Une seconde problématique liée aux acteurs privées a été mise en avant par

[START_REF] Tschirley | Food price spikes and strategic interactions between the public and private sectors: Market failures or governance failures[END_REF]

. Ils montrent que les intéractions entre les secteurs publics et privés peuvent conduire les prix à dépasser les variations observées au niveau international dans les pays en développement. La situation étudiée dans

[START_REF] Tschirley | Food price spikes and strategic interactions between the public and private sectors: Market failures or governance failures[END_REF] 

implique à la fois de l'incertitude sur les prix mondiaux, et des externalités entre les décisions prises par le gouvernement sur les niveaux de taxes et les décisions du secteur privé sur les volumes importés et stockés. D'avantage de recherche sur ce sujet aiderait les décideurs publiques dans les pays en développement pendant les épisodes de flambée des prix.

Table 1 . 1 :

 11 the two countries do not exchange goods, we have in state i Balance of supply and demand in autarky.

		Supply	Demand
	Industry	α	aw
	Agriculture	(1 -α)θ i	bw/P yi
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 1 2: Balance of supply and demand in free trade.
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1: Optimal cooperative policy
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1: Payoff structure with complementarity.
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 4 2: Payoff structure with substituability.
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: Payoff structure with substituability and heterogeneity in costs.

  We thus have∂EV /∂β = κ(1 + t) bρ tbaf (t, β) -b g(t, β) -a [1 -A(t)θ L ](1 + at) -1 -(1 + t) -ρ R -ρ-1 A(t) -1 f (t, β)As imports are positive, we get from the expression of M that 1 -A(t)θ L ≥ 0 and thus the first line is positive or equal to zero in autarky or free trade. The last bracketed term has the same sign asA(t) -ρ (1 + t) ρ [A(t)R] ρ+1 g(t, β) -I ρ+1 x f (t, β) which is equal to [A(t)θ H /(1 + t)] -ρ [A(t)R] ρ+1 + (1 + t) bρ A(t)R -I ρ+1

	× I -ρ-1 x	g(t, β)

β) -b g(t, β) -a ag(t, β) ∂f (t, β) ∂β + bf (t, β) ∂g(t, β) ∂β = κf (t, β) -b g(t, β) -a ρ(1 + t) bρ {ag(t, β)[I -ρ-1 x dI x /dβ] + bf (t, β)[(1 + t) -ρ R -ρ-1 dR/dβ]}

where

dI x /dβ = b[1 -A(t)θ L ]t/(1 + at)

and

dR/dβ = -a[1 -A(t)θ L ]t/[A(t)(1 + at)] x + (1 + t) bρ I x . As 1 + t ≤ θ H /θ L we have A(t)θ H ≥ 1 + t and thus [A(t)θ H /(1 + t)] -ρ [A(t)R] ρ+1 + (1 + t) bρ A(t)R ≤ [A(t)R] ρ+1 + (1 + t) bρ A(t)R.

According to the FAO, "the FAO Food Price Index is a measure of the monthly change in international prices of a basket of food commodities. It consists of the average of five commodity group price indices, weighted with the average export shares of each of the groups for

2002-2004". 

See http://www.wto.org/english/tratop e/statra e/statra info e.htm .

Data in 1995 given in this section can be found in[START_REF] Mccorriston | Perspectives on the state trading issue in the wto negotiations[END_REF].

Data about the Canadian Wheat Board and the Australian Wheat Board in 2009 is available at http://faostat3.fao.org/home/index.html .

Market access is defined as openness of a country's markets to foreign goods and services. It reflects tariff and non-tariff measures agreed by members for the entry of specific goods into their markets.

STEs are defined as "governmental and non-governmental enterprises, including marketing boards, which have been granted exclusive or special rights or privileges, including statutory or constitutional powers, in the exercise of which they influence through their purchases or sales the level or direction of imports or exports ". These companies must operate in a manner consistent with the principles and rules of the WTO.

Income redistribution within a country can also increase welfare under free trade but does not eliminate risk at the international level.

[START_REF] Helpman | A theory of international trade under uncertainty[END_REF] show that many fundamental theorems of the theory of international trade can be extended to uncertain environments, provided international capital markets are functional. Hence, the problem with agricultural markets is not productivity risk per se but market incompleteness with regards to risk sharing mechanisms.

Indeed α = a corresponds to the production level in autarky when farmers face no income risk. Increasing income variability decreases this amount and leads to an under-production of the agricultural good.

This may be the case because a lack of information prevents the government from suitably implementing the policy, or because of excessive administrative costs.

While the literature on marketing boards mainly focuses on the case of exporters, our model considers a country that is neither a structural importer nor a structural exporter. Accordingly, we focus on import STEs.

This result is also linked to our focus on import STEs, where proceeds are positive only when farmers' income is relatively low.

The case of international cooperation but no commitment at the national level wasl not studied as we can assume agents are aware of international agreements, in which case international cooperation implies national commitment.

The assumption about linearity is made for clarity but the conclusions of the model stand in more general contexts.

This is why Bayesian games are often labelled imperfect information games. An other reason is that players move simultaneously: at the time the decision is made, players do not know what the other agents are playing. However, this is rarely put forward in this kind of models.

Given the set of possible strategies, agents know the possible outcomes. Given that, some strategies are ruled out because they generate a strictly lower payoff than any other strategy whatever the other agents' decisions (they are strictly dominated). As everyone knows this, the set of possible strategies is reduced and the same argument is used in the next step. The process is iterated until the smallest possible set of strategies is obtained.

They compute their optimal responses given each possible action of the others, figure out what the equilibrium would be, and then assume that everyone will play the equilibrium strategy.

Higher order beliefs are agents' beliefs about other agents beliefs, agents' beliefs about other agents' beliefs about other agents' beliefs, and so on.

This term was used by[START_REF] Polome | Farm-level acreage allocation under risk[END_REF].

[START_REF] Sherrick | Crop insurance valuation under alternative yield distributions[END_REF] points out that there is no consensus on the most appropriate characterization of farm-level yield distributions.[START_REF] Polome | Farm-level acreage allocation under risk[END_REF] also used skewed-to-left distributions to account for the price floor policy of the EU. The formulas we use here only stand for normal variables or in certain cases uniform distributions.

A strongly rational expectation equilibrium is defined as the unique strategy obtained by iterated elimination of strictly dominated strategies. When the set of admissible strategies is not unique, it is called the set of rationalizable strategies.

An other relevant source of uncertainty would be the yield. However in this model, the source of uncertainty must be added to the strategic variable (the price). If yield and prices are multiplied in the profit function, there is no simple analytic solutions.

Actually in this model -UqQ/Uqq = 1 is enough, but it only comes from the fact that actions are unbounded. If actions were bounded (k ∈ [K, K]) then multiple equilibria would emerge with -UqQ/Uqq > 1. More precisely, there would be the interior equilibrium described below, and two other limit equilibria: K and K.

Note that having correlated individual shocks i would have been equivalent to introducing a noise in the public signal.

It must be noted though that profitability of precision agriculture is still under debate because of high investment costs.

Analytically, it is possible to update beliefs about the mean of the distribution but changing the variance is far more complex. An increased variance could for example model the increased probability of extreme events.

With private information, farmers may hold different beliefs about economic and environmental conditions. Heterogeneity across individuals is however not central to our results. The crucial assumption of this chapter is rather the fact that they all have imperfect information.

Actually in this model -πyY /πyy = 1 is enough, but it only comes from the fact that actions are unbounded. If actions were bounded (y ∈ [Y , Y ]) then multiple equilibria would emerge with -πyY /πyy > 1. More precisely, there would be the interior equilibrium described below, and two other limit equilibria: Y and Y .

Given this expression, prices could be negative because θ is unbounded. However we consider that A is high enough so that the probability of negative prices is very low.

Introducing different crops is the aim of the following chapter.

variations in aggregate acreage allocation, then the role of information is ambiguous as the direct and indirect effects go in opposite directions.We provide a few applications to analyse different types of shocks. We show that for shocks on input prices, more information increases price volatility while it decreases price volatility for demand or supply shocks. Concretely this implies that more reliable predictions about oil prices will amplify food price variations, which could be prevented by reducing the dependence of agriculture on fuel.On the other hand improved knowledge about future climate shocks, pest invasions, diet patterns, biofuel policies, etc. is likely to help preventing excessive food price variations.Empirical research on this topic has so far focused on developed countries in which markets are not well-integrated[START_REF] Aker | Does digital divide or provide? the impact of cell phones on grain markets in niger[END_REF], 2010[START_REF] Allen | Information frictions in trade[END_REF][START_REF] Goyal | Information, direct access to farmers, and rural market performance in central india[END_REF][START_REF] Jensen | The digital provide: Information (technology), market performance, and welfare in the south indian fisheries sector[END_REF]. Similar studies are needed for integrated markets, to evaluate the empirical relevance of our theoretical findings.

We assume that the varieties are not substitutable so the two markets are completely separated. Correlation between supply and price of both varieties only comes from the fact that there is a limited amount of land on which both varieties have to be grown.

Given this expression, prices could be negative because θ is unbounded. However we consider that θ is high enough so that the probability of negative prices is negligible

The presence of public information does not change much the following results. However, considering only private signals simplifies the approximation of production and prices variance.

The parameter θ is assumed fixed. However, it is needed as a argument of the function u(si, s * , θ) in the following proof to show that for some values of θ the threshold equilibrium is not defined if the sufficient condition does not hold.

In the following, we show that when τ is high enough, there is multiplicity so we focus here on low values of τ .

The general idea is that given the set of possible strategies, agents know the possible outcomes for aggregate production. Given those possible outcomes, some strategies are ruled out because they generate a strictly lower payoff under any strategies of other agents (they are strictly dominated). As everyone knows this, the set of possible

Several other studies confirm the fact that restricting exports and facilitating imports have indeed exacerbated the price increase in the recent food price spikes(Anania, 

2013).

Price spikes are not necessarily due to a reduction in annual world supply, but can be justified by panic movements from trading countries. Indeed, even when the annual grain production is high enough, it is not available immediately: shipping takes time, and annual production is spread over the entire year. Comparing this to banking issues, we can say that even if there is no problem of solvency, there is a problem of liquidity if all importing countries want to receive their annual supply in a limited amount of time.

Compared to the continuous models presented in the previous chapters, sequential discrete actions with information externalities seem to lead to extreme results (cascades happen almost surely and might be wrong, in which case there is no learning about the true state of the world). Indeed,[START_REF] Chamley | Rational herds: Economic models of social learning[END_REF] shows that with continuous models, agents eventually learn the true state of the world. However, he also shows that convergence may be very slow so that, for reasonable length of time, there is no learning and even potentially localised cascades.

This is equivalent to assuming an infinitely elastic demand from importers.

During price depressions, a more likely objective is a minimum income for producers. However we rather focus on episodes of high prices.

Of course, informational advantages are no the only explanation for the lack of data, especially about stocks. Indeed, most countries do not hold national inventories and stocks are merely estimated from the difference between production, consumption and exports, cumulated over the years. This method can result in large mistakes which partially justifies the poor level of information about stocks.

The precise conditions for existence and the proof for the equilibrium are given in appendix L.

The analytical proof can be found in appendix M.

Note that P r(F T | G) is quite low when public information is not precise. This is because it is hard to interpret private signals, as they are normal variables with a variance 1 and the mean of the good and bad signals are separated by only 1 (in the bad case, the signal is centered around 0 while in the good sate it is around 1).
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Volatility in aggregate allocation

Aggregating the individual decisions defined by equation 5.1, we deduce the total acreage allocation

and its variance

(5. [START_REF]1 Optimal cooperative policy (θ H = 1[END_REF] In the expression of the variance, the term on the left comes from the weight that farmers put on the fundamental θ. The term on the right comes from the weight on the noise ũ in the public signal.

In the following, we consider increases in the precision of the private and public signals. Improving the precision of private information can either come from investment in measurement tools such as precision agriculture technologies or from gathering and analysing dispersed sources of information.

The precision of public information can be improved by R&D on weather forecasts or development of efficient information channels for example.

Proposition 5.1. Variations in aggregate acreage allocation are increased by a higher precision of the private signal when

• -1 ≤ α ≤ 0, or when

• α < -1, as long as the private signal is not too precise, i.e τ < τ * (α, τ u , τ θ ) ∈ R + .

Proof in appendix F.

Proposition 5.2. Variations in aggregate acreage allocation are increased by a higher precision of the public signal when

• α = 0, or when

• α < 0, as soon as the public signal is precise enough, i.e τ u > τ * u (α, τ , τ θ ) ∈ R + .

Proof in appendix G.

In section 7.2 we present the literature about imperfect information relevant to this chapter, namely models with endogenous information and strategic externalities. Section 7.3 outlines the empirical relevance of our model. The rest of the chapter is devoted to the model itself and the results. The method of [START_REF] Angeletos | Efficient use of information and social value of information[END_REF] is adapted for a subset of the population in section 7.4.

The sequential decision problem is derived in section 7.5. The results about total production and expected profits are presented in sections 7.6 and 7.7. Section 7.8 concludes.

Related literature

In chapter 5, information was assumed to be exogenous, but information is largely endogenous in some situations. For instance prices and macroeconomic indicators aggregate information through market mechanisms. Network information sharing or observation of others' actions can also convey information about others' choices. [START_REF] Vives | Information and learning in markets: the impact of market microstructure[END_REF] develops models of endogenous learning to analyse how information is aggregated.

Public information is the sum of the actions of agents that are aggregated either through prices or through direct observation of the actions of others. The quality of public information depends on the additional noise in public information and on the weight agents put on their private signals. [START_REF] Vives | Information and learning in markets: the impact of market microstructure[END_REF] finds that reducing the public noise u leads to a better public signal, which leads agents to rely less on their private signal. When τ u → 0 it is equivalent to no reliance on public information. On the other hand as τ u increases individuals tend to rely more on public information.

The limit case τ u → ∞ reveals the Grossman-Stiglitz paradox on informationally efficient markets [START_REF] Grossman | On the impossibility of informationally efficient markets[END_REF]. Indeed, if the public signal is perfect and completely reveals the true state of nature, then everyone will rely exclusively on the public signal and not on private signals.

However the public signal is the aggregation of private signals through agents' decisions: if no one relies on its private signal, then there is no information in the public signal. This idea was first developed by [START_REF] Grossman | On the impossibility of informationally efficient markets[END_REF] and has been recurrently used in the literature about learning in markets. The fact that public information may have negative consequences on learning is even amplified when there is information acquisition. Then more public information discourages private information acquisition [START_REF] Vives | Information and learning in markets: the impact of market microstructure[END_REF]. Moreover, agents put too much weight on the public signal and thus on the noise in the public signal. As explained by [START_REF] Morris | Social value of public information[END_REF] "agents overreact to public information, and thereby magnify the damage done by any noise". Another possible consequence of endogenous information is multiple equilibria. Amador and Weill (2012, A similar model was developed by [START_REF] Vergari | Herd Behaviour, Strategic Compleentarities and Technology Adoption[END_REF] with demand uncertainty. [START_REF] Dasgupta | Social learning with payoff complementarities[END_REF] characterizes the occurrence of herds in the case of extreme complementarity between agents. He emphasizes the roles of agents' choices for coordination, learning from predecessors and signalling to successors. Another issue raised by sequentiality is the timing of actions. [START_REF] Bhalla | Endogenous timing, payoff externalities and informational cascades[END_REF] analyses endogenous timing given the relative precision of each agent's private information. Contrary to the previous papers, both complementarity and substituability are studied. He shows that under strategic substituability, herding never occurs. [START_REF] Gaigl | Observational learning & strategic externalities[END_REF] reaches similar conclusions in a framework where externalities are imposed only to successors. Because those papers are inspired by herding models, their main concern is the occurrence of herds and, in some recent papers, the determination of the order of action (i.e. who plays first). This is the case in [START_REF] Frisell | On the interplay of informational spillovers and payoff externalities[END_REF], who studies the waiting game of agents with private signals of different precisions, and in [START_REF] Brindisi | On the role of information and strategic delay in coordination games: Theory and experiment[END_REF], who investigate the welfare of agents given the timing of decisions.

The literature on strategic externalities and endogenous information is quite thin. Most models focus on complementarities and the few that analyse susbtituability are herding models aiming at characterizing the occurrence of herds. We enrich this literature by providing a model with endogenous information and strategic substituability that does not lead to herding, which is ensured by allowing continuous choices for farmers. We wonder instead how informational externalities affect expected profits and volatility. The role of the precision of private and public signals is analysed.

Overlapping crop calendars

This framework can be applied to varieties that are produced in different regions of the world with slightly overlapping crop calendars. We wonder what strategic advantages or disadvantages a region has when it is able to observe other regions' production choices before sowing.

A well known example of agricultural products with different crop calendars are fruits and vegetables. Because fresh products are expected to be available all year round, the dates of production in each region are relevant for trade patterns. In Europe, competition between the Netherlands and Spain in the tomatoes market relies heavily on crop calendars. The arrival of competitors from Turkey, Morocco and Egypt is mainly a challenge for Spain because of the parallel growing seasons [START_REF] Wijnands | The international competitiveness of fresh tomatoes, peppers and cucumbers. In International Congress on Greenhouse Vegetables[END_REF]. A similar situation exists in north America between Canada, the United States and Mexico [START_REF] Cook | Greenhouse tomatoes change the dynamics of the North American fresh tomato industry[END_REF].

where

Let's now turn towards the decision problem in the first region. Farmers in region 1 know that

where λ is the population in region 2. In the following we use the notation ũ2 = i∈R2 ˜ i /λ which is the average of the errors in the private signals in region 2. Similarly, we define ũ1 = i∈R1 ˜ i /(1-λ).

We will see that this is exactly the noise in the endogenous public signal received by region 2.

The parameter κ 0 is a function of Q 1 (which is taken as a constant in region 2, but is unknown at the time region 1 sows). The variable Z 1 can be expressed as

Then

We know that

which can be written as a function of θ and Q 1 only:

In this expression, we used the fact that E

Indeed agents are unaware of the average noise in the private signals of region 1 and 2 so their expectation of this noise is 0.

Following the same method as previously, we get

2 and use this knowledge to influence the decisions in region 2. On the other hand, farmers in region 2 have a two-fold informational advantage: information about the exogenous shock but also about the others' actions. We show that the informational advantages of region 2 are higher than the first player advantage in region 1, as long as private signals are not too precise. In practice this implies that countries who happen to produce grains late in the season should benefit from the first reports of harvest in other regions.

Our results bring new insights about the role of different growing seasons in terms of information for farmers. However, empirical studies are needed to understand the magnitude of these effects on farmers' income and agricultural development.

We investigated the value of information for farmers. A related issue that has not been analysed is the value of this information for policy makers. The possibility of observing the production choices of other countries (and thus to have better forecasts about future prices) may have an impact on the choice of production subsidies or trade policies for example. In the following and last part of this thesis we investigate the policy choices of countries that are able to observe the choices of some other countries.

Part III

Food price spikes and trade policies under imperfect information be political and commercial consequences in resorting to protectionism (WTO measures, loss of customers, etc.) which may lead some countries to abide by the cooperative outcome.

In this review, we focused on the literature on herds and informational cascades. Other models of imperfect information may be relevant to trade policies as well. For example the problem faced by importing countries is similar to "bank runs", which implies that the sole belief that a food crisis may happen is sufficient to entail spiking prices. In the case of bank runs, insurances have been set

to prevent panics. A similar solution for international food markets would be physical food reserves (or just virtual commitments to provide food) that would be sold to importing countries in the case of a run. If countries are ensured that they will have enough supply during import runs, they have no reason to participate in one. This is a rationale for increasing grain stocks, among others.

Following this review, we observed that little is known about the role of the precision of information on the occurrence of herds. Further research is needed to understand whether transparency on grain markets will lessen the occurrence of food price spikes. Investigating this issue is the objective of the following chapter.

Chapter 10

Export restrictions during food price spikes explained by informational cascades 10.1 Introduction

In the last two chapters we argued that (i) trade policies played a central role in the recent food price spikes and that (ii) these phenomena appeared to be irrational panic reactions but can be justified by the rational herding theory. Following this, we provide an analytical tool based on informational cascades models with strategic externalities to analyse the role of information on export restrictions of grains during food crises. Specifically, we derive some results about the benefits of more transparency and the incentives to reveal one's private information. There is a commonly accepted idea that more transparency is needed on international grain markets. A first concrete step towards transparency was the notification requirement imposed by the Uruguay round Agreement on Agriculture (AoA) for export prohibitions or restrictions. However, very few countries comply with this rule [START_REF] Anania | Agricultural export restrictions and the wto: What options do policy-makers have for promoting food security? ICTSD Programme on Agricultural Trade and Sustainable Development[END_REF]. Also related to transparency is the creation of AMIS (Agricultural Market Information System) in 2011, based on the intuition that better informed countries are less likely to copy the behaviour of others and to panic. However, even if transparency is the dominant paradigm nowadays, some authors have pointed out that more information may bring unwanted side effects, such as speculative bubbles, excessive volatility [START_REF] Angeletos | Efficient use of information and social value of information[END_REF] or a reduction in private information acquisition [START_REF] Grossman | On the impossibility of informationally efficient markets[END_REF]. In this chapter, of the literature mainly leaves aside social learning. One major exception is [START_REF] Angeletos | Crises and prices: Information aggregation, multiplicity and volatility[END_REF] who allow for endogenous learning. They emphasize the economic relevance of frameworks with strategic externalities where agents observe each other. [START_REF] Choi | Herd behavior, the" penguin effect," and the suppression of informational diffusion: an analysis of informational externalities and payoff interdependency[END_REF] is the first to study situations of imperfect information with strategic externalities in the context of sequential games, in the spirit of herding models. He is followed by [START_REF] Gaigl | Observational learning & strategic externalities[END_REF] with externalities that are imposed only on successors and [START_REF] Dasgupta | Social learning with payoff complementarities[END_REF] who investigates extreme complementarity. [START_REF] Jeitschko | Local discouragement and global collapse: a theory of coordination avalanches[END_REF] propose a different framework to analyse strategic complementarity and herding, without information externalities. They show that there can be extreme forms of cascades, coordination avalanches, that happen even when agents cannot observe each other. Those models assume that the order of action is exogenous, which is not the case in many economic situations. Another branch of the literature relaxes this assumption [START_REF] Bhalla | Endogenous order and information aggregation[END_REF][START_REF] Brindisi | On the role of information and strategic delay in coordination games: Theory and experiment[END_REF][START_REF] Corsetti | Does one soros make a difference? a theory of currency crises with large and small traders[END_REF][START_REF] Frisell | On the interplay of informational spillovers and payoff externalities[END_REF][START_REF] Yoon | Effects of payoff externalities on timing of actions and truthfulness in information revelation games[END_REF]. It shows that with an endogenous order of action, the most informed players act first. We will use this result later in this chapter, to analyse the incentives of countries to reveal their private information. Information sharing among participants of a game has been analysed for firms and especially oligopolies [START_REF] Clarke | Collusion and the incentives for information sharing[END_REF][START_REF] Gal-Or | Information sharing in oligopoly[END_REF]. Those papers show that the incentives to share information depend on the nature of the competition (Cournot or Bertrand), the precision and the type of information (common or private values) and the fact that products are substitutes or complements.

The chapter is organized as follows. Section 10.2 introduces our general framework inspired by [START_REF] Dasgupta | Social learning with payoff complementarities[END_REF]. In the two following sections we specify a different information structure to analyse the effect of additional public and private information on the occurrence of food crises and to investigate the incentives for information disclosure. The case of a bounded information structure is solved in section 10.3. Section 10.4 illustrates the main effects with a Gaussian distribution for the signals. Some discussions and perspectives are provided in section 10.5. Section 10.6 concludes.

Model

We consider a specific case of [START_REF] Dasgupta | Social learning with payoff complementarities[END_REF] with only two players. The state of the world regarding agricultural prices or production can take one of two values G for good or B for bad. We consider two exporting countries indexed by i ∈ {1; 2}. Each country decides whether to keep free trade (F T ) or to resort to protectionism (P ). The decision of country i is denoted a i ∈ {F T ; P }.

The countries act sequentially and the second country observes the choice of the first country before acting. Their choice is affected by their belief about the state of the world but also by the actions

We denote t + 1 ( respectively t - 1 ) the threshold of the first country when the public signal is good (respectively bad) with

; 0 and

We show that when the precision of the public signal increases, the probability of maintaining free trade when the state is good increases except when the thresholds reach their bounds 6 . Figure 10.1 is an example of such an exception. In that case, when the public signal reaches a precision of about 0, 6, a positive public signal leads to free trade no matter the value of the private signal, i.e there is no private learning which slightly increases the probability of mistakes. However as the precision of the public signal increases further, the probability of crises is reduced because of improvements in the quality of information.

Note that with imperfect information, there can be self fulfilling public signals. For example, a wrong negative signal may entail protectionism even if the state of the world is good.

The literature on imperfect information sometimes reach the counter-intuitive conclusion that more public information may be harmful. We mentioned previously excessive volatility due to public noise [START_REF] Angeletos | Efficient use of information and social value of information[END_REF], the Grossman-Stiglitz effect [START_REF] Grossman | On the impossibility of informationally efficient markets[END_REF] or the possibility of speculative bubbles and panic movements. We find here the opposite: more public or private information tends to decrease the probability to wrongly resort to protectionism when the state of the world is good, which increases global welfare. In other words, increasing either public or private information is an effective way to improve coordination of trade policies and thus reduce the probability of occurrence of food crises not justified by fundamentals.

Information sharing

We now investigate the incentives for both countries to reveal their private information. The second country does not have successors so there is no risk about countries leaving him stranded by playing P . His only worry is that the first country "wrongly" chooses P when the state is good, in which case he will also play P while the optimal decision would have been F T . To avoid mistakes from the first country, the second country has unambiguous incentives to provide him with better information.

However, this ex-ante incentive does not necessarily hold ex-post, once the private signals are known. Indeed it is clear that the second country has an interest in announcing a higher private signal that what he actually receives, in order to induce the first country to maintain free trade. This is a form of strategic lying. However, this effect can not be maintained in a repeated game where players find out that their predecessors are lying.

We now focus on the choice of the first country, in two situations: when the second country reveals his private signal and when he does not. The former case corresponds to the basic two countries case, as we saw that the second country has incentives to reveal his signal. The latter case can be interpreted as a simplification of a multi-country world. To understand why, we need to use a result that will be demonstrated below: we will prove that as soon as a player has a strategic interest in the actions of his followers, he may want to hide his information. In that case, neither his successors nor his predecessors observe his private signal. We will study a simplified version of this case where the first country does not observe the signal of the second one.

Applications to agricultural economics -Last, the literature about imperfect information has significantly enriched the analysis of financial markets, but very few applications of this literature can be found in agricultural economics. In this thesis we have proved that this literature can be relevant to study food security issues. We believe that it can also be useful for many other issues in agricultural economics in general. This thesis contributes to open the path for future research in that vein.

Appendix A

Proof of proposition 3.1

We assume there are iceberg trade costs that correspond exactly to the revenue of the tax, so there is no redistribution. Agents are indifferent ex ante between the two sectors if EV x = EV y which leads to

Dividing by p H bρ and using p L = (1 + t)p H yields

which gives (3.2). Using EV x = -κf (t)p H bρ /2 where p H = [g(t)/f (t)] 1/ρ and knowing that the expected utilities are the same across sectors but also across countries we get the global expected utility

Differentiating, we get

We have

and, using (3.4),

(1 + at)p H which gives

With a sharing rule β, the revenue of the industrial worker in state L is

while for a farmer it is given by

where

Proof of Proposition 3.3

With β = 0, the revenue of the industrial worker is I x = 1 whatever the state, while for a farmer in state L it is given by I y = p L R where

The individuals are indifferent between the two sector if EV x = EV y which yields the following global expected welfare (see above)

where

and

Differentiating we get

where

Technical appendix about normal distributions and affine information structures

Based on chapter 10 of Vives ( 2010) we provide the necessary formulas on conditional expectations with Gaussian signals. Consider the random variable θ ∼ N (µ θ , 1/τ θ ) and the signal s ∼ N (µ s , 1/τ s ). Given the projection theorem for normal random variables, E[ θ | s] is the unique linear function of ( θ, s) that verifies

As a linear function of normal variables, it also has a normal distribution. De [START_REF] De Groot | Optimal Statistical Decisions[END_REF] shows that the conditional density of θ given s is normal with conditional mean

and variance

Assume s is a signal about the realization of θ with a noise ˜ ∼ N (0, 1/τ ) verifying cov( θ, ˜ ) = 0.

We write s = θ + ˜ . Then cov( θ, s) = cov( θ, θ) = 1/τ θ and 1/τ s = 1/τ θ + 1/τ . We have

Details of equation (5.1)

Given the structure of the model, we are looking for a symmetric equilibrium. We know that any solution q i must verify

or equivalently with a quadratic payoff function

Using the fact that κ solves π y (κ, κ, θ) = 0 we get

where α = -π yY /π yy is called "the equilibrium degree of coordination".

Equation (E.1) shows that the optimal production choice is an affine combination of one's expectation of the complete information solution and of his expectation of the aggregate activity.

The "equilibrium degree of coordination" (the slope α of the first best response with respect to aggregate action) represents how much agents value coordination.

We are looking for an equilibrium linear in s i and Z:

Summing over all individuals we have Y = aθ + bZ + c. Equation (E.1) becomes

We can now identify the two previous equations of y i :

Replacing, we get the following linear equilibrium

The first and last term are negative and dγ dδ = is positive if -1 ≤ α ≤ 1. However if strategic substituability is strong enough, i.e α < -1, the latter can be negative. In that case it is easy to show that 1+ α (1-2δ) [1-αδ(1-δ)] 2 is a decreasing function of τ . Moreover, that function is continuous and positive for τ = 0. Hence there exists a τ * (α, τ u , τ θ ) ∈ R + such that for all τ < τ * (α, τ u , τ θ ), aggregate acreage allocation volatility increases with the precision of private signals, i.e dσ 2 Q /dτ > 0. Figure 5.1 illustrates that threshold for τ u = τ θ = 1.

Appendix G

Proof of proposition 5.2

Developing further we find:

The sign of this expression if ambiguous. However, notice that towards +∞,

As dσ 2 Y /dτ u is a continuous function of τ u on ]0; +∞[, there exists a τ * u (α, τ , τ θ ) ∈ R + such that for all τ u < τ * u (α, τ , τ θ ), aggregate acreage allocation volatility increases with the precision of public signals, i.e dσ 2 Y /dτ u > 0. Figure 5.1 illustrates that threshold for τ = τ θ = 1.

Proof of corollary 5.5

From equation (5.5) we have ∂σ 2

We also find ∂σ 2

Using this expression, we find that

Proof of the condition for a unique rationalizable strategy Consider the values of s i solutions of the equation u(s i , s * , θ) = 0. The function Φ(.) takes values in [0; 1] so for a given θ, the solutions s i lie in a finite interval so there exist the smallest solution s(s * , θ) and the largest one s(s * , θ). Note that lim

so by continuity we have u(s i , s * , θ) > 0 for all s i > s(s * , θ) and u(s i , s * , θ) < 0 for all s i < s(s * , θ).

We now prove that s(s * , θ) and s(s * , θ) are decreasing functions of s * . Assume that s * > s * . Because u(s i , s * , θ) is an increasing function of s * , we have that u(s i , s * , θ) > u(s i , s * , θ) > 0 for all s i > s(s * , θ) and u(s i , s * , θ) < u(s i , s * , θ) < 0 for all s i < s(s * , θ). This leads to s(s * , θ) ≤ s(s * , θ) and s(s * , θ) ≤ s(s * , θ).

We define the sequences z k and zk by z 0 = -∞ and z0 = +∞, z k+1 = s(z k , θ) and zk+1 = s(z k , θ).

By induction z k is an increasing sequence and zk is a decreasing sequence. Moreover z k < zk for all k. We denote z * ( θ) = lim We show that a strategy survives k rounds of iterative elimination of strictly dominated strategies if and only if when s i < z k one chooses plant b and if s i > zk one chooses plant a. It is true for k = 0. Assume it is true for k. For a farmer, choosing plant a when the others follow a strategy surviving k rounds yields a maximum gain of u(s i , zk , θ). Hence, for s i < s(z k , θ) = z k+1 the farmer cannot choose plant a. On the other hand, choosing plant a when the others follow a strategy surviving k rounds yields a minimum gain of u(s i , z k , θ). Hence, for s i > s(z k , θ) = zk+1 the best choice is plant a, which is what we needed to prove. and if ∆ > 0 is sufficiently large,

because the left hand side tends to infinity as ∆ increases while the right hand side is bounded.

Then by continuity there exists a ∆ > 0 such as equation (J.3) holds. We proved that for z and z to verify z < z, the above condition must be verified. Hence for z to be equal to z we must have

Conditions for the existence of an equilibrium with trade

We denote t = (t 1 , t 2 ) the threshold strategies of both countries. System (10.1) defines the best responses of each country to the threshold strategy of the other country. We write β(t) = (β 1 (t 2 ), β 2 (t 1 ))

the best response function, where β i (t j ) is the best response of country i to the strategy of country j:

.

Bounded information structure

Assume that the signals are defined on a bounded interval that we denote [s, s]. If the first country has maintained free trade regardless of his signal, the second country will do the same if his signal is greater than a threshold U 2 defined by

c . In that case, he cannot interpret the choice of the first country as a good signal about the state of the world. If his predecessor had taken into account his private information, he would have been more optimistic about the state of world and consequently his trigger would have been lower than U 2 . In other words, U 2 corresponds to the highest possible trigger of the second country. Assuming that the second country follows

Hence for all t ∈ [L, U ], we have β(t) ∈ [L, U ]. The interval [L, U ] is a compact convex, and β(.) is continuous, so given Brouwer's Fixed Point Theorem, there is at least one threshold equilibrium with trade where β(t) = t.

Unbounded information structure

Now consider an unbounded distribution for the signals. Let each country set his trigger in R.

We denote the bounds for t corresponding to this by t 0 = (-∞, -∞) and t0 = (∞, ∞). We now consider the bounds of the best responses to those triggers. We define t 1 1 the lowest possible response of country 1, i.e the response to -∞ when country 2 always maintain free trade. Hence

For the second country, the lowest possible trigger is the best response to +∞, i.e the case where the first country mus have received an infinitely high signal to maintain free trade.

Observing that, he trusts the signal if the first country and plays F T regardless of his own signal: t 1 2 = -∞. Now the highest possible triggers are respectively the best response to +∞ for country 1, and to -∞ for country 2. Then t1 1 = +∞ and t1 2 = U 2 . Hence the bounds of the best responses are

Notice that t j ≤ t j+1 and tj ≥ tj+1 , which implies that the trigger bound sequence is monotonic.

We showed that the bound sequence is also bounded. 

Expression of the equilibrium with a bounded signal

We know that the equilibrium is unique. Thus we only have to verify that system (10.2) is indeed an equilibrium. Assuming that t 2 = 0, we have r(t 1 ) = π We separate the analysis in two cases, depending on the value of c. First, if c < π/(1 -π)/2, then t + 1 is equal to 0 and t - 1 is equal to 0 when p < α(c) where α(c) = π 2c(1-π)+π . When both values are equal to 0, then free trade is always chosen and f (p) = 1. When p > α(c), then t + 1 = 0 and t - 1 is different than 0 so

It follows that

It can be negative when p When π is high enough, 1 -α(c) < α(c) and there is indeed a decrease in the probability of free trade in the good state with more public information when the precision of public information is comprised in [1 -α(c), α(c)]. This case is illustrated by figure M.1a. Else the probability always increases with p, as illustrated by figure M.1b.